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has been removed from the title as this term has increasingly come to refer to the surface environment.
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place for planning the ventilation and condition of the underground environment.
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PREFACE TO THE ORIGINAL TEXT

This book has been written as a reference and text for engineers, researchers, teachers and students
who have an interest in the planning and control of the environment in underground openings. While
directed primarily toward underground mining operations, the design procedures are also applicable to
other complex developments of subsurface space such as nuclear waste repositories, commercial
accommodation or vehicular networks. The book will, therefore, be useful for mining, civil, mechanical,
and heating, ventilating and air-conditioning engineers involved in such enterprises. The chapters on
airborne pollutants highlight means of measurement and control as well as physiological reaction. These
topics will be of particular interest to industrial hygienists and students of industrial medicine.

One of the first technical applications of digital computers in the world's mining industries was for
ventilation network analysis. This occurred during the early nineteen sixties. However, it was not until low-
cost but powerful personal computers proliferated in engineering offices during the ‘eighties that the full
impact of the computer revolution was realized in the day-to-day work of most mine ventilation engineers.
This book reflects the changes in approach and design procedures that have been brought about by that
revolution.

While the book is organized into six parts, it encompasses three broad areas. Following an introductory
background to the subject, chapters 2 and 3 provide the fundamentals of fluid mechanics and
thermodynamics that are necessary for a complete understanding of large three-dimensional ventilation
systems. Chapters 4 to 10, inclusive, offer a comprehensive treatment of subsurface airflow systems
while chapters 11 to 21 deal with the airborne hazards that are encountered in underground openings.

Each chapter is self-contained as far as is practicable. The inter-related features of the topics are
maintained by means of copious cross-references. These are included in order that practicing engineers
may progress through a design project and be reminded of the wider repercussions of decisions that
might be made. However, numerous cross-references can be a little distracting. The student is advised to
ignore them during an initial reading and unless additional information is sought.

Many of the chapters are subdivided into theoretical and descriptive sections. Again, these can be read
separately although a full understanding of the purpose and range of application of design procedures
can be gained only through a knowledge of both. When used as a refresher or text by practicing
engineers, it is suggested that the relevant descriptive section be consulted first and reference made back
to the corresponding analysis or derivation when necessary.

The use of the book as an aid to teaching and learning can be moulded to suit any given curriculum. For
the full education of a subsurface ventilation engineer, chapters 1 to 10 may be employed during a course
on ventilation, i.e. airflow processes, leaving the chapters on gases, heat, dust, and fires and explosions
for further courses. Alternatively, undergraduate courses my concentrate on the practical aspects of the
subject, leaving the more theoretical analyses to graduate school. In any event the teacher may compile
his or her own syllabus at any given level by choosing relevant sections from selected chapters.

In most countries, mining activities are regulated by specific state or national legislation. This book has
been written for an international audience and reflects the author's experience of teaching and practice in
a number of countries. While guideline threshold limit values are given, the reader is frequently reminded
to consult the relevant local regulations for specific mandatory requirements and limitations on practical
procedures. To reflect the international readership, Systéme Internationale (SI) units are employed and a
comprehensive list of conversion factors is provided.

Vii
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Chapter 1. Background to subsurface ventilation
and environmental engineering

1.1 INTRODUCTION 1
1.2 A BRIEF HISTORY OF MINE VENTILATION 1

1.3. THE RELATIONSHIPS BETWEEN VENTILATION AND OTHER SUBSURFACE SYSTEMSG6

1.3.1. The objectives of subsurface ventilation 6
1.3.2. Factors that affect the underground environment 6
1.3.3. The integration of ventilation planning into overall system design 8

1.1 INTRODUCTION

Ventilation is sometimes described as the lifeblood of a mine, the intake airways being arteries that
carry oxygen to the working areas and the returns veins that conduct pollutants away to be expelled
to the outside atmosphere. Without an effective ventilation system, no underground facility that
requires personnel to enter it can operate safely.

The slaughter of men, women and children that took place in the coal mines of Britain during the
eighteenth and nineteenth centuries resulted in the theory and art of ventilation becoming the
primary mining science. The success of research in this area has produced tremendous
improvements in underground environmental conditions. Loss of life attributable to inadequate
ventilation is now, thankfully, a relatively infrequent occurrence. Falls of ground rather than
ventilation-related factors have become the most common cause of fatalities and injuries in
underground mines. Improvements in ventilation have also allowed the productivity of mines to be
greatly improved. Neither the very first nor the very latest powered machines could have been
introduced underground without an adequate supply of air. Subsurface ventilation engineers are
caught up in a continuing cycle. Their work allows rock to be broken in ever larger quantities and at
greater depths. This, in turn, produces more dust, gases and heat, resulting in a demand for yet
better environmental control.

This opening chapter takes a necessarily cursory look at the long history of mine ventilation and
discusses the interactions between ventilation and the other systems that, jointly, comprise a
complete mine or underground facility.

1.2 ABRIEF HISTORY OF MINE VENTILATION

Observations of the movements of air in underground passages have a long and fascinating
history. Between 4000 and 1200 B.C., European miners dug tunnels into chalk deposits searching
for flint. Archaeological investigations at Grimes Graves in the South of England have shown that
these early flint miners built brushwood fires at the working faces presumably to weaken the rock.
However, those Neolithic miners could hardly have failed to observe the currents of air induced by
the fire. Indeed, the ability of fire to promote airflow was rediscovered by the Greeks, the Romans,
in medieval Europe and during the Industrial Revolution in Britain.

The Laurium silver mines of Greece, operating in 600 B.C. have layouts which reveal that the
Greek miners were conscious of the need for a connected ventilating circuit. At least two airways
served each major section of the mine and there is evidence that divided shafts were used to
provide separate air intake and return connections to surface. Underground mines of the
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Roman Empire often had twin shafts, and Pliny (23-79 A.D.) describes how slaves used palm
fronds to waft air along tunnels.

Although metal mines were worked in Europe during the first 1500 years A.D., there remain little
documented descriptions of their operations. The first great textbook on mining was written in Latin
by Georgius Agricola, a physician in a thriving iron ore mining and smelting community of
Bohemia in Central Europe. Agricola's "De Re Metallica", produced in 1556, is profusely illustrated.
A number of the prints show ventilating methods that include diverting surface winds into the
mouths of shafts, wooden centrifugal fans powered by men and horses, bellows for auxiliary
ventilation and air doors. An example of one of Agricola's prints is reproduced in Figure 1.1.

Agricola was also well aware of the dangers of blackdamp, air that has suffered from a reduction in
oxygen content, - 'miners are sometimes killed by the pestilential air that they breathe," and of the
explosive power of "firedamp"”, a mixture of methane and air "likened to the fiery blast of a dragon's
breath." De Re Metallica was translated into English in 1912 by Herbert C. Hoover and his wife,
Lou. Hoover was a young American mining engineer who graduated from Stanford University and
subsequently served as President of the United States during the term 1929-1933.

From the 17th Century onwards, papers began to be presented to the Royal Society of the United
Kingdom on the explosive and poisonous nature of mine atmospheres. The Industrial Revolution
brought a rapid increase in the demand for coal. Conditions in many coal mines were quite horrific
for the men, women, and children who were employed in them during the 18th and 19th centuries.
Ventilation was induced either by purely natural effects, stagnating when air temperatures on the
surface and underground were near equal, or by fire. The first ventilating furnaces of that era were
built on surface but it was soon realized that burning coals suspended in a wire basket within the
upcast shaft gave improved ventilation. Furthermore, the lower the basket, the better the effect.
This quickly led to the construction of shaft bottom furnaces.

The only form of illumination until the early eighteen hundred's was the candle. With historical
hindsight we can see the conjunction of circumstances that caused the ensuring carnage: a
seemingly insatiable demand for coal to fuel the steam engines of the Industrial Revolution, the
working of seams rich in methane gas, inadequate ventilation, furnaces located in methane laden
return air and the open flames of candles. There are many graphic descriptions of methane and
coal dust explosions, the suffering of mining communities, the heroism of rescue attempts and the
strenuous efforts of mining engineers and scientists to find means of improving ventilation and
providing illumination without the accompanying danger of igniting methane gas. Seemingly
oblivious to the extent of the danger, miners would sometimes ignite pockets of methane
intentionally for amusement and to watch the blue flames flickering above their heads. Even the
renowned engineer, George Stephenson, admitted to this practice during the inquiries of a
government select committee on mine explosions in 1835. A common method of removing methane
was to send a "fireman" in before each shift, covered in sackcloths dowsed in water and carrying a
candle on the end of a long rod. It was his task to burn out the methane before the miners went into
the working faces.

John Buddle (1773-1843), an eminent mining engineer in the north of England produced two
significant improvements. First, he introduced "dumb drifts" which bled sufficient fresh air from the
base of a downcast shaft to feed the furnace. The return air, laden with methane, bypassed the
furnace. The products of combustion entering the upcast shaft from the furnace were too cool to
ignite the methane but still gave a good chimney effect in the shaft, thus inducing airflow around the
mine. Buddle's second innovation was "panel (or split) ventilation". Until that time, air flowed
sequentially through work areas, one after the other, continually increasing in methane
concentration. Buddle originally divided the mine layout into discrete panels, with intervening barrier
pillars, to counteract excessive floor heave. However, he found that by providing an intake and
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A-MACHINE FIRST DESCRIBED. B-THIS WORKMAN, TREADING WITH HIS FEET, IS COM-
PRESSING THE BELLOWS. C-BELLOWS WITHOUT NOZZLES. D-HOLE BY WHICH HEAVY
VAPOURS OR BLASTS ARE BLOWN OUT. E-CONDUITS. F-TUNNEL. G-SECOND

MACHINE DESCRIBED. H-WOODEN WHEEL. I-ITS STEPS. K-BARS. L-HOLE IN

SAME WHEEL. M-POLE. N-THIRD MACHINE DESCRIBED. O-UPRIGHT AXLE.

P-ITS TOOTHED DRUM. Q-HORIZONTAL AXLE. R-ITS DRUM WHICH IS MADE OF RUNDLES.

Figure 1.1 A print from Agricola’'s " De Re Metallica"
(Reproduced by permission of Dover Publications)
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return separately to each panel the ventilating quantities improved markedly and methane
concentrations decreased. He had discovered, almost by accident, the advantages of parallel
layouts over series circuits. The mathematical proof of this did not come until Atkinson's theoretical
analyses several decades later.

The quest for a safe form of illumination went on through the eighteenth century. Some of the
earlier suggestions made by scientists of the time, such as using very thin candles, appear quite
ludicrous to us today. One of the more serious attempts was the steel flint mill invented in 1733 by
Carlisle Spedding, a well known mining engineer, again, in the north of England (Figure 1.2). This
device relied upon a piece of flint being held against a rapidly revolving steel wheel. The latter was
driven through a gear mechanism by a manually rotated handle. The complete device was strapped
to the chest of a boy whose job was to produce a continuous shower of sparks in order to provide
some illumination for the work place of a miner. The instrument was deemed safer than a candle
but the light it produced was poor, intermittent, and still capable of igniting methane.

Steel
Disc

Flint

%

Figure 1.2 Spedding's Flint Mill (Reproduced by permission of Virtue and Co., Ltd.)

A crisis point was reached in 1812 when a horrific explosion at Felling, Gateshead killed 92 miners.
With the help of local clergymen, a society was formed to look into ways of preventing such
disasters. Contact was made with Sir Humphrey Davy, President of the Royal Society, for
assistance in developing a safe lamp. Davy visited John Buddle to learn more of conditions in the
mines. As this was well before the days of electricity, he was limited to some form of flame lamp.
Within a short period of experimentation he found that the flame of burning methane would not
readily pass through a closely woven wire mesh. The Davy Lamp had arrived (Figure 1.3).
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Buddle's reaction is best expressed in a letter he wrote to
Davy.

"l first tried it in a explosive mixture on the surface,
and then took it into the mine... it is impossible for
me to express my feelings at the time when 1 first
suspended the lamp in the mine and saw it red
hot...l said to those around me, 'We have at last
subdued this monster."

The lamp glowed 'red hot' because of the methane burning
vigourously within it, yet the flames could not pass through
the wire mesh to ignite the surrounding firedamp.

Davy lamps were introduced into British mines, then
spread to other countries. Nevertheless, in the absence of
effective legislation, candles remained in widespread use
through the nineteenth century because of the better light
that they produced.

Perhaps the greatest classical paper on mine ventilation
was one entitled "On the Theory of the Ventilation of
Mines", presented by John Job Atkinson to the North of
England Institute of Mining Engineers in December, 1854,
Atkinson was a Mining Agent, an intermediary between
management and the mine owners. He later became one
of the first Inspectors of Mines. Atkinson appears to have
been well educated in mathematics and languages, and
was clearly influenced by the earlier work of French hydraulic engineers (Chapter 5). He seems to
have had some difficulty in having his paper accepted. Officers of the Institute decided, perhaps
understandably, that the 154 page paper was too long to be presented at a meeting. It was,
however, published and a meeting of the Institute arranged to discuss it. Despite publicity referring
to the importance of the subject, attendance at the meeting was poor and there was little
discussion. In this paper, Atkinson proposed and expanded upon the principles on which most
modern mine ventilation planning is still based. However, the analytical reasoning and
mathematical analyses that he developed in great detail were simply too much for engineers of the
day. The paper was consigned to the archives and it was some sixty years after Atkinson's death
that his work was "rediscovered" and put into practice.

Figure 1.3 The original appearance

of the Davy safety lamp. (reproduced
by permission of Virtue and Co., Ltd.).

During Atkinson's productive years the first power driven ventilators began to appear. These varied
from enormous steam-driven piston and cylinder devices to elementary centrifugal fans.

The years around the turn of the century saw working conditions in mines coming under legislative
control. Persons responsible for underground mining operations were required to obtain minimum
statutory qualifications. Mine manager's examination papers concentrated heavily on ventilation
matters until well into the twentieth century.

The nineteen twenties saw further accelerated research in several countries. Improved
instrumentation allowed organized ventilation surveys to be carried out to measure airflows and
pressure drops for the purposes of ventilation planning, although there was no practical means of
predicting airflows in other than simple circuits at that time. Atkinson's theory was confirmed in
practice. The first successful axial fans were introduced in about 1930.

In 1943, Professor F.Baden Hinsley produced another classical paper advancing understanding
of the behaviour of airflow by using thermodynamic analyses. Hinsley also supervised the work at
Nottingham University that led to the first practical use of analog computers in 1952 to facilitate
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ventilation planning. This technique was employed widely and successfully for over a decade. The
development of ventilation network analysis programs for digital computers in the early sixties
rendered the analog devices obsolete. Initially, the network programs were written for, and required
the power of mainframe computers. These were employed throughout the seventies. However, the
nineteen eighties saw a shift to desktop computers and corresponding programs were developed.
This is now the dominant method used for ventilation planning (Chapter 7).

The discipline of mine ventilation is an addictive subject for researchers of industrial history, full of
lost discoveries and rediscoveries, excitement and despair, achievement and tragedy. It has been
the subject of many papers and books. An excellent place to commence further reading is the text
by Saxton serialized in Volume 146 of the Mining Engineer (Institution of Mining Engineers, U.K.),
(1986-'87).

1.3. THE RELATIONSHIPS BETWEEN VENTILATION AND OTHER
SUBSURFACE SYSTEMS

1.3.1. The objectives of subsurface ventilation

The basic objective of an underground ventilation system is clear and simple. It is to provide
airflows in sufficient quantity and quality to dilute contaminants to safe concentrations in all parts of
the facility where personnel are required to work or travel. This basic requirement is incorporated
into mining law in those countries that have such legislation. The manner in which "quantity and
quality" are defined varies from country to country depending upon their mining history, the
pollutants of greatest concern, the perceived dangers associated with those hazards and the
political and social structure of the country. The overall requirement is that all persons must be able
to work and travel within an environment that is safe and which provides reasonable comfort. An
interpretation of the latter phrase depends greatly on the geographical location of the mine and the
background and expectations of the workforce. Personnel in a permafrost mine work in conditions
that would be unacceptable to miners from an equatorial region, and vice versa, and neither set of
conditions would be tolerated by factory or office workers. This perception of "reasonable comfort"
sometimes causes misunderstandings between subsurface ventilation engineers and those
associated with the heating and ventilating industry for buildings.

While maintaining the essential objectives related to safety and health, subsurface environmental
engineering has, increasingly, developed a wider purpose. In some circumstances, atmospheric
pressure and temperature may be allowed to exceed the ranges that are acceptable for human
tolerance. For example, in an underground repository for high level nuclear waste, a containment
drift may be sealed against personnel access after emplacement of the waste canisters has been
completed. However, the environment within the drift must still be maintained such that rock wall
temperatures are controlled. This is necessary to enable the drift to be reopened relatively quickly
for retrieval of the nuclear waste at any subsequent time during the active life of the repository.
Other forms of underground storage often require environmental control of pressure, temperature
and humidity for the preservation of the stored material. Yet another trend is towards automated
(manless) working faces and the possible use of underground space for in-situ mineral processing.
In such zones of future mines, environmental control will be required for the efficient operation of
machines and processes, but not necessarily with an atmosphere acceptable to the unprotected
human physiology.

1.3.2. Factors that affect the underground environment

During the development and operation of a mine or other underground facility, potential hazards
arise from dust, gas emissions, heat and humidity, fires, explosions and radiation. Table 1.1 shows
the factors that may contribute towards those hazards. These divide into features that are imposed
by nature and those that are generated by design decisions on how to develop and operate the
facility.
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Table 1.1 Factors that feature in the creation and control of hazards in the subsurface environment.

Factors that contribute to Methods of control

NATURAL _’ DESIGN ’ HAZARD ‘ ANCILLARY ‘_ AIRFLOW
FACTORS FACTORS CONTROL CONTROL
Depth Method of Dust Main fans
below mining DUST suppression
surface
Surface LayOL:ct ofl_mine
i or facili
climate b GAS Booster fans,
R Gas auxiliary
ate of rock EMISSIONS ’ ventilation
Geology fragmentation drainage ato
Physical cll\él;r;gﬁtlzle Natural
and ventilation
chemical HEAT AND Refrigeration
properties Metho_d of HUMIDITY systems
of rock working
_ Airlocks,
Gas content Type, size stoppings, air
of strata and siting of FIRES AND crossings,
equipment EXPLOSIONS regulators
Suﬁslljiggce Vehicular Monitoring
) traffic systems Number, size
Age of Stored RADIATION and layout of
openings materials openings

The major method of controlling atmospheric conditions in the subsurface is by airflow. This is
produced, primarily, by main fans that are usually, but not necessarily, located on surface. National
or state mining law may insist that main fans are sited on surface for gassy mines. While the main
fan, or combination of main fans, handles all of the air that circulates through the underground
network of airways, underground booster fans serve specific districts only. Auxiliary fans are used
to pass air through ducts to ventilate blind headings. The distribution of airflow may further be
controlled by ventilation doors, stoppings, air crossings and regulators.

It is often the case that it becomes impracticable or impossible to contend with all environmental

hazards by ventilation alone. For example, increases in air temperature caused by compression of
the air in the downcast shafts of deep mines may result in that air being too hot for personnel even
before it enters the workings. No practical amount of increased airflow will solve that problem. Table
1.1 includes the ancillary control measures that may be advisable or necessary to supplement the
ventilation system in order to maintain acceptable conditions underground.
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1.3.3. The integration of ventilation planning into overall system design

The design of a major underground ventilation and environmental control system is a complex
process with many interacting features. The principles of systems analyses should be applied to
ensure that the consequences of such interaction are not overlooked (Chapter 9). However,
ventilation and the underground environment should not be treated in isolation during planning
exercises. They are, themselves, an integral part of the overall design of the mine or subsurface
facility.

It has often been the case that the types, numbers and sizes of machines, the required rate of
mineral production and questions of ground stability have dictated the layout of a mine without,
initially, taking the demands of ventilation into account. This will result in a ventilation system that
may lack effectiveness and, at best, will be more expensive in both operating and capital costs than
would otherwise have been the case. A common error has been to size shafts that are appropriate
for the hoisting duties but inadequate for the long term ventilation requirement of the mine. Another
frequent, related problem is a ventilation infrastructure that was adequate for an initial layout but
lacks the flexibility to handle fluctuating market demands for the mineral. Again, this can be very
expensive to correct. The results of inadequate ventilation planning and system design are
premature cessation of production, high costs of reconstruction, poor environmental conditions and,
still too often, tragic consequences to the health and safety of the workforce. It is, therefore, most
important that ventilation engineers should be incorporated as an integral part of a design team
from the initial stages of planning a new mine or other underground facility.
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2.1 INTRODUCTION

2.1.1 The concept of a fluid

A fluid is a substance in which the constituent molecules are free to move relative to each other.
Conversely, in a solid, the relative positions of molecules remain essentially fixed under non-
destructive conditions of temperature and pressure. While these definitions classify matter into fluids
and solids, the fluids sub-divide further into liquid and gases.

Molecules of any substance exhibit at least two types of forces; an attractive force that diminishes
with the square of the distance between molecules, and a force of repulsion that becomes strong
when molecules come very close together. In solids, the force of attraction is so dominant that the
molecules remain essentially fixed in position while the resisting force of repulsion prevents them
from collapsing into each other. However, if heat is supplied to the solid, the energy is absorbed
internally causing the molecules to vibrate with increasing amplitude. If that vibration becomes
sufficiently violent, then the bonds of attraction will be broken. Molecules will then be free to move in
relation to each other - the solid melts to become a liquid.
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When two moving molecules in a fluid converge on each other, actual collision is averted (at normal
temperatures and velocities) because of the strong force of repulsion at short distances. The
molecules behave as near perfectly elastic spheres, rebounding from each other or from the walls of
the vessel. Nevertheless, in a liquid, the molecules remain sufficiently close together that the force of
attraction maintains some coherence within the substance. Water poured into a vessel will assume
the shape of that vessel but may not fill it. There will be a distinct interface (surface) between the
water and the air or vapour above it. The mutual attraction between the water molecules is greater
than that between a water molecule and molecules of the adjacent gas. Hence, the water remains in
the vessel except for a few exceptional molecules that momentarily gain sufficient kinetic energy to
escape through the interface (slow evaporation).

However, if heat continues to be supplied to the liquid then that energy is absorbed as an increase in
the velocity of the molecules. The rising temperature of the liquid is, in fact, a measure of the
internal kinetic energy of the molecules. At some critical temperature, depending upon the applied
pressure, the velocity of the molecules becomes so great that the forces of attraction are no longer
sufficient to hold those molecules together as a discrete liquid. They separate to much greater
distances apart, form bubbles of vapour and burst through the surface to mix with the air or other
gases above. This is, of course, the common phenomenon of boiling or rapid evaporation. The liquid
is converted into gas.

The molecules of a gas are identical to those of the liquid from which it evaporated. However, those
molecules are now so far apart, and moving with such high velocity, that the forces of attraction are
relatively small. The fluid can no longer maintain the coherence of a liquid. A gas will expand to fill
any closed vessel within which it is contained.

The molecular spacing gives rise to distinct differences between the properties of liquids and gases.
Three of these are, first, that the volume of gas with its large intermolecular spacing will be much
greater than the same mass of liquid from which it evaporated. Hence, the density of gases
(mass/volume) is much lower than that of liquids. Second, if pressure is applied to a liquid, then the
strong forces of repulsion at small intermolecular distances offer such a high resistance that the
volume of the liquid changes very little. For practical purposes most liquids (but not all) may be
regarded as incompressible. On the other hand, the far greater distances between molecules in a
gas allow the molecules to be more easily pushed closer together when subjected to compression.
Gases, then, are compressible fluids.

A third difference is that when liquids of differing densities are mixed in a vessel, they will separate
out into discrete layers by gravitational settlement with the densest liquid at the bottom. This is not
true of gases. In this case, layering of the gases will take place only while the constituent gases
remain unmixed (for example, see Methane Layering, Section 12.4.2). If, however, the gases
become mixed into a homogenous blend, then the relatively high molecular velocities and large
intermolecular distances prevent the gases from separating out by gravitational settlement. The
internal molecular energy provides an effective continuous mixing process.

Subsurface ventilation engineers need to be aware of the properties of both liquids and gases. In
this chapter, we shall confine ourselves to incompressible fluids. Why is this useful when we are well
aware that a ventilation system is concerned primarily with air, a mixture of gases and, therefore,
compressible? The answer is that in a majority of mines and other subsurface facilities, the ranges of
temperature and pressure are such that the variation in air density is fairly limited. Airflow
measurements in mines are normally made to within 5 per cent accuracy. A 5 per cent change in air
density occurs by moving through a vertical elevation of some 500 metres in the gravitational field at
the surface of the earth. Hence, the assumption of incompressible flow with its simpler analytical
relationships gives acceptable accuracy in most cases. For the deeper and (usually) hotter facilities,
the effects of pressure and temperature on air density should be taken into account through
thermodynamic analyses if a good standard of accuracy is to be attained. The principles of physical
steady-flow thermodynamics are introduced in Chapter 3.
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2.1.2 Volume flow, Mass flow and the Continuity Equation

Most measurements of airflow in ventilation systems are based on the volume of air (m°®) that passes
through a given cross section of a duct or airway in unit time (1 second). The units of volume flow, Q,
are, therefore, m®/s. However, for accurate analyses when density variations are to be taken into
account, it is preferable to work in terms of mass flow - that is, the mass of air (kg) passing through
the cross section in 1 second. The units of mass flow, M, are then kg/s.

The relationship between volume flow and mass flow follows directly from the definition of density, p,
mass kg

= (2.1)
volume m3
and
_ massflow M kg s
~ volume flow _6 sm?
givingM = Qp kg/s (2.2)

In any continuous duct or airway, the mass flows passing through all cross sections along its length
are equal, provided that the system is at steady state and there are no inflows or outflows of air or
other gases between the two ends. If these conditions are met then

M=Qp = constant kg/s (2.3)

This is the simplest form of the Continuity Equation. It can, however, be written in other ways. A
common method of measuring volume flow is to determine the mean velocity of air, u, over a given
cross section, then multiply by the area of that cross-section, A, (Chapter 6):

m3

Q=uA D m?z o T 2.4)
S S

Then the continuity equation becomes
M = puA = constant kg/s (2.5)

As indicated in the preceding subsection, we can achieve acceptable accuracy in most situations
within ventilation systems by assuming a constant density. The continuity equation then simplifies
back to

Q= uA = constant m°/s (2.6)

This shows that for steady-state and constant density airflow in a continuous airway, the velocity of
the air varies inversely with cross sectional area.

2.2 FLUID PRESSURE
2.2.1 The cause of fluid pressure

Section 2.1.1 described the dynamic behaviour of molecules in a liquid or gas. When a molecule
rebounds from any confining boundary, a force equal to the rate of change of momentum of that
molecule is exerted upon the boundary. If the area of the solid/fluid boundary is large compared to
the average distance between molecular collisions then the statistical effect will be to give a uniform
force distributed over that boundary. This is the case in most situations of importance in subsurface
ventilation engineering.
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Two further consequences arise from the bombardment of a very large number of molecules on a
surface, each molecule behaving essentially as a perfectly elastic sphere. First, the force exerted by
a static fluid will always be normal to the surface. We shall discover later that the situation is rather
different when the dynamic forces of a moving fluid stream are considered (Section 2.3). Secondly,
at any point within a static fluid, the pressure is the same in all directions. Hence, static pressure is a
scalar rather than a vector quantity.

Pressure is sometimes carelessly confused with force or thrust. The quantitative definition of
pressure, P, is clear and simple

_ Force N
" Area m2 2.7)

In the Sl system of units, force is measured in Newtons (N) and area in square metres. The resulting
unit of pressure, the N/m?, is usually called a Pascal (Pa) after the French philosopher, Blaise
Pascal (1623-1662).

2.2.2 Pressure head

If a liquid of density p is poured into a vertical tube of cross-sectional area, A, until the level reaches
a height h, the volume of liquid is

volume =h A m?
Then from the definition of density (mass/volume), the mass of the liquid is
mass = volume x density

= hAp kg

The weight of the liquid will exert a force, F, on the base of the tube equal to
mass x gravitational acceleration (g)

F=hApg N

But as pressure = force/area, the pressure on the base of the tube is

E - gn N oo p 28

~=r9 —7 or Pa (2.8)

Hence, if the density of the liquid is known, and assuming a constant value for g, then the pressure
may be quoted in terms of h, the head of liquid. This concept is used in liquid type manometers

(Section 2.2.4) which, although in declining use, are likely to be retained for many purposes owing to
their simplicity.

Equation (2.8) can also be used for air and other gases. In this case, it should be remembered that
the density will vary with height. A mean value may be used with little loss in accuracy for most mine
shafts. However, here again, it is recommended that the more precise methodologies of
thermodynamics be employed for elevation differences of more than 500 m.
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2.2.3 Atmospheric pressure and gauge pressure

The blanket of air that shrouds the earth extends to approximately 40 km above the surface. At that
height, its pressure and density tend towards zero. As we descend towards the earth, the number of
molecules per unit volume increases, compressed by the weight of the air above. Hence, the
pressure of the atmosphere also increases. However, the pressure at any point in the lower
atmosphere is influenced not only by the column of air above it but also by the action of convection,
wind currents and variations in temperature and water vapour content. Atmospheric pressure near
the surface, therefore, varies with both place and time. At the surface of the earth, atmospheric
pressure is of the order of 100 000 Pa. For practical reference this is often translated into 100 kPa
although the basic Sl units should always be used in calculations. Older units used in meteorology
for atmospheric pressure are the bar (10° Pa) and the millibar (100 Pa).

For comparative purposes, reference is often made to standard atmospheric pressure. This is the
pressure that will support a 0.760 m column of mercury having a density of 13.5951 x 10° kg/m®in a
standard earth gravitational field of 9.8066 m/s’.

Then from equation (2.8)

One Standard Atmosphere = pxgxh
= 13.5951 x 10° x 9.8066 x 0.760
=101.324 x 10° Pa

or 101.324 kPa.

The measurement of variations in atmospheric pressure is important during ventilation surveys
(Chapter 6), for psychrometric measurements (Chapter 14), and also for predicting the emission of
stored gases into a subsurface ventilation system (Chapter 12). However, for many purposes, it is
necessary to measure differences in pressure. One common example is the difference between the
pressure within a system such as a duct and the exterior atmosphere pressure. This is referred to as
gauge pressure..

Absolute pressure = Atmospheric pressure + gauge pressure (2.9)

If the pressure within the system is below that of the local ambient atmospheric pressure then the
negative gauge pressure is often termed the suction pressure or vacuum and the sign ignored.

Care should be taken when using equation 2.9 as the gauge pressure may be positive or negative.
However, the absolute pressure is always positive. Although many quoted measurements are
pressure differences, it is the absolute pressures that are used in thermodynamic calculations. We
must not forget to convert when necessary.

2.2.4. Measurement of air pressure.

2.2.4.1. Barometers

Equation (2.8) showed that the pressure at the bottom of a column of liquid is equal to the product of
the head (height) of the liquid, its density and the local value of gravitational acceleration. This
principle was employed by Evangelista Torricelli (1608-1647), the Italian who invented the mercury
barometer in 1643.. Torricelli poured mercury into a glass tube, about one metre in length, closed at
one end, and upturned the tube so that the open end dipped into a bowl of mercury. The level in the
tube would then fall until the column of mercury, h, produced a pressure at the base that just
balanced the atmospheric pressure acting on the open surface of mercury in the bowl.



Introduction to Fluid Mechanics Malcolm J. McPherson

The atmospheric pressure could then be calculated as (see equation (2.8) )
P=pgh Pa
where, in this case, p is the density of mercury.

Modern versions of the Torricelli instrument are still used as standards against which other types of
barometer may be calibrated. Barometric (atmospheric) pressures are commonly quoted in
millimetres (or inches) of mercury. However, for precise work, equation (2.8) should be employed
using the density of mercury corresponding to its current temperature. Accurate mercury barometers
have a thermometer attached to the stem of the instrument for this purpose and a sliding micrometer
to assist in reading the precise height of the column. Furthermore, and again for accurate work, the
local value of gravitational acceleration should be ascertained as this depends upon latitude and
altitude. The space above the mercury in the barometer will not be a perfect vacuum as it contains
mercury vapour. However, this exerts a pressure of less than 0.00016 kPa at 20 °C and is quite
negligible compared with the surface atmospheric pressure of near 100 kPa. This, coupled with the
fact that the high density of mercury produces a barometer of reasonable length, explains why
mercury rather than any other liquid is used. A water barometer would need to be about 10.5m in
height.

Owing to their fragility and slowness in reacting to temperature changes, mercury barometers are
unsuitable for underground surveys . An aneroid barometer consists of a closed vessel which has
been evacuated to a near perfect vacuum. One or more elements of the vessel are flexible. These
may take the form of a flexing diaphragm, or the vessel itself may be shaped as a helical or spiral
spring. The near zero pressure within the vessel remains constant. However, as the surrounding
atmospheric pressure varies, the appropriate element of the vessel will flex. The movement may be
transmitted mechanically, magnetically or electrically to an indicator and/or recorder.

Low cost aneroid barometers may be purchased for domestic or sporting use. Most altimeters are, in
fact, aneroid barometers calibrated in metres (or feet) head of air. For the high accuracy required in
ventilation surveys (Chapter 6) precision aneroid barometers are available.

Another principle that can be employed in pressure transducers, including barometers, is the
piezoelectric property of quartz. The natural frequency of a quartz beam varies with the applied
pressure. As electrical frequency can be measured with great precision, this allows the pressure to
be determined with good accuracy.

2.2.4.2. Differential pressure instruments

Differences in air pressure that need to be measured frequently in subsurface ventilation
engineering rarely exceed 7 or 8 kPa and are often of the order of only a few Pascals. The traditional
instrument for such low pressure differences is the manometer. This relies upon the displacement of
liquid to produce a column, or head, that balances the differential pressure being measured. The
most rudimentary manometer is the simple glass U tube containing water, mercury or other liquid. A
pressure difference applied across the ends of the tube causes the liquid levels in the two limbs to
be displaced in opposite directions. A scale is used to measure the vertical distance between the
levels and equation (2.8) used to calculate the required pressure differential. Owing to the past
widespread use of water manometers, the millimetre (or inch) of water column came to be used
commonly as a measure of small pressure differentials, much as a head of mercury has been used
for atmospheric pressures. However, it suffers from the same disadvantages in that it is not a
primary unit but depends upon the liquid density and local gravitational acceleration.

When a liquid other than water is used, the linear scale may be increased or decreased, dependent
upon the density of the liquid, so that it still reads directly in head of water. A pressure head in one
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fluid can be converted to a head in any other fluid provided that the ratio of the two densities is
known.

p=pigh = p29h; Pa

o h, =th, m (2.10)
P2

For high precision, the temperature of the liquid in a manometer should be obtained and the
corresponding density determined. Equation (2.10) is then used to correct the reading, h; where p, is
the actual liquid density and p, is the density at which the scale is calibrated.

Many variations of the manometer have been produced. Inclining one limb of the U tube shortens its
practicable range but gives greater accuracy of reading. Careful levelling of inclined manometers is
required and they are no longer used in subsurface pressure surveys. Some models have one limb
of the U tube enlarged into a water reservoir. The liquid level in the reservoir changes only slightly
compared with the balancing narrow tube. In the direct lift manometer, the reservoir is connected by
flexible tubing to a short sight-glass of variable inclination which may be raised or lowered against a
graduated scale. This manipulation enables the meniscus to be adjusted to a fixed mark on the
sight-glass. Hence the level in the reservoir remains unchanged. The addition of a micrometer scale
gives this instrument both a good range and high accuracy.

One of the problems in some water manometers is a misformed meniscus, particularly if the
inclination of the tube is less than 5 degrees from the horizontal. This difficulty may be overcome by
employing a light oil, or other liquid that has good wetting properties on glass. Alternatively, the two
limbs may be made large enough in diameter to give horizontal liquid surfaces whose position can
be sensed electronically or by touch probes adjusted through micrometers.

U tube manometers, or water gauges as they are commonly known, may feature as part of the
permanent instrumentation of main and booster fans. Provided that the connections are kept firm
and clean, there is little that can go wrong with these devices. Compact and portable inclined gauges
are available for rapid readings of pressure differences across doors and stoppings in underground
ventilation systems. However, in modern pressure surveying (Chapter 6) manometers have been
replaced by the diaphragm gauge. This instrument consists essentially of a flexible diaphragm,
across which is applied the differential pressure. The strain induced in the diaphragm is sensed
electrically, mechanically or by magnetic means and transmitted to a visual indicator or recorder.

In addition to its portability and rapid reaction, the diaphragm gauge has many advantages for the
subsurface ventilation engineer. First, it reflects directly a true pressure (force/area) rather than
indirectly through a liquid medium. Secondly, it reacts relatively quickly to changes in temperature
and does not require precise levelling. Thirdly, diaphragm gauges can be manufactured over a wide
variety of ranges. A ventilation survey team may typically carry gauges ranging from 0 - 100 Pato O -
5 kPa (or to encompass the value of the highest fan pressure in the system). One disadvantage of
the diaphragm gauge is that its calibration may change with time and usage. Re-calibration against a
laboratory precision manometer is recommended prior to an important survey.

Other appliances are used occasionally for differential pressures in subsurface pressure surveys.
Piezoelectric instruments are likely to increase in popularity. The aerostat principle eliminates the
need for tubing between the two measurement points and leads to a type of differential barometer. In
this instrument, a closed and rigid air vessel is maintained at a constant temperature and is
connected to the outside atmospheres via a manometer or diaphragm gauge. As the inside of the
vessel remains at near constant pressure, any variations in atmospheric pressure cause a reaction
on the manometer or gauge. Instruments based on this principle require independent calibration as
slight movements of the diaphragm or liquid in the manometer result in the inside pressure not
remaining truly constant.
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2.3 FLUIDS IN MOTION

2.3.1. Bernoulli's equation for ideal fluids

As a fluid stream passes through a pipe, duct or other continuous opening, there will, in general, be
changes in its velocity, elevation and pressure. In order to follow such changes it is useful to identify
the differing forms of energy contained within a given mass of the fluid. For the time being, we will
consider that the fluid is ideal; that is, it has no viscosity and proceeds along the pipe with no shear
forces and no frictional losses. Secondly, we will ignore any thermal effects and consider mechanical
energy only.

Suppose we have a mass, m, of fluid moving at velocity, u, at an elevation, Z, and a barometric
pressure P. There are three forms of mechanical energy that we need to consider. In each case, we
shall quantify the relevant term by assessing how much work we would have to do in order to raise
that energy quantity from zero to its actual value in the pipe, duct or airway.

Kinetic energy
If we commence with the mass, m, at rest and accelerate it to velocity u in t seconds by applying a
constant force F, then the acceleration will be uniform and the mean velocity is

0+u u
2 2

m
S

Then
distance travelled = mean velocity x time

- Yy m
T2

Furthermore, the acceleration is defined as

increase in velocity u 2
, = - m/s
time t

The force is given by

F = mass x acceleration

I
3

adl
P

and the work done to accelerate from rest to velocity u is

WD = force x distance Nm

1
3
r—c-lC
X
N e

c

Nm or J (2.11)

]
3
|

The kinetic energy of the mass m is, therefore, m u?/2 Joules.
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Potential energy
Any base elevation may be used as the datum for potential energy. In most circumstances of
underground ventilation engineering, it is differences in elevation that are important. If our mass m is
located on the base datum then it will have a potential energy of zero relative to that datum. We then
exert an upward force, F, sufficient to counteract the effect of gravity.
F = mass x acceleration

=mg N
where g is the gravitational acceleration.
In moving upward to the final elevation of Z metres above the datum, the work done is

WD = Force x distance

=mgZ Joules (2.12)
This gives the potential energy of the mass at elevation Z.
Flow work
Suppose we have a horizontal pipe, open at both ends and of cross sectional area A as shown in
Figure 2.1. We wish to insert a plug of fluid, volume v and mass m into the pipe. However, even in
the absence of friction, there is a resistance due to the pressure of the fluid, P, that already exists in

the pipe. Hence, we must exert a force, F, on the plug of fluid to overcome that resisting pressure.
Our intent is to find the work done on the plug of fluid in order to move it a distance s into the pipe.

S
<

F «—
— v ‘ P
A <—

Figure 2.1 Flow work done on a fluid entering a pipe

The force, F, must balance the pressure, P, which is distributed over the area, A.

F=PA N

Work done = force x distance

PAs J or Joules
However, the product As is the swept volume v, giving
WD=Pv

Now, by definition, the density is

_m LC]
p_V m3
or
m
vV = —
P
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Hence, the work done in moving the plug of fluid into the pipe is

P m
WD = — J (2.13)
P
or P/p Joules per kilogram.

As fluid continues to be inserted into the pipe to produce a continuous flow, then each individual
plug must have this amount of work done on it. That energy is retained within the fluid stream and is
known as the flow work. The appearance of pressure, P, within the expression for flow work has
resulted in the term sometimes being labelled "pressure energy”. This is very misleading as flow
work is entirely different to the "elastic energy" stored when a closed vessel of fluid is compressed.
Some authorities also object to the term "flow work" and have suggested "convected energy" or,
simply, the "Pv work". Note that in Figure 2.1 the pipe is open at both ends. Hence the pressure, P,
inside the pipe does not change with time (the fluid is not compressed) when plugs of fluid continue
to be inserted in a frictionless manner. When the fluid exits the system, it will carry kinetic and
potential energy, and the corresponding flow work with it.

Now we are in a position to quantify the total mechanical energy of our mass of fluid, m. From
expressions (2.11, 2.12 and 2.13)

total mechanical kinetic potential flow
energy - energy * energy Tt owork

= m + z + me J 2.14

- 2 mZzg m P (2.14)

If no mechanical energy is added to or subtracted from the fluid during its traverse through the pipe,
duct or airway, and in the absence of frictional effects, the total mechanical energy must remain
constant throughout the airway. Then equation (2.14) becomes

u? P
m 7+Zg+— = constant J (2. 15)
P

Another way of expressing this equation is to consider two stations, 1 and 2 along the pipe, duct or
airway. Then

2 2
m uL+Zlg+i =m uL+Zzg+p—2
2 P1 2 P2

Now as we are still considering the fluid to be incompressible (constant density),

pr= p2 = p (say)
giving

uZ—u? P,-P, J

e (2.16)

+ (Z,-2Z5)9 +

Note that dividing by m on both sides has changed the units of each term from J to J/kg.
Furthermore, if we multiplied throughout by p then each term would take the units of pressure.
Bernoulli's equation has, traditionally, been expressed in this form for incompressible flow.
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Equation (2.16) is of fundamental importance in the study of fluid flow. It was first derived by Daniel
Bernoulli (1700-1782), a Swiss mathematician, and is known throughout the world by his name.

As fluid flows along any closed system, Bernoulli's equation allows us to track the inter-relationships
between the variables. Velocity u, elevation Z, and pressure P may all vary, but their combination as
expressed in Bernoulli's equation remains true. It must be remembered, however, that it has been
derived here on the assumptions of ideal (frictionless) conditions, constant density and steady-state
flow. We shall see later how the equation must be amended for the real flow of compressible fluids.

2.3.2. Static, total and velocity pressures.

Consider the level duct shown on Figure 2.2. Three gauge pressures are measured. To facilitate
visualization, the pressures are indicated as liquid heads on U tube manometers. However, the
analysis will be conducted in terms of true pressure (N/m?) rather than head of fluid.

Un I —_—
—_ T
@ (b) (c)

Ps Pt Py

Figure 2.2 (a) static, (b) total and (c) velocity pressures

In position (a), one limb of the U tube is connected perpendicular through the wall of the duct. Any
drilling burrs on the inside have been smoothed out so that the pressure indicated is not influenced
by the local kinetic energy of the air. The other limb of the manometer is open to the ambient
atmosphere. The gauge pressure indicated is known as the static pressure, ps.

In position (b) the left tube has been extended into the duct and its open end turned so that it faces
directly into the fluid stream. As the fluid impacts against the open end of the tube, it is brought to
rest and the loss of its kinetic energy results in a local increase in pressure. The pressure within the
tube then reflects the sum of the static pressure and the kinetic effect. Hence the manometer
indicates a higher reading than in position (a).The corresponding pressure, py, is termed the total
pressure. The increase in pressure caused by the kinetic energy can be quantified by using
Bernoulli's equation (2.16). In this case Z, = Z,, and u, = 0. Then

Pp-Py_uf
P 2

The local increase in pressure caused by bringing the fluid to rest is then

p, =P, Py =p-+ Pa
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This is known as the velocity pressure and can be measured directly by connecting the manometer
as shown in position (c). The left connecting tube of the manometer is at gauge pressure p; and the
right tube at gauge pressure ps. It follows that

Pv = Pt-Ps
or Pt =Ps* Pv Pa (2.18)

In applying this equation, care should be taken with regard to sign as the static pressure, ps, will be
negative if the barometric pressure inside the duct is less than that of the outside atmosphere.

If measurements are actually made using a liquid in glass manometer as shown on Figure 2.2 then
the reading registered on the instrument is influenced by the head of fluid in the manometer tubes
above the liquid level. If the manometer liquid has a density p;, and the superincumbent fluid in both
tubes has a density pq, then the head indicated by the manometer, h, should be converted to true
pressure by the equation

p=(0L—pg)ah Pa (2.19)

Reflecting back on equation (2.8) shows that this is the usual equation relating fluid head and
pressure with the density replaced by the difference in the two fluid densities. In ventilation
engineering, the superincumbent fluid is air, having a very low density compared with liquids. Hence,
the pq term in equation (2.19) is usually neglected. However, if the duct or pipe contains a liquid
rather than a gas then the full form of equation (2.19) should be employed.

A further situation arises when the fluid in the duct has a density, pg, that is significantly different to
that of the air (or other fluid), p,, which exists above the liquid in the right hand tube of the
manometer in Fig. 2.2(a). Then

P = (o —Pg)dh— (pg —Pa) g, Pa (2.20)

where h; is the vertical distance between the liquid level in the right side of the manometer and the
connection into the duct.

Equations (2.19) and (2.20) can be derived by considering a pressure balance on the two sides of
the U tube above the lower of the two liquid levels.

2.3.3. Viscosity

Bernoulli's equation was derived in Section 2.3.1. on the assumption of an ideal fluid; i.e. that flow
could take place without frictional resistance. In subsurface ventilation engineering almost all of the
work input by fans (or other ventilating devices) is utilized against frictional effects within the airways.
Hence, we must find a way of amending Bernoulli's equation for the frictional flow of real fluids.

The starting point in an examination of ‘frictional flow" is the concept of viscosity. Consider two
parallel sheets of fluid a very small distance, dy, apart but moving at different velocities u and

u + du (Figure 2.3). An equal but opposite force, F, will act upon each layer, the higher velocity sheet
tending to pull its slower neighbour along and, conversely, the slower sheet tending to act as a brake
on the higher velocity layer.



Introduction to Fluid Mechanics Malcolm J. McPherson

l » U+du

v
c

Figure 2.3 Viscosity causes equal but opposite forces to be exerted
on adjacent laminae of fluid.

If the area of each of the two sheets in near contact is A, then the shear stress is defined as
T (Greek 'tau’) where

— (2.21)

Among his many accomplishments, Isaac Newton (1642-1727) proposed that for parallel motion of
streamlines in a moving fluid, the shear stress transmitted across the fluid in a direction
perpendicular to the flow is proportional to the rate of change of velocity, du/dy (velocity gradient)

F du N
T = — = n— _— 2.22
A udy oy (2.22)

where the constant of proportionality, |, is known as the coefficient of dynamic viscosity (usually
referred to simply as dynamic viscosity). The dynamic viscosity of a fluid varies with its temperature.
For air, it may be determined from

W = (17.0 + 0.0451) x 10° e

and for water

64.72 3
= | ——"°_ _0.2455 | x 10 —
Huater (t+31.766 j

where t = temperature (°C) in the range 0 - 60 °C

The units of viscosity are derived by transposing equation (2.22)

dy N S Ns
H=T— —m— or —
du m2 m m2

A term which commonly occurs in fluid mechanics is the ratio of dynamic viscosity to fluid density.
This is called the kinematic viscosity, u (Greek 'nu')

S
— — or Nm —

v =2
o m? kg kg

As 1 N=1kgx 1m/s? these units become

kg M ms _ m®
s? kg s
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It is the transmission of shear stress that produces frictional resistance to motion in a fluid stream.
Indeed, a definition of an ‘ideal fluid' is one that has zero viscosity. Following from our earlier
discussion on the molecular behaviour of fluids (Section 2.1.1.), there would appear to be at least
two effects that produce the phenomenon of viscosity. One is the attractive forces that exist between
molecules - particularly those of liquids. This will result in the movement of some molecules tending
to drag others along, and for the slower molecules to inhibit motion of faster neighbours. The second
effect may be visualized by glancing again at Figure 2.3. If molecules from the faster moving layer
stray sideways into the slower layer then the inertia that they carry will impart kinetic energy to that
layer. Conversely, migration of molecules from the slower to the faster layer will tend to retard its
motion.

In liquids, the molecular attraction effect is dominant. Heating a liquid increases the internal kinetic
energy of the molecules and also increases the average inter-molecular spacing. Hence, as the
attractive forces diminish with distance, the viscosity of a liquid decreases with respect to
temperature. In a gas, the molecular attractive force is negligible. The viscosity of gases is much
less than that of liquids and is caused by the molecular inertia effect. In this case, the increased
velocity of molecules caused by heating will tend to enhance their ability to transmit inertia across
streamlines and, hence, we may expect the viscosity of gases to increase with respect to
temperature. This is, in fact, the situation observed in practice.

In both of these explanations of viscosity, the effect works between consecutive layers equally well

in both directions. Hence, dynamic equilibrium is achieved with both the higher and lower velocity
layers maintaining their net energy levels. Unfortunately, no real process is perfect in fluid
mechanics. Some of the useful mechanical energy will be transformed into the much less useful heat
energy. In a level duct, pipe or airway, the loss of mechanical energy is reflected in an observable
drop in pressure. This is often termed the 'frictional pressure drop'

Recalling that Bernoulli's equation was derived for mechanical energy terms only in Section 2.3.1, it
follows that for the flow of real fluids, the equation must take account of the frictional loss of
mechanical energy. We may rewrite equation (2.16) as

2 2
u—1+Zlg+i=u—2+zzg+P—2+F12 J (2.23)
2 P P kg

where Fj, = energy converted from the mechanical form to heat (J/kg).

The problem now turns to one of quantifying the frictional term Fi,. For that, we must first examine
the nature of fluid flow.

2.3.4. Laminar and turbulent flow. Reynolds Number

In our everyday world, we can observe many examples of the fact that there are two basic kinds of
fluid flow. A stream of oil poured out of a can flows smoothly and in a controlled manner while water,
poured out at the same rate, would break up into cascading rivulets and droplets. This example
seems to suggest that the type of flow depends upon the fluid. However, a light flow of water falling
from a circular outlet has a steady and controlled appearance, but if the flowrate is increased the
stream will assume a much more chaotic form. The type of flow seems to depend upon the flowrate
as well as the type of fluid.

Throughout the nineteenth century, it was realized that these two types of flow existed. The German
engineer G.H.L. Hagen (1797-1884) found that the type of flow depended upon the velocity and
viscosity of the fluid. However, it was not until the 1880's that Professor Osborne Reynolds of
Manchester University in England established a means of characterizing the type of flow regime

2-14
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through a combination of experiments and logical reasoning. Reynolds' laboratory tests consisted of
injecting a filament of colored dye into the bell mouth of a horizontal glass tube that was submerged
in still water within a large glass-walled tank. The other end of the tube passed through the end of
the tank to a valve which was used to control the velocity of water within the tube. At low flow rates,
the filament of dye formed an unbroken line in the tube without mixing with the water. At higher flow
rates the filament of dye began to waver. As the velocity in the tube continued to be increased the
wavering filament suddenly broke up to mix almost completely with the water.

In the initial type of flow, the water appeared to move smoothly along streamlines, layers or laminae,
parallel to the axis of the tube. We call this laminar flow. Appropriately, we refer to the completely
mixing type of behavior as turbulent flow. Reynolds' experiments had, in fact, identified a third
regime - the wavering filament indicated a transitional region between fully laminar and fully turbulent
flow. Another observation made by Reynolds was that the break-up of the filament always occurred,
not at the entrance, but about thirty diameters along the tube.

The essential difference between laminar and turbulent flow is that in the former, movement across
streamlines is limited to the molecular scale, as described in Section 2.3.3. However, in turbulent
flow, swirling packets of fluid move sideways in small turbulent eddies. These should not be
confused with the larger and more predictable oscillations that can occur with respect to time and
position such as the vortex action caused by fans, pumps or obstructions in the airflow. The turbulent
eddies appear random in the complexity of their motion. However, as with all "random" phenomena,
the term is used generically to describe a process that is too complex to be characterized by current
mathematical knowledge. Computer simulation packages using techniques known generically as
computational fluid dynamics (CFD) have produced powerful means of analysis and predictive
models of turbulent flow. At the present time, however, many practical calculations involving
turbulent flow still depend upon empirical factors.

The flow of air in the vast majority of 'ventilated' places underground is turbulent in nature. However,
the sluggish movement of air or other fluids in zones behind stoppings or through fragmented strata
may be laminar. It is, therefore, important that the subsurface ventilation engineer be familiar with
both types of flow. Returning to Osborne Reynolds, he found that the development of full turbulence
depended not only upon velocity, but also upon the diameter of the tube. He reasoned that if we
were to compare the flow regimes between differing geometrical configurations and for various fluids
we must have some combination of geometric and fluid properties that quantified the degree of
similitude between any two systems. Reynolds was also familiar with the concepts of “inertial
(kinetic) force", pu?/2 (Newtons per square metre of cross section) and "viscous force",

7 = pdu/dy (Newtons per square metre of shear surface). Reynolds argued that the dimensionless

ratio of "inertial forces" to "viscous forces" would provide a basis of comparing fluid systems

inertial force

_ d_y (2.24)
viscous force

_put 1

2 pdu
Now, for similitude to exist, all steady state velocities, u, or differences in velocity between locations,
du, within a given system are proportional to each other. Furthermore, all lengths are proportional to
any chosen characteristic length, L. Hence, in equation (2.24) we can replace du by u, and dy by L.
The constant, 2, can also be dropped as we are simply looking for a combination of variables that
characterize the system. That combination now becomes

puz L L
Hou
or
PUL _ Re (2.25)
H
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As equation (2.24) is dimensionless then so, also, must this latter expression be dimensionless. This
can easily be confirmed by writing down the units of the component variables. The result we have
reached here is of fundamental importance to the study of fluid flow. The dimensionless group pul/u
is known universally as Reynolds Number, Re. In subsurface ventilation engineering, the
characteristic length is normally taken to be the hydraulic mean diameter of an airway, d, and the
characteristic velocity is usually the mean velocity of the airflow. Then

pud
V]

Re =

At Reynolds Numbers of less than 2 000 in fluid flow systems, viscous forces prevail and the flow will
be laminar. The Reynolds Number over which fully developed turbulence exists is less well defined.
The onset of turbulence will occur at Reynolds Numbers of 2 500 to 3 000 assisted by any vibration,
roughness of the walls of the pipe or any momentary perturbation in the flow.

Example
A ventilation shaft of diameter 5m passes an airflow of 200 m*/s at a mean density of 1.2 kg/m3 and
an average temperature of 18 °C. Determine the Reynolds Number for the shatft.

Solution

For air at 18 °C
H (17.0 + 0.045x 18) X 10°

17.81 x10° Ns/m

Air velocity, u = Q_ 220 = 10.186 m/s
A m5°/4
Re — pud _ 1.2x10.186:5 _ 3.432x10°
H 17.81x 10~

This Reynolds Number indicates that the flow will be turbulent.

2.3.5. Frictional losses in laminar flow, Poiseuille's Equation.

Now that we have a little background on the characteristics of laminar and turbulent flow, we can
return to Bernoulli's equation corrected for friction (equation (2.23)) and attempt to find expressions
for the work done against friction, Fy,. First, let us deal with the case of laminar flow.

Consider a pipe of radius R as shown in Figure 2.4. As the flow is laminar, we can imagine
concentric cylinders of fluid telescoping along the pipe with zero velocity at the walls and maximum
velocity in the center. Two of these cylinders of length L and radii r and r + dr are shown. The
velocities of the cylinders are u and u - du respectively.
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Figure 2.4 Viscous drag opposes the motive effect of applied pressure difference

The force propagating the inner cylinder forward is produced by the pressure difference across its
two ends, p, multiplied by its cross sectional area, mr 2. This force is resisted by the viscous drag of

the outer cylinder, 7, acting on the 'contact' area 2 rL. As these forces must be equal at steady
state conditions,
2

2mrrL =mre p
However, 1 = — u(;—u (equation (2.22) with a negative du)
r
giving

or du = —BLdr m
s

(2.26)

For a constant diameter tube, the pressure gradient along the tube p/L is constant. So, also, is p for
the Newtonian fluids that we are considering. (A Newtonian fluid is defined as one in which viscosity
is independent of velocity). Equation (2.26) can, therefore, be integrated to give

- -f =" _4cC (2.27)

Substituting back into equation (2.27) gives

1p.o2 2 m
u=—=-(R*-r — 2.28
4HL( ) s (2.28)

Equation (2.28) is a general equation for the velocity of the fluid at any radius and shows that the
velocity profile across the tube is parabolic (Figure 2.5). Along the centre line of the tube, r = 0 and
the velocity reaches a maximum of



Introduction to Fluid Mechanics Malcolm J. McPherson

1p.> m
u = ——R — 2.29
max 4uL S ( )

R
u max

2N

Figure 2.5 The velocity profile for laminar flow is parabolic

The velocity terms in the Bernoulli equation are mean velocities across the relevant cross-sections. It
is, therefore, preferable that the work done against viscous friction should also be expressed in
terms of a mean velocity, uy,. We must be careful how we define mean velocity in this context. Our
convention is to determine it as

Q % (2.30)

where Q = volume airflow (m®s) and A = cross sectional area (m?)

We could define another mean velocity by integrating the parabolic equation (2.28) with respect to r
and dividing the result by R. However, this would not take account of the fact that the volume of fluid
in each concentric shell of thickness dr increases with radius. In order to determine the true mean
velocity, consider the elemental flow dQ through the annulus of cross sectional area 217 r dr at
radius r and having a velocity of u (Figure 2.4)

dQ = u 2mr dr
Substituting for u from equation (2.28) gives

2T p 2 2
dQ = — = (R =r9)r dr
4uL( )

2m p

e L

R
J‘ (R?r—r3)dr
0

Integrating gives

mR*
o-TR'p
8u L

m (2.31)
S

This is known as the Poiseuille Equation or, sometimes, the Hagen-Poiseuille Equation. J.L.M.
Poiseuille (1799-1869) was a French physician who studied the flow of blood in capillary tubes.
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For engineering use, where the dimensions of a given pipe and the viscosity of fluid are known,
Poiseuille's equation may be written as a pressure drop - quantity relationship.

8uL
mR*
or
p=R_Q Pa (2.32)
where R, = 8 :IZ N—i and is known as the laminar resistance of the pipe.
m m

Equation (2.32) shows clearly that in laminar flow the frictional pressure drop is proportional to the
volume flow for any given pipe and fluid. Combining equations (2.30) and (2.31) gives the required
mean velocity

4 2
u, = mR™ p 1 _R'p m (2.33)
8u L mR? 8uL s
or
b - ngm Pa (2.34)

This latter form gives another expression for the frictional pressure drop in laminar flow.

To see how we can use this equation in practice, let us return the frictional form of Bernoulli's
equation

2,2
- P,-P
= (Z1-2Z5)9 + (P-P2)

= Fp, ki (see equation (2.23) )
g

Now for incompressible flow along a level pipe of constant cross-sectional area,
Z1=25 and Ui = Uz = Uy
then

(Pi=P2) _ J (2.35)

P kg
However, (P, - P,) is the same pressure difference as p in equation (2.34).
Hence the work done against friction is

J
L = 2.36
oR? kg (2.36)

Bernoulli's equation for incompressible laminar frictional flow now becomes

J
5 pRzm L o (2.37)

2 2
- P,-P 8
Uy 2“2 +(Zy-Z5)9 +( 1—P2) _ ouu
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If the pipe is of constant cross sectional area, then u; = u, = u,, and the kinetic energy term
disappears. On the other hand, if the cross-sectional area and, hence, the velocity varies along the
pipe then u, may be established as a weighted mean. For large changes in cross-sectional area, the
full length of pipe may be subdivided into increments for analysis.

Example.

A pipe of diameter 2 cm rises through a vertical distance of 5m over the total pipe length of 2 000 m.
Water of mean temperature 15°C flows up the tube to exit at atmospheric pressure of 100 kPa. If the
required flowrate is 1.6 litres per minute, find the resistance of the pipe, the work done against
friction and the head of water that must be applied at the pipe entrance.

Solution.
It is often the case that measurements made in engineering are not in Sl units. We must be careful
to make the necessary conversions before commencing any calculations.

Flowrate Q = 1.6 litres/min

3
16 2.667x107° —_—
1000 x 60

mg

Cross sectional area of pipe A = md?/4 = x(0.02%)/4 = 3.142 x 10™* m?

= — = 0.08488 m/s

Q 2.667x107°
A 3.142x107*

Mean velocity, u =

(We have dropped the subscript m. For simplicity, the term u from this point on will refer to the mean
velocity defined as Q/A)

Viscosity of water at 15 °C (from Section 2.3.3.)

Ns

"= (ﬂ _ 0.2455J «1073 = 1.138 x 1073
m

15+31.766

Before we can begin to assess frictional effects we must check whether the flow is laminar or
turbulent. We do this by calculating the Reynolds Number
pud

u

Re =

where p = density of water (taken as 1 000 kg/m3)

Re = 1000x0.08488x0.02 = 1491 (dimensionless)

1.138x10°°

As Re is below 2 000, the flow is laminar and we should use the equations based on viscous friction.

Laminar resistance of pipe (from equation (2.32))

-3
R, - 8puL _ 8x1.1384x107 x2000 _ 580x10° Ns

mR* mx(0.02)* m°>
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Frictional pressure drop in the pipe (equation (2.32))

p =R, Q = 580x10°x2.667x10° = 15461 Pa

Work done against friction (equation (2.36))

-3
F, - 8uul_ _ 8x1.1384x10 ><0.08:188><2000 5461 S
PR 1000 x (0.01) kg

This is the amount of mechanical energy transformed to heat in Joules per kilogram of water. Note
the similarity between the statements for frictional pressure drop, p, and work done against friction,
F.. We have illustrated, by this example, a relationship between p and F, that will be of particular
significance in comprehending the behaviour of airflows in ventilation systems, namely

—=Fp

In fact, having calculated p as 15 461 Pa, the value of F;, may be quickly evaluated as

15461 _ 15461 J

1000 kg
To find the pressure at the pipe inlet we may use Bernoulli's equation corrected for frictional effects

2 2
u;y —uj P, -P, J .
+(Z. -Z + =F — (see equation (2.23
5 (Z,-2Z5)9 P 12 kg ( q ( ))

In this example
Ul = U2
Z,-Z, = -5m

and P, =100 kPa = 100 000 Pa

PL-100000 _ .., 3
1000 kg

giving Fi, = -5x9.81 +

This yields the absolute pressure at the pipe entry as
P, = 164.5x10° Pa

or 164.5 kPa

If the atmospheric pressure at the location of the bottom of the pipe is also 100 kPa, then the gauge
pressure, pg, Within the pipe at that same location

pg = 164.5 - 100 = 64.5 kPa

This can be converted into a head of water, h;, from equation (2.8)

Py = POy
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-3
h, = 64.5x10 7 6.576 m of water
1000x9.81

Thus, a header tank with a water surface maintained 6.576 m above the pipe entrance will produce
the required flow of 1.6 litres/minute along the pipe.

The experienced engineer would have determined this result quickly and directly after calculating the
frictional pressure drop to be 15 461 Pa. The frictional head loss

h _ P 15461

——— = 1.576 m of water
rg 1000x9.81

The head of water at the pipe entrance must overcome the frictional head loss as well as the vertical
lift of 5 m. (An intuitive use of Bernoulli's equation). Then

h; = 5+1.576 = 6.576 m of water

2.3.6. Frictional losses in turbulent flow

The previous section showed that the parallel streamlines of laminar flow and Newton's perception of
viscosity enabled us to produce quantitative relationships through purely analytical means.
Unfortunately, the highly convoluted streamlines of turbulent flow, caused by the interactions
between both localized and propagating eddies have so far proved resistive to completely analytical
techniques. Numerical methods using the memory capacities and speeds of supercomputers allow
the flow to be simulated as a large nhumber of small packets of fluids, each one influencing the
behaviour of those around it. These mathematical models, using numerical techniques known
collectively as computational fluid dynamics (CFD), may be used to simulate turbulent flow in given
geometrical systems, or to produce statistical trends. However, the majority of engineering
applications involving turbulent flow still rely on a combination of analysis and empirical factors. The
construction of physical models for observation in wind tunnels or other fluid flow test facilities
remains a common means of predicting the behaviour and effects of turbulent flow.

2.3.6.1. The Chézy-Darcy Equation

The discipline of hydraulics was studied by philosophers of the ancient civilizations. However, the
beginnings of our present treatment of fluid flow owe much to the hydraulic engineers of eighteenth
and nineteenth century France. During his reign, Napolean Bonaparte encouraged the research and
development necessary for the construction of water distribution and drainage systems in Paris.

Antoine de Chézy (1719-1798) carried out a series of experiments on the river Seine and on canals

in about 1769. He found that the mean velocity of water in open ducts was proportional to the square
root of the channel gradient, cross sectional area of flow and inverse of the wetted perimeter.

A h
u oo |—=—

per L

where  h = vertical distance dropped by the channel in a length L (h/L = hydraulic gradient)
per = wetted perimeter (m)

and oC means 'proportional to'
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Inserting a constant of proportionality, c, gives
m (2.38)
S
where c is known as the Chézy coefficient.
Equation (2.38) has become known as Chézy's equation for channel flow. Subsequent analysis shed
further light on the significance of the Chézy coefficient. When a fluid flows along a channel, a mean
shear stress 1 is set up at the fluid/solid boundaries. The drag on the channel walls is then

TperL

where per is the "wetted" perimeter

This must equal the pressure force causing the fluid to move, pA, where p is the difference in
pressure along length L.

TperL = Ap N (2.39)

(A similar equation was used in Section 2.3.5. for a circular pipe).

But p = pgh Pa (equation (2.8))
giving T = ipgD N (2.40)
per L m?2

If the flow is fully turbulent, the shear stress or skin friction drag, 7, exerted on the channel walls is
also proportional to the inertial (kinetic) energy of the flow expressed in Joules per cubic metre.

- u2 J  Nm or N
P 2 m3 - m3 m2
2
or T = fpu— N (2.412)
2 m?

where f is a dimensionless coefficient which, for fully developed turbulence, depends only upon the
roughness of the channel walls.

Equating (2.40) and (2.41) gives

u? A h
f— = —g—
2 per ~ L

20 [ A h
or u=,— |——
f \perL

(2.42)

v |3
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Comparing this with equation (2.38) shows that Chézy's coefficient, c, is related to the roughness of
the channel.

c - ‘/2—9 m (2.43)
f S

The development of flow relationships was continued by Henri Darcy (1803-1858), another French
engineer, who was interested in the turbulent flow of water in pipes. He adapted Chézy 's work to the

case of circular pipes and ducts running full. Then A = md? /4, per = md and the fall in elevation

of Chézy's channel became the head loss, h (metres of fluid) along the pipe length L. Equation
(2.42) now becomes

N

2
u2_2_gﬂd 1 h

f 4 mdlL

4fLu?
2gd

or h = metres of fluid (2.44)

This is the well known Chézy-Darcy equation, sometimes also known simply as the Darcy equation
or the Darcy-Weisbach equation. The head loss, h, can be converted to a frictional pressure drop, p,
by the now familiar relationship, p = pgh to give

AfL pu?
= —— Pa 2.45
p I (2.45)
or a frictional work term
2
F, = P - Atu J (2.46)
P d 2 kg

The Bernoulli equation for frictional and turbulent flow becomes

2 2 2
- P,-P
uy —us; +(Z1-Z,)g +( 1—P2) _ AfL u” J (2.47)
o

where u is the mean velocity.

The most common form of the Chézy-Darcy equation is that given as (2.44). Leaving the constant 2
uncancelled provides a reminder that the pressure loss due to friction is a function of kinetic energy
u?/2. However, some authorities have combined the 4 and the f into a different coefficient of friction

A (= 4f) while others, presumably disliking Greek letters, then replaced the symbol A by (would you
believe it?) , f. We now have a confused situation in the literature of fluid mechanics where f may
mean the original Chézy-Darcy coefficient of friction, or four times that value. When reading the
literature, care should be taken to confirm the nomenclature used by the relevant author. Throughout
this book, fis used to mean the original Chézy-Darcy coefficient as used in equation (2.44).
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In order to generalize our results to ducts or airways of non-circular cross section, we may define a
hydraulic radius as

o= m (2.48)
per

md 2

d
4rrd 4

Reference to the "hydraulic mean diameter" denotes 4A/per. This device works well for turbulent
flow but must not be applied to laminar flow where the resistance to flow is caused by viscous action
throughout the body of the fluid rather than concentrated around the perimeter of the walls.

Substituting for d in equation (2.45) gives
p = fLRELRY Pa (2.49)

This can also be expressed as a relationship between frictional pressure drop, p, and volume flow,
Q. Replacing u by Q/A in equation (2.49) gives

fL per 2
= - Pa
2 A3 PQ
or p = R, pQ? Pa (2.50)
where R, = f?Lp_ear m~* (2.51)
A

This is known as the rational turbulent resistance of the pipe, duct or airway and is a function only of
the geometry and roughness of the opening.

2.3.6.2. The coefficient of friction, f.

It is usually the case that a significant advance in research opens up new avenues of investigation
and produces a flurry of further activity. So it was following the work of Osborne Reynolds. During
the first decade of this century, fluid flow through pipes was investigated in great detail by engineers
such as Thomas E. Stanton (1865-1931) and J.R. Pannel in the United Kingdom, and Ludwig
Prandtl (1875-1953) in Germany. A major cause for concern was the coefficient of friction, f.

There were two problems. First, how could one predict the value of f for any given pipe without
actually constructing the pipe and conducting a pressure-flow test on it. Secondly, it was found that f
was not a true constant but varied with Reynolds Number for very smooth pipes and, particularly, at
low values of Reynolds Number. The latter is not too surprising as f was introduced initially as a
constant of proportionality between shear stress at the walls and inertial force of the fluid (equation
(2.41)) for fully developed turbulence. At the lower Reynolds Numbers we may enter the transitional
or even laminar regimes.

Figure 2.6 illustrates the type of results that were obtained. A very smooth pipe exhibited a
continually decreasing value of f. This is labelled as the turbulent smooth pipe curve. However, for
rougher pipes, the values of f broke away from the smooth pipe curve at some point and, after a
transitional region, settled down to a constant value, independent of Reynolds Number. This
phenomenon was quantified empirically through a series of classical experiments conducted in
Germany by Johann Nikuradse (1894-1979), a former student of Prandtl. Nikuradse took a number
of smooth pipes of diameter 2.5, 5 and 10 cm, and coated the inside walls uniformly with grains of
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graded sand. The roughness of each tube was then defined as e/d where e was the diameter of the
sand grains and d the diameter of the tube. The advantages of dimensionless numbers had been
well learned from Reynolds. The corresponding f - Re relationships are illustrated on Figure 2.6.

Figure 2.6 variation of f with respect to Re as found by Nikuradse

The investigators of the time were then faced with an intriguing question. How could a pipe of given
roughness and passing a turbulent flow be "smooth" (i.e. follow the smooth pipe curve) at certain
Reynolds Numbers but become "rough" (constant f) at higher Reynolds Numbers? The answer lies
in our initial concept of turbulence - the formation and maintenance of small, interacting and
propagating eddies within the fluid stream. These necessitate the existence of cross velocities with
vector components perpendicular to the longitudinal axis of the tube. At the walls there can be no
cross velocities except on a molecular scale. Hence, there must be a thin layer close to each wall
through which the velocity increases from zero (actually at the wall) to some finite velocity sufficiently
far away from the wall for an eddy to exist. Within that thin layer the streamlines remain parallel to
each other and to the wall, i.e. laminar flow.

Although this laminar sublayer is very thin, it has a marked effect on the behaviour of the total flow in
the pipe. All real surfaces (even polished ones) have some degree of roughness. If the peaks of the
roughness, or asperities, do not protrude through the laminar sublayer then the surface may be
described as "hydraulically smooth™ and the wall resistance is limited to that caused by viscous
shear within the fluid. On the other hand, if the asperities protrude well beyond the laminar sublayer
then the disturbance to flow that they produce will cause additional eddies to be formed, consuming
mechanical energy and resulting in a higher resistance to flow. Furthermore, as the velocity and,
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hence, the Reynolds Number increases, the thickness of the laminar sublayer decreases. Any given
pipe will then be hydraulically smooth if the asperities are submerged within the laminar sublayer
and hydraulically rough if the asperities project beyond the laminar sublayer. Between the two
conditions there will be a transition zone where some, but not all, of the asperities protrude through
the laminar sublayer. The hypothesis of the existence of a laminar sublayer explains the behaviour
of the curves in Figure 2.6. The recognition and early study of boundary layers owe a great deal to
the work of Ludwig Prandtl and the students who started their careers under his guidance.

Nikuradse's work marked a significant step forward in that it promised a means of predicting the
coefficient of friction and, hence, the resistance of any given pipe passing turbulent flow. However,
there continued to be difficulties. In real pipes, ducts or underground airways, the wall asperities are
not all of the same size, nor are they uniformly dispersed. In particular, mine airways show great
variation in their roughness. Concrete lining in ventilation shafts may have a uniform e/d value as low
as 0.001. On the other hand, where shaft tubbing or regularly spaced airway supports are used, the
turbulent wakes on the downstream side of the supports create a dependence of airway resistance
on their distance apart. Furthermore, the immediate wall roughness may be superimposed upon
larger scale sinuosity of the airways and, perhaps, the existence of cross-cuts or other junctions. The
larger scale vortices produced by these macro effects may be more energy demanding than the
smaller eddies of normal turbulent flow and, hence, produce a much higher value of f. Many airways
also have wall roughnesses that exhibit a directional bias, produced by the mechanized or drill and
blast methods of driving the airway, or the natural cleavage of the rock.

For all of these reasons, there may be a significant divergence between Nikuradse's curves and
results obtained in practice, particularly in the transitional zone. Further experiments and analytical
investigations were carried out in the late 1930's by C.F. Colebrook in England. The equations that
were developed were somewhat awkward to use. However, the concept of "equivalent sand grain
roughness" was further developed by the American engineer Lewis F. Moody in 1944. The ensuing
chart, shown on Figure 2.7, is known as the Moody diagram and is now widely employed by
practicing engineers to determine coefficients of friction.

2.3.6.3. Equations describing f - Re relationships

The literature is replete with relationships that have been derived through combinations of analysis
and empiricism to describe the behavior of the coefficient of friction, f, with respect to Reynolds'
Number on the Moody Chart. No attempt is made here at a comprehensive discussion of the merits
and demerits of the various relationships. Rather, a simple summary is given of those equations that
have been found to be most useful in ventilation engineering.

Laminar Flow

The straight line that describes laminar flow on the log-log plot of Figure 2.7 is included in the Moody
Chart for completeness. However, Poiseuille's equation (2.31) can be used directly to establish
frictional pressure losses for laminar flow without using the chart. The corresponding f-Re
relationship is easily established. Combining equations (2.34) and (2.45) gives

2
R? d 2
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Figure 2.7 Type of chart developed by Moody.

Substituting R = d/2 gives

f =16t
pud
or f = E dimensionless
Re

Smooth pipe turbulent curve

(2.52)

Perhaps the most widely accepted equation for the smooth pipe turbulent curve is that produced by
both Nikuradse and the Hungarian engineer Theodore Von Karman (1881-1963).

. 4log;(Reff ) — 0.4

i
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This suffers from the disadvantage that f appears on both sides of the equation. Paul R.H. Blasius
(1873-1970), one of Prandtl's earlier students, suggested the approximation for Reynolds Numbers
in the range 3 000 to 10°.

0.0791

f = —Re°'25 (2.54)
while a better fit to the smooth pipe curve for Reynolds Numbers between 20 000 to 10’ is given as
0.046
f = 0=
Re??

Rough pipes

When fully developed rough pipe turbulence has been established, the viscous forces are negligible
compared with inertial forces. The latter are proportional to the shear stress at the walls (equation
(2.41)). Hence, in this condition f becomes independent of Reynolds Number and varies only with
e/d. A useful equation for this situation was suggested by Von Karman.

f = 1 (2.55)
4(2log,y(d/e) +1.14)2

The most general of the f - Re relationships in common use is the Colebrook White equation. This
has been expressed in a variety of ways, including

1 e 18.7
T =174 - 2log,y| 25 + =21 (2.56)
Jaf 10[ d Rex/4fJ
and
1 eld 1.255
— = —4log,y| — + —= (2.57)
a 10( 37  Revf J

Here again, f, appears on both sides making these equations awkward to use in practice. It was, in
fact, this difficulty that led Moody into devising his chart.

The advantage of the Colebrook White equation is that it is applicable to both rough and smooth
pipe flow and for the transitional region as well as fully developed turbulence. For hydraulically
smooth pipes, e/d =0, and the Colebrook White equation simplifies to the Nikuradse relationship of
equation (2.53). On the other hand, for high Reynolds Numbers, the term involving Re in equation
(2.57) may be ignored. The equation then simplifies to

)
f = [4Ioglo [%ﬂ (2.58)

This gives the same results as Von Karman's rough pipe equation (2.55) for fully developed
turbulence.

Example

A vertical shaft is 400 m deep, 5 m diameter and has wall roughenings of height 5 mm. An airflow of
150 m®/s passes at a mean density of 1.2 kg/m®. Taking the viscosity of the air to be 17.9 x 10°
Ns/m? and ignoring changes in kinetic energy, determine:

(i) the coefficient of friction, f

(ii) the turbulent resistance, R, (m™)

(iii) the frictional pressure drop p (Pa)

(iv) the work done against friction, Fi, (J/kg)

(v) the barometric pressure at the shaft bottom if the shaft top pressure is 100 kPa.
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Solution
For a 400 m deep shaft, we can assume incompressible flow (Section 2.1.1.)

3

X

o
N

Cross-sectional area, A = 7 = 19.635 m?

Perimeter, per = 5m = 15.708 m

Air velocity, u = Q = 150 = 7.639 m/s
A 19.635

In order to determine the regime of flow, we must first find the Reynolds Number

Re - pud _ 1.2x7.639x5 _ 2561x10°

u 17.9x10°°

(i) Coefficient of friction, f:
At this value of Re, the flow is fully turbulent (Section 2.3.4.). We may then use the Moody Chart to
find the coefficient of friction, f. However, for this we need the equivalent roughness

e _ 5x107°

d 5
Hence at e/d = 0.001 and Re = 2.561 x 10° on Figure 2.7 we can estimate f = 0.0049. (Iterating
equation (2.57) gives f = 0.00494. As the friction coefficient is near constant at this Reynolds
Number, we could use equation (2.55) to give f = 0.00490 or equation (2.58) which gives f =

0.00491). .

= 0.001

(i) Turbulent resistance, R;: (equation (2.51))

R, - f L per _ 0.0049x400x15.708 _ 0.002036 m-*

2A3 2(19.635)3

(iii) Frictional pressure drop, p: (equation (2.50))

p = R, pQ? = 0.002036x1.2x(150)> = 54.91 Pa

(iv) Work done against friction, F1, : (equation (2.46))

F, =P =549 50 L
Jo) 1.2 kg

(v) Barometric pressure at shaft bottom, P, : This is obtained from Bernoulli's equation (2.47) with
no change in kinetic energy.

P,-P
(Z1-2Z3)9 + 1p zZ = Fiz

giving P, = (Z1-Z5)9p - Fo p + Py
= (400%9.81x1.2) — 54.91 + 100000
P, = 104654 Pa or 104.654 kPa



Introduction to Fluid Mechanics Malcolm J. McPherson

Bibliography

Blasius, H. (1913) Das ahnlichtkeitgesetz bei Reibungsvorgangen in flussigkeiten. Forsch. Gebiete
Ingenieus. Vol. 131

Colebrook, C.F. and White, C.M. (1937) Experiments with fluid friction in roughened pipes. Proc.
Royal Soc. (U.K.)(A), vol 161, 367

Colebrook ,C.F. and White, C.M. (1939). Turbulent flow in pipes with particular reference to the
transition region between the smooth and rough pipe laws. Proc. Inst. Civ. Eng. (U.K.) Vol Il, 133

Daugherty, R.L. and Franzini, J.B. (1977). Fluid mechanics, with Engineering Applications (7th ed)
McGraw Hill.

Lewitt, E.H. (1959) Hydraulics and fluid mechanics. (10th ed.) Pitman, London

Massey, B.S. (1968) Mechanics of fluids. Van Nostrand , New York.

Moody, L.F. (1944) Friction factors for pipe flow. Trans. Am. Soc. Mech. Engr. Vol. 66 p.671-84
Nikuradse, J. (1933) Stromungsgesetze in rauhen Rohren. VDI -Forschungshaft, Vol 361
Prandtl, L. (1933) Neuere Ergebnisse der Turbulenz-forschung. Zeitschrift des VDI. No. 77, 105

Reynolds, 0. (1883) The motion of water and the law of resistance in parallel channels. Proc Royal
Soc. London, 35

Rohsenhow, W.M and Choi H. (1961) Heat, Mass and Momentum Transfer. International Series in
Eng. Prentice-Hall

Von Karmén, T. (1939) Trans ASME Vol. 61, 705



Fundamentals of Steady Flow thermodynamics Malcolm J. McPherson

Chapter 3. Fundamentals of steady flow thermodynamics

3.1 INTRODUCTION ..ot e e et e e e e eans 1
3.2. PROPERTIES OF STATE, WORK AND HEAT ..., 2
3.2.1 Thermodynamic properties. State of @& SYSIEM. ......oociiiiiiiiii e 2
BT VAV Lo T Q= U o I = SRR 3
3.3. SOME BASIC RELATIONSHIPS ..., 4
3.3.1. Gas l1aws and gas CONSTANTS. ......iciiiiiiiiiiiiie e e e e e e e e e e e s e s e e e e e s s st e e e e e e e s e asnanreeeeeeaans 4
3.3.2. Internal Energy and the First Law of Thermodynamics..........ccccccvvvcviiiniieeeeiisciiiiineee e 7
3.3.3. Enthalpy and the Steady Flow Energy EQUAtION ...........ccccuviiiiiieeeiiccieieeee e e 8
3.3.4. Specific heats and their relationship to gas CONStANT ...........ccoiviiiiiiiiiii e 10
3.3.5. The Second Law of TNermMOdYNaIMICS.........ccciiuiiiiiiiiiiee ittt 13
3.4, FRICTIONAL FLOW ..o 14
3.4.1. The effects of friction iN flOW PrOCESSES .......cocciiiiiiiieic e 14
G =l 11 (o] o )Y RSPt 16
3.4.3. The adiabatic and ISENIrOPIC PrOCESSES ...uuviiieeiiiiiiiieiieee e s ieceeer e e e e e s e e e e e e e s snarrareeaees 19
G S N V- Y] = o 11 SR 20
3.5 THERMODYNAMIC DIAGRAMS. ... 23
3.5.1. Ideal isothermal (constant temperature) COMPreESSION. .......ccuvveeeeeeeeiiiiiiiere e e e e eeeiiirree e 24
3.5.2. Isentropic (constant entropy) COMPIESSION .......cccuvvveriieeeeeiiiiiireereeeeeesesirrrreeee e s s e saarareeeeeeas 26
3.5.3. POIYtropiC COMPIESSION ......uuviiiiiieeeeeecciitiee e e e e e e e e e e e e s e s e e e e e e e s e saaa e e e e e e e s sesnaraneeeeanas 28
FUurther REadiNg ....coooeeiiiii e s 34

3.1. INTRODUCTION

The previous chapter emphasized the behaviour of incompressible fluids in motion. Accordingly, the
analyses were based on the mechanisms of fluid dynamics. In expanding these to encompass
compressible fluids and to take account of thermal effects, we enter the world of thermodynamics.

This subject divides into two major areas. Chemical and statistical thermodynamics are concerned
with reactions involving mass and energy exchanges at a molecular or atomic level, while physical
thermodynamics takes a macroscopic view of the behaviour of matter subjected to changes of
pressure, temperature and volume but not involving chemical reactions. Physical thermodynamics
subdivides further into the study of "closed" systems within each of which remains a fixed mass of
material such as a gas compressed within a cylinder, and "open" systems through which material
flows. A subsurface ventilation system is, of course, an open system with air continuously entering
and leaving the facility. In this chapter, we shall concentrate on open systems with one further
restriction - that the mass flow of air at any point in the system does not change with time. We may,
then, define our particular interest as one of steady flow physical thermodynamics.

Thermodynamics began to be developed as an engineering discipline after the invention of a
practicable steam engine by Thomas Newcomen in 1712. At that time, heat was conceived to be a
massless fluid named 'caloric' that had the ability to flow from a hotter to a cooler body.
Improvements in the design and efficient operation of steam engines, made particularly by James
Watt (1736-1819) in Scotland, highlighted deficiencies in this concept. During the middle of the 19th
century the caloric theory was demolished by the work of James P. Joule (1818-1889) in England,
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H.L.F. Helmholtz (1821-1894) and Rudolph J.E. Clausius (1822-1888) in Germany, and Lord
Kelvin (1824-1907) and J.C. Maxwell (1831-1879) of Scotland.

The application of thermodynamics to mine ventilation systems was heralded by the publication of a
watershed paper in 1943 by Frederick B. Hinsley (1900-1988). His work was motivated by
consistent deviations that were observed when mine ventilation surveys were analyzed using
incompressible flow theory, and by Hinsley's recognition of the similarity between plots of pressure
against specific volume constructed from measurements made in mine downcast and upcast shafts,
and indicator diagrams produced by compressed air or heat engines. The new thermodynamic
theory was particularly applicable to the deep and hot mines of South Africa. Mine ventilation
engineers of that country have contributed greatly to theoretical advances and practical utilization of
the more exact thermodynamic methods.

3.2. PROPERTIES OF STATE, WORK AND HEAT
3.2.1 Thermodynamic properties. State of a system.

In Chapter 2 we introduced the concepts of fluid density and pressure. In this chapter we shall
consider the further properties of temperature, internal energy, enthalpy and entropy. These will be
introduced in turn and where appropriate. For the moment, let us confine ourselves to temperature.

Reference to the temperature of substances is such an everyday occurrence that we seldom give
conscious thought to the foundations upon which we make such measurements. The most common
basis has been to take two fixed temperatures such as those of melting ice and boiling water at
standard atmospheric pressure, ascribe numerical values to those temperatures and to define a
scale between the two fixed points. Anders Celsius (1701-1744), a Swedish astronomer, chose to
give values of 0 and 100 to the temperatures of melting ice and boiling water respectively, and to
select a linear scale between the two. The choice of a linear scale is, in fact, quite arbitrary but leads
to a convenience of measurement and simpler relationships between temperature and other
thermodynamic properties. The scale thus defined is known as the Celsius (or Centigrade) scale .
The older Fahrenheit scale was named after Gabriel Fahrenheit (1686-1736), the German scientist
who first used a mercury-in-glass thermometer. Fahrenheit's two "fixed" but rather inexact points
were 0 for a mixture of salt, ice and water, and 96 for the average temperature of the human body. A
linear scale was then found to give Fahrenheit temperatures of 32 for melting ice and 212 for boiling
water. These were later chosen as the two fixed points for the Fahrenheit scale but, unfortunately,
the somewhat irrational numeric values were retained. In the S| system of units, temperatures are
most often related to degrees Celsius.

However, through a thermodynamic analysis, another scale of temperature can be defined that does
not depend upon the melting or boiling points of any substance. This is called the absolute or
thermodynamic temperature scale. N.L. Sadi Carnot (1796-1832), a French military engineer,
showed that a theoretical heat engine operating between fixed inlet and outlet temperatures
becomes more efficient as the difference between those two temperatures increases. Absolute zero
on the thermodynamic temperature scale is defined theoretically as that outlet temperature at which
an ideal heat engine operating between two fixed temperature reservoirs would become 100 per
cent efficient, i.e. operate without producing any reject heat. Absolute zero temperature is a
theoretical datum that can be approached but never quite attained. We can then choose any other
fixed point and interval to define a unit or degree on the absolute temperature scale. The Sl system
of units employs the Celsius degree as the unit of temperature and retains 0 °C and 100 °C for
melting ice and boiling water. This gives absolute zero as -273.15 °C. Thermodynamic temperatures
guoted on the basis of absolute zero are always positive numbers and are measured in degrees
Kelvin (after Lord Kelvin). A difference of one degree Kelvin is equivalent to a difference of one
Celsius degree. Throughout this book, absolute temperatures are identified by the symbol T and
temperatures shown as t or 6 denote degrees Celsius.

T =1(°C) + 273.15 K (3.1)
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The Kelvin units, K, are normally shown without a degree (°) sign. Thermodynamic calculations
should always be conducted using the absolute temperature, T, in degrees Kelvin. However,
as a degree Kelvin is identical to a degree Celsius, temperature differences may be quoted in either
unit.

The state of any point within a system is defined by the thermodynamic properties of the fluid at that
point. If air is considered to be a pure substance of fixed composition then any two independent
properties are sufficient to define its thermodynamic state. In practice, the two properties are often
pressure and temperature as these can be measured directly. If the air is not of fixed composition
as, for example, in airways where evaporation or condensation of water occurs, then at least one
more property is required to define its thermodynamic state (Chapter 14).

The intensive or specific properties of state (quoted on the basis of unit mass) define completely the
thermodynamic state of any point within a system or subsystem and are independent of the
processes which led to the establishment of that state.

3.2.2 Work and heat

Both work and heat involve the transfer of energy. In Sl units, the fundamental numerical
equivalence of the two is recognized by their being given the same units, Joules, where

1 Joule = 1 Newton x 1 metre. Nm

Work usually (but not necessarily) involves mechanical movement against a resisting force.
An equation used repeatedly in Chapter 2 was

Work done = force x distance
or dw = FdL Nm or J (3.2)

and is the basis for the definition of a Joule. Work may be added as mechanical energy from an
external source such as a fan or pump. Additionally, it was shown in Section 2.3.1. that "flow work",
Pv (J) must be done to introduce a plug of fluid into an open system. However, it is only at entry (or
exit) of the system that the flow work can be conceived as a measure of force x distance. Elsewhere
within the system the flow work is a point function. It is for this reason that some engineers prefer not
to describe it as a work term.

Heat is transferred when an energy exchange takes place due to a temperature difference. When
two bodies of differing temperatures are placed in contact then heat will "flow" from the hotter to the
cooler body. (In fact, heat can be transferred by convection or radiation without physical contact.) It
was this concept of heat flowing that gave rise to the caloric theory. Our modern hypothesis is that
heat transfer involves the excitation of molecules in the receiving substance, increasing their internal
kinetic energy at the expense of those in the emitting substance.

Equation (3.2) showed that work can be described as the product of a driving potential (force) and
distance. It might be expected that there is an analogous relationship for heat, dq, involving the
driving potential of temperature and some other property. Such a relationship does, in fact, exist and
is quantified as

dg=Tds J (3.3)

The variable, s, is named entropy and is a property that will be discussed in more detail in Section
3.4.2.
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It is important to realize that neither work nor heat is a property of a system. Contrary to popular
phraseology which still retains reminders of the old caloric theory, no system "contains" either heat
or work. The terms become meaningful only in the context of energy transfer across the boundaries
of the system. Furthermore, the magnitude of the transfer depends upon the process path or
particular circumstances existing at that time and place on the boundary. Hence, to be precise, the
guantities dW and dg should actually be denoted as inexact differentials W and &q.

The rate at which energy transfers take place is commonly expressed in one of two ways. First, on

the basis of unit mass of the fluid, i.e. Joules per kilogram. This was the method used to dimension
the terms of the Bernoulli equation in Section 2.3.1. Secondly, an energy transfer may be described
with reference to time, Joules per second. This latter method produces the definition of Power.

Power = —— or (3.4)

daw dq J
time time S

where the unit, J/s is given the name Watt after the Scots engineer, James Watt.

Before embarking upon any analyses involving energy transfers, it is important to define a sign
convention. Many textbooks on thermodynamics have used the rather confusing convention that
heat transferred to a system is positive, but work transferred to the system is negative. This strange
irrationality has arisen from the historical development of physical thermodynamics being motivated
by the study of heat engines, these consuming heat energy (supplied in the form of a hot vapour or
burning fuel) and producing a mechanical work output. In subsurface ventilation engineering, work
input from fans is mechanical energy transferred to the air and, in most cases, heat is transferred
from the surrounding strata or machines - also to the air. Hence, in this engineering discipline it is
convenient as well as being mathematically consistent to regard all energy transfers to the air as
being positive, whether those energy transfers are work or heat. That is the sign convention utilized
throughout this book.

3.3. SOME BASIC RELATIONSHIPS
3.3.1. Gas laws and gas constants

An ideal gas is one in which the volume of the constituent molecules is zero and where there are no
inter-molecular forces. Although no real gas conforms exactly to that definition, the mixture of gases
that comprise air behaves in a manner that differs negligibly from an ideal gas within the ranges of
temperature and pressure found in subsurface ventilation engineering. Hence, the thermodynamic
analyses outlined in this chapter will assume ideal gas behavior.

Some twenty years before Isaac Newton's major works, Robert Boyle (1627-1691) developed a
vacuum pump and found, experimentally, that gas pressure, P, varied inversely with the volume, v,
of a closed system at constant temperature.

P o 1 (Boyle’s law) (3.5)
%

where o« means 'proportional to'.

In the following century and on the other side of the English Channel in France, Jacques A.C.
Charles (1746-1823) discovered, also experimentally, that

vVoT (Charles' law) (3.6)

for constant pressure, where T = absolute temperature.
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Combining Boyle's and Charles' laws gives

Pv c T
where both temperature and pressure vary. Or, inserting a constant of proportionality, R',

Pv = R'T J (3.7)

To make the equation more generally applicable, we can replace R' by mR where m is the mass of
gas, giving

Pv = mRT J (3.8)

or PY _RT Jlkg
m
But v/m is the volume of 1 kg, i.e. the specific volume of the gas, V (m® per kg). Hence,

PV = RT Jikg (3.9)

This is known as the General Gas Law and R is the gas constant for that particular gas or mixture of
gases, having dimensions of J/(kg K). The specific volume, V, is simply the reciprocal of density,

vV = = m®/kg (3.10)
o

Hence, the general gas law can also be written as

P Rt Jkg (3.11)

Yo

P kg o . . :
or p = RT — giving an expression for the density of an ideal gas.
m

As R is a constant for any perfect gas, it follows from equation (3.9) that the two end states of any
process involving an ideal gas are related by the equation

PV _ PV, _ g J (3.12)
T T, kgK

Another feature of the gas constant, R, is that although it takes a different value for each gas, there
is a useful and simple relationship between the gas constants of all ideal gases. Avogadro's law
states that equal volumes of ideal gases at the same temperature and pressure contain the same
number of molecules. Applying these conditions to equation (3.8) for all ideal gases gives

mR = constant

Furthermore, if the same volume of each gas contains an equal number of molecules, it follows that
the mass, m, is proportional to the weight of a single molecule, that is, the molecular weight of the
gas, M. Then

MR = constant (3.13)

The product MR is a constant for all ideal gases and is called the universal gas constant, R,.

In Sl units, the value of R, is 8314.36 J /K. The dimensions are sometimes defined as J/(kg mole K)
where one mole is the amount of gas contained in M kg, i.e. its molecular weight expressed in
kilograms. The gas constant for any ideal gas can now be found provided that its molecular weight is
known
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_ 8314.36 J (3.14)

M kgK

R

For example, the equivalent molecular weight of dry air is 28.966, giving its gas constant as
R = 8314.36 _ 287.04 3 (3.15)
28.966 kgK

Example.

At the top of a mine downcast shaft the barometric pressure is 100 kPa and the air temperature is
18.0 °C. At the shaft bottom, the corresponding measurements are 110 kPa and 27.4 °C
respectively. The airflow measured at the shaft top is 200 m?®/s. If the shaft is dry, determine

(a) the air densities at the shaft top and shaft bottom,

(b) the mass flow of air

(c) the volume flow of air at the shaft bottom.

Solution.
Using subscripts 1 and 2 for the top and bottom of the shaft respectively:-

P
@ p = -1 = 100000 _ 1.1966 <9
RT,  287.04x(273.15+18) m3

In any calculation, the units of measurement must be converted to the basic Sl unless ratios are
involved. Hence 100 kPa = 100 000 Pa.

b = P 110000 _ 19751 k_g3
RT,  287.04x(273.15+27.4) m

(b) Massflow M = Q, p, — 200x 11966 — 239.3 ~9
S

3
() Q, = M _ 2393 g7 M
p, 12751

(7]

Example.
Calculate the volume of 100 kg of methane at a pressure of 75 kPa and a temperature of 42 °C

Solution.
The molecular weight of methane (CH,) is

12.01 +(4 x 1.008) = 16.04

R (methane) _ 831436 _ 518.4 3

from equation (3.14)
16.04 kgK

Volume of 100 kg

, _ MRT _ 100x518.4x (27315+42) _ , .o from equation (3.8)

P 75000
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3.3.2. Internal Energy and the First Law of Thermodynamics

Suppose we have 1 kg of gas in a closed container as shown in Figure 3.1. For simplicity, we shall
assume that the vessel is at rest with respect to the earth and is located on a base horizon. The gas
in the vessel has neither macro kinetic energy nor potential energy. However, the molecules of the
gas are in motion and possess a molecular or 'internal’ kinetic energy. The term is usually shortened
to internal energy. In the fluid mechanics analyses of Chapter 2 we dealt only with mechanical
energy and there was no need to involve internal energy. However, if we are to study thermal effects
then we can no longer ignore this form of energy. We shall denote the specific (per kg) internal
energy as U J/kg.

Now suppose that by rotation of an impeller within the vessel, we add work 6W to the closed system
and we also introduce an amount of heat 6g. The gas in the vessel still has zero macro kinetic
energy and zero potential energy. The energy that has been added has simply caused an increase
in the internal energy.

J
kg
The change in internal energy is determined only by the net energy that has been transferred
across the boundary and is independent of the form of that energy (work or heat) or the process path
of the energy transfer. Internal energy is, therefore, a thermodynamic property of state. Equation
(3.16) is sometimes known as the non-flow energy equation and is a statement of the First Law of

Thermodynamics. This equation also illustrates that the First Law is simply a quantified restatement
of the general law of Conservation of Energy

dU = oW + & (3.16)

EEREE

Figure 3.1. Added work and heat raise the internal energy of a closed system
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3.3.3. Enthalpy and the Steady Flow Energy Equation

Let us now return to steady flow through an open system. Bernoulli's equation (2.15) for a frictionless
system included mechanical energy terms only and took the form

2

uoy Zg + PV = constant J (3.17)
2 kg

(where specific volume, V = 1/p).
In order to expand this equation to include all energy terms, we must add internal energy, giving

u? J

— + Zg + PV + U= constant —

2 kg

One of the features of thermodynamics is the regularity with which certain groupings of variables

appear. So it is with the group PV + U. This sum of the PV product and internal energy is particularly
important in flow systems. It is given the name enthalpy and the symbol H.

(3.18)

H = PV +U J/kg (3.19)

Now pressure, P, specific volume, V, and specific internal energy, U, are all thermodynamic
properties of state. It follows, therefore, that enthalpy, H, must also be a thermodynamic property of
state and is independent of any previous process path.

The energy equation (3.18) can now be written as

u? J
— + Zg +H = constant —
2 kg
Consider the continuous airway shown on Figure 3.2. If there were no energy additions between
stations 1 and 2 then the energy equation (3.20) would give

(3.20)

2 2
u u

kg
However, Figure 3.2 shows that a fan adds W, Joules of mechanical energy to each kilogram of air
and that strata heat transfers q;, Joules of thermal energy to each kilogram of air. These terms must
be added to the total energy at station 1 in order to give the total energy at station 2

2 2

u, u, J
—— + Z +H;, + Wy, + = —— 4+ Z +H, — 3.21
> 19 1 12 Q12 > 29 2 kg ( )
This is usually rearranged as follows:
2 2
u; —u J
L—2 4+ (Z,-Z,)9 + Wy, = (Hy —H;) -0y, T (3.22)

kg

Equation (3.22) is of fundamental importance in steady flow processes and is given a special hame,
the Steady Flow Energy Equation.
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Figure 3.2. Heat and work added to a steady flow system.

Note that the steady flow energy equation does not contain a term for friction, nor does it require any
such term. It is a total energy balance. Any frictional effects will reduce the mechanical energy
terms and increase the internal energy but will have no influence on the overall energy balance. It
follows that equation (3.22) is applicable both to ideal (frictionless) processes and also to real
processes that involve viscous resistance and turbulence. Such generality is admirable but does,
however, give rise to a problem for the ventilation engineer. In airflow systems, mechanical energy is
expended against frictional resistance only - we do not normally use the airflow to produce a work
output through a turbine or any other device. It is, therefore, important that we are able to quantify
work done against friction. This seems to be precluded by equation (3.22) as no term for friction
appears in that equation:

To resolve the difficulty, let us recall Bernoulli's mechanical energy equation (2.23) corrected for
friction

2 2
ur -u P-P J
Yoz -z « mP) gl J
2 P kg

If we, again, add work, W,, between stations 1 and 2 then the equation becomes

2 2

ur —u P-P J

£ =2 5 Z v (Z,-2Z,)9 + (B - Pp) + Wy, = Fp = (3.23)
p kg

(Although any heat, gi,, that may also be added does not appear explicitly in a mechanical energy
equation it will affect the balance of mechanical energy values arriving at station 2).

We have one further step to take. As we are now dealing with gases, we should no longer assume
that density, p, remains constant. If we consider the complete process from station 1 to station 2 to
be made up of a series of infinitesimally small steps then the pressure difference across each step
becomes dP and the flow work term becomes dP/p or VdP (as V = 1/p ). Summing up, or integrating
all such terms for the complete process gives
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uf - ug

2

2
1

kg

This is sometimes called the steady flow mechanical energy equation. It is, in fact, simply a
statement of Bernoulli's equation made applicable to compressible flow.

Finally, compare equations (3.22) and (3.24). Their left sides are identical. Hence, we can write an
expanded version of the steady flow energy equation:

u? —us3 2 J
- +(Zy - 2Z5)9 + Wy, = J'VdP + Fp = (Hy —Hp) — dp —| (3.25)
1

or, in differential form,
-udu - gdZ + dW =VdP + dF = dH - dq

Equation (3.25) is the starting point for the application of thermodynamics to subsurface
ventilation systems and, indeed, to virtually all steady flow compressible systems. It is
absolutely fundamental to a complete understanding of the behaviour of airflow in
subsurface ventilation systems.

Students of the subject and ventilation engineers dealing with underground networks of airways
should become completely familiarized with equation (3.25). In most applications within mechanical
engineering the potential energy term (Z; - Z,)g is negligible and can be dropped to simplify the
equation. However, the large elevation differences that may be traversed by subsurface airflows
often result in this term being dominant and it must be retained for mine ventilation systems.

3.3.4. Specific heats and their relationship to gas constant

When heat is supplied to any unconstrained substance, there will, in general, be two effects. First,
the temperature of the material will rise and, secondly, if the material is not completely constrained,
there will be an increase in volume. (An exception is the contraction of water when heated between
0 and 4°C). Hence, the heat is utilized both in raising the temperature of the material and in doing
work against the surroundings as it expands.

The specific heat of a substance has been described in elementary texts as that amount of heat
which must be applied to 1 kg of the substance in order to raise its temperature through one Celsius
degree. There are some difficulties with this simplistic definition. First, the temperature of any solid,
liquid or gas can be increased by doing work on it and without applying any heat - for example by
rubbing friction or by rotating an impeller in a liquid or gas. Secondly, if the substance expands
against a constant resisting pressure then the work that is done on the surroundings necessarily
requires that more energy must be applied to raise the 1 kg through the same 1 C° than if the
system were confined at constant volume. The specific heat must have a higher value if the system
is at constant pressure than if it is held at constant volume. If both pressure and volume are allowed
to vary in a partially constrained system, then yet another specific heat will be found. As there are an
infinite number of variations in pressure and volume between the conditions of constant pressure
and constant volume, it follows that there are an infinite number of specific heats for any given sub-
stance. This does not seem to be a particularly useful conclusion. However, we can apply certain
restrictions which make the concept of specific heat a valuable tool in thermodynamic analyses.

First, extremely high stresses are produced if a liquid or solid is prevented from expanding during

heating. For this reason, the specific heats quoted for liquids and solids are normally those
pertaining to constant pressure, i.e. allowing free expansion. In the case of gases we can, indeed,

3- 10
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have any combination of changes in the pressure and volume. However, we confine ourselves to the
two simple cases of constant volume and constant pressure.

Let us take the example of a vessel of fixed volume containing 1 kg of gas. We add heat, 6q, until
the temperature has risen through 6T. Then, from the First Law (equation (3.16)) with 6W = 0 for
fixed volume,

6q =duU

From our definition of specific heat,

c, - [A] - [¥] 3
ST |, ST |, kgK

As this is the particular specific heat at constant volume, we use the subscript v. At any point during
the process, the specific heat takes the value pertaining to the corresponding temperature and
pressure. Hence, we should define C,, more generally as

_ v
c, = Lﬂl (3.26)

However, for an ideal gas the specific heat is independent of either pressure or temperature and we
may write

,oau 3 (3.27)
dT kgK

In section 3.3.2, the concept of internal energy was introduced as a function of the internal kinetic
energy of the gas molecules. As it is the molecular kinetic energy that governs the temperature of
the gas, it is reasonable to deduce that internal energy is a function of temperature only. This can, in
fact, be proved mathematically through an analysis of Maxwell's equations assuming an ideal gas.
Furthermore, as any defined specific heat remains constant, again, for an ideal gas, equation (3.27)
can be integrated directly between any two end points to give

J
U,-U, =C, (T, -Ty) E (3.28)

Now let us examine the case of adding heat, 6q, while keeping the pressure constant, i.e. allowing
the gas to expand. In this case, from equation (3.19)

q=PV+U--H L (3.29)
kg
Therefore, the specific heat becomes
Co - {Lﬂ _ {ﬁ} 3 (3.30)
oT Jp oT | kgK
In the limit, this defines C, as
oT |, kgK

3- 11
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Here again, for a perfect gas, specific heats are independent of pressure and temperature and we
can write

dH J
= — — 3.32
PdT kgK (3:32)
J
or (Hy-Hy) = Cp (T, - Ty) E (3.33)

We shall use this latter equation extensively in Chapter 8 when we apply thermodynamic theory to
subsurface ventilation systems. The same equation also shows that for an ideal gas, enthalpy, H, is
a function of temperature only, C, being a constant.

There is another feature of C, that often causes conceptual difficulty. We introduced equations (3.29
and 3.30) by way of a constant pressure process. However, we did not actually enforce the condition
of constant pressure in those equations. Furthermore, we have twice stated that for an ideal gas the
specific heats are independent of either pressure or temperature. It follows that C, can be used in
equation (3.33) for ideal gases even when the pressure varies. For flow processes, the term specific
heat at constant pressure can be rather misleading.

A useful relationship between the specific heats and gas constant is revealed if we substitute the
general gas law PV = RT (equation (3.9)) into equation (3.29)

H=RT+U J/kg

Differentiating with respect to T gives

dH du J
—_— = R + —
dT dT kgK
daT kgK
J
or R =Cp -C, (3.34)

kgK

The names "heat capacity” or "thermal capacity" are sometimes used in place of specific heat.
These terms are relics remaining from the days of the caloric theory when heat was thought to be a
fluid without mass that could be "contained" within a substance. We have also shown that
temperatures can be changed by work as well as heat transfer so that the term specific heat is itself
open to challenge.

Two groups of variables involving specific heats and gas constant that frequently occur are the ratio
of specific heats (isentropic index)

y = =& (dimensionless) (3.35)

and (dimensionless)

p

3- 12
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Using equation (3.34), it can easily be shown that

R _G-D (dimensionless) (3.36)

Cp v

Table 3.1 gives data for those gases that may be encountered in subsurface ventilation engineering.
As no real gases follow ideal gas behavior exactly, the values of the "constants” in the table vary
slightly with pressure and temperature. For this reason, there may be minor differences in published
values. Those given in Table 3.1 are referred to low (atmospheric) pressures and a temperature of
26.7°C

Gas Molecular Gas Specific heats Isentropic
weight Constant index R/C,
M R=8314.36/M | C C,=C,-R C = (y-
Tk K b v=Cy me %v (r-ly
J/(kgK)
air (dry) 28.966 287.04 1005 718.0 1.400 0.2856
water vapour 18.016 461.5 1884 1422 1.324 0.2450
nitrogen 28.015 296.8 1038 741.2 1.400 0.2859
oxygen 32.000 259.8 916.9 657.1 1.395 0.2833
carbon dioxide 44.003 188.9 849.9 661.0 1.286 0.2223
carbon monoxide 28.01 296.8 1043 746.2 1.398 0.2846
methane 16.04 518.4 2219 1700 1.305 0.2336
helium 4.003 2077 5236 3159 1.658 0.3967
hydrogen 2.016 4124 14361 10237 1.403 0.2872
argon 39.94 208.2 524.6 316.4 1.658 0.3968

Table 3.1. Thermodynamic properties of gases at atmospheric pressures and a temperature of 26.7°C.

3.3.5. The Second Law of Thermodynamics

Heat and work are mutually convertible. Each Joule of thermal energy that is converted to
mechanical energy in a heat engine produces one Joule of work. Similarly each Joule of work
expended against friction produces one Joule of heat. This is another statement of the First Law of
Thermodynamics. When equation (3.16) is applied throughout a closed cycle of processes then the

final state is the same as the initial state, i.e. §du = 0,and

§évv - —j§5q é (3.37)

where § indicates integration around a closed cycle .

However, our everyday experience indicates that the First Law, by itself, is incapable of explaining
many phenomena. All mechanical work can be converted to a numerically equivalent amount of heat
through frictional processes, impact, compression or other means such as electrical devices.
However, when we convert heat into mechanical energy, we invariably find that the conversion is
possible only to a limited extent, the remainder of the heat having to be rejected. An internal
combustion engine is supplied with heat from burning fuel. Some of that heat produces a mechanical
work output but, unfortunately, the majority is rejected in the exhaust gases.

3- 13
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Although work and heat are numerically equivalent, work is a superior form of energy. There are
many common examples of the limited value of heat energy. A sea-going liner cannot propel itself by
utilizing any of the vast amount of thermal energy held within the ocean. Similarly, a power station
cannot draw on the heat energy held within the atmosphere. It is this constraint on the usefulness of
heat energy that gives rise to the Second Law of Thermodynamics.

Perhaps the simplest statement of the Second Law is that heat will always pass from a higher-
temperature body to a lower-temperature body and can never, spontaneously, pass in the opposite
direction. There are many other ways of stating the Second Law and the numerous corollaries that
result from it. The Second Law is, to be precise, a statement of probabilities. The molecules in a
sample of fluid move with varying speeds in apparently random directions and with a mean velocity
approximating that of the speed of sound in the fluid. It is extremely improbable, although not
impossible, for a chance occurrence in which all the molecules move in the same direction. In the
event of such a rare condition, a cup of coffee could become "hotter" when placed in cool
surroundings. Such an observation has never yet been made in practice and would constitute a
contravention of the Second Law of Thermodynamics.

The question arises, just how much of a given amount of heat energy can be converted into work?
This is of interest to the sub-surface ventilation engineer as some of the heat energy added to the
airstream may be converted into mechanical energy in order to help promote movement of the air.

To begin an answer to this question, consider a volume of gas within an uninsulated cylinder and
piston arrangement. When placed in warmer surroundings, the gas will gain heat through the walls
of the cylinder and expand. The piston will move against the resisting pressure of the surrounding
atmosphere and produce mechanical work. This will continue until the temperature of the gas is the
same as that of the surroundings. Although the gas still ‘contains’ heat energy, it is incapable of
causing further work to be done in those surroundings. However, if the cylinder were then placed in
yet warmer surroundings the gas would expand further and more work would be generated - again
until the temperatures inside and outside the cylinder were equal. From this imaginary experiment it
would seem that heat can produce mechanical work only while a temperature difference exists.

In 1824, while still in his twenties, Sadi Carnot produced a text "Reflections on the Motive Power of
Fire", in which he devised an ideal heat engine operating between a supply temperature T, and a
lower reject temperature, T,. He showed that for a given amount of heat, g, supplied to the engine,
the maximum amount of work that could be produced is

(T, —T,)
Wigear = ——250 J (3.38)
Tl
In real situations, no process is ideal and the real work output will be less than the Carnot work due
to friction or other irreversible effects. However, from equation (3.38) a maximum "Carnot Efficiency",
n. can be devised:

Wigeart _ (M1 —T5) (3.39)

Us q T,

3.4. FRICTIONAL FLOW

3.4.1. The effects of friction in flow processes

In the literature of thermodynamics, a great deal of attention is given to frictionless processes,
sometimes called ideal or reversible. The latter term arises from the concept that a reversible

process is one that having taken place can be reversed to leave no net change in the state of either
the system or surroundings.

3- 14
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Frictionless processes can never occur in practice. They are, however, convenient metrics against
which to measure the performance or efficiencies of real heat engines or other devices that operate
through exchanges of work and/or heat. In subsurface ventilation systems, work is added to the
airflow by means of fans and heat is added from the strata or other sources. Some of that heat may
be utilized in helping to promote airflow in systems that involve differences in vertical elevation. An
ideal system would be one in which an airflow, having been initiated, would continue indefinitely
without further degradation of energy. Although they cannot exist in practice, the concept of ideal
processes assists in gaining an understanding of the behaviour of actual airflow systems.

Let us consider what we mean by "friction" with respect to a fluid flow. The most common everyday
experience of friction is concerned with the contact of two surfaces - a brake on a wheel or a tyre on
the road. In fluid flow, the term "friction" or "frictional resistance" refers to the effects of viscous
forces that resist the motion of one layer of fluid over another, or with respect to a solid boundary
(Section 2.3.3). In turbulent flow, such forces exist not only at boundaries and between laminae of
fluid, but also between and within the very large number of vortices that characterize turbulent flow.
Hence, the effect of fluid friction is much greater in turbulent flow.

In the expanded version of the steady flow energy equation, the term denoting work done against
frictional effects was F1,. To examine how this affects the other parameters, let us restate that
equation.

2 2 2
1

But from equation (3.33) for a perfect gas

J
(Hz—H;) = Cp (T, —Ty) E (3.40)
giving
uf —us 2 J
——= + (Z; - Z,)9 + Wy, = IVdP + Fp =Cp (T, -T)) - dp, 6 (3.41)
1

We observe that the friction term, F1,, appears in only the middle section of this three part equation.
This leads to two conclusions for zero net change in the sum of kinetic, potential and fan input
energy, i.e. each part of the equation remaining at the same total value. First, frictional effects, F,,

2
appear at the expense oijdP . As Fy, increases then the flow work must decrease for the middle
1

part of the equation to maintain the same value. However, the conversion of mechanical energy into
heat through frictional effects will result in the specific volume, V, expanding to a value that is higher
than would be the case in a corresponding frictionless system. It follows that the appearance of
friction must result in a loss of pressure in a flow system. A real (frictional) process from station 1 to
station 2 will result in the pressure at station 2 being less than would be the case of a corresponding
ideal process. The difference is the "frictional pressure drop".

Secondly, and again for a zero net change in kinetic, potential and fan energies, the lack of a friction
term in the right hand part of equation (3.41) shows that the change in temperature (T, - T,) is
independent of frictional effects. In other words, the actual change in temperature along an airway is
the same as it would be in a corresponding frictionless process. This might seem to contradict
everyday experience where we expect friction to result in a rise in temperature. In the case of the
steady flow of perfect gases, the frictional conversion of mechanical work to heat through viscous
shear produces a higher final specific volume and a lower pressure than for the ideal process, but
exactly the same temperature.

3- 15
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Returning to the concept of frictional pressure drop, the steady flow energy equation can also be
used to illustrate the real meaning of this term. If we accept the usual situation in which the variation
in density, p (= 1/V), along the airway is near linear, we can multiply equation (3.25) by a mean value
of density, p, to give

2 2 -

2 _u J k J
m( 1—2) + pm(Zy = Z5)9 + pWip = (Po=P) + pFiz = pn(Hy = Hy) — oo m% = m3
2 kg

(3.42)

(Note the new units of the terms in this equation. They still express variations in energy levels, (J),
but now with reference to a unit volume (m®) rather than a unit mass (kg). As it is the total mass flow
that remains constant the steady flow energy equation (in J/kg) is the preferred version of the
equation. (See also, Section 2.1.2). However, most of the terms in equation (3.42) do have a
physical meaning. We can re-express the units as

S _Nm _ N by (3.43)

As this is the unit of pressure, equation (3.42) is sometimes called the steady flow pressure
equation. Furthermore,

2 .2
Pm w is the change in velocity pressure (see equation (2.17))

Pm (Z1 — Z,)g is the change in static pressure due to the column of air between Z; and Z,

PV, is the increase in pressure across the fan
(P, —Py) is the change in barometric pressure, and
Pm Fio is the frictional pressure drop, p, (equation (2.46)).

The frictional pressure drop may now be recognized as the work done against friction per cubic
metre of air. As the mass in a cubic metre varies due to density changes, the disadvantage of a
relationship based on volume becomes clear.

3.4.2. Entropy

In section 3.3.5. we discussed work and heat as "first and second class" energy terms respectively.
All work can be transferred into heat but not all heat can be transferred into work. Why does this
preferential direction exist? It is, of course, not the only example of 'one-wayness' in nature. Two
liquids of the same density but different colours will mix readily to a uniform shade but cannot easily
be separated back to their original condition. A rubber ball dropped on the floor will bounce, but not
quite to the height from which it originated - and on each succeeding bounce it will lose more height.
Eventually, the ball will come to rest on the floor. All of its original potential energy has been
converted to heat through impact on the floor, but that heat cannot be used to raise the ball to its
initial height. Each time we engage in any non-ideal process, we finish up with a lower quality, or
less organized, state of the system. Another way of putting it is that the "disorder" or "randomness"
of the system has increased. It is a quantification of this disorder that we call entropy.

3- 16
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Suppose we build a symmetric tower out of toy building bricks. The system is well ordered and has a
low level of entropy. Now imagine your favorite infant taking a wild swipe at it. The bricks scatter all
over the floor. Their position is obviously now in a much greater degree of disorder. Energy has been
expended on the system and the entropy (disorder) has increased. This is entropy of position. Let us
carry out another imaginary experiment. Suppose we have a tray on which rest some marbles. We
vibrate the tray gently and the marbles move about in a random manner. Now let us vibrate the tray
violently. The marbles become much more agitated or disordered in their movement. We have done
work on the system and, again, the entropy level has increased. This is entropy of motion.

What has all this to do with heat transfer? Imagine that we have a perfect crystal at a temperature of
absolute zero. The molecules are arranged in a symmetric lattice and are quite motionless. We can
state that this is a system of perfect order or zero entropy. If we now add heat to the crystal, that
energy will be utilized in causing the molecules to vibrate. The more heat we add, the more agitated
the molecular vibration and the greater the entropy level. Can you see the analogy with the marbles?

The loss of order is often visible. For example, ice is an "ordered" form of water. Adding heat will
cause it to melt to the obviously less organized form of liquid water. Further heat will produce the
even less ordered form of water vapour.

How can we quantify this property that we call entropy? William J.M. Rankine (1820-1872), a Scots
professor of engineering showed in 1851 that during a reversible (frictionless) process, the ratio of
heat exchanged to the current value of temperature, dq/T, remained constant. Clausius arrived at
the same conclusion independently in Germany during the following year. Clausius also recognized
that particular ratio to be a thermodynamic function of state and coined the name entropy, s (after the
Greek work for 'evolution). Clausius further realized that although entropy remained constant for ideal
processes, the total entropy must increase for all real processes.

ds = Ll > 0

T
When testing Clausius' conclusion, it is important to take all parts of the system and surroundings
into account. A subsystem may be observed to experience a decrease in entropy if viewed in
isolation. For example, water in a container that is placed in sufficiently colder surroundings can be
seen to freeze - the ordered form of ice crystals growing, apparently spontaneously, on the surface
of the less ordered liquid. The entropy of the water is visibly decreasing. Suppose the temperature of
the water is T,, and that of the cooler air is T, where T, < T,,. Then for a transfer of heat 6q from the
water to the air, the corresponding changes in entropy for the air (sub-script a), and the water
(subscript w), are:

and ds, = —— (negative as heat is leaving the water)

Then the total change in entropy for this system is

1 1
ds, + ds, = - = 0
a w &{Ta Tw:| )

3- 17



Fundamentals of Steady Flow thermodynamics Malcolm J. McPherson

Using the thermodynamic property, entropy, we can now express the combined heat increase of a
system, by both heat transfer and frictional effects, as dq.

J
dg., = Tds il 3.44
e kg (3.44)

(see, also, equation (3.3)).

The symbol q, is used to denote the combination of added heat and the internally generated
frictional heat.

Now to make the concept really useful, we must be able to relate entropy to other thermodynamic
properties. Let us take the differential form of the steady flow energy equation (3.25).

VAP + dF = dH —dq ki (3.45)
g

Then dF + dq = dH - VdP
But the combined effect of friction and added heat is
dg, = dF + dq

Therefore, equations (3.44) and (3.45) give

Tds = dH - VvdP J
kg
Rhis is another equation that will be important to us in the thermodynamic analysis of subsurface

(3.46)

entilation circuits.

In order to derive an expression that will allow us to calculate a change in entropy directly from
measurements of pressure and temperature, we can continue our analysis from equation (3.46).

dH VdP J
ds = — - — —
T T kgK
But dH = CpdT (equation (3.32))
V R
and T = > (from the General Gas Law PV = RT)
- dT dpP J
iving ds = Cp, — - R— —_— 3.47
giving P P koK (3.47)

Integrating between end stations 1 and 2 gives

(s, —s) = Cp |n(T%J - R In(P%J ﬁ (3.48)

This is known as the steady flow entropy equation.

=~
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3.4.3. The adiabatic and isentropic processes

An important thermodynamic process with which the ventilation engineer must deal is one in which
there is no heat transfer between the air and the strata or any other potential source. This can be
approached closely in practice, particularly in older return airways that contain no equipment and
where the temperatures of the air and the surrounding rock have reached near equilibrium.

The steady flow energy equation for adiabatic flow is given by setting q;> = 0.

2
Then deP + F, = (H, -Hy) ki (3.49)
1 g

The ideal, frictionless, or reversible adiabatic process is a particularly useful concept against which
to compare real adiabatic processes. This is given simply by eliminating the friction term

2
[vdP = (H, - H)) é (3.50)
1

or VdP = dH

In Section 3.4.2, we defined a change in entropy, ds, by equation (3.46) i.e.

J
kg
where (. is the combined effect of added heat and heat that is generated internally by frictional

effects. It follows that during a frictionless adiabatic where both g, and F;, are zero, then dq. is also
zero and the entropy remains constant, i.e. an isentropic process.

dg. = Tds (3.51)

The governing equations for an isentropic process follow from setting (s, — s1) = 0 in equation (3.48).

Then
T P J
Co Inf "2 =RiIn| 2 —_—
P (%1) (%1) kgK

Taking antilogs gives —

(3.52)

T, _ {i}%p

T Py

The index R/C, was shown by equation (3.36) to be related to the ratio of specific heats C,/C, = y
by the equation

R _ (-1
Cp e
Then
r-
T2 _ [Py (3.53)
Tl Pl .

Values of the constants are given in Table 3.1. For dry air, y = 1.400, giving the isentropic
relationship between temperature and pressure as
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0.2856
T P
-2 = |2 (3.54)
Tl Pl

This is a particularly useful equation to relate pressures and temperatures in dry mine shafts where
adiabatic conditions may be approached.

The isentropic relationship between pressure and specific volume follows from equation (3.53)

1-
T, _ {ﬁ} % (3.55).

T Py

But from the General Gas Law, (equation (3.12))

To _ PaVe (3.56)
Tl PlVl
Combining equations (3.55 and 3.56) gives
P,V, _ P, 17%
Plvl - Pl
vV, [P, W [P )
Vl - Pl - I:’2
or PV, = P,V,” = constant (3.57)

3.4.4. Availability

In the context of conventional ventilation engineering, the energy content of a given airstream is
useful only if it can be employed in causing the air to move, i.e. if it can be converted to kinetic
energy. A more general concept is that of available energy. This is defined as the maximum amount
of work that can be done by a system until it comes to complete physical and chemical equilibrium
with the surroundings.

Suppose we have an airflow of total energy

Y o Zg + H J (equation 3.20))
2 kg

The kinetic and potential energy terms both represent mechanical energy and are fully available to
produce mechanical effects, i.e. to do work. This is not true for the enthalpy. Remember that
enthalpy is comprised of PV and internal energy terms, and that the Second Law allows only a
fraction of thermal energy to be converted into work. Suppose that the free atmosphere at the
surface of a mine has a specific enthalpy H, (subscript o for ‘outside’ atmosphere). Then when the
mine air is rejected at temperature T to the surface, it will cool at constant pressure until it reaches
the temperature of the ambient atmosphere T,. Consequently, its enthalpy will decrease from H to
Ho.
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(H = Hy) = Co(T —T,) é (3.58)

The process is shown on a temperature-entropy diagram in Figure 3.3. The heat rejected to the free

b
atmosphere is represented by the area under the process line ITds = area abcd. However, for an

a
b b
isobar (constant pressure), ITds = ~[dH = H - H, (see equation (3.46) with dP = 0. Hence, the
a a

enthalpy change H - H, gives the heat lost to the atmosphere. Equation (3.58) actually illustrates the
same fact, as heat lost is

mass (1 kg) x specific heat (C,) x change in temperature (T - T,)

for a constant pressure process.

T a

&,
< Available
A

b
[Tds
a

Temperature T

Unavailable

C d
S S
Entropy s

Figure 3.3. Temperature entropy diagram for constant pressure cooling

Now the Second Law insists that only a part of this heat can be used to do work. Furthermore, we
have illustrated earlier that when a parcel of any gas reaches the temperature of the surroundings
then it is no longer capable of doing further work within those surroundings. Hence, the part of the
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b

heat energy that remains unavailable to do any work is represented by the des area under the
e

ambient temperature line T, i.e. T, (s - So) or area bcde on Figure 3.3. The only part of the total

heat that remains available to do work is represented by area abe or (H - H,) - T, (S - So).

The available energy, g, in any given airflow, with respect to a specified datum (subscript 0) may
now be written as

u? J
vy = 7"' Zg +(H _Ho) _To(S_So) E
It should be made clear that the available energy represents the maximum amount of energy that is

theoretically capable of producing useful work. How much of this is actually used depends upon the
ensuing processes.

(3.59)

Let us now try to show that any real airway suffers from a loss of available energy because of
frictional effects. If we rewrite equation (3.59) in differential form for an adiabatic airway, then the
increase in available energy along a short length of the airway is

dy = udu +gdZ +dH - T, ds
(Ho and s, are constant for any given datum conditions).

This equation assumes that we do not provide any added heat or work. From the differential form of
the steady flow energy equation (3.25) for adiabatic conditions and no fan work (dq = dW = 0),

udu +gdZ +dH =0
leaving dy = -T,ds J/kg (3.60).

Now, from equation (3.51), ds = d&

where (. is the combined effect of friction, F, and added heat, g. However, in this case, q is zero
giving

ds = d—F
T
and
dy = —T—°dF i (3.61)
T kg

As T,, T and dF are positive, the change in available energy must always be negative in the absence
of any added work or heat. This equation also shows that the loss of available energy is a direct
consequence of frictional effects.

Available energy is a "consumable" item, unlike total energy which remains constant for adiabatic
flow with no work input. During any real airflow process, the available energy is continuously eroded
by the effects of viscous resistance in the laminar sublayer and within the turbulent eddies. That
energy reappears as "low grade" heat or unavailable energy and is irretrievably lost in its capacity to
do useful work. The process is illustrated in Figure 3.4.
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Available Available
2
Z>9
; Z19
c (Ho—Ho) —To(s2 - )
(D)

(Hl_Ho) _To(sl- So) m

Ho + To(S2 —
Hy + To(S,—S,) ot To(S2—S0)

<4+ Total

Unavailable Unavailable

Figure 3.4. Available energy decreases and unavailable energy increases both by
the amount T, (s, — s1) when no heat or work are added.

3.5 THERMODYNAMIC DIAGRAMS.

During any thermodynamic process, there will be variations in the values of the fluid properties. The
equations derived in the preceding sections of this chapter may be used to quantify some of those
changes. However, plotting one property against another provides a powerful visual aid to
understanding the behaviour of any process path and can also give a graphical means of quantifying
work or heat transfers where the complexity of the process path precludes an analytical treatment.
These graphical plots are known as thermodynamic diagrams.

The two most useful diagrams in steady flow thermodynamics are those of pressure against specific
volume and temperature against specific entropy. These diagrams are particularly valuable, as areas
on the PV diagram represent work and areas on the Ts diagram represent heat. Remembering
that simple fact will greatly facilitate our understanding of the diagrams. In this section, we shall
introduce the use of these diagrams through three compression processes. In each case, the air will
be compressed from pressure P, to a higher pressure P,. This might occur through a fan,
compressor or by air falling through a downcast shaft. The processes we shall consider are
isothermal, isentropic and polytropic compression. As these are important processes for the
ventilation engineer, the opportunity is taken to discuss the essential features of each, in addition to
giving illustrations of the visual power of thermodynamic diagrams.
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3.5.1. Ideal isothermal (constant temperature) compression.

Suppose air is passed through a compressor so that its pressure is raised from P; to P,. As work is
done on the air, the First Law of Thermodynamics tells us that the internal energy and, hence, the
temperature of the air will increase (equation (3.16)). However, in this particular compressor, we
have provided a water jacket through which flows a continuous supply of cooling water. Two
processes then occur. The air is compressed and, simultaneously, it is cooled at just the correct rate
to maintain its temperature constant. This is isothermal compression.

X
o p, B
(D)
?) IV dpP isotherm
0 "\
o
al P, v A
Specific Volume V
|_
P>
© Py
2 SR
CT) isotherm
o
= [Tds
(D)
|_
X Y
S2 S1

Specific Entropy s

Figure 3.5. PV and Ts diagrams for an isothermal compression.
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Figure 3.5 shows the process on a pressure-specific volume (PV) and a temperature-entropy (Ts)
diagram. The first stage in constructing these diagrams is to draw the isobars representing P, and
P,. On the PV diagram these are simply horizontal lines. Lines on the Ts diagram may be plotted
using equation (3.48). Isobars curve slightly. However, over the range of pressures and
temperatures of interest to the ventilation engineer, the curvature is small.

The process path for the isothermal (constant temperature) compression is shown as line AB on
both diagrams. On the PV diagram, it follows the slightly curved path described by the equation

PV =RT,
RT
or P = Tl Pa (3.62)

On the Ts diagram, the isotherm is, of course, simply a horizontal line at temperature T;.

Let us first concentrate on the PV diagram. From the steady flow energy equation for a frictionless
process, we have

2)

(u? - uj J

2
1

In this case we may assume that the flow through the compressor is horizontal (Z, = Z,) and that the
change in kinetic energy is negligible, leaving

2
J
W,, = [VdP J (3.63)
1 { kg

2
The integral deP is the area to the left of the process line on the PV diagram, i.e., area ABXY for
1
the ideal compressor is equal to the work, W3,, that has been done by the compressor in raising the
air pressure from P, to P,. We can evaluate the integral by substituting for V from equation (3.62).

2 1
Wy, = [VdP = jﬂ dP = RTlln(&j J (3.64)
1 1 P Py kg
as RT; is constant

This is positive as work is done on the air.

Now let us turn to the Ts diagram. Remember that the integral des represents the combined heat
from actual heat transfer and also that generated by internal friction. However, in this ideal case,
there is no friction. Hence the des area under the process line AB represents the heat that is

removed from the air by the cooling water during the compression process. The heat area is the
rectangle ABXY or -T; (s; - S,) on the Ts diagram. In order to quantify this heat, recall the entropy
equation (3.48) and apply the condition of constant temperature. This gives

Py kg

The sign is negative as heat is removed from the air.
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Now compare the work input (equation (3.64)) with the heat removed (equation (3.65)). Apart from
the sign, they are numerically identical. This means that as work is done on the system to compress
the air, exactly the same quantity of energy is removed as heat during this isothermal process. [This
result is also shown directly by equations (3.16) and (3.27) with dU =W + 6q = C,dT =0

giving 6W = - 6q for an isothermal process].

Despite the zero net increase in energy, the air has been pressurized and is certainly capable of
doing further useful work through a compressed air motor. How can that be? The answer lies in the,
discussion on availability given in Section 3.4.4. All of the work input is available energy capable of
producing mechanical effects. However, all of the heat removed is unavailable energy that already
existed in the ambient air and which could not be used to do useful work. The fact that this heat is,
indeed, completely unavailable is illustrated on the Ts diagram by the corresponding heat area
-T1(s1 - S2) lying completely below the ambient temperature line.

This process should be studied carefully until it is clearly understood that there is a very real
distinction between available energy and unavailable energy. The high pressure air that leaves the
compressor retains the work input as available energy but has suffered a loss of unavailable energy
relative to the ambient air. If the compressed air is subsequently passed through a compressed air
motor, the available energy is utilized in producing a mechanical work output, leaving the air with
only its depressed unavailable energy to be exhausted back to the atmosphere. This explains why
the air emitted from the exhaust ports of a compressed air motor is very cold and may give rise to
problems of condensation and freezing.

Maintaining the temperature constant during isothermal compression minimizes the work that must
be done on the air for any given increase in pressure. Truly continuous isothermal compression
cannot be attained in practice, as a temperature difference must exist between the air and the
cooling medium for heat transfer to occur. In large multi-stage compressors, the actual process path
on the Ts diagram proceeds from A to B along a zig-zag line with stages of adiabatic compression
alternating with isobaric cooling attained through interstage water coolers.

3.5.2. Isentropic (constant entropy) compression

During this process we shall, again, compress the air from P, to P, through a fan or compressor, or
perhaps by gravitational work input as the air falls through a downcast shaft. This time, however, we
shall assume that the system is not only frictionless but is also insulated so that no heat transfer can
take place. We have already introduced the frictionless adiabatic in Section 3.4.2 and shown that it
maintains constant entropy, i.e. an isentropic process.

The PV and Ts diagrams are shown on Figure 3.6. The corresponding process lines for the
isothermal case have been retained for comparison. The area to the left of the isentropic process

line, AC, on the PV diagram is, again, the work input during compression. It can be seen that this is
2

greater than for the isothermal case. This area, ACXY or deP , Is given by the steady flow energy
1

equation (3.25) with F;, = g2 =0,

2
ie. {VdP = H, - H, =Cp(T, - Ty) é (3.66)

On the Ts diagram, the process line AC is vertical (constant entropy) and the temperature increases
from T, to T,. The des area under the line is zero. This suggests that the Ts diagram is not very
useful in further evaluating an isentropic process. However, we are about to reveal a feature of Ts

diagrams that enhances their usefulness very considerably. Suppose that, having completed the
isentropic compression and arrived at point C on both diagrams, we now engage upon an imaginary
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second process during which we cool the air at constant pressure until it re-attains its original
ambient temperature T;. The process path for this second process of isobaric cooling is CB on both

diagrams. The heat removed during the imaginary cooling is the area des under line CB on the Ts
diagram, i.e. area CBXY. But from the steady flow entropy equation (3.47)

ds = cpd_T_Rd_P 3
T P kgK

and for an isobar, dP = 0, giving ds = Cp T or Tds = Cp dT
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Figure 3.6. PV and Ts diagrams for an isentropic compression 3- 27
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Then heat removed during the imaginary cooling becomes

1 2 2
JTds - —JTds - —ijdT = —C,(T,-Ty) ki (3.67)
2 1 1 g

Now compare equation (3.66) and (3.67). It can be seen that the heat removed during the imaginary
cooling is numerically equivalent to the work input during the isentropic compression. Hence, the
work input is not only shown as area ACBXY on the PV diagram but also as the same area on the
Ts diagram. Using the device of imaginary isobaric cooling, the Ts diagram can be employed to
illustrate work done as well as heat transfer. However, the two must never be confused - the Ts
areas represent true heat energy and can differentiate between available and unavailable heat, while
work areas shown on the Ts diagram are simply convenient numerical equivalents with no other
physical meaning on that diagram.

3.5.3. Polytropic compression

The relationship between pressure and specific volume for an isentropic process has been shown to
be

PV’ = constant (equation 3.57)
where the isentropic index y is the ratio of specific heats C,/C,. Similarly, for an isothermal process,

Pv! = constant.
These are, in fact, special cases of the more general equation

PV" = constant, C (3.68)

where the index n remains constant for any given process but will take a different value for each
separate process path. This general equation defines a polytropic system and is the type of process
that occurs in practice within subsurface engineering. It encompasses the real situation of frictional
flow and the additional increases in entropy that arise from heat transfer to the air.

Figure 3.7 shows the PV and Ts process lines for a polytropic compression. Unlike the isothermal
and isentropic cases, the path line for the polytropic process is not rigidly defined but depends upon
the value of the polytropic index n. The polytropic curve shown on the diagrams indicates the most
common situation in underground ventilation involving both friction and added heat.

The flow work shown as area ADXY on the PV diagram may be evaluated by integrating

‘ c\h |
deP where V = (Fj from equation (3.68)
1
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2
n n J
deP = r]—_1(|:>2v2 -PV,) = n—_lR(T2 -T,) P (3.69)

1
using the gas law PV = RT
This enables the flow work to be determined if the polytropic index, n, is known. It now becomes

necessary to find a method of calculating n, preferably in terms of the measurable parameters,
pressure and temperature.

X B C D
(N
P2 isotherm
Q polytrope
-]
2 [vdpP \
72}
L
(ol P, v A
Specific Volume V
D P,
T2
- C polytrope
E /Z Pq
-
+ B
g Tl isotherm A
Q. [Tds
- A
((b)
—
X Y Z
S S

Specific Entropy s

Figure 3.7. PV and Ts diagrams for a polytropic compression.
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\% p,\n

From the polytropic law (3.68) PV," = P,V," or V—l = P—2 (3.70)
2 1

and from the General Gas Law, (equation (3.12))

Vi P, Ty

_ (3.71)
\Z: P T,

We have isolated V, /V, in equations (3.70) and (3.71) in order to leave us with the desired
parameters of pressure and temperature. Equating (3.70) and (3.71) gives

I:)1 I:)_1 T2 Tl Pl

Taking logarithms gives

n-1_ "2,
S

This enables the polytropic index, n, to be determined for known end pressures and temperatures.
However, we can substitute for n/(n-1), directly, into equation (3.69) to give the flow work as

(3.72)

JVdP =R(M,-T,) -2 = (3.73)
This is an important relationship that we shall use in the analysis of mine ventilation thermodynamics
(Chapter 8).

Turning to the Ts diagram, the J.Tds area under the polytrope AD, i.e. area ADZY, is the combined

heat increase arising from internal friction, F;,, and added heat, q;, :

J
Tds = Fj, + — 3.74
J 12 + U1z kg ( )
But from the steady flow energy equation (3.25)
f J
Fio +01 = Hy -H; - IVdP a (3.75)
g
1
giving the area under line AD as
2 2 3
J.Tds —H, —H, - IVdP = (3.76)
1 1 kg



Fundamentals of Steady Flow thermodynamics Malcolm J. McPherson

We arrived at the same result in differential form (equation (3.46)) during our earlier general
discussion on entropy.

As (H, — Hy) = C,, (T, - Ty), and using equation (3.73) for the flow work, we can re-write equation

(3.76) as
2 In
J Tds =C,(T,-T,) - InETZT g é

'”(P/ ) J

=(,-T,)|C, - R In(T/) ~ (3.77)
Tl

Now, using the same logic as employed in Section 3.5.2, it can be shown that the area under the
isobar DB on the Ts diagram of Figure 3.7 is equal to the change in enthalpy (H, — H;). We can now
illustrate the steady flow energy equation as areas on the Ts diagram

=
«

2
g
H_/ H_/
Area DBXZ = Area ADZY + Area ADBXY

Once again, this shows the power of the Ts diagram.

Example.
A dipping airway drops through a vertical elevation of 250m between stations 1 and 2. The following
observations are made.

Velocity u (m/s) | Pressure P (kPa) | Temperature t (°C) | Airflow Q (m°/s)

Station 1 2.0 93.40 28.20 43

Station 2 3.5 95.80 29.68

Assuming that the airway is dry and that the airflow follows a polytropic law, determine

(a) the polytropic index, n

(b) the flow work

(c) the work done against friction and the frictional pressure drop

(d) the change in enthalpy

(e) the change in entropy and

(f) the rate and direction of heat transfer with the strata, assuming no other sources of heat.

Solution.
It is convenient to commence the solution by calculating the end air densities and the mass flow of
air.
! (equation (3.11))
1= R, '

93400 — 1.0798 kg

287.04x(273.15+28.20) m?3
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95800 _ 11001 kg
287.04x(273.15+29.68)

m3
Mass flowM = Q; x p; = 43.0x 1.0798 = 46.43 kg/s
(a) Polytropic index, n:

From equation (3.72)

T
| 2
n-1 3 n( %J
n P,
In( %1)
where T, =273.15 + 28.20 = 301.35 and T, = 273.15 + 29.68 = 302.83 K

n-1 _ '”(302'8%01.35) — 0.1931
n 858993 40) |

giving n =1.239. This polytropic index is less than the isentropic index for dry air, 1.4, indicating
that heat is being lost from the air to the surroundings
(b) Flow work:

From equation (3.73)

P
J.VdP —R(T,-T,) —287.04(29.68 - 28.20) ; @3-40)
'”( / )
Tl

J
— 2200.0 3
(30283, +¢)

Degrees Celsius can be used for a difference (T, — T,) but remember to employ degrees Kelvin in all
other circumstances.

(c) Friction:
From the steady flow energy equation with no fan
2 2

u —Uup
Fip = ———

2
5 + (Z1-2Z,) —IVdP
1

2 apg2
2723857 | 250x9.81 - 2200.0

=-41 + 24525 - 2200.0 = 248.4 J/kg

Note how small is the change in kinetic energy compared with the potential energy and flow work

In order to determine the frictional pressure drop, we use equation (2.46)
p = pkp
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For this to be meaningful, we must specify the value of density to which it is referred. At a mean
density (subscript m) of

P prtpy _ 10798411021 o000 I
2 2 kg

Pm = 1.0909 x 248.4 = 271 Pa

or, for comparison with other pressure drops, we may choose to quote our frictional pressure drop
referred to a standard air density of 1.2 kg/m®, (subscript st) giving

ps = 1.2 X 248.4 = 298 Pa

(d) Change in enthalpy:
From equation (3.33)

Hy —Hy = C, (T, - Ty) where C, = 1005 J/(kg K) for dry air (Table 3.1)

= 1005 (29.68 - 28.20) = 1487.4 Jlkg

(e) Change in entropy:
From equation (3.51)

el ()

1 1

= 1005 In(302.83/301.35) - 287.04 In(95.8/93.4)

= 4.924 - 7.283 = -2.359 J/(kgK)
The decrease in entropy confirms that heat is lost to the strata.
(f) Rate of heat transfer :

Again, from the steady flow energy equation (3.25)

UZ—U 2
G = Ho M - UV (7, 7,

(Each term has already been determined, giving
Qi = 1487.4+4.1-24525 = -961.0J/kg
To convert this to kilowatts, multiply by mass flow

i = -961.0x46.43 _ _a48 KW
1000

The negative sign shows again that heat is transferred from the air to the strata and at a rate of 44.6 kW.
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4.1. INTRODUCTION

Practically every underground opening is unigue in its geometry, extent, geological surroundings,
environmental pollutants and reasons for its formation - natural or man-made. The corresponding
patterns of airflow through those openings are also highly variable. There are, however, certain
features that are sufficiently common to permit classifications of structured ventilation systems and
subsystems to be identified.

In this chapter, we shall discuss the essential characteristics of subsurface ventilation systems, first
on the basis of complete mines and primary airflow routes. The opportunity is taken to introduce
some of the technical terms used by ventilation engineers. The terms chosen are those that are in
common use throughout the English speaking mining countries. Secondly, we shall look at district
systems for more localized areas of a mine. These, in particular, vary considerably depending upon
the geometry of the geologic deposit being mined. Although reference will be made to given mining
methods, the treatment here will concentrate on principles rather than detailed layouts. In most
countries, state or national mining law impacts upon the ventilation layout. System designers must,
as a pre-requisite, become familiar with the governing legislation. In the absence of any relevant
legislation applicable to the location of the mine, or where the engineer perceives it to be
inadequate, then it is prudent to utilize the pertinent laws from another country that has a well-
developed history of mining legislation.

Thirdly, auxiliary ventilation systems will be examined, these dealing with the ventilation of blind
headings. The chapter also deals with the principles of controlled partial recirculation and the
ventilation of underground repositories for nuclear waste or other stored material.

4.2. MINE SYSTEMS

4.2.1 General principles

Figure 4.1. depicts the essential elements of a ventilation system in an underground mine or other
subsurface facility.

fan booster
l P fan
[ »
downcast

shaft upcast :
shaft ~ ar

crossing

Figure 4.1. Typical elements of a main ventilation system
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Fresh air enters the system through one or more downcast shafts, drifts (slopes, adits), or other
connections to surface. The air flows along intake airways to the working areas or places where the
majority of pollutants are added to the air. These include dust and a combination of many other
potential hazards including toxic or flammable gases, heat, humidity, and radiation. The
contaminated air passes back through the system along return airways. In most cases, the
concentration of contaminants is not allowed to exceed mandatory threshold limits imposed by law
and safe for the entry of personnel into all parts of the ventilation system including return airways.
The intake and return airways are often referred to simply as intakes and returns respectively. The
return air eventually passes back to the surface via one or more upcast shafts, or through inclined or
level drifts.

Fans

The primary means of producing and controlling the airflow are also illustrated on Figure 4.1. Main
fans, either singly or in combination, handle all of the air that passes through the entire system.
These are usually, but not necessarily, located on surface, either exhausting air through the system
as shown on Figure 4.1 or, alternatively, connected to downcast shafts or main intakes and forcing
air into and through the system. Because of the additional hazards of gases and dust that may both
be explosive, legislation governing the ventilation of coal mines is stricter than for most other
underground facilities. In many countries, the main ventilation fans for coal mines are required, by
law, to be placed on surface and may also be subject to other restrictions such as being located out
of line with the connected shaft or drift and equipped with "blow-out" panels to help protect the fan in
case of a mine explosion.

Stoppings and Seals

In developing a mine, connections are necessarily made between intakes and returns. When these
are no longer required for access or ventilation, they should be blocked by stoppings in order to
prevent short-circuiting of the airflow. Stoppings can be constructed from masonry, concrete blocks
or fireproofed timber blocks. Prefabricated steel stoppings may also be employed. Stoppings should
be well keyed into the roof, floor and sides, particularly if the strata are weak or in coal mines liable
to spontaneous combustion. Leakage can be reduced by coating the high pressure face of the
stopping with a sealant material and particular attention paid to the perimeter. Here again, in weak or
chemically active strata, such coatings may be extended to the rock surfaces for a few metres back
from the stopping. In cases where the airways are liable to convergence, precautions should be
taken to protect stoppings against premature failure or cracking. These measures can vary from
"crush pads" located at the top of the stopping to sliding or deformable panels on prefabricated
stoppings. In all cases, components of stoppings should be fireproof and should not produce toxic
fumes when heated.

As a short term measure, fire-resistant brattice curtains may be tacked to roof, sides and floor to
provide temporary stoppings where pressure differentials are low such as in locations close to the
working areas.

Where abandoned areas of a mine are to be isolated from the current ventilation infrastructure, seals
should be constructed at the entrances of the connecting airways. If required to be explosion-proof,
these consist of two or more stoppings, 5 to 10 metres apart, with the intervening space occupied by
sand, stone dust, compacted non-flammable rock waste, cement-based fill or other manufactured
material. Steel girders, laced between roof and floor add structural strength. Grouting the
surrounding strata adds to the integrity of the seal in weak ground. In coal mines, mining law or
prudent regard for safety may require seals to be explosion-proof.

Doors and airlocks

Where access must remain available between an intake and a return airway, a stopping may be
fitted with a ventilation door. In its simplest form, this is merely a wooden or steel door hinged such
that it opens towards the higher air pressure. This self-closing feature is supplemented by angling
the hinges so that the door lifts slightly when opened and closes under its own weight. It is also
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advisable to fit doors with latches to prevent their opening in cases of emergency when the direction
of pressure differentials may be reversed. Contoured flexible strips attached along the bottom of the
door assist in reducing leakage, particularly when the airway is fitted with rail track.

Ventilation doors located between main intakes and returns are usually built as a set of two or more
to form an airlock. This prevents short-circuiting when one door is opened for passage of vehicles or
personnel. The distance between doors should be capable of accommodating the longest train of
vehicles required to pass through the airlock. For higher pressure differentials, multiple doors also
allow the pressure break to be shared between doors.

Mechanized doors, opened by pneumatic or electrical means are particularly convenient for the
passage of vehicular traffic or where the size of the door or air pressure would make manual
operation difficult. Mechanically operated doors may, again, be side-hinged or take the form of roll-
up or concertina devices. They may be activated manually by a pull-rope or automatic sensing of an
approaching vehicle or person. Large doors may be fitted with smaller hinged openings for access
by personnel. Man-doors exposed to the higher pressure differentials may be difficult to open
manually. In such cases, a sliding panel may be fitted in order to reduce that pressure differential
temporarily while the door is opened. Interlock devices can also be employed on an airlock to
prevent all doors from being opened simultaneously.

Regulators

A passive regulator is simply a door fitted with one or more adjustable orifices. Its purpose is to
reduce the airflow to a desired value in a given airway or section of the mine. The most elementary
passive regulator is a rectangular orifice cut in the door and partially closed by a sliding panel. The
airflow may be modified by adjusting the position of the sliding panel manually. Louvre regulators
can also be employed. Another form of regulator is a rigid duct passing through an airlock. This may
be fitted with a damper, louvres or butterfly valve to provide a passive regulator or a fan may be
located within the duct to produce an active regulator. Passive regulators may be actuated by
motors, either to facilitate their manual adjustment or to react automatically to monitored changes in
the quantity or quality of any given airflow.

When the airflow in a section of the mine must be increased to a magnitude beyond that obtainable
from the system then this may be achieved by active regulation. This implies the use of a booster fan
to enhance the airflow through that part of the mine. Section 9.6 deals with the subject of booster
fans in more detail. Where booster fans are employed, they should be designed into the system
such that they help control leakage without causing undesired recirculation in either normal or
emergency situations. In some countries, coal mine legislation prohibits the use of booster fans.

Air crossings

Where intake and return airways are required to cross over each other then leakage between the
two must be controlled by the use of an air crossing. The sturdiest form is a natural air crossing in
which the horizon of one of the airways is elevated above the other to leave a sill of strata between
the two, perhaps reinforced by roof bolts, girders or timber boards. A more usual method is to
intersect the two airways during construction, then to heighten the roof of one of them and/or
excavate additional material from the floor of the other. The two airstreams can then be separated by
horizontal girders and concrete blocks, or a steel structure with metal or timber shuttering. Sealants
may be applied on the high pressure side. Control of the airway gradients approaching the air
crossing reduces the shock losses caused by any sudden change of airflow direction. Man-doors
can be fitted into the air-crossing for access.

Completely fabricated air crossings may be purchased or manufactured locally. These can take the
form of a stiffened metal tunnel. Such devices may offer high resistance to airflow and should be
sized for the flow they are required to pass. They are often employed for conveyor crossings.
Another type of air crossing used mainly for lower airflows and which requires no additional
excavation is to course one of the airstreams through one or more ducts that intersect a stopping on
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either side of the junction. An advantage of this technique is that the ducted airflow may be further
restricted by passive regulators or up-rated by fans in the ducts.

In all cases, the materials used in the construction of air crossings should be fireproof and capable of
maintaining their integrity in case of fire. Neither aluminium nor any other low melting-point or
combustible material should be employed in an air crossing.

4.2.2 Location of main fans

In the majority of the world's mines, main fans are sited on surface. In the case of coal mines, this
may be a mandatory requirement. A surface location facilitates installation, testing, access and
maintenance while allowing better protection of the fan during an emergency situation. Siting main
fans underground may be considered where fan noise is to be avoided on surface or when shafts
must be made available for hoisting and free of airlocks. A problem associated with underground
main fans arises from the additional doors, airlocks and leakage paths that then exist in the
subsurface.

In designing the main ventilation infrastructure of a mine, a primary decision is whether to connect
the main fans to the upcast shafts, i.e. an exhausting system or, alternatively, to connect the main
fans to the downcast shaft in order to provide a forcing or blowing system. These choices are
illustrated in Figure 4.2 (a and b).

From the time of the shaft bottom furnaces of the nineteenth century, the upcast shaft has,
traditionally, been regarded as associated with the means of producing ventilation. Most mines are
ventilated using the exhaust system. An examination of the alternatives continues to favour a
primary exhaust system in the majority of cases. The choice may be based on the following four
concerns.

Gas control

Figure 4.2 shows that air pressure in the subsurface is depressed by the operation of an exhausting
main fan but is increased by a forcing fan. The difference is seldom more than a few kilopascals. As
strata gases are, typically, held within the rock matrix at gauge pressures of 1000 kPa or more, it is
evident that the choice of an exhausting or forcing system producing a few kilopascals will have little
effect on the rate of gas production from the strata.

3 ¢ e 3

reduced increased neutral
pressure pressure pressure
(a) Exhausting system (b) Forcing system (c) Push-pull system

Fiaure 4.2 Possible locations of main fans
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Unfortunately, much of the gas is not emitted directly into the ventilating airstream but collects in
worked out areas, relaxed strata or in voidage that is connected to, but not part of the main
ventilation system. Such accumulations of gas are at near equilibrium pressure with the adjacent
airways. Hence, any reduction in barometric pressure within the ventilation system will result in an
isothermal expansion of the accumulated gases and produce a transient emission of those gases
into the ventilation system. This occurs naturally during periods of falling barometric pressure on the
surface. In some countries, a mandatory record of surface barometric readings is updated at the
beginning of each shift at coal mines. During a period of falling barometric pressure, unusually heavy
emissions of methane or deoxygenated air may be expected. At such times, it is not wise to sit down
for lunch against a seal or stopping beyond which are old workings.

Steady state operation of either exhausting or forcing fans will produce no changes of air pressure in
the subsurface. However, consider the situation of the stoppage of a forcing fan. The barometric
pressure throughout the ventilation system will fall rapidly. Accumulations of voidage gas will expand
and flood into the workings at the worst possible time i.e. when the airflow is considerably
diminished, causing a peak concentration of gas. Conversely, when a main exhausting fan stops, air
pressure in the system increases, compressing accumulations of gas. Hence, no peak of general
body gas concentration occurs within the airstream. It is true that when the main exhaust fan
restarts, the sudden reduction in barometric pressure will then cause expansion and emission of
accumulated gas. However, this occurs at a time of full ventilation and the peak of gas concentration
will be much less than that caused by stoppage of a forcing fan. A consideration of strata gas control
favours a primary exhausting system.

Transportation

The choice between main forcing and exhausting systems should take into account the preferred
routes for the transportation of mineral, personnel and materials. Ideally, conveyors, locomotives or
other modes of moving broken rock should not be required to pass through airlocks. Hence, a mine
design that has mineral or rock transportation routes in main intakes and rock hoisting in a downcast
shaft will favour an exhausting system. Alternatively, if there are good reasons to transport mineral in
the returns and upcast shaft then a forcing system may be preferred. This could be necessary, for
example, in evaporite mines producing potash or halite where the hygroscopic nature of the mineral
could give ore handling problems if transported within the variable humidity of intake airways.

In American coal mines, conveyors are normally required to be located in "neutral” airways,
ventilated by air that will neither pass on to working faces nor is returning from work areas. This
system has the advantage that smoke and gases produced by any conveyor fire will not pollute the
working faces. The major disadvantages are the additional potential for leakage and difficulties in
controlling the air quantity along the conveyor routes.

Fan maintenance

An exhausting fan will pass air that carries dust, water vapour, perhaps liquid water droplets, and is
usually at a higher temperature than that of the air entering the mine. The combined effects of
impact and corrosion on impeller blades are much greater on main exhaust fans. Forcing fans
handle relatively clean air and require less maintenance for any given duty. On the other hand,
corrosive air passing up through the headgear of an upcast shaft can cause much damage. This can
be prevented by drawing the air out the shaft into a near surface fan drift by means of a low pressure
- high volume fan.

Fan performance

A forcing fan normally handles air that is cooler and denser than that passing through an exhausting
fan. For any given mass flow, the forcing fan will pass a lower volume flow at a reduced pressure.
The corresponding power requirement is, therefore, also lower for a forcing fan. However, the effect
is not great and unlikely to be of major significance.
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A counteracting influence is that forcing fans must be fitted with inlet grilles to prevent the ingress of
birds or other solid objects. These grilles necessarily absorb available energy and result in an
additional frictional pressure drop. Furthermore, the expanding evasee fitted to a main exhaust fan
recovers some of the kinetic energy that would otherwise be lost to the surface atmosphere.

When air is compressed through a fan its temperature is increased. If the air contains no liquid
droplets and there is insignificant heat transfer through the fan casing then the temperature rise is
given as

AT - 0.286 Ty AP

°C (4.1)
n P

(see derivation in Section 10.6.1.2)

where 7 = fan isentropic efficiency (fractional)

T, = Absolute temperature at inlet (K)
P, = Barometric pressure at inlet (Pa) and
AP = Increase in absolute pressure across the fan (Pa)

The rise in temperature through a forcing fan will be reflected by an increase in average temperature
in the intake airways. However, heat exchange with the strata is likely to dampen the effect before
the air reaches the work areas (Section 15.2.2.).

Figure 4.2(c) shows a combination of main forcing and exhausting fans, known descriptively as a
push-pull system. A primary application of a main push-pull system is in metal mines practicing
caving techniques and where the zone of fragmented rock has penetrated through to the surface.
Maintaining a neutral pressure underground with respect to surface minimizes the degree of air
leakage between the workings and the surface. This is particularly important if the rubbelized rock is
subject to spontaneous combustion. In cold climates, drawing air through fragmented strata
intentionally can help to smooth out extremes of temperature of the intake air entering the workings
(Section 18.4.6.).

In the more general case of multi-shaft mines, the use of multiple main fans (whether exhausting,
forcing or push-pull) offers the potential for an improved distribution of airflow, better control of both
air pressures and leakage, greater flexibility and reduced operating costs. On the other hand, these
advantages may not always be realized as a multi-fan system requires particularly skilled
adjustment, balancing and planning.

4.2.3. Infrastructure of main ventilation routes.

Although the simplified sketch of Figure 4.1 depicts the main or trunk intakes and returns as single
airways, this is seldom the case in practice other than for small mines. In designing or examining the
underground layout that comprises a subsurface ventilation system, the following matters should be
addressed:

Mine resistance

For any given total airflow requirement, the operational cost of ventilation is proportional to the
resistance offered to the passage of air (Section 9.5.5.2.). This resistance, in turn, depends upon the
size and number of the openings and the manner in which they are interconnected. Problems of
ground stability, air velocity and economics limit the sizes of airways. Hence, multiple main intakes
and returns are widely employed.

The mine resistance is greatly reduced and environmental conditions improved by providing a
separate split of air to each working panel. The advantages of parallel circuits over series ventilation
were realized early in the nineteenth century (Section 1.2).
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Leakage control
The volumetric efficiency of a mine is defined as

E - Alrflgwusefullyemplqyed % 100 per cent (4.2)
Total airflow through main fans

where the 'Airflow usefully employed' is the sum of the airflows reaching the working faces and those
used to ventilate equipment such as workshops, electrical gear, pumps or battery charging stations.
The volumetric efficiency of mines may vary from 75 down to less than 10 per cent. The latter value
indicates the large and, often, expensive amount of air leakage that can occur in a mine. Itis,
therefore, important to design a subsurface ventilation system to minimize leakage potential and to
maintain the system in order to control that leakage. Whenever possible, intake and return airways,
or groups of airways, should be separated geographically or by barrier pillars with a minimum of
interconnections.

A prerequisite is that all doors, stoppings, seals and air crossings should be constructed and
maintained to a good standard. A stopping between a main intake and return that has been
carelessly holed in order to insert a pipe or cable, or one that has been subject to roadway
convergence without the necessary repairs may be a source of excessive leakage. Unfortunately, if
a large number of stoppings exist between an intake and adjacent return then the leakage may
become untenable even when each individual stopping is of good quality. This can occur in workings
that have been developed by room and pillar methods. The reason for this is the dramatic decrease
in effective resistance to airflow when the flow paths are connected in parallel. For n stoppings
constructed between two adjacent airways, their combined (effective) resistance becomes

R

Rett = F (see section 7.3.1.1)

where R is the resistance of a single stopping.

Figure 4.3 shows the dramatic reduction in effective resistance that occurs as the number of
stoppings increases. In such cases, it becomes important not only to maintain good quality stoppings
but also to design the system such that pressure differentials between the airways are minimized.

Air pressure management is a powerful tool in controlling leakage and, hence, the effectiveness,
volumetric efficiency and costs of a ventilation system. It is particularly important for mines that are
liable to spontaneous combustion. Ideally, resistance to airflow should be distributed equitably
between intakes and returns. In practice, one often observes return airways of smaller cross section
than intakes and that have been allowed to deteriorate because they are less frequently used for
travelling or transportation. This will increase the pressure differentials between intakes and returns.
Similarly, local obstructions caused by falls of roof, stacked materials, equipment or parked vehicles
will affect the pressure distribution and may exacerbate leakage. The positions and settings of
booster fans or regulators also have a marked influence on leakage patterns and should be
investigated thoroughly by network analysis (Chapter 7) during design procedures.
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Figure 4.3. Equivalent resistance of sets of stoppings between a pair of adjacent entries.
R = Resistance of one single stopping

Direction of airflow

There are two considerations regarding the direction of the airstream - first with respect to the
transportation of the mined material. An antitropal system is one in which the airflow and transported
rock move in opposite directions. Other than the "neutral" airways of American conveyor roads, this
implies mineral transportation in intake airways. Conversely, a homotropal system is one in which
the airflow and the fragmented rock move in the same direction. This implies mineral transportation
in the return airways and is often associated with a main forcing system. The homotropal system
ensures that any pollution generated from the fragmented rock along the transportation route passes
directly out of the mine without affecting working faces. Such pollution may include dust, heat,
humidity and gases issuing from the broken rock or equipment. The higher relative velocity between
conveyed material and the airflow in an antitropal system can result in a greater entrainment of dust
particles within the airstream. Furthermore, a homotropal system is preferable in the event of a fire
occurring along the mineral transportation route. On the other hand, siting electrical or other
equipment capable of igniting a methane-air mixture in a return airway may be inadvisable or,
indeed, illegal for gassy mines.

The second concern in the matter of airflow direction is the inclination of the airway. An ascentional
ventilation system implies that the airflow moves upwards through inclined workings. This takes
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advantage of the natural ventilating effects caused by the addition of heat to the air (Section 8.3.1).
In open stoping or mining layouts that involve multiple connections in inclined workings, ascentional
ventilation may be the only technique capable of either controlling or utilising natural ventilating
effects. Descentional ventilation may be employed on more compact mining systems such as
longwall faces and normally then becomes also a homotropal system with both air and conveyed
mineral moving downhill. However, this may cause difficulties in controlling the natural buoyancy
effects of methane in waste areas. The advantage claimed for descentional ventilation is that
because the air enters the workings at a higher elevation it is then cooler and drier than if it were first
coursed to the lower end of the workings.

Escapeways

Except for blind headings, there should always be at least two means of egress from each working
place in an underground mine or facility. Preferably, there should be two separate intake routes
designated as escapeways in case of a fire or other emergency. Within this context the term
"separate” is taken to imply that those airways have different and identifiable sources of intake air
such that a source of pollution in one of them will not affect the other - either through leakage or
series ventilation. Nevertheless, at least one return air route must always remain open and
travellable without undue discomfort, to allow for an emergency situation where the working face
itself becomes impossible to traverse.

Escapeways should be marked clearly on maps and by signs underground. Personnel should be
made familiar with those routes through regular travel or organized escape drills. Mining legislation
may dictate minimum sizes for escapeways and the frequency of their inspection.

Airflow travel distance and use of old workings

The routes utilized for main intake and return airflows should be reviewed from the viewpoint of
travel distance and corresponding time taken for a complete traverse by the air. For high strata
temperatures, it is advantageous for intake air to reach the workings as quickly as possible in order
to minimize the gain of heat and humidity. However, this is tempered by air velocity constraints and
ventilation operating costs.

In mines located in cold climates, it may be preferable to encourage natural heating of the intake air
by allowing it to take a circuitous and slow route in order to maximize its exposure to rock surfaces.
Another situation occurs when variations in air humidity or temperature cause problems of slaking
(sloughing) of strata from the roof or sides of the airways or workings. Here again, a case may be
made for the natural air conditioning gained by passing the intake air through a network of older
airways prior to reaching the current work areas (Section 18.4.6.).

The employment of old workings as an integral part of a ventilation system can result in significant
reductions in mine resistance and, hence, the operating costs of ventilation. Furthermore, return air
passing through abandoned areas will help to prevent buildup of toxic, asphyxiating or flammable
gases. However, using old workings in this way must be treated with caution. It is inadvisable to rely
upon such routes as they may be subject to sudden closure from falls of roof. Secondly, travellable
intake and return airways must always be maintained for reasons of safety and, third, old workings
liable to spontaneous combustion must be sealed off and the pressure differentials across them
reduced to a minimum.

From a practical viewpoint where old workings can be employed safely for airflow then it is sensible
to use them. However, during system design exercises they should not be relied upon to provide
continuous airflow routes but, rather, as a bonus in reducing the costs of ventilation. In any event, as
a mine develops, it becomes advisable to seal off old areas that are remote from current workings.
Unless this is done, then overall management and control of the airflow distribution will become
increasingly difficult.

10
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Figure 4.4 U-tube ventilation

4.3. DISTRICT SYSTEMS
4.3.1. Basics of district system design

Underground ventilation layouts serving one or more districts of a mine may be divided into two
broad classifications, U-tube and through- flow ventilation. Each of these takes on a diversity of
physical configurations depending upon the type of mine and disposition of the local geology.

As illustrated on Figure 4.4 the basic feature of U-tube ventilation is that air flows towards and
through the workings, then returns along airways separated from the intakes by stoppings and
doors. Room and pillar layouts and advancing longwalls tend to be of this type.

Figure 4.5 illustrates the alternative through-flow ventilation system. In this layout, primary intakes
and returns are separated geographically. Adjacent airways are either all (or mainly) intakes or
returns and, hence, reducing the number of leakage paths. There are far fewer stoppings and air
crossings but additional regulation (regulators or booster fans) is required to control the flow of air
through the work area. Practical examples of through-flow ventilation are the parallel flows from
downcast to upcast shafts across the multilevels of a metal mine, or the back-bleeder system of a
retreating longwall.

The simplest possible application of the U-tube system is for a set of twin development headings.
Indeed, the U-tube method is the only one capable of ventilating pilot workings that are advancing
into an unmined area. Through-ventilation requires the prior establishment of one or more
connections between main intake and return airways. Once that has been accomplished then
through-ventilation has several significant advantages. First, leakage of air from intake to return is
greatly reduced. Hence, lower total airflows are required to provide any required ventilation at the

11
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working face. Secondly, the parallel airways and, often, shorter total travel distance of the airstream
give a lower district resistance - particularly for workings distant from the main shafts. This permits
reduced ventilating pressures. The combination of lower total airflows and lower ventilating
pressures leads to large reductions in ventilation operational costs. Furthermore, the fan duties will
remain much more stable in a through-flow system than the escalating demands of an advancing U-
tube layout.
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Figure 4.5 Through-flow ventilation system

4.3.2. Stratified deposits

The vast majority of underground mines extracting coal, evaporites or other tabular forms of mineral
deposits normally do so by one of two techniques, longwall or room and pillar (bord and pillar)
mining. While the actual layouts can vary quite significantly from country to country and according to
geological conditions, this Section highlights the corresponding modes of airflow distribution that
may be employed.

12
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Longwall systems

The two major features of longwall mining that have influenced the design of their ventilation
systems are, first, the control of methane or other gases that accumulate in the waste (gob) areas
and, second, the high rate of rock breakage on heavily mechanized longwalls that exacerbates the
production of dust, gas, heat and humidity.

Figure 4.6 illustrates some of the ventilation layouts used on longwall districts. Single entry systems
are employed primarily in European coal mines. Figures 4.6 (a and b) show the application of the U-
tube principle to advancing and retreating longwalls respectively. With the advancing system,
leakage of some of the intake air occurs through the waste area, controlled by the resistance offered
by the roadside packing material and the distribution of resistance and, hence, air pressure around
the district. This can give rise to problems of gob fires in mines liable to spontaneous combustion.
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Figure 4.6 Classifications of longwall district ventilation systems.
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Gases from the waste may also flush onto the face leading to unacceptable concentrations toward
the return end. The same difficulty may arise to a lesser extent when the U-tube principle is applied
to a retreating face, the abandoned airways being stopped off as the face retreats.

Figure 4.6(c) shows a single entry longwall with the back (or bleeder) return held open in order to
constrain the gas fringe safely back in the waste area and, hence, prevent flushes of waste gas onto
the face. The system illustrated in (c) is a combination of U-tube and through-flow ventilation.

Figure 4.6(d) illustrates the longwall system more often used in coal mining countries that have a
tradition of room and pillar mining such as the United States, Australia or South Africa. Two or more
entries are driven initially using room and pillar mining, these serving as the lateral boundaries of
retreat longwall panels. Again, back bleeders are used to control waste gas.

Figures 4.6(e), (f) and (g) illustrate a classification of systems for longwall faces where the make of
gas from the face itself is particularly heavy. The Y system provides an additional feed of fresh air at
the return end of the face. This helps to maintain gas concentrations at safe levels along the back
return airway(s). Figure 4.5(d) is, in fact, a double entry through-flow Y system. The double-Z layout
is also a through-flow system and effectively halves the length of face ventilated by each airstream.
The W system accomplishes the same end but is based on the U-tube principle. Both the double-Z
and W systems may be applied to advancing or retreating faces, depending upon the ability of the
centre return to withstand front abutment and waste area strata stresses. Again, in both the double-Z
and W systems, the directions of airflow may be reversed to give a single intake and two returns (or
two sets of multiple returns). This may be preferred if heavy emissions of gas are experienced from
solid rib sides.

Room (bord) and pillar systems

Figure 4.7 shows two methods of ventilating a room and pillar development panel; (a) a bidirectional
or W system in which intake air passes through one or more central airways with return airways on
both sides, and (b) a unidirectional or U-tube system with intakes and returns on opposite sides of
the panel. In both cases the conveyor is shown to occupy the central roadway with a brattice curtain
to regulate the airflow through it. It is still common practice in room and pillar mines to course air
around the face ends by means of line brattices pinned to roof and floor but hung loosely in the
cross-cuts to allow the passage of equipment. An advantage of the bidirectional system is that the
air splits at the end of the panel with each airstream ventilating the operational rooms sequentially
over one half of the panel only. Conversely, in the unidirectional or U-tube system the air flows in
series around all of the faces in turn. A second advantage of the bidirectional system arises from the
fact that ribside gas emission is likely to be heavier in the outer airways. This can become the
dominant factor in gassy coal seams of relatively high permeability necessitating that the outer
airways be returns. In most coal mining countries, legislation requires that gas concentration in
intake airways be maintained at very low levels.

Unfortunately, the bidirectional system suffers from one significant disadvantage. The number of
stoppings required to be built, and the number of leakage paths created between intakes and
returns, are both doubled. In long development panels, the amount of leakage can become
excessive allowing insufficient air to reach the last open cross-cuts (Section 4.2.3). In such
circumstances, attempts to increase the pressure differential across the outbye ends of the panel
exacerbate the leakage and give a disappointing effect at the faces.

The unidirectional system has a higher volumetric efficiency because of the reduced number of
leakage paths. However, in both cases, the line brattices in the rooms offer a high resistance to
airflow compared with an open cross-cut. This is particularly so in the case of the unidirectional
system where the useful airflow is required to pass around all of these high resistance line brattices
in series.

14
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Figure 4.7 Room and pillar development with line brattices. These result in a
high resistance for the face section.

The imposition of line brattice resistance at the most inbye areas of a mine ventilation system forces
more air to be lost to return airways at all leakage points throughout the entire system. An analogy
may be drawn with a leaky hosepipe. If the end of the pipe is unobstructed then water will flow out of
it freely and dribble from the leakage points. If, however, the end of the pipe is partially covered then
the flow from it will decrease but water will now spurt out of the leakage points.

The problem can be overcome by employing auxiliary fans and ducts either to force air into the
rooms or exhaust air from them (Section 4.4). Figure 4.8 illustrates a room and pillar panel equipped
with exhausting auxiliary ventilation. With such a system, the fans provide the energy to overcome
frictional resistance in the ducts. The effective resistance of the whole face area becomes zero.
Smaller pressure differentials are required between intakes and returns for any given face airflows
and, hence, there is a greatly reduced loss of air through leakage. The electrical power taken by the
auxiliary fans is more than offset by the savings in main fan duties.

A further advantage of employing auxiliary fans is that each room is supplied with its own separate

and controllable supply of air. However, the fans must be sized or ducts regulated such that no
undesired recirculation occurs.

15



Chapter 4. Subsurface Ventilation Systems. Malcolm J. McPherson

The choice between auxiliary fan and duct systems and line brattices in room and pillar workings
should also take into account the height and width of the airways, the size and required mobility of
equipment, the placement of ducts or brattices, the extent of pollution from dust, gas and heat, fan
noise, and visibility within the workings.
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Figure 4.8 U-tube room and pillar development panel with auxiliary fans (zero face resistance)..

The systems shown on Figure 4.6 for longwalls each have their counterparts in room and pillar
mining. An example of a retreating double-Z (through-flow) system applied to a room and pillar
section is shown on Figure 4.9. There are, however, significant differences in the ventilation strategy
between the two mining methods. The larger number of interconnected airways and higher leakage
result in room and pillar layouts having lower resistance to airflow than longwall mines. It follows that
room and pillar mines tend to require higher volume flows at lower fan pressures than longwall
systems. Similarly, because of the increased number of airways and leakage paths it is particularly
important to maintain control of airflow distribution paths as a room and pillar mine develops. It is
vital that barrier pillars be left between adjacent panels and to separate the panels from trunk airway
routes. Such barriers are important not only to protect the integrity of the mine in case of pillar failure
but also to provide ventilation control points and to allow sealing of the panel in cases of emergency
or when mining has been completed.
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Figure 4.9 A retreating room and pillar district using a through-flow ventilation system

4.3.3. Orebody deposits

Metalliferous orebodies rarely occur in deposits of regular geometry. Zones of mineralization appear
naturally in forms varying from tortuous veins to massive irregularly shaped deposits of finely
disseminated metal and highly variable concentration. The mining layouts necessarily appear less
ordered than those for stratified deposits. Furthermore, the combination of grade variation and
fluctuating market prices results in mine development that often seems to be chaotic. The same
factors may also necessitate many more stopes or working places than would be usual in a modern
coal mine, with perhaps only a fraction of them operating in any one shift. Hence, the ventilation
system must be sufficiently flexible to allow airflow to be directed wherever it is needed on a day-by-
day basis.
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Ventilation networks for metal mines, therefore, tend to be more complex than for stratified deposits
and are usually also three dimensional. Figure 4.10 illustrates the ventilation strategy of many metal
mines although, again, the actual geometry will vary widely. Air moves in a through-flow manner
from a downcast shaft or ramp, across the levels, sublevels and stopes towards return raises, ramps
or upcast shaft. Airflow across each of the levels is controlled by regulators or booster fans.
Movement of air from level to level, whether through stopes or by leakage through ore passes or old
workings tends to be ascentional in order to utilize natural ventilating effects and to avoid thermally
induced and uncontrolled recirculation.

upcast shaft downcast shaft
or ramp or ramp
main level
1 sub level
A “
™

Figure 4.10 Section showing the principle of through-flow ventilation
applied across the levels of a metal mine.

Airflow distribution systems for individual stopes are also subject to great variability depending upon
the geometry and grade variations of the orebody. There are, however, certain guiding principles.
These are illustrated in Figure 4.11 to 4.13 for three stoping methods. In the majority of cases, where
controlled vertical movement of the air is required, stope airflow systems employ ascentional
through-flow ventilation. Although auxiliary fans and ducts may be necessary at individual
drawpoints, every effort should be made to utilize the mine ventilation system to maintain continuous
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airflow through the main infrastructure of the stope. Series ventilation between stopes should be

minimized in order that blasting fumes may be cleared quickly and efficiently.

Main return to upcast shaft
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Figure 4.11 Simple ventilation system for shrinkage or cut-and-fill stopes.
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Figure 4.12 Ventilation system for sub-level open stopes

19



Chapter 4. Subsurface Ventilation Systems. Malcolm J. McPherson

‘“fi“{fk uf!';‘_’j{wm R
,-]‘:'- bt \"-‘ -:]1‘_‘{:1 “'-\_r\)}‘h o ’T‘:ﬁr:’
. 7 {Tj‘:l’;’ N J\ SU e
Jf‘\'j\.\:ﬁ_\ it |-'|’I'“““\‘1 ;_,F- ~J-
Ml S A
LA = 2
IR SN VA
Undercut i."ﬂhj’_;’},x\r\:}‘{;' S J ‘*j
'\‘I{f\'.\:}ﬁ\';,l\\ s H_j’.j;

level N
s R T
3 ‘ “‘H"‘"}‘:‘:' ,,"l\!. ‘.‘_:‘-:\ :_' P’H*‘}; ,-*'J':
‘ ‘- NEISL ],’ v e
' ‘ Y o S
From downcast “’ 0 ' ' ~a
shaft or ramp “» Q To upcast
) ﬁ: o, ﬁ shaft or
. | ram
grizzly |I | ""# P I ! N P

level < ' "'
A 3 !ﬁ!ﬂq" h‘-‘h

Haulage
level

-
—= A|RFLOW

\
I
y

— — =% LEAKAGE

Figure 4.13 Typical ventilation system for a block caving operation.

Leakage through ore passes creates a problem in metal mines as the ore passes may often be
emptied allowing a direct connection between levels. Airflows emerging from ore passes can also
produce unacceptable dust concentrations. Closed ore chutes and instructions to maintain some
rock within the passes at all times are both beneficial but are difficult to enforce in the necessarily
production oriented activities of an operating mine. The design of the ventilating system and
operation of regulators and booster fans should attempt to avoid significant pressure differences
across ore passes. Maintaining an orepass at negative pressure by means of a filtered fan/duct
arrangement can help to control dust at dumping or draw points. Attrition on the sides of ore passes
often enlarges their cross-section and may produce fairly smooth surfaces. When no longer required
for rock transportation, such openings may usefully be employed as low resistance ventilation raises.

Figure 4.13 for a block caving operation illustrates another guideline. Wherever practicable, each
level or sublevel of a stope should be provided with its own through-flow of air between shafts,
ventilation raises or ramps. While vertical leakage paths must be taken into account during planning
exercises, maintaining an identifiable circuit on each level facilitates system design, ventilation
management and control in case of emergency.
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4.4. AUXILIARY SYSTEMS

Auxiliary ventilation refers to the systems that are used to supply air to the working faces of blind
headings. Auxiliary ventilation may be classified into three basic types, line brattices, fan and duct
systems, and "ductless" air movers. Ideally, auxiliary systems should have no impact on the
distribution of airflows around the main ventilation infrastructure, allowing auxiliary ventilation to be
planned independently from the full mine ventilation network. Unfortunately, this ideal is not always
attained, particularly when line brattices are employed.

4.4.1. Line brattices and duct systems

The use of line brattices was introduced in Section 4.3.2 (Figure 4.7) in relation to room and pillar
workings where they are most commonly employed. It was shown that a major disadvantage of line
brattices is the resistance they add to the mine ventilation network at the most sensitive (inbye)
points, resulting in increased leakage throughout the system. This resistance depends primarily
upon the distance of the line brattice from the nearest side of the airway, and the condition of the
flow path behind the brattice. This is sometimes obstructed by debris from sloughed sides, indented
brattices or, even, items of equipment put out of sight and out of mind, despite legislative prohibitions
of such obstructions. In this section we shall examine the further advantages and disadvantages of
line brattices.

Figure 4.14 shows line brattices used in the (a) forcing and (b) exhausting modes. The flame-
resistant brattice cloth is pinned between roof and floor, and supported by a framework at a position
some one quarter to one third of the airway width from the nearest side. This allows access by
continuous miners and other equipment. Even with carefully erected line brattices, leakage is high
with often less than a third of the air that is available at the last open cross-cut actually reaching the
face. This limits the length of heading that can be ventilated by a line brattice. The need for line
brattices to be extended across the last "open" cross-cut inhibits visibility creating a hazard where
moving vehicles are involved. The advantages of line brattices are that the capital costs are low in
the short term, they require no power and produce no noise.
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Figure 4.14 Line brattices used for Figure 4.15 Fan and duct systems
auxiliary ventilation. of auxiliary ventilation.
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Figure 4.15 shows the corresponding forcing and exhausting systems using auxiliary fans and
ducting. In most cases, in-line axial fans are used although centrifugal fans are quieter and give
higher pressures for the longer headings. The advantages of an auxiliary fan and duct are that they
provide a more positive and controlled ventilating effect at the face, they cause no additional
resistance to the mine ventilation system nor any consequential leakage throughout the network,
and are much less liable to leakage in the heading itself. For headings longer than some 30 metres,
auxiliary fans are the only practicable means of producing the required airflows. An exhausting duct
also allows the air to be filtered, an advantage for dust control where series ventilation is practiced.
The disadvantages involve the initial capital cost, the need for electrical power at the fans, the space
required for ducts and the noise produced by the fans.

Care should be taken to ensure that the pressure-volume characteristics of the fan are
commensurate with the resistance offered by the duct and the airflow to be passed. The latter is
determined on the basis of the type and magnitude of pollutants to be removed (Chapter 9). The
duct resistance is established as a combination of the wall losses within the duct, shock losses at
any bend or change of cross section and at discharge. The equations employed are those derived
for airway resistance in Section 5.4.

Example.

An airflow of 15 m¥/sisto be passed through a 0.9m diameter fibreglass duct, 200m long, with one sharp
right-angled bend. From manufacturer's literature, the friction factor for the duct is 0.0032 kg/m®. Calculate the
total pressure to be developed by the fan and the fan power, assuming afan efficiency of 60 per cent and an air
density of 1.2 kg/n’.

Solution.
Duct area A = 7 x 0.92/4 = 0.636 m?
Perimeter per = 7 x 0.9 = 2827 m
Let usfirst determine the shock loss (X) factors for the system from Appendix A5 (Chapter 5).

Entry: (Section A5.4) In the absence of any inlet fitting, the shock loss factor is given as X;, = 1.0.
Thisis caused by turbulence asthe air enters the duct and should not be confused with the conversion of
static pressure to velocity pressure at entry.

Bend: (Figure A5.1) For asharp right-angled bend, X,=1.2

Exit: (Section A5.4) Thisisnot really a shock loss but represents the kinetic energy of the air provided by the
fan and lost to the receiving atmosphere. Xex=1.0

Total shock loss factor: X$=10+12+1.0=32

Equivalent resistance of shock losses:

2
Ry, = % ':n—sg (See equation (5.18) )
32x12 Ns?
S Teoew? mé
Duct resistance:
Ry = k I:A\Eer I:ln—S: (see equation (5.4) )
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2
_ 0.0032><200>;2.827 . N38
(0.636) m

Total resistance:

Rot = Ran + Ry

2
_ 4744 + 7.028 = 11.772 Ns®
m8
Required fan total pressure:
P = RaQ® (see equation (5.5))

= 11.772x15% = 2649 Pa

The required fan power is pt—XQ where 7 = fan efficiency
n
or 264915 _ g6, kw
1000x 0.6

4.4.2. Forcing, exhausting, and overlap systems.

Figures 4.14 and 4.15 illustrate forcing and exhausting systems of auxiliary ventilation for line
brattices and fan/duct systems respectively. The choice between forcing and exhausting
arrangements depends mainly upon the pollutants of greatest concern, dust, gases or heat.

The higher velocity airstream emerging from the face-end of a forcing duct or, to a lesser extent, a
forcing brattice gives a scouring effect as the air sweeps across the face. This assists in the
turbulent mixing of any methane that may be emitted from fragmented rock or newly exposed
surfaces. It also helps to prevent the formation of methane layers at roof level (Chapter 12). In hot
mines, the forcing system provides cooler air at the face, even having taken the energy added by the
fan into account. Furthermore, as the system is under positive gauge pressure, the cheaper type of
flexible ducting may be used. This is also easier to transport and enables leaks to be detected more
readily.

The major disadvantage of a forcing system is that pollutants added to the air at the face affect the
full length of the heading as the air passes back, relatively slowly, along it.

Where dust is the main hazard, an exhausting system is preferred. The polluted air is drawn directly
into the duct at the face-end allowing fresh air to flow through the length of the heading. However,
the lack of a jet effect results in poor mixing of the air. Indeed, unless the end of the duct or brattice
line is maintained close to the face then local pockets of sluggish and uncontrolled recirculation may
occur. In all cases, it is important that the ducting or brattice line be extended regularly so that it
remains within some three metres of the face. This distance may be prescribed by legislation.

A further advantage of a ducted exhaust system is that a dust filter may be included within the
system. In this case, the additional pressure drop across the filter must be taken into account in
choosing the fan, and the filter serviced regularly in order that its resistance does not become
excessive. Exhaust ducts must necessarily employ the more expensive rigid ducting or reinforced
flexible ducting. If the exit velocity from an exhaust duct is high then an induction effect (Section
4.3.3), akin to a low pressure booster fan, can result in unexpected consequences including
recirculation in the main entries.
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For long headings, the resistance of the duct may become so great that multiple fans connected in
series must be employed. If these are grouped as a cluster at the outbye end of the ducting then the
high (positive or negative) gauge pressure will exacerbate leakage. It is preferable to space the fans
along the length of the ducting in order to avoid excessive gauge pressures. The use of hydraulic
gradient diagrams assists in the optimum location of fans and to prevent uncontrolled recirculation of
leakage air. Multiple fans must be interlinked electrically and airflow or pressure monitors employed
to detect accidental severing or blockage of the duct, in which case all fans inbye the point of
damage must be switched off - again, to prevent uncontrolled recirculation.

It is clear that forcing and exhausting systems both have their advantages and disadvantages. Two-
way systems have been devised that can be switched from forcing mode to exhausting for cyclic
mining operations. These may employ a reversible axial fan or, alternatively, both a forcing and an
exhausting fan, only one of which is operated at any one time with an appropriate adjustment of
valves or shutter doors within the duct arrangement.

The more common methods of combining the advantages of forcing and exhausting ducts are
overlap systems. Examples are shown on Figure 4.16. The direction and mean velocity of the air in
the heading within the overlap zone clearly depends upon the airflows in each of the ducts. These
should be designed such that the general body airflow in this region does not become unacceptably
low. Where permitted by law, controlled recirculation may be used to advantage in overlap systems
(Section 4.5.2). Where continuous miners or tunnelling machines are employed, the overlap
ventilator may be mounted on the machine. In all cases, it is important that the fans are interlinked
so that the overlap system cannot operate when the primary duct fan is switched off.

[ DT - —=
— —~—
—
(a) Forcing system with exhaust overlap (b) Exhausting system with force overlap

Figure 4.16 Overlap systems of auxiliary ventilation
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4.4.3. Air movers

In addition to conventional ducted systems of auxiliary ventilation, a number of other techniques may
be employed to enhance or control the movement of air within localized areas of a mine or tunnel.

Jet fans, sometimes known as ductless, vortex or induction fans are free standing units that produce
a relatively high velocity outlet airstream. The jet of air produces two effects. First, the reach and
integrity of the air vortex depends upon the velocity at the fan outlet, the size of the heading and
whether the airway is a blind heading or part of a throughflow system. Satisfactory ventilation and
turbulent mixing at the face of a large heading can be obtained from a jet fan sited 100 m outbye.
Secondly, an induction effect occurs at the outer boundaries of the expanding cone of projected air.
This entrains additional air from the surroundings producing a forward moving flow that is greater
than the airflow through the fan itself. The conversion of velocity pressure into static pressure as the
plume of air decelerates also generates a true ventilating pressure. This is seldom greater than
some 20 Pascals but is sufficient to create significant airflows in large, low resistance airways. The
induction effect inhibits excessive recirculation provided that incoming intake air is provided at the
fan inlet. Jet fans have particular application in large room and pillar operations and may also be
used in series to promote airflow through vehicular tunnels.

An airflow can also be generated by a spray of water giving rise to spray fans. Inertia from the
motion of the water droplets is transmitted to the air by viscous drag and turbulent induction. Spray
fans may be used very effectively to control the local movement of air around rock-winning machines
such as continuous miners or longwall shearers. This assists in the rapid dilution of methane and in
diverting dust-laden air away from operator positions. The effect depends upon the shape, velocity
and fineness of the spray. Although dust suppression sprays also cause air induction it is usually
necessary to add additional sprays if these are to be used for local airflow control. Provided that the
service water is chilled, spray fans are also an efficient means of cooling the air in a work area.

Compressed air injectors are also induction devices. The compressed air is supplied through one or
more forward pointing jets within a cylindrical or shaped tube. The best effect is obtained when the
compressed air is supplied at the throat of a venturi. These devices are noisy and of much lower
efficiency than fans. However, they have a role in areas where electrical power is unavailable.
Mining law may proscribe the use of compressed air for the promotion of airflow in gassy mines as
the high velocity flow of air through the jets can cause the build-up of an electrostatic charge at the
nozzle. This produces the possibility of sparks that could ignite a methane-air mixture.

4.5. CONTROLLED PARTIAL RECIRCULATION
4.5.1. Background and principles of controlled partial recirculation

The idea of recirculating air in any part of a gassy mine has, traditionally, been an anathema to many
mining engineers. Most legislation governing coal mines prohibits any ventilation system or device
that causes air to recirculate. The background to such legislation is the intuitive fear that recirculation
will cause concentrations of pollutants to rise to dangerous levels. A rational examination of
controlled recirculation was carried out by Leach, Slack and Bakke during the 1960's at the Safety
in Mines Research Establishment in England. Those investigators made a very simple and obvious
statement but one that had, to that time, apparently been denied or ignored within the context of air
recirculation. They argued that the general body gas concentration, C, leaving any ventilated region
of a mine is given by

c - Flow of gasintotheregion 4.3)
"~ Flowof freshair passing through theregion '
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The value of C is quite independent of the flowpaths of the air within the region, including
recirculation. It is true, of course, that if the through-flow of fresh air falls while the gas emission
remains constant then the concentration of gas will rise. This would happen, for example, if the air
duct serving a long gassy heading was dislocated while an inbye fan continued to run. This example
illustrates a case of uncontrolled recirculation. The definition of a system of controlled partial
recirculation is one in which a controlled fraction of the air returning from a work area is passed back
into the intake while, at the same time, the volume flow of air passing through the region is
monitored to ensure that it remains greater than a predetermined minimum value.

The advantages of controlled partial recirculation lie in the improved environmental conditions it can
provide with respect to gases, dust and heat, as well as allowing mining to proceed in areas of a
mine that are too distant from surface connections to be ventilated economically by conventional
means.

As illustrated in Section 4.5.2., general body gas concentrations may actually be reduced by
controlled recirculation. Furthermore, the higher air velocities that occur within a recirculation zone
assist in the turbulent mixing of gas emissions, reducing the tendency to methane layering and
diminishing the probability of accumulations of explosive methane-air mixtures.

As with gas, concentrations of respirable dust reach predictable maximum levels in a system of
controlled recirculation and may be reduced significantly by the use of filters. The greater volume of
air being filtered results in more dust being removed. The effect of controlled recirculation on climatic
conditions is more difficult to predict. However, both simulation programming and practical
observations have indicated the improvements in the cooling power of partially recirculated air for
any given value of through-flow ventilation.

As workings proceed further away from shaft bottoms, the cost of passing air along the lengthening
primary intakes and returns necessarily increases. Where new surface connections closer to the
workings are impractical, perhaps because the workings lie beneath the sea or due to great depth
then the cost of conventional ventilation will eventually become prohibitive - even when booster fans
are employed. Using the air more efficiently through controlled partial recirculation then becomes an
attractive proposition. If, for example, the methane concentration returning from a conventionally
ventilated face is 0.3 per cent, and the safe mandatory limit is 1.0 per cent, then the through-flow
provided from the main airways might be reduced to one half giving a methane concentration of 0.6
per cent while maintaining or increasing the face velocities by controlled recirculation.

During the 1970's the concept of controlled partial recirculation gained respectability and is now
practiced by several of the world's mining industries operating, in some cases, by authorized
exemptions from existing legislation.

The greatest disincentive against the introduction of controlled recirculation has been the risk of
combustion gases from a fire being returned to working areas. Further potential problems arise from
a consideration of transient phenomena such as blasting, or rapid changes in barometric pressure
caused by the operation of doors or fans, and the possible resulting peak emissions of gases. The
introduction of failsafe monitoring systems with continuous computer surveillance has revolutionized
the situation (Section 9.6.3.). These self-checking systems involve monitoring the concentration of
gases, air pressure differentials and airflows at strategic locations as well as the operating conditions
of fans and other plant. Fans can be interlinked electrically to obviate the possibility of uncontrolled
recirculation. Should any monitored parameter fall outside prescribed limits then the system will
automatically revert to a conventional non-recirculating circuit. The introduction of reliable monitoring
technology has allowed the advantages of controlled partial recirculation to be realized safely.

4.5.2. Controlled recirculation in headings

The most widespread application of controlled recirculation has been in headings. One of the
disadvantages of the conventional overlap systems shown in Figure 4.16 is the reduction in general
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body air velocity within the overlap zone. This can be overcome completely by arranging for the
overlap fan to pass an airflow that is greater than that available within the heading, i.e. a system of
controlled recirculation, accompanied by the corresponding monitoring system and electrical
interlocks. This is particularly advantageous when applied to the scheme depicted in Figure 4.16(a)
as filtered air is then available to machine operators as well as throughout the length of the heading.

Figure 4.17 shows two examples of a primary exhaust system configured for controlled recirculation.
In both cases, an airflow Q; (m3/s) is available at the last open cross-cut and contains a gas flow of
Gi (m¥s). An airflow of Q, passes up the heading where a gas emission of Gy, is added.

Gp Gh
vV v vV v
e N
Qn
B T
|- C
Qn 1 Qn
D == —=
Q Q - Q
t Qi+ Qn Q t o t
(a) Exhausting back into the intake (b) Exhausting back into the return

Figure 4.17 Controlled recirculation systems for headings.

Let us try to find the maximum general body gas concentrations that will occur in the systems.
Referring to Figure 4.17(a) and using the locations A, B, C and D as identifying subscripts, the
fractional gas concentration, Cg4, at position D (leaving the system) must be

_ Gi +Gp
Q

Cyp (see equation (4.3) )

(In these relationships, it is assumed that the gas flow is much smaller than the airflow).
However, inspection of the figure shows that this must also be the gas concentration at locations A
and B. In particular,

_ Gi +Gy

CgB
9 Qt
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But gas flow, G = Gas concentration x airflow

G
B Qt

Qn

The gas flow in the duct, G¢c = Gg + Gy, must then be

Gi +6Gn)

Gc
Q&

Qn + Gy

Hence, the gas concentration in the duct,

G
Coc = —=
Qh
Gi +Gn + Gn (4.4)
Qt Qh

This is the highest general body gas concentration that can occur anywhere within the system
shown on Figure 4.17(a).

Examination of equation (4.4) shows that if the gas flows, G; and Gy, are fixed and the fresh air
supply, Q,, remains unchanged then the maximum general body gas concentration, Cyc, must fall as
Qn is increased - that is, as the degree of recirculation rises. In the limit, at very high Q;, the gas
concentration in the duct tends toward that leaving the system at position D.

In a conventional non-recirculating system, the airflow taken into a heading is often limited to no
more than half of that available at the last open cross-cut, i.e. Qn = 0.5 Q.. Applying these conditions
to equation (4.4) gives

Cqc (conventional) = Gi +Gp) . _Gn

Qt 0.5Q;
Gi + 3Gh
= — (4.5)
Qt
Recirculation commences when Q;, = Q,, giving
Ggc (maximum, recirculating) = Gi +Gn) + Sn
Qt Qt
_ Gi + 2n (4.6)
Qt

Cyc must be less than this at all greater values of Qy, i.e. higher degrees of recirculation. Comparing
equations (4.5) and (4.6) shows that in this configuration the maximum general body gas
concentration is always less using controlled recirculation than with a conventional system. Turning
to Figure 4.17(b), the analysis is even simpler. In this case, the maximum gas concentration (in the
duct) must be the same as that leaving the system (G; + G;))/Q; provided that Qy, is equal to or
greater than Qy, i.e. controlled recirculation must exist. Here again, this is always less than would be
attainable with a conventional non-recirculating system.
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A similar analysis for dust concentration, Cq, on the system shown on Figure 4.17 but with no dust
filter gives an analogous expression to that for gas.
Di+Dn , Dn mg

Qt Qn m?3

Cac (4.7)

Again it can be seen that the maximum concentration falls as Q, is increased. For dust it is more
pertinent to state the concentration at position B, i.e. in the main length of the heading: This
becomes

Cy = Di +Dn m_g (4.8)
Qt m

and is completely independent of the degree of recirculation.

If the filters shown in Figure 4.17(a) remove a fraction, 7, of the dust in the duct then it can be
shown that the corresponding concentrations become

Qh (DI + Dh) + Dth mg
Cyc = — 4.9
i Qn (Qc +1Qn) m3 (49
and
D; + 1 - n)Dy mg
C — | —n — 4.10
dB o+ nQr 3 (4.10)

These equations show that when filters are used, dust concentrations fall throughout the system.
It has been assumed in these analyses that there is no settlement of dust.

Similar relationships can be derived for other configurations of controlled recirculation in
headings.

4.5.3. District systems

The extension of controlled partial recirculation to complete areas of a mine has particular
benefits in decreasing the costs of heating or cooling the air and for workings distant from the
surface connections.

Positions of fans

Figure 4.18 shows simplified schematics illustrating three configurations of fan locations in a
district recirculation system. In each case, the throughflow ventilation in the mains is shown as Qy,
with Q. passing from return to intake in the recirculation cross-cut, to give an enhanced airflow of
Qmn* Q¢ in the workings. The ratio F = Q/(Qn, + Q.) is known as the recirculation fraction. The fan
that creates the recirculation develops a pressure of p, while the pressure differentials applied
across the outbye ends for the three systems shown are po1, Po2 @and pos respectively.

The simplest configuration is shown in Figure 4.18(a) with the recirculating fan sited in the cross-
cut. This maintains the intakes and returns free for travel and unobstructed by airlocks. Locating

the fan in this position will tend to decrease the throughflow, Q.. Hence, if the total flow is to be
maintained, the applied pressure differential must be increased from

Po1 = RmQﬁq + Ry Q,% (with no recirculation)

29



Chapter 4. Subsurface Ventilation Systems. Malcolm J. McPherson

where R, is the combined resistance of the intake and return mains

to Por = Rm Q& + Ry Qm + Qc)? (4.11)

with the recirculation shown on Figure 4.18(a). These equations are derived by summing the
frictional pressure drops, p, around the path of the mains (subscript m) and workings (subscript
w) - and by applying the square law p = RQ? where R = airway resistance (Section 5.2).

workings workings workings

= R
Qut Qo i O ®¢ T Qi Qs l

T Qnit Q. b, ’
Qe

Q Qe

<— < “
»® pO

Qn i e l T Qn i

R Pr Rc R¢

Gi
Rm Rm Rm
) pol ) poZ ) Paz
) (c) Combined cross-cut and
() Cross-cut fan (b) In-line fan booster fans
Q = airflow G = gasflow R = resistance p = ventilating pressure

Figure 4.18. Schematics of district recirculation systems

Similarly, in all three cases (a), (b) and (c) the pressure required of the recirculating fan is given
by summing the frictional pressure drops around the workings and cross-cut

pr =Re Q2 + Ry Qm + Q)? (4.12)

In system (b), the fan is located within either the intake or return inby the recirculation cross-cut.
In this position, the fan acts as a district booster fan as well as creating the controlled
recirculation. Hence, the throughflow, Q,, will tend to increase. Alternatively, if the throughflow is
to remain constant then either the outby pressure differential may be reduced to

2

Po2 = Rm Qr%] - Re Q¢ (4.13)

or a regulator can be introduced into either of the mains.

30



Chapter 4. Subsurface Ventilation Systems. Malcolm J. McPherson

System (c) in Figure 4.18 combines a booster fan with a cross-cut fan and is the preferred
configuration where recirculation is employed due to the workings being distant from the surface
connections. In this system, the ventilating pressure applied across the district may be reduced
by the magnitude of the booster fan pressure to maintain a constant Q. i.e.

Po3 = Rm Qr%] + Ry (Qm + Qc)2 - Pp (4.14)

The total airpower consumed within the systems is given as the sum of the pQ products for all
airways. If corresponding airflows and the resistances are the same in each of the three systems
then the required total airpowers must also be equal, irrespective of the locations of the fans. In
practice, differences in the efficiencies of the fans will cause variations in the required total
electrical input to the fan motors. This may, however, be of minor significance.

A major consideration in all designs of controlled partial recirculation is that in conditions of an
emergency or plant stoppage, the system must fail-safe and revert to a conventional non-
recirculating configuration. The airflows must then remain sufficient to allow personnel to
evacuate the area safely and for the necessary ameliorative measures to be taken. The detection
of such conditions is provided by monitoring the environmental parameters and the operation of
the fans.

If the recirculating cross-cut fan in system (a) fails, then doors in the cross-cut must close
automatically. The throughflow ventilation will increase, reducing the general body gas
concentration in the return airways. However, the reduced air velocity in the working area will
increase the probability of local accumulations of gas to that of a conventional non-recirculating
system.

Stoppage of the in-line fan of system (b) is more serious. Again, doors in the cross-cut must be
closed but the throughflow of air will decrease, resulting both in diminished airflows in the
workings and also higher general body gas concentrations in the returns. However, this system is
capable of better airflow control than the cross-cut fan. The degree of recirculation may be varied
by modifying the duty of the fan installation (fan speed, vane settings or number of fans
operating), regulating the airflow in either the intake or return inbye the cross-cut or by adjustment
of a bypass path around the fan.

System (c) gives the greatest degree of flexibility. Stoppage of the cross-cut fan and closure of
the corresponding doors will increase the throughflow, Q,, However, should the booster fan fail,
then electrical interlocks should close down the cross-cut fan. Reduced airflows throughout the
system are maintained by the outbye pressure differential. Adjustment of the two fans allows a
much greater degree of independent control of the airflow distribution than either of the systems
(a) or (b).

Pollution levels

Although the general body gas concentration leaving any zone is independent of airflow
distribution within the zone - recirculating or otherwise (Section 4.5.1), any airflow passed from a
return to an intake airway may affect the quality as well as the quantity of the air in that intake.

Referring to Figure 4.18(b) suppose that the incoming intake air contains a gas flow of G; (m®/s)
and a constant gas emission of G,, occurs in the workings. Let us derive expressions for the
general body gas concentrations in the face return (position 2) and intake (position 1).

The return concentration must be the same as that leaving the complete district and in the cross-
cut, assuming no other sources of gas emission:
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Gi +GW

4.15
o (4.15)

Cg2 = Gyc = Cg(mainreturn) =

(see equation (4.3))
This is independent of the degree of recirculation.

To determine the gas concentration in the intake at position 1, consider first the gas flow passing
through the cross-cut (subscript )

Ge = Q¢ x CgC

(Gi + Gw)

e

from equation (4.15)

Now the gas flow at position 1 is

G, = G + G

Q

m

= Gi + G; + Gy)

The corresponding concentration is given by dividing by the corresponding airflow, Qn, + Qc,
giving

c. . G _ 1 [ Gi Qm Qe
T 3 2o o +
Qm+Q)  Qm|@m+Qc) (@Qm+Qc)

(G +Gy) (4.16)

However, if we define the recirculation fraction as

Qc

= —=C _ where,also, 1-F = Qm

Qm +Q¢) Qm +Qc¢)

Then equation (4.16) becomes

Cqt = Qi[(l—HGi + FG; +Gy)]

m

_ Qi[ei +FGy, ] (4.17)

m

This verifies the intuitive expectation that as the degree of recirculation, F, increases then the gas
concentration in the intake also increases. However, as F is never greater than 1, and comparing
with equation (4.15), we can see that the intake, or face, gas concentration can never be greater
than the return concentration. Hence, in a district recirculation system the general body gas
concentration at no place is greater than the return general body concentration with or without
recirculation. The maximum allowable methane concentrations in coal mine intakes may be
prescribed by law at a low value such as 0.25 per cent. The value of F should be chosen such
that this limit is not exceeded. Similar analyses may be carried out for dust concentrations. In this
case, drop-out and the use of filters can result in significant reductions in the concentrations of
dust in a system of controlled partial recirculation. However, the enhanced air velocities in the
work area should not exceed some 4 m/s as the re-entrainment of settled particles within the
airstream accelerates rapidly at greater velocities.
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The climatic conditions within a system of controlled partial recirculation depend not only upon the
airflows and positions/duties of the fans but also upon the highly interactive nature of heat
transfer between the strata and the ventilating airstreams (Chapter 15). The locations, types and
powers of other mechanized equipment, and the presence of free water also have significant
effects. The only practicable means of handling the large numbers of variables is through a
computer program to simulate the interacting physical processes (Chapter 16). Such analyses,
together with practical observations, indicate that wet and dry bulb temperatures at any point may
either increase or decrease when controlled partial recirculation is initiated without air cooling.
The increased air velocities within the recirculation zone enhance the cooling power of the air on
the human body for any given temperature and humidity. However, when controlled recirculation
is practiced in hot mines, it is normally accompanied by cooling of the recirculated air. This is less
expensive and more effective than bulk cooling the intake air in a conventional ventilation system
and significant improvements in climatic conditions may be realized. Again, practical experience
has shown that the higher airflows within a recirculation zone improves the effectiveness of
existing refrigeration capacity.

In closing this section the reader is reminded, once again, that air recirculation may be prohibited
by the governing legislation. The relevant statutes should be read, and/or enforcement agencies
consulted before instituting a system of controlled partial recirculation.

4.6. UNDERGROUND REPOSITORIES
4.6.1. Types of repository

Underground space is increasingly being utilized for purposes other than the extraction of
minerals or for transportation. The high cost of land, overcrowding and aesthetic considerations
within urban areas encourages use of the subsurface for office accommodation, manufacturing ,
warehousing, entertainment facilities and many other purposes. The safety and stability of a well
chosen geologic formation makes underground space particularly suitable for the storage of
materials, varying from foodstuffs and liquid or gaseous fuels to toxic wastes. The design and
operation of environmental systems in such repositories require the combined skills of mine
ventilation engineers and HVAC (heating, ventilating and air-conditioning) personnel. The
repositories must be constructed and operated in a manner that preserves the integrity of the
stored material and also protects the public from hazardous emissions or effluents.

Perhaps the most demanding designs arise out of the perceived need to store radioactive waste
in deep underground repositories. There are basically two types of this waste. First, there is the
transuranic, or low level, radioactive waste such as contaminated clothing, cleaning materials or
other consumable items that are produced routinely by establishments that handle radioactive
materials. Such waste may be compressed into containers which may be stacked within
excavated chambers underground. Secondly, there is the concentrated and highly radioactive
waste produced from some defence establishments and as the plutonium-rich spent fuel rods
from nuclear power stations. This waste may be packed into heavily shielded and corrosion
resistant cylinders and emplaced within boreholes, about one metre in diameter, drilled from
underground airways into the surrounding rock.

4.6.2. Ventilation circuits in repositories for nuclear waste
Figure 4.19 depicts the primary ventilation structure of a high level nuclear waste repository. As in

the figures illustrating mining circuits shown earlier in the chapter, this sketch is conceptual in
nature and is not intended to represent all airways.
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During the operation of an underground repository two activities must proceed in phase with each
other. One is the mining of the rooms or drifts where the material is to be placed, together with
the excavation of transportation routes, ventilation airways and the other entire infrastructure
required in an underground facility. This is referred to simply as the mining activity. Secondly, the

MU

MD: mining downcast
MU: mining upcast
WD: waste downcast
WU: waste upcast

Figure 4.19 Example of primary ventilation circuits for an underground nuclear waste repository.

hazardous waste material must be transported through the relevant shafts and airways to the
selected rooms for emplacement. Accordingly, this is known as the emplacement activity.

For reasons of environmental safety, the ventilation circuits for mining and emplacement activities
in a nuclear waste repository must be kept separate. Furthermore, any leakage of air through
doors or bulkheads between the two systems must always leave the mining zone and flow into
the emplacement zone - even in the event of the failure of any fan. Figure 4.19 shows how this is
achieved. The mining circuit operates as a through flow forcing system with the main fan(s) sited
at the top of the mining downcast shaft(s). On the other hand, the emplacement circuit operates
as a throughflow exhaust system with the main fans located at the top of the waste upcast
shafts. It should be remembered that within the nomenclature of underground repositories, the
term waste refers to the hazardous waste to be emplaced and not waste rock produced by mining
activities. With this design, any accidental release of radionuclides into the underground
atmosphere is contained completely within the emplacement circuit and will not contaminate the
mining zones.
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The shaft or surface-connecting ramp used for transporting the nuclear waste underground is not
shown on Figure 4.19. This shaft will normally not form part of the main ventilation system but will
have a limited downcasting airflow which passes directly into a waste main return. Similar
arrangements may be made for the waste transportation routes underground, thus limiting the
potential dispersion of radioactive contamination in the event of a waste container being damaged
during transportation. Separate maintenance and repair shops are provided in the mining and
emplacement circuits

When emplacement activities have been completed in any given room then the ends of that room
may be sealed. In the case of high level nuclear waste, this may result in the envelope of rock
surrounding the airway reaching temperatures in excess of 150 OC, depending upon the rate of
heat emission from the waste, the distance of the canisters from the airway, the thermal
properties of the rock, and thermal induction of water and vapour migration within the strata. If the
drift is to be reopened for retrieval or inspection of any canister then a considerable period of
cooldown by refrigerated air may be required before unprotected personnel can re-enter. To
reduce the time and expense of the cooldown period, the emplaced room may not be completely
sealed but allowed to pass a regulated airflow sufficient to maintain the rock surface temperature
at a controlled level.

4.6.3. Additional safety features

Before any repository for hazardous waste is commissioned it must conform to the strictest
standards of safety and quality assurance in order to protect both the workers and the general
public from chemical or radioactive contamination. In the case of an underground repository,
design safeguards commence with an extensive examination of the suitability of the geologic
formation to act as a natural containment medium. This will involve the physical and chemical
properties of the rock, the presence and natural migration rate of groundwater and the probability
of seismic activity. Other factors that influence the choice of site include population density and
public acceptance of the surface transportation of hazardous waste to the site.

In addition to continuous electronic surveillance of the quality of the atmosphere throughout the
main ventilation routes of a nuclear waste repository, the fans, bulkheads and regulators must be
monitored to ensure that they operate within design limits and that pressure differentials are
maintained in the correct direction at all times. Regulators and doors may be fitted with electrical
or pneumatic actuators suitable for both local and remote operation. Should airborne radioactivity
be detected at any time and any location in the circuit then the air emerging from the top of the
waste upcast shafts is diverted automatically through banks of high efficiency particulate (HEPA)
filters. Separate or additional precautions should also be taken to protect surface buildings and
shaft tops from tornadoes, floods or fall-out from volcanic activity.
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5.1. INTRODUCTION

In Chapter 2 we introduced some of the basic relationships of incompressible fluid flow. With the
exception of shafts greater than 500m in vertical extent, changes in air density along individual
airways may be ignored for most practical ventilation planning. Furthermore, in areas that are
actively ventilated, airflows are turbulent in nature, other than in very large openings.

In this chapter, we shall confine ourselves to incompressible turbulent flow in order to develop
and illustrate the equations and concepts that are most commonly employed in the practice of
subsurface ventilation engineering.

Although the basic relationships that were derived in Chapter 2 may be employed directly for
ventilation planning, John J. Atkinson introduced certain simplifications in his classical paper of
1854. These simplifications facilitate practical application but were achieved at the expense of
precision. As the resulting "laws of airflow" remain in common use, they are introduced and
discussed in this chapter. The important concept of airway resistance is further expanded by an
examination of the factors that influence it.

5.2. THE ATKINSON EQUATION AND THE SQUARE LAW

In seeking to quantify the relationships that govern the behaviour of airflows in mines, Atkinson
utilized earlier work of the French hydraulic engineers and, in particular, the Chezy Darcy
relationship of the form expressed in equation (2.49)

_ pLper ju”
p—fLAp2 Pa

It must be remembered that Atkinson's work was conducted in the middle of the nineteenth
century, some thirty years before Reynold's experiments and long before Stanton, Prandtl and
Nikuradse had investigated the variable nature of the coefficient of friction, f. As far as Atkinson
was aware, f was a true constant for any given airway. Furthermore, the mines of the time were
relatively shallow, allowing the air density, p, to be regarded also as constant. Atkinson was then
able to collate the "constants" in the equation into a single factor:

fp kg
k = — — (5.1)
2 m3
giving
er
p = kLpTu2 Pa (5.2)

This has become known as Atkinson's Equation and k as the Atkinson friction factor. Notice that
unlike the dimensionless Chezy Darcy coefficient, f, Atkinson's friction factor is a function of air
density and, indeed, has the dimensions of density.

Atkinson's equation may be written in terms of airflow, Q = uA,
giving
er
p = kLP2Q? Pa (5.3)
A

Now for any given airway, the length, L, perimeter, per, and cross-sectional area, A, are all
known. Ignoring its dependence upon density, the friction factor varies only with the roughness of
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the airway lining for fully developed turbulence. Hence we may collect all of those variables into a
single characteristic number, R, for that airway.

per Ns2 kg
m m
giving
p = RQ? Pa (5.5)

This simple equation is known as the Square Law of mine ventilation and is probably the single
most widely used relationship in subsurface ventilation engineering.

The parameter R is called the Atkinson's resistance of the airway and, as shown by the Square
Law, is the factor that governs the amount of airflow, Q, which will pass when a given pressure
differential, p, is applied across the ends of an airway.

The simplicity of the Square Law has been achieved at the expense of precision and clarity. For
example, the resistance of an airway should, ideally, vary only with the geometry and roughness
of that airway. However, equations (5.1) and (5.4) show that R depends also upon the density of
the air. Hence, any variations in the temperature and/or pressure of the air in an airway will
produce a change in the Atkinson resistance of that airway.

Secondly, the frictional pressure drop, p, depends upon the air density as well as the geometry of
the airway for any given airflow Q. This fact is not explicit in the conventional statement of the
Square Law (5.5) as the density term is hidden within the definition of Atkinson resistance, R.

A clearer and more rational version of the Square Law was, in fact, derived as equation (2.50) in
Chapter 2, namely

p =R pQ? Pa (equation (2.50))

where R, was termed the rational turbulent resistance, dependent only upon geometric factors
and having units of m™.

f L per 4 .
Ry = e m (from equation (2.51))

It is interesting to reflect upon the influence of historical development and tradition within
engineering disciplines. The k factor and Atkinson resistance, R, introduced in 1854 have
remained in practical use to the present time, despite their weakness of being functions of air
density. With our increased understanding of the true coefficient of friction, f, and with many
mines now subject to significant variations in air density, it would be sensible to abandon the
Atkinson factors k and R, and to continue with the more fundamental coefficient of friction f, and
rational resistance, R;. However, the relinquishment of concepts so deeply rooted in tradition and
practice does not come about readily, no matter how convincing the case for change. For these
reasons, we will continue to utilize the Atkinson friction factor and resistance in this text in
addition to their more rational equivalents. Fortunately, the relationship between the two is
straightforward.

Values of k are usually quoted on the basis of standard density, 1.2 kg/m>. Then equation (5.1)
gives
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kg

kio = 0.6f — (5.6)
m
and equations (5.5) and (2.50) give
Ns?
Rio = 1.2R; —5 (5.7)
m

Again, on the premise that listed values of k and R are quoted at standard density (subscript 1.2),
equations (5.3) to (5.5) may be utilized to give the frictional pressure drop and resistance at any
other density, p.

C L P g2 P
p = k1_2|_ A3 Q 12 Pa (58)

2

B per p Ns
R=kl—g 5 5 (5.9)
and p = RQ? Pa (5.10)

5.3. DETERMINATION OF FRICTION FACTOR

The surface roughness of the lining of an underground opening has an important influence on
airway resistance and, hence, the cost of passing any given airflow. The roughness also has a
direct bearing on the rate of heat transfer between the rock and the airstream (Chapter 15).

The coefficients of friction, f, shown on the Moody diagram, Figure 2.7, remain based on the
concept of sand grain (i.e. uniformly distributed) roughness. Furthermore, as shown by equation
(5.6), the Atkinson friction factor, k, is directly related to the dimensionless coefficient of friction, f.
However, the k factor must be tolerant to wide deviations in the size and distribution of asperities
on any given surface.

The primary purpose of a coefficient of friction, f, or friction factor, k, is to facilitate the prediction
of the resistances of planned but yet unconstructed airways. There are three main methods of
determining an appropriate value of the friction factor.

By analogy with similar airways

During ventilation surveys, measurements of frictional pressure drops, p, and corresponding
airflows, Q, are made in a series of selected airways (Chapter 6). During major surveys, it is
pertinent to choose a few airways representative of, say, intakes, returns, conveyor roadways or
particular support systems, and to conduct additional tests in which the airway geometry and air
density are also measured. The corresponding values of the friction factor may then be
calculated, and referred to standard density from equations (5.9) and (5.10) as

3
p A 1.2 kg

k = — — — 5.11

1.2 Q2 Lper p m3 (5.11)

Those values of k may subsequently be employed to predict the resistances of similar planned
airways and, if necessary, at different air densities. Additionally, where a large number of similar
airways exist, representative values of friction factor can be employed to reduce the number or
lengths of airways to be surveyed. In this case, care must be taken that unrepresentative
obstructions or blockages in those airways are not overlooked.
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In practice, where the k factor is to be used to calculate the resistances of airways at similar
depths and climatic conditions, the density correction 1.2/p is usually ignored.

Experience has shown that local determinations of friction factor lead to more accurate planning
predictions than those given in published tables (see following subsection). Mines may vary
considerably in their mechanized or drill-and-blast techniques of roadway development, as well
as in methods of support., Furthermore, many modes of roadway drivage or the influence of rock
cleavage leave roughenings on the surface that have a directional bias. In such cases, the value
of the friction factor will depend also upon the direction of airflow.

From design tables

Since the 1920's, measurements of the type discussed in the previous subsection have been
conducted in a wide variety of mines, countries and airway conditions. Table 5.1 has been
compiled from a combination of reported tests and the results of numerous observations made
during the conduct of unpublished ventilation surveys. It should be mentioned, again, that
empirical design data of this type should be used only as a guide and when locally determined
friction factors are unavailable.

From geometric data

The coefficient of friction, f, and, hence, the Atkinson friction factor, k, can be expressed as a
function of the ratio e/d, where e is the height of the roughenings or asperities and d is the
hydraulic mean diameter of the airway or duct (d = 4A/per). The functional relationships are given
in Section 2.3.6.3 and are illustrated graphically in Figure 5.1 (see, also, Figure 2.7).

For fully developed turbulent flow, the Von Karman equation gives

_ ko _ 1
0.6  4[2logyo(d/e)+1.14]2

(see equation 2.55)

Here again, the equation was developed for uniformly sized and dispersed asperities on the
surface (sand grain roughness). For friction factors that are determined empirically for non-
uniform surfaces, this equation can be transposed, or Figure 5.1 can be used, to find the
equivalent e/d value. For example, a k factor of 0.012 kg/m? gives an equivalent e/d value of
0.063. In an airway of hydraulic mean diameter 3.5 m, this gives the effective height of asperities
to be 0.22 m.

The direct application of the e/d method is limited to those cases where the height of the
asperities can be measured or predicted. The technique is applicable for supports that project a
known distance into the airway.

Example.
The projection of the flanges, e, in atubbed shaft is0.152 m. The wall to wall diameter is5.84 m. Calculate
the coefficient of friction and Atkinson friction factor.

Solution.
Thee/dratiois

0.152
—— = 0.026
5.84

From equation (2.55) or Figure 5.1, this gives

f = 0.0135and ky, = 0.0081 kg/m®
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Friction Coefficient of friction, f

factor, k (dimensionless)

kg/m®
Rectangular Airways
Smooth concrete lined 0.004 0. 0067
Shotcrete 0.0055 0.0092
Unlined with minor irregularities only 0.009 0.015
Girders on masonry or concrete walls 0.0095 0.0158
Unlined, typical conditions no major irregularities 0.012 0.020
Unlined, irregular sides 0.014 0.023
Unlined, rough or irregular conditions 0.016 0.027
Girders on side props 0.019 0.032
Drift with rough sides, stepped floor, handrails 0.04 0.067
Steel Arched Airways
Smooth concrete all round 0.004 0.0067
Bricked between arches all round 0.006 0.01
Concrete slabs or timber lagging between flanges all round 0.0075 0.0125
Slabs or timber lagging between flanges to spring 0.009 0.015
Lagged behind arches 0.012 0.020
Arches poorly aligned, rough conditions 0.016 0.027
Metal Mines
Arch-shaped level drifts, rock bolts and mesh 0.010 0.017
Arch-shaped ramps, rock bolts and mesh 0.014 0.023
Rectangular raise, untimbered, rock bolts and mesh 0.013 0.022
Bored raise 0.005 0.008
Beltway 0.014 0.023
TBM drift 0.0045 0.0075
Coal Mines: Rectangular entries, roof-bolted
Intakes, clean conditions 0.009 0.015
Returns, some irregularities/ sloughing 0.01 0.017
Belt entries 0.005 to 0.011 0.0083 to 0.018
Cribbed entries 0.05t00.14 0.08 t0 0.23

T

Shafts
Smooth lined, unobstructed 0.003 0.005
Brick lined, unobstructed 0.004 0.0067
Concrete lined, rope guides, pipe fittings 0.0065 0.0108
Brick lined, rope guides, pipe fittings 0.0075 0.0125
Unlined, well trimmed surface 0.01 0.0167
Unlined, major irregularities removed 0.012 0.020
Unlined, mesh bolted 0.0140 0.023
Tubbing lined, no fittings 0.007 t0 0.014 0.0012 to 0.023
Brick lined, two sides buntons 0.018 0.030
Two side buntons, each with a tie girder 0.022 0.037
Longwall faceline with steel conveyor and powered supports®
Good conditions, smooth wall 0.035 0.058
Typical conditions, coal on conveyor 0.05 0.083
Rough conditions, uneven faceline 0.065 0.108
Ventilation ducting®
Collapsible fabric ducting (forcing systems only) 0.0037 0.0062
Flexible ducting with fully stretched spiral spring reinforcement 0.011 0.018
Fibreglass 0.0024 0.0040
Spiral wound galvanized steel 0.0021 0.0035

Table 5.1 Average values of friction factors (referred to air density of 1.2 kg/ms) and
coefficients of friction (independent of air density).

Notes:1 See Section 5.4.6. for more accurate assessment of shaft resistance.
2. k factors in excess of 0.015 kg/m3 are likely to be caused by the aerodynamic drag of free

standing obstructions in addition to wall drag.

3. These are typical values for new ducting. Manufacturer's test data should be consulted for
specific ducting. It is prudent to add about 20 percent to allow for wear and tear.
4. To convert friction factor, k (kg/m®) to imperial units (Ib. min?/ft*), multiply by 5.39 x 107
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Figure 5.1 The coefficient of friction varies with the height of roughenings divided by the hydraulic
mean diameter, e/d.

It should be noted that for regularly spaced projections such as steel rings, the effective friction
factor becomes a function of the spacing between those projections. Immediately downstream
from each support, wakes of turbulent eddies are produced. If the projections are sufficiently far
apart for those vortices to have died out before reaching the next consecutive support, then the
projections act in isolation and independently of each other. As the spacing is reduced, the
number of projections per unit length of shaft increases. So, also, does the near-wall turbulence,
the coefficient of friction, f, and, hence, the friction factor, k. At that specific spacing where the
vortices just reach the next projection, the coefficient of friction reaches a maximum. It is this
value that is given by the e/d method. For wider spacings, the method will overestimate the
coefficient of friction and, hence, errs on the side of safe design.

The maximum coefficient of friction is reached at a spacing/diameter ratio of about 1/8.
Decreasing the spacing further will result in "wake interference" - the total degree of turbulence
will reduce and so, also, will the coefficient of friction and friction factor. However, in this
condition, the diameter available for effective flow is also being reduced towards the inner
dimensions of the projections.

5.4. AIRWAY RESISTANCE

The concept of airway resistance is of major importance in subsurface ventilation engineering.
The simple form of the square law p = R Q (see equation 5.5) shows the resistance to be a
constant of proportionality between frictional pressure drop, p, in a given airway and the square of
the airflow, Q, passing through it at a specified value of air density. The parabolic form of the

square law on a p, Q plot is known as the airway resistance curve. Examples are shown on
Figure 5.2.
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The cost of passing any given airflow through an airway varies directly with the resistance of that
airway. Hence, as the total operating cost of a complete network is the sum of the individual
airway costs, it is important that we become familiar with the factors that influence airway
resistance. Those factors are examined in the following subsections.
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Figure 5.2. Airway resistance curves.

5.4.1. Size of airway
Equation (5.4) showed that for a given length of airway, L, and friction factor, k,

per

R « where o« means "proportional to". (5.12)

However, for any given shape of cross-section,
per « VA (5.13)

Substituting for per in equation (5.12) gives

1
R « NG (5.14)
or, for a circular airway
R o« = (5.15)
d5
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These two latter proportionalities show the tremendous effect of airway size on resistance.
Indeed, the cross-sectional area open for flow is the dominant factor in governing airway
resistance. Driving an airway at only half its design diameter will result in the resistance being 2°
or 32 times greater. Hence, for any required airflow, the cost of passing that ventilation through
the airway will also increase by a factor of 32. It is clear that when sizing an underground opening
that will form part of a main ventilation route, the resistance and ventilation operating costs must
be taken into account. Airway sizing is considered further in Chapter 9.

5.4.2. Shape of airway

Again, for any given length of airway, L, and friction factor, k, the proportionality (5.12) can be re-
written as

per 1

R« AV2 752

(5.16)

er
But for any given shape of cross section, % is a constant (see proportionality (5.13)).

We term this parameter the shape factor, SF for the airway. Then if all other parameters remain
constant, including cross-sectional area, A, the resistance of an airway varies with respect to its
shape factor.

The planar figure having the minimum possible shape factor is a circle.

SF(circle) = per _ zd = 3.5449

AY2 d\z/4

All other shapes have a greater shape factor than this value. For this reason, shape factors are
usually normalized with respect to a circle by dividing by 3.5449 and are then quoted as relative
shape factor (RSF) as shown in Table 5.2. The further we depart from the ideal circular shape
then the greater will be the RSF and, hence, the airway resistance.

Shape of Airway Relative Shape Factor

Circular 1.00

Arched, upright legs 1.08

Arched, splayed legs 1.09

Square 1.13
Rectangular

width:height = 1.5:1 1.15

2:1 1.20

3:1 1.30

4:1 1.41

Table 5.2. Relative Shape Factors

In addition to demonstrating the effect of airway shape on its resistance to airflow, the purpose of
relative shape factors in ventilation planning is now limited to little more than comparing the effect
of shape for proposed airways of given cross-sectional area. It may also be useful as a correction
factor for older nomograms relating airway resistance, area and k factor which were produced on
the basis of a circular cross-section.
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5.4.3. Airway lining

Equation (5.4) shows that airway resistance is proportional to the Atkinson friction factor, k, and,
hence, is also directly proportional to the more fundamental coefficient of friction, f. The latter
depends only upon the roughness of the airway lining for fully developed turbulent flow.

5.4.4. Air density

The Atkinson resistance, R, as used in the square law, p = RQ? depends upon the friction factor,
k. However, equation (5.1) shows that k, itself, depends upon the density of the air. It follows that
the Atkinson resistance also varies with the density of the air. On the other hand, the rational
resistance, R,, as used in the rational expression of the square law, p = R;p Q* (equation (2.50))
is a function of the geometry and lining of the airway only and is independent of air density.

5.4.5. Shock losses

Whenever the airflow is required to change direction, additional vortices will be initiated. The
propagation of those large scale eddies consumes mechanical energy (shock losses) and, hence,
the resistance of the airway may increase significantly. This occurs at bends, junctions, changes
in cross-section, obstructions, regulators and at points of entry or exit from the system.

The effects of shock losses remain the most uncertain of all the factors that affect airway
resistance. This is because fairly minor modifications in geometry can cause significant changes
in the generation of vortices and, hence, the airway resistance. Analytical techniques may be
employed for simple and well defined geometries. For the more complex situations that arise in
practice, scale models or computational fluid dynamics (CFD) simulations may be employed to
investigate the flow patterns and shock losses.

There are two methods that may be used to assess the additional resistance caused by shock
losses.

Shock loss factor

In text books on fluid mechanics, shock losses are often referred to in terms of the head loss or
drop in total pressure, pshock Caused by the shock loss. This, in turn, is expressed in terms of
‘velocity heads'.

U2
Pshock = XP? Pa (5.17)

where p = air density (kg/m°)
u = mean velocity of air (m/s) and
X = shock loss factor (dimensionless)

The shock loss factor can be converted into an Atkinson type of resistance, Rgnock, DY re-writing
equation (5.17) as a square law

2

— —_ 2
Pshock = 2 ? = Rshock Q Pa
Xp Ns?
where R = —& — (5.18)
shock 2A2 mg
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If rational resistances (R;) are employed then the density term is eliminated and the
corresponding shock resistance becomes simply

X -4

Rt shock = S A2 m (5.19)

The major cause of the additional resistance is the propagation of vortices downstream from the
cause of the shock loss. Accordingly, in most cases, it is the downstream branch to which the
shock resistance should be allocated. However, for junctions, the cross-sectional area used in
equations (5.18) and (5.19) is usually that of the main or common branch through which all of the
local air-flow passes.

One of the most comprehensive guides to the selection of X factors is contained within the
Fundamentals Handbook of the American Society of Heating, Refrigerating and Air Conditioning
Engineers (ASHRAE). Similar design information is produced by corresponding professional
societies in other countries.

An appendix is given at the end of this chapter which contains graphs and formulae relating to
shock loss factors commonly required in subsurface ventilation engineering.

Equivalent length

Suppose that in a subsurface airway of length L, there is a bend or other cause of a shock loss.
The resistance of the airway will be greater than if that same airway contained no shock loss. We
can express that additional resistance, Rsnock, in terms of the length of corresponding straight
airway which would have that same value of shock resistance. This "equivalent length" of shock
loss, may be incorporated into equation (5.9) to give an Atkinson resistance of

per p
R =k(L+ —_— —_— 5.20
L+leg) 575 3 (5.20)
The resistance due to the shock loss is
B per p Ns?
Rshock = k'—eqFE Py (5.21)

Equation (5.20) gives a convenient and rapid method of incorporating shock losses directly into
the calculation of airway resistance.

The relationship between shock loss factor, X, and equivalent length, Lq is obtained by
comparing equations (5.18) and (5.21). This gives

_ Xp per p Ns?
shock — 2A2 - eq A3 1.2 mg
12X A
o le T per "

The equivalent length can be expressed in terms of hydraulic mean diameters, d = 4A/per, giving

1.2X
Leg = 5~ d m (5.22)
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leading to a very convenient expression for equivalent length,
X . .
Leq = 0.15 s hydraulic mean diameters (5.23)

Reference to Appendix A5 for X factors, together with a knowledge of the expected friction factor
and geometry of the planned airway, enables the equivalent length of shock losses to be included
in airway resistance calculation sheets, or during data preparation for computer exercises in
ventilation planning.

When working on particular projects, the ventilation engineer will soon acquire a knowledge of
equivalent lengths for recurring shock losses. For example, a common rule of thumb is to
estimate an equivalent length of 20 hydraulic mean diameters for a sharp right angled bend in a
clean airway.

Example.

A 4 m by 3 mrectangular tunnel is 450 m long and contains one right-angled bend with a centre-line radius
of curvature 2.5 m. The airway is unlined but isin good condition with mgjor irregularities trimmed from
the sides. If the tunnel isto pass 60 m*/s of air at amean density 1.1 kg/m®, calculate the Atkinson and
rational resistances at that density and the frictional pressure drop.

Solution.
Let usfirst state the geometric factors for the airway:

4A 4x12

hydraulic mean diameter, d = = ——— =3429 m
per 14
H 3
height/width ratio, — = — = 0.75
ght/wi i W 2
. . . r 2.5
radius of curvature/width ratio w = e = 0.625

From Table 5.1, we estimate that the friction factor for this airway will be k = 0.012 kg/m? at standard

density (f = 0.02). At r/W=0.625 and H/W = 0.75, Figure A5.2 (at end of chapter) gives the shock loss

factor for the bend to be 0.75.

We may now calculate the Atkinson resistance at the prevailing air density of 1.1 kg/m® by two methods:
(i) Calculate the resistance produced by the shock 1oss separately:

For the airway, equation (5.9) gives

er 0.012x450x14x1.1 Ns?
R=kLPZ £ - - = 00401  — referred to density of 1.1 kg/m’
A° 1.2 12°x1.2 m

For the bend, equation (5.18) gives

Xp  0.75x1.1 Ns? ,
R = = = 0.00286 —— referred to density of 1.1 kg/m®
shock 5 A2 %122 me y g

Then for the full airway
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R = Riength * Rshock

Ns
0.04010 + 0.00286 = 0.04296 o referred to density of 1.1 kg/ m°®
(il) Using the equivalent length of the bend:
Equation (5.23) gives
L =ooqs X 4 o 015x0.75x3429
€ Tk 0.012 T

Then, from equation (5.20)

2

14 1.1 Ns
= 0.012(450 + 32.15) X —— x == = 0.04296 —

123 1.2 m?®

R=kblea) 5 17
and agrees with the result given by method (i).

4 If the coefficient of friction, f, and the rational resistance, R, are employed, the density terms become
unnecessary and the equivalent length method gives the rationa resistance as

Ry = f(L+Log) P = 0.02(450 + 32.15) x 14 003006 m*
t @opa3 ' ox123

.The Atkinson resistance at adensity of 1.1 kg/m* becomes

2

Ns
R = pR; = 1.1x0.03906 = 0.04296 —5-
\ m J

At an airflow of 60 m*sand adensity of 1.1 kg/m®, the frictional pressure drop becomes

p = Ry 1 x Q% = 0.04296 x 602 = 155 Pa
or, using the rational resistance,

p = pRQ? = 1.1x0.03906 x 60% = 155 Pa

5.4.6. Mine shafts

In mine ventilation planning exercises, the airways that create the greatest difficulties in survey
observations or in assessing predicted resistance are vertical and inclined shafts.

Shafts are quite different in their airflow characteristics to all other subsurface openings, not only
because of the higher air velocities that may be involved, but also because of the aerodynamic
effects of ropes, guide rails, buntons, pipes, cables, other shaft fittings, the fraction of cross
section filled by the largest conveyance (coefficient of fill, CF) and the relatively high velocity of
shaft conveyances. Despite such difficulties, it is important to achieve acceptable accuracy in the
estimation of the resistance of ventilation shafts. In most cases, the total airflow supplied
underground must pass through the restricted confines of the shafts. The resistance of shafts is
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often greater than the combined effect of the rest of the underground layout. In a deep room and
pillar mine, the shafts may account for as much as 90 percent of the mine total resistance.
Coupled with a high airflow, Q, the frictional pressure drop, p, will absorb a significant part of the
fan total pressure. It follows that the operational cost of airflow (proportional to p x Q) is usually
greater in ventilation shafts than in any other airway.

At the stage of conceptual design, shaft resistances are normally estimated with the aid of
published lists of friction (k) factors (Table 5.1), that make allowance for shaft fittings. For an
advanced design, a more detailed and accurate analysis may be employed. An outline of one
such method is given in this section.

The resistance to airflow, R, offered by a mine shaft is comprised of the effects of four identifiable
components:

(a) shaft walls,

(b) shatft fittings (buntons, pipes etc.),

(c) conveyances (skips or cages), and

(d) insets, loading and unloading points.

5.4.6.1. Shaft walls

The component of resistance offered by the shaft walls, Ry,, may be determined from equations
(5.9 or 2.51) and using a friction factor, k, or coefficient of friction, f, determined by one of the
methods described in Section 5.3. Experience has shown that the relevant values in Table 5.1
are preferred either for smooth-lined walls or where the surface irregularities are randomly
dispersed. On the other hand, where projections from the walls are of known size as, for
example, in the case of tubbed lining, then the e/d method gives satisfactory results.

5.4.6.2. Shaft fittings
It is the permanent equipment in a shaft, particularly cross-members (buntons) that account, more
than any other factor, for the large variation in k values reported for mine shafts.

Longitudinal Fittings

These include ropes, guide rails, pipes and cables, situated longitudinally in the shaft and parallel
to the direction of airflow. Such fittings add very little to the coefficient of friction and,

indeed, may help to reduce swirl. If no correction is made for longitudinal fittings in the calculation
of cross-sectional area then their effect may be approximated during preliminary design by
increasing the k factor (see Table 5.1). However, measurements on model shafts have actually
shown a decrease in the true coefficient of friction when guide rails and pipes are added. It is,
therefore, better to account for longitudinal fittings simply by subtracting their cross-sectional area
from the full shaft area to give the "free area" available for airflow. Similarly, the rubbing surface is
calculated from the sum of the perimeters of the shaft and the longitudinal fittings.

Buntons

The term “bunton” is used here to mean any cross member in the shaft located perpendicular to
the direction of airflow. The usual purpose of buntons is to provide support for longitudinal fittings.
The resistance offered by buntons is often dominant.

Form Drag and Resistance of Buntons

While the resistance offered by the shaft walls and longitudinal fittings arises from skin friction
(shear) drag, through boundary layers close to the surface, the kinetic energy of the air causes
the pressure on the projected area of cross-members facing the airflow to be higher than that on
the downstream surfaces. This produces an inertial or “form” drag on the bunton. Furthermore,
the breakaway of boundary layers from the sides of trailing edges causes a series of vortices to
be propagated downstream from the bunton. The mechanical energy dissipated in the formation
and maintenance of these vortices is reflected by a significant increase in the shaft resistance.
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The drag force on a bunton is given by the expression:

2
u
Drag = Cp Ay /OT N (5.24)

where Cp = coefficient of drag (dimensionless) depending upon the shape of the bunton,
A, = frontal or projected area facing into the airflow (m?),
u = velocity of approaching airstream (m/s), and
p = density of air (kg/m®) .

The frictional pressure drop caused by the bunton is:

_ Drag _ Ap u? N
P=— =Cp Ao P 2 (5.25)

where A = cross-sectional area available for free flow (m?).
However, the frictional pressure drop caused by the buntons is also given by the square law:

N
p = RpQ* = Ry pQ% = Ryy pu® A’ = (5.26)

where R, = Atkinson resistance offered by the bunton (Ns*/m?),
Ry = rational resistance of the bunton (m™), and
Q = airflow (m¥s).

Equating (5.25) and (5.26) gives:

Ab
Ry =Cp —= m
th D2!3

If there are n buntons in the shaft and they are sufficiently widely spaced to be independent of
each other, then the combined resistance of the buntons becomes:

Ap -4

Rin =nNRyp =n Cp—=
tn tb > A3

It is, however, more convenient to consider the spacing, S, between buntons:

S = L 5.29
= = (5.29)
where L = length of shaft (m), giving,
L Ap -4
Ry, = s Cop A3 m (5.30)

The effect of the buntons can also be expressed as an additional coefficient of friction, f,
or friction factor, k, = 0.6f,, since
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f, L per
- % m™  [from equation (2.51)] (5.31)

tn

Equations (5.30) and (5.31) give:

Cp A
f, = b (dimensionless) (5.32)
S x per

Interference factor

The preceding subsection assumed that the buntons were independent of each other, i.e. that
each wake of turbulent eddies caused by a bunton dies out before reaching the next bunton.
Unless the buntons are streamlined or are far apart, this is unlikely to be the case in practice.
Furthermore, the drag force may be somewhat less than linear with respect to the number of
buntons in a given cross-section, or to A, at connection points between the buntons and the shaft
walls or guide rails. For these reasons, an ‘interference factor', F, is introduced into equation 5.30
(Bromilow) giving a reduced value of resistance for buntons:

L Ap -4
Rin = gCD m m (5.33)

For simple wake interference, F is a function of the spacing ratio A,

A = W (dimensionless) (5.34)

where W = width of the bunton.
However, because of the difficulties involved in quantifying the F function analytically, and in
evaluating the other factors mentioned above, the relationship has been determined empirically,
(Bromilow) giving

F = 0.00354+0.44 (5.35)

for a range of A from 10 to 40.

Combining equations (5.33), (5.34) and (5.35) gives:

Ay s 4
Co —= 0.0035 — +0.44 5.36
el w ] m (5.36)

L
Rm=§

If expressed as a partial coefficient of friction, this becomes:

Ay S 4
fb, = C 0.0035 — +0.44 m 5.37
b= Co grpar | w ] (5.37)

Values of the coefficient of drag, Cp, measured for buntons in shafts are invariably much higher
than those reported for freestanding aerofoil sections. Figure 5.3 indicates drag coefficients for
the shapes normally used for buntons.
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Figure 5.3. Coefficients of drag, Cp, for buntons in a shaft.
(from information collated by Bromilow)

5.4.6.3. Conveyances

Resistance of a Stationary Conveyance
The main factors that govern the resistance of a stationary cage or skip in a mine shaft are:

(a) The percentage of the free area in the cross section of the shaft occupied by the conveyance.
This is sometimes termed the “coefficient of fill", Cg.

b) The area and shape of a plan-view of the conveyance and, to a lesser degree, its vertical
height.
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The parameters of secondary practical importance include the shape of the shaft and the extent
to which the cage is totally enclosed.

An analysis of the resistances offered by cages or skips commences by considering the
conveyance to be stationary within the shaft with a free (approaching) air velocity of u, (m/s). The
conveyance is treated as an obstruction giving rise to a frictional pressure drop (shock loss) of X
velocity heads:

2
_\ PUa N
Pec = X T F (5.38)
where p. = frictional pressure drop due to the conveyance (N/mz) and
u, = Vvelocity of the approaching airstream (m/s)

o air density (kg/m°)

The effective rational resistance of the stationary cage, Ry, can be expressed in terms of X from
equation (5.19)

Ry = —— m (5.39)

where the free shaft area, A, is measured in square metres. The problem now becomes one of
evaluating X.

One of the most comprehensive experimental studies on cage resistance was carried out by A.
Stevenson in 1956. This involved the construction of model cages and measuring the pressure
drops across them at varying airflows in a circular wind tunnel. From the results produced in this
work, Figure 5.4 has been constructed.

All of the curves on Figure 5.4 refer to a cage whose length, L, is 1.5 times the width, W. A
multiplying correction factor may be applied to the value of X for other plan dimensions. Hence,
for a cage that is square in plan, L/W = 1 and the correction nomogram given also on Figure 5.4
shows that X should be increased by 12 per cent.

The shape of the curves indicates the dominant effect of the coefficient of fill, increasing rapidly
after the cage occupies more than 30 per cent of the shaft cross section. The major cause of the
shock loss is form drag and the resulting turbulent wake. Skin friction effects are relatively small.
Hence, so also is the influence of the vertical height of the cage.

The curves refer to cages with covered roof, floor and sides, but open ends. In general, the effect
of covering the ends is to reduce the shock loss. For totally enclosed skips, the value of X given
by the curves should be reduced by some 15 per cent.

Dynamic Effects of a Moving Conveyance

In addition to the presence of a conveyance in a shatft, its motion will also influence the frictional
pressure drop and effective resistance of the shaft. Furthermore, in systems in which two
conveyances pass in the shaft, their stability of motion will depend upon the velocities of the
airflow and the conveyances, the positions of the conveyances within the shaft cross section,
their shape, and the coefficient of fill.

When two synchronized skips or cages pass, they will normally do so at mid-shaft and at the
maximum hoist velocity. The coefficient of fill will, momentarily, be increased (doubled if the two
cages have the same plan area). There will be a very short-lived peak of pressure drop across
the passing point. However, the inertia of the columns of air above and below that point, coupled
with the compressibility of the air, dampen out that peak quickly and effectively.
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H=6.0W

correction
tactor

H= 4.5W

(dimensionless)
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X
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Figure 5.4. Shock loss factors for a conveyance in a mine shaft.

More important is the effect of passing on the stability of the conveyances themselves. They pass
at a relative velocity of twice maximum hoisting speed, close to each other and usually without
any continuous intervening barrier. Two mechanisms then influence the stability of the cages.
First, thin boundary layers of air exist on the surfaces of each conveyance and moving at the
same velocity. Hence, there will be a very steep velocity gradient in the space between passing
conveyances. Shear resistance (skin friction drag) will apply a braking action on the inner sides of
the conveyances and produce a tendency for the skips or cages to turn in towards each other.
Secondly, the mean absolute velocity in the gap between the passing cages is unlikely to equal
that surrounding the rest of the cages. There exists a variation in static pressure and, hence, an
applied force on the four sides of each conveyance (the venturi effect). This again, will result in a
tendency for lateral movement.

Passengers in conveyances will be conscious not only of the pressure pulse when the cages
pass, but also of the lateral vibrations caused by the aerodynamic effects. The sideways motion
can be controlled in practice by the use of rigid guide rails or, if rope guides are employed, by
using a tensioned tail rope beneath the cages passing around a shaft-bottom pulley.
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The aerodynamics of moving conveyances are more complex than for free bodies because of the
proximity of the shaft walls. The total drag on the conveyance will reach a maximum when the
vehicle is moving at its highest speed against the airflow. The apparent frictional pressure drop
and resistance of the shaft will also vary and reach a maximum value at this same time. The
opposite is also true. The drag, apparent frictional pressure drop, and apparent resistance

of the shaft will reach a minimum when the conveyance is moving at maximum speed in the same
direction as the airflow. The amplitude of the cyclic variation depends upon the resistance of the
stationary cage (which in turn varies with the coefficient of fill and other factors as described in
the previous subsection), and the respective velocities of the airflow and the cage.

In the following analysis, expressions are derived to approximate the effective pressure drop and
effective resistance of a moving conveyance.

Consider a conveyance moving at its maximum velocity u.; against an approaching airflow of

[

area A

velocity u, (Figure 5.5).

Figure 5.5. Moving conveyance in a shaft

If the rational resistance of the cage, when stationary, is R (determined using the methodology
of the previous section) then the corresponding pressure drop caused by the stationary cage will
be:

N

Pe = Ric PQ? = Ry¢ pu 2 A2 = (5.40)

Now suppose that the cage were stationary in the shaft when the approaching airflow has a
velocity of u.. The corresponding pressure drop would be:

N
m?2
This latter expression approximates the additional pressure drop caused by movement of the
conveyance.

P'c = PR UZ A’ (5.41)

Adding equations (5.40) and (5.41) gives the maximum pressure drop across the moving
conveyance.
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Pecmax = Pc + p'c = pth (ua2 + ucz)Az

2
= pR, U, A2 [1 n ”°2] (5.42)
ua
2
_ {1+ “Cz} L (5.43)
U, m

Similarly, the minimum pressure drop, occurring when the cage and airflow are moving in the
same direction is given by:

2

u N

Pcmin = Pc |:1_ c2‘| 2 (5.44)
Ua

Hence, the cyclic variation in frictional pressure across the shaft is:

+p. U2 uy®  N/m? (5.45)

This variation occurs much more slowly than the pressure pulse caused by passing conveyances.
The pressure drop due to a conveyance will:
i. rise to p. max @S the conveyance accelerates to its highest speed against the airflow:
ii. fall to p. when the conveyance decelerates to rest;
iii. drop further to p. min @s the conveyance accelerates to full speed in the same direction as
the airflow; and again
iv. rise to p. when the cage comes to rest.

If two cages of equal dimensions are travelling in synchronization within the shaft, but in opposite
directions, then the effect cancels out. Otherwise, the cyclic variation in pressure may be
measurable within the ventilation network and, particularly, at locations close to the shaft. This is
most likely to occur in a single conveyance shaft with a large coefficient of fill. A further effect will
be to impose a fluctuating load on any fans that influence the airflow in that shaft.

The corresponding range of effective resistance for a conveyance moving against the airflow may
also be determined from equation (5.42).

2
Pcmax = PRic (Ua2 + UCZ)A
However, if the effective resistance of the conveyance moving against the airflow is Ry max then:
_ 2 _ 2 a2
Pecmax = PRicmaxQ” = PRicmax Ua” A (5.46)

Equating these two relationships gives:

2
u _
Ricmax = Ric [1+ u02 ] m~4 (5.47)

a
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Similarly, when the airflow and conveyance are moving the same direction:

u —
Ricmax = Ric [l_ uc_2 ] m~* (5.48)
a

It may be noted from equations (5.44) and (5.48) that when the conveyance is moving more
rapidly than the airflow (u; > u,), and in the same direction, both the effective pressure drop and
effective resistance of the conveyance become negative. In this situation, the conveyance is
assisting rather than impeding the ventilation. It should be noted that the approximation inherent
in this derivation leads to unacceptable accuracy at low values of u,.

5.4.6.4. Entry and exit losses

In badly designed installations or for shallow shafts, the shock losses that occur at shaft stations
and points of air entry and exit may be greater than those due to the shaft itself. Such losses are,
again, normally quoted on the basis of X velocity heads, using the velocity in the free area of the
shaft. The shock losses at shaft stations may be converted into a rational resistance:

X

Pyel (5.49)

R¢,shock =

The shock loss factors, X, may be estimated from the guidelines given in the Appendix to this
chapter.
5.4.6.5. Total shaft resistance

Although interference will exist between components of shaft resistance, it is conservative to
assume that they are additive. Hence, the rational resistance for the total shaft is:

2
u _
Ri = Rw + Ry + R 1% =5t + Ry ghock m~* (5.50)
ua
walls  fittings conveyance(s) entries/exits

This may be converted to an Atkinson resistance, R, referred to any given air density in the usual
manner:

Ns?

RERE me

Having determined the total resistance of a shaft, the corresponding effective coefficient of
friction, f, or friction factor k (at any given value of air density) may be determined

3
f = 2R, m (dimensionless) (5.51)

and k= p—= kg/m?®
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5.4.6.6. Methods of reducing shaft resistance

Shaft walls

A major shaft utilized for both hoisting and ventilation must often serve for the complete life of the
underground facility. Large savings in ventilation costs can be achieved by designing the shaft for
low aerodynamic resistance.

Modern concrete lining of shafts closely approaches an aerodynamically smooth surface and little
will be gained by giving a specially smooth finish to these walls. However, if tubbing lining is
employed, the wall resistance will increase by a factor of two or more.

Buntons

A great deal can be done to reduce the resistance of buntons or other cross members in a mine
shaft. First, thought should be given to eliminating them or reducing their number in the design.
Second, the shape of the buntons should be considered. An aerofoil section skin constructed
around a girder is the ideal configuration. However, Figure 5.3 shows that the coefficient of drag
can be reduced considerably by such relatively simple measures as attaching a rounded cap to
the upstream face of the bunton. A circular cross section has a coefficient of drag some 60
percent of that for a square.

Longitudinal Fittings

Ladderways and platforms are common in the shafts of metal mines. These produce high shock
losses and should be avoided in main ventilation shafts. If it is necessary to include such
encumbrances, then it is preferable to compartmentalize them behind a smooth wall partition.
Ropes, guides, pipes, and cables reduce the free area available for airflow and should be taken
into account in sizing the shaft; however, they have little effect on the true coefficient of friction.

Cages and Skips

Figure 5.4 shows that the resistance of a cage or skip increases rapidly when it occupies more
than 30 per cent of the shaft cross section. The plan area of a conveyance should be as small as
possible, consistent with its required hoisting duties. Furthermore, a long narrow cage or skip
offers less resistance than a square cage of the same plan area. Table 5.3 shows the effect of
attaching streamlined fairings to the upstream and downstream ends of a conveyance.

No. of Shape of Fairing Cage Without Upstream Downstream Fairings at
Cage Fairings Fairing Only Fairing Only Both Ends
Decks
Aerofoil 2.05 1.53 1.56 0.95
4 Aerofoil 3.16 2.46 2.71 2.11
Triangular with 2.13 1.58 1.59 1.13
ends filled
1 Triangular without 2.13 1.65 1.79 1.48
ends filled
4 Triangular with 3.29 2.96 2.92 2.70
ends filled
4 Triangular without 3.29 2.86 3.18 2.80
ends filled

Table 5.3 Shock loss factor (X) for a caged fitted with end fairings in a shaft (after Stevenson).
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This table was derived from a model of a shaft where the coefficient of fill for the cage was 43.5
per cent. The efficiency of such fairings is reduced by proximity to the shaft wall or to another
cage. There are considerable practical disadvantages to cage fairings. They interfere with cage
suspension gear and balance ropes which must be readily accessible for inspection and
maintenance. Furthermore, they must be removed easily for inspection and maintenance
personnel to travel on top of the cage or for transportation of long items of equipment. Another
problem is that streamlining on cages exacerbates the venturi effect when two conveyances
pass. For these reasons, fairings are seldom employed in practice. However, the simple
expedient of rounding the edges and corners of a conveyance to a radius of about 30 cm is
beneficial.

Intersections and loading/unloading stations

For shafts that are used for both hoisting and ventilation it is preferable to employ air bypasses at
main loading and unloading stations. At shaft bottom stations, the main airstream may be diverted
into one (or two) airways intersecting the shaft some 10 to 20m above or below the loading
station. Similarly, at the shaft top, the main airflow should enter or exit the shaft 10 to 20m below
the surface loading point. If a main fan is to be employed on the shaft then it will be situated in the
bypass (fan drift) and an airlock becomes necessary at the shaft top. If no main fan is required at
that location then a high-volume, low-pressure fan may be utilized simply to overcome the
resistance of the fan drift and to ensure that the shaft top remains free from high air velocities.
The advantages or such air bypasses are:

¢ they avoid personnel being exposed to high air velocities and turbulence at
loading/unloading points.

e they reduce dust problems in rock-hoisting shafts.

e they eliminate the high shock losses that occur when skips or conveyances are stationary
at a heavily ventilated inset.

At the intersections between shafts and fan drifts or other main airways, the entrance should be
rounded and sharp corners avoided. If air bypasses are not employed then the shaft should be

enlarged and/or the underground inset heightened to ensure that there remains adequate free-

flow area with a conveyance stationary at that location.

5.5. AIR POWER

In Chapters 2 and 3, we introduced the concept of mechanical energy within an airstream being
downgraded to the less useful heat energy by frictional effects. We quantified this as the term F,
the work done against friction in terms of Joules per kilogram of air. In Section 3.4.2. we also
showed that a measurable consequence of F was a frictional pressure drop, p, where

p J
F=— — 3.52
o kg (3.52)
and p = mean density of the air

The airpower of a moving airstream is a measure of its mechanical energy content. Airpower may
be supplied to an airflow by a fan or other ventilating motivator but will diminish when the airflow
suffers a reduction in mechanical energy through the frictional effects of viscous action and
turbulence. The airpower loss, APL, may be quantified as

J kg
APL = FM —— or W (5.53)
kg s
where M =Qp (kg/s) (mass flowrate)
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Then APL=FQp
But F=plp from equation (5.52), giving
APL = pQ w (5.54)

As both p and Q are measurable parameters, this gives a simple and very useful way of
expressing how much ventilating power is dissipated in a given airway.

Substituting for p from the rational form of the square law
p = RpQ° (equation (2.50))
gives APL=R.pQ® W (5.55)
This revealing relationship highlights the fact that the power dissipated in any given airway and,
hence, the cost of ventilating that airway depend upon
(a) the geometry and roughness of the airway
(b) the prevailing mean air density and

(c) the cube of the airflow.

The rate at which mechanical energy is delivered to an airstream by a fan impeller may also be
written as the approximation

Air power delivered = pi Q W (5.56)
where py is the increase in total pressure across the fan. For fan pressures exceeding 2.5 kPa,

the compressibility of the air should be taken into account. This will be examined in more detail in
Chapter 10.
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Appendix A5

Shock loss factors for airways and ducts.

Shock loss (X) factors may be defined as the number of velocity heads that give the frictional
pressure loss due to turbulence at any bend, variation in cross sectional area or any other
configuration that causes a change in the general direction of airflow.

2
Pshock = Xpu? Pa [equation (5.17)]

air density (kg/m®) and
air velocity (m/s)

where p
u

The shock loss factor is also related to an equivalent Atkinson resistance.

Xp Ns? )
=—F — equation (5.18
A2 3 [eq (5.18)]

where A = cross-sectional area of opening (m?)
or rational resistance

X -4

Rtshock = A2 m [equation (5.19)]

This appendix enables the X factor to be estimated for the more common configurations that
occur in subsurface environmental engineering. However, it should be borne in mind that small
variations in geometry can cause significant changes in the X factor. Hence, the values given in
this appendix should be regarded as approximations.

For a comprehensive range of shock loss factors, reference may be made to the Fundamentals
Handbook produced by the American Society of Heating, Refrigerating and Air-Conditioning
Engineers (ASHRAE).

Throughout this appendix, any subscript given to X refers to the branch in which the shock loss or
equivalent resistance should be applied. However, in the case of branching flows, the conversion

to an equivalent resistance Ry, = X p/ (2A%) should employ the cross sectional area of the main

or common branch. Unsubscripted X factors refer to the downstream airway.
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A.5.1 Bends
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Figure A5.2. Shock loss factor for right angled bends of rectangular cross section.
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Figure A5.3. Correction to shock loss factor for bends of angles other than 90°
Xo = Xgo X k

Applicable for both round and rectangular cross sections
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A5.2 Changes in cross-section

(a) Sudden enlargement:

A,
A _ .
| A = Cross sectional area
up —» u —» . ,
_I u = Air velocity
A 2
X, = {—2 - 1} where X, is referred to Section 2
1
A 2
Xy = { - A—l} where X; is referred to Section 1. (Useful if A, is very large)
2

(b) Sudden contraction:

A1

| A, R
x2=o.5{ ——2}

“l

Ab5.3 Junctions

The formulae and graphs for shock loss factors at junctions necessarily involve the branch
velocities or airflows, neither of which may be known at the early stages of subsurface ventilation
planning. This requires that initial estimates of these values must be made by the planning
engineer. Should the ensuing network analysis show that those estimates were grossly in error
then the X values and corresponding branch resistances should be re-evaluated and the analysis
run again.

(a) Rectangular main to diverging circular branch (e.g. raises, winzes)

ur rectangular X, = 0_5{“ 2,5u_2}
ug
Xo p Ns®
Uz round Rashook = 2A° m®
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(b) Figure A5.4. Circular main to circular branch (e.g. fan drift from an exhaust shaft).

A =cross-sectional area (m?): u = air velocity (m/s):
Condition: Al = A3

R  Xp Ns?
2,shock — 2A12 mg
R _ Xgp Ns?
3,shock — 2A12 mg
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(c) Figure A5.5. Rectangular main to diverging rectangular branch

Condition: Al - Ay + Ag
Xy p
R2,sh0<:k = 2;12
X3 p
R3,shock = 22\12

10

u2/ U
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(d) Figure A5.6. Circular branch converging into circular main

A = cross sectional area (m?): Q = airflow (m%/s)
X, p Ns?
R2,sho<:k = o A2 F
X3 p Ns?
R3,shock = 2 g
2A,
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(e) Figure A5.7. Converging Y junction, applicable to both rectangular
and circular cross-sections.
(For a diverging Y junction, use the branch data from Figure A5.5.)
Conditions: A; = A+ A,
Al = A2
R _ Xyp Ns?
1shock 2A32 8
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A5.4 Entry and Exit

(a) Sharp-edged entry:

(b) Entrance to duct or pipe:

X =10

(This is a real loss caused by
— turbulence at the inlet and should
not be confused with the
conversion of static pressure to
velocity pressure)

(c) Bell-mouth:

X = 0.03forr/D =2 0.2

“— O

\
~

(d) Exitloss: X = 1.0 (direct loss of kinetic energy).
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A5.5 Obstructions

(a) Obstruction away from the walls (e.g. free-standing roof support).

where Cp
Ay
A

Coefficient of Drag for the obstruction (see Figure 5.3)
cross sectional area facing into the airflow
area of airway

(b) Elongated obstruction

A1

A
Y

A = cross sectional area open to airflow

Ignoring interaction between constituent shock losses, the effect may be approximated as the
combination of the losses due to a sudden contraction, length of restricted airway and sudden
enlargement. This gives

2
X, =15 1_ﬁ + ZKL#
pA
or, when referred to the full cross-section of the airway,

2
X]_XZ_
2

where k = Atkinson friction factor for restricted length (kg/m®)
per, = perimeter in restricted length (m)
p = air density (kg/m3).
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(c) Circular and rectangular orifices (e.g. regulators, door frames)

2
oL {H }
C. A

where Cc = orifice coefficient (Figure A5.8)

76—

Ce

12—

68

Ce = 0.48 (A/D)"> + 0.6 /

/

bbf—

Orifice Coefficient
I

7

| | | 1
0 02 04 06 _08
diameter ratio d/D (=,/A2/A1)

60

Figure A5.8. Orifice coefficients (of contraction) for sharp edged circular or rectangular orifices.
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(d) Figure A5.9. Shock loss factor for screen in a duct.

A
As

full area of duct
open flow area of screen
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A5.6. Interaction between shock losses

When two bends or other causes of shock loss in an airway are within some ten hydraulic mean
diameters of each other then the combined shock loss factor will usually not be the simple
addition of the two individual shock loss factors. Depending upon the geometrical

configuration and distance between the shock losses, the combined X value may be either
greater or less than the simple addition of the two. For example, a double bend normally has a
lower combined effect than the addition of two single bends, while a reverse bend gives an
elevated effect. Figure A5.10 illustrates the latter situation. This Figure assumes that the shock
loss furthest downstream attains its normal value while any further shock within the relevant
distance upstream will have its shock loss factor multiplied by an interference factor.

25 | | T ]
o [ R
O i
- F N\ ~
020

s [ |

n [

5 |

s L
~15
5 L
E |
810 .
o) _
5 N B
§0.5_ B
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5 | ]
T | -
s - }
£ ol—L 1 I 1 1

. h 2 3 4 5 6 7 8 9 10
N L/dy

Figure A5.10 Correction (interference) factor for first of two interacting shock losses.
Combined shock loss X¢comp = C X1+ X5

where X; and X, are obtained from the relevant graphs.
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6.1. PURPOSE AND SCOPE OF VENTILATION SURVEYS

A ventilation survey is an organized procedure of acquiring data that quantify the distributions of
airflow, pressure and air quality throughout the main flowpaths of a ventilation system. The
required detail and precision of measurement, and the rigour of the ensuing data analysis depend
upon the purpose of the survey. Perhaps the most elementary observation in underground
ventilation is carried out by slapping one's clothing and watching the dust particles in order to
ascertain the direction of a sluggish airflow.

Measurements of airflow should be taken in all underground facilities at times and places that

may be prescribed by law. Even in the absence of mandatory requirements, a prudent regard for

safety indicates that sufficient routine measurements of airflow be taken

(a) to ensure that all working places in the mine receive their required airflows in an efficient and
effective manner,

(b) that ventilation plans are kept up to date and

(c) to verify that the directions, quantities and separate identity of airflows throughout the
ventilation infrastructure, including escapeways, are maintained.

Similarly, routine measurements of pressure differentials may be made across doors, stoppings
or bulkheads to ensure they are also maintained within prescribed limits and in the correct
direction. The latter is particularly important in underground repositories for toxic or nuclear
materials and where spontaneous combustion may occur.

One of the main differences between a mine ventilation system and ductwork in a building is that
the mine is a dynamic entity, changing continuously due to modifications to the structure of the
network and resistances of individual branches. Regular measurements of airflow and pressure
differentials underground are necessary as a basis for incremental adjustment of ventilation
controls.

During the working life of a mine or other underground facility, there will be occasions when major
modifications are required to be made to the ventilation system. These circumstances include
opening up new districts in the mine, closing off older ones, commissioning new fans or shafts, or
interconnecting main sections of the mine. The procedures of ventilation planning are detailed in
Chapter 9. It is important that planning the future ventilation system of any facility is based on
reliable and verified data. Ventilation surveys that are carried out in order to establish a data base
for planning purposes must necessarily be conducted with a higher degree of organization, detalil
and precision than those conducted for routine monitoring and control. This chapter is directed
primarily towards those more accurate surveys.

A major objective of ventilation surveys is to obtain the frictional pressure drop, p, and the
corresponding airflow, Q, for each of the main branches of the ventilation network. From these
data, the following parameters may be calculated for the purposes of both planning and control:

° distribution of airflows, pressure drops and leakage

o airpower (p x Q) losses and, hence, distribution of ventilation operating costs throughout
the network (Section 9.5.4)

volumetric efficiency of the system (Section 4.2.3)

branch resistances (R = p/QZ)

natural ventilating effects

friction factors (Equation 5.11)

While observations of airflow and pressure differentials are concerned with the distribution and
magnitudes of air volume flow, other measurements may be taken either separately or as an
integral part of a pressure/volume survey in order to indicate the quality of the air. These
measurements may include wet and dry bulb temperatures, barometric pressures, dust levels and
concentrations of gaseous pollutants.

6-2
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6.2 AIR QUANTITY SURVEYS

The volume of air, Q, passing any fixed point in an airway or duct every second is normally
determined as the product of the mean velocity of the air, u, and the cross-sectional area of the
airway or duct, A

Q =uxA M m2 m

Most of the techniques of observing airflow are, therefore, combinations of the methods available
for measuring mean velocity and cross-sectional area.

Prior to the invention of anemometers in the nineteenth century, the only practicable means of
measuring rates of airflow in mines was to observe the velocity of visible dust or smoke particles
suspended in the air. An even cruder old method was to walk steadily in the same direction as the
airflow, varying one's pace, until a candle flame appeared to remain vertical. Modern instruments
for the measurement of airspeed in mines divide into three groups depending upon (i) mechanical
effects, (ii) dynamic (velocity) pressure of the airflow and (iii) thermal effects.

6.2.1. Rotating vane anemometers

The vast majority of airspeed measurements made manually underground are gained from a
rotating vane (windmill type) anemometer. When held in a moving airstream, the air passing
through the instrument exerts a force on the angled vanes, causing them to rotate with an angular
velocity that is closely proportional to the airspeed. A gearing mechanism and clutch arrangement
couple the vanes either to a pointer which rotates against a circular dial calibrated in meters (or
feet) or to a digital counter.

The instrument is used in conjunction with a stopwatch and actually indicates the number of
"metres of air" that have passed through the anemometer during a given time period. The clutch
device is employed to stop and start the pointer or digital counter while the vanes continue to
rotate. A zero reset lever is also incorporated into the instrument. Low range vane anemometers
will typically have eight vanes, jewelled bearings and give repeatable readings for velocities in the
range 0.25 to 15 m/s. High range instruments may have four vanes, low-friction roller or ball
bearings and can be capable of measuring air velocities as high as 50 m/s. Digital vane
anemometers indicate directly on an odometer counter, an illuminated screen, or feed an
electronic signal into a data gathering system. Modern handheld instruments may also be fitted
with a microprocessor to memorize readings, dampen out rapid variations in velocity or into which
can be entered the cross-sectional area for the calculation of volume flow. Two types of vane
anemometer are included in the selection of ventilation survey instruments shown on Plate 1.

In order to obtain a reliable measure of the mean air velocity in an underground airway, it is
important that a recommended technique of using the anemometer is employed. The following
procedure has evolved from a combination of experiment and practical experience.

6.2.2. Moving Traverses

The anemometer should be attached to a rod of at least 1.5m in length, or greater for high
airways. The attachment mechanism should permit the options of allowing the anemometer to
hang vertically or to be fixed at a constant angle with respect to the rod. A rotating vane
anemometer is fairly insensitive to yaw and will give results that do not vary by more than +5 per
cent for angles deviating by up to 30° from the direction of the airstream. Hence, for most
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Hot-wire anemometer
Pitot-static tube

Bl R L2 Micro-aneroid

Diaphragm
pressure
gauge

Sling hygrometer anemometer

Stopwatch

Plate 1. Selection of instruments that may be used in ventilation surveys

underground airways, allowing the anemometer to hang freely at the end of the rod will give
acceptable results. For airways of inclination greater than 30°, the anemometer should be
clamped in a fixed position relative to the rod and manipulated by turning the rod during the
traverse such that the instrument remains aligned with the longitudinal axis of the airway.

The traverse

The observer should face into the airflow holding the anemometer rod in front of him/her so that
the dial is visible and at least 1.5m upstream from his/her body. To commence the traverse, the
instrument should be held either in an upper or lower corner of the airway, with the pointer or
counter reset to zero, until the vanes have accelerated to a constant velocity. This seldom takes
more than a few seconds. The observer should reach forward to touch the clutch control lever
while a second observer with a stopwatch counts backwards from five to zero. On zero, the
anemometer clutch is activated releasing the pointer and, simultaneously, the stopwatch is
started.

The path of the traverse across the airway should be similar to that shown on Figure 6.1. The aim
should be to traverse the anemometer at a constant rate not greater than about 15 per cent of the
airspeed. Ideally, equal fractions of the airway cross sectional area should be covered in equal
times. This is facilitated by the stopwatch observer calling out the elapsed time at ten second
intervals. The complete traverse should take not less than 60 seconds and may be considerably
more for large or low velocity airways. The final five seconds should be counted down by the
stopwatch observer during which time the traverse person stretches forward to disconnect the
clutch at the end of the time period. The length indicated by the anemometer is immediately read
and booked, and the instrument reset to zero.
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Figure 6.1. Path of a moving anemometer traverse

The procedure is repeated, traversing in the opposite direction across the airway. Traverses
should be repeated until three readings are obtained that agree to within + 5 per cent. In
favourable steady state conditions, experienced observers will often achieve repeatability to
within + 2 per cent. Larger discrepancies may be expected in airways where there is a highly
asymmetric variation in velocity across the airway, where the floor conditions are unstable, or
when obstructions exist in the cross section. Measuring stations should be chosen to avoid such
difficulties wherever possible. Another annoying cause of discrepancy is the opening of a
ventilation door during the period of measurement. Two or more sets of traverses should be taken
at different locations within each airway. Where cross-cuts or other leakage paths affect the
airflow then a sufficient number of additional measurement points should be traversed in order to
guantify the rate and direction of leakage.

Booking

The anemometer field book should be waterproof and laid out such that each double page has
segments for

names of observers

the location of the measuring station, time, date,
anemometer readings and corrections
dimensioned sketch of cross-section

calculation of area

calculation of air volume flow.

oukrwhpE
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The bookings are normally made by the stopwatch person. For each traverse, the anemometer
reading is divided by the corresponding time to give the air velocity. The mean of these station
velocities, ignoring any values outside the + 5 per cent tolerance, gives the observed mean
velocity. In most cases, the time of each traverse at a station is the same, allowing the
anemometer readings to be averaged before calculating the mean velocity. The observed mean
velocity must then be corrected according to the calibration chart or curve for the instrument
(Section 6.4) to give the actual mean velocity, u.

The cross sectional area, A, is determined using one of the methods discussed in section 6.2.12.
The calculation of airflow is then completed as

Q =uxA mm2=—

Anemometer traverses may also be employed at the ends of ducts. However, it is recommended
that the technique not be used for duct diameters less than six times that of the diameter of the
anemometer.

6.2.3. Fixed point measurement

An estimate of duct airflow may be obtained by holding the anemometer at the centre of the duct
and multiplying the corrected reading by a further correction factor of 0.8. A similar techniqgue may
be employed for routine check readings taken at well established measuring stations in airways.
The reading obtained from a stationary anemometer at a known location within the cross-section
should, initially, be compared with that given from a series of traverses in order to obtain a "fixed
point" correction factor for that station. This is typically 0.75 to 0.8 for the fixed point located some
one half to two thirds the height of the airway. Subsequent routine readings may be obtained
simply by taking an anemometer reading at the fixed point and applying the appropriate
calibration and fixed point corrections. Provided that the measuring station is well downstream of
any bends or major obstructions and the airflow remains fully turbulent then the fixed point
correction factor will stay near constant as the airflow varies.

6.2.4. Density correction

For precise work, anemometer readings may be further corrected for variations in air density:

u=u +C, 2= (6.1)
Pm
where
u = corrected velocity
u; = indicated velocity
C. = correction from instrument calibration curve or chart
P = air density at time of calibration
Pm = actual air density at time of measurement
Equation (6.1) shows that the density adjustment Pe is effectively applied only to the
Pm

calibration correction and is ignored in most cases.
6.2.5. Swinging vane anemometer (velometer)
In its most fundamental form, the swinging vane anemometer (velometer) is simply a hinged vane

which is displaced against a spring from its null position by a moving airstream. A connected
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pointer gives a direct reading of the air velocity. The air enters a port at the side of the instrument.
This port can be fitted with interchangeable orifices or probes to give a range of measurable
velocities. Oscillations of the vane may be reduced by the eddy current damping produced when
a metal strip connected to the vane moves between strong permanent magnets. The delicacy of
the velometer together with its pronounced directional bias has limited its use in underground
surveys. However, it can serve a useful purpose in giving spot readings as low as 0.15 m/s in
gassy mines where hot wire probes are prohibited.

6.2.6. Vortex-shedding anemometer

For continuous monitoring systems, both rotating vane and swinging vane instruments with
electrical outputs have been employed. However, they both require relatively frequent calibration
checks when used in mine atmospheres. For this type of application, the vortex-shedding
anemometer is preferred as it has no moving parts.

When any bluff object is placed in a stream of fluid, a series of oscillating vortices are formed
downstream by boundary layer breakaway, first from one side of the body then the other. The
propagation of the vortices is known as a Karman street and can often be observed downstream
from projecting boulders in a river. The rate of vortex production depends upon the fluid velocity.
In the vortex-shedding anemometer, the vortices may be sensed by the pulsations of pressure or
variations in air density that they produce. One apparent disadvantage noticed in practice is that
when sited in a fixed location underground for monitoring purposes they require calibration for
that specific location. They may also require electronic damping to eliminate large but short lived
variations in signals caused by the passage of vehicles.

6.2.7. Smoke tubes

Smoke tubes are perhaps the simplest of the mechanical techniques employed for measuring
airflows and are used for very low velocities. A pulse of air forced by a rubber bulb through a
glass phial containing a granulated and porous medium soaked in titanium tetrachloride or
anhydrous tin will produce a dense white smoke. This is released upstream of two fixed marks in
the airway. An observer with a spot-beam cap lamp is located at each mark. The time taken for
the cloud of smoke to travel the length of airway between the marks gives an indication of the
centre-line velocity of the air. This must then be adjusted by a centre-line correction factor to give
the mean velocity. The correction factor is usually taken to be 0.8 although a more accurate value
can be calculated for known Reynold's numbers. The length of airway should be chosen such
that at least one minute elapses during the progression of the smoke between the two marks.
Dispersion of the smoke cloud often causes the downstream observer some difficulty in deciding
when to stop the stopwatch. Due to the uncertainties inherent in the technique, smoke tubes are
normally employed as a last resort in slow moving airstreams.

6.2.8. Pitot-static tube

In section 2.3.2 we discussed the concepts of total, static and velocity pressures of a moving
stream of fluid. A pitot-static tube, illustrated on Figure 6.2, can be used to measure all three. This
device consists essentially of two concentric tubes. When held facing directly into an airflow, the
inner tube is subjected to the total pressure of the moving airstream, p;. The outer tube is
perforated by a ring of small holes drilled at right angles to the shorter stem of the instrument and,
hence, perpendicular to the direction of air movement. This tube is, therefore, not influenced by
the kinetic energy of the airstream and registers the static pressure only, ps. A pressure gauge or
manometer connected across the two tappings will indicate the difference between the total and
static pressure, i.e. the velocity pressure:

Py, = P: — Ps Pa [ from equation (2.18) ] (6.2)



Chapter 6. Ventilation Surveys Malcolm J. McPherson

<—
0.3to1mm ! |
,f""::_________—__":_:::ldi? «—
s ' ~ |
f ,.[ Id Airflow
[ 6 to 20d | 3to10d —
| 1 = =
| |
|
¥
L
L
i»r‘ﬂ
| |
|
| |
| |
| |
| |
| |
| S
| | Ps
1 l Pt
Figure 6.2 Pitot-static tube
Furthermore, the velocity head is related to the actual velocity of the air, u
u = /Zﬁ m/s [ from equation (2.17) ] (6.3)
Yol
where
p = actual density of the air (kg/m3)

(see equation (14.52) for air density).

Pitot-static tubes vary widely in overall dimensions. For measuring air velocities in mine airways
or at main fans, the longer stem may be some 1.5m in length. Much smaller versions are
available for use in ducts or pipes.

Modern pitot-static tubes reflect the total, static and velocity pressures of the airflow to an
excellent degree of accuracy. Unfortunately, the precision of the measurement depends also
upon the manometer or pressure gauge connected to the tappings. This imposes a practical
restriction on the lower limit of air velocity that can be measured by a pitot-static tube in the
turbulent airflows of an underground system.
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Example
If adiaphragm pressure gauge can be read to the nearest + 1 Pa, then the lowest pressure that will give 10

per cent accuracy in the pressure reading is 10 Pa. Calculate the air velocity corresponding to a velocity
pressure of 10 Pa, assuming an air density of 1.2 kg/m®.

Solution

u = \/va - JZXlO - 4.08 m/s
Yol 1.2

As the great majority of underground openings have air velocities of less than 4 m/s, it is clear
that the use of the pitot-static tube for the measurement of air velocity is limited to ventilation
ducting and a few high velocity airways; primarily fan drifts and evasees, ventilation shafts, some
longwall faces and trunk airways.

One of the difficulties of using a pitot-static tube for the spot measurement of pressures or
velocities in a turbulent airstream is the oscillation in the readings. A small wad of cotton wool
inserted into the flexible pressure tubing between the pitot-static tube and the pressure gauge
damps out the short term variations. However, the cotton wool should not be so tightly tamped
into the tubing that the gauge reaction becomes unduly slow. Electronic diaphragm gauges are
often fitted with an internal damping circuit.

6.2.9. Fixed point traverses

The rotating vane anemometer is an integrating device, accumulating the reading as it is
traversed continuously across an airway or duct. Most other instruments for the measurement of
air velocity, including the pitot-static tube, do not have this advantage but are confined to giving a
single spot reading at any one time. In order to find the mean velocity in an airway from pitot-
static tube readings it is, therefore, necessary to take spot measurements at a number of
locations over the cross-section. This procedure is known by the contradictory sounding term
"fixed point traverse". Differing techniques of conducting such traverses vary in the number of
observations, locations of the instrument and treatment of the data. Three of these techniques are
described here. In all cases, the fixed point traverse method assumes that the distribution of flow
over the cross-section does not vary with time. For permanent monitoring stations, a grid of
multiple pitot-static tubes may be left in place.

Method of equal areas

In this method, the cross-section of the duct or airway is divided into subsections each of equal
area. Figure 6.3 shows a rectangular opening divided into 25 equal subsections similar in shape
to the complete opening. Using a pitot-static tube or anemometer, the velocity at the centre of
each subsection is measured. The mean velocity is then simply the average of the subsection
velocities.

There are a few precautions that should be taken to ensure satisfactory results. First, if a pitot-
static tube is employed then the velocity at each subsection should be calculated. Averaging the
velocity pressure before employing equation (6.3) will not give the correct mean velocity.
Secondly, it will be recalled that the velocity gradient changes most rapidly near the walls. Hence,
accuracy will be improved if the velocities for the subsections adjacent to the walls and,
especially, in the corners are determined from a number of readings distributed within each of
those subsections. Third, the number of subsections should increase with respect to the size of
the airway in order to maintain accuracy.
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Figure 6.3 Measuring points for a fixed point traverse in a rectangular opening. The
velocity in each shaded subsection should be averaged from several

readings distributed over the subsection.

As a guide, the recommended number of points, n, for a rectangular opening may be estimated

as

_8
n=100e4\ + 23

where e is the exponential exponent, 2.7183 and

A is the cross-sectional area (m)

(6.4)

The estimated number of points may then be rounded to a value that is convenient for subdividing
the cross-sectional area but should never be less than 24. Correct positioning of the measuring
instrument is facilitated by erecting a grid of fine wires in the airway to represent the subsections.

In the case of circular openings, the method of equal areas divides the circle into annuli, each of
the same area. Readings should be taken at points across two diameters and the corresponding
velocity profiles plotted. Should those profiles prove to be skewed then readings should be taken
across two additional diameters. The number of measuring points recommended on each
diameter is given in Table 6.1. Figure 6.4 illustrates an 8 point traverse on each of 4 diameters.

Diameter of duct (m)

<1.25

1.25-25

>25

No. of points

6

8

12

Table 6.1 Number of measuring points on each diameter of a circular opening.
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Figure 6.4 Measuring positions for a 8 point traverse on 4 diameters of a circular duct.

The locations of the points are at the centre of area of the relevant annulus on each diameter and
may be calculated from

2n-1

r =D m 6.5
4N (65)
where r = radius of point n from the centre
n = number of the point counted outwards from the centre
D = diameter of the duct (m)
N = number of points across the diameter

Table 6.2 gives locations of points for 6, 8, and 12 point traverses in terms of fractions of duct
diameter measured from one side.

Where a pitot-static tube traverse is to be conducted across a duct from the outside then a

clamping device should be attached to the outer surface of the duct to hold the pitot-static tube
firmly in place. The positions of measurement should be marked on the stem of the instrument
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using Table 6.2 or 6.3. After each relocation of the measuring head, the pitot-static tube should
be yawed slightly from side to side until the orientation is found that gives the greatest reading of
total or velocity pressure. The head of the instrument is then aligned directly into the airstream.

No. of
measuring Fractions of one diameter measured from side of duct
points on
each centre
diameter v
6 0.044| 0.146 | 0.296] 0.704 | 0.854 | 0.956
8 0.032| 0.105| 0.194 | 0.323] 0.677 | 0.806 | 0.895 | 0.968
12 0.021| 0.067 | 0.118 | 0.177 | 0.250 | 0.356 | 0.644 | 0.750 | 0.823 | 0.882 | 0.933 | 0.979
Table 6.2 Positions of measuring points in a circular duct using the method of equal areas.
Log-linear traverse
A more accurate method of positioning points of measurement along the diameters of a circular
duct has been derived from a consideration of the logarithmic law equations that describe the
velocity profile for turbulent flow. The effects of observational errors are minimized when the
points are located according to this method, known as the log-linear traverse. The corresponding
locations are given in Table 6.3.
No. of
measuring Fractions of one diameter measured from side of duct
points on
each
diameter centre
v
6 0.032 | 0.135| 0.321 1 0.679 | 0.865 | 0.968
8 0.021| 0.117 | 0.184 | 0.345] 0.655| 0.816 | 0.883 | 0.978
12 0.014 | 0.075| 0.114 | 0.183 | 0.241 | 0.374] 0.626 | 0.759 | 0.817 | 0.886 | 0.925 | 0.986

Table 6.3 Log-linear traverse positions of measuring points in a circular duct.

Velocity contours
One of the difficulties that besets ventilation engineers in measuring large scale airflows is that
conditions are often not conducive to good accuracy. "Textbook" advice is to choose measuring
stations well away from obstructions, bends or changes in cross-section. Unfortunately, this is not
always possible, especially when measuring airflows at the inlets or outlets of fans. It is not
uncommon to find that longitudinal swirl in a fan drift or re-entry in an evasee causes the air to
move in the wrong direction within one part of the cross-section. Similarly, in obstructed but high
velocity airways underground such as many longwall faces, complex airflow patterns may exist.
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A useful rule of thumb is that the averaging of spot velocities from a pitot-static tube traverse is
acceptable if more than 75 per cent of the velocity pressures (p,) are greater than the maximum
p, divided by 10.

For difficult cases, the construction of velocity contours can provide both a visual depiction of the
flow pattern and also a means of quantifying airflow. A scale drawing of the measurement cross-
section is made on graph paper. A grid of fine wires is constructed in the airway to define the
points of measurement. The number of points should be not less than that recommended in the
previous subsection. The greater the number of measurement points, the more accurate will be
the result. The velocities at the corresponding points of measurement are entered on the graph
paper and contour lines of equal velocity (isovels) are constructed. Figure 6.5 shows an example
of velocity contours obtained on a longwall face.

|
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Figure 6.5 Example of velocity contours at an airflow measuring station on a longwall face

The area enclosed by each contour can be determined either by planimeter (if the scale drawing
is large enough for good planimeter accuracy) or by the rudimentary method of counting squares
on the graph paper. The construction of isovels and determination of the areas enclosed are
greatly facilitated by the use of a computer software contouring package. Fully automated
systems have been devised that scan the actual cross-section and produce quantified velocity
contour diagrams. However, the expense of such systems is seldom justified other than in
research and testing laboratories.

By difference, the area of the band between each contour is evaluated and may be multiplied by
the mean of the bounding velocities and the area scale factor to give the airflow for that band.
Provided that the outermost contour is close to the walls then the velocity at the walls may be
taken as zero. The sum of all band airflows gives the total flow for the airway.

6.2.10 Hot body anemometers

When any heated element is placed in a moving fluid, heat energy will be removed from it at a
rate that depends upon the rate of mass flow over the element.

In the hot wire anemometer a wire element is sited within a small open ended cylinder to give the

instrument a directional bias. The element forms one arm of a Wheatstone bridge circuit. In most
hot wire anemometers, the temperature of the element is maintained constant by varying the
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electrical current passing through it as the air velocity changes. In other designs, the current is
kept constant and the temperature (and, hence, electrical resistance) of the element is monitored.
Modern hot wire anemometers are compensated for variations in ambient temperature and most
also indicate dry bulb temperature. For precise work, readings should be corrected for air density:

u=u 2° (6.5)
Pm
where u true air velocity

u; = indicated air velocity
p. = air density at calibration (usually 1.2 kg/m?)
Pm = actual air density at time of measurement.

Hot wire anemometers are particularly useful for low velocities and are reliable down to about 0.1
m/s. They are convenient for fixed point traverses in slow moving airstreams. If a hot wire
anemometer is to be used in a gassy mine then a check should first be made on the permissibility
of the instrument for use in potentially explosive atmospheres.

The Kata thermometer, described in Section 17.4.3.2 as a means of measuring the cooling power
of an airstream, can also be used as a non-directional device to indicate low air velocities,
typically in the range 0.1 to 1 m/s. The main bulb of the Kata thermometer is heated until the
alcohol level is elevated above the higher of the two marks on the stem. When hung in an
airstream, the time taken for the alcohol level to fall between the two marks, coupled with the
Kata index for the instrument and the air temperature, may be used to determine the non-
directional air velocity. The Kata thermometer is seldom used for underground work (except in
South Africa) because of its fragility.

6.2.11. Tracer gases

The rate at which injected gases are diluted provides a means of measuring air volume flow
without the need for a cross-sectional area. The method is particularly useful for difficult situations
such as leakage flow through waste areas, main shafts and other regions of high velocity and
excessively turbulent flow, or total flow through composite networks of airways.

Hydrogen, nitrous oxide, carbon dioxide, ozone, radioactive krypton 85 and sulphur hexafluoride
have all been used with the latter particularly suitable for leakage or composite flows. The gas
chosen should be chemically inert with respect to the mineralization of the strata.

There are two techniques of using tracer gases for the measurement of airflow. For high velocity
airways, the tracer gas may be released at a monitored and steady rate My (kg/s). At a point
sufficiently far downstream for complete mixing to have occurred, samples of the air are taken to
establish the steady state concentration of the tracer gas. Then

M
c.d _ Mg (6.6)
Q Py Q
or
M 3
Q = 9 m- (6.7)
Cpg S
where qq = volume flow of tracer gas (m®/s)
Q = airflow (m%/s)
C = downstream concentration of tracer gas (fraction by volume)
py = density of tracer gas at ambient pressure and temperature (kg/m®)

It is assumed that the volume flow of tracer gas is negligible compared with the airflow.
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In the case of sluggish or composite flows, a known mass of the tracer gas, M (kg), is released as
a pulse into the upstream airflow. At the downstream station, the concentration of tracer gas is
monitored and a concentration-time, (C v t), graph is plotted as shown on Figure 6.6. Now, the
concentration C is given as the ratio of the volume flow rate of gas, gy, and the airflow, Q.

q

c =-2 (fraction, by volume)
Q
M 3
But g = — m-
Py s

where My = mass flow rate of gas at the monitored downstream station (kg/s)

and Jo¥ density of gas at the prevailing temperature and pressure kg/m®)
g My
giving C =
Pg Q
S
on
o
I
-

[/

time (s)

Figure 6.6 Concentration-time curve at a tracer gas monitoring station
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Hence, the complete area under the curve of C against t,

| = Iow Cdt (This equals the total volume of tracer gas that passed the station)

1
Py Q

[

But the total mass of gas released, M, must also be equal to J.O My dt (assuming that all of

the air passing the upstream station also passes through the downstream station).
M

Pg Q

giving | =

or Q = — (6.8)

i)
<)
[%)]

6.2.12 Measurement of cross-sectional area

As the vast majority of airflows are determined as the product of a mean velocity and a cross-
sectional area, the accuracy of the airflow depends equally upon the measured velocity and
cross-sectional area. There is little point in insisting upon meticulous procedures for the
measurement of mean velocity unless the same care is applied to finding the cross sectional
area.

By far the most common method of measuring airway area is by simple taping. This will give good
results where the opening is of regular geometric shape such as a rectangle or circle. Airflow
measuring stations should, wherever possible, be chosen where the airway profile is well defined.
The frames of removed ventilation control doors can provide excellent sites for airflow
measurement. Shapes such as arched profiles or trapeziums may be subdivided into simple
rectangles, triangles and segments of a circle, and appropriate taped measurements taken to
allow the area to be calculated.

Inevitably, there are many situations in which airflows must be determined in less well defined
cross-sections. Several techniques are available for determining the corresponding cross-
sectional area. For shapes that approximate to a rectangle, three or more heights and widths may
be taped to find mean values of each. Care should be taken in such circumstances to make
allowance for rounding at the corners. This often occurs due to spalled rock accumulating on the
floor at the sides of airways.

A more sophisticated technique is the offset method in which strings are erected that define a
regular shape within the airway. These strings are usually two vertical and two horizontal wires
encompassing a rectangle. Taping from the wires to the rock walls at frequent intervals around
the perimeter allows a plot of the airway profile to be constructed on graph paper.

The profilometer is a plane-table device. A vertical drawing board is attached to a tripod in the
middle of the airway cross-section. Taped measurements made from the centre of the board to
points around the rock walls may be scaled down mechanically or manually to reconstruct the
airway profile on the drawing board. An electronic version replaces the tape by an ultrasonic
distance measuring device although reflections of the beam can produce errors within the
confines and rough surfaces of an underground airway.

The photographic method entails painting a white line around the perimeter of the measuring
station. A linear scale such as a surveyor's levelling staff is fixed vertically within the defined
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profile. A camera is located such that it is aligned along a longitudinal centre-line of the airway
and with its lens equidistant from all points on the painted line. These precautions reduce
perspective errors. The area within the white line may be determined by overlaying the resulting
photograph with transparent graph paper.

Such time consuming methods tend to be employed for permanent measuring stations rather
than for temporary survey stations. In all cases, the cross sectional area of conveyors, ducts or
other equipment should be determined and subtracted from the overall area of the airway.

6.3. PRESSURE SURVEYS

The primary purpose of conducting pressure surveys is to determine the frictional pressure drop,
p, that corresponds to the airflow, Q, measured in each branch of a survey route. There are
essentially two methods. The more accurate is the gauge and tube or trailing hose method, in
which the two end stations are connected by a length of pressure tubing and the frictional
pressure drop measured directly. The second method, of which there are several variations,
involves observing the absolute pressure on a barometer or altimeter at each station.

Although tradition within individual countries tends to favour one or other of the two methods, both
have preferred fields of application. In general, where foot travel is relatively easy between
measuring stations, the gauge and tube method can be employed. Where access is difficult as in
multi-level workings or in shafts then the barometer method becomes more practicable.

6.3.1. Gauge and tube surveys

Figure 6.7 illustrates the principles of gauge and tube surveying. A pressure gauge is connected
into a length of tubing whose other ends are attached to the total head tappings of pitot-static
tubes sited at the end stations. In practice, of course, the tubing and instrumentation are all within
the airway. Let us deal first with the essential theory of the method before discussing the practical
procedure of gauge and tube surveying.

Theory
From the steady-flow energy equation (3.25) for an airway between stations 1 and 2, and
containing no fan,

u,® —u,” 2 J
T (2 Zo)g = L VdP + Fpy o (6.9)
where
u = air velocity (m/s)
4 = height above mine datum (m)
g = gravitational acceleration (m/s?)
\% = specific volume of air (= 1/p) (m3/kg)
and Fio = work done against friction (J/kg)

If we assume a linear variation in air density between stations 1 and 2 then we can adopt an
arithmetic mean value of density for the airway, p, = 1/V. Furthermore, the frictional pressure
drop referred to that density is given by equation (2.46) as

P12 = pPaFi Pa (6.10)
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Figure 6.7 Measuring the frictional pressure drop between two stations by the gauge and tube method.
Applying these conditions to equation (6.9) gives

(uy® —u,?)
P, = paFip = paT"’ Pa(Z1-23)9 - (P, —Py) Pa (6.11)

(See section 3.4.1 for a fuller explanation of this equation.)

Pa u?

2

However, velocity pressure p, =

and static pressure p, = p,Z2g + P when referred to the mine datum for elevation.

Hence, equation (6.11) may be written as

P12 = (Pv1 + Ps1) — (Pv2 + Ps2) Pa
= Pu - Pi2 Pa (6.12)
where p; = total pressure (p, + ps) as sensed by the total head tapping of a pitot-static tube.

This shows that the frictional pressure drop, pi,, referred to the mean density in the airway
between the pitot-static tubes is given simply as the pressure gauge reading shown as AP in
Figure 6.7. If that measured frictional drop is to be referred to a standard value of air density, pq,
in order to compare or compound it with frictional pressure drops measured in other airways then

the correction is given as
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Pst

a

p,, (standardized) = p;,

In the great majority of cases no further calculation is required. This explains why the gauge and
tube technique is termed a direct method of measuring the frictional pressure drop in an airway.
(But see Appendix A6 for situations where there is a significant difference in elevation between
the two end stations)

Practical Procedure

The procedure for conducting a gauge and tube survey commences by assembling the
equipment and calibrating the gauges. For convenience, a list of the required equipment is given
here, together with some explanatory comments:

e 2 pitot-static tubes, approximately 1.25m in length. Shorter instruments may be employed
for small airways or for use in ducts.

e An assortment of diaphragm pressure gauges ranging from a full scale deflection of not
more than 100 Pa to the highest pressure developed by any fan in the system. The
gauges should be calibrated in the horizontal position against a primary manometer
immediately prior to an important survey. The use of diaphragm gauges rather than
inclined manometers has greatly improved the speed of gauge and tube surveying.

e A continuous length of nylon or good quality plastic tubing between 100 and 200m in
length. The tubing should be mechanically strong so that it can withstand being run over
by rubber-tyred vehicles or being dragged under doors without permanent damage. An
internal diameter from 2 to 3 mm is convenient. Larger tubing may become difficult to
handle while the waiting time of transmission of a pressure wave may become unduly
long if the tube is too narrow. The tube should be pressure tested before and after the
survey.

e Short lengths of flexible tubing to connect the pitot-static tubes and gauge to the main
tubing. Metal connectors and clamps should also be carried in case it becomes
necessary to repair damage to the main tubing.

e 2 or 3 cans of spray paint for station marking. Chalk or industrial type crayons can also
be used.

e 1 pocket barometer and 1 whirling hygrometer.

e 1 waterproof field book and pencils.

e 1100m flexible measuring tape.

e Tool kit containing screwdrivers, adjustable spanners (wrenches) and a sharp knife.
The route of the traverse and sites of main junction stations should have been established before
commencing the observations (Section 6.4). Two persons are required for a gauge and tube
survey. It is helpful to have the lowest range gauge fixed within a box with a transparent top, and
side holes for extended pressure tappings. Straps around the waist and neck of the observer hold

the gauge in a horizontal position. This facilitates travelling and making observations for
consecutive tube lengths along an airway.
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The following procedure for making the observations is recommended:

1. At the starting station, the pressure tubing is unwound and laid out along the airway in the
direction of the second main station. At the forward position, the zero setting of the gauge
is checked and, if necessary, adjusted by connecting the high and low pressure tappings
by a short length of tubing. The gauge is then connected in-line between the main tube
and the total head tapping of the leading pitot-static tube as illustrated on Figure 6.7. At
the rear position, the second pitot-static tube is similarly connected to the pressure
tubing. The flexible tubing used for connections should be of an internal diameter that fits
snugly on to the main tube, the gauge tappings and the pitot-static tube without requiring
undue force.

2. To make the observation, both pitot-static tubes are held facing into the airflow, away
from the body of the observer and at a position between one half and two thirds the
height of the airway. The gauge is observed until the reading becomes constant. This
may take two to three minutes depending upon the length and diameter of the main tube.
Light tapping of the fingers may assist in overcoming any slight frictional resistance of the
diaphragm or linkages within the gauge. On completing the gauge reading, the leading
observer should indicate that fact to the trailing observer either by cap-lamp signals or by
a tug on the tube. The barometric pressure, wet and dry bulb temperatures are also read
and booked by the leading observer together with the distance between observers. In
most cases this is the known length of the main tube. For shorter distances, the
measuring tape or other means should be used to determine the actual length.

3. The final duty of the leading observer is to paint or chalk an indicator mark on the rail or
airway side. A second tug on the tube or a cap-lamp signal indicates that it is time to
move on. The leading observer walks forward, dragging the tube behind him. When the
trailing observer reaches the indicator mark he simply stops, grasping the main tube
firmly.

4. The procedure is repeated for each tube length until the next main (junction) station is
reached.

The leading observer is kept busy while the trailing observer has little to do other than holding a
pitot-static tube at each station or substation and walking forward. However, it is preferable that
the observers exchange positions only in alternate shifts rather than during any one day. An
experienced team can progress along a traverse route fairly quickly. Indeed, using modern
equipment, it is usually the measurement of airflows by the accompanying airflow team rather
than frictional pressure drops that dictates the overall speed of the survey (see section 6.4).

Each major junction of airways should be a main station within a gauge and tube traverse. At
each of those junctions, the pitot-static tube should be held at the centre of the junction. If high
turbulence causes excessive fluctuations on the gauge then the static tapping(s) on the pitot-
static tube(s) may be employed. In this case, an anemometer should be held at the position of the
pitot-static tube(s) to measure the local velocity. The corresponding velocity pressures should be
calculated and applied as a correction to the gauge reading in order to determine the frictional
drop in total pressure.

Care should be taken at all times to ensure that the pitot-static tubes do not become clogged by
dust or other debris. Similarly, in wet conditions, it is vital to take precautions against water
entering any tube. Pitot-static tubes or the open ends of pressure tubing should never be allowed
to fall on to the floor during a traverse.

During the course of a pressure traverse, check readings should be taken of the pressure

differences across doors between airways. It is convenient to carry a separate 10m length of
flexible tubing for this purpose. It takes only a few seconds to attach a gauge of the required
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range. If in doubt concerning the range, a high pressure gauge should be used first to establish
an approximate pressure difference, then exchanged for a more appropriate instrument if
necessary. It is usually sufficient to measure the static pressure across a door. Hence, the two
ends of the tubing should be protected against the very local air velocities that sometimes occur
from leakage close to a door. A practical way of doing this is simply to insert the end of the tube
into one's pocket.

6.3.2. Barometer and altimeter surveys

If the absolute static pressures are measured on barometers at the two ends of a subsurface
airway then the difference between those two measured pressures will depend upon

o the difference in elevation between the stations,
e the air velocities, and
e the frictional pressure drop between the two stations at the prevailing airflow.

As the elevations and velocities can be measured independently, it follows that the barometric
readings can be used to determine the frictional pressure drop.

The concept of barometers was introduced in section 2.2.4.1. The instruments used for mine
barometric surveys are temperature compensated microaneroid devices. The facia of the
instruments are normally calibrated in kilopascals or other units of pressure. However, it will be
recalled that pressure may be quoted in terms of the column of air (or any other fluid) above the
point of measurement.

P = pgh Pa (6.22)
[see equation (2.8)]

If the air density, p, and gravitational acceleration, g, are regarded as constant then the pressure
may be quoted in head (metres) of air, h. This relationship is utilized to inscribe the facia of some
aneroid barometers in terms of metres (or feet) of air column.

h=— m (6.23)

The instrument then indicates an approximate elevation or altitude within the earth's atmosphere
relative to some datum and, accordingly, is then called an altimeter. For a more accurate
elevation, the reading should be corrected for the difference between the actual values of p and
g, and the standard values to which the altimeter has been calibrated. Some sophisticated
altimeters have an inbuilt bias which compensates for changes in air density with respect to
height. This allows a linear scale for altitude. For density compensated altimeters, the conversion
takes the form:

barometric pressure = exp(a — bxindicated altitude)

where the constants a and b depend upon the units of pressure and altitude, and factory settings
of the altimeter.

In most mining countries, barometric pressure surveys are carried out using direct indicating
barometers. In the United States, altimeters are commonly employed. However, if the altimeter
readings are converted to pressure units then the two methods become identical.*

1t would seem to have been the larger market (and, hence, readier availability) of altimeters together with
the concepts of a head of air and a head of water that led to the early use of altimeters in the United States.
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Theory

Again, we commence with the steady flow energy equation for an airway between stations 1 and
2, and containing no fan. In the usual case of polytropic flow, the energy equation gives the work
done against friction as:

PZ
u? —u,? In( %1) J

2+ (Z1-23)9 - R(T, -T))——=< — (6.24)
2 T k
724,) ;

(see equation (8.1))

I:12 =

or, for isothermal flow where T, =T,

2 2

u,” -u
Fo = S 4 2,-2,)9 - RT, In(P%l) é
where
P = barometric pressure (kPa)
T = absolute temperature (degrees Kelvin)
V4 = elevation of barometer location (m)
u = air velocity at the barometer (m/s)
and R = mean gas constant (J/kg K) [from equation (14.14)]

As all parameters are measurable in these relationships, the work done against friction, F;, can
be determined. This, in turn, can be converted into a frictional pressure drop, pi., referred to any
given air density, p,.

P> = PaFio Pa [see, also, equation (6.10]

A complication arises if the barometric pressures at the two stations are not read simultaneously.
In this case, the surface atmospheric pressure may change during any time interval that occurs
between readings at successive stations. If the atmospheric pressure at a fixed control station is
observed to increase by AP, during the time elapsed while moving from station 1 to station 2,
then the initial value, P4, should be corrected to

P, + AP, (6.25)

The correction, AP, may, of course, be positive or negative. By assuming a series of polytropic
processes connecting the control barometer (subscript c) to the traverse barometer (subscript 1),
it can be shown that a more accurate value of the correction is given as

P

P

(6.26)

c
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Example
The following two lines are an excerpt from a barometer field book.
Station Time Traverse Temperatures Elevation Velocity Control
No. barometer tq tw 4 u barometer
P kPa °C °C m m/s P. kPa
1 13:42 103.75 15.6 13.0 2652 2.03 98.782
2 14:05 104.61 17.2 14.2 2573 152 98.800

Using the psychrometric equations given in section 14.6, the moisture contents of the air at stations 1 and 2
were calculated to be

Xy

0.008035 kg/kg dry air

and X, = 0.008536 kg/kgdry air

Equation (14.14) then indicates the corresponding gas constants as

287.04 +461.5 X
1+ X)

giving Ry = 288.431 Jkg °C and R, = 288.517 Jkg °C with an arithmetic mean of 288.474 Jkg °C.

During the time period between taking barometer readings P; and P, the control barometer registered an
increase in atmospheric pressure of
AP, = 98.800 - 98.782 =

0.018 kPa

Equation (6.26) gives the corrected reading at station 1 as

P
P, + 4P, P—l

c

103.75
98.782

103.75 + 0.018 x

103.75 + 0.019 = 103.769 kPa

The steady flow energy equation (equation (6.24) then gives

2 2

u,” —-u
Fio = % +(Z1-2Z5)9 - R(T, -Ty) T 6
2
"%,
where T, = 273.15+ 15.6 = 288.75 K
and T, = 273.15+17.2 = 290.35 K
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2 4652 In(L04.6
Fp = 2031927 | (2652 2573)0.81 - 288.474(17.2-15.6) ( %03-769) J
2 '“(290'3%88 75) kg
J
= 091 + 77499 - 674.22 —
kg
= 1017 2
kg

and the frictional pressure drop referred to standard density becomes

plz = Flzp = 1017 X 12
= 122 Pa

(See, also, sections 8.2.2. and 8.3.3. for further examples.)

Practical Procedure

A barometric survey can be conducted with one observer at each station although an additional
person at the traverse stations facilitates more rapid progress. The equipment required is as
follows:

2 microaneroid barometers (or altimeters) of equal precision
1 whirling or aspirated psychrometer

2 accurate watches

1 anemometer

1 2m measuring tape

waterproof field books and pencils

2 or 3 cans of spray paint to mark station numbers.

The microaneroids should be calibrated against a primary barometer prior to an important survey.
A calibration cabinet can be constructed with the internal pressure controlled by compressed air
feeds and outlet valves. In addition to pressure calibration, the instruments should be checked for
temperature compensation and creep characteristics. Modern instruments are stable over the
range of temperatures normally encountered in mines and adapt to a change in pressure within a
few minutes.

For an underground barometer traverse only the main junctions need be considered as
measurement stations. Intermediate substations, as required in the gauge and tube technique,
are normally unnecessary. However, for main ventilating shafts, the most accurate results are
obtained by taking readings at intervals down the shaft (Section 8.2.2).

There are essentially two methods of handling the natural variations in atmospheric pressure that
occur during the course of the survey. One technique is to maintain a barometer at a fixed control
station and to record or log the readings at intervals of about 5 minutes. The second method is
the leapfrog procedure in which both barometers are used to take simultaneous readings at
successive stations. After each set of readings, the trailing barometer is brought up to the forward
station where the two barometers are checked against each other and reset if necessary. The
trailing barometer is then moved on to assume the leading position at the next station.
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The traverse procedure commences with the observers synchronizing their watches. If the control
station method is used, the control should be established in a location that is reasonably stable
with respect to temperature and not subject to pressure fluctuations from fans, ventilation
controls, hoists or other moving equipment. A location on surface near the top of a downcast
shaft and shaded from direct sunlight is usually satisfactory. A recording barometer may be
employed at the control station, but only if it provides a precision equivalent to that of the traverse
barometer.

At each traverse station the following readings are logged:

date, barometer identification and name of observer

number and location of station

time

barometer reading

wet and dry bulb temperatures

anemometer reading at the position of the traverse barometer.

The location of each station should be correlated with surveyors’ plans to determine the
corresponding elevation. The traverse barometer should be held at the same height above the
floor at each station in order that its elevation can be ascertained to within 0.5m.

The anemometer should be employed to measure the air velocity at the position of the barometer.
There is no need to conduct an anemometer traverse. As shown in the example given in the
previous subsection, the effect of air velocity is usually small compared with the other terms in the
steady-flow energy equation.

6.4 ORGANIZATION OF PRESSURE-VOLUME SURVEYS

The preceding two sections have discussed the techniques of measuring volume flows, Q, and
frictional pressure drops, p, separately. It will be recalled that the results of the two types of
survey will be combined to give the resistance, R = p/Q?, and airpower loss, pQ, of each branch.
As airflows and, hence, frictional pressure drops vary with time in an operating subsurface facility,
it follows that p and Q should, ideally, be measured simultaneously in any given airway. Typically,
there are two observers measuring airflows and another two involved in the pressure survey. The
two teams must liaise closely.

6.4.1. Initial planning

A pressure-volume survey should be well planned and managed. The practical work for a major
survey commences a week or two before the underground observations by assembling, checking
and calibrating the equipment. In particular, it is inadvisable to rely upon manufacturers' original
calibrations of vane anemometers or diaphragm pressure gauges. If the equipment required for
calibration is unavailable locally then the work may be carried out by a service organization or the
instruments returned to the manufacturers for customized calibration. The calibration is normally
produced as a table of corrections against indicated readings and taped to the side of the
instrument or carrying case. Interpolation from the table can be carried out at the time of
measurement so that the reading, correction and corrected observation can all be logged
immediately.

The mine plan should be studied carefully and the routes of the survey selected. A full mine
survey will include each ventilation connection to surface and the infrastructure of airways that
comprise the primary ventilation routes. Subsidiary survey routes may be appended to include
individual working districts or to extend a data bank that exists from previous surveys. The routes
should be chosen such that they can be formulated into closed traverse paths or loops within the
ventilation network of the mine. Branches that connect to the surface close through the pressure
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sink of the surface atmosphere. A main loop in a large mine may take several days to survey.
However, each main loop should be divided into smaller subsidiary loops each of which can be
closed within a single day of surveying.

An initial reconnaissance of the mine should be carried out, travelling through all airways selected
for the primary traverses and establishing the locations of main stations. These are normally at
major junctions of the ventilation system. Where two or more airways are adjacent and in parallel
- and the gauge and tube method is employed for the pressure measurements - then it is
necessary to take those measurements in one of the airways only. However, to obtain the total
airflow in that composite branch of the network, it will be necessary to take flow measurements at
corresponding points in each of the parallel airways. Airflow measuring stations should be
selected and marked on the plan and, also, on the walls of the airway.

The subsequent employment of survey data for ventilation network analysis and forward planning
(Chapters 7 and 9) should be kept in mind during the management of ventilation surveys. The
identification number assigned to each network junction should give an indication of the location
of the junction within the mine. In multi-level workings, for example, the first integer of station
numbers may be used to indicate the level.

A pre-survey briefing meeting should be held with all observers present. Each observer should be
fully trained in survey procedures, use of the instruments and techniques of observation. The
traverse routes and system of station identification should be discussed, together with an outline
schedule covering the days or weeks required to complete the survey.

6.4.2. Survey management

During production shifts, the airflows and pressure drops in an underground mine are subject to
considerable variation due to movement of equipment, changes in resistance in the workings and
opening of ventilation doors. Hence, the best time for ventilation surveys is when the mine is
relatively quiescent with few people underground. During the duration of a survey, the observers
should be prepared to work at weekends and on night shifts.

Although the frictional pressure drop and corresponding airflow should, ideally, be measured
simultaneously in each leg of the traverse, this is often not practicable. Nevertheless, the teams
should stay fairly near to each other so that there is a minimum delay between the two sets of
measurements in a given branch. With experienced observers the teams maintain close liaison,
assisting one another and always being conscious of the activity of the other team. This avoids
the infuriating situation of the pressure team opening doors to take a check reading while the
airflow team is in the middle of an anemometer traverse. Friendships have been known to suffer
on such occasions.

Immediately following each shift the two teams should check all calculations carried out
underground, transcribe the results of that shift's work from the field books to clean log sheets
and, also, to a large scale copy of a mine map. Positions of measured airflows and pressure
drops should be reviewed by both teams to ensure compatibility of measurement locations and to
correlate identification of station numbers. Any difficulties encountered during the shift should be
discussed. The final half hour or so of each working day may be spent in reviewing the ground to
be covered in the following shift and the allocation of individual duties.

6.4.3. Quality assurance

It is most important that control is maintained over the quality of all aspects of an important
ventilation survey, from initial calibration of the instruments through to the production of final
results. Field books or booking sheets should be laid out clearly such that persons other than the
observers can follow the recording of observations and calculations carried out underground. All
calculations should be checked by someone other than the originator. Most of the calculations
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involved in ventilation surveys are quite simple and may be carried out on a pocket calculator.
The exception is for barometric surveys where a verified program for a personal computer is very
helpful. Commercially available spreadsheet software can readily be adapted for this purpose.

Adherence to Kirchhoff's Laws should be checked both at the time of observations wherever
practicable and, also, during the data transposition at the end of each shift. These laws are
discussed fully in Chapter 7. Briefly, Kirchhoff | requires that the algebraic sum of airflows
entering any junction is zero. Kirchhoff Il states that the algebraic sum of standardized pressure
drops around any closed loop must also be zero, having taken fans and natural ventilation
pressures into account. In a level or near level circuit, the closing error of a pressure loop may be
expressed as the actual closure divided by the sum of the absolute values of the measured
frictional pressure drops around the loop. This should not exceed 5 per cent. The check
measurements of pressure differentials across doors are invaluable in tracing or distributing
observational errors. In the case of loops involving significant changes in elevation such as shaft
circuits, the sum of standardized pressure drops will be a combination of observational errors and
natural ventilating effects. The latter may be determined independently from temperature and
pressure measurements as discussed in section 8.3.

It is vital that good records be kept of each phase of a survey. The survey team leader should
maintain a detailed journal of the activities and achievements of each working day. This should
include the clean log sheets of results transcribed from the field books at the end of each shift.

The conclusion of a major survey should see the establishment of a spreadsheet type of data
bank or the extension of an existing data bank, holding the frictional pressure drop and
corresponding airflow for every branch included in the survey. Other details such as the dates of
observations, names of observers, instrument identifications and dimensions of airways may be
included. The data bank may then be used to calculate airway resistances, airpower losses and
friction factors, and also provides a data base from which a computer model of the mine
ventilation network can be generated (Chapter 9). Additionally, the resistances, resistance per
unit length and airpower losses may be shown on a colour-coded map in order to highlight
sections of airways that are particularly expensive to ventilate.

6.5. AIR QUALITY SURVEYS

While pressure-volume surveys are concerned with the distribution of airflow around a ventilation
system, the subsurface environmental engineer must also maintain control of the guality of that
air, i.e. the concentrations of gaseous or particulate pollutants, and the temperature and humidity
of the air. Such measurements should be made at specified times and places to ensure
compliance with mandatory standards and with a regard for the safety and health of the
workforce.

Details of the techniques of measuring and quantifying levels of dust, gas concentrations and
climatic conditions are given in Chapter 23, 11 and 14 respectively. In addition to mandatory
measurements a set of such observations made in a systematic manner around a continuous
path is known as an air quality survey. This procedure should be employed for two reasons. First,
it provides a means of tracking and quantifying the variation in pollutant levels and, secondly, it
enables zones of emission of gases, dust, heat and humidity to be identified. Measurements of
gas concentration are often made as a normal part of a pressure-volume survey in a gassy mine.
Similarly the observations of barometric pressure, wet and dry bulb temperature made during a
pressure survey may be used to compute and plot the variations in psychrometric conditions
throughout the traverse paths.
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Appendix A6.

Application of the gauge and tube method of measuring frictional pressure drops
in cases of significant differences in elevation.

To this time, the gauge and tube technique has seldom been used for vertical shafts or highly inclined
airways although the often difficult task of measuring shaft resistance would be greatly facilitated by
leaving a length of small bore pressure tubing permanently in the shaft’. Where the ends of the tube are
at significantly different elevations a complication does, however, arise. It is found that in these
circumstances, the reading depends upon the location of the gauge and increases as the elevation of
the gauge decreases within the airway. This phenomenon occurs because the air within the tubing is
stationary and, hence, not affected by friction. The pressure at all points within the tube differs from that
outside the tube at the same elevation. For example, if the gauge is located at the bottom of a downcast
shaft, as shown in Figure A6.1 the pressure in the tube will be higher than at a corresponding elevation
outside the tube. If the temperature and moisture content inside and outside the tube are the same at
corresponding points it follows that the mean density in the tube must be a little higher than that in the
airway.

1 If the gauge is to indicate directly the frictional pressure
drop referred to the mean density in the airway, p, then it
must be located at the position of mean density. In shafts
or other airways of constant slope and resistance, this is
very close to the midpoint. However, it is usually difficult
to take measurements at this position and it is more
practicable to site the pressure gauge either at the top or

! bottom of the shaft. A correction must then be applied to

the reading in order to arrive at the frictional pressure

drop referred to the mean air density.

We shall continue this analysis assuming the gauge to
be at the base of a downcast shaft (Figure A6.1). The
pressure in the tubing at the high pressure tapping is P,
and that at the low pressure tapping is P,. The gauge
reads AP = P, - P,. However, the pressure P, must equal
the total pressure at station 1 plus the pressure due to
the head of static air within the tube

2
u
P, = F>l+plTl+AZg,ot

where P = barometric (static) pressure
u = air velocity
% AZ = depth of shaft
- Y and p; = mean air density within the tube

And, at the low pressure tapping of the gauge
_____________________________________________________| 2
pPo U
P, = P, + 222

Figure A6.1 Gauge at the bottom of a downcast
shaft. The gauge is depicted as a manometer to
show the direction of the pressure difference.

2 Where such atube is left in place permanently, it should be tested for leaks and internal condensate before
being used for africtional pressure drop observation. A disconnected compressed air pipe may be used as a
temporary pressure tube.
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Then

2 2
u — u
AP =P, P, = % L AZgp, + (P, - Py) (6.13)

Now, from equation (6.11), the frictional pressure drop in the airway, referred to the airway mean
density, pa is given as

u2—u2
Pz = pa———— + AZgpa + (P = Py) (6.14)

Hence, the "error" in the gauge reading becomes

2 2 2 2
(g = ppu") = (U - ") py

&= 4P — pyp > + A29(p; — pa) (6.15)
We can substitute for
Pa = pl;_pz (Mean density in airway)
+ o
Py = % (Mean density in tube)
where  p. = density in tube at position c.
P P
Now = ¢ and = 2
Pe = R, P2 = R,
o Pe - P, P2 . . . .
gving  pe - pp = RT. APP_ (ignoring the small effect of velocity pressure on the air
2 2 density at position b.)
AP
or Pe = P2 + 5P
l:)2

Then, after some algebraic simplification, equation (6.15) becomes

AZgAP p2 (U12 + UZZ)
& = - - 6.16
2P, 2 (P2 = p1) (6.16)

giving

(P2 = p1) (6.17)

AZ 2 2
MZZAP_SZZP%__JL%}+ (g’ +up")

2P, 4

This is the full form of the equation that allows the reading on the gauge at the base of the shaft
or slope to be corrected to mean density for the airway.
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The term A28 pa
PZ
arises from the difference in mean air density between the airway and the tubing (equation (6.15),
(Ul e’
while (P2 = P1)

is the result of converting the velocity pressures at p; and p, to the mean density p,. To be
precise, this latter term should be applied even when the airway is level. However, it is normally
insignificant and may be ignored for practical purposes, giving the frictional pressure drop
referred to the mean air density in the shaft as

AZg—pZ} (6.18)

= AP{1-
P12 { 2P,

Equation (6.18) illustrates that the uncorrected reading, AP, on the shaft bottom gauge
overestimates the actual frictional pressure drop.

Similar reasoning leads to the following equations for other configurations:

Gauge at the top of a downcast shaft
AZg py N (uy® +uy?) (
2P, 4

P = AP(tOD){lJF P2 — P1) (6.19)

Gauge at the base of an upcast shaft

AZ U.2 + u,>
pas AP(top){l— 2?3”3} s AR (6.20)
3

(Subscripts 3 and 4 refer to the bottom and top respectively of an upcast shaft.)

Gauge at the top of an upcast shaft

AZg p, (Usz + U42)
= AP(top)<1+ +
P3a ( p){ 2P, } 2

(P3 — pa) (6.21)

Again, the kinetic energy term involving u values can usually be neglected.

Hinsley, in 1962 showed that for both downcast and upcast shafts the frictional pressure drops
are given to a good approximation by the arithmetic average of the gauge readings at the top and
bottom of the shaft.
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Calculated Example

The following data® were established for a downcast shaft fitted with a tube throughout its length.

A pressure gauge can be connected to either the top or the bottom of the tube. Ignoring the small
effects of air velocity, determine the frictional pressure drop, p», referred to the mean air density

in the shaft.

Depth of shaft = 1219.2m

Top of shaft Bottom of shaft

Barometric pressure, kPa 101.591 117.015

Air density, kg/m®
(from psychrometric measurements — 1.275 1.408
ref. Chapter 14, Section 6)

Pressure gauge when 566
connected to top of tube, Pa

Pressure gauge when 655
connected to base of tube, Pa

Solution

(a) Using the pressure gauge reading at the top of the shaft, equation (6.19) applies. Ignoring the
kinetic energy terms:

AZg py
= AP(top){1+ ———
P12 ( p){ 2P, }

1219.2x 9.8066 ><1.275}

= 608 Pa

56641 +
2 x 101591

(b) Using the pressure gauge reading at the bottom of the shaft equation (6.18) applies.

Ap{l ) AZ@J_Pz}

P = 2P,
_ 6551 1219.2x 9.8066 x1.408 _ 608 Pa
2 x117015

In both cases, p;, is referred to the mean air density in the shaft and, hence, give the same result.
(In practice, it is to be expected that there will not be exact agreement between the results of
shaft top and shaft bottom gauge locations because of observational errors.)

% The given data are taken from Hinsley, F.B. (1962) on the basis of africtional adiabatic processin adry shaft. [“The
Assessment of Energy and Pressure Losses due to Airflow in Shafts, Airways and Mine Circuits’ (Section IV). The
Mining Engineer, Vol.121, No. 23, August 1962.]
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The arithmetic mean density in the shaft is

1.408 +1.275 k
Pmean = — = 1.341 —%
m

If corrected to standard air density (os;=1.2 kg/ms) for comparison with other airways, the
standardized frictional pressure drop becomes

Pst _ 1.2

608 x = 544 Pa
1.341

Pst = P2 X
mean

To check the approximate method of establishing the frictional pressure drop from the mean of
the top and bottom gauge readings:-

The arithmetic mean of the pressure gauge readings at the top and bottom of the shaft is

566 + 655
2

= 6105 Pa

showing that, in this case, the approximation is in excellent agreement with the calculated 608
Pa.
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7.1. INTRODUCTION

A vital component in the design of a new underground mine or other subsurface facility is the
guantified planning of the distribution of airflows, together with the locations and duties of fans
and other ventilation controls required to achieve acceptable environmental conditions throughout
the system. Similarly, throughout the life of an underground operation, it is necessary to plan
ahead in order that new fans, shafts or other airways are available in a timely manner for the
efficient ventilation of extensions to the workings. As any operating mine is a dynamic system
with new workings continually being developed and older ones coming to the end of their
productive life, ventilation planning should be a continuous and routine process.

The preceding chapters have discussed the behaviour of air or other fluid within an individual
airway, duct or pipe. Ventilation network analysis is concerned with the interactive behaviour of
airflows within the connected branches of a complete and integrated network. The questions
addressed by ventilation network analysis may be formulated quite simply. If we know the
resistances of the branches of a ventilation network and the manner in which those branches are
interconnected then how can we predict, quantitatively, the distribution of airflow for given
locations and duties of fans?
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Alternatively, if we know the airflows that we need in specific branches of the network then how
can we determine an efficient combination of fans and structure of the network that will provide

those required airflows? Ventilation network analysis is a generic term for a family of techniques
that enable us to address such questions.

In a given network there are a large number of combinations of airway resistances, fans, and
regulators that will give any desired distribution of flow. Practical considerations limit the number
of acceptable alternatives. However, the techniques of network analysis that are useful for
modern industrial application must remain easy to use, and sufficiently rapid and flexible to allow
multiple alternative solutions to be investigated.

Before the mid 1950's there were no practicable means of conducting detailed and quantitative
ventilation network analysis for complete mine systems. Ventilation planning was carried out
either using hydraulic gradient diagrams formulated from assumed airflows or, simply, based on
the experience and intuition of the ventilation engineer. Attempts to produce physical models of
complete mine ventilation systems using air or water as the medium met with very limited
success because of difficulties from scale effects. Following earlier research in Holland (Maas,
1950), the first viable electrical analogue computers to simulate ventilation networks were
produced in the United Kingdom (Scott et al, 1953) followed rapidly in the United States (McElroy,
1954). These analogues employed electrical current passing through rheostats to simulate
airflows. Successive adjustment of the resistances of the rheostats enabled the linear Ohm's law
for electrical conductors to emulate the square law of ventilation networks.

Linear resistance analogues became the main automated means of analyzing mine ventilation
networks in the nineteen fifties and early 'sixties. Rapid advances in the electronics industries
during that time resulted in the development of direct reading fluid network analogues that
replaced the linear resistors with electronic components. These followed a logarithmic
relationship between applied voltage and current, producing analogues that were easier to use
and much faster in operation (Williams, 1964). However, by the time they became available,
ventilation simulation programs for mainframe digital computers had begun to appear
(McPherson 1964, Hartman and Wang 1967). These proved to be much more versatile, rapid
and accurate, and their employment soon dominated ventilation planning procedures in major
mining countries. Coupled with continued improvements in ventilation survey techniques to
provide the data, ventilation network analysis programs resulted in hitherto unprecedented levels
of flexibility, precision and economics in the planning, design and implementation of mine
ventilation systems.

Throughout the 1970's network programs were developed for large centralized mainframe
computers. Their initial use by industry tended to be inhibited by the often pedantic procedures of
data preparation together with the costs and delays of batch processing. In the 1980's, the
enhanced power and reduced cost of microcomputers led to the evolution of self-contained
software packages that allowed very easy interaction between the user and the computer. These
incorporated the use of graphics. Ventilation engineers could, for the first time, conduct multiple
planning exercises on large networks entirely within the confines of their own offices. The
complete processing of data from survey observations through to the production of plotted
ventilation plans became automated. Personal computers, printers and plotters proliferated in
mine planning offices. Together with the ready availability of software, these led to a revolution in
the methodologies, speed and accuracy of subsurface ventilation planning.

In this chapter, we shall introduce the basic laws that govern the distribution of airflow within a

network of interconnected branches. The analytical and numerical methods of predicting airflows
will be examined before proceeding to a discussion of network simulation packages.
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7.2 FUNDAMENTALS OF VENTILATION NETWORK ANALYSIS

Any integrated ventilation system can be represented as a schematic diagram in which each line
(branch) denotes either a single airway or a group of openings that are connected such that they
behave effectively as a single airway (Section 7.3.1.1). Only those airways that contribute to the
flow of air through the system appear on the network schematic. Hence, sealed off areas of
insignificant leakage, stagnant dead ends and headings that produce no induction effects
(Section 4.4.3) on the main airflow need not be represented in the network. On the other hand,
the tops of shafts or other openings to surface are connected to each other through the pressure
sink of the surface atmosphere. The points at which branches connect are known simply as
junctions or nodes.

7.2.1 Kirchhoff's Laws

Gustav R. Kirchhoff (1824-87) was a German physicist who first recognized the fundamental
relationships that govern the behaviour of electrical current in a network of conductors. The same
basic relationships, now known as Kirchhoff's Laws, are also applicable to fluid networks
including closed ventilation systems at steady state.

Kirchhoff's first law states that the mass flow entering a junction equals the mass flow leaving that
junction or, mathematically,

M =0 (7.1)
]

where M are the mass flows, positive and negative, entering junction j.

However, it will be recalled that

M = Qp k?g (7.2)

where Q = volume flow (m3/s) and
p = air density (kg/m3)

Hence XQp =0 (7.3)
J

In subsurface ventilation systems, the variation in air density around any single junction is
negligible, giving

%Q =0 (7.4)

This provides a means of checking the accuracy of airflow measurements taken around a junction
(Section 6.4.3).

The simplest statement of Kirchhoff's second law applied to ventilation networks is that the
algebraic sum of all pressure drops around a closed path, or mesh, in the network must be zero,
having taken into account the effects of fans and ventilating pressures. This can be quantified by
writing down the steady flow energy equation (3.25), initially for a single airway.

2
AT L uzg+w = [vdP + F J (7.5)
kg
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where u = air velocity (m/s)
Z = height above datum (m)
W = work input from fan (J/kg)
V = specific volume (m*/kg)
P = barometric pressure (Pa) and
F = work done against friction (J/kg)

If we consider a number of such branches forming a closed loop or mesh within the network then
the algebraic sum of all AZ must be zero and the sum of the changes in kinetic energy, Au?/2, is
negligible. Summing each of the remaining terms around the mesh, m, gives

> [vap + 2fF -w] = o J (7.6)

m m kg

Now the summation of — IV dP terms is the natural ventilating energy, NVE, that originates from
thermal additions to the air (Section 8.3.1). Hence, we can write

J
IIF-W| - NVE = 0 — 7.7
F-w] < (7.7)

This may now be converted to pressure units by multiplying throughout by a single value of air
density p.

S[pF —pW] - pNVE = 0 Pa (7.8)
However, PF

oW
p NVE

p (frictional pressure drop, equation (2.46))
pr (rise in total pressure across a fan) and
NVP (natural ventilating pressure, equation (8.32)),

each of these three terms being referred to the same (standard) density. The equation then
becomes recognizable as Kirchhoff's second law:

Z(p-p;) - NVP =0 Pa (7.9)

This is the relationship that is employed as a quality assurance check on a pressure survey
(Section 6.4.3), or as a means of determining a value for the natural ventilating pressure
(equation 8.51)).

7.2.2 Compressible or incompressible flow in ventilation network analysis

Kirchhoff's laws can be applied to fluid networks that conduct either compressible or
incompressible fluids. In the former case, the analysis is carried out on the basis of mass flow.
Equations (7.1) or (7.3) are employed for the application of Kirchhoff's first law and equation (7.7)
for Kirchhoff's second law.

There is another set of equations that must be obeyed within ventilation networks. Those have

already been introduced as the square law for each individual branch. When the flow is deemed
to be compressible, then the rational form of the square law should be utilized

p = R, pQ2 Pa (see equation (2.50))
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where R, = rational turbulent resistance (m™)

But, as p = Fp (equation (2.46)),

= Fp = RpQ?
J

p
giving F = R,Q? P (7.10)

Kirchhoff's second law for compressible flow (equation (7.7)) becomes

Z[RtQZ —W] - NVE = 0 Ea (7.11)
m kg

As we progress from branch to branch around a closed mesh in a network then it is the algebraic
values of the pressure drops, p, or losses of mechanical energy, F, that must be summed. These
are both positive in the direction of flow and negative if the flow is moving against the direction of
traverse around the mesh. Hence, equation (7.11) may, more appropriately, be written as

Z[RtQ Q| -vv] - NVE =0 é (7.12)

where Q = airflow with due account taken of sign (= m3/s)
and IQI = absolute value of airflow and is always positive (+m3/s).

This device ensures that the frictional pressure drop or loss of mechanical energy always have
the same sign as airflow.

In the case of incompressible flow, the application of Kirchhoff's laws becomes more
straightforward. Equations (7.4) and (7.9) give

2Q =0 (Kirchhoff I)
j

and  ZRQIQ| - p;) - NVP = 0 (Kirchhoff 11 (7.13)
m

where R = Atkinson resistance (Ns*/m?®)

It will be recalled that the three terms of this latter equation should each be referred to the same
(standard) value of air density, normally 1.2 kg/m®.

Computer programs have been developed for compressible flow networks. These require input
data (pressures, temperatures, elevations and air quality parameters) from which variations in air
density and natural ventilation effects may be calculated. On the other hand, where
compressibility and natural ventilating effects need to be taken into account, there are means by
which these can be simulated to an acceptable accuracy by an incompressible flow network
program. For these reasons, the great majority of subsurface ventilation planning employ the
simpler and faster incompressible flow programs. The more sophisticated and demanding
compressible flow programs are required for compressed air (or gas) networks or for specialized
applications in subsurface ventilation systems.

The remainder of this chapter will concentrate on incompressible flow network analysis.
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7.2.3 Deviations from the Square Law

The square law was derived in Section 2.3.6 from the basic Chezy Darcy relationship and further
developed in Section 5.2. Both the rational form of the square law, p = RpQ?, and the traditional
form, p = RQ?, apply for the condition of fully developed turbulence. Furthermore, both the
rational resistance, R;, and the Atkinson resistance, R, are functions of the coefficient of friction, f,
for the duct or airway (equations (2.51), (5.4), and (5.1)). Hence, if the flow falls into the
transitional or laminar regimes of the Moody chart (Figure 2.7) then the value of f becomes a
function of Reynolds Number. The corresponding values of resistance, R;, or R, for that airway
then vary with the airflow. If the form of the square law is to be retained then the values of
resistance must be computed for the relevant values of Reynolds Number.

However, many experimental researchers have found that plotting In(p) against In(Q) may give a
slope that deviates slightly from Chezy Darcy'’s theoretical prediction of 2, even for fully
developed turbulence. The relationship between frictional pressure drop, p, and volume flowrate,
Q, may be better expressed as

p = RQ" Pa (7.14)

where values of the index, n, have been reported in the range of 1.8 to 2.05 for a variety of pipes,
ducts and fluids. Similar tests in mine airways have shown that n lies very close to 2 for routes
along the main ventilation system but may be lower for leakage flows through stoppings or old
workings. This effect is caused primarily by flows that enter the transitional or, even, laminar
regimes. In the latter case, n takes the value of 1.0 and the pressure drop flow relationship
becomes

p = R.Q (see equation (2.32))

where R, = laminar resistance

In the interests of generality, we shall employ equation (7.14) in the derivations that follow.

7.3. METHODS OF SOLVING VENTILATION NETWORKS

There are essentially two means of approach to the analysis of fluid networks. The analytical
methods involve formulating the governing laws into sets of equations that can be solved
analytically to give exact solutions. The numerical methods that have come to the fore with the
availability of electronic digital computers solve the equations through iterative procedures of
successive approximation until a solution is found to within a specified accuracy.

In both cases, the primary processes of solution may be based on the distribution of pressures
throughout the network or, alternatively, on the distribution of flows. The former may be preferred
for networks that involve many outlet points such as a water distribution network. On the other
hand, for networks that form closed systems such as subsurface ventilation layouts it is more
convenient to base the analysis on flows.

7.3.1 Analytical Methods
7.3.1.1 Equivalent Resistances
This is the most elementary of the methods of analyzing ventilation networks. If two or more

airways are connected either in series or in parallel then each of those sets of resistances may be
combined into a single equivalent resistance. Although of fairly limited value in the analysis of
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complete networks, the method of equivalent resistances allows considerable simplification of the
schematic representation of actual subsurface ventilation systems.

In order to determine an expression for a series circuit, consider Figure 7.1 (a). The frictional
pressure drops are given by equation (7.14) as

pp = RiQ", P, = R,Q", p3 = R;Q"
Then for the combined series circuit,

p=(p1+P,+P3) = (R +R, +R3)Q"
or P = Ry Q" where Ry, = Ry +R, +R;
Rser is the equivalent resistance of the series circuit.

In general, for a series circuit

Re = IR (7.15)

R R> Rs

Q Q
—e *—

Y
A
X

P1 P2 P3
(a) Resistances connected in series

R1 Q1

Q R2 Q2 Q

Rs Qs

A
\ 4

P

(b) Resistances connected in parallel.

Figure 7.1 Series and parallel circuits.

In the case of a parallel circuit, Figure 7.1 (b) shows that each branch suffers from the same
frictional pressure drop, p, between the common “start” and “end" junctions but passes differing
airflows. Then
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p= Rlan = Rzan = R3Q3n

giving Qi = (p/R)
Q = (p/R)M
Qs

(PIRg)"

The three airflows combine to give

_ _ ¥l 1 1
Q Q1+Q2 +Q3 p R% + Rz% + R3%

1

We may write this as

where Ry is the equivalent resistance of the parallel circuit. It follows that

1 B 1 N 1 N 1
Rpar% Rl% RZ% R3%
or in general,

1 1
— = - 7.16
Rpar% Z R% ( )

In the usual case of n = 2 for subsurface ventilation systems,
1 1
— = — (7.17)
R XR

Example
Figure 7.2 illustrates nine airways that form part of a ventilation network. Find the equivalent
resistance of the system.

Solution
Airways 1, 2, and 3 are connected in series and have an equivalent resistance of

R, = Ri+R, + R, (equation (7.15))

Ns?

=06+01+01 = 0.8 5

m
This equivalent resistance is connected across the same two junctions, A and B, as airway 4 and,
hence, is in parallel with that airway The equivalent resistance of the combination, Ry, is given by

R, Vo8 o3

! 1 + (equation (7.16)
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0%
-
' 4
Figure 7.2 Example of a network segment that can be
resolved into a single equivalent resistance
from which
2
R, = 0.1154 NS
m

Notice that the equivalent resistance of the parallel circuit is less than that of either component
(ref. Buddle, Section 1.2). Equivalent resistance Ry, is how connected in series with airways 5 and
6 giving a new equivalent resistance of all paths inby junctions C and D as

Ns?
R. = 0.1154 + 0.15 + 0.17 = 0.4354 —
m

Combining this in parallel with airway 7 gives

1 1 1

= +
JRy 404354 10

2
which yields Ry = 0.298 Nis
m

The equivalent resistance of all nine airways, Req, iS then given by adding the resistances of
airways 8 and 9 in series

Requ = 0.298 + 0.12 + 0.13 = 0.548 —_—
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If it is simply the total flow into this part of a larger network that is required from a network
analysis exercise then the nine individual airways may be replaced by the single equivalent
resistance. This will simplify the full network schematic and reduce the amount of computation to
be undertaken during the analysis. On the other hand, if it is necessary to determine the airflow in
each individual branch then the nine airways should remain as separate resistances for the
network analysis.

The concept of equivalent resistances is particularly useful to combine two or more airways that
run adjacent to each other. Similarly, although a line of stoppings between two adjacent airways
are not truly connected in parallel, they may be grouped into sets of five to ten, and each set
represented as an equivalent parallel resistance, provided that the resistance of the stoppings is
large compared with that of the airways. Through such means, the several thousand actual
branches that may exist in a mine can be reduced to a few hundred, simplifying the schematic,
reducing the amount of data that must be handled, and minimizing the time and cost of running
network simulation packages.

7.3.1.2 Direct Application of Kirchhoff's Laws

Kirchhoff's laws allow us to write down equation (7.4) for each independent junction in the
network and equation (7.9) for each independent mesh. Solving these two sets of equations will
give the branch airflows, Q, that satisfy both laws simultaneously.

If there are b branches in the network then there are b airflows to be determined and, hence, we
need b independent equations. Now, if the network contains j junctions, then we may write down
Kirchhoff | (equation (7.4)) for each of them in turn. However, as each branch is assumed to be
continuous with no intervening junctions, a branch airflow denoted as Q; entering a junction will
automatically imply that Q; leaves at the junction at the other end of that same branch. It follows
that when we reach the last junction, all airflows will already have been symbolized. The number
of independent equations arising from Kirchhoff | is (j -1).

This leaves b - (j - 1) or (b - j + 1) further equations to be established from Kirchhoff Il (equation
(7.9)). We need to choose (b - j + 1) independent closed meshes around which to sum the
frictional pressure drops.

The direct application of Kirchhoff's laws to full mine circuits may result in several hundred
equations to be solved simultaneously. This requires computer assistance. Manual solutions are
limited to very small networks or sections of networks. Nevertheless, a manual example is useful
both to illustrate the technique and assists in understanding the numerical procedures described
in the following section.

Example

Figure 7.3 shows a simplified ventilation network served by a downcast and an upcast shaft, each
passing 100 m?/s. The resistance of each subsurface branch is shown. A fan boosts the airflow in
the central branch to 40 m®/s. Determine the distribution of airflow and the total pressure, py
developed by the booster fan.

Solution

Inspection of the network shows that it cannot be resolved into a series/parallel configuration and,
hence, the method of equivalent resistances is not applicable. We shall, therefore, attempt to find
a solution by direct application of Kirchhoff's laws.

The given airflows are also shown on the figure with the flow from A to B denoted as Q;. By
applying Kirchhoff I (equation (7.4)) to each junction, the airflows in other branches may be
expressed in terms of Q; and have been added to the figure.
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Figure 7.3. Example network showing two meshes and Kirchhoff | applied at each junction.

The shafts can be eliminated from the problem as their airflows are already known. In the
subsurface structure we have 5 branches and 4 junctions. Accordingly, we shall require

b-j+1 = 5-4+1 = 2 independent meshes

In order to apply Kirchhoff Il (equation (7.9)) to the first mesh, consider the pressure drops around
that mesh, branch by branch, remembering that frictional pressure drops are positive and fan
pressures negative in the direction of flow. Figure 7.3 shows that we may choose meshes along
the closed paths ABCA and BDCB.

Frictional pressure drop (RQ?) Fan
AB 0202 | e
BC 1.0 x 40 - P
CA -0.1(100-Q))* | e

Summing up these terms according to Kirchhoff Il gives
0.2Q,° +1600 - p, -0.1(100 -Q;)*> = 0  Pa (7.18)

Collecting like terms gives
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p, = 0.1Q° + 20Q, + 600 Pa (7.19)

Inspection of Figure 7.3 and commencing from junction B, shows that the summation of pressure
drops applied to the second mesh may be written as

0.5 (Q, — 40)> — 0.25 (140 - Q,)* — 1x40% + p, = 0 Pa  (7.20)

Notice that in this case, the direction of traverse is such that the pressure falls on passing through
the fan, i.e. a positive pressure drop. Substituting for p, from equation (7.19), expanding the
bracketed terms and simplifying leads to

035Q,° + 50Q, — 5100 = 0

This quadratic equation may be solved to give

—50 + 4/ 50% + (4 x 0.35 x 5100 3
V507 + (4 0.35 x 5100) - 68.83 or —211.69

@ = 2 x 0.35 s

The only practical solution is Q; = 68.83 m?®/s. The flows in all branches are then given from
inspection of Figure 7.3 as

AB 68.83 m%/s
BD 28.83
BC 40.00
AC 31.17
CD 71.17

The required booster fan pressure, py, is given from equation (7.19) as

P, = 0.1(68.83)% + 20 (68.83) + 600 = 2450 Pa

7.3.2 Numerical Methods

Although the analytical methods of ventilation network analysis were given considerable attention
before the development of analogue computers in the 1950's, the multiple simultaneous
equations that they produced could not readily be solved by manual means. As shown in the
previous example, two mesh problems involve quadratic equations. A little further thought
indicates that three mesh problems would involve polynomial equations in Q of order 4. Four
meshes would produce powers of 8, and so on (i.e. powers of 2™, where m = number of
meshes).

Atkinson recognized this problem in his paper of 1854 and suggested a method of successive
approximation in which the airflows were initially estimated, then adjusted towards their true value
through a series of corrections. Although no longer employed, Atkinson's approach anticipated
current numerical methods.
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Since the mid 1960's, considerable research has been carried out to find more efficient numerical
methods of analyzing ventilation networks. Y.J. Wang in the United States developed a number of
algorithms based on matrix algebra and the techniques of operational research.

The method that is most widely used in computer programs for ventilation network analysis was
originally devised for water distribution systems by Professor Hardy Cross at the University of
lllinois in 1936. This was modified and further developed for mine ventilation systems by D.R.
Scott and F.B. Hinsley at the University of Nottingham in 1951. However, it was not until digital
computers became more widely available for engineering work in the 1960's that numerical
methods became truly practicable.

The Hardy Cross Technique.

Figure 7.4 shows the system resistance curve for one single representative branch in a ventilation
network. If the airflow, Q, is reversed then the frictional pressure drop, p, also becomes negative.

10000

-10000

Figure 7.4 In the system resistance curve for an airway, p and Q always have the same sign. The p,Q
slope remains non-negative.
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Recalling that a primary purpose of ventilation network analysis is to establish the distribution of
flow, the true airflow in our representative branch, Q, will initially be unknown. However, let us
assume an airflow, Q,, that is less than the true value by an amount AQ.

Q:Qa+AQ

The problem now turns to one of finding the value of AQ. We may write the square law as

P = RQ + 4Q° (7.21)
or, more generally,

p = R(@Q, + 4Q)" (section 7.2.3) (7.22)
Confining ourselves, for the moment, to the square law, equation (7.21) expands to

p = RQ? + 2RQ,4Q + R(4Q)? (7.23)

Furthermore, the frictional pressure drop corresponding to the assumed airflow is

Pa = RQ,
(7.24)
where the “error” in p is
Ap = P - Pa
Substituting from equations (7.22) and (7.23) gives
Ap = 2RQ4Q + R (4Q)? (7.25)

If we can assume that (AQ)? is small compared to 2 Q AQ then we may write the approximation
as

Ap = 2RQ,AQ (7.26)
(~ Note that differentiating the square law, 2
p = RQ?
gives the limiting case when Q, — Q. Then
4p dp
— > — = 2R 7.27
10 d0 Q (7.27)

\ and corresponds with the difference equation (7.26) Y,

Then
Ap
A = 7.28
Q 2RQ, ( )
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The technique of dividing a function by its first derivative in order to estimate an incremental
correction factor is a standard numerical method for finding roots of functions. It is usually known
as the Newton or Newton-Raphson method.

If the general logarithmic law is employed, equation (7.22) gives

of. Q]
= R 1
p Qa{+Q}

a

Expanding by the Binomial Theorem and ignoring terms of order 2 and higher gives

n 4Q
= RQ,"|1
o - re|1n ]

a

then
A
= p-p = RQa”nQQ (as p, = RQ," )
a
giving
A
Q= —F (7.29)
nRQ,

If we refer back to Figure 7.4, we are reminded that Ap is the error in frictional pressure drop that
was incurred by choosing the assumed airflow, Q..

A = RQ" - RQ," (7.30)
Hence, we can write equation (7.29) as

AQ = LRQ; (7.31)

nRQ,"™
The denominator in this expression is the slope of the p, Q curve in the vicinity of Q..

So far, this analysis has concentrated upon one single airway. However, suppose that we now
move from branch to branch in a consistent direction around a closed mesh, summing up both
the Ap values and the p, Q slopes.

sAp = Z(RQ"-RQ," from equation (7.30)
= ZRQ" - IRQ,"

and sum of p, Q slopes = = (nRQ,"™)

We can now write down a composite value of AQ for the complete mesh in the form of equation
(7.31)
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ZRQ" - IRQ,"
T(nRQ,"™)

AQ, (7.32)

Note that AQ,, is no longer the correction to be made to the assumed airflow in any one branch
but, rather, is the composite value given by dividing the mean Ap by the mean of the p, Q slopes.

Equation (7.32) suffers from the disadvantage that it contains the unknown true values of airflow,
Q. However, the term ZRQ" is the sum of the corresponding true values of frictional pressure

drop around a closed mesh and Kirchhoff's second law insists that this must be zero. Equation
(7.32) becomes

- ZRQ,"
AQy = —R (7.33)
2nRQ,

Another glance at Figure 7.4 reminds us that the pressure term in the numerator must always
have the same sign as the airflow, while the p, Q slope given in the denominator can never be
negative. Hence, equation (7.33) may be expressed as

- IRQ, Q"™
AQ, = — (7.34)
ZnR|Q,
where Qa”‘1 means the absolute value of Q,"™.

There are a few further observations that will help in applying and understanding the Hardy Cross
process. First, the derivation of equation (7.34) has ignored both fans and natural ventilating
pressures. Like airways, these are elements that follow a defined p, Q relationship. Equation
(7.34) may be expanded to include the corresponding effects

- Z(RQ, [Q." Y - p; - nvp)
SR, +S +S,,)

where p;and nvp are the fan pressures and natural ventilating pressures, respectively, that exist
within the mesh,

and St and S, are the slopes of the p, Q characteristic curves for the fans and natural
ventilating effects.

AQ, = (7.35)

In practice, S, is usually taken to be zero, i.e. it is assumed that natural ventilating effects are
independent of airflow.

For most subsurface ventilation systems, acceptable accuracy is achieved from the simple
square law where n = 2, giving

- 2(RQ, |Qa| - By — nvp)
S(2R|Qa| + S¢ + Spy)

AQp, (7.36)

The Hardy Cross procedure may how be summarized as follows:

(a) Establish a network schematic and choose at least (b-j+I) closed meshes such that all
branches are represented (section 7.3.1.2). [b = number of branches and j = number of junctions
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in the network.] Convergence to a balanced solution will be improved by ensuring that each high
resistance branch is included in only one mesh.

(b) Make an initial estimate of airflow, Q,, for each branch, ensuring that Kirchhoff | is obeyed.

(c) Traverse one mesh and calculate the mesh correction factor AQ,, from equation (7.35) or
(7.36).

(d) Traverse the same mesh, in the same direction, and adjust each of the contained airflows by
the amount AQ,,.

(e)Repeat steps (c) and (d) for every mesh in the network.

(HRepeat steps (c), (d) and (e) until Kirchhoff Il is satisfied to an acceptable degree of accuracy,
i.e. until all values of — $(RQ, ‘Qi”*l

— p; — nvp) are close to zero, where Q;are the current

values of airflow.

A powerful feature of the method is that it is remarkably tolerant to poorly estimated initial
airflows, Q,. This requires some explanation as equation (7.28) and the more general equation
(7.29) were both derived on the assumption that AQ was small compared to terms involving Q,.
In practice, it is observed that the procedure converges towards a balanced solution even when
early values of AQ are large. There are two reasons for this. First, the compilation of a composite
mesh AQ, tends to dampen out the effect of large AQ values in individual branches. Secondly,
any tendency towards an unstable divergence is inhibited by the airway p, Q curves always
having a consistent (non-negative) slope.

Another advantage of the Hardy Cross technique is its flexibility. Using equation (7.35) for the
mesh correction factor allows a different value of the logarithmic index, n, to be used for each
airway if required. For subsurface ventilation circuits, this is seldom necessary although special
purpose programs have been written that allow either laminar (n = 1) or turbulent (n = 2) airflow in
each branch.

A more general observation is that Kirchhoff's first and second laws are not interdependent.
Kirchhoff | (£Q = 0) may be obeyed at every junction in a network that is unbalanced with respect
to Kirchhoff Il. Indeed, this is usually the case at the stage of selecting assumed airflows, Q..
Furthermore, if one or more branches are to have their airflows fixed by regulators or booster
fans, then those airways may be omitted from the Hardy Cross analysis as they are not to be
subjected to AQ,, adjustments. Such omissions will result in Kirchhoff | remaining apparently
violated at the corresponding junctions throughout the analysis. This does not affect the ability of
the system to attain a balanced pressure distribution that obeys Kirchhoff II.

Example

Figure 7.5 (a) is the schematic of a simple network and gives the resistance of each branch. A fan
produces a constant total pressure of 2000 Pa and the airflow in branch 3 is to be regulated to a
fixed airflow of 10m®s. Determine the distributions of airflows and frictional pressure drops, and
the resistance of the regulator required in branch 3.

Solution

Although the Hardy Cross procedure is widely utilized in computer programs, its tedious
arithmetic iterations ensures that it is seldom employed for manual application. For the purposes
of illustration, in this example we shall follow the procedures that illustrate those employed in a
typical ventilation network analysis software package.
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(a) Mesh selection:

There are 10 branches labelled in the network. However, branches 1 and 5 are connected in
series and may be considered as a single branch for the purposes of mesh selection.
Furthermore, branch 3 has a fixed (regulated) airflow and, hence, need not enter into the Hardy
Cross analysis. The effective number of branches is, therefore, b = 8 while there are j = 6
junctions, giving the required minimum number of meshesto be b -j+ 1 = 3. An arrow is
indicated to give each branch a positive direction. This is usually chosen as the direction in which
the airflow is expected to move although either direction is acceptable. The branch arrow is
merely a convenience to assist in traversing closed meshes within the network.

If we write down a list of branch resistances in order of decreasing value, then the three at the top
of this list will correspond to branches 9, 10 and 7. We shall choose our first mesh commencing
on branch 9 and close the mesh through a convenient route but without using branches 10, 7 or
the fixed quantity, branch 3. Figure 7.5 (a) shows the loop starting on branch 9 and traversed by
mesh 1. The second mesh commences on branch 10 and closes without traversing branches 9,
7, or 3. Similarly, the third mesh commences on branch 7 and involves no other high resistance
or fixed quantity branch. The routes of the meshes so chosen are indicated on Figure 7.5 (a).

This technique of mesh selection is sometimes known as the branch tree method and leads to
efficient convergence towards a balanced network as each high resistance branch appears in one
mesh only.

A fourth mesh is selected, commencing on the fixed quantity (branch 3) and closing through any
convenient route that does not include other fixed quantities, and irrespective of branch
resistance values. This extra mesh will not be employed during the Hardy Cross analysis but will
prove useful for the final calculation of the regulator resistance.

(b) Estimate initial airflows:

This is accomplished in two stages commencing from zero flow throughout the network. First,
mesh 4 (the fixed quantity mesh) is traversed in a direction defined by the fixed airflow, adding a
AQp, of 10 m®/s (the required fixed airflow) to each branch around that mesh. As in all
subsequent applications of mesh correction factors, AQ.,, the actual correction to each branch
flow is AQ,, multiplied by +I if the branch direction arrow coincides with the path of the traverse, or
-1 if the branch direction arrow opposes the path of the traverse. This device gives the required
airflow in the fixed quantity branch while ensuring that Kirchhoff | remains true at each junction. A
similar procedure is followed in each of the three “normal” meshes, but employing a value of
AQ, = 1. This merely ensures that the denominator of the mesh correction equation (7.35 or
7.36) will be non-zero during the first iteration. The airflows at this stage are indicated on Figure
7.5(a) and show the distribution at the commencement of the Hardy Cross procedure. It should
be noted that if the method were to be applied manually then the number of iterations could be
reduced by estimating a more realistic initial distribution of airflow.

(c) Calculate mesh correction factors:

Assuming the flow to be turbulent in each branch, we may utilize the square law and, hence,
equation (7.36) to calculate the mesh correction factors. In this example, there are no natural
ventilating pressures (nvp = S, = 0) and the fan is assumed to remain at a fixed pressure

(ps = 2000 Pa and S; = 0).

Applying equation (7.36) for mesh 1 gives

~(0.9x > - 0.3x10%? - 0.12x 0?)

A =
Q1 2(09x 1 + 0.3x 10 + 0.12x 0)
= BL 373 m¥s
7.8
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R=0.1 2000 Pa R=0.15

O Branch number Mesh number

Figure 7.5(a). Example network showing airway resistances, initial assumed airflows
and the meshes chosen.

(d) Apply the mesh correction factor:
Mesh 1 is traversed once again, correcting the flows algebraically by adding AQ,,, = 3.73. The
relevant branch flows then become:

Branch 9: 1+@3.73x 1) = 473m’s
Branch 4: 10+ (3.73 x -1)= 6.27m°/s
Branch 8: 0+(3.73 x -1) = -3.73m%s

Applying these corrections around mesh 1 gives the airflow distribution shown in Figure 7.5(b).
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R=0.1 2000 Pa R=0.15

Q Branch number Mesh number

Figure 7.5(b). Example network showing airflows after AQn,; = 3.73 m®/s has been applied to
mesh 1.

(e) Completion of mesh corrections
Equation (7.36) for mesh 2 now gives

_ 2 2 2 2 2
AQ,, = (0.8x1° - 0.12x3.73“ + 0.3x6.27° + 0.25x11° + 0.25x2 2000) _153.47 m¥s
2(0.8x1+0.12x3.73 +0.3x6.27 + 0.25x11 + 0.25%x2)

and applying these corrections around mesh 2 gives the airflow distribution shown in Figure
7.5(c).
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R=0.1 2000 Pa R=0.15

Q Branch number Mesh number

Figure 7.5(c). Example network showing airflows after AQu, = 153.47 m®/s has been applied to
mesh 2.

Repeating the process for mesh 3 gives

_ 2 2 2
Ay = (0.6x1% - 0.2x9% + 0.25x155.47%) _ . 0 o
2(0.6x1+0.2x9 + 0.25x155.47)

and applying this correction around mesh 3 yields the airflow distribution shown on Figure 7.5(d),
completing the first iteration for the network.
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R=0.1 2000 Pa R=0.15

Q Branch number Mesh number

Figure 7.5(d). Example network showing airflows after AQ.,; = -73.03 m®/s has been applied to
mesh 3 and completing the first iteration.

(f) The processes involved in (c), (d) and (e) are repeated iteratively until Kirchhoff's second law
(numerator of equation (7.35)) balances to within a small closing error (say +1 Pa) for each mesh.
The airflow correction factors and sums of pressure drops for each mesh are shown in Table 7.1.
Notice how the initial large oscillations are followed by a controlled convergence towards zero
despite the large opening values of AQ,.

The final flow pattern arrived at after these nine iterations is given on Figure 7.5(e). The

corresponding frictional pressure drops are each calculated as p = RQ? and shown in
parentheses against each airflow.
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Sum of Pressure Drops Around Mesh Correction Factor
Mesh AQn(m°/s)
Ap (Pa)

Iteration [ meshl mesh2 mesh3 meshl mesh2 mesh3
1 -29 -1958 6027 3.73 153.47 -73.03
2 -10326 28473 -4379 73.60 -64.63 34.17
3 5367 8810 -1231 -34.26 -33.36 16.66
4 1579 2524 -358 -16.49 -14.71 7.43
5 485 613 -91 -7.18 -4.69 2.40
6 128 114 -15 -2.25 -0.97 0.45
7 23 16 -2 -0.434 -0.143 0.056
8 3.2 2.0 0.2 -0.059 -0.017 0.007
9 0.4 0.2 -0.03 - 0.007 -0.002 0.001

Table 7.1 Mesh correction factors and mesh pressure drops converge towards zero as the
iterations proceed.

R=0.25 R=0.8 R=0.9

35.95
(1034)

10
(5) (1140)

R=0.1 R=0.1
2000 Pa
Figure 7.5(e). Final airtlows and frictional pressure
drops after nine iterations.
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The pressure drop across the regulator, prg, in branch 3 can be determined from Kirchhoff's
second law by summing the known pressure drops around mesh 4

Preg = 2000 - (211 + 87 +5+ 240+ 317) =1140 Pa

As the airflow through the regulator is known to be 10 m%s, the square law gives the regulator
resistance as

Reg = Preg/10° = 11.4 Ns’/m®

The actual dimensions of regulator orifice that will give this resistance may be determined using
section A5.5 given at the end of Chapter 5.

7.4. VENTILATION NETWORK SIMULATION PACKAGES

Between the 1960s and the 1990s, the development and increasing sophistication of ventilation
network simulation packages revolutionized the methodologies of mine ventilation planning.
Ventilation engineers wishing to use modern software need give little conscious thought to what
happens within the computer when they enter data or execute a simulation. Nevertheless, a
grasp of the structure of a network package provides an understanding of the scope and
limitations of the software, and promotes efficiency in its use. This section of the text provides an
outline of how a ventilation network simulation package operates.

7.4.1 Concept of a mathematical model

Suppose that a vehicle leaves its starting station at time t; and travels for a distance d at an
average velocity of u. The time at which the vehicle arrives at its destination, t, is given by

u

This equation is a trivial example of a mathematical model. It simulates the journey in
sufficient detail to achieve the objective of determining the arrival time. Furthermore, it is general
in that it performs the simulation for any moving object and may be used for any given values of
t;, d and u. Different data may be employed without changing the model.

More sophisticated mathematical models may require many equations to be traversed in a logical
sequence so that the result of any one calculation may be used in a later relationship. This logical
sequence will often involve feed-back loops for iterative processes such as the Hardy Cross
procedure.

A simulation program is a mathematical model written to conform with one of the computer
languages. The basic ambition of a simulation program is to produce numerical results that
approximate those given by the real system. There are three considerations that govern the
accuracy of a simulation program; first, the adequacy to which each individual process is
represented by its corresponding equation (e.g. p = RQZ); secondly, the precision of the data
used to characterize the actual system (e.g. airway resistances) and thirdly, the accuracy of the
numerical procedure (e.g. the cutoff criterion to terminate cyclic iterations).

Many simulation programs represent not one but a number of interacting features comprising
both physical systems and organizational procedures. In this case, several computer programs
and data banks may be involved, interacting with each other. In such cases, the computer
software may properly be referred to as a simulation package rather than a single program. This
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is the situation for current methods of ventilation network analysis on desktop personal
computers.

7.4.2 Structure of a ventilation simulation package

Figure 7.6 shows the essential structure of a ventilation network analysis package for a desktop
or laptop computer. It includes a series of input files with which the user can communicate
through a keyboard and screen monitor, either for new data entry or for editing information that is
already held in a file. All files are normally maintained on a magnetic disk or other media that may
be accessed rapidly by the computer.

[Screen/Kevboard\

| Interaction with user |
User Input Fan data Co-ord data
files bank files

Screen/printed
graphical
output

Network
Input file

Network
Output file

Screen/printed
tabular output

VNET PROGRAM

Output data
files

Figure 7.6 Dataflow through a ventilation network analysis software package.
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The User Input Files shown on Figure 7.6 hold data relating to the geometric structure of the
network, the location of each branch being defined by a “from” and “to” junction number.

This same file contains the type of each branch (e.g. fixed resistance or fixed [regulated] airflow)
and information relating to branch resistances. The latter may be given (a) directly by the user,
(b) defined as a measured airflow/pressure drop or (c) implied by a friction factor, airway
geometry and an indication of shock losses. Additionally, the user may enter a value of resistance
per unit length of entry that has been established from the mine records as typical for that type of
entry (e.g. intake, return or conveyor). Although convenient, this facility should be used with
caution as it is tempting to overlook the large effects of variations in the sizes of entries or shock
losses arising from bends or obstructions. The User Input File allows entry of resistance data in
whatever form they are available. User input files also allow the operator to enter the location and
corresponding operating pressure of each fan in the network as well as natural ventilating
pressures.

The Fan Data Bank is a convenient alternative means of storing the pressure/volume coordinates
for a number of fan characteristic curves. Data from fan tests and manufacturers' catalogues can
be held in the Fan Data Bank and recalled for use in the subsequent analysis of any network.

The ventilation network analysis program (denoted as VNET on Figure 7.6) in most commercial
packages is based on the mesh selection process and Hardy Cross technique described and
illustrated by example in Section 7.3.2. However, those procedures have been modified to
maximize the rate of information flow, the speed of mesh selection and to accelerate
convergence of the iterative processes. In order to achieve a high efficiency of data transfer, the
VNET program may require that the network input data be specified in a closely defined format.
However, this is contrary to the need for flexibility in communicating with the user. Hence, Figure
7.6 shows a Network Input File acting as a buffer between the user-interactive files and the VNET
program. Subsidiary "management” programs, not shown on Figure 7.6, carry out the required
conversions of data format and control the flow of information between files. Similarly, the output
from the VNET program may not be in a form that is immediately acceptable for the needs of the
user. Hence, that output is dumped temporarily in a Network Output File. Under user control it
may then be (a) copied into an output data file for longer term storage, (b) displayed in tabular
form on the screen or printer, (c) produced as a plotted network schematic on a screen or
hardcopy printer or plotter and (d) transferred to other graphical software for incorporation into
mine maps.

If graphical output is required then the user-interactive Coordinate Data File shown on Figure 7.6
must first be established. This contains the x, y, z coordinates of every junction in the network. It
is convenient to enter such data directly from a drawn schematic by means of a digitizing pad or
plotter, or from CAD (computer assisted design) files that have already been established for mine
mapping. Alternatively, the schematic may be developed or modified directly via the monitor
screen. To edit an established Coordinate Data File it is often quicker to enter numerical values
for the amended or additional x,y,z coordinates.

7.4.3 Operating system for a VNET package

When running a ventilation network analysis package, the user wishes to focus his/her attention
on ventilation planning and not to be diverted by matters relating to the transfer of data within the
machine. Keyboard entries are necessary for control of the computer operations. However, these
should be kept sufficiently simple that they allow a near automatic response from the experienced
user. Messages on the screen should provide a continuous guide on operations in progress or
alternative choices for the next operation. For these reasons, a simulation package intended for
industrial use must include a management or executive program that controls all internal data
transfers.

The user is conscious of the executive program only through the appearance of a hierarchy of
toolbars, menus and windows on the screen. Each menu lists a series of next steps from which
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the user may choose. These include progression to other toolbars, menus or windows. Hence,
with few keyboard entries, and with very little conscious effort, the trained user may progress
flexibly and rapidly through the network exercise.

Figure 7.7 illustrates the executive level (master menu) of one ventilation network package.
Choosing the "execute ventilation simulation” option will initiate operation of the VNET program
(Figure 7.6) using data currently held in the Network Input File. The “exit” option simply
terminates operation of the network simulator. Each of the other four options leads to other
menus and submenus for detailed manipulation of the operating system.

Manage
Network files
Execute

ventilation Save/exit
simulation

EXECUTIVE

_ : PROGRAM Gas

_V|ew/pr|nt Distribution
listed output analysis

View/plot
schematic

Figure 7.7. Structure of an internal management system for a ventilation network software package.

7.4.4 Incorporation of air quality into a network simulation package

The primary purpose of a ventilation network analysis package is to predict the airflows and
pressure differentials throughout the network. However, the quality of the air with respect to
gaseous or particulate pollutants, or its psychrometric condition also depend upon the distribution
of airflow. Separate programs designed to predict individual aspects of air quality may, therefore,
be incorporated into a more general ventilation package. Branch airflows and/or other data
produced as output from the network analysis program may then be utilized as input to air quality
simulators.

As an example, the operating system depicted by Figure 7.7 incorporates a Gas Distribution
Analysis. This requests the user to identify the emitting locations and rates of production of any
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gas, smoke or fumes. It then retrieves the airflow distribution contained in the Network Output File
or any hamed output data file (Figure 7.6) in order to compute the distribution and concentrations
of that pollutant throughout the network.

It is important that users be cognizant of the limitations of such adjunct programs. For instance,
computer simulated gas distributions assume a steady state mixing of the pollutant into the
airflow and, hence, that the pollutant is removed from the system at the same rate as it is emitted.
This is acceptable for normal ventilation planning but will give misleading results if the airflow in
any area is so low, or the rate of emission so high that local accumulations (e.g. gas layering)
would occur in the real system. Such conditions might exist, for example, where ventilation
controls have been disrupted by a mine explosion.

7.4.5 Obtaining a ventilation simulation package

The first step in establishing a ventilation network analysis package at any mine or other site is to
review the availability of both hardware and software. There are several ventilation network
packages available for personal computers. The potential user should consider the following
factors:

Hardware requirements and size of network

The internal memory requirements of the computer will depend upon the scope of the software
package and the largest network it is capable of handling. With modern personal computers,
memory should seldom be a limiting factor. In addition to the microprocessor, keyboard and
screen monitor, the type of package described in Section 7.4.2 and 7.4.3 will require a printer
capable of handling graphical output. Again, most modern printers have this facility. For greater
flexibility, an x,y plotter is useful and is normally available in mine surveying offices. Exporting
network results to CAD/CAM systems allows results to be configured on mine maps.

Cost of software

This can vary very considerably depending upon the sophistication of the system and whether it
was developed by a commercial company or in the more public domain of a university or national
agency.

Speed

The speed of running a network depends upon the type of microprocessor, operating electrical
frequency, and the size and configuration of the network. Typical run times should be sought from
software developers for a specified configuration of hardware. For the majority of mine networks,
computing speed is unlikely to be a limiting factor with current or future generations of personal
computers.

Scope and ease of use

When reviewing simulation packages it is important that the user chooses a system that will
provide all of the features that he/she will require in the foreseeable future. However, there is little
point in expending money on features that are unlikely to be used. Furthermore, it is usually the
case that the more sophisticated packages demand a greater degree of user expertise.
Demonstration versions may be available to indicate the scope and ease of use of a program
package. Other users may be approached for opinions on any given system. Software developers
should be requested to give the names of several current users of their packages.

User's manual and back-up assistance

It is vital that any simulation package should be accompanied by a comprehensive user's manual
for installation and operation of the system. A user-friendly help facility should be part of the
software package. Additionally, the producer of the software must be willing and anxious to
provide backup assistance to all users on request. This can vary from troubleshooting on the
telephone or internet to updating the complete software system.
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7.4.6 Example of a computed network

The ventilation networks of actual mines or other subsurface facilities may contain several
hundred branches, even after compounding relevant airways into equivalent resistances (Section
7.3.1.1). However, in the interests of brevity and clarity, this example is restricted to the simple
two-level schematic shown on Figure 7.8(a). The software employed is VNETPC, a commercially
available ventilation network package.

In response to screen prompts, the user keys in each item of data shown in Table 7.2. This table
is, in fact, a printout of the User Input File (Section 7.4.2). The pressure/volume coordinates for
the fan are either read manually from the appropriate fan characteristic or copied over from a
characteristic that has been entered previously into a fan data bank. Figure 7.8(b) shows the fan
characteristic curve and corresponding pQ points entered into the computer for this example. The
branch data section of the User Input File illustrates that airway resistances may be entered
directly, from survey (p,Q) observations or from airway geometry and friction factor. The software
package employed for this example requires shock losses to be entered as equivalent lengths
(Section 5.4.5).

A request by the user to execute the simulation causes the User Input File to be translated to the
Network Input File (Figure 7.6) and the computed results to be deposited in the Network Output
File. These may be inspected on the screen or listed on a printer as shown on Tables 7.3, 7.4
and 7.5.

In order to produce plotted results, the x,y, z coordinates of each junction must be specified. This
is usually accomplished by transferring the coordinates from a computer aided design (CAD) file.
Alternatively, the coordinates can be entered manually or by placing a mine map or schematic on
a digitizing tablet or plotter and a sight-glass positioned over each junction in turn as directed by
screen prompts. The resulting Coordinate Data File is then combined with the computed results,
on request by the user, to produce the graphical outputs shown on Figures 7.9, 7.10 and 7.11."
Similar plots may be generated for frictional pressure drops, resistance, airpower loss, and
operating cost. Some programs allow the user to select band widths for colour coding of the plots.
Similar plots may be generated for air quality parameters such as gas concentrations.

Following the relatively time consuming process of entering the initial data for a new network, and
having inspected the corresponding output, amendments can be made to the user-interactive files
or directly to schematics shown on the computer monitor, and the network re-run rapidly. In this
way, errors in data entry can be corrected and further network exercises pursued with only a few
keystrokes. It is this efficiency, rapidity and ease of testing many alternatives that has
revolutionized the business of ventilation system design. Indeed, it is the skill of the engineer in
interrogating computer output and deciding upon the next exercise that governs the speed of
ventilation planning rather than the mathematical mechanics of older methods of network
analysis.

INPUT DATA
VnetPC Model Data and Summary Cost of Power: 8.00 c/kWh
TITLE: Textbook Example. Reference Junction: 1 - (Using junction 1 for a point
SETTINGS (chosen by the User): on the mine surface is a common convention)

Avg. Air Density: 1.20 kg/m® Units: SI (The User may choose between Sl and
Avg. Fan Efficiency: 65.0 % British Imperial units)

" The graphical outputs given directly by the VNETPC package show fine detail and clarity. The translations
necessary for incorporating into this textbook have resulted in greatly reduced quality.
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Figure 7.8(a) Layout of the example network. Junction numbers are shown in red.
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Table 7.2 Branch input data for the example network (two pages). This input table illustrates
alternative ways of entering airway resistance, R: (a) directly, (b) by friction [k] factor and airway
geometry, or (c) by measured airflow and corresponding frictional pressure drop.

Junctions Q (fixed) Surface Mode of Measured | Measured | kfactor | Resistance
From To F (fan) | connections | setting | Resistance | airflow Q | press. drop per km
| (inject/ resistance | Ns¥m8 m®/s Pa kg/m® |NS¥m per km
reject)

1 100 Surf. Intake | k Factor 0.00844 0.004
100 200 Neither | k Factor 0.0031 0.004

2 101 Surf. Intake | k Factor 0.03797 0.0075
101 201 Neither | k Factor 0.01044 0.0075
210 105 Neither | k Factor 0.0016 0.0035
105 3 Neither | k Factor 0.00544 0.0035
100 101 Neither R 50
100 106 Neither p/Q 0.0608 100 608
106 107 Q Neither R 0
107 108 Neither p/Q 0.08333 60 300
108 104 Neither | k Factor 0.07504 0.008
101 102 Q Neither R 0
102 103 Neither | k Factor 0.08478 0.008
103 104 Neither | k Factor 0.13688 0.008
104 105 Neither | k Factor 0.00591 0.012
106 102 Neither | k Factor 0.51852 0.016
106 109 Neither | k Factor 0.36667 0.016
109 110 Neither R 0.9
110 107 Neither | k Factor 0.43981 0.019
200 201 Neither R 200
200 204 Neither | k Factor 0.084 0.012
204 205 Neither R 1.2
205 206 Neither | k Factor 0.06455 0.017
206 203 Neither | k Factor 0.16406 0.014
203 209 Neither | k Factor 0.66445 0.014
209 210 Q Neither R 0
201 203 Neither R 0.023
201 207 Neither | k Factor 0.0336 0.012
207 208 Neither R/L 1.49994 0.8333
208 209 Neither | k Factor 0.14954 0.019
200 211 Neither R/L 0.28 0.14
211 208 Q Neither | k Factor 0.1696 0.018
207 103 Neither R 0.35
205 201 Neither R 0.164

3 4 F Surf. Exhaust R 0.0001

Spreadsheet continued on next page
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Junctions Length | Equivaent Area Perimeter Fixed Description Colour | Symboal
From To length Quantity code
m m sq.m m cu.m/s

1 100 600 0 15.9 14.14 Main Downcast Shaft Intake | None
100 200 220 0 15.9 14.14 Main downcast shaft Intake | None

2 101 600 200 12,57 12.57 Hoisting shaft Intake | None
101 201 220 0 12,57 12.57 Hoisting shaft Intake | None
210 105 220 0 19.64 15.71 Upcast shaft Return | None
105 3 600 150 19.64 15.71 Upcast shaft Return | None
100 101 doors Default | DD
100 106 Level 1intake Intake | None
106 107 20 | Level 1 regulator Intake | None
107 108 Level 1 return Return | None
108 104 670 0 10 14 Level 1 return Return | None
101 102 20 | Level 1 regulator Default | None
102 103 707 50 10 14 Level 1conveyor Intake | None
103 104 710 20 8 12 Level 1 travel way Intake | None
104 105 21 0 8 12 Level 1 travel way Return | None
106 102 700 0 6 10 Level 1 conveyor Intake | None
106 109 495 0 6 10 Level 1 loader road Intake | None
109 110 Level 1 Work Area Default | None
110 107 490 10 6 10 Level 1 return Return None
200 201 Level 2 shaft bottom Default | DD
200 204 500 0 10 14 Level 2 intake Intake | None
204 205 Level 2 work area Default | None
205 206 150 12 8 12 Level 2 return Default | None
206 203 500 0 8 12 Level 2 return Return | None
203 209 2000 25 8 12 Level 2 return Return | None

Level 2 Main

209 210 140 | regulator Default | R
201 203 Level 2 cross-cut Default | None
201 207 200 0 10 14 Level 2 conveyor Default | None
207 208 1800 0 Level 2 travel way Default | None
208 209 150 20 6 10 Level 2 cross-cut Default | None
200 211 2000 0 Level 2 travel way Default | None
211 208 640 33 10 14 15 | Level 2 travel way Default | None
207 103 Intake | None
205 201 Return None

3 4 Return | None
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Figure 7.8(b) Fan characteristic curve for the example network. The tabulated coordinate points are
entered into the computer. These should encompass the curve but need not be at
even intervals of airflow.
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Table 7.3 Output listing of branch results. Note that the computer has inserted regulators in three
of the four branches that were specified as fixed quantity airflows in the input data. The computer
has found it necessary to insert a booster fan (active regulation) in order to obtain the specified

airflow in the other fixed quantity branch.

(R)egulator Total Pressure | Airpower | Operating
From To (B)ooster | Resistance | Airflow drop loss cost
or (F)an Ns?/m?® m®/s Pa kW $lyear

1 100 0.00844 | 141.55 169.1 23.94 25807 | Main Downcast Shaft
100 200 0.0031 43.37 5.8 0.25 271 | Main downcast shaft

2 101 0.03797 | 151.88 875.9 133.03 143429 | Hoisting shaft
101 201 0.01044 | 135.64 192.1 26.06 28093 | Hoisting shaft
210 105 0.0016 140 31.4 4.4 4740 | Upcast shaft
105 3 0.00544 | 293.43 468.4 137.44 148184 | Upcast shaft
100 101 50 3.76 706.8 2.66 2865 | doors
100 106 0.0608 94.41 542 51.17 55169 | Level 1 intake
106 107 | R 5.03444 20 2013.8 40.28 43424 | Level 1 regulator
107 108 0.08333 54.35 246.2 13.38 14427 | Level 1 return
108 104 0.07504 54.35 221.7 12.05 12991 | Level 1 return
101 102 | R 1.66824 20 667.3 13.35 14389 | Level 1 regulator
102 103 0.08478 60.06 305.8 18.37 19802 | Level 1conveyor
103 104 0.13688 99.08 1343.7 133.13 143539 | Level 1 travel way
104 105 0.00591 | 153.43 139.1 21.34 23010 | Level 1 travel way
106 102 0.51852 40.06 832.2 33.34 35943 | Level 1 conveyor
106 109 0.36667 34.35 432.7 14.86 16025 | Level 1 loader road
109 110 0.9 34.35 1062.1 36.48 39334 | Level 1 Work Area
110 107 0.43981 34.35 519 17.83 19221 | Level 1 return
200 201 200 2.11 893.1 1.88 2032 | Level 2 shaft bottom
200 204 0.084 26.26 57.9 1.52 1639 | Level 2 intake
204 205 1.2 26.26 827.5 21.73 23428 | Level 2 work area
205 206 0.06455 19.46 24.4 0.47 512 | Level 2 return
206 203 0.16406 19.46 62.1 1.21 1303 | Level 2 return
203 209 0.66445 78.06 4048.4 316.02 340716 | Level 2 return
209 210 | B 0 140 0 0 0 | Level 2 Main regulator
201 203 0.023 58.6 79 4.63 4991 | Level 2 cross-cut
201 207 0.0336 85.96 248.3 21.34 23012 | Level 2 conveyor
207 208 1.49994 46.94 3305.4 155.16 167281 | Level 2 travel way
208 209 0.14954 61.94 573.8 35.54 38319 | Level 2 cross-cut
200 211 0.28 15 63 0.95 1019 | Level 2 travel way
211 208 | R 19.48297 15 4383.7 65.76 70895 | Level 2 travel way
207 103 0.35 39.02 532.8 20.79 22415 | Ramp
205 201 0.164 6.8 7.6 0.05 56 | Level 2 cross-cut

3 4| F 0.0001 | 293.43 8.6 2.52 2721 | Surface fan drift
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Table 7.4 Output listing of fan operating (pQ) points, airpower generated and annual operating cost.

Fan Fan Fan Operating
No. | From | To | Pressure | Airflow Fan Fan Airpower Cost Fan
kPa m®/s curve configuration kw $lyear name
1 3 4 3.809 293.43 On 1in Parallel 1117.68 1205 027 Main Fan
Table 7.5 Output listing of fixed quantity branches.
Fixed
From | To quantity | Booster fan Regulator Branch Total Orifice Branch
m®/s pressure resistance resistance | resistance area description
Pa Ns’/m® Ns’/m® Ns?/m® m?
106 107 20 5.03444 0 5.03444 0.59 | Level 1 regulator
101 102 20 1.66824 0 1.66824 1.02 | Level 1 regulator
209 210 140 1895 0 Level 2 Main regulator
211 208 15 19.31337 0.1696 19.48297 0.3 | Level 2 travel way
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Figure 7.9. Three dimensional output schematic showing airflows (m®s). 3-D depictions can be rotated on the computer monitor —
a particularly useful facility for metal mines.
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Figure 7.10 Output schematic showing airflows (m%s) in Level 1
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Figure 7.11 Output schematic showing airflows (m?/s) in Level 2.
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8.1. INTRODUCTION

Many of the world's practising mine ventilation engineers - perhaps, even, the majority perform
their duties very successfully on the basis of relationships that assume incompressible flow.
Some of those engineers may question the need to concern themselves with the more detailed
concepts and analyses of thermodynamics. There are, at least, two responses to that query.

First, if the ranges of temperature and pressure caused by variations in elevation and heat
transfer produce changes in air density that are in excess of 5 per cent, then analyses that ignore
those changes will produce consistent errors that impact significantly on the accuracy of planned
ventilation systems. In practical terms, this means that for underground facilities extending more
than 500 m below the highest surface connection, methods of analysis that ignore the
compressibility of air may be incapable of producing results that lie within observational
tolerances of accuracy.

However, there is a second and even more fundamental reason why all students of the subject,
including practicing engineers, should have a knowledge of mine ventilation thermodynamics.
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Although the incompressible flow relationships are simple to apply, they are necessarily based on
an approximation. Air is, indeed, highly compressible. It follows, therefore, that if we are truly to
comprehend the characteristics of subsurface ventilation systems, and if we are really to
understand the behaviour of large-scale airflow systems then this can be accomplished only if we
have a grasp of steady-flow thermodynamics.

In this chapter, thermodynamic analyses are carried out on a downcast shaft, underground
airways and an upcast shaft. The three are then combined to produce a thermodynamic cycle for
a complete mine, first, with natural ventilation only, then for the more usual situation of a
combination of fans and natural ventilation. In all cases, the analyses utilize pressure-volume
(PV) and temperature-entropy (Ts) diagrams. This chapter assumes familiarity with the basic
concepts and relationships that are developed in Chapter 3. It is suggested that the reader study
that chapter before proceeding with this one.

One further point - the temperatures and, to a lesser extent, pressures of the air are affected by
variations of water vapour in the air. The final section of this chapter outlines the modifications
that can be made while a more detailed treatment of moisture in air is given in Chapter 14.
However, for the time being, we shall assume that the airways are dry and not affected by
evaporative or condensation processes.

8.2. COMPONENTS OF THE MINE CYCLE
8.2.1. Elements of the system.

A subsurface ventilation system follows a closed cycle of thermodynamic processes and can be
illustrated by visual representations of those processes on thermodynamic diagrams that are
analogous to the indicator diagrams of heat engines. It was this resemblance that led Baden
Hinsley (1900-1988) into the realization that a mine ventilation system is, indeed, a gigantic heat
engine. Air enters the system and is compressed and heated by gravitational energy as it
descends in downcasting shafts or slopes. More heat is added to the air from the strata,
machines and other sources. Work is done by the air as it expands during its ascent through
upcast shafts or slopes. Some of the added heat is converted temporarily to mechanical energy
and assists in promoting airflow. In the great majority of mines, this "natural ventilating energy" is
supplemented by input fan work.

When the exhaust air re-enters the pressure sink of the surface atmosphere, it cools to the
original entry conditions, closing the cycle. Figure 8.1 illustrates the descending flow through a
downcast shaft between stations 1 and 2, level workings 2 to 3, and returning to surface through
an upcast shaft 3 to 4. We shall analyze each of the three processes separately before adding
the isobaric (constant pressure) cooling in the surface atmosphere to complete the cycle.

8.2.2. The downcast shaft

Air enters a downcast shaft at the pressure and temperature of the atmosphere existing at the
top of the shaft. As the air falls down the shaft, its pressure increases, just as the pressure on a
diver increases as he descends into the ocean. The rise in pressure is caused by the increasing
weight of the overlying column of fluid as we plunge deeper into the fluid. However, that simple
observation belies the common belief that air always flows from a high pressure region to a
connected lower pressure region. In a downcast shaft, exactly the opposite occurs showing how
easily we can be misled by simplistic conceptions.

The process of gravitational compression, or autocompression, in the downcast shaft produces
an increase in temperature of the air. This is independent of any frictional effects and will be
superimposed upon the influence of any heat transfer with the surrounding strata that may occur
across the shaft walls. The rate of that heat transfer depends upon the thermal properties of the
rock and the difference between the rock temperature and air temperature at any given horizon.
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7

Figure 8.1. Elements of the system

Now, while the temperature of the mass of rock surrounding the shaft may change relatively
slowly with time, the air temperature at the shaft entrance can change from hour to hour and,
especially, between day and night. Because of these surface variations, it is common for the walls
and rock surrounding a downcast shaft to absorb heat during the day and to emit heat during the
night. The phenomenon continues along the intake airways and tends to dampen out the effects
of surface temperature variation as we follow the air into a subsurface facility. This is sometimes
called the "thermal flywheel". For the purposes of this chapter, we shall assume that any heat
exchange that takes place in the downcast shaft is distributed equitably so that the process
approximates closely to a polytropic law.

If we descend a downcast shaft, stopping every hundred metres or so to take measurements of
pressure and temperature, we can plot the PV and Ts diagrams using equation (3.9):

v - RT m®
P kg

(Chapter 14 shows how this relationship should be amended for the presence of water vapour).
Equation (3.48) allows us to determine the variation of entropy

R VAREA =

The starting point for the latter equation may be any defined temperature and pressure datum. It
is differences in entropy rather than absolute values that are important.
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The diagrams that emerge have the appearance of those given in Figure 8.2. In practice, there is
often a scatter of points near the end extremities of the shaft due to high turbulence and uneven
mixing of thermally stratified airstreams.

The first step in the analysis of the data is to conduct a curve fitting analysis to the points on the
PV diagram. The form of the equation to be fitted is the polytropic law

C

v

where C is a constant and n the polytropic index. Least squares regression analyses are widely
available for personal computers and hand calculators. The quality of the curve fit should be
reviewed. It is sometimes apparent that some points, particularly at shaft ends, should be rejected
or down-weighted.

P =

If the value of the polytropic index is higher than the isentropic index, 1.4, for dry air, then the
combined effect of added heat and internal friction is positive. If, however, the index is less than
1.4 then sensible heat is being lost from the air to the strata or through conversion into latent heat
by evaporation of water. If the measurements have, unwisely, been taken shortly after a
significant change in surface temperature, then a variation in n may become apparent by
comparing the plotted points with the best-fit polytropic line.

In the majority of cases, satisfactory representation by a polytropic law can be obtained. Where
2

significant deviation occurs then the flow work IVdP can be obtained graphically as the area to

1
the left of the curve on the PV diagram.

A thermodynamic analysis of a polytropic compression is given in section 3.5.3. The work done
against friction, F1,, in the shaft is given by combining the steady flow energy equation (3.25) with
the evaluation of the flow work term shown by equation (3.73). This gives

u; —u J
Fio = 22+ (Z,-2,)9 - R(T, -Ty)———% — (8.1)

2 o"21,) ¢

n
T
or, alternatively
= uf —uj +(Z,-2,)g - n R(T,-T,) J from equation (3.69)

12 = 5 1 2 g n-1 2 1 kg .

While most terms in these equations are measurable and, in principle, the values at the top
(station 1) and the bottom (station 2) of the shaft can be used to determine F,, there are some
practical pointers that contribute greatly to the achievement of good results. First, it is often
difficult to measure the mean velocity of air in a shaft. It may be preferable to measure the
airflow(s) in underground airways and to carry out the necessary summations and corrections for
air density to give u; and u,. Fortunately, the magnitude of the kinetic energy term is usually very
small compared to the other factors.

The term (Z; - Z,) is simply the depth of the shaft connecting stations 1 and 2. The local value of
gravitational acceleration, g, should be ascertained, taking into account mean elevation and
latitude. For the pressures and temperatures Py, P,, T; and T,, it is inadvisable to use the raw
measurements made at the shaft extremities because of the unstable conditions that may exist at
those locations. It is preferable to construct separate plots of pressure and temperature against
depth and to use best fit lines to establish representative pressures and temperatures at depths
Z; and Z,.
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Figure 8.2. PV and Ts diagrams for a downcast shaft.
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Equation (8.1) gives the amount of mechanical energy that is converted to heat through frictional
processes within the shaft airflow. This can be employed to determine the Chezy Darcy
coefficient of friction, f, for the shaft. From equation (2.46)

f = AFH (dimensionless) (8.2)

4Lu?

where d = hydraulic mean diameter of the shaft (m)
L = length of shaft (m) and
u = mean air velocity (m/s)

Although the F term is the primary factor quantifying the work done against friction, it has one
major drawback. It cannot be observed directly but must be computed from measurements
including those of pressure and temperature. On the other hand, we know that the loss of
mechanical energy by friction produces a frictional pressure drop, p, which can be measured
directly (Chapter 6). It is, therefore, easier to conceptualize the notion of a frictional pressure
drop, p, than the fundamental frictional work, F, which produces that pressure drop. Furthermore,
recalling that ventilation planning for facilities of less than 500 m in depth can be conducted using
the simpler relationships of incompressible flow, it is useful to remind ourselves of the relationship
between p and F. This was introduced in Chapter 2.

p = pF Pa (8.3)

Hence, the work done against friction determined from equation (8.1) can be converted to a
corresponding frictional pressure drop

P2 = pFp Pa

Now we have another problem. The density, p, varies throughout the shaft, so what value do we
select? One option is to employ a mean value, p.q4, Where the subscript md denotes "mean
downcast." For polytropic flow in a dry shaft the variations in both temperature and pressure are
near linear with respect to depth. It follows that air density, p = P/RT, also increases in a near
linear manner. Hence the arithmetic mean of densities measured at equal intervals throughout
the shaft may be employed. Again, observers should be cognizant of the unrepresentative values
that may be measured at shaft extremities. More generally,

2
deZ
kg
1
Pmd = = (8.4)
" (Z,-2Z,) m3

Using the mean density, and ignoring the small kinetic energy term, the steady flow energy
equation can be written as

(Z1-2Z5)9 = Vig(P,—Py) + Fpp

where Vg = 1/pmg (Mean specific volume)
or

P2 = Fi2Pma = Pma(Z1-2Z5)9 — (P, —Py) Pa (8.5)

This is simply a form of Bernoulli's equation for incompressible flow. We have, however, taken
account of compressibility by using a mean value of air density. Equation (8.5) is highlighted as
we shall return to it later as a component in an approximation of natural ventilation pressure.



Chapter 8. Mine Ventilation Thermodynamics Malcolm J. McPherson

One further problem remains. If we wish to compare the frictional work done in a series of
different airways then the F terms should be employed as these depend only upon the physical
characteristics of the airway and the air velocity (equation (8.2)) - and are independent of the
thermodynamic state of the air. On the other hand, if we compare frictional pressure drops, using
equation (8.5), then these depend also upon the corresponding values of air density. As the latter
may vary considerably around a mine circuit, frictional pressure drops are not a good basis for
comparison. (This was the reason for consistent deviations that were noticed in the results of
some pressure surveys prior to the development of mine ventilation thermodynamics). The
problem can be met by choosing a “standard" value of air density, pg, to relate p and F in
equation (8.3). If the same value is used for all airways, then the comparison between airways
becomes a constant multiple of F. The standard value of air density is normally taken as 1.2
kg/m? and the corresponding "frictional pressure drop”, ps, should then be identified as being
'standardized', or referred to standard density. It should be understood that standardized pressure
drops have no direct physical significance other than the fact that they are a constant multiple of
work done against friction.

2
Let us turn now to the Ts diagram on Figure 8.2. The area under the process line J‘TdS
1

represents the combination of added heat and the internal generation of friction heat g, + F..
Fortunately, the three-part steady flow energy equation (3.25) allows us to separate the two
terms. Equation (8.1) gives Fi,, and

2 2
u; —u J

= H,-H,) -2+ "2 _(z,-Z — 8.6
[P (H, 1) 5 (Z1-Z3)9 kg (8.6)

If the shaft is dry, then (H, — H;) = C, (T2 — T1) and by ignoring the change in kinetic energy, we
have

J
diz = Cp(T2-Ty) — (Z1-Z5)9 E (8.7)

In many shafts that have reached an effective equilibrium with respect to the temperature of the
surrounding strata there is very little heat transfer, i.e. adiabatic conditions with g;, = 0. Equation
(8.7) then gives

T -T1) = @ °C (8.8)
P

This well known equation allows the increase in temperature with respect to depth to be
calculated for a dry shaft in the absence of heat transfer. Inserting the constants 9.81 m/s” for g
and 1020 J/kgK for C, (value of specific heat of air with a moisture content of 0.0174 kg water
vapour per kg dry air) gives

T, -T,) = 0.00962(Z, - Z,) °C (8.9)

This result is usually rounded off and quoted as a dry bulb temperature adiabatic lapse rate of 1
°C per 100 m depth. The increase in temperature is a result of potential energy being converted
to internal energy as the air falls through the shaft. The effect is also referred to as
autocompression.

In practice, the change in temperature often varies considerably from 1°C/100 m due to both heat
transfer and reductions in dry bulb temperature caused by evaporation of water.
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In section 3.5.3, it was shown that in addition to areas on the Ts diagram illustrating heat, the
same diagram may be used to indicate numerical equivalents of flow work. In particular, on the Ts
diagram in Figure 8.2, the total area under the isobar P, between temperatures T, and T,
represents the enthalpy change (H, — Hy).

However, the flow work is given by the steady flow energy equation as

2
JVdP = (Hy—Hjp) — (A2 + Fyp) Jlkg (8.10)
1

As the areas representing (H, — H;) and (q;, + F1,) have already been identified on the Ts
diagram, their difference gives a representation of the flow work.

Example.

This example is taken from an actual survey of an 1100 m deep downcast shaft of diameter
5.5m." At the time of the survey, the mass flow of air was 353 kg/s. Figures 8.3 (a), (b) and (c)
show the barometric pressures, wet and dry bulb temperatures and air density measured at
approximately 100 m intervals throughout the shaft. The measurements taken at the extremities
of the shaft have been omitted from these graphs as the turbulence at these points was not
conducive to stable or precise readings. The raw data for the survey are tabulated in Appendix
A8.1.

Variations in pressure, temperature and density.

The increase in pressure with respect to depth shown in Figure 8.3(a) is seen to be near linear
with a slope of 1.22 kPa per 100m, The mean air density in the shaft was 1.26 kg/m? illustrating
the convenient rule of thumb that the rate of pressure increase in kPa/100m is approximately
equal to the mean density (in Sl units). This follows from

Ap = pgh = 981p Pa
or Ap = 0.981p kPa
where g =9.81 m/s® and h = 100m

The temperature plots shown in Figure 8.3(b) should, theoretically, also be linear with respect to
depth for adiabatic conditions or where heat transfer is distributed uniformly throughout the length
of the shaft. In this case, the actual variation in dry bulb temperature shows an interesting feature.
The dry bulb temperature plot appears to be divided into discrete regions above and below 700m.
Visual observation indicated the existence of free water in the shaft. The lower part passed
through an aquifer. In this section tubbing lining was employed and an increased water make
produced falling droplets. The effects of enhanced evaporative cooling are shown clearly as a
reduction in the slope of the dry bulb temperature-depth line in the lower part of the shaft. The
mean dry bulb temperature lapse rate is 0.82 °C/100 m down to 700m and 0.67 °C/100 m at
lower elevations, both less than the adiabatic lapse rate of 0.962 °C/100 m (equation (8.9)%. This
shows the important influence of water in the airway.

The wet bulb temperature observations exhibit slightly greater scatter but still follow a well defined
linear relationship with respect to depth, irrespective of evaporation, and having a lapse rate of
0.44 °C/100 m. This is a little less than the wet bulb adiabatic lapse rate of 0.456 °C/100 m given
by Figure 15.8 in Chapter 15. Hence, at the time of the survey there was a small heat loss from
the air into the surrounding strata.

! Full details of the survey on which these examples were based are given in the paper listed in the
Bibliography for this Chapter: Barometric Survey of Shafts at Boulby Mine, Cleveland Potash, Ltd.,
Cleveland, McPherson M.J. and Robinson, G.

2 The mean moisture content in the shaft was 0.0108 kg/kg dry air. Inserting this value into equation (15.42)
of Chapter 15 gives a corrected dry bulb adiabatic lapse rate of 0.967 °C per 100 m.
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Figure 8.3(a). Measurements of barometric pressure in the downcast shaft with a best-fit
straight line.
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Figure 8.3(b). Increase in wet and dry bulb temperatures with respect to depth in the downcast shatft.
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Figure 8.3(c). Increase in air density with respect to depth in the downcast shaft
with a best-fit straight line.

Figure 8.3(c) illustrates that the air density increases linearly with dept.

PV diagram, work dissipated against friction and frictional pressure drop.
Figure 8.4 shows the PV diagram for the shaft. Despite the non-linearity of the temperature, a
curve fitting exercise produced a good fit with the polytropic equation

pv 13004 — 79451

Again, the non-representative points at the shaft ends were omitted for the curve fit. Figure 8.4
shows the curve of this equation superimposed upon the actual observations. The fact that the
polytropic index was less than the isentropic 1.4 showed that sensible heat was being removed
from the air - again, the combined effect of evaporative cooling and heat transfer.

The measurements may be used to determine the work done against friction within the airstream.
Equation (8.1) gives:-

P,
Ul2 ~u,’ In( %1)

Fio = TZ +(Z21-2Z3)9 - R(T, —Tl)m

where subscripts 1 and 2 refer to the top and bottom of the shaft respectively.

10
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where P is in kPa

Figure 8.4. PV diagram for the downcast shaft.

Independent measurements and corrections for density gave u; = 12.78 and u, = 11.63 m/s. The
shaft depth, (Z; - Z,), was 1100 m and the value of g was 9.807 m/s”. If the equation is to be used
for the complete shaft then careful consideration must be given to the end values of pressure and
temperature. The lack of uniform conditions at the shaft extremities indicates that single
measurements of pressure and temperature at those locations are likely to produce erroneous
results. The pressure and temperature plots should be examined carefully in order to select
values of those parameters that are representative of an extrapolation of trends within the shaft.
In this case, the values chosen from the relevant plots were:

11
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Py
LEt

00.79 kPa. P, =113.90 kPa
7.2 +273.15=290.35 K and T, =255+ 273.15 = 298.65K

e

Equation (8.1) then gives

2 2 In 113.9
Fp = 278711837 | 1100.0.807) - 287.04(25.5-17.2) 129100.70)
2 |n@986§é9035)
_ 14 + 10788 - 10336 Jikg
- 466 Jikg

This calculation illustrates that the kinetic energy term is, indeed, small compared with the other
terms. More importantly, the potential energy and flow work terms are both large but similar
numbers. Hence, small errors in the parameters that contribute to each of those terms can have a
significant impact on the calculated value of Fi,. For this reason, it is preferable to apply equation
(8.1) for each increment of the shaft and sum the individual values of F rather than to use the
complete shaft. This approach also accounts for variations in the polytropic index throughout the
shaft. When this was done for the current example, the cumulative F;, was 493 J/kg.

The flow work may also be calculated from the alternative expression (equation (8.1)) )
n 1.3004
R -T,) = ———— 287.04(25.5-17.2) = 10313 Jk
(n-1) (T2=T) = 53004 ( ) 9
giving >

Fi, = 14 +10788 — 10313 = 489 J/kg

We shall continue the analysis using the value of F;, = 489 J/kg obtained from this approach.

The frictional work can now be converted to a frictional pressure drop referred to any chosen air
density. The mean density in the shaft was 1.260 kg/m® giving a corresponding frictional pressure
drop of

Pmd = Pma F12 Pa
= 1.26x489 = 616 Pa

For comparison with other airways, the frictional pressure drop referred to standard air density,
1.2 kg/m®, becomes

P = Dst I:12 Pa
= 1.2x489 = 587 Pa

Coefficient of friction and airway resistance:
The Chezy Darcy coefficient of friction is given by equation (8.2)

f = 2 Fi
4Lu?

12
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Using the mean air velocity of 12.20 m/s gives

2 x5.5

f = X
4x1100x (12.20)?

489

=0.00821 (dimensionless)

The Atkinson friction factor referred to standard density of 1.2 kg/m? is

f .
K = ”% - % x 0.00821 = 0.00493 kg/m®

(The values of f and k are mean values as the type of lining changed through the aquifer).
The rational resistance of the shaft is given from equation (2.51) as

f perimeter L
R, = T penmeter & . m~*
2 A

where perimeter =1 x 5.5=17.28 m
and area, A= (5.5)%4 =23.76 m’

giving
0.00821 N 17.28

- %1100 = 0.00582 m™*
2 (23.76)

R, =

The Atkinson resistance referred to standard density becomes

R = Pst Rt
1.2 x 0.00582 = 0.00698 Ns?/m®

These resistance values refer to the 1100 m length of open shaft. The shock losses caused by
conveyances, inlet and exist losses must be assessed separately and added to give the total
shaft resistance.

Heat exchange.
The steady flow energy equation gives the heat transfer to the air as

2 u22)
diz = (Hy - Hy) - > - (Zy - Z3)9

The change in enthalpy, taking evaporation into account, may be determined from the methods

given in Section 14.5.1. If no evaporation or condensation occurred then the change in enthalpy

would be given by equation (3.33).

(uy

(Hz - Hl) = Cp (Tz _Tl)

The specific heat of the air, C,, would be 1005 J/kgK if the air were perfectly dry. Again, Chapter
14 indicates how this can be corrected for the presence of water vapour. The actual value based
on mean moisture content for this shaft was 1025 J/kgK.

13
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If the shaft had been dry then
(12.78% -11.63?)

2
= 8507 - 14 - 10788

0, = 1025(25.5-17.2) —

- (1100x9.807

— 2294 Jikg

The physical interpretation of this calculation is that for each kilogram of air:

14 J of heat accrue at the expense of kinetic energy as compression decelerates the air;
10 788 J of thermal energy arise from the loss of potential energy; but

the total increase in thermal energy of the air is only 8 507 J.

hence, 2 294 J of sensible heat must be transferred from the air.

We have conducted this latter calculation on the assumption of a dry shaft. This was not the
situation in the actual case study. However, the result we have obtained does have a real
meaning. The 2 294 J/kg heat loss reflects the reduction in the sensible heat of the air. Most of
this was, in fact, utilized to evaporate water and, hence, was returned to the air as latent heat.
Chapter 14 elaborates on the meanings of these terms.

In order to convert the heat exchange into kilowatts, we simply multiply by the mass flow of air

_2294x353 = -810 Exk—g =Eor kw
1000 kg s S

8.2.3. Level workings

Figure 8.5 shows the PV and Ts diagrams for flow along level workings between stations 2 and 3.
The diagrams reflect a decrease in pressure but increases in both specific volume and entropy,
indicating heat additions to the air. In practice, a large part of the heat exchange with the strata
takes place in the working areas where rock surfaces are freshly exposed.

Applying the steady flow energy equation to level workings gives
2 u32)
2

3
u
Uz v (Z, - Z5)g = deP t Fp = (Hy—H,) -y Jkg  (8.11)
2

However, in this case (Z; - Z3) = 0, giving

(u,® - ug?)
2

3
-Ivap = Fpy - Jlkg (8.12)
2

Remember that the flow work IVdP is the area to the left of the process curve on the PV

diagram and, here, dP is negative (falling pressure). Hence, equation (8.12) shows that work is
done by the air and, in level airways, is utilized entirely against friction and accelerating the air.
Here again, the change in kinetic energy is usually negligible, leaving the simple relationship

3
-Ivap - Fp Jikg (8.13)
2

14
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The heat flow into level workings or level airways may also be calculated by applying the
condition (Z, - Z3) = 0 to the steady flow energy equation.

2 2
(U™ —uz”)

Again, changes in kinetic energy are normally negligible and, if we apply the condition of neither
evaporation nor condensation, then

O3 = Cp(T3 —Ty) J/kg (8.15)

An interesting situation often arises in well established return airways where equilibrium has
effectively been established between the temperatures of the air and the surrounding rock. Heat
transfer ceases giving adiabatic flow, g.s = 0. However, equation (8.15) shows that if g3 is zero
then T3 = T,. The process becomes simultaneously adiabatic and isothermal. This is similar to a
throttle in a gas stream, an example favoured by authors of textbooks on thermodynamics. In
Section 3.4.1 it was shown analytically that the degree of friction has no influence on the
temperature variation of the air. The adiabatic/ isothermal airway suggests a simple way of
comprehending this phenomenon. An ideal adiabatic (isentropic) decompression would produce a
fall in temperature. However, in a real (non-ideal) adiabatic decompression, frictional heat is
generated within the airflow at exactly the correct rate to counteract that fall in temperature.

3
On the Ts diagram of Figure 8.5, the ITds heat area under the process line must be equal to the

2
combined effects of added heat and internally generated friction, g,3 + F»3. However, the area
under the P3 isobar between temperatures Tz and T, is equal to the change in enthalpy (Hs - Hy)
or Cy(T3 - T,) for a dry airway. We have already shown that g3 = Cy(T5 - T,). Hence, we can
identify separate areas on the Ts diagram that represent F,; and Qas.

Unlike shafts of depths greater than 500m, most underground airflow paths involve relatively
small changes in density. This is certainly the case for level workings or airways. While such
airways play an important role in the mine thermodynamic cycle, the treatment of individual level
airways is normally based on incompressible flow. The steady flow energy relationship then
reduces to Bernoulli's equation with (Z, - Z3) =0

2 2
(" —ug”) (P Py) ¢ Fp  Jikg (8.16)

2 Pmw

where the subscript mw denotes 'mean workings'. Neglecting the kinetic energy term, the
frictional pressure drop referred to the mean density becomes simply

Pz = PmwFazs = P, —P3 Pa (8.17)

15
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Figure 8.5. PV and Ts diagrams for level workings.

Malcolm J. McPherson
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8.2.4. Upcast shaft.

Figure 8.6 shows the PV and Ts diagrams for an upcast shaft. As the air ascends the shatft,
decompression results in an increase in specific volume despite a decrease in temperature. The
latter is shown on the Ts diagram.

As the air returning from most underground facilities remains at a fairly constant temperature (the
‘thermal flywheel'), upcast shafts are much less susceptible to variations in heat exchange than
downcast shafts. It is common to find that an upcast shaft is operating at near adiabatic
conditions. The path line 3 to 4 on the Ts diagram indicates a typical situation, descending from
Ps, T3 to P4, T4 and diverted to the right of an isentrope by the effects of friction.

A thermodynamic analysis of the downcast shaft was given in Section 8.2.2. The corresponding
analysis for the upcast shaft follows the same logic and, indeed, the equations derived for the
downcast shaft can also be used, with suitable changes of subscripts, for the upcast shaft. For
that reason, details of the analysis will not be repeated. The reader may care to carry out a self
test by attempting to derive the following results and to prove the annotation of areas shown on
the Ts diagram.

For polytropic flow

2 2 |n(P3P j
usz —u J
Foy = 3 4 (Z4-2Z3)9 + R(T3 —T4)—4 — (8.18)
2 | (T%j kg
"oT
4
and
J
Oau = (Z4a-Z3)9 - C,(T3-T,) P (8.19)

Assuming constant (mean) density, Pmu ,
Paa = pPmu(Zs —Z4) — (P4, —P3) Pa (8.20)

Example.

The earlier example dealt with the downcast shaft of an 1100 m deep mine. Figures 8.6 (a), (b)
and (c) illustrate the conditions in the upcast shaft for the same mine and surveyed on the same
day. The plots of pressure and temperature against depth show little scatter and stable conditions
throughout the main length of the shaft. Again, measurements taken at the extremities of the
shaft have been ignored in generating the graphs.

The dry bulb temperature increases at a rate of 0.97 °C/100 m indicating near adiabatic
conditions with essentially no evaporation or condensation. This is a confirmation of the
theoretical adiabatic lapse rate for dry bulb temperature in a dry shaft (ref. Section 15.3.1).
The adiabatic conditions are further verified by the wet bulb temperature lapse rate of 0.42
°C/100 m (ref. Figure 15.8).

The PV diagram for the upcast shaft is shown on Figure 8.6(c). The polytropic curve fit gives the
PV relationship to be PV***® = constant. The polytropic index of 1.356 is close to the isentropic
value of 1.4 for dry air (ref. Section 3.4.3.). Comparing Figures 8.4 and 8.6(c) show that the
barometric pressure at the base of the upcast shaft was greater than that at the base of the
downcast shaft. This was because the main fans were sited underground at this mine in order to
mitigate noise at the surface.
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Figure 8.6. PV and Ts diagrams for an upcast shaft.
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Figure 8.6(a) Measurements of barometric pressure in the upcast shaft with a best-fit straight line.
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Figure 8.6(b). Increase in wet and dry bulb temperatures with respect to depth in the upcast shatft.
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Figure 8.6(c). PV diagram for the upcast shaft.
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8.3. THE COMPLETE MINE CYCLE

In the interests of clear explanation, it is convenient to investigate the phenomenon of natural
ventilation first, before going on to the more usual situation of a combination of fan and natural
ventilation.

8.3.1. Natural ventilation

Suppose that we have a vertical U tube with fluids of differing densities but the same height in the
two limbs. This is an unstable situation. The heavier fluid will displace the lighter and the fluids will
move. Motion will be maintained for as long as a difference exists between the mean densities of
the fluids filling each limb of the U tube. It would be difficult to keep this experiment going with two
completely different fluids. However, let us choose air as our fluid and apply heat at the base of
the U tube. If any slight perturbation then caused a movement of air so that one limb contained
warmer and, therefore, less dense air than the other, then the motion would accelerate until a
state of dynamic equilibrium was reached, dependent upon the rate of heat addition. This is the
process that causes natural ventilation in mines or any other flow system that involves heat
transfer and differences in elevation. It is the same phenomenon that causes smoke to rise up a
chimney or convective circulation in a closed cycle, and also explains the effectiveness of the old
shaft bottom furnaces described in Chapter 1.

In most cases, heat is added to the air in underground facilities. The air in an upcast shaft is then
warmer and less dense than in the downcast shaft. When the shaft bottoms are connected
through workings, this constitutes an enormous out-of-balance U tube. Airflow is promoted and
maintained at a rate that is governed by the difference between the mean densities of the air in
the two shafts and the depths of those shafts.

If we take the simple case of two shafts of equal depth (Z; - Z,), one a downcast containing air of
mean density pn,q, and the other an upcast of mean density p,., then the pressure at the base of
the downcast due to the column of air in the shaft will be png g(Z; - Z,) (equation (2.8)) and the
pressure at the base of the upcast due to its column of air will be p., 9(Z1 - Z5). Hence, the
pressure difference across the shaft bottoms available for promoting airflow through the workings
will be

NVP = png 9(Z1-23) = Pmu 9(Z1-2Z3) = 9(Z1-Z3)(Pma —Pmu) P2 (8.21)
where NVP = Natural ventilating pressure (Pa)

This simple analysis provides the traditional expression for natural ventilating pressure. However,
the following thermodynamic analysis indicates the limitations of equation (8.21) as well as
providing a fuller understanding of the mechanisms of natural ventilating effects.

Natural ventilation will occur whenever heat transfer occurs in the subsurface. If the rock is cooler
than the air then a natural ventilating pressure will apply in the reverse direction inhibiting the
airflow. In the case of a geographical region where the diurnal or seasonal ranges of surface air
temperature encompass the mean temperature of the strata in a naturally ventilated mine, then
reversals of airflow can occur. Because of such instabilities, very few medium size or large mines
are now ventilated purely by natural means.

The PV and Ts diagrams for a naturally ventilated mine are illustrated by combining Figures 8.2,

8.5 and 8.6 for the downcast shatft, level workings and upcast shaft respectively. The result is
shown on Figure 8.7 with the slight curvature of each of the process lines ignored for simplicity.
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Figure 8.7. PV and Ts diagrams for a naturally ventilated mine.
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In the absence of a main surface exhaust fan, the airflow is emitted from the top of the upcast
shaft (station 4) at surface atmospheric pressure. We can now close the cycle back to station 1
(top of downcast shaft) by considering the process that takes place within the pressure sink of the
surface atmosphere. The exhaust air is emitted from the top of the upcast shaft with some finite
velocity. This causes turbulence within the atmosphere. In the majority of cases, the exhaust air is
at a temperature higher than that of the surface atmosphere. It cools at constant pressure,
rejecting heat to the atmosphere, contracts and follows the process lines 4 to 1 on both the PV
and Ts diagrams of Figure 8.7.

Just as we have combined the separate processes into a closed cycle on the PV and Ts
diagrams, so, also, can we combine the corresponding versions of the steady flow energy
equation:

2 2 2

Downcast: % +(Zy-2Z,)9 = IVdP +F, = (Hy-H) -0q, (822
1
u 2—U 2 .

Workings: R (2,-25)0 - IVdP +Fy = (Hs—Hy) -G (8:23)
2
us” —u,’ I

Upcast: B (Z5-2)0 - JVdP +Fy = (Hy—Hs)-qa  (8:24)
3

2 2 1
Atmosphere; 4 Y1 (Z,-21)9 = IVdP +Fy = (Hi-Hy)—qsu  (8.25)

2
4
§VdP+ZF= 0 - >a (@26

12341 12341

SUM: 0 + 0

Note that when we sum the individual terms, the kinetic energy, potential energy and enthalpy all
cancel out.
Let us examine some of the features of the summation equation (8.26). Recalling that each

individual IVdP term is represented by the area to the left of the curve on the relevant PV

diagram, when we sum those areas algebraically, the cyclic integral {)VdP for the complete loop

becomes the enclosed area, 1234, on the PV diagram of Figure 8.7. Furthermore, the

JVdP areas for the workings and upcast shaft are negative (falling pressures). Inspection of the

PV diagram shows that the enclosed area is also negative, indicating that net flow work is done
by the air. This is the mechanical energy that produces and maintains motion of the air. It has, as
its source, an available part of the heat energy that is added to the air and is called the Natural
Ventilating Energy, NVE.

Further examination of the PV diagram shows that the NVE area depends primarily upon two
factors. First, the extent to which heat additions in the subsurface cause expansion of the specific
volume between stations 2 and 3, and secondly, the difference in barometric pressures caused
by the depths of the shafts, 1 to 2 and 3 to 4. The greater the heat additions or the depth of the
mine then the greater will be the NVE.
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Equation (8.26) for the complete cycle gives

- iﬁvap - YF Jlkg (8.27)

12341

where the symbol ZF denotes summation around the closed cycle. This shows that the

12341
natural flow work done by the air is utilized entirely against friction. The enclosed area, 1234, on
the PV diagram also represents the work that is done against friction. Unlike a manufactured heat
engine, a mine thermodynamic cycle produces no external work, although it would be perfectly
possible to achieve this by introducing a high volume - low pressure turbine into the airstream.
The mechanical energy thus produced would be at the expense of flow energy and the rate of
airflow would then diminish.

Let us take a closer look at equation (8.25) for the isobaric cooling of the exhaust air. We can
make three simplifications to this equation. First, if the tops of both shafts are at the same
elevation then Z, = Z,. Secondly, we can assume that the surface atmosphere is at rest, u; =0

1
and, thirdly, as the free atmosphere is at constant pressure, J.VdP = 0. Applying these

4
conditions gives

u 2
4 - F, J/kg (8.28)

This confirms that the kinetic energy of the air issuing from the top of the upcast shaft is utilized
against the frictional effects of creating turbulence in the free atmosphere. Equation (8.25) also
guantifies the heat that is rejected to the surface atmosphere:

—O4 = (Hy —Hy) J/kg (8.29)
or, if no evaporation or condensation occurs during the isobaric cooling,

g = Cp (T, -Ty) Jikg (8.30)
However, the summation equation (8.26) gives:

Zq =0 Jikg (8.31)
12341

It follows that the total heat added in the subsurface, Zq =0, + Qy3 + O34, iS equal to the
1234
heat ultimately rejected to the surface atmosphere, —q,,, despite the fact that some of that added

heat has, temporarily, been converted to mechanical (kinetic) energy in order to create movement
of the air.

Turning to the Ts diagram, the heat area below each of the process lines 1-2, 2-3 and 3-4
represents the combination of added heat and frictional heat for the downcast shaft, workings and
upcast shaft respectively. It follows that the total area under lines 1-2-3-4 represents

Z F + Zq for the complete mine. However, the area under the isobar 4-1 represents the heat
1234 1234
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rejected to the atmosphere, - q41, Which has already been shown to equal Zq . It follows that
1234
the 1-4 enclosed area 1234 on the Ts diagram represents the work done against friction in the

shafts and workings, ZF . As the frictional loss within the atmosphere does not appear on the
1234

PV diagram, we have the revealing situation that areas 1234 on both diagrams represent

frictional effects in the subsurface. The PV area represents the work done against friction while

the Ts area shows that same work, now downgraded by friction, appearing as heat energy.

The area 41A on the Ts diagram lies above the atmospheric temperature line and, therefore,
represents rejected heat that, theoretically, is available energy. It could be used, for example, to
assist in the heating of surface facilities and can be significant in deep mines. However, that
energy is contained in a large volume of air, often contaminated by solid, liquid and gaseous
contaminants, and with a relatively small temperature differential with respect to the ambient
atmosphere. For these reasons, very few mines attempt to take advantage of the available part of
the reject heat.?

There are two main methods of quantifying the natural ventilating energy. First, if each of the
subsurface processes approximates to a polytropic law then the work done against friction in
each segment may be calculated from the form of equation (8.1).

P.
| i+1
1" ) )

vl = - +(Zi =Zij.1)9 — R(Ti+l -T; )— .

)

where subscript i takes the relevant value 1, 2 or 3. The sum of the resulting F terms then gives
the natural ventilation energy, NVE.

Secondly, if polytropic curve fitting shows significant deviations from observed data then each
segment can be further subdivided, or the enclosed NVE area on the PV diagram can be
determined graphically.

As most modern underground facilities are ventilated by a combination of fans and natural
ventilation, it is useful to be able to compare the ventilating potential of each of them. The
theoretically correct way of doing this is to express the mechanical work input from the fan in J/kg.
This is then directly comparable with the NVE. The fan work can be determined from
measurements of pressure, temperature and air velocity across the fan (Section 8.3.2.). However,
the more usual convention in practice is to quote fan duties in terms of fan pressure and volume
flow. A traditional and convenient device is to convert the natural ventilating energy, NVE, into a
corresponding natural ventilating pressure, NVP. It should be remembered, however, that unlike a
fan, an NVP is not located at a single location but is generated around a closed thermodynamic
cycle.

NVP = NVE x p Pa (8.32)

Here, again, we have the same difficulty of choosing a value of air density. If frictional pressure
drops within individual branches have all been referred to standard density, 1.2 kg/m®, then it is
appropriate also to refer both natural and fan ventilating pressures to the same standard density.
This is, in effect, equivalent to comparing ventilating energies.

% See section 18.4.2 for use of reject heat in cold climates.
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Another method, although imprecise, is to sum equations (8.5, 8.17 and 8.20) that gave the
frictional pressure drops for the downcast shaft, workings and upcast shaft, respectively, on the
basis of the corresponding mean densities:

Downcast: P = Pmd Z1-2Z5)9 - (P, —Py) Pa see (8.5)
Workings: P2z = (P, —P3) Pa see (8.17)
Upcast: Paa = — Pmu (Zs—23)9 — (P4 —P3) Pa see (8.20)
SUM:  p1p + P23 +Pas = (Z1-22)9(Pmd — Prmu) Pa (8.33)

In arriving at this summation, we have assumed that the depths of the two shafts are equal,

(Z1 - Z,) = (Z4 - Z3), and that the atmospheric pressure at the tops of both shafts is the same,

P, =P, . This is identical to the equation that we arrived at earlier (equation (8.21)) from a
consideration of the pressures at the bottoms of the two shafts and which were produced by their
corresponding columns of air. Calculation of natural ventilation pressure as

NVP = pip + P23 +P3s = (Z1-Z5)9 (Pmd — Prmu) Pa (8.34)

is sometimes known as the mean density method. While equation (8.34) is simple to use and
much quicker than the two methods of determining natural ventilating effects introduced earlier, it
should not be regarded as an exact measure of the thermal energy that assists in the promotion of
airflow. The difficulty is that the summation of pressure drops is not referred to a single defined
value of air density. Each individual pressure drop is based on a different mean density. Their
summation cannot, therefore, be justified as a definitive measure of natural ventilation but remains
as a summation of measured frictional pressure drops. This can, in fact, be shown from the
differential form of the steady flow energy equation and ignoring the kinetic energy and fan terms

-gdz = VvdP + dF J/kg (see equation (3.25))
or,asV=1/p
—gpdz = dP + pdF Jim® = Nm/m® = N/m? = Pa

Integrating around a closed cycle @dP =0 ) gives
—g§pdz = §de Jm® = Pa

The right side of this equation is the sum of the measured frictional pressure drops, p = pF, while
the left side is the algebraic sum of the pressure heads exerted by the columns of air in the
system. It is, therefore, an exact form of equations (8.21) and (8.33).

8.3.2. Combined fan and natural ventilation

Main ventilating fans might be placed at a number of strategic sites in a subsurface system,
subject to any restrictions imposed by the governing legislation. However, to examine the
combination of fan and natural ventilation, we shall use the most common situation - that of a
main exhausting fan located at the top of the upcast shaft.

Figure 8.8 gives the corresponding PV and Ts diagrams. The difference between these and the
corresponding diagrams for the purely naturally ventilated mine is that station 4, the top of the
upcast shatft, is also the inlet to the fan and is at a sub-atmospheric pressure. On passing through
the fan from station 4 to station 5, the air is compressed back to atmospheric pressure.
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Figure 8.8. PV and Ts diagrams for a mine ventilated by both natural means
and a main exhaust fan.
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Concentrating, for the moment, on the segments of the PV diagram that represent the
subsurface, the areas to the left of lines 1-2, 2-3 and 3-4 represent work done on or by the air as
it progresses through the downcast shaft, workings and upcast shaft respectively. The algebraic
summation of those work areas is the negative area 1234DC. This represents the net flow work
done by the air between stations 1 and 4. The area to the left of the fan compression curve 4-5
represents the flow work done on the air by the fan. In practice, both the upcast shaft and fan
processes are often near adiabatic, i.e. position 5 on the PV diagram is very close to position G.
Hence, we can divide the total work done by the air into two identifiable zones; area 123G
represents the natural ventilating energy and area C154D represents the fan work supplied to the
air while compressing it back to surface atmospheric pressure. The combination of the two
provides the total ventilating energy for the facility.

The process lines on the Ts diagram from station 1 to station 4 follow paths similar to those for
the naturally ventilated mine except that station 4 is now at a sub-atmospheric pressure. The fan
curve, 4 to 5 is angled slightly to the right of the ideal isentrope. Heat transfer is normally quite
small across the fan casing in terms of J/kg because of the high airspeed. Hence, the fan process
is essentially a frictional adiabatic. The derivation of the areas quantified on the Ts diagram
representing the fan work and associated frictional heat is given in Section 3.5.3.

The quantitative analysis of the cycle commences, once again, by stating the component steady
flow energy equations and summing them to determine the cycle equation.

2 2 2

Downcast: % +(Z2,-2,)9 = IVdP +F, = (Hy,—H;) —qp, (8.35)
1
u 2 —u 2 F

Workings:  <2—=2—+ (Z,~Z;)g - deP +Fy = (Hs—Hyp) — Oy (8.36)
2
u 2 —u 2 T

Upcast: % +(Z3-24)9 = IVdP +Fy = (Hy—H3) — Qa4 (8.37)
3
u 2'—U 2 r

Fan: T (Z4-25)g + Was = J.VdP Tt Fus = (Hs—Hy) - Qs (8.38)
4
u 2 —u 2 ¢

Atmosphere:% +(Zs -Z4)9 = JVdP +Fs; = (H-Hg) - s (8.39)
5

SUM: 0 + 0 + Wy = §VdP +3F= 0 - g (8.40)

123451 123451

Consideration of equations (8.35) to (8.40) reveals a number of significant points:
(&) The work areas annotated on the PV diagram are confirmed by a rearrangement of
equation (8.40)

ZF = W,s - §VdP JIkg (8.41)
123451
Work done Work supplied Natural flow
against friction ~ by fan *  work done by air
Area 1234DC = Area 45CD + Area 123G
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(b) The changes in kinetic energy and potential energy through the fan are both very small.
Ignoring these terms simplifies equation (8.38) to

5
Wy = IVdP T+ Fue Jikg (8.42)
4

The fan input produces flow work and overcomes frictional losses within the fan unit. The fan flow
work shows on the PV diagram. However, both flow work and the frictional losses appear on the
Ts diagram.

(c) The equation for isobaric cooling (dP = 0) in the atmosphere (equation 8.39) gives

2
”% - Fy Jlkg (8.43)

assuming that the surface atmosphere is at rest (u; = 0). The kinetic energy of the air exhausting
from the fan is dissipated against friction within the atmosphere. This is similar to the result
obtained for the naturally ventilated mine (equation (8.28)). However, it now becomes more
significant due to the higher velocity of the air issuing from the fan outlet, us. The kinetic energy at
outlet is a direct loss of available energy from the system. It is, therefore, advantageous to
decelerate the airflow in order to reduce that loss. This is the reason that main fans are fitted with
expanding evasees at outlet.

(d) Summing equations (8.35) to (8.38) for the subsurface and the fan, and taking u; = 0, gives

2
u
—%+W4s = (Hs - Hy) - Zq
12345
or
u 2
(Hs —Hp) = W5 + > q - —>— Jikg (8.44)

12345 2

showing that the increase in enthalpy between the inlet and outlet airflows is equal to the total
energy (work and heat) added, less the kinetic energy of discharge. However, if we inspect
equation (8.39) for cooling in the atmosphere, we have

2
Usg

(Hs —Hy) = -ds, - > Jikg (8.45)
where - Qs; is the heat rejected to the atmosphere.
Comparing equations (8.44) and (8.45) gives

12345

This latter equation reveals the sad but unavoidable fact that all of the expensive power that we
supply to the fans of a ventilation system, plus all of the heat energy that is added to the air, are
ultimately rejected as waste heat to the surface atmosphere. It is possible to recover a little of the
exhaust heat in cold climates (Section 18.4.2.).
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8.3.3. Case Study

The mine described in this case study was ventilated primarily by a main exhausting fan
connected to the top of the upcast shaft and passing an airflow of 127.4 m%s at the fan inlet. Both
the downcast and the upcast shafts were 1219 m deep. Measurements of temperature and
pressure allowed Table 8.1 to be established. Throughout the analysis, it was assumed that the
air remained dry.

P T v o | [ver s [Tas
Location Station| Pressure [Temperature \%)l' Density | Flow work | Entropy F+q
No. kPa K m’kg | kg/m® Jikg J/kgK Jikg
(i) (ii) (iii) (iv)
Top downcast 1 101.59 | 283.15 0.8000 | 1.250 31.61
11 356 614
Sg\txt/(r)l?ast 2 | 116.49 | 295.06 0.7270 | 1.375 33.73
-1 923 29 842
Bottom upcast 3 113.99 | 322.84 0.8129 | 1.230 130.39
-12 621 651
Top upcast 4 99.22 310.93 0.8995 | 1.112 132.44
2117 1018
Fan outlet 5 101.59 | 314.05 0.8873 | 1.127 135.70
0 -31 055
Top downcast 1 101.59 | 283.15 0.8000 | 1.250 31.61

Table 8.1. Thermodynamic parameters based on representative values of pressure and temperature
(i.e. taken far enough into the shafts to avoid end effects). In the compilation of the table, the
following equations were used. The equation reference numbers indicate the location of
their derivations.

() V = g and p = Vi where R = 287.04 J/kg

(i) Jvap Ry ~To) o2y In(Py /P,) Ik (3.73)
b In(m, /T,) g '

(i) S =5,-S, = C, IN(T, /T,) = R In(P, /P,) Jlkg (3.48)

where C, = 1005 J/kgK

Subscript ‘a’ refers to the station number and subscript ‘0’ refers to the pressure and temperature
datums of 100 kPa and 273.15 K respectively.

Jkg (3.77)

(i) JTds — T, -T ){ R NP, /Pa) )}

In(T, /T,)
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The PV and Ts diagrams were plotted as shown on Figures 8.9 (a) and (b) respectively. A great
deal of information can be extracted from the table and visualized on the diagrams. It is useful to
organize the analysis as follows:

General observations on the table of results
The J.VdP column shows the large amount of flow work that is done on the air by gravity in the

downcast shaft. However, this is more than offset by the work done by the air against gravity as it
ascends the upcast shaft.

The addition of heat in the mine is concentrated in the workings, i.e. as the air progressed around

the circuit from the downcast to the upcast shaft bottom. This is shown by both the J Tds and

entropy columns. In this mine, the entropy increased continuously as the air passed through the

shafts and workings. However, this is not always the case. In a mine where heat lost by cooling in

any segment exceeds the heat generated by friction then that segment will exhibit a decrease in

entropy.

It is interesting to observe that the difference in barometric pressure across the shaft bottoms,
116.49 - 113.99 = 2.50 kPa

is greater than that across the main fan

101.59 - 99.22 = 2.37 kPa

This occurs quite frequently in deep mines and has often caused observers some puzzlement.
The phenomenon arises from natural ventilating effects in the shaft circuit.

Polytropic indices
For each segment of the circuit, a to b, the polytropic index, n, may be calculated from

n _ In(P,/P,)
n-1  In(T,/T,)

see (equation 3.72)

Segment Polytropic index n
Downcast shaft 1.4307
Workings 0.1943
Upcast shaft 1.3715
Fan 1.7330
Surface atmosphere 0

The effects of friction and added heat cause a PV curve to swing to the right, i.e. finish with a
higher value of V than the corresponding isentropic process. This means that compression curves
such as those for the downcast shaft and fan will become steeper and adapt an increased value
of n, while decompression curves (workings and upcast shaft) will become shallower and take a
lower value of n. The greatly reduced value of n for the workings is simply a reflection of the heat
added in that segment. It should be noted, however, that the actual flow through the workings will
occur through a network of airways, each with its own series of thermodynamic processes. The
value of n calculated here for the workings is, therefore, a composite appraisal.

32



Chapter 8. Mine Ventilation Thermodynamics Malcolm J. McPherson

Fan performance

Table 8.1 shows that the fan produces 2 117 J/kg of useful flow work (area 45CD on the PV
diagram) and also adds 1 018 J/kg of heat (area 45ED on the Ts diagram) to the air. Hence, by
ignoring changes in kinetic energy and assuming no heat transfer across the fan casing, the
energy input from the fan,

5 5
Wy = IVdP N J‘Tds - 2117 +1018 = 3135  Jkg
4 4

The same result is given by the change in enthalpy across the fan

Wy = C,(Ts ~T,) = 1005(314.05 - 310.93) = 3136  J/kg

While the input from the fan impeller is mechanical energy, the JTds part arises from the

frictional losses incurred almost immediately by the generation of turbulence. The volume flow of
127.4 m®s was measured at the fan inlet where the air density was 1.112 kg/m?, giving a mass
flow of

M = 127.4x1.112 = 141.6 kg/s
Then useful flow work = Zli x 141.6 = 300 k—‘] k_g = k—‘] or kW
1000 kg s S
and fan frictional losses = % x141.6 = 144 kw
1000

The polytropic efficiency of the fan may now be expressed as

5
IVdP
4

’7P0|y = 5 5 (847)

deP + des
2 4

or
300

— x 100 = 67.6 per cent
300+144

Natural ventilating energy, NVE
The net flow work done by the air against friction in the shafts and workings is the area 1234DC

on the PV diagram. This is quantified by summing the tabulated deP values from station 1 to

station 4.
SF = ZIVdP _ (11356 — 1923 —12621) = -3188 >
kg
1234 1234
or
—3188 x141.6 = —451 kw
1000
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However, the fan adds flow work to the air of only 2117 J/kg, or 300 kW. Hence, the balance is
provided by natural ventilating energy,

NVE = -3188 + 2117 = -1071 J/kg

(area 123G on both the PV and Ts diagrams)
or -451+300 = ~-151 kW

The negative signs show that this is work done by the air.

Natural ventilating pressure. NVP
The natural ventilating energy can be converted to a natural ventilating pressure by multiplying
by a specified value of air density. Choosing the standard value of 1.2 kg/m gives

NVP = NVE x p
1071

= ——x12 = 1285 kPa
1000

For comparison with the fan pressure, we must refer that also to standard density, o

p.
Pst = l Pi

Pst

where subscript 'i' refers to fan inlet conditions, giving the standardized fan pressure as

by = 1'11;2 «237 = 2.196 kPa

The mean density method (Section 8.3.1) gives a value of

NVP = (Pmd — Pmu)9(Z1 — Z5) Pa see (equation 8.21)
where

Pmd = w = 1.3125 kg/m?®

P 1.230;1.112 1171 kg/m®

g = 981 m/s®
and

(z,-2,) = 1219 m
giving
NVP (1.3125 - 1.171)9.81 x 1219

1692 Pa or 1.692 kPa

This calculation illustrates that a natural ventilating pressure approximated by the mean density
method is not the same as that determined through NVE or a summation of F terms (Section
8.3.1.).
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Heat additions

The total energy addition to the air is given by W 5 + Zq and is equal to the increase in
12345
enthalpy across the system, (Hs — H;) = C,(Ts—T1). Hence the heat transferred to the air is

Da = Cp(ls = Ty) - Wy
12345

1005 (314.05 — 283.15) — 3135

31055 - 3135 = 27920 J/kg
or
27920

1000

x141.6 = 3953 kw

The total heat rejected to the atmosphere is

sy = D.4+Wy = 27920 + 3135
12345

31055 J/ikg [also given directly by Cy(Ts —Ty) ]
31055
1000

x141.6 = 4397 kw
This agrees with the value in Table 8.1 for des within the surface atmosphere.

The sum of the ITds values from station 1 to station 4 (in Table 8.1) gives the combined effect of

added heat and friction within the shafts and workings. The frictional component can be isolated

as
ZF = des - Zq
1234 1234
= 31107 - 27920 = 3187 J/kg
or 3187 141.6 = 451 kw
1000

This is in agreement with the value obtained earlier as Z VdP
1234

Finally, the NVE may be checked by summing the complete .[Tds column. This gives 1070 J/kg,

also in agreement with the value determined earlier.

This case study has illustrated the power of thermodynamic analysis. From five pairs of specified
temperatures and pressures, the following information has been elicited:
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e Pressure across main fan 2.37 kPa
(or 2.196 kPa at standard density)
e Pressure across shaft bottoms 2.50 kPa
¢ Fan flow work 300 kw
e Fanlosses 144 kW
e Total energy input from fan (impeller work) 444 kW
e Fan polytropic efficiency 67.6 per cent
e Work done against friction in the shafts and workings: 451 kW
e Natural ventilating energy 151 kW
e Natural ventilating pressure at standard density 1.285 kPa
e Heat added to the air in shafts and workings 3953 kW
e Heat rejected to surface atmosphere 4397 kW

The case study also demonstrates the intrinsic coherence of the thermodynamic method;
alternative procedures have been employed to cross-check several of the results. Students of the
subject, having mastered the basic relationships, should be encouraged to experiment with the
analyses and to develop their own procedures. Each exercise will provide new and intriguing
insights into thermodynamic logic.

8.3.4. Inclined workings

So far, we have confined ourselves to a level connection between shaft bottoms and drawn a
single line on the thermodynamic diagrams to represent that connection. However, the PV and Ts
diagrams take on a different appearance when the connecting workings between shaft bottoms or
any two points on a main intake and main return, are inclined.

A steeply dipping circuit might be ventilated adequately with little or no ventilating pressure
applied across it. During a visit underground, one mine manager was quite disconcerted when a
ventilation survey team leader pointed out that opening an expensively constructed control door
in an outby cross-cut made no difference to the airflow in an adjoining dip circuit. Just as natural
ventilation plays a role in a shaft circuit, it also influences airflow in any other subsurface circuits
that involve changes in elevation.

Dip circuit.

The PV and TS diagrams for a dip circuit are shown on Figure 8.10. As air flows down the
descending intake airway(s) the pressure and temperature increase because of gravitational work
done on the air. Expansion occurs through the workings and as the air ascends the rising return
airways. If a survey team follows a route from station 1, an outby position in the main intake or
downcast shaft bottom, to station 2, a corresponding outby position in the main return or upcast
shaft bottom, then the resulting PV diagram will follow a loop from 1 to 2 whose shape is
determined by the three dimensional geometry of the circuit and the degree of heat transfer.

2
Figure 8.10 (a) shows that the '[VdP flow work can be divided into two sections, the applied
1

ventilating energy (AVE) generated by the pressure differential applied across the ends of the
circuit, and the natural ventilating energy (NVE) generated by thermal effects within the district.
2
—IVdP = AVE + NVE = F, J/kg (8.48)
1

On traversing around the circuit from station 1 to station 2, the elementary VdP strips to the left of

2
the PV curve are dominant for falling pressure (- dP), giving a negative net value of IVdP .
1
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Figure 8.10. In dip workings, Natural Ventilating Energy (NVE) from added heat
assists in producing ventilation.
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The analysis can also be conducted in terms of frictional pressure drops. Suppose we divide the
traverse route into a large number of small segments, then the frictional pressure drop along any
one segment, ignoring the small changes in kinetic energy, is given as

dp = pdF = —-pgdZ - dP [see equation (8.5)]

In order to compare frictional pressure drops in differing segments, we refer the pressure drops to
standard density pg

dpP
dpg = Pst dp = pqdF = —pu0dZ - py
P P

Integrating around the traverse route gives

2 2 2 dP
Jdpst = Pst = —Pst9 J.dz — Pst J._
1 1 P

1

2
But V = 1/p and, if stations 1 and 2 are at the same level, IdZ =0, giving
1

2
Pst = —Pst IVdP
1
Equation (8.48) then gives
Pst = ps (AVE + NVE) Pa (8.49)
or
Ps = AVP + NVP Pa (8.50)

where AVP = Applied ventilating pressure across the circuit (Pa)
and NVP = natural ventilating pressure generated within the circuit, (Pa)
both being referred to standard density.

Equation (8.50) explains how a dip circuit may be ventilated by natural effects even when the
applied ventilation pressure is zero.

The NVP for the circuit may be determined by measuring the NVE area on the PV diagram,
NVP = NVE X pg (see equation (8.32))

or from the summation of frictional pressure drops, ps;, measured during a survey, each referred
to standard density.

NVP = py - AVP Pa (8.51)

The total area under the traverse loop 1 to 2 on the Ts diagram of Figure 8.10 (b) represents the
sum of frictional heat and added heat, Fi, + q;,. However, provided the stations 1 and 2 are at the
same level and ignoring changes in kinetic energy, the heat taken out of the district by the airstream
is (H, — Hy), or C, (T, - T4) for dry conditions. This is identified as the heat rejected area on the Ts
diagram.

The remaining areas represent
Fi», = AVE+NVE J/kg (8.52)
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Figure 8.11. In rise workings, Natural Ventilating Energy (NVE) from added
heat impedes ventilation.
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Rise Circuit.

The PV and Ts diagrams for a rise circuit are illustrated on Figure 8.11. In this case the NVE has
an opposite sign to the AVE. Hence natural ventilating effects oppose the applied ventilating
energy. The analysis follows the same logic as for a dip circuit leading to the following results:

2
—IVdP - AVE -NVE = Fp, Jlkg (8.53)
1

and ps = AVP - NVP Pa (8.54)

where, again, the applied and natural ventilating pressures are referred to standard density.
These equations show that if the natural ventilating effects become sufficiently high then they will
balance the applied ventilating energy or pressure. The flow work that can be done against
friction, F,,, and the effective ventilating pressure, ps;, then both become zero and airflow ceases.

8.3.5. The effect of moisture

In order to highlight underlying principles, this chapter has concentrated on the flow of dry air
throughout the system. This is seldom the case in practice. The air entering any facility from the
free atmosphere invariably contains water vapour. If this is maintained throughout the system
without further evaporation or condensation then the ‘dry air’ thermodynamic relationships
developed in this chapter will continue to give satisfactory results. However, for more precise
results or if free water exists in the subsurface, as it often does, then evaporation and
condensation processes can have a major impact on the dry bulb temperature (see, for example,
Figure 8.3(b) ). In particular, the enthalpy change (H, - H,) is no longer given simply by Cy(T; - T1).
Equation (14.40), reproduced below, must be employed.

In order to take account of variations in moisture content the equations given below may be
employed. These equations are derived in Chapter 14. The parameters that vary with respect to
moisture content require to be redefined in terms of X kg of water vapour associated with each 1
kg of "dry" air, [i.e. in (1 + X) kg of air/vapour mixture]. Subscript m is used to denote moist air.

Gas constant: R, = (287.04+461.5X) J [see equation (14.14)]
1+ X) kgK
Specific heat at Com = (1005+1884 X) _J [see equation (14.16)]
constant pressure: 1+ X) kgK
Specific volume: V, = (287.04+4615X) T m®/kg of moist air [see equation (14.18)]
1+ X) P
Density: Pm = Vi kg moist air/m® [see equation (14.21)]
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An apparent specific volume and density based on 1 kg of dry air are also useful:
V,, (apparent) = 461.5%(0.622+ X)  mdkg dry air

1

apparent) = ——— kg dry air/m*
Pm(@pp ) V. (apparent) g dry
Enthalpy H = 1005ty + X[4187t, +L+1884(ty —t, )]  J/kg dry air [see equation (14.40)]
where t, and ty are wet and dry bulb temperatures respectively (degrees Celsius)
and L = Latent heat of evaporation at wet bulb temperature
= (2502.5 - 2.386t,,)1000 J/kg [see equation (14.6)]

The reference numbers of these equations indicate the location of their derivation in Chapter 14.

Appendix A8.2 gives a more general analysis of the effects of moisture on steady flow
relationships.

Bibliography

Professor F. Baden Hinsley of Nottingham University, England, was the primary
architect of the development of mine ventilation thermodynamics. He wrote many papers
on the subject. Only the first of his major papers is listed here.

Hinsley, F.B. (1943). Airflow in Mines: A Thermodynamic Analysis. Proc. S. Wales Inst. of
Engineers, Vol LIX, No. 2.

Hall, C.J. (1981). Mine Ventilation Engineering. Published by the Society of Mining Engineers of
AIME.

Hemp, R. and Whillier A. (1982). Environmental Engineering in South African Mines. Chapters 2
and 16. Published by the Mine Ventilation Society of South Africa.

McPherson, M.J. (1967). Mine Ventilation Engineering. The Entropy approach. University of
Nottingham Mining Magazine, Vol. 19.

McPherson, M.J. and Robinson, G. (1980). Barometric Survey of Shafts at Boulby Mine,

Cleveland Potash, Ltd., Cleveland. Transactions of the Institution of Mining and Metallurgy,
Volume 89, 1980, ppA18 — A28.

41



Chapter 8. Mine Ventilation Thermodynamics

Appendix A8.1

Malcolm J. McPherson

Survey data from the survey of the shafts used in the examples given in Sections 8.2.2 and 8.2.4.

The examples given in Sections 8.2.2 and 8.2.4 of the text refer to the Boulby Potash Mine which
has the deepest mine shafts in the United Kingdom. It is only rarely that detailed ventilation
survey observations can be made throughout the lengths of major vertical shafts. The following
tables give the observations and corresponding thermodynamic parameters obtained from that
survey. They provide the basis for a useful case study by students and researchers in
thermodynamic processes in mines.

Observations in Downcast Shaft

Depth | Absolute | Temperature, | True | Moisture |Relative| Enthalpy |Sigma| True Comments
Static °C specific| content [humidity heat |density
pressure volume
m kPa | Wet | Dry | m’kg | glkgof | % kd/kg |kJ /kg| kg/m®
bulb | bulb dry air
0 ]100.770| 15.78 | 17.17 |0.8326| 10.7 86.9 44.3 | 43.6 | 1.201 [Surface
4.0 |100.797 | 15.78 | 17.78 |0.8340| 10.4 81.7 443 | 43.6 | 1.199 |Above -30 level
10.7 | 100.831 | 15.67 | 17.22 |0.8322| 10.5 85.5 44.0 | 43.3 | 1.201 [Below -30 level
109.0|101.819 | 16.00 | 17.89 |0.8260| 10.5 82.6 446 | 439 | 1.211
207.4|103.016 | 16.39 | 18.61 |0.8184| 10.5 80.0 454 | 44.7 | 1.222
305.7|104.193 | 16.78 | 19.56 | 0.8118| 10.5 75.6 46.2 | 455 | 1.232
404.1]105.391 | 17.33 | 20.28 | 0.8046| 10.7 74.7 475 | 46.7 | 1.243
502.4 | 106.575 | 18.06 | 21.11 [0.7981| 11.0 74.3 49.3 | 48.4 | 1.253
600.8|107.769 | 18.22 | 21.94 [0.7914| 10.8 69.6 49.4 | 48.6 | 1.264
699.1|109.179 | 18.44 | 22.78 |0.7832| 10.5 65.5 49.6 | 48.8 | 1.277
797.5|110.349 | 19.39 | 23.44 |0.7770| 11.2 68.0 52.2 |51.3|1.287
895.8 | 111.523 | 19.44 | 24.00 [0.7701| 10.9 64.7 52.0 |51.1|1.298
994.2|112.727 | 19.72 | 24.72 |0.7637| 10.8 62.1 52.5 |51.6 | 1.309
1092.5/ 113.793 | 20.28 | 25.44 | 0.7585| 11.1 61.5 53.9 |52.9 |1.318
1108.5/114.070 | 20.50 | 25.83 | 0.7577| 11.2 60.6 54.5 | 53.5 | 1.320 Manset
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Depth |Absolute| Temperature, | True | Moisture |Relative| Enthalpy |Sigma| True |Comments
Static °C specific| content [humidity heat |density
pressure volume
m kPa | Wet | Dry | m%kg | g/kg of % kJ/kg | kd/kg | kg/m®
bulb | bulb dry air

1110.6] 115.321 | 24.17 | 32.89 |0.7680| 13.0 47.3 66.4 | 65.1 | 1.302 Manset
1105.5/115.281 | 24.17 | 33.89 |0.7706| 12.6 43.3 66.3 65.1 | 1.298 Below ventset
1092.2] 115.055 | 24.00 | 35.00 |0.7746| 11.9 38.5 65.8 64.6 | 1.291 |Above ventset
1000.7/ 113.901 | 23.78 | 34.44 |0.7810| 12.0 39.6 654 | 64.2]1.280
909.2]112.521 | 23.33 | 33.33 |0.7878| 12.0 41.7 64.3 63.2 | 1.269
817.7]111.331| 23.22 | 32.50 |0.7942| 124 44.6 64.4 | 63.2 | 1.259
726.2]110.147 | 22.72 | 31.67 |0.8005| 12.2 45.5 63.1 62.0 | 1.249
634.7]108.970 | 22.33 | 30.83 |0.8069| 12.2 47.2 62.2 61.1 | 1.239
543.2]107.718 | 21.78 | 30.00 |0.8139| 12.0 48.0 60.8 59.7 | 1.229 |Passed cage
451.7106.538 | 21.56 | 29.00 | 0.8204| 12.3 51.5 60.5 59.4 | 1.219
360.2|105.357 | 21.11 | 28.22 | 0.8274| 12.2 52.8 59.4 | 58.3 | 1.209
268.7]104.187 | 20.67 | 27.33 |0.8342| 12.1 54.7 58.3 57.3 | 1.199
177.2]103.013 | 20.28 | 26.22 |0.8406| 12.2 58.3 57.5 56.4 | 1.190

85.7 [101.853 | 20.00 | 25.56 | 0.8483| 12.3 60.2 57.0 55.9 | 1.179

10.1 | 100.939 | 19.50 | 24.50 | 0.8529| 12.2 63.1 55.7 54.7 | 1.172 Below -30 level
4.9 |100.922| 19.33 | 23.89 |0.8514| 12.2 65.6 55.1 54.1 | 1.175 |Above -30 level

0 1100.874]19.44 | 24.17 |0.8526| 12.3 64.7 55.5 54.5 | 1.173 |Surface
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Appendix A8.2

A general steady flow analysis for airstreams that carry water vapour and liquid
water droplets.

The differential form of the steady flow energy equation (3.25) for 1 kg of air is:

—udu —gdZ +dW = VdP +dF = dH - dq J/kg (3.25)

Now consider an incremental length of airway within which every kg of air has associated with it X
kg of water vapour and w kg of liquid water droplets, each of these increasing by dX and dw
respectively through the increment. The vapour moves at the same velocity as the air, u.
However, the droplets may move at a different velocity, u,, and perhaps even in the opposite
direction to the air in the case of an upcast shaft. The terms in the steady flow energy equation
then become:-

Kinetic energy (J/kg dry air, i.e. Joules of energy associated with each kilogram of ‘dry’ air)

udu : : 1 kg of dry air :

Xudu : X kg of water vapour :

wu,, du,, : w kg of droplets

u2

7dx : energy to accelerate dX of water vapour to u m/s :
u 2

%dw : energy to accelerate dw of liquid to u,, m/s

Potential energy (J/kg dry air)

gdz : 1 kg of dry air
Xgdz : X kg of water vapour
wgdZ : w kg of liquid water

Fan energy (J/kg dry air)
The energy input terms are now based upon 1 kg of ‘dry’ air. The fan energy input, therefore,
remains unchanged at dW but with redefined units of J/kg dry air.

Flow work (J/kg dry air)
Provided that the specific volume is the volume of the mixture that contains 1 kg dry air,
Vi, (apparent), then the flow work stays at V dP J/kg dry air.

Work done against friction (J/kg dry air)
Again this remains simply as F but defined in units of J/kg dry air.
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Enthalpy (J/kg dry air)
dH = C,dT : 1 kg of dry air
X dH, : X kg of water vapour of enthalpy Hy
where H, =C, t, +L +C,, (tg -t,)
C. = specific heat of water
C,v = specific heat of water vapour
wdH,, : w kg of liquid water of enthalpy H,,,
where H,, = C, t,,, for droplets at wet bulb temperature
H, dX : energy content of dX kg of added vapour
H,, dw : energy content of dw kg of added droplets

Added heat (J/kg dry air)
This term remains at g defined in terms of J/kg dry air.

All of these terms may be collated in the form of equation (3.25) i.e. a three part steady flow
energy equation. In practice, the kinetic energy terms are normally very small and may be
neglected. The steady flow energy equation for airflow of varying moisture content then becomes

-[gdZ+ XgdZ+wgdZ]+dwW =VdP +dF =[dH + X dH, + w dH,, + H, dx + H,, dw ] - dg
J/kg dry air (8.55)

This equation is cumbersome for manual use. However, it provides a basis for computer
programs developed to simulate airflow processes involving phase changes of water. The
enthalpy terms encompass the energy content of the air, water vapour, liquid water and any
additions of vapour and liquid.

If we apply the mechanical energy terms around a closed cycle (ﬁ: dz = Oj then we obtain

W —§VdP - ZF + g{:fXdz +§wdz} é (8.56)

total

Comparing this to the corresponding equation for dry conditions (equation 8.41), we see that the
fan and natural ventilating energies are now responsible not only for providing the necessary
work against friction but also for removing water vapour and airborne water droplets from the
mine.
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9.1. SYSTEMS ANALYSIS OF THE PLANNING PROCEDURE

In Section 1.3.3, we emphasized the importance of integrating ventilation planning with
production objectives and overall mine design during the early stages of planning a new mine or
other subsurface facility. The team approach should continue for ongoing forward planning
throughout the active life of the mine. Compromises or alternatives should be sought which
satisfy conflicting demands. For example, the ventilation planner may require a major airway that
is too large from the viewpoint of the rock mechanics engineer. An alternative might be to drive
two smaller airways but large enough for any equipment that is to move through them. Regular
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liaison between engineering departments and exchanges during inter-disciplinary planning
meetings can avoid the need for expensive re-designs and should promote an optimized layout.

Figure 9.1 illustrates an organized system of ventilation planning for an underground mine. The
procedure assumes the availability of computer assistance including ventilation simulation
software, and eliminates most of the manual techniques and intuitive estimates of older planning
methodologies (Section 9.6). The initial step is to establish a data base in a Basic Network File.
For an existing facility this requires information gained from ventilation surveys. The latter are
described in detail in Chapter 6. For a completely new mine, initial layouts should be discussed at
the cross- disciplinary planning meetings. It is usual, in this case, that several alternative layouts
are required to be investigated by the ventilation design team. The data base for a new mine is
established from initial estimates of required airway geometry, mining method, roughness of
airway surfaces and network layout. Such data will be revised and refined as the design
progresses.

In this chapter, we shall discuss the major facets of the planning procedure illustrated on Figure 9.1.

Ventilation > Establish < amend
Surveys i’ BASIC basic
y NETWORK network
\ 4
VNET " good correlation?
SIMULATION
Predicted PLANNING
distributions of EXERCISES
airflows, pressures, Update network
gas concentrations,
operating costs 2 t 2
Establish
required
airflows,
allowable Ventilation criteria

velocities and
permitted gas
concentrations

satisfied?

Sizes of
airways/fans
optimized?

Optimize
major
fans/airways

Cycle through climate proceed to
simulations if required =3 neéxttime
phase

Figure 9.1. Systems analysis of subsurface ventilation planning.
9-2
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9.2. ESTABLISHMENT OF THE BASIC NETWORK

9.2.1. New mines or other subsurface facilities

It will be recalled from Chapter 7 that a ventilation network consists of a line schematic, each
branch representing one or more airways or leakage paths. In general, branches must be of
known resistance or designated to pass a specified airflow. For a planned but yet unconstructed
facility there are, of course, no airways or ventilation infrastructure that can be surveyed in order
to establish actual values of resistance. Recourse must then be made to the methods of
estimating airway resistance described in Section 5.4, incorporating airway geometry, types of
lining (friction factors) and shock losses. Experience and data from other mines that utilize
comparable layouts and methods of airway drivage, and operating in similar geological conditions
can be most helpful.

A variety of alternative plans will often require investigation during the initial design of a new
mine. Ventilation network analyses should be carried out in order to determine the efficiency and
effectiveness of each layout. The results of those analyses may then be considered, together with
the other aspects of mine design, at the general planning meetings.

9.2.2. Existing mines

The routes of surveys in the main ventilation infrastructure of an existing mine provide a skeleton
network, often referred to as a ventilation schematic. Additional branches can then be added or
incorporated as equivalent resistances to represent airways or leakage paths that were not
included in the primary surveys. As illustrated in the computed network example of Section 7.4.6,
branch resistances may be input to a network simulation program in several ways. This allows
considerable flexibility in assembling a representative basic network, commencing from surveyed
routes. Essentially, four methods are used to indicate resistance values in the first compilation of
a basic network file or to update a basic network that has previously been established:

1. For surveyed airways, the measured values of frictional pressure drop, p (Pa), and
corresponding airflow, Q (m®/s), may be input to the basic network file. The computer can
then calculate the resistance from the square law.

p Ns?

Q2 m8

2. There are situations in which it is difficult or impossible to determine resistance values for
existing airways. If, for example, the airflow in an unrestricted branch is low at the time of
measurement then so, also, will be the frictional pressure drop. Low frictional pressure drops will
also occur in airways of large cross-sectional area even at substantial airflows. While any
pressure difference shown by the gauge should be logged, those lower than 5 Pa may yield
resistances of doubtful accuracy. Modern diaphragm gauges will indicate to within £ 0.5 Pa. At5
Pa, the corresponding error is 0.1 or 10 per cent. Airflow measurements taken by approved
methods (Chapter 6) will normally be accurate to within 5%. Compounding these possible errors
gives a maximum corresponding error in airway resistance of

R_, %, R (9.1)
R p Q
(differentiation of the square law R = p/QZ)
giving dR/R +0.1 +(2x0.05)
+ 0.2 or 20 per cent for the accuracy of the resistance of an airway
that has a frictional pressure drop of 5 Pa.
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If, because of low values, the airflow and/or pressure drop cannot be measured to the required
accuracies, the airway resistance should be calculated from the Atkinson equation

R = kLPE 2 Ns?/m® (see equation (5.9))

where k = Atkinson friction factor at standard density (kg/ms)
L = length of airway (m)
per = perimeter (m)
A = cross sectional area (m?)

and  p = air density (kg/m°)

Representative values of friction factor, k, should, preferentially, be determined from similar
airways that have been surveyed in that same mine. The density correction,

p /1.2 is then often ignored. Otherwise, values of k may be estimated using one of the
methods discussed in Section 5.3. In all cases, care should be taken to allow for shock losses
and unrepresentative obstructions (Appendix A5, Chapter 5).

In many situations within a given mine, groups of airways are driven to the same dimensions
and with a similar friction factor. Typical values of resistance per metre length can be
established from measurements taken in, say, intakes, returns and conveyor routes. This
facilitates the addition of new or unsurveyed branches to the network. However, here again
care should be taken not to overlook obstructions or any other cause of shock losses.

3. It is often difficult to measure the resistances of doors, stoppings or seals directly, either
because of low airflows or inaccessibility (Kissell, 1978). In practice, the resistances of doors
or stoppings in mines vary from several thousand to, literally, 1 or 2 Ns*/m®. The reason for
this wide range is the highly non-linear relationship between area available for flow and
resistance

R o 1/d° (see equation (5.15))

where d = hydraulic mean diameter of opening ( 4A/per).
Hence, the appearance of fractures or apertures in, or around, a previously tight stopping will
result in dramatic reductions in its resistance.

The fzollowing ranges are suggested for planning purposes and for cross-sectional areas up to
25 m”.

Single doors 10 to 50 Ns?/m® (typical value, 25 stlms)
Stoppings 50 to 2000 Ns%/m (typical value 500 Ns?/m®
Seals 1000 to 5000 Ns’/m

4. The resistances of leakage paths including worked out areas and caved zones are the most
difficult to assess for a network schematic. Leakage airflows can often be measured or
estimated from survey results. These may be entered as "fixed quantity" leakage airflows,
leaving the computer to evaluate the corresponding resistances. This ‘inversion' method
remains valid while the number of fixed quantity branches is sufficiently small for unique
values of resistance to be calculated. A network that is over-restricted by too many fixed
quantity branches will produce a warning message from the VNET simulation package
(Section 7.4.6). Care should be taken to remove "fixed quantity" airways and to replace them
with branches set at the corresponding computed resistances prior to progressing with
planning exercises.
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9.2.3. Correlation study

Figure 9.1 shows the data pertaining to the initial network schematic stored in the Basic Network
File within computer memory. In order to ensure that the basic network is a true representation of
the mine as it stood at the time of the survey, and before that basic network is used to launch
planning exercises, it is important that it is subjected to verification through a correlation study.
This involves running a ventilation network simulation package (Section 7.4) on the data
contained in the basic network file and comparing the computed airflows with those that were
measured during the surveys. If all airways had been surveyed instantaneously with perfect
observers and perfect instruments, and if no errors had been made in compiling the basic
network, then the computed and measured airflows would show perfect agreement. This utopian
situation is never attained in practice. Despite the internal consistency checks on airflow and
pressure drop measurements made during a survey (Section 6.4.3) there will, inevitably, remain
some residual errors from observational and instrumental sources.

A larger potential source of difference between computed and measured airflows is the fact that a
VNET airflow distribution is mathematically balanced to a close tolerance throughout the network
and represents a steady-state 'snapshot’ of the ventilation system. On the other hand, the
surveys may have taken several weeks or even months to complete. In a large active mine,
updating survey data should be a routine and continuous activity of the mine ventilation
department. During the time taken for a survey the airflow distribution may have changed due to
variations in natural ventilating pressures or the resistances offered by the ever-changing work
areas.

Lastly, errors made in transcribing survey data into the basic network or in key-punching the
information into the basic network file will, again, result in disagreement between computed and
measured airflows.

The correlation itself is normally carried out by a subsidiary program that lists the computed and
observed airflows together with their actual and percentage differences. Leakage airflows of less
than 3 m%s may be ignored in this comparison as large percentage errors in such low airflows will
usually have little influence on the overall accuracy of the network.

The overall network correlation is quantified as

Z Absolute value of (differences between computed and actual airflows for surveyed branches) 109
X Absolute values of (measured airflows for surveyed branches)
(9.3)

A correlation is accepted as being satisfactory provided that:

(i) no significant airflow branch shows a difference of more than 10 per cent between computed
and measured airflows; and

(ii) the overall correlation is also within 10 per cent.!

However, because of the highly variable conditions that exist along mine traverses, the survey
team will often be able to weight certain measurements as being more, or less, reliable than
others. Such pragmatic considerations may be taken into account during the correlation study.

If the initial results of a correlation study indicate unacceptable deviations between computed and
measured airflows then the basic network must be improved before it can be used as a basis for
future planning exercises. The transcription of survey data into the basic network file should be
checked. In the case of computed airflows being consistently higher or lower than the
corresponding measurements then it is possible that an error has been made in the pressure

! Experienced teams can often achieve overall correlation within 5 percent.
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ascribed to a main fan or may indicate that the resistances of primary airways such as shafts
should be verified. Additional or check measurements of surveyed loops may be required.

It is fairly common that disagreements will occur in localized areas of the network. Again, this may
indicate that the extent of the surveys had been insufficient to give an adequate representation of
the mine network and that further measurements are necessary. More often, however, the
problem can be resolved by adjustment of the estimated resistances or fixed airflows allocated to
unsurveyed flowpaths. Provided that the main infrastructure of the surveyed network is sound
then amendments to those estimated values will direct the simulated network towards an
improved correlation. However, if measurements made in the surveyed loops are significantly out
of balance then no amount of adjustment to subsidiary airways will produce a well-correlated
basic network.

9.3. AIRFLOW REQUIREMENTS

The estimation of airflows required within the work areas of a mine ventilation network is the most
empirical aspect of modern ventilation planning. The majority of such assessments remains
based on local experience of gas emissions, dust, or heat load and is still often quoted in the
somewhat irrational terms of m®/s per ton of mineral output, particularly for non-coal mines.
Corrections can be applied for variations in the age of the mine, the extent of old workings,
distances from shaft bottoms, depth and rates of production. However, as in all empirical
techniques, the method remains valid only whilst the proposed mining methods, machinery, and
geological conditions remain similar to those from which the empirical data were evolved.
Attempts to extrapolate beyond those circumstances may lead to serious errors in determining
required airflows. Fortunately, simulation techniques are available to assist in assessing airflow
requirements for both gassy and hot mines.

The characteristics of strata gas emissions, heat flow and dust production are discussed in
Chapters 12, 15 and 20, respectively. In this section, we shall confine ourselves to an
examination of the methods used to determine the airflows required to deal with given emission
rates of airborne pollutants.

The overall necessity is that in all places where personnel are required to work or travel, airflows
must be provided in such quantities that will safeguard safety and health, comply with statutory
requirements, and that will also furnish reasonable comfort (Section 1.3.1).

The quantity of air required for the purposes of respiration of personnel is governed primarily by
the concentration of exhaled carbon dioxide that can be allowed in the mine atmosphere rather
than the consumption of oxygen. For vigorous manual work, this demands about 0.01 m®/s of air
for each person and is negligible compared with the quantities of air needed to dilute the other
gases, dust, heat and humidity that are emitted into the subsurface atmosphere.

It is a legal requirement that air volume flows must meet the governing state or national mining
laws. Such legislation will normally define minimum airflows that should be provided at specified
times and places in addition to threshold limit values for airborne pollutants or the psychrometric
condition of the air. The ventilation planner must be familiar with the relevant legislation. In
countries where mining law is absent or does not cover the particular circumstances of the project
then it is prudent to follow well established regulations of a major mining country.
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9.3.1. Strata gas

The various methods used to predict the emission rates of methane are described in Chapter 12.
Whichever technique is employed, the final calculation of airflow requirement is

100E,

3
m°/s 9.4
c (9.4)

g

where Q = required airflow (m*/s
E, = gas emission rate (m°/s)
Cy = general body concentration to which gas is to be diluted (percentage by volume).

The value of Cyis often taken to be one half of the concentration at which the law requires action
to be taken.

Example

It has been predicted that during a 7 hour working shift, 2500 m? of methane will be emitted into a
working face in a coal mine. If electrical power must be switched off at a methane concentration
of 1 per cent, determine a recommended airflow for the face.

Solution
The average rate of gas emission during the working shift is

2500

g = - = 0.0992 m3/s
7x60x60

Let us take the allowable concentration for design purposes to be one half the legal limit. Then
Cy = 0.5 per cent.

Equation (9.4) gives the required airflow as

Q - % - 19.84 say 20 m¥s.

9.3.2. Diesel exhaust fumes

There are wide variations in the manner in which different countries calculate the ventilation
requirements of mines in which diesels are used. The basic stipulation is that there should be
sufficient ventilation to dilute exhaust gases and particulates to below each of their respective
threshold limit values. One technique, based on engine tests, is to calculate the airflow required
to dilute the mass emission of each pollutant to one half the corresponding TLV (threshold limit
value). The maximum of those calculated airflows is then deemed to be the required air quantity.
Some countries require analyses of the raw exhaust gases in addition to general body air
sampling downstream from diesel equipment. Distinctions may be drawn between short-term
exposure and time-weighted averages over an 8 hour shift (Section 11.2.1.).

In addition to exhaust gases, national enforcement agencies may require that other factors be
taken into account in the determination of airflow requirements for diesel equipment. These
include rated engine power (kW or bhp), number of personnel in the mine or area of the mine,
rate of mineral production, engine tests, number of vehicles in the ventilation split and forced
dilution of the exhaust gases before emission into the general airstream.
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There is, as yet, no method of determining airflow requirements for diesels that will guarantee
compliance with legislation in all countries. Here again, regulations pertinent to the location of the
project must be perused for specific installations.

The generic criterion that is used most widely for initial estimates of required airflow is based on
rated output power of the diesel equipment. For design purposes, many ventilation planners
employ 6 to 8 m*/s of airflow over the machine for each 100 kW of rated diesel power, all
equipment being cumulative in any one air split. However, it should be borne in mind that the
actual magnitude and toxicity of exhaust gases depend upon the type of engine, conditions of
operation and quality of maintenance in addition to rated mechanical power. It is for this reason
that mining law refers to gas concentrations rather than power of the diesel equipment. Some
manufacturers and government agencies give recommended airflows for specific diesel engines.
In hot mines, it may be the heat produced by diesel equipment that sets a limit on its use.

9.3.3. Dust

Pneumoconiosis has been one of the greatest problems of occupational health in the mining
industries of the world. Concentrated and long-term research efforts have led to greatly improved
understanding of the physiological effects of dusts, methods of sampling and analysis, mandatory
standards and dust control measures (Chapters 19 and 20).

There are many techniques of reducing dust concentrations in mines, ranging from water infusion
of the solid mineral through to dust suppression by water sprays and air filtration systems.
Nevertheless, with current mining methods, it is inevitable that dust particles will be dispersed into
the air at all places wherever rock fragmentation or comminution occurs - at the rock-winning
workplace and throughout the mineral transportation route. Dilution of airborne particles by
ventilation remains the primary means of controlling dust concentrations in underground mines.

Dispersed dust particles in the respirable range (less than 5 um diameter) will settle out at a
negligible rate. For the determination of dilution by airflow, respirable dust may be treated as a
gas. However, in this case it is realistic to estimate dust makes at working faces in terms of grams
(or milligrams) per tonne of mineral mined. This will, or course, depend upon the method of
working and means of rock fragmentation.

The required airflow is given as

E
Q = =4, me/s (9.5)
Cy 3600
where
Eq = the emission rate of respirable dust (mg/tonne)
P = rate of mineral production (tonnes/h) and
Cqs = allowable increase in the concentration of respirable dust (mg/m?®).
Example.

The intake air entering a working area of a mine carries a mass concentration of 0.5 mg/m3
respirable dust. Face operations produce 1000 tonnes of mineral over an 8 hour shift and add
respirable dust particles to the airflow at a rate of 1300 mg per tonne of mineral mined. If the
concentration of respirable dust in the return air is not to exceed 2 mg/m3, determine the required
airflow.

Solution.

Average rate of mineral production = _1000_ = 0.0347 t/s

8x3600

0.0347 x 1300 1@ = 45.14 mgls
S

Average rate of emission of respirable dust
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Dust removal capacity of air, C4 = (allowable dust concentration - intake dust concentration)

= (2-05) = 15mg/m°.
3
Required airflow = 4514 mgm” = 30.1 m%s
1.5 S mg

For larger particles of dust, the treatment is rather different. In this case, it is primarily the velocity
rather than the quantity of the airflow that is important. In any airway the distance over which dust
particles are carried by the airstream depends upon the air velocity and the settling rate of the
individual dust particles. The latter depends, in turn, upon the density, size and shape of the
particle as well as the psychrometric condition of the air. The heavier and more spherical particles
will settle more rapidly while the particles that are smaller or of greater aspect ratio will tend to
remain airborne for a longer period of time.

An effect of non-uniform dispersal characteristics is that the mineralogical composition of the
airborne and settled dust is likely to vary with distance downstream from the source. The sorting
effect of airflow on dust particles explains the abnormally high quartz content of dust that may be
found in the return airways of some coal mines (Section 20.3.8.).

The larger particles will not be diluted proportionally by increased airflow and, hence, higher
velocities. As the airspeed increases, these particles will remain airborne for longer distances
before settling out. Furthermore, as the air velocity continues to rise, previously settled particles
may be entrained by turbulent eddies into the airstream. The dust concentration will increase.

The effects of these mechanisms are illustrated on Fig. 9.2. A minimum total dust concentration is
obtained at a velocity of a little over 2 m/s. Fortunately, the total dust concentration passes
through a fairly broad based curve and air velocities in the range 1 to 4 are acceptable. Above 4
m/s the problem is not so much a health hazard as it is the physical discomfort of large particles
striking the skin. In addition to the question of ventilation economics, this limits the volume flow
that can be passed through any workplace for cooling or the dilution of other pollutants.

9.3.4. Heat

Most of the pollutants that affect the quality of air in an underground environment enter the
ventilating airstreams as gaseous or particulate matter and, hence, may be diluted by an
adequate supply of air. The problem of heat is quite different, involving changes in the molecular
behaviour of the air itself and its thermodynamic and psychrometric properties. Furthermore, it is
normally the case that air entering mine workings from the base of downcast shafts, slopes or
intake adits is relatively free of gaseous or particulate pollutants. On the other hand, the condition
of the intake air with regard to temperature and humidity depends upon the surface climate, and
the depth of the workings. Whilst the removal of heat by ventilation remains the dominant method
of maintaining acceptable temperatures in the majority of the world’s mines, quantifying the
effects of varying airflow is by no means as straightforward as for gases or dust.

The complication is that air velocity and, by implication, airflow is only one of several variables
that affect the ability of a ventilating airstream to produce a physiologically acceptable mine
climate. Calculations of the climatic effect of variations in airflow are necessarily more involved
than for gases or particulates.

The heat energy content of air, defined in terms of kilojoules of heat associated with each
kilogram of dry air, is known as Sigma Heat, S. This concept is discussed fully in Section 14.5.3.
Sigma heat depends only upon the wet bulb temperature of the air for any given barometric
pressure.
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Relative Dust Concentration

0 1 2 3 4
Air Velocity m/s

Figure 9.2 Variation of dust concentration with respect to air velocity.

The stages of determining the airflow required to remove heat from a mine or section of a mine
are as follows:

(a) Evaluate the sigma heat of the air at inlet, S;, using equations (14.44) to (14.47).
(b) Evaluate the highest value of sigma heat, S,, that can be accepted in the air leaving the
mine or section of the mine. This threshold limit value may be specified in terms of one of

the indices of heat stress (Chapter 17) or simply as a maximum acceptable (cut-off) value
of wet bulb temperature.

(c) Estimate the total heat flux, q;» (kW), into the air from all sources between inlet and outlet
(Chapter 15). This may involve simulation studies for additions of strata heat.

9-10
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(d) The required airflow, Q, is then given as

3

Q12
_ - 9.6
© p(S2-S;) S 69

where p = mean density of the air (kg/m°)

The factor Qp (S, — S;) is sometimes known as the Heat Removal Capacity (HRC) of a given
airflow, Q.

It should be noted that as S; approaches S, or for high values of added heat, q;,, the required
airflow may become excessive. In this case, either q;, must be reduced or air cooling plant
installed (Chapter 18).

Example.

Air enters a section of a mine at a wet bulb temperature, t,, of 20 °C and a density, p, of 1.276
kg/m>. The mean barometric pressure is 110 kPa. It has been determined that 2 MW of heat are
added to the air in the section. If the wet bulb temperature of the air leaving the section is not to
exceed 28 °C and no air coolers are to be used, determine the required airflow.

Solution.
From equations (14.44 to 14.47, Chapter 14 on Psychrometry) sigma heat is given as

0.622e
S = ——— S (2502.5-2.386t,,) + 1.005t,, K 9.7)
(P —Csw ) kg
where saturation vapour pressure at wet bulb temperature is calculated as
17.27t
ey = 0.6106 exp{———"— kPa
237.3 + t,,
Atintake t, =20°C, giving
6oy = 06106 expll2/ X200 _ 53375 pa
237.3 + 20
and
s, = 0622x 23375 ;00 55 386 x 20) + (1.005 x 20) = 53.25 &I
(110-2.3375) kg

At return Using the same equations with t,, set at the cut-off value of 28°C gives

S, = 82.03 kJ/kg.

The required airflow at the intake density is given by equation (9.6)

0 _ G2 _ 2000 K m kg
! p(S,-S;)  1.276(82.03-53.25) s kg kJ
= 545 m3/s
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In this section, we have assumed that the heat added to the air can be determined. Although this
may be straightforward for machine heat and other controlled sources (Section 15.3), it is more
difficult to quantify heat emitted from the strata. For deep mines, the design of combined
ventilation and air conditioning systems has been facilitated by the development of climatic
simulation programs. These may be incorporated into the planning procedure as shown at the
bottom of Figure 9.1. A more detailed discussion of the interaction between ventilation network
and climatic simulation programs is given in Section 16.3.5.

9.3.5. Workshops and other ancillary areas

In addition to areas of rock fragmentation, there are many additional locations in mines or other
subsurface facilities that require the environment to be controlled. These include workshops,
stationary equipment such as pumps or electrical gear, battery charging and fuel stations, or
storage areas. For long term storage of some materials in repository rooms, it may not be
necessary or even desirable to maintain a respirable environment. However, temperatures and
humidities will often require control.

In mines, it is usual for workshops and similar areas to be supplied with fresh intake air and to
regulate the exit flow into a return airway either directly or through a duct.

The airflow requirement should, initially, be determined on the basis of pollution from gases, dust
and heat as described in Sections 9.3.1 to 9.3.4. However, in the case of large excavations, this
may give rise to excessively low velocities with zones of internal and uncontrolled recirculation. In
this situation, it is preferable to employ the technique of specifying a number of air changes per
hour.

Example

An underground workshop is 40m long, 15m wide and 15m high. Estimate the airflow required
(a) to dilute exhaust fumes from diesel engines of 200 kW mechanical output and (b) on the basis
of 10 air changes per hour.

Solution
(a) Employing an estimated airflow requirement of 8 m®/s per 100 kW of rated diesel power
(Section 9.3.2) gives

200 ¢ - 16 m3/s
100

(b) Volume of room = 40x15x 15 = 9000 m*
At 10 air changes per hour,

Airflow = 9000x10 _ 25 mdls
60x60

Hence, the larger value of 25 m®s should be employed.
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9.3.6. Air velocity limits

The primary consideration in the dilution of most pollutants is the volume flow of air. However, as
indicated on Figure 9.1, the velocity of the air (flowrate/cross-sectional area) should also be
determined. Excessive velocities not only exacerbate problems of dust but may also cause
additional discomfort to personnel and result in unacceptable ventilation operating costs.

Legislation may mandate both maximum and minimum limits on air velocities in prescribed
airways. A common lower threshold limit value for airways where personnel work or travel is 0.3
m/s. At this velocity, movement of the air is barely perceptible. A more typical value for mineral -
winning faces is 1 to 3 m/s. Discomfort will be experienced by face personnel at velocities in
excess of 4 m/s (Section 9.3.3) because of impact by large dust particles and, particularly, in cool
conditions. Table 9.1 gives a guide to upper threshold limit values recommended for air velocity.

Area Velocity (m/s)
Working faces 4
Conveyor drifts 5
Main haulage routes 6
Smooth lined main airways 8
Hoisting shafts 10
Ventilation shafts 20

Table 9.1 Recommended maximum air velocities

In wet upcast shafts where condensation or water emissions result in airborne droplets, the air
velocity should not lie between 7 to 12 m/s. Water blanketing may occur in this range of
velocities. The resulting variations in shaft resistance cause an oscillating load on main fans and
can produce large intermittent cascades of water falling to the shaft bottom.

9.4. PLANNING EXERCISES AND TIME PHASES

The dynamic nature of a mine or any other evolving network of subsurface airways requires that
the infrastructure of the ventilation system be designed such that it can accommodate major
changes during the life of the undertaking. For a completely new mine, the early ventilation
arrangements will provide for the sinking of shafts, drifts or adits, together with the initial
development of the primary underground access routes. When the procedures

illustrated on Figure 9.1 are first applied to an existing mine, the establishment and correlation of
a basic network file will often reveal weaknesses and inefficiencies in the prevailing ventilation
system. The initial planning exercises should then be directed towards correcting those
deficiencies while, at the same time, considering the future development of the mine.

Following the establishment of a new or revised ventilation design, further planning investigations
should be carried out for selected stages of future development. Although this is commonly
termed "time phasing", it might more accurately be regarded as representing phases of physical
development rather than definitive periods of time. Schedules have a habit of slipping or are
subject to considerable revision during the course of mining.

9.4.1. Network planning exercises
Referring once again to Figure 9.1, the first step in a ventilation network planning exercise is to

establish the airflows required in all places of work, travel or plant location (Section 9.3). Air
velocity limits should also be set for the main ventilation flowpaths (Section 9.3.6). Additional
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constraints on the direction and magnitudes of pressure differentials across doors, bulkheads or
stoppings, or between adjoining areas of the facility, may also be imposed. This is of particular
importance in nuclear waste repositories.

The ventilation engineers should review the existing network (correlated basic network or
previous time phase) and agree upon a series of alternative designs that will satisfy revised
airflow objectives and meet constraints on velocity and pressure differentials. The network
schematic should then be modified to represent each of those alternative designs in turn. The
network modifications may include

sealing worked-out areas and opening up new districts

adding main airways and lengthening existing airways

adding and/or removing air crossings, doors and stoppings

adding, removing or amending fixed quantity branches

adding or sealing shafts and other surface connections

adding, removing or relocating main or booster fans, or changing to different fan
characteristic curves in order to represent adjustments to fan speed or vane settings
e amending natural ventilation pressures.

It is worth reminding ourselves, at this stage, that current network simulation programs do not
perform any creative design work. They simply predict the airflow and pressure distributions for
layouts that are specified by the ventilation planner. While computed output will usually suggest
further or alternative amendments, it is left to the engineer to interpret the results, ensure that
design objectives and constraints are met, compare the efficiency and cost effectiveness of each
alternative design and to weigh the practicality and legality of each proposed scheme.

Each alternative layout chosen by the design engineers should be subjected to a series of VNET
simulations and network amendments until either all the prescribed criteria are met or it becomes
clear that the system envisaged is impractical. Tables, histograms and spreadsheets should be
prepared in order to compare fan duties (pressures and air quantities), operating costs, capital
costs and the practical advantages/disadvantages of the alternative layouts.

9.4.2. Time phases

During the operating life of an underground mine, repository or other subsurface facility, there will
occur periods when substantial changes to the ventilation system must be undertaken. This will
occur, for example, when:

e a major new area of the mine is to be opened up or an old one sealed

o workings become sufficiently remote from surface connections that the existing fans or
network infrastructure are incapable of providing the required face airflows at an
acceptable operating cost

e two main areas of the mine (or two adjoining mines) are to be interconnected.

"Time phase" studies should be carried out on alternative schematics to represent stages before
and after each of these changes. Additional scenarios may be chosen at time intervals between
major changes or to represent transitional stages. The latter often impose particularly heavy
duties on the ventilation system.

Time phase exercises should be conducted to cover the life of the mine or as far into the future as
can reasonably be predicted, assuming a continued market for the mined product.

It is, perhaps, intuitive to conduct time phase exercises in an order that emulates the actual
planned chronological sequence. This may not always be the most sensible order for the network
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exercises. For example, if it appears inevitable that a new shaft will be required at some time in
the future, it may be prudent to first investigate the time phase when that shaft has become
necessary and then to examine earlier time phases. This assists the planners in deciding whether
it would be advantageous to sink the new shaft at a prior time rather than to wait until it becomes
absolutely necessary.

The time phase exercises will produce a series of quantified ventilation networks for each time
period investigated. These should be reviewed from the viewpoint of continuity between time
phases and to ensure that major additions to the ventilation infrastructure have an acceptable and
cost-effective life. Indeed, the need for such continuity should remain in the minds of the planners
throughout the complete investigation, although not to the extent of stifling viable alternative
designs at later stages of the time phase exercises.

The result of such a review should be a series of selected layouts that represent the continuous
development of the ventilation system throughout the projected life of the mine. Again, tables and
histograms should be drawn up to show the variations of fan duties and costs, this time with
respect to chronological order.

9.4.3. Selection of main fans

Care should be taken that any main fan purchased should be capable of producing the range of
pressure-volume duties necessary throughout its projected life. The variation in required fan
duties resulting from time phase exercises should be considered, particularly where a fan is to be
relocated at some time during its life.

For a new purchase, fan manufacturer's catalogues should be perused and, if necessary,
discussions held with those manufacturers, in order to ensure that the fan selected is capable of
providing the required range of duties. Fortunately, the availability of variable pitch axial fans and
inlet vane control on centrifugal fans allows a single fan to provide a wide range of duties with a
fixed speed motor. A more detailed discussion of fan specifications is given in Section 10.6.2.

9.4.4. Optimization of airflow systems

The network exercises carried out for any one time phase should incorporate a degree of
optimization concerning the layout of airways, and the locations and duties of new shafts and
fans. For a single major flowpath such as a proposed new shaft, a detailed optimization study can
be carried out (Section 9.5.5). However, the larger questions that can arise involve a balance
between capital and operating costs and might include a choice between additional airways and
fans of greater power, or the minimization of total power costs incurred by alternative
combinations of main and booster fans. Special purpose optimization programs have been written
to assist in the resolution of such questions. (Calizaya et al, 1988)

9.4.5. Short term planning and updating the basic network

This chapter is concerned primarily with the major planning of a subsurface ventilation system.
The time phases are chosen to encompass periods of significant change in the ventilation layout.
However, much of the daily work of mine ventilation engineers involves planning on a much
shorter time scale.

As working districts advance or retreat, the lengths of the airways that serve them change. Also,
strata stresses can result in reductions of the cross-sectional areas of those airways. Additional
roof support may be required resulting in increased friction factors. Stoppings, regulators, doors
and air-crossings may deteriorate and allow greater leakage. All of these matters cause changes
in the resistances of individual airways and, hence, of the complete network. Additionally, wear of
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fan impellers can result in variations in the corresponding pressure - volume characteristic curves.
For these reasons, a basic network file that correlated well with survey data at the start of any
given time phase may become less representative of the changing real system.

In addition to regular maintenance of all ventilation plant and controls, further surveys should be
carried out on a routine basis and, in particular, whenever measured airflows begin to deviate
significantly from those predicted for that time phase. Visual inspections and frequent liaison with
shift supervisors are also invaluable for the early identification of causes of deviation from
planned airflows. Relationships with production personnel will remain more congenial if the latter
are kept well advised of the practical consequences of blocking main airflow routes with supplies,
equipment or waste material.

As new survey data become available, the basic network file should be updated accordingly. If
the basic network file is maintained as a good representation of the current mine then it will prove
invaluable in the case of any emergency that involves the ventilation system.

In the event that such updates indicate permanent and significant impact on the longer term plans
then the network investigations for the future time phases should be re-run and the plans
amended accordingly. In the majority of cases this may become necessary because of changes
in mine production plans rather than from any unpredicted difficulties with ventilation.

9 .5. VENTILATION ECONOMICS AND AIRWAY SIZING
The subsurface ventilation engineer must be capable of dealing with two types of costs:

(a) Capital costs that require substantial funds at a moment in time or distributed over a short time
period. A main fan installation or sinking a new shaft comes into this category.

(b) Working or operating costs, these representing the expenditure of funds on an ongoing basis
in order to keep a system operating. Although consumable items, maintenance and even small
items of equipment may be regarded as working costs, ventilation system designers often
confine the term ‘operating costs’ to the price of providing electrical power to the fans.

The problem that typically arises concerns the combination of capital and operating costs that will
minimize the real total cost to the company or mining organization; for example, whether to
purchase an expensive but efficient fan to give low operating costs or, alternatively, a less
expensive fan that will necessitate higher operating costs. Another question may be whether the
money saved initially by sinking a small diameter ventilation shaft is worth the higher ongoing
costs of passing a required airflow through that shaft. These are examples of the types of
guestions that we shall address in this section.

In the following examples and illustrations, we shall employ the dollar ($) sign to indicate a unit of
money. However, in all cases, this may be replaced by any other national unit of currency.

9.5.1. Interest payments

Money can be regarded as a commodity that may be circulated to purchase goods or services. If
we borrow money to buy a certain item then we are, in effect, renting the use of that money. We
must expect, therefore, that in addition to returning the borrowed sum, we must also pay a rental
fee. The latter is termed the interest payment. Hence, if we borrow $100 for a year at an annual
interest rate of 9 per cent, then we must repay $109 one year from now. Even if we owned the
money and did not have to borrow, spending the $100 now would mean that we are prevented
from earning interest on that sum by investing or lending it to an individual, company, bank or
other financial institution. Using money always involves an interest penalty.
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If we borrow an amount of money, P (principal) at a fractional interest rate i (e.g. at 9 per cent, i =
0.09) then we will owe the sum S where

Now S = P

after 1 year S = P (1+)

after 2 years S = PA+i)@+i)=P@+i)?
after 3 years S = P@+i)

after n years S = P@+i) (9.8)

Figure 9.3 gives a visual indication of the effects of compounding interest each year.

Annual rate of interest = 20 %

Value of $1 after n years

0 5 10 15 20 25 30
Years n

35

Figure 9.3 Effect of compounding interest.

Example 1
$250 000 is borrowed for 8 years at an annual interest rate of 10 per cent. Determine the total

sum that must be repaid at the end of the period, assuming that no intervening payments have
been made.

Solution
S = 250000 (1+0.1)8 = $535897
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Example 2
How long does it take for an investment to double in dollar value at an annual interest rate of 12
per cent?

Solution
In this example, the final sum is twice the principal, S = 2P. Hence, equation (9.8) becomes
2P=P (1+0.12)"
giving
= M = 6.12 years
In(1.12)

9.5.2. Time value of money, present value

It is clear from a consideration of interest that the value of a set sum of money will vary with time.
At 9 per cent interest, $100 now is worth $109 in one year and $118.81 two years from now. The
effect of national inflation will, of course, partially erode growth in the value of capital. To
determine real purchasing power, rates of interest should be corrected for inflation. In this section
we are assuming that this has been done and quoted interest rates have taken projected inflation
into account.

9.5.2.1. Present value of a lump sum.

The time variation of the value of money makes it inequitable to compare two sums that are
borrowed or spent at different times. We need a common basis on which both sums can be fairly
evaluated. One method of doing this is to determine what principal or capital, P, we need to invest
now in order that it will grow to a desired sum, S, in a specified number of years. This is given by
a simple transposition of equation (9.8)

S
P = 9.9
@a+i" (3:9)

When determined in this way, the value of P is known as the present value of the future sum S.
If all future investments or expenditures are reduced to present values then they can correctly be
compared.

Example

Three fans are to be installed; one immediately at a price of $260 000, one in 5 years at an
estimated cost of $310 000 and the third 8 years from now at $480 000. Determine the total
expenditure as a present value if the annual interest rate is 10 per cent.

Solution
From equation (9.9), P = S
@y
Fan Time Purchase price Present value
n S P

1 now $ 260 000 $260 000

5 years $ 310 000 $ 192 486

3 8 years $ 480 000 $ 223924

Total $676 410

In this example, the first fan is actually the most expensive.
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9.5.2.2. Present value of regular payments.

In the case of operating costs, payments must be made each year. Such future payments may
also be expressed as present values in order to compare and compound them with other
expenditures.

We assume operating costs, S,, to be constant and paid at the end of each year. Then at the end
of the first year (n = 1), equation (9.9) gives

S
Po 1 = O-
’ 1+1i)
where P,; = presentvalue of the first year's annual operating cost S,: at an interest rate of i.

Similarly, the present value of the same operating cost, S, in the second year (n = 2) is

So
@+i)?
It follows that the total present value, P,, of operating costs, S, paid at each year-end for n years
becomes

P, =S, 1_ + ! + 1 F o 1 (9.10)
@+i)  @+i)?  @+i)d (L+i)"

l:)0,2 =

The bracketed term is a geometric progression which can be summed to give

P, = 8_—0{1— L } (9.11)
i @+

Figure 9.4 gives a graphical representation of this equation for S, = $1

$14

|Annual rate of interest = 6%|/

$12

$10 -

$8 -

$6 -

Present value of $1
paid each year for n years

$2

$0 T T T T T T T T T T T T T
0 2 4 6 8§ 10 12 14 16 18 20 22 24 26 28

Number of Years n

Figure 9.4 Present value of annual operating costs.
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Example 1
Electrical power costs at a mine are estimated to be $850 000 in each of the next 12 years.
Determine the present value of this expenditure at 11 per cent interest.

Solution
With S, = $850 000, i = 0.11 and n = 12 years, equation (9.11) gives

$5 518 503

850000 1
o = 1- 12 =
0.11 @+ 0.11)

Example 2

Tenders received from manufacturers indicate that a fan priced at $170 000 will cost $220 000
per year to run, while a fan with a purchase price of $265 000 will require $190 000 per year in
operating costs. If the costing period is 5 years at an annual interest of 7 per cent, determine
which fan is most economical.

Solution
Using equation (9.11) with n =5 years, i = 0.07 and S, set at $220 000 and $190 000 respectively
allows the present value of the operating costs to be determined.

Present values
Fan Current Annual operating | Purchase Operating cost Total ($)
purchase cost($/year) price ($) over 5 yr ($)
price ($)
1 170 000 220 000 170 000 902 043 1072043
2 265 000 190 000 265 000 779 038 1044 038

In this example, fan 2 is shown to be the more economic choice.

During the analysis of time phase exercises (Section 9.4.2) it may be necessary to establish the
present value of operating costs for periods that do not commence at the present time. By
applying equation (9.11) to periods of m years and n years respectively, and taking the difference,
the present value of operating costs for the future period n to m years becomes

Py = | 1 1 (9.12)

onm i@+ @+im
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Example

This example shows an excerpt from a spreadsheet used to calculate the present values of
capital and operating expenditures. Present values are calculated from equation (9.9) for capital
(lump sum) expenditures and equation (9.12) for operating costs. The annual rate of interest is 10
per cent.

Period Capital Operating cost Present value($)
expenditure($) ($lyear)

1. now 500 000 500 000
2. now to end of 4 years. 620 000 1965 317

(n=0,m=4)
3. atend of 4 yrs 235 000 160 508
4. end of 4 yrs to end of 680 000 2022 797

10 yrs (n=4, m=10)

Total present value= $4 648 622

Spreadsheets of this type can be set up on a personal computer to give a rapid means of costing
the results of alternative network exercises.

9.5.3. Equivalent annual cost

When capital is borrowed, it is often more convenient to repay it, including interest, in equal
installments each year, rather than as a lump sum paid at the end of the complete time period.
This is a common method for domestic purchases such as a house (mortgage payments) or an
automobile. In industry, this equivalent annual cost facilitates budgetary planning and enables
major items of capital expenditure, such as a new shaft, to be spread evenly over a number of
years. The method of equivalent annual cost allows capital expenditures to be compared with
operating costs on a year by year basis and, for producing mines, also enables those capital
expenditures to be expressed in terms of cost per tonne of mineral.

The equivalent annual cost is given by a re-interpretation of equation (9.11). P is the capital that
must be invested now (present value) in order to be able to make a regular payment, S, each
year. The statement may also be made in reverse, i.e. S is the regular payment, or annual
equivalent cost, to be met each year in order to pay off the capital and interest on a borrowed
amount, P.

Transposing equation (9.11) gives the equivalent annual cost, EAC, as

Pi
EAC (=S) = —M8M8M8M 9.13
(=5) L-2/a+i)"] ( )
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Example

A mine shaft is to be sunk at a cost of $5.6 million. The life of the shaft is estimated to be 15
years during which time the average planned rate of mineral production is 1.6 million tonnes per
year. If the annual interest rate is 8.75 per cent, determine (a) the equivalent annual cost of the
shaft in $ per year and (b) corresponding production cost in $ per tonne mined.

Solution
(a) Using equation (9.13) with P = $5.6 million, i = 0.0875 and n = 15 years, gives the equivalent
annual cost as

EAC - 5600000 x 0.0875 _ $684 509

[1-1/(1.0875)% ]

(b) The corresponding production cost is

684509

— $0.428 per tonne
1600000

9.5.4. Ventilation operating costs

A fan unit, comprising an electric motor, transmission and impeller converts electrical energy into
air power. The latter is reflected as kinetic energy of the air and a rise in total pressure across the
fan. Air power delivered by a fan was quantified in Chapter 5 as

pr X Q W (from equation (5.6))
where py = rise in total pressure across the fan (Pa) and

Q airflow (m*/s)
(See, also, Chapter 10 for the effects of compressibility).

However, the electrical power taken by the fan motor will be greater than this as losses occur
inevitably in the motor, transmission and impeller. If the overall fractional efficiency of the unit is n,
then the electrical input power to the motor will be

Pr x Q
n

W

Electrical power charges are normally quoted in cost per kilowatt-hour. Hence, the cost of
operating a fan for 24 hours per day over the 365 days in a year is

_ PeQ o oav365  $iyear (9.14)

10007

]

where e is the cost of power ($ per kwh).
In practice, the fan pressure, py is often quoted in kPa, obviating the need for the 1000.

Equation (9.14) also applies for the annual cost of ventilating an individual airway. In this case, px
simply becomes the frictional pressure drop across the airway, p, at the corresponding airflow, Q,
and n the overall efficiency of the fan primarily responsible for ventilating that airway. In cases of
multiple fans, a weighted mean average of fan efficiency may be employed.
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Example

An underground airway is driven at a capital cost of $1.15 million dollars. During its life of 8 years,
it is planned to pass an airflow, Q, of 120 m®s at a frictional pressure drop, p, of 720 Pa. The
main fans operate at an overall efficiency, n, of 72 per cent. If the annual rate of interest is 9.5 per
cent and the average cost of electrical power is $0.06 per kWh, determine the annual total cost of
owning and ventilating the airway.

Solution
The equivalent annual cost of owning the airway is given by equation (9.13) with P = $1.15
million, i = 0.095 and n = 8 years

EAC - 1150000 x 0.095 = $211 652 per year

[1-1/(1.095)8]

The annual operating cost is given by equation (9.14) with
pr = 720Pa, Q =120m%s, n = 0.72 and e = $0.06 per kWh

s, = 120x120 406 « 24 x 365 ~ $63 072 per year
1000 x 0.72

The total yearly cost is given by adding the cost of owning the airway and the annual operating
cost of ventilation:

total annualcostC = EAC+S, = 211652+ 63072 = $274 724 per year

9.5.5. Optimum size of airway

There are several factors that influence the optimum size of a subsurface airway, including
o the airflow to be passed through it

the cost of excavation

limitations on air velocity (Section 9.3.5)

the span that can be supported adequately and

the size of equipment required to travel through the airway.

This section considers the first two of these matters. However, the size of a planned new shaft or
airway must satisfy the other constraints.

As the size of an airway is increased then its resistance and, hence, ventilation operating costs
will decrease for any given airflow (Section 5.4.1). However, the capital cost of excavating the
airway increases with size. The combination of capital and operating costs will be the total cost of
owning and ventilating the airway. The most economic or optimum size of the airway occurs when
that total cost is a minimum. The costs may be expressed either as present values or in terms of
annual (equivalent) costs.

In order to quantify the optimum size, it is necessary to establish cost functions for both capital
and operating costs that relate those expenditures to airway size.

9.5.5.1. Capital cost function

The business of arriving at a cost for excavating a mine shaft or major airway often involves
protracted negotiations between a mining company and a contractor. Even when the task is to be
undertaken in-house, the costing exercise may still be extensive.
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There are, essentially, two components - fixed costs and variable costs. The fixed costs may
include setting up and removal of equipment such as temporary headgear, hoisting facilities or a
shatft drilling rig. Other items such as pipe ranges, electrical conduits, air ducts and track lines are
usually independent of airway size but are a function of airway length.

The variable costs are those that can be expressed as functions of the length and cross-sectional
area or diameter of the shaft or airway. These include the actual cost of excavation and supports.

The capital cost, P;, may then be expressed as the cost function
P. = Ci+f(AL) $ (9.15)

where C; = fixed costs
and f (A,L) = function of cross-sectional area, A and length, L.

In a simple case, the capital cost function may take the form
P. = C; + aVv + bL $ (9.16)

where V =volume excavated, AxL  (m®
a and b are constants.

For mechanized excavations, there may be discontinuities in the capital cost function due to step

increases in the size and sophistication of the equipment for differing sizes of airway.

9.5.5.2. Operating cost function
Equation (9.14) gave the annual ventilation cost of an airway to be

S, = pQ x 24 x 365 $lyear (9.17)

10007

However, from equation (2.50),

p = RtPQ2
where R, = rational resistance of the airway (m™)
and p = air density (kg/m®)
giving
e 24 x 365
S, = R SRRl St
o 1 PQ . 1000

This demonstrates that the operating cost varies with airway resistance, R, air density, p, and the
cube of the airflow, Q.

Substituting for R; from equation (2.51) gives

f L per 3 e 24 x 365
S, = ——— X — X —— $lyear 9.18
o 5 A3 rQ . 1000 Y ( )
where f = coefficient of friction (dimensionless)
L = length of airway (m)
per = perimeter (m)
and A = cross-sectional area (m?)
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In order to achieve the corresponding result with the Atkinson friction factor, k; ,, substituting for p
from equation (5.8) allows the operating cost function of equation (9.17) to be written as

S, = ki, Lper p Q3 x % x 24 x 365 $lyear (9.19)

1000

9.5.5.3. Case Study
During the design of a proposed circular shaft, the following data were generated:

Shatft sinking:

e Equipment set up and decommissioning costs = $650 000

e Excavation cost = $290/m®

e Fittings and lining = $460/m
Physical data:

e Depth of shatft, L = 700 m

o Effective coefficient of friction, f = 0.01

e (friction factor k; , = 0.6f = 0.006 kg/m°)

e Mean air density, o = 1.12 kg/m®

e Airflow, Q = 285 m’/s

¢ Fan efficiency, n = 0.65

o Life of shaft, n = 15 years
Additional financial data:

e Annual rate of interest, [ = 10 per cent

e Average cost of electrical power e = $0 .075 per kWh

Determine the optimum diameter of the shaft.

Solution
Task 1: Establish the capital cost function:

From the data given, the capital cost function can be expressed in the form of equation (9.16)

Pc = 650000 + 290V + 460 L
2
where V = AL = ”i’ x 700 (m°)

and D = shaft diameter (m)
giving
zD?

P. = 650000 + {290 x 700 x } + (460 x 700)

The capital cost function then simplifies to

P, = 972000 + 159436 D? $ (9.20)

C

This is the present value of the capital cost of sinking the shaft. The complete analysis may be
carried out either in terms of present values or in annual (equivalent) costs. The latter method is
employed for this case study. Hence, the capital cost of shaft sinking must be spread over the 15
year life using equation (9.13) withi=0.1 and n = 15.
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Equivalent annual cost of shaft sinking:

2
Enc - (9720004159436 D2)x 0.1 (0o o 1gy

1-1/(1.0%]

= 127 793 + 20 962 D? $lyear (9.21)

Task 2: Establish the operating cost function:
This is accomplished by substituting the given data into equations (9.18) or (9.19)

Annual operating cost
0.01x700 x zD

o = % 1.12 x 2853 x 2975 24 x 365 $lyear
2(mD? 1 4)3 0.65 1000
=594.775 x 10°/D° $lyear (9.22)

Task 3: Establish the total cost function:
Addition of the capital and operating cost functions from equations (9.21) and (9.22) respectively
gives the total annual cost function as

6
C = 127793 + 20962D2 4 224775 <107 $lyear (9.23)

D5

Task 4: Determine the optimum diameter:
This can be accomplished in either of two ways.

(a) By graphical means.
The three cost functions have been plotted on Figure 9.5. The minimum point on the total
annual cost curve occurs at an optimum diameter of approximately 4.9m.

An advantage of constructing the cost curves is that it gives a visual indication of the
behaviour of the cost functions. In particular, the operating and total costs rise rapidly when
the airway diameter is reduced significantly below the optimum point. However, the total cost
curve remains fairly shallow above the optimum point. This is a typical result and illustrates
that the shaft size may be escalated to a standard diameter above the optimum to facilitate
shaft sinking. Indeed, experience has shown the wisdom of sizing a shaft above the optimum.
This allows subsequent flexibility for modifications to the airflow or mine production.

(b) By analytical means.
If the total cost function, C, has been expressed as a convenient function of cross-sectional
area, A, or diameter, D, then it can be differentiated to find the optimum location when the
slope dC/dA or dC/dD becomes zero.

In this case study, differentiation of equation (9.23) gives

6
dc . 2% 20962D - 5 x 594,775 x 10
dD D®
AtdC/dD = 0

41924D" = 2973.875 x 10° fromwhich D =4.93 m.
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Figure 9.5 Annual cost functions for the circular shaft used in the Case Study

This is an accurate value of the optimum diameter previously read from Figure 9.5 as the
approximation 4.9m. In practice, the recommended diameter would be rounded up to at least
5m.

The corresponding total annual equivalent cost can be estimated from Figure 9.5 or calculated
by substituting D = 9.3 into equation (9.23):

594.775 x 10°
4.93°

C = 127793 + 20962 x 4.93% +

= $841502 peryear

9.5.6. Incorporation of shaft design into network planning exercises.

Figure 9.1 shows the optimization of major airways and fans to be a part of the ventilation
planning process. However, it may be impractical to carry out such optimization for every
investigatory cycle of a ventilation network exercise. The sizing of a shaft is normally conducted
only after network analysis has established a satisfactory distribution of airflows underground and
can be combined with the shaft design procedures described in Section 5.4.6.
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The demands made upon a mine shaft may include access for personnel and equipment, the
hoisting of planned tonnages of rock and the passing of specified airflows. We can now define a
set of guidelines to assist in the management of a combined network analysis and shaft design
exercise.

1. Assess the duties required for rock hoisting (tonnes per hour), number of personnel to be
transported, time allowed at shift changes and the size, weight and frequency of hoisting
materials and equipment.

2. Determine alternative combinations of conveyance sizes and hoisting speeds.

3. Conduct ventilation network investigations, initially on the basis of an estimated shaft
resistance until a satisfactory distribution of airflow is achieved. This will establish the
required airflow in the shaft.

4. Assess the dimensions of proposed shatft fittings including pipes, cables, guides and
buntons.

5. Conduct an optimization exercise to find the size of shaft that will pass the required
airflow at the minimum combination of operating costs and the capital expense of shaft
construction (Section 9.5.5.).

6. Check the free area air velocity. If this exceeds 10 m/s in a hoisting shaft or 20 m/s in a
shaft used only for ventilation then the cost of enlarging the shaft should be reviewed. It
will be recalled that the total cost vs. diameter curve is usually fairly flat above its
minimum point (Section 9.5.5.3).

7. Determine the coefficient of fill, Cr, for the largest of the proposed conveyances (Section
5.4.6.3). If this exceeds 30 per cent for two or more conveyances, or 50 per cent for a
single conveyance shaft, then the dimensions of the skip or cage should be reviewed or
the size of the shaft, again, be re-examined.

8. Calculate the maximum relative velocity between the airflow and the largest conveyance,
(ua +u)/(L-Cr) (See section 5.4.6.3 for nomenclature.)
If this exceeds 30 m/s then additional precautions should be taken to ensure
aerodynamic stability of the moving conveyances. In any event, the relative velocity
should not exceed 50 m/s.

9. Assess the air velocities at all loading/unloading stations and, if necessary, redesign the
excavations to include air bypasses or enlarged shaft stations.

10. Determine the total resistance of the shaft using the methods described in Section 5.4.6.
Examine all feasible means of reducing the resistance including the streamlining of
buntons and the aerodynamic desi%n of intersections. For shafts of major importance,
construct and test physical or CFD “ models of representative lengths of the shaft and
main intersections.

11. Rerun ventilation network analyses with the established value(s) of shaft resistance in
order to determine the final fan pressures required.

It is clear that there is a considerable amount of work involved in the design, sizing and costing of
a proposed mine shaft or major airway. Fortunately, microcomputer program packages are
available that reduce the effort to little more than assembling the essential data. These are
particularly valuable for carrying out sensitivity studies in order to assess the effects of changes in
design or financial constraints.

2 Computational Fluid Dynamics
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9.6. TRADITIONAL METHOD OF VENTILATION PLANNING

The methods of subsurface ventilation planning described in the previous sections of this chapter
rely upon the availability of computers and appropriate software. A question that may arise is how
such planning can be carried out without high speed computational aid. For this, we may revert
back to the traditional methodology that was well developed prior to the computer revolution.
Although the older techniques cannot begin to match the speed, versatility and detail of computer
assisted planning, they do retain a role in estimating generic values for airflows, fan pressures
and air quality at the early conceptual design stage of a proposed new mine or extension to

an existing facility.

The traditional approach proceeds along the following sequence:

1. Determine air volume flows required in working areas. This can employ the methods
discussed in Section 9.3. However, at a preliminary stage of planning, empirical values of
airflow based on rate of tonnage might be used. In this case, care must be taken to
ensure that the basis of the empirical guidelines is compatible with the intended mining
method and geology.

2. Assess the airflow requirements for development areas, mechanical or electrical plant
and workshops, and estimate the volume flows that pass through abandoned workings,
stoppings and other leakage paths. The estimation of leakage flows relies strongly upon
the experience and intuition of the ventilation engineer. Unfortunately, in many mines the
volumetric efficiency (Section 4.2.3) is fairly low. Inaccuracies in the estimates of airflow
through individual leakage paths, while perhaps of little consequence when considered
individually, will accumulate into major errors in the main ventilation routes. The square
law, p = RQ?, then produces twice the corresponding percentage error in the frictional
pressure drop. The treatment of leakage flows is probably the single greatest cause of
imprecision in the traditional method of ventilation planning.

3. Indicate the estimated airflows on a mine plan and compound them to show air flowrates,
Q, through every major airway.

4. Using the given airflows and proposed sizes of airways, determine the corresponding air
velocities. If these exceed limiting values (Section 9.3.6), the need for larger or additional
airways is indicated.

5. Assess the resistance, R, of each branch along the main ventilation routes, either from
estimated friction factors and airway geometries or on the basis of local empirical data.

6. Using the square law, p = RQ?, determine the frictional pressure drop, p, for each main
branch and indicate these on the mine plan.

7. Starting at the entrance of a downcasting surface connection, trace a path along intake
airways to the most distant workings, through those workings, and back to the surface via
return airways. Sum the frictional pressure drops around the complete traverse. This
exercise is repeated for a number of such traverses to incorporate various working areas.
The loop showing the greatest summation of frictional pressure drops then gives an
approximation of the main fan pressure required to ventilate the mine. Subsidiary circuits
may be controlled by regulators or upgraded by booster fans®. Pressure gradient
diagrams can be employed to give a visual indication of the cumulative pressure drops.

The traditional approach is similar, in principle, to that used for the design of duct systems in
buildings. It is simple in concept and requires little computational aid. Unfortunately, it suffers from
some severe drawbacks:

1. Itrelies strongly upon the experience of the engineer and his/her empirical knowledge of
the airflow distribution patterns. A mine is very different to a duct system in a building, not

% where booster fans are permitted by the governing legislation.
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only in scale but also because of the dynamic nature of mining operations, and the
tremendous variability in the geometry of airflow paths with respect to time as well as
location.

2. The highly interactive and nonlinear relationships that exist between ventilation
parameters are largely ignored. Leakage airflows through caved strata, old workings or
across stoppings, doors and air crossings are dependent upon the geometry of the flow
paths, the pressure differential and the degree of turbulence. Ascribing fixed values or
even fixed proportions of available airflow to leakage can do no more than achieve rough
approximations. In many mines, the majority of total airflow passes through leakage
paths. Errors in estimated leakages will accumulate and be reflected in the corresponding
main airflow routes and, because of the nonlinearity of the laws of airflow, can result in
large errors in the cumulative pressure drops.

3. There is a basic lack of reality in a procedure that estimates an airflow pattern and then
backtracks to find a fan pressure that will produce airflows capable of being manipulated
into the required distribution. In practice, when a fan is switched on, a complex
configuration of interdependent pressure drops and airflows is set up throughout the
network, the ventilating pressures producing airflows and the airflows, in turn, producing
frictional pressure drops. In effect, the airflows shown by the traditional method are
simply the initial estimates based on desired airflows in the workplaces and assumed
leakages. No attempt is made to simulate the actual airflow distribution that will occur
when the fans are switched on.

4. There is very little opportunity to study alternative options in order to optimize the
effectiveness and operating economics of the ventilation system.

5. Assuming the airflow distribution allows little flexibility in investigating the effects of fan
duty/position, or the adjustment or re-siting of regulators, doors and booster fans.
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10.1. INTRODUCTION

A fan is a device that utilizes the mechanical energy of a rotating impeller to produce both
movement of the air and an increase in its total pressure. The great majority of fans used in
mining are driven by electric motors, although internal combustion engines may be employed,
particularly as a standby on surface fans. Compressed air or water turbines may be used to drive
small fans in abnormally gassy or hot conditions, or where an electrical power supply is
unavailable.

In Chapter 4, mine fans were classified in terms of their location, main fans handling all of the air
passing through the system, booster fans assisting the through-flow of air in discrete areas of the
mine and auxiliary fans to overcome the resistance of ducts in blind headings. Fans may also be
classified into two major types with reference to their mechanical design.

A centrifugal fan resembles a paddle wheel. Air enters near the centre of the wheel, turns through
a right angle and moves radially outward by centrifugal action between the blades of the rotating
impeller. Those blades may be straight or curved either backwards or forwards with respect to the
direction of rotation. Each of these designs produces a distinctive performance characteristic.
Inlet and/or outlet guide vanes may be fitted to vary the performance of a centrifugal fan.

An axial fan relies on the same principle as an aircraft propeller, although usually with many more
blades for mine applications. Air passes through the fan along flowpaths that are essentially
aligned with the axis of rotation of the impeller and without changing their macro-direction.
However, later in the chapter we shall see that significant vortex action may be imparted to the
air. The particular characteristics of an axial fan depend largely on the aerodynamic design and
number of the impeller blades together with the angle they present to the approaching airstream.
Some designs of axial impellers allow the angle of the blades to be adjusted either while
stationary or in motion. This enables a single speed axial fan to be capable of a wide range of
duties. Axial fan impellers rotate at a higher blade tip speed than a centrifugal fan of similar
performance and, hence, tend to be noisier. They also suffer from a pronounced stall
characteristic at high resistance. However, they are more compact, can easily be combined into
series and parallel configurations and can produce reversal of the airflow by changing the
direction of impeller rotation, although at greatly reduced performance. Both types of fan are used
as main fans for mine ventilation systems while the axial type is favoured for underground
locations.

In this chapter, we shall define fan pressures and examine some of the basic theory of fan
design, the results of combining fans in series and parallel configurations, the theory of fan testing
and booster fan installations.

10.2. FAN PRESSURES

A matter that has often led to confusion is the way in which fan pressures are defined. In Section
2.3.2. we discussed the concepts of total, static and velocity pressures as applied to a moving
fluid. That section should be revised, if necessary, before reading on. While we use those
concepts in the definitions of fan pressures, the relationships between the two are not
immediately obvious. The following definitions should be studied with reference to Figure 10.1(a)
until they are clearly understood.

e Fan total pressure, FTP, is the increase in total pressure, p;, (measured by facing pitot
tubes) across the fan,
FTP =Ppe—pu (10.1)

e Fan velocity pressure, FVP, is the average velocity pressure at the fan outlet only,
Pv2 = Pr2 - Ps2
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e Fan static pressure, FSP, is the difference between the fan total pressure and fan velocity
pressure, or

FSP = FTP-FVP (10.2)

P2 - Pu- (Pe-Ps2) = Ps2—Pu (10.3)

The reason for defining fan velocity pressure in this way is that the kinetic energy imparted by the
fan and represented by the velocity pressure at outlet has, traditionally, been assumed to be a
loss of useful energy. For a fan discharging directly to atmosphere this is, indeed, the case. As
the fan total pressure, FTP, reflects the full increase in mechanical energy imparted by the fan,
the difference between the two, i.e. fan static pressure has been regarded as representative of
the useful mechanical energy applied to the system.

The interpretations of fan pressures that are most convenient for network planning are further
illustrated on Figure 10.1. In the case of a fan located within an airway or ducted at both inlet and
outlet (Figure 10.1(a)), the fan static pressure, FSP, can be measured directly between a total
(facing) tube at inlet and a static (side) tapping at outlet. A study of the diagram and equation
(10.3) reveals that this is, indeed, the difference between FTP and FVP.

Figure 10.1 (b) shows the situation of a forcing fan drawing air from atmosphere into the system.
A question that arises is where to locate station 1, i.e. the fan inlet. It may be considered to be

(i) immediately in front of the fan
(ii) at the entrance to the inlet cone, or
(iii) in the still external atmosphere

These three positions are labelled on Figure 10.1 (b). If location(i) is chosen then the frictional
and shock losses incurred as the air enters and passes through the cone must be assessed
separately. At location (ii) the fan and inlet cone are considered as a unit and only the shock loss
at entry requires additional treatment. However, if location (iii) is selected then the fan, inlet cone
and inlet shock losses are all taken into account. It is for this reason that location (iii) is preferred
for the purposes of ventilation planning. Figure 10.1 (b) shows the connection of gauges to
indicate the fan pressures in this configuration.

The same arguments apply for a fan that exhausts to atmosphere (Figure 10.1 (c)). If the outlet
station is taken to be in the still external atmosphere then the fan velocity pressure is zero and the
fan total and fan static pressures become equal. In this configuration the fan total (or static)
pressure takes into account the net effects of the fan, frictional losses in the outlet cone and the
kinetic energy loss at exit.

During practical measurements, it is often found that turbulence causes excessive fluctuations on
the pressure gauge when total pressures are measured directly using a facing pitot tube. In such
cases, it is preferable to measure static pressure from side tappings and to add, algebraically, the
velocity pressure in order to obtain the total pressure. The mean velocity can be obtained as
flowrate divided by the appropriate cross-sectional area. Particular care should be taken with
regard to sign. In the case of an exhausting fan, (Figure 10.1 (c)) the static and velocity pressures
at the fan inlet have opposite signs.
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Fan manufacturers usually publish characteristic curves in terms of fan static pressure rather than
the fan total pressure. In addition to being more useful for ventilation planning, this is
understandable as manufacturers may have no control over the types of inlet and outlet duct
fittings or the conditions at entry or exit to inlet/outlet cones. Where fan velocity pressures are
guoted then they are normally referred to a specific outlet location, usually either at the fan hub or
at the mouth of an evasee.

The question remains on which fan pressure should be used when a fan is included in the route
of a pressure survey. The simple answer is that for main surface fans it is fan static pressure
(FSP) that should be employed. For a main forcing fan the FSP is given by the gauge static
pressure at the inby side of the fan (Figure 10.1(b)). But for a main exhausting fan the FSP is
given by the gauge total pressure at the inby side of the fan (Figure 10.1(c)). This apparent
anomaly arises from the way in which fan pressures are defined and is further explained in
Appendix A10.1.

10.3. IMPELLER THEORY AND FAN CHARACTERISTIC CURVES

An important aspect of subsurface ventilation planning is the specification of pressure-volume
duties required of proposed main or booster fans. The actual choice of particular fans is usually
made through a process of perusing manufacturer's catalogues of fan characteristic curves,
negotiation of prices and costing exercises (Section 9.5). The theory of impeller design that
underlies the characteristic behaviour of differing fan types is seldom of direct practical
consequence to the underground ventilation planner. However, a knowledge of the basics of that
theory is particularly helpful in discussions with fan manufacturers and in comprehending why
fans behave in the way that they do.

This section of the book requires an elementary understanding of vector diagrams. Initially, we
shall assume incompressible flow but will take compressibility of the air into account in the later
section on fan performance (Section 10.6.1).

10.3.1. The centrifugal impeller

Figure 10.2 illustrates a rotating backward bladed centrifugal impeller. The fluid enters at the
centre of the wheel, turns through a right angle and, as it moves outwards radially, is subjected to
centrifugal force resulting in an increase in its static pressure. The dotted lines represent
flowpaths of the fluid relative to the moving blades. Rotational and radial components of velocity
are imparted to the fluid. The corresponding outlet velocity pressure may then be partially
converted into static pressure within the surrounding volute or fan casing.

At any point on a flowpath, the velocity may be represented by vector components with respect to
either the moving impeller or to the fan casing. The vector diagram on Figure 10.2 is for a particle
of fluid leaving the outlet tip of an impeller blade. The velocity of the fluid relative to the blade is W
and has a vector direction that is tangential to the blade at its tip. The fluid velocity also has a
vector component in the direction of rotation. This is equal to the tip (peripheral) velocity and is
shown as u. The vector addition of the two, C, is the actual or absolute velocity.), The radial (or
meridianal) component of velocity, C,, is also shown on the vector diagram.
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Figure 10.2 Idealized flow through a backward bladed centrifugal impeller.

10.3.1.1. Theoretical pressure developed by a centrifugal impeller.

A more detailed depiction of the inlet and outlet vector diagrams for a centrifugal impeller is given
on Figure 10.3. It is suggested that the reader spend a few moments examining the key on Figure
10.3 and identifying corresponding elements on the diagram.
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Subscript 1: Inlet Subscript 2: Outlet

w: Angular velocity (radians/s) C: Absolute fluid velocity (m/s)

u: Peripheral speed of blade tip (m/s) W : Fluid velocity relative to vane )m/s)

Cn: Radial component of fluid velocity (m/s) Cu: Peripheral component of fluid velocity (m/s)
B: Vane angle

ps: Pressure on front of vane (Pa) Pb: Pressure on back of vane (Pa)

F: Shear resistance on front of vane (N/m?)  Fy: Shear resistance on back of vane (N/m?)

Figure 10.3 Velocities and forces on a centrifugal impeller.
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In order to develop an expression for the theoretical pressure developed by the impeller, we apply
the principle of angular momentum to the mass of fluid moving through it.

If a mass, m, rotates about an axis at a radius, r, and at a tangential velocity, v, then it has an
angular momentum of mrv. Furthermore, if the mass is a fluid that is continuously being replaced
then it becomes a mass flow, dm/dt, and a torque, T, must be maintained that is equal to the
corresponding continuous rate of change of momentum

= Z—T (rv) Nm or J (10.4)

In the case of the centrifugal impeller depicted in Figure 10.3, the peripheral component of fluid
velocity is C,. Hence the torque becomes

= — (rC,) Nm or J (10.5)

Consider the mass of fluid filling the space between two vanes and represented as abcd on
Figure 10.3. At a moment, dt, later it has moved to position efgh. The element abfe leaving the
impeller has mass dm and is equal to the mass of the element cdhg entering the impeller during
the same time. The volume represented by abgh has effectively remained in the same position
and has not, therefore, changed its angular momentum. The increase in angular momentum is
that due to the elements abfe and cdhg. Then, from equation (10.5) applied across the inlet and
outlet locations,

dm
= a9t [r,Cyz — 11 Cyil J (10.6)

Extending the flow to the whole impeller instead of merely between two vanes gives dm/dt as the
total mass flow, or

dm kg
dt Qp s
where Q = volume flow (m®/s)
and p = fluid density (kg/m®)
giving
T = Qp [r2 Cu2 - r1Cu1] J (10-7)

Now the power consumed by the impeller, P, is equal to the rate of doing mechanical work,

Pow = Tw W (10.8)
where w = speed of rotation (radians/s)
giving Poyw = Qow[rCup—r1Cul W (10.9)
But wry = U, = tangential velocity at outlet
and wry = U = tangential velocity at inlet.
Hence P, = Qp[u,C,, —u;C,] w (10.10)
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The power imparted by a fan impeller to the air was given by equation (5.56) as pi Q
where py = rise in total pressure across the fan.

In the absence of frictional or shock losses, pz Q must equal the power consumed by the impeller,
P.w. Hence

prx = pU,Cyu —u;Cyy) Pa (10.112)
This relationship gives the theoretical fan total pressure and is known as Euler's equation.
The inlet flow is often assumed to be radial for an ideal centrifugal impeller, i.e. Cy; = 0, giving
P = pU,C» Pa (10.12)

Euler's equation can be re-expressed in a manner that is more amenable to physical
interpretation. From the outlet vector diagram

2

W," = Cm22 +(uy — Cu2)2

or
2 2 2 2
2u;Chp = Up" — W, + (Crpp™ +Cyp")

= u22 —W22 + C22 (Pythagorus)
Similarly for the inlet,

2

Euler's equation (10.11) then becomes

2 2 2 2 2 2
U —Ug W™ -W, C,” -C
= - + Pa 10.13
Pt p{ > 5 5 ( )
centrifugal effect of change in
effect relative kinetic energy
velocity
Gain in static pressure + Gain in velocity
pressure

10.3.1.2. Theoretical characteristic curves for a centrifugal impeller

Euler's equation may be employed to develop pressure-volume relationships for a centrifugal
impeller. Again, we must first eliminate the C, term. From the outlet vector diagram on Figure
10.3,

Cm2

tanp, =
u, -Cy,
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Cm2

ivin C,, = U, —
g g u2 2 tanﬂz

For radial inlet conditions, Euler's equation (10.12) then gives

C
= pu,C,, = puU,iu, — —m2 Pa 10.14
Pt pPUL Lo P 2{ 2 tanﬂz} ( )
Q volume flowrate

But Chp = — =
m2 a, flow area atimpeller outlet

Equation (10.14) becomes

2 pU; Q
= pU,” - ——— Pa 10.15
Pt pU; tan 3, a, ( )
For a given impeller rotating at a fixed speed and passing a fluid of known density, p, u, a and 8
are all constant, giving

px = A—-BQ Pa (10.16)
where constants A = pu22
and B = L
a, tan g,

The flowrate, Q, and, hence, the pressure developed vary with the resistance against which the
fan acts. Equation (10.16) shows that if frictional and shock losses are ignored, then fan pressure
varies linearly with respect to the airflow.

We may apply this relationship to the three types of centrifugal impeller:

Radial bladed
B> = 90° and tan B, = infinity
giving B=0
Then
pr = constantA = pu,’
i.e. theoretically, the pressure remains constant at all flows [Figure 10.4 (a)]

Backward bladed
B> < 90°, tanB, > 0
prn = A-BQ
i.e. theoretically, the pressure falls with increasing flow.

Forward bladed
B2 > 90°, tanB, < 0
pr=A +BQ
i.e. theoretically, pressure rises linearly with increasing flow.

The latter and rather surprising result occurs because the absolute velocity, C, is greater than the
impeller peripheral velocity, u,, in a forward bladed impeller. This gives an impulse to the fluid
which increases with greater flowrates. (In an actual impeller, friction and shock losses more than
counteract the effect.).

10
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The theoretical pressure-volume characteristic curves are shown on Figure 10.4 (a).

The theoretical relationship between impeller power and airflow may also be gained from
equation (10.16).

Paw=ptQ = AQ-BQ’ w (10.17)
The three power-volume relationships then become:

Radial bladed
B =0 and I:)ow

AQ (linear)

Backward bladed
B >0 and Pow

AQ - BQ? (falling parabola)

Forward bladed
B <0 and Pow

AQ + BQ? (rising parabola).

The theoretical power-volume curves are shown on Figure 10.4 (b). Forward bladed fans are
capable of delivering high flowrates at fairly low running speeds. However, their high power
demand leads to reduced efficiencies. Conversely, the relatively low power requirement and high
efficiencies of backward bladed impellers make these the preferred type for large centrifugal fans.

10.3.1.3. Actual characteristic curves for a centrifugal impeller

The theoretical treatment of the preceding subsections lead to linear pressure-volume
relationships for radial, backward and forward bladed centrifugal impellers. In an actual fan, there
are, inevitably, losses which result in the real pressure-volume curves lying below their theoretical
counterparts. In all cases, friction and shock losses produce pressure-volume curves that tend
toward zero pressure when the fan runs on open circuit, that is, with no external resistance.

Figure 10.5 shows a typical pressure-volume characteristic curve for a backward bladed
centrifugal fan. Frictional losses occur due to the viscous drag of the fluid on the faces of the
vanes. These are denoted as F; and F, on Figure 10.3. A diffuser effect occurs in the diverging
area available for flow as the fluid moves through the impeller. This results in a further loss of
available energy. In order to transmit mechanical work, the pressure on the front face of a vane,
pr is necessarily greater than that on the back, py,. A result of this is that the fluid velocity close to
the trailing face is higher than that near the front face. These effects result in an asymmetric
distribution of fluid velocity between two successive vanes at any given radius and produce an
eddy loss. It may also be noted that at the outlet tip, the two pressures p; and p, must become
equal. Hence, although the tip is most important in its influence on the outlet vector diagram, it
does not actually contribute to the transfer of mechanical energy. The transmission of power is
not uniform along the length of the blade.

The shock (or separation) losses occur particularly at inlet and reflect the sudden turn of near 90°
as the fluid enters the eye of the impeller. In practice, wall effects impart a vortex to the fluid as it
approaches the inlet. By a suitable choice of inlet blade angle, 81, (Figure 10.3) the shock losses
may be small at the optimum design flow. An inlet cone at the eye of the impeller or fixed inlet
and outlet guide vanes can be fitted to reduce shock losses.

In the development of the theoretical pressure and power characteristics, we assumed radial inlet
conditions. When the fluid has some degree of pre-rotation, the flow is no longer radial at the inlet
to the impeller. The second term in Euler's equation (10.11) takes a finite value and, again,
results in a reduced fan pressure at any given speed of rotation.

11
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Figure 10.4 Theoretical characteristic curves for a centrifugal fan
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eddy loss

Fan pressure

friction

Flowrate

Figure 10.5 Effect of losses on the pressure-volume characteristic of a
backward bladed centrifugal fan.

The combined effect of these losses on the three types of centrifugal impeller is to produce the
characteristic curves shown on Figure 10.6. The non-overloading power characteristic, together
with the steepness of the pressure curve at the higher flows, are major factors in preferring the
backward impeller for large installations.

backward

Fan pressure or Shaft Power

backward

Alirflow

Figure 10.6 Actual pressure and shaft power characteristics for centrifugal impellers.
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10.3.2. The axial impeller

Malcolm J. McPherson

Axial fans of acceptable performance did not appear until the 1930's. This was because of a lack
of understanding of the behaviour of airflow over axial fan blades. The early axial fans had simple
flat angled blades and produced very poor efficiencies. The growth of the aircraft industry led to
intensive studies of aerofoils for the wings of aeroplanes. In this section, we shall discuss briefly
the characteristics of aerofoils. This facilitates our comprehension of the behaviour of axial fans.
The theoretical treatment of axial impellers may be undertaken from the viewpoint of a series of
aerofoils or by employing either vortex or momentum theory. We shall use the latter in order to
remain consistent with our earlier analysis of centrifugal impeller although aerofoil theory is
normally also applied in the detailed design of axial impellers.

10.3.2.1. Aerofoils

When a flat stationary plate is immersed in a moving fluid such that it lies parallel with the
direction of flow then it will be subjected to a small drag force in the direction of flow. If it is then
inclined upward at a small angle, a, to the direction of flow then that drag force will increase.
However, the deflection of streamlines will cause an increase in pressure on the underside and a
decrease in pressure on the top surface. This pressure differential results in a lifting force. On an
aircraft wing and in an axial fan impeller, it is required to achieve a high lift, L, without unduly
increasing the drag, D. The dimensionless coefficients of lift, C,, and drag, Cp, for any given
section are defined in terms of velocity heads

2

L = p%ACL N (10.18)
C2
where C fluid velocity (m/s) and

A

a characteristic area usually taken as the underside of the plate or aerofoil (m?)

The ratio of C_/Cyp, is considerably enhanced if the flat plate is replaced by an aerofoil. Figure 10.7
illustrates an aerofoil section. Selective evolution in the world of nature suggests that it is no

lift resultant
A

(_\ drag

Chord R
a T

angle of attack

Figure 10.7 An aerofoil section.
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coincidence that the aerofoil shape is decidedly fish-like. The line joining the facing and trailing
edges is known as the chord while the angle of attack, a, is defined as that angle between the
chord and the direction of the approaching fluid.

A typical behaviour of the coefficients of lift and drag for an aerofoil with respect to angle of attack
is illustrated on Figure 10.8. Note that the aerofoil produces lift and a high C,/Cp, ratio at zero
angle of attack. The coefficient of lift increases in a near-linear manner. However, at an angle of
attack usually between 12 and 18°, breakaway of the boundary layer occurs on the upper
surface. This causes a sudden loss of lift and an increase in drag. In this stall condition, the
formation and propagation of turbulent vortices causes the fan to vibrate excessively and to
produce additional low frequency noise. A fan should never be allowed to run continuously in this
condition as it can cause failure of the blades and excessive wear in bearings and other
transmission components.

16k
1.4
CL
12}
ol | G
| 0P ¢
012 | o8}l
“© 06
008}
ot 5
o0st 4

0 5 0 1B
Angle of attack &

Figure 10.8 Typical behaviour of lift and drag coefficients for an aerofoil.

10.3.2.2. Theoretical pressure developed by an axial fan

Consider an imaginary cylinder coaxial with the drive shaft and cutting through the impeller
blades at a constant radius. Depicting an impression of the cut blades on two dimensional paper
produces a drawing similar to that of Figure 10.9 (a). For simplicity each blade is shown simply as
a curved vane rather than an aerofoil section.

15
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(b) Inlet and outlet velocity
diagrams combined.

Figure 10.9 Velocity diagrams for an axial impeller without guide vanes.

The air approaches the moving impeller axially at a velocity, C;. At the optimum design point, the
C; vector combines with the blade velocity vector, u, to produce a velocity relative to the blade
W3, and which is tangential to the leading edge of the blade. At the trailing edge, the air leaves at
a relative velocity W,,, which also combines with the blade velocity to produce the outlet absolute
velocity, C,. This has a rotational component, C,,, imparted by the rotation of the impeller. The
initial axial velocity, C4, has remained unchanged as the impeller has no component of axial
velocity in an axial fan.

16
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Figure 10.9 (b) shows how the inlet and outlet velocity diagrams can be combined. As W; and W,
are both related to the same common blade velocity, u, the vector difference between the two,
W; - W,, must be equal to the final rotational component C,,.

As the axial velocity, C; is the same at outlet as inlet, it follows that the increase in total pressure
across the impeller is equal to the rise in static pressure.

P = P2s — Pis

Now let us consider again the relative velocities, W; and W,. Imagine for a moment that the
impeller is standing still. It would impart no energy and Bernouilli's equation (2.16) tells us that the
increase in static pressure must equal the decrease in velocity pressure (in the absence of
frictional losses). Hence

w2 W2
Pr = Pas —Pis = P|—— — —— Pa (10.20)
2 2
Applying Pythagorus' Theorem to Figure 10.9 (b) gives
and W22 = Clz + (U _CU2)2
giving py = g 2C o u _Cu22
C 2
ie. Py = puC,, — p—22 (10.21)

2

Comparison with equation (10.12) shows that this is the pressure given by Euler's equation, less
the velocity head due to the final rotational velocity.

The vector diagram for an axial impeller with inlet guide vanes is given on Figure 10.10. In order
to retain subscripts 1 and 2 for the inlet and outlet sides of the moving impeller, subscript O is
employed for the air entering the inlet guide vanes. At the optimum design point the absolute
velocities, C, and C, should be equal and axial, i.e. there should be no rotational components of
velocity at either inlet or outlet of the guide vane/impeller combination. This means that any vortex
action imparted by the guide vanes must be removed by an equal but opposite vortex action
imparted by the impeller.

We can follow the process on the vector diagram on Figure 10.10 using the labelled points a, b, c,
d, and e.

(a) The air arrives at the entrance to the guide vanes with an axial velocity, C,, and no rotational
component (point a)

(b) The turn on the inlet guide vanes gives a rotational component, C,; to the air. The axial

component remains at C,. Hence, the vector addition of the two results in the absolute velocity
shown as C; (point b).

17
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Figure 10.10 Velocity diagrams for an axial impeller with inlet guide vanes.
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(c) In order to determine the velocity of the air relative to the moving impeller at location (1), we
must subtract the velocity vector of the impeller, u. This brings us to position ¢ on the vector
diagram and an air velocity of W, relative to the impeller.

(d) The turn on the impeller imparts a rotational component C,, to the air. The velocity of the air
relative to the impeller is thus reduced to W, and we arrive at point d.

(e) In order to determine the final absolute velocity of the air, we must add the impeller velocity, u.
This will take us to point e on the vector diagram (coinciding with point a), with no remaining
rotational component provided that C,; = Cyo.

It follows that the absolute velocities at inlet and outlet, C, and C,, must be both axial and equal.

To determine the total theoretical pressure developed by the system, consider first the stationary
inlet guide vanes (subscript g). From Bernoulli's equation with no potential energy term

Co’-C/°
oy - { 2

Applying Pythagorus' theorem to the vector diagram of Figure 10.10 gives this to be
Py = —P—— (10.22)

and represents a pressure loss caused by rotational acceleration across the guide vanes.

The gain in total pressure across the impeller (subscript i) is given as

p = g(wf - W22) (10.23)
(see, also, equation (10.20))

Using Pythagorus on Figure 10.10 again, gives this to be

b = 2[Ce? + (U+Cu)? - (€2 +u?))

N D

2
= g(cuz +2Cy,u )
But, as C,; = C,,, this can also be written as
p = g(cuf +2C,,u ) Pa (10.24)

Now the total theoretical pressure developed by the system, p; must be the combination pg + pi.
Equations (10.22) and (10.24) give

P = pg +pP = pCuzu Pa (1025)

19



Chapter 10. Fans Malcolm J. McPherson

Once again, we have found that the theoretical pressure developed by a fan is given by Euler's
equation (10.12). Furthermore, comparison with equation (10.21) shows that elimination of the
residual rotational component of velocity at outlet (by balancing C,; and C,;) results in an
increased fan pressure when guide vanes are employed.

The reader might wish to repeat the analysis for outlet guide vanes and for a combination of inlet
and outlet guide vanes. In these cases, Euler's equation is also found to remain true. Hence,
wherever the guide vanes are located, the total pressure developed by an axial fan operating at
its design point depends only upon the rotational component imparted by the impeller, C,,, and
the peripheral velocity of the impeller, u.

It is obvious that the value of u will increase along the length of the blade from root to tip. In order
to maintain a uniform pressure rise and to inhibit undesirable cross flows, the value of C,, in
equation (10.25) must balance the variation in u. This is the reason for the "twist" that can be
observed along the blades of a well-designed axial impeller.

10.3.2.3. Actual characteristic curves for an axial fan

The losses in an axial fan may be divided into recoverable and non-recoverable groups. The
recoverable losses include the vortices or rotational components of velocity that exist in the
airflow leaving the fan. We have seen that these losses can be recovered when operating at the
design point by the use of guide vanes. However, as we depart from the design point, swirling of
the outlet air will build up.

The non-recoverable losses include friction at the bearings and drag on the fan casing, the hub of
the impeller, supporting beams and the fan blades themselves. These losses result in a transfer
from mechanical energy to heat which is irretrievably lost in its capacity for doing useful work.

Figure 10.11 is an example of the actual characteristic curves for an axial fan. The design point,
C, coincides with the maximum efficiency. At this point the losses are at a minimum. In practice,
the region A to B on the pressure curve would be acceptable. Operating at low resistance, i.e. to
the right of point B, would not draw excessive power from the motor as the shaft power curve

shows a non-overloading characteristic. However, the efficiency decreases rapidly in this region.

The disadvantage of operating at too high a resistance, i.e. to the left of point A is, again, a
decreasing efficiency but, more importantly, the danger of approaching the stall point, D. There is
a definite discontinuity in the pressure curve at the stall point although this is often displayed as a
smoothed curve. Indeed, manufacturers' catalogues usually show characteristic curves to the
right of point A only. In the region E to D, the flow is severely restricted. Boundary layer
breakaway takes place on the blades (Section 10.3.2.1) and centrifugal action occurs producing
recirculation around the blades.

A fixed bladed axial fan of constant speed has a rather limited useful range and will maintain
good efficiency only when the system resistance remains sensibly constant.. This can seldom be
guaranteed over the full life of a main mine fan. Fortunately, there are a number of ways in which
the range of an axial fan can be extended:-

(&) The angle of the blades may be varied. Many modern axial fans allow blade angles to be
changed, either when the rotor is stationary or while in motion. The latter is useful if the
fan is to be incorporated into an automatic ventilation control system. Figure 10.12 gives
an example of the characteristic curves for an axial fan of variable blade angle. The
versatility of such fans gives them considerable advantage over centrifugal fans.
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(b) The angle of the inlet and/or outlet guide vanes may also be varied, with or without
modification to the impeller blade angle. The effect is similar to that illustrated by Figure
10.12.

(c) The pitch of the impeller may be changed by adding or removing blades. The impeller
must, of course, remain dynamically balanced. This technique can result in substantial
savings in power during time periods of relatively light load.

(d) The speed of the impeller may be changed either by employing a variable speed motor or
by changing the gearing between the motor and the fan shaft. The majority of fans are
driven by A.C. induction motors at a fixed speed. Variable speed motors are more
expensive although they may produce substantial savings in operating costs. Axial fans
may be connected to the motor via flexible couplings which allow a limited degree of
angular or linear misalignment. Speed control may be achieved by hydraulic couplings,
or, in the case of smaller fans, by V-belt drives with a range of pulley sizes.

pressure

““-lll...'
o*
efficiency ,*"

o

shaft power

Airflow

Figure 10.11 Typical characteristic curves for an axial fan.
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Figure 10.12 Example of a set of characteristic curves for an axial fan with variable blade angle.
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10.4 FAN LAWS
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The performance of fans is normally specified as a series of pressure, efficiency and shaft power
characteristic curves plotted against airflow for specified values of rotational speed, air density and
fan dimensions. It is, however, convenient to be able to determine the operating characteristic of
the fan at other speeds and air densities. It is also useful to be able to use test results gained from
smaller prototypes to predict the performance of larger fans that are geometrically similar.

Euler's equation and other relationships introduced in Section 10.3 can be employed to establish
a useful set of proportionalities known as the fan laws.

10.4.1. Derivation of the fan laws

Fan pressure

From Euler's equation (10.12 and 10.25)

Pt

= puCy,,
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However, both the peripheral speed, u, and the rotational component of outlet velocity, Cy.
(Figures 10.3 and 10.10) vary with the rotational speed, n, and the impeller diameter, d. Hence,

P a p(nd)(nd)
or
pp @ pn?d? (10.26)

where a means 'proportional to.'

Airflow
For a centrifugal fan, the radial flow at the impeller outlet is given as

Q = areaof flow at impeller outlet x Cp,,
= md x impeller width x Cp,
whered = diameter of impeller
and C,, = radial velocity at outlet (Figure 10.3)

However, for geometric similarity between any two fans

impeller width « d
giving
Q a o Cm2

Again, for geometric similarity, all vectors are proportional to each other. Hence

Cn2 @ U a nd
giving
Q « nd° (10.27)

A similar argument applies to the axial impeller (Figure 10.10). At outlet,

d2
Q = 7[4 XCZ

where C, = axial velocity
As before, vectors are proportional to each other for geometric similarity,

C, au and
giving, once again,

Q a nd®

Density
From Euler's equation (10.12 or 10.25) it is clear that fan pressure varies directly with air density

Py o p (10.28)

However, we normally accept volume flow, Q, rather than mass flow as the basis of flow
measurement in fans. In other words, if the density changes we still compare operating points at
corresponding values of volume flow.
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Air Power
For incompressible flow, the mechanical power transmitted from the impeller to the air is given as

Pow = prQ (see equation (5.56))
Employing proportionalities (10.26) and (10.27) gives

Pow a pnid (10.29)

10.4.2. Summary of fan laws

In the practical utilization or design of fans, we are normally interested in varying only one of the
independent variables (speed, air density, impeller diameter) at any given time while keeping the
other two constant. The fan laws may then be summarized as follows:

Variable speed (n) Variable diameter (d) Variable air density (o)
p a n’ p a o P a p
Q a n Q a d& Q fixed
Pow a nN° Pow a o Pw a p

These laws can be applied to compare the performance of a given fan at changed speeds or air
densities, or to compare the performance of different sized fans provided that those two fans are
geometrically similar.

If the two sets of operating conditions, or the two geometrically similar fans are identified by
subscripts a and b, then the fan laws may be written, more generally, as the following equations

2d2

n
Pit,a _ a2 a2 Pa (10.30)
Prtb n,” d,”~ Po
d 3
Qa _ ”_aia (10.31)
Qp Ny dy
P 3 5
owa na3 da5 Pa (10.32)
Pow,b ny db Pb
where py = fan pressure (applies for both total and static pressure)
Q = airflow
Pow = airpower
n = rotational speed
d = impeller diameter
and p = air density
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Example.

Characteristic curves are available for a fan running at 850 rpm and passing air of inlet density
1.2 kg/m3. Readings from the curves indicate that at an airflow of 150 m?s, the fan pressure is
2.2 kPa and the shaft power is 440 kW. Assuming that the efficiency remains unchanged,
calculate the corresponding points if the fan is run at 1100 rpm in air of density 1.1 kg/ms.

Solution.
As it is the same fan that is to be used in differing conditions, there is no change in impeller
diameter or overall geometry.

Equation (10.30) gives the new pressure to be

2
p; = 2.2 1100} 1.1 = 3.377 kPa
850 1.2

From equation (10.31), the new volume flow is

Q = 150 x 2290 _ 1941 ms
850

Equation (10.32) refers to the airpower rather than the shaft delivered to the impeller. However, if
we assume that the impeller efficiency remains the same at corresponding points on the
characteristic curves then we may also use that equation for shaft power.

1100

3
1.1
POW = 440 x (%j X

—= = 874 kW

1.2

By treating a series of points from the original curves in this way, a second set of characteristic
curves can be produced that is applicable to the new conditions.

10.5. FANS IN COMBINATION

Many mines or other subsurface facilities have main and, perhaps, booster fans sited at differing
locations; for example, there may be two or more upcast shafts, each with its own surface
exhausting fan. With the advent of simulation programs for ventilation network analysis (Chapters
7 and 9), the relevant pressure-volume characteristic data may be entered separately for each
fan unit. The system resistance offered to each of those fans becomes a function not only of the
network geometry but also the location and operating characteristics of other fans in the system.
That resistance is sometimes termed the effective resistance 'seen’ by the fan.

There are situations in which it is advantageous to combine fans either in series or in parallel at a
single location. Such combinations enable a wide spectrum of pressure-volume duties to be
attained with only a limited range of fan sizes. In general, fans may be connected in series in
order to pass a given airflow against an increased resistance, while a parallel combination allows
the flow to be increased for any given resistance. Although ventilation network programs can
allow each fan to be entered separately, it is sometimes more convenient to produce a pressure-
volume characteristic curve that represents the combined unit.
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10.5.1. Fans in series

Figure 10.13 shows two fans, a and b, located in series within a single duct or airway. The
corresponding pressure-volume characteristics and the effective resistance curve are also shown.
The characteristic curve for the combination is obtained simply by adding the individual fan
pressures for each value of airflow.

a b
— ][] —><
) —Pa—> — Po—>
— P—>

combined fans

4 fanh C X Pc =Pat Po

Fan Pressure p

effective
resistance curve

5
Airflow Q

Figure 10.13 Characteristic curves for two fans connected in series.

The effective operating point is located at C, where the resistance curve intersects the combined
characteristic. Fans a and b both pass the same airflow, Q, but develop pressures p, and py
respectively The individual operating points are shown as A and B. For three or more fans, the
process of adding fan pressures remains the same. However, if the change in density through the
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combination becomes significant then the fan laws (Section 10.4.2) should be employed to
correct the individual characteristic curves.

As shown in Figure 10.13, the individual fans need not have identical characteristic curves.
However, if one fan is considerably more powerful than the other, or if the system resistance falls
to a low level, then the impeller of the weaker unit may be driven in turbine fashion by its stronger
companion. The weaker fan then becomes an additional resistance on the system. It is usual to
employ identical fans in combination.

10.5.2. Fans in parallel
For fans that are combined in parallel, the airflows are added for any given fan pressure in order

to obtain the combined characteristic curve. As shown in Figure 10.14, fans a and b pass airflows
Q. and Qy, respectively, but at the same common pressure, p.

o fan a fan b
o
S n A B
n 1P C
[7p]
o
(a
c combined
LCE fans
E
Qa Qp _ Qc= QatQp
Airflow Q

Figure 10.14 Characteristic curves for two fans connected in parallel.

The operating point for the complete unit occurs at C with the individual operating points for fans
a and b at A and B respectively. Here again, the fans need not necessarily be identical. However,
care must be taken to ensure that the operating points A and B do not move too far up their
respective curves. This is particularly important in the case of axial fans because of their
pronounced stall characteristic. In practice, before this condition is reached, the fans may exhibit

27




Chapter 10. Fans Malcolm J. McPherson

a noticeable "hunting" effect. For these reasons, the maximum variation in system resistance that
is likely to occur should be investigated before installing fans in parallel.

Three or more fans may be combined in parallel, adding airflows to obtain the combined
characteristic curve. Although Figure 10.14 shows two fans with differing characteristics, it is
prudent to employ identical fans when connected in parallel. This will reduce the tendency for one
of them to approach stall conditions before the other. However, variations in the immediate
surroundings of ductwork or airway geometry often results in the fans operating against slightly
different effective resistances. Hence, even when identical fans are employed, it is usual for
measurements to indicate that they are producing slightly different pressure-volume duties. In the
case of fans located in separate ducts or airways that are connected in parallel, the resistance of
those ducts or airways may be taken into account by subtracting the frictional pressure losses in
each branch from the corresponding fan pressures. In these circumstances, a better approach is
to consider the fans as separate units for the purposes of network analysis.

An advantage of employing fans in parallel is that if one of them fails then the remaining fan(s)
continue to supply a significant proportion of the original flow. In the example shown on Figure
10.14, if fan a ceases to operate then the operating point for fan b will fall to position E, giving
some 70 per cent of the original airflow. The latter value depends upon the number of fans
employed, the shape of their pressure-volume characteristic curves and the provision of non-
return baffles at the fan outlets.

Fans may be connected in any series/parallel configuration, adding pressures and airflows
respectively to obtain the combined characteristic curve. This is particularly useful for booster fan
locations. A mine may maintain an inventory of standard fans, combining them in series/parallel
combinations to achieve any desired operating characteristic.

10.6. FAN PERFORMANCE

Power is delivered to the drive shaft of a fan impeller from a motor (usually electric) and via a
transmission assembly. Losses occur in both the motor and transmission. For a properly
maintained electrical motor and transmission, some 95 per cent of the input electrical power may
be expected to appear as mechanical energy in the impeller drive shaft. The impeller, in turn,
converts most of that energy into useful airpower to produce both movement of the air and an
increase in pressure. The remainder is consumed by irreversible losses across the impeller and
in the fan casing (Sections 10.3.1.3 and 10.3.2.3) producing an additional increase in the
temperature of the air.

Impeller efficiency may be defined as

Airpower (10.33)
Shaft power
while the overall efficiency of the complete motor/transmission/impeller unit is given as

Airpower
Motor input power

(10.34)

In the following subsection, we shall define other measures of fan efficiency. As there are several
different forms of fan efficiency it is prudent, when perusing manufacturers' literature, to ascertain
the basis of any quoted values of efficiencies. It is also important to use the same measure of
efficiency when comparing one fan with another. However, the one parameter that really matters
is the input power required to achieve the specified pressure-volume duty, as this is the factor
that dictates the operating cost of the fan.
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10.6.1. Compressibility, fan efficiency, and fan testing

In our previous analyses, we have defined airpower as the product pQ on the basis of
incompressible flow. That simplification will give an error of less than one percent when testing
fans that develop pressures up to 2.8 kPa. Unfortunately, fan operating costs at many large
mines are such that one per cent may represent a significant expenditure. Furthermore, mine fan
pressures exceeding 6 kPa are not uncommon. For these reasons, we should take air
compressibility into account when measuring fan performance.

Applying the steady-flow energy equation (3.25) to a fan gives

u,® —u,? ( J
% +(Z21-2Z5)9 +W = JVdP +Fpp = (Hy—Hi) - dg, ka (10.35)
g
1

where subscripts 1 and 2 refer to the fan inlet and outlet respectively

w = Impeller shaft work (J/kg of air)

Y = Specific volume of air (m*/kg)

P = Absolute (barometric) pressure (Pa)
Fio = Frictional losses (J/kg)

H = Enthalpy (J/kg) and

J12 = Heat added through fan casing (J/kg)

For the purposes of this analysis we shall assume that the change in elevation through the fan is
negligible, Z, - Z, = 0. Furthermore, we shall assume that the change in air velocity across the
fan is also negligible compared to other terms, u; = u,. This latter assumption implies that the fan
total pressure, referred to here simply as py, is equal to the increase in barometric pressure
across the fan, P, — P;. Then

2
1

It is also reasonable to assume that the heat transferred from the surroundings through the fan
casing is small compared to the shaft work. The steady-flow energy equation then simplifies to
the adiabatic equation

2
W o= JVdP +F, = (Hy—H,) J (10.37)
1

In order to define a thermodynamic efficiency for the fan impeller, we must first designate a
"perfect” fan against which we can compare the performance of the real fan. In the perfect fan,
there are no losses, Fi» = 0. As we now have a frictionless adiabatic, i.e. an isentropic
compression we can write:

2
J
Wisen = JVdP = (H2,isen_H1) @ (10.38)
1

where the subscript isen denotes isentropic conditions.

29



Chapter 10. Fans Malcolm J. McPherson

10.6.1.1. The pressure-volume method

There are two methods of determining the efficiency of a fan. The technique that is accepted as
standard by most authorities relies upon measurement of the fan pressure, airflow and shaft
power, and is known as the pressure-volume method.

2
The first step is to evaluate the integral IVdP . Here, we have a choice. We can use the
1

isentropic relationship
PV” = Constant C (10.39)

where y =the isentropic index (i.e. the ratio of specific heats C,/C, =1.4 for dry air). This will lead
to the isentropic efficiency of the fan.

Alternatively, we could employ the actual polytrope produced by the fan
PV" = Constant

and assume that it is a reversible (ideal) process. This will lead to the polytropic efficiency of the
fan. Both measures of efficiency are acceptable provided that the choice is stated clearly. While
the polytropic efficiency is closer to a true measure of output/input, and takes any heat transfer,
d10, iNto account, the isentropic efficiency has the advantage that the index y is defined for any
given gas. For this reason, we shall continue the analysis on the basis of isentropic compression

within the ideal fan. In practice, polytropic and isentropic efficiencies are near equal for most fan
installations.

(C/P )% into equation (10.38) gives

=%

Substituting V

NS

4 -

isen

Se

<
|
- C— N

P

but as C% = P%V

Y /4 P, Vs
W, = — PV, - P V| = 4PV, |22 -
isen 7/_1[ 2V2 1 1] 7/_1 1 1|:Pl V1 :|

from equation (10.39)

b
Now Va = P
Vl P2

" Fan efficiencies can be defined in terms of areas on the Ts diagram of Figure 3.7:
Area ACBXY Area ADBXY

AreaDBXZ ooy = T AreaDBXZ

Nisen
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P -2 J
.. v 2 V4

iving W, = —4—— PV, {2 -1 =
g g isen 7/_1 1V1 |:P1:| kg

In order to convert the shaft work from J/kg to shaft power, P, (J/s or Watts), we must multiply
by the mass flow of air

M = Q p = & kgls
Vl
where p = air density ( kg/m°)
1-°
P r J
Then Poyjsen = # P Q: {P—j -1 ko w (10.40)

Now let us multiply both the numerator and denominator by fan pressure, p.

17
P P y
/4 1
POinSen = p; Qg S — |:_2:| -1 w

We can rewrite this equation as

Pow,isen = Ps Ql Kp (10.41)
1 1
P 7
where K, = 2 1 {&} -1 (10.42)
ry=1p [P

and is known as the Compressibility Coefficient. By substituting p; = (P, —P;) we obtain

Y (P%lj yi% !

K, = (10.43)

y-1 P, _
A 1

We can now see that our earlier assumption of incompressible flow ( P,y = pr Q ) involved an
error represented by the deviation of K, from unity. Figure 10.15 shows the variation in
compressibility coefficient with respect to the pressure ratio P»/P;. For unsaturated air the value
y = 1.4 may be used.
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The isentropic efficiency of the fan can now be defined as

Powi K
Misen = ow,isen _ Ps Ql p (10.44)
Shaft power Shaft power

Employment of this equation is a standard technique of determining fan efficiency and is known
commonly as the pressure-volume method.

0.995
o
>
c
2L 099
©
©
o
O
. 0.985
5
[7)]
[72]
S 0.98
£
5 [
6
0.975 s
1.4
0.97 13
1 1.01 1.02 1.03 1.04 1.05 1.06 107 12108

Pressure Ratio P,/P;

Figure 10.15 Variation of Compressibility Coefficient with respect to pressure ratio.
(y=1.4 for dry air.)

Two other terms used frequently in the literature are static efficiency and total efficiency. These
are obtained simply by using fan static pressure and fan total pressure, respectively, for psin
equation (10.44).

All of these measures of efficiency are matters of definition rather than precision. However, care
should be taken to ensure that the same measure is employed when comparing fan
performances.
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Equation (10.44) indicates that the pressure-volume method of fan testing requires the
measurement of pressures, air volume flow and the impeller shaft power. It is frequently the case
that a large fan installed at a mine site does not meet the specifications indicated by factory tests.
Part of the problem may be the less than ideal inlet or outlet conditions that often exist in field
installations. In particular, uneven distribution of airflow approaching the fan can produce a
diminished performance and may even result in premature blade failure.

Another problem is that turbulence and an asymmetric velocity profile may make it difficult to
obtain good accuracy in the measurement of airflow (Section 6.2). Water droplets in the airstream
can also result in erroneous readings from both anemometers and pitot tubes.

Impeller shaft power can be obtained accurately in the laboratory or factory test rig by means of
torque meters or, in the case of smaller fans, swinging carcass (dynamometer) motors. However,
for in-situ tests, it may be necessary to resort to the measurement of input electrical power and to
rely upon manufacturer's data for the efficiencies of the motor and transmission.

Despite these difficulties, it is always advisable to conduct an in-situ test on a new main fan in
order to verify, or modify, the fan characteristic data that are to be used for subsequent ventilation
network exercises.

Example.

A fan passes an airflow of 300 m*/s at the inlet, and develops a pressure of 2.5 kPa. The
barometric pressure at the fan inlet is 97 kPa. The motor consumes an electrical power of 1100
kW. Assuming a combined motor/transmission efficiency of 95 per cent, determine the isentropic
efficiency of the impeller and, also, of the total unit.

Solution.
P, = 97 kPa, P,=97+25 = 99.5kPa

Using a value of y = 1.4 for air, equation (10.40) gives the air power (or isentropic shaft power)
as

1

1-5
/4 P, J
P, : =P —= -1 —
ow isen y—1 1 Q1 |:P1:| kg

0.286
= 3.5x97000x300 {{%} - 1}

= 7439x10° W or 743.9 kW

Actual shaft power,

Pow = 1100 x 0.95 = 1045 kW

Isentropic efficiency of impeller

P
Mgen = ——t = 1439 0.712 or 71.2 percent
Pow 1045
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The overall isentropic efficiency of the unit is

743.9
Nisen (OVerall) = Tioo - 0.676 or 67.3 percent

Note that if compressibility had been ignored, the isentropic shaft power would have been

P p; Q = 25x300 = 750 kwW

ow,isen

involving an error of 0.8 per cent from the true value of 743.9 kW.

10.6.1.2. The thermometric method

Unsaturated Conditions

The problems associated with in-situ pressure-volume tests on mine fans have led researchers to
seek another method that did not require the measurement of either airflow or shaft power. The
earliest such work appears to have been carried out on the 1920's (Whitaker) although later work
was required to make it a practical proposition (McPherson 1971, Drummond 1972).

The thermometric method of fan testing is based on the enthalpy terms in the steady flow energy
equation. The shaft work for the ideal isentropic fan is given by equation (10.38)

Wisen = (H2,isen - Hl)

If we assume that the air contains no free water droplets and that neither evaporation nor
condensation occurs within the fan then equation (3.33) gives

Wisen = (Hpjsen = Hi1) = Cp(Tgjsen —T1)  J/kg (10.45)
where C, = Specific heat at constant pressure of the air (1005 J/kgK for dry air).
Similarly, for the real fan (no secondary subscript)

W = C,(T, -T;) Jkg (10.46)

The isentropic efficiency is then given as the ratio of the shaft work for the isentropic fan to that
for the actual fan

Wisen (Tz,isen - Tl)

on = = 10.47
Misen W (Tz _ Tl) ( )
AT
or Nisen = % (10.48)
where ATgen = (Taigen—T1) °C and AT = (T,-Ty) °C

ATisen is, therefore, the increase in dry bulb temperature that would occur as air passes through
an isentropic fan, while AT is the temperature rise that actually occurs in the real fan. These two
parameters are illustrated on the Ts diagram of Figure 3.7.
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As AT can be measured, it remains to find an expression for the isentropic temperature rise. This
was derived in Chapter 3 as equation (3.53)

(r-1)
T2,isen _ |:P2i| 4

= 10.49
T, P, ( )
where y = Ratio of specific heats, C,/C, (1.4 for dry air).
Then
(r-1)
PZ ’ 4 o
ATisen = (Tz,isen _Tl) = Tl F -1 C (10.50)
1
(7—ly
o AT, T P 7
ivin oy = —sen = 1 /"2 -1 10.51
g g 77|sen AT AT |:Pl:| ( )

This equation may be employed directly as all of its variables are measurable. It can, however, be
simplified by employing the compressibility coefficient, K,, from equation (10.42)

(r-1)
Hw—l PG

Py : Py e

Substituting in equation (10.51) gives

(r-)pe Ty
Misen = ” P_lf Kp (10.52)
Using the value of y =1.4 for dry air gives
T
Teew = 0.286 PLTL g (10.53)

P, aT P

Furthermore, for fan pressures not exceeding 2.8 kPa, the compressibility coefficient may be
ignored for one per cent accuracy, leaving the simple equation:

_ 0286 Pr L

Misen P, AT (10.54)

This analysis has assumed that the airflow contains no liquid droplets of water. The presence of
water vapour has very little effect on the accuracy of equations (10.53 or 10.54) provided that the
air remains unsaturated. (See equations A10.15 and A10.16 in Appendix A10.2 following this
chapter.)
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Saturated Conditions

In many deep and hot mines, the reduction in temperature as the return air ascends an upcast
shaft may cause condensation. Exhaust fans operating at the surface will then pass fogged air - a
mixture of air, water vapour and droplets of liquid water. Equation (10.53) no longer holds due to
the cooling effect of evaporation within the fan. A more complex analysis, taking into account the
air, water vapour, liquid droplets, and the phase change of evaporation produces the following
differential equation which quantifies the temperature-pressure relationship for the isentropic
behaviour of fogged air:

L X
{(R+RVXS); + S }

P-e
ar _ (P-es) °ClPa (10.55)
dp L2p X
Cp, + XC,, —BX, + >
(P_es) RVT

A derivation of equation (10.55) and the full definition of the symbols are given in Appendix A10.2
at the end of this chapter.

Inserting the values of the constants gives

L X
0.286 | (1 + 1.6078 xs)I s
dT P 287.04 (P —ey)
2 °C/Pa (10.56)
dpP L2P X
1+ 4.1662X — 2.3741X  + s
463.81x10°% (P —e,)T?

where T = Absolute temperature (K)
P = Absolute pressure (Pa)
L = Latent heat of evaporation (J/kg)
X = Total moisture content (kg/kg dry air)
Xs = Water vapour content at saturation (kg/kg dry air) and
€s = Saturation vapour pressure at temperature T (Pa).

This equation can be programmed into a calculator or microprocessor for the rapid evaluation of dT/dP.

For the relatively small pressures and temperatures developed by a fan, we can write to a good
approximation

daT
ATisen = Pt d_P (10.57)

To improve accuracy, the values used for T and P should be the mean temperature and pressure
of the air as it passes through the fan.

Although the thermometric method eliminates the need for airflow and shaft power in the
determination of fan efficiency, it does introduce other practical difficulties. The temperature of the
air may vary with both time and position over the measurement cross-sections due to vortex
action and thermal stratification. The method of measuring the temperature rise across the fan
must give an instantaneous reading of the difference between the mean temperatures at inlet and
outlet measuring stations. This may be accomplished by thermocouples, connected in series, with
the hot and cold junctions distributed over supporting grids at the outlet and inlet measuring
stations respectively (Drummond).
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Poorly designed evasees on exhausting centrifugal fans may suffer from a re-entry down-draught
of external air on one side. A test should be made for this condition before positioning the exit
thermocouple heads.

Although the thermometric technique does not require an airflow in order to calculate efficiency,
the airflow is nevertheless still needed if that efficiency is to be compared with a manufacturer's
characteristic curve. If the site conditions are such that greater confidence can be placed in a
determination of shaft power than airflow, then the latter may be computed as

3
0 - Shaft power m* (10.58)

p1(Hy —Hy) S

where the shaft power is in Watts,
p1 = air density at inlet (kg/m®)
and H = enthalpy (J/kg)

If the air is unsaturated then
(Ho—H;) = Cy(T2-Ty)

In the case of fogged air, the enthalpies must be determined from equation (A10.3) in Appendix
A10.2 in order to account for water vapour and liquid droplets..

Example 1.

A temperature rise of 5.96 °C is measured across a fan developing an increase in barometric
pressure of 5 kPa and passing unsaturated air. The inlet temperature and pressure are 25.20 °C
and 101.2 kPa respectively. Determine the isentropic temperature rise and, hence, the isentropic
efficiency of the impeller.

Solution.
From equation (10.50)

ATigen = (273.15 + 25.2) {{ = 4143 °C

101.2+51"%%°
101.2

AT, .
- isen  _ 4.143 = 0.695 or 69.5 percent
AT 5.96

Then

Tisen

Ignoring the effects of compressibility allows equation (10.54) to be applied, giving

5 (27315 +25.2)
101.2 5.96

= 0.286 x

= 0.707 or 70.7percent

Misen

Hence, in this example, ignoring compressibility causes the percentage fan efficiency to be
overestimated by 1.2,

37



Chapter 10. Fans Malcolm J. McPherson

Example 2.

A surface exhausting fan passes fogged air of total moisture content X = 0.025 kg/kg dry air. The
pressure and temperature at the fan inlet are 98.606 kPa and 18.80 °C respectively. If the
temperature rise across the fan is 2.84 °C when the increase in pressure is 5.8 kPa, calculate the
isentropic efficiency of the impeller.

Solution.
The mean barometric pressure in the fan is

P = 08.606+5.8/2 = 101.506 kPa
Atinlet, T, = 273.15+18.8 = 291.95K
and atoutlet, T, = 291.95+2.84 = 294.79K

Hence, the mean temperature is
T = 293.37K or t=20.22°C

The psychrometric equations in Section 14.6 allow the following parameters to be calculated. For
saturation conditions, the wet and dry bulb temperatures are, of course, equal.

Saturation vapour pressure:

e, - 610.6 exp{ 17.27t }

237.3 +t

17.27 x 20.22

= 610.6 exp| 22
237.3 + 20.22

} = 2369.5 Pa

Saturation vapour content:

X, = 0.622 —°s
(P_es)

— 0.622 x 2369.5 ~ 0.01487 kg/kg

(101506 — 2369.5)

Latent heat of evaporation:

L

(2502.5 — 2.386 t) 1000
(2502.5 — 2.386 x20.22) 1000 = 2454.26 x 10° Jikg

Substituting the known values into equation (10.56) gives

dT  0.286 [0.002959 + 0.001282]
dP  [L+0.10416 - 0.03530 + 2.29693 ]

= 3.604 x10™* °CperPa
This example shows that the term involving the total moisture content, X, is relatively weak

(0.10416). Hence, no stringent efforts need be made to measure this factor with high accuracy.

Then ATy, = pfg—; (equation (10.57))

= 5800 x 3.604 x10™* = 2.09 °C
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The isentropic efficiency is

AT, .
_ isen  _ 2.09 = 0.736 or 73.6 per cent
AT 2.84

Misen

10.6.2. Purchasing a main fan.

The results of ventilation network planning exercises will produce a range of pressure-volume
duties required of any new major fan that is to be installed. The process of finding and ordering
the fan often commences with the ventilation engineer perusing the catalogues of fan
characteristics produced by fan manufacturers. Several of those companies should be invited to
submit tenders for the manufacture and, if required, installation of the fan. However, in order for
those tenders to be complete, information in addition to the required pressure-volume range
should be provided by the purchasing organization.

(@)

(b)

()

(d)

(e)

(f)

(9)

(h)

The mean temperature, barometric pressure, humidity and, hence, air density at the fan
inlet should be given. This allows data based on standard density to be corrected to the
psychrometric conditions expected in the field.

In many cases of both surface and underground fans, noise restrictions need to be
applied. These restrictions should be quantified in terms of noise level and, if necessary,
with respect to direction.

A plan and sections of the site should be provided showing the proposed fan location
and, in particular, highlighting any restrictions on space.

The request for a tender must identify and, wherever possible, quantify the
concentrations and types of pollutants to be handled by the fan. These include dusts,
gases, water vapour and liquid water droplets. In particular, any given agents of a
corrosive nature should be stressed. The purchaser should further indicate any
preference for the materials to be used in the manufacture of the fan impeller and casing.
Specifications on paints or other protective coatings might also be necessary.

Any preference for the type of fan should be indicated. Otherwise, the manufacturer
should be specifically invited to propose one or more fans that will meet the other
specifications.

The scope of the required tender should be clearly defined. If the contractor is to be
responsible for providing, installing and commissioning the new fan, the individual items
should be specified for separate costing.

The motor, transmission, electrical switchgear and monitoring devices may be acquired
and installed either by the provider of the fan or separately. In either case, the voltage
and any restrictions on power availability should be stated.

Areas of responsibility for site preparation and the provision and installation of ducting
should be identified.
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10.7. BOOSTER FANS
10.7.1. The application of booster fans

In deep mines or where workings have become distant from surface connections the pressures
required to be developed by main fans may be very high in order to maintain acceptable face
airflows. This leads to practical difficulties at airlocks and during the transportation of personnel,
mined mineral and materials. More serious, however, is the fact that higher pressures at main
fans inevitably cause greater leakage throughout the entire system. Any required fractional
increase in face airflows will necessitate the same fractional increase in main fan volume flows for
any given system resistance. Hence, as both fan operating power and costs are proportional to
the product of fan pressure and airflow, those costs can rapidly become excessive as a large
mine continues to expand. In such circumstances, the employment of booster fans provides an
attractive alternative to the capital penalties of driving new airways, enlarging existing ones, or
providing additional surface connections. Legislation should be checked for any national or state
restrictions on the use of booster fans.

Unlike the main fans which, in combination, handle all of the mine air, a booster fan installation
deals with the airflow for a localized area of the mine only. The primary objectives of a booster fan
are

e to enhance or maintain adequate airflow in areas of the mine that are difficult or
uneconomic to ventilate by main fans, and
¢ to redistribute the pressure pattern such that air leakage is minimized.

A modern booster fan installation, properly located, monitored and maintained creates
considerable improvements in environmental conditions at the workplace, and can allow the
extraction of minerals from areas that would otherwise be uneconomic to mine. It has frequently
been the case that the installation of underground booster fans has resulted in improved
ventilation of a mine while, at the same time, producing significant reductions in total fan
operating costs. However, these benefits depend upon skilled system design and planning. An
inappropriate use of booster fans can actually raise operating costs if, for example, fans act in
partial opposition to each other. Furthermore, if booster fans are improperly located or sized then
they may result in undesired recirculation.

This section is directed towards the planning, monitoring and control of a booster fan installation.

10.7.2. Initial planning and location

An initial step in planning the incorporation of a booster fan into an existing subsurface system is
to obtain or update data by conducting ventilation surveys throughout the network (Chapter 6)
and to establish a correlated basic network (Section 9.2). Two sets of network exercises should
then be carried out.

First, a case must be established for adding a booster fan to the system. Network exercises
should investigate thoroughly all viable alternatives. These may include

e adding or upgrading main fans

e enlarging existing airways and/or driving new ones including shafts or other surface
connections

¢ redesigning the underground layout to reduce leakage and system resistance - for
example, changing from a U-tube to a through-flow system (Section 4.3), and

¢ reducing face resistance by a redesign of the face ventilation system or the replacement
of line brattices with auxiliary ducts and fans.
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If it is decided to progress with the planning of a booster fan installation then a second series of
network exercises should be carried out to study the preferred location and corresponding duty of
the proposed booster fan. Conventional VNET programs can be used for this purpose. Each of
the alternative feasible locations is simulated in a series of computer runs in order to compare
flow patterns and operating costs’. Flow patterns predicted by the simulations should be checked
against the constraints of required face airflows and velocity limits as for any other network
exercise (Figure 9.1). Additionally, there are several other checks that should be carried out for a
booster fan investigation:-

Practical constraints on booster fan location

Although there may be a considerable number of branches in the network within which a booster
fan may, theoretically, be sited in order to achieve the required flow enhancement, the majority of
those might be eliminated by practical considerations.

Booster fans should, wherever possible, avoid locations where airlocks would interfere with the
free movement of minerals, materials or personnel. Furthermore the availability of dedicated
electrical power and monitoring circuitry, or the cost of providing such facilities to each potential
site should be considered. If a booster fan is located remotely from frequently travelled airways,
then particular vigilance must be maintained to ensure that it receives regular visual inspections
in addition to continuous electronic surveillance (Section 10.7.3).

Leakage and recirculation

For any given pressure developed by a booster fan in a specified circuit, there exists a fan
position where the summation of leakages inby and outby the fan is a minimum without causing
undesired recirculation. In a U-tube circuit (Figure 4.4), this location occurs where the operation of
the fan achieves zero pressure differential between intake and return airways at the inlet or outlet
of the fan. (See, also Figure 21.7.) Conventional wisdom is to locate the booster fan at this
"neutral point.” In practice, there are some difficulties. The neutral point is liable to move about
quite considerably because of

e variations in resistance due to face operations and advance/ retreat of workings

e changes in the pressures developed by the booster fan or any other fan(s) in the system

e variations in the system resistance due to movement of vehicles or longer term changes
in airway resistances.

It is preferable to examine the complete leakage pattern predicted by ventilation network analysis
for each proposed booster fan location.

The question of recirculation must be examined most carefully. If the purpose of the booster fan is
to induce a system of controlled partial recirculation (Section 4.5), then the predicted airflow
pattern must conform to the design value of percentage recirculation. However, undesired or
uncontrolled recirculation must be avoided. At all times, legislative constraints must be observed.

Installing a booster fan in one area of a mine will normally cause a reduction in the airflows within
other districts of the mine. In extreme cases, reversals of airflow and unexpected recirculations
can occur. While examining network predictions involving booster fans, care should be taken to
check airflows in all parts of the network and not simply in the section affected most directly by
the booster fan.

In addition to modifying airflow patterns, booster fans are also a very effective means of
managing the pressure distribution within a network. It is this feature that enables booster fans to
influence the leakage characteristics of a subsurface ventilation system. A properly located and

! Optimization programs have been developed (e.g. Calizaya, 1988) that determine the optimum
combination of main and booster fan duties, based on the minimization of total operating costs for each
booster fan location investigated by the engineers.
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sized booster fan can be far more effective in controlling leakage across worked out areas than
sealants used on airway sides or stoppings. Conversely, a badly positioned booster fan can
exacerbate leakage problems. These matters are of particular consequence in mines liable to
spontaneous combustion (Section 21.4.5). Hence, the pressure differences predicted across old
workings or relaxed strata should be checked carefully.

Steady state effects of stopping the booster fan

For each proposed location for a booster fan, network simulations should be run to investigate the
effect of stopping that fan. In general, the result will be that the airflow will fall in that area of the
mine and increase in others. (A cross-cut recirculation booster fan can cause the opposite effect
as discussed in Section 4.5.3). In all cases, the ventilation must remain sufficient, without the
booster fan, to ensure that all persons can evacuate the mine safely and without undue haste.
The implication is that main fans alone must always be able to provide sufficient airflows for safe
travel within the mine, and that booster fans merely provide additional airflow to working faces for
dilution of the pollutants caused by breaking and transporting rock. It is good practice to employ
two or more fans in parallel for a booster fan installation. This allows the majority of the airflow to
be maintained if one fan should fail (Section 10.5.2). Further, considerations regarding the
transient effects of stopping or starting fans are discussed in Section 10.7.3.

Economic considerations

The cost-benefits of a proposed booster fan should be analysed with respect to time. A major
booster fan installation should be assured of a reasonable life; otherwise it may be preferable to
tolerate short-lived higher operating costs. On the other hand, a cluster of standard axial fans
connected in a series/parallel configuration (Section 10.5) can provide an inexpensive booster fan
solution to a short term problem. The financial implications of such questions can be quantified by
combining total fan operating costs and the capital costs of purchasing and installing the booster
fans, using the methods described in Section 9.5.

10.7.3. Monitoring and other safety features

When a booster fan is installed in a subsurface ventilation system, it becomes an important
component in governing the behaviour of that system. However, unlike other components such as
stoppings, regulators or air crossings, the booster fan is actively powered and has a high speed
rotating impeller. Furthermore, it is usually less accessible than a surface fan in case of an
emergency condition. For these reasons a subsurface booster fan should be subjected to
continuous surveillance. The traditional way of doing this was to post a person at the booster fan
location at all times when it was running. This was one of life's more tedious jobs. Some
installations reverted to the use of television cameras. A bank of display monitors covering a
number of sites could be observed by a single observer at a central location. The problems
associated with such methods were that they depended upon the vigilance of human beings and
were limited to visual observations. The task may now be undertaken much more reliably and
efficiently by electronic surveillance, employing transducers to sense a variety of parameters.
These transducers transmit information in a near continuous manner to a central control station,
usually located on surface, where the signals are analysed by computer for display, recording and
audio-visual alarms when set limits are exceeded. Alarms and, if required, displays may be
located both at the control station and also at the fan site.

The monitors used at a booster fan may form part of a mine-wide environmental monitoring
system which can, itself, be integrated into a general communication network for monitoring and
controlling the condition and activities of conveyors, roof supports, excavation machinery and
other equipment. However, sufficient redundancy should be built into the booster fan surveillance
such that it remains operational in the event of failures in other parts of the mine monitoring
system.
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The parameters to be monitored at, or near, a booster fan installation include:

gas concentrations (e.g. methane) in the air approaching the fan

carbon monoxide and/or smoke both before and after the fan

pressure difference across the fan measured, preferably, at the adjoining airlock
an indication of airflow in the fan inlet or outlet

bearing temperatures and vibration on both the motor and the fan impeller and
positions of the airlock and anti-reversal doors.

All monitors should be fail-safe, i.e. the failure of any transducer should be detected by
interrogative signals initiated by the computer, resulting in automatic transfer to a companion
transducer, display of a warning message and printing of an accompanying hardcopy report. It
follows that all transducers must be provided with at least one level of back-up devices.

The monitoring function is particularly important where controlled partial recirculation is practiced
or at times of rapid transient change in the ventilation system. The latter may occur by an
imprudent operation of doors in other areas of the mine or at a time when either the booster fan
itself or other fans in the system are switched on or off. Any sudden reduction in air pressure
caused by such activities can cause gases held in old workings or relaxed strata to expand into
the ventilating airstream (Section 4.2.2).

A booster fan should be provided with electrical power that is independent of the main supply
system to the mine. However, electrical interlocks should be provided according to a
predetermined control policy (Section 10.7.4). This policy might include:

e automatic stoppage of the booster fan if the main fan(s) cease to operate
o stoppage of the booster fan if all of the local airlock doors are opened simultaneously
e isolation of electrical power inby if the booster fan ceases to operate.

The second item on this list may also be required in reverse. Hence, for example, the booster fan
could not be started if the local airlock doors were all open. However, those doors should open
automatically when the booster fan stops, in order to re-establish conventional ventilation by the
main fans. The question of interlocks may be addressed by legislation and might also be
influenced by existing electrical systems. All electrical equipment should be subject to the
legislation pertaining to that mine.

If the fan is to operate in a return airway, then the design will be improved if the motor is located
out of the main airstream and ventilated by a split of fresh air taken from an intake airway. In this
regard, it is also sensible to ensure that there are no flammable components within the
transmission train.

Anti-reversal doors, flaps or louvres should be fitted to a booster fan in order to prevent reversal
of the airflow through the fan when it stops.

All materials used in the fan, fan site and within some 50m of the fan should be non-flammable.
Furthermore, no flammable materials should be used in the construction of the local airlock,
stoppings or air crossings. Finally an automatic fire suppression system should be provided at the
fan station.

10.7.4. Booster fan control policy
Continuous electronic monitoring systems provide a tremendous amount of data. During the

normal routine conditions that occur for the vast majority of the time, all that is required is that the
monitoring system responds to any manual requests to display monitored parameters, and to
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record information on electronic or magnetic media. However, the ability to generate and transmit
control signals raises the question of how best to respond to unusual deviations in the values of
monitored parameters.

The vision of complete automatic control of the mine environment produced a flurry of research
activity in the 1960's and '70's (Mahdi, Rustan, Aldridge). This work resulted in significant
advances in the development of transducers and data transmission systems suitable for
underground use. However, a completely closed loop form of environmental control has seldom
been implemented for practical use in producing mines. The difficulty is that there are a number
of variables which, although of vital importance in an emergency condition, may not be amenable
to direct measurement. These include the locations of personnel and any local actions those
personnel might have taken in an attempt to ameliorate the emergency situation.

If an automatic control policy is to be implemented for a booster fan, careful consideration should
be given to the action initiated by the system in response to deviations from normal conditions.
The control policy that is established should then be incorporated into the computer software
(Calizaya, 1989).

The simplest control policy is to activate audio-visual alarms and to allow control signals to be
generated manually. Manual over-ride of the system must be possible at all times. In order to
examine additional automatic responses, unusual deviations in each of the monitored parameters
listed in the previous subsection are considered here:

(a) Methane (or other gas of concern)
Four concentration levels may be chosen or mandated by law

(i) concentration at which personnel are to be withdrawn

(ii) concentration at which power inby the fan is to be cut off

(iif) concentration at which power to the booster fan should be cut
(iv) concentration below which no action is to be initiated.

Levels (i) and (ii) are usually fixed by law. Electrical power inby the fan should be isolated
automatically when level (ii) is reached. If the fan is powered by an electric motor which is located
within the airstream then the power to the fan should also be cut when level (ii) is reached.
However, this may cause even more dangerous conditions for any personnel that are located
inby. Having the motor located in a fresh air split allows greater flexibility. At the present time, it is
suggested that when level (iii) is exceeded manual control should be established.

Level (iv) is relevant only for those systems where control of the volume flow of air passing
through the fan is possible. This may be achieved by automatic adjustment of impeller blade
angle, guide vanes or motorized regulators. Level (iv) may be set at one half the concentration at
which power inby the fan must be cut. Variations in the monitored gas concentration that occur
below level (iv) are to be considered as normal and no action is taken. Variations between levels
(iv) and (iii) may result in a PID (proportional/integral/differential) response. This means that
control signals will be transmitted to increase the airflow to an extent defined by the level of the
monitored concentration, how long that level has existed and the rate at which it is increasing.
The objective is to prevent the gas concentration reaching level (iii). The maximum increase in
airflow must have been predetermined by network analysis such that the ventilation of the rest of
the mine is maintained at an acceptable level.

(b) Smoke or carbon monoxide

The system should be capable of distinguishing hazardous levels of smoke or carbon monoxide
from short-lived peaks caused by blasting or nearby diesel equipment. A monitoring system that
initiates alarms frequently and without good cause will rapidly lose its effectiveness on human
operators. There is no single answer to the response to be initiated if these alarms indicate an
actual fire. Similar alarms arising from detectors in other parts of the mine may allow the probable
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location of the fire to be determined. Permitting the booster fan to continue running may
accelerate the spread of the fire and products of combustion. On the other hand, stopping the fan
might allow toxic gases to spread into areas where personnel could have gathered, particularly if
damage to the integrity of air crossings or stoppings is suspected. The only realistic action in
these circumstances is to revert to manual control.

(c) Pressure differential and airflow

An increase in the pressure developed by the fan will usually indicate an increase in resistance
inby. This might be caused by normal face operations, partial blockage of an airway by a vehicle
or other means, or obstruction of the fan inlet grill. No action is required other than a warning
display and activation of an alarm if the fan pressure approaches stall conditions. A rapid fall in
fan pressure accompanied by an increase in airflow is indicative of a short circuit and local
recirculation. A warning display should be initiated together with checks on the positions of air
lock doors followed, if necessary, by a manual inspection of the area. A simultaneous rapid fall in
pressure and airflow suggests a problem with the fan itself. The power supply should be checked
and, again, the fan should be inspected manually. Such circumstances will usually be
accompanied by indications of the source of the difficulty from other transducers.

(d) Bearing temperatures, vibration

Indications of excessive (or rising) values of bearing temperatures or vibration at either the motor
or the fan impeller should result in isolation of power to the fan and all electrical equipment inby
the fan.

(e) Positions of airlock doors
An airlock door which is held open for more than a pre-determined time interval should initiate a
warning display and, if uncorrected, should warrant a manual inspection.
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APPENDIX A10.1

Comparisons of exhausting and forcing fan pressures to use in pressure surveys.

As stated in Section 10.2 of this chapter, it is fan static pressures that should be employed when
a main surface fan is included in the route of a pressure survey. It is not immediately obvious why
this should be so when total pressures are used at all other survey measuring points. The
apparent anomaly arises from the way in which fan pressures are defined.

In this Appendix, we will consider an identical main fan at a mine surface in each of three
configurations. In each case the fan operates at the same speed and passes the same airflow
against a constant mine resistance. In such circumstances the fan will deliver the same air power
and, hence, produce the same rise in total (facing tube) pressure. In this illustrative example we
will take the increase in total pressure across the fan to be Ap, = 4000 Pa while the air velocity at
the fan measuring station produces a velocity pressure p, = 500 Pa.

Configuration 1.

Mine Resistance

fan
E pV,out = 500 Pa
E I Ps,out = 0
— _‘ Prout = Pvt Psout = 500 Pa

Ps,in Pt,in

Apt = Prout- Prin = 500 — (-3500) = 4000 Pa
-4000 Pa U -3500 Pa
(FTP and FSP)
Pv.n = Ptin - Psin = -3500 — (-4000) = 500 Pa
Fiaure A10.1 Main surface exhaust fan with no outlet cone.

Figure A10.1 shows the fan operating in an exhausting configuration with the same inlet and
exhaust cross sectional areas and no outlet cone. At the point of exit to the outside atmosphere
the velocity pressure remains at 500 Pa but the gauge static pressure is ps oy = 0, giving the total
pressure at this location to be

Pt,out = Pv,out T Ps,out = 500 + 0 =500 Pa

But as Ap; = Prout - Prin = 4000 Pa, it follows that the total pressure shown by a facing tube at the
fan inlet must be
Ptin = Prout- Apr = 500 —-4000 = -3500 Pa (negative with respect to the external
atmospheric pressure)
and the corresponding static pressure is psin = Ptin - Pvin = (-3500) — 500 = -4000 Pa

As the kinetic energy of the outlet air is dissipated entirely within the external atmosphere, it does
not contribute to the ventilating pressure applied to the mine. Hence, that effective ventilating
pressure becomes 3500 Pa rather than 4000 Pa and is indicated by the reading on the facing
tube gauge, i.e. p;in. Note, however that because of the way in which fan pressures are defined,
the total pressure at the fan inlet in a surface exhausting fan is equal to the Fan Static Pressure,
FSP (Figure 10.1(c)).
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Configuration 2.

Mine Resistance fan
E Pv,out = 300 Pa
— e Ps,out = 0
/1
— Ptout = Pv,outt Ps,out = 300 Pa
Ps.in Ptin

Apt = Prout- Pin = 300 — (-3700) = 4000 Pa

-4200 Pa -3700 Pa
(FTP and FSP)

Pv,n = Ptin- Psin = -3700 — (-4200) = 500 Pa

Figure A10.2 Exhausting fan with an outlet cone, slowing discharge air
and reducing exit velocity pressure to 300 Pa.

Figure A10.2 illustrates the effect of adding an outlet cone to the previous example of a surface
exhausting fan. The mine resistance, airflow and fan power remain unchanged. Hence the
increase in total pressure across the fan remains at 4000 Pa. However, as shown in the figure,
the exit total pressure is now 300 Pa. Hence the gauge inlet total pressure becomes

Pun = 300-4000 = —3700 Pa

Furthermore, as the inlet velocity pressure has remained unchanged at 500 Pa, the inlet static
pre