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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.

The book remains a reference and text for professional engineers, researchers and teachers as well as
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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.
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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.
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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
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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).



Introduction to Fluid Mechanics Malcolm J. McPherson

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




Introduction to Fluid Mechanics

Malcolm J. McPherson

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
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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:| )
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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



Fundamentals of Steady Flow thermodynamics Malcolm J. McPherson

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
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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.
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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.

Vent. Raise
or ramp ’

|

Vent. Raise
or ramp

Drawpolnts

Figure 4.12 Ventilation system for sub-level open stopes
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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)
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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 