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In Part 1 of „The Management of Heat Flow in Deep Mines“ the
sources of heat, mechanism of heat transfer and strategies of
controlling heat transfer have been discussed. Part 2 deals with
the effects of heat on the human body and mine cooling strate-
gies for deep mines. In detail the effects of heat on a worker are
examined, heat stress and heat tolerance discussed and meth-
ods of assessing heat stress in different mining situations pre-
sented. Experiences from deep South African gold mines high-
light the adverse effects of heat stress environment on safety
and labour productivity. The principal methods of cooling of deep
and ultra deep mines are discussed. It is shown that auto-com-
pression of ventilation air is a deciding factor governing the
choice of surface or underground cooling of ventilation air. In the
case of deep and ultra deep mines, the use of chilled service
water and ice slurry has shown to be the most cost effective
means of mine cooling. In the case of ice slurry as cooling me-
dium advantage is taken of the latent heat of ice which signifi-
cantly reduces the amount of water required for mine cooling
and hence the cost of pumping the water to surface. Cooling
strategies for moderately deep, deep and ultra deep mines are
discussed. Examples of cooling of deep long mine tunnels are
given.

1 Introduction

In Part 1, heat flow from the rock strata into mining exca-
vations and other sources of heat in mines were examined
and strategies to reduce heat flow were discussed [1]. In
Part 2, the effect of heat on the work force and indices to
quantify mine climates will be discussed, and mine cool-
ing strategies examined. In deep mines, auto-compres-
sion of ventilation air necessitates the installation of re-
frigeration plants underground and promotes extensive
use of chilled water for mine operation and mine cooling.
In ultra-deep mines, the cost of pumping water for cool-
ing purposes back to surface becomes a major cost factor.
By using ice, the advantage of the latent heat of fusion
can be exploited and the amount of water required for
cooling reduced to about one fifth of what would be used
otherwise. The main cooling strategy is, however, the re-
duction of heat flow from the rock strata with the mea-
sures discussed in Part 1. Heat recovery shows promise in
ultra-deep mines.

2 Human heat stress
2.1 General

Heat stress causes discomfort, decreased productivity,
higher accident potential and abnormal physiological
strain in workmen. The ultimate consequence of excessive
heat stress is the collapse of the body’s system of thermal
regulation, which results in death due to heat stroke. The
provision of thermal conditions conducive to safe and
healthy working conditions is one of the major challenges
in deep and hot underground environments. A compre-
hensive treatment of fundamentals of human heat stress
can be found in the monograph on environmental engi-
neering in South African mines [2] [3]. Only the most ele-
mentary points will be discussed here.

2.2 Heat balance

Fundamental to an understanding of human heat stress is
the heat balance of a working man.

M – W – S = Q + R + C + E + G (1)

where 
M metabolic energy production, W
W mechanical work rate, W
S heat storage in the human body, W
Q respiratory heat exchange, W
R radiant heat exchange, W
C convective heat exchange, W
E evaporative heat transfer, W
G conductive heat transfer, W.

Figure 1 gives a schematic presentation of the energy bal-
ance of a human body. There are three major elements to
consider, namely 
– metabolic heat production,
– heat storage and
– cooling power of the environment.

Critical parameters which control the thermal regulation
mechanism are:
– Related to the human body: The body mass, the surface

area of the workman, the specific heat of the human
body, the radiant, conductive, convective and evapora-
tive heat transfers and the associated heat transfer coef-
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ficients, the skin temperature and conductance for heat
flow within the body to the skin surface and sweat rate.

– Related to the environment: Dry- and wet-bulb temper-
ature of the air, atmospheric pressure, thermal conduc-
tivity of ambient air, specific heat of ambient and moist
air and wind speed.

2.3 Heat stress and heat tolerance

Metabolic energy production, M, mechanical work rate,
W, ambient dry-bulb temperature, ta, mean radiant tem-
perature of the surroundings, tr, water pressure of ambient
air, pa, wind speed, v, atmospheric pressure, P, view factor
for radiant heat exchange for humans, fr, and skin surface
area, As are the main factors determining heat stress in
workmen.

An important observation is that there is a marked
improvement in the physiological responses of most
healthy young men after repeated periods of work in hot
conditions. Use of this finding is made by deliberately
conditioning workers for work in hot humid climatic con-
ditions. Four hours work under controlled environmental
conditions of 32.2 °C wet-bulb and 33.9 °C dry-bulb tem-
peratures have been found sufficient to acclimatize work-
ers forwork in the hot, humid conditions in gold mines. Of
practical significance is that some humans are inherently
heat intolerant and as such not suited for work under hot-
humid conditions. 

Heat acclimatisation procedures have been devel-
oped to prepare workers for work in deep mines and to
identify heat intolerant individuals. A particular risk group
are older persons that visit hot-humid workplaces irregu-
larly. These are not acclimatized and their thermo-regula-
tory system frequently does not function as efficiently as
that of younger persons. Vitamin C supplementation
(250 mg/day) of normal diet has been shown to have ben-
eficial effects during acclimatisation but the benefits tend
to diminish with time [3].

2.4 Effects of heat on safety and productivity

Heat stress has a negative bearing on physical work per-
formance and work-related accidents. 

By far the greatest body of experience concerning the
effects of heat on work performance and safety exists for
gold mines, where several hundreds of thousands of per-
sons work in hot humid environments [1]. The informa-
tion collected from the gold mines shows that up to an ef-
fective temperature, teff, of 28 °C, physical work perfor-
mance WP is virtually unaffected by the effective tempera-
ture. Above 28 °C, physical work performance decreases
with increasing effective temperature according to the fol-
lowing relationship

WP = 100 – (teff – 28)2.25 (%) (2)

Above teff = 36° physical work is no longer possible. 
Similarly, the rate of disabling injuries, expressed 

as the number of disabling injuries per year per 1,000
workers, increases rapidly with effective temperatures
above 28 °C. This is largely due to increased levels of 
fatigue and reduced alertness caused by the hot and hu-
mid working conditions and an increasing degree of diz-
ziness. 

While the demand for physical work in highly mecha-
nized workplaces is relatively low, the mental demands on
the work force tend to be high. Unfavourable environmen-
tal conditions have an adverse impact on the ability of
workers to perform complex tasks safely and efficiently
over prolonged periods of time. 

2.5 Assessment of heat stress

The purpose of assessing heat stress is [3]:
– to assess the average heat stress of a given work area,

with a view to providing optimum cooling and ventila-
tion,

– to assess the worst heat stress which may occur in a
work area in order to ensure that potentially dangerous
heat stress conditions do not exist,

– to assess the actual heat stress experienced by an indi-
vidual worker in a defined work place,

– to ensure that regulatory heat stress limits are adhered
to.

Heat stress depends on factors related to the individual
and the environment in which the individuals perform
their work. The complexity of heat stress assessment is ap-
parent from Equation 1 and Figure 1, which summarise
the most important elements controlling work in a hot-hu-
mid environment. Against this background it is not sur-
prising that numerous attempts have been made to devel-
op simple but reliable methods of assessing heat stress.
Over the years, more than 90 heat stress indices have been
developed. In general these heat stress indices involve the
graphical or mathematical combination of two or more of
the factors describing the heat stress environment [3] [4]
[5] [6].

Parameters which have a significant influence on
heat stress are the dry-bulb temperature of the air, tdb,
which together with the wet-bulb temperature, twb, pro-
vides a measure of the humidity of the mine air and its
ability to absorb water, and the velocity of the ventilation
air, v. These parameters determine the cooling power of
underground environments.

Fig. 1. Schematic presentation of energy balance of a 
human body, after [2]



159Geomechanics and Tunnelling 4 (2011), No. 2

H. Wagner · The management of heat flow in deep mines (part 2)

Figure 2, which originates from the South African gold
mining industry, summarises the relationship of wet-bulb
temperature, air velocity and cooling power. Also shown in
this figure are the recommended cooling power ranges to
safely perform light, moderate and hard work [3].

2.6 Heat stress indices

There are a number of heat stress indices that are used to
define heat stress environments. One of the oldest and
simplest heat stress indices is the dry-bulb temperature,
tdb. This index provides a reasonable assessment of heat
stress conditions in a relatively dry mine atmosphere and
is used successfully in potash mines to assess heat stress
conditions and to define acceptable heat stress limits.
Dry-bulb temperature on its own is not suited to assess
heat stress in hot-humid atmospheres as it provides no
measure of the relative humidity of ventilation air. For hot-
humid conditions as found in South African gold mines
the wet-bulb temperature, twb, has been used successfully
as a heat stress index. The dry-bulb and wet-bulb temper-
atures on their own suffer from the limitation that the
effects of humidity and air velocity on heat stress are
ignored. This is not serious as long as these two factors do
not change much in a mining area. However in the case of
significant changes these effects have to be taken into ac-
count.

The concept of the effective temperature, teff, devel-
oped by Yaglou in the early part of last century, accounts
for the effects of all three of the above parameters on heat
stress and has found application in many parts if the
world. The effective temperature is used in the German
coal mining industry and many other European countries
as a heat stress index. No simple equation exists to deter-

mine teff , instead a graph showing the relationship be-
tween dry-bulb, tdb, wet-bulb, twb, temperature and air ve-
locity, v, is used [2] [4]. 

Derivatives of the effective temperature of Yaglou [5]
are the Belgian effective temperature, teffB and the resul-
tant temperature, tres., which has been used in France.

teffB = 0,1 tdb + 0,9 twb. (3)

tres = 0,3 tdb +0,7 twb −v. (4)

The choice of heat stress indices to be used to regulate
heat stress values and to restrict working time in heat
stress areas is frequently at the discretion of mining au-
thorities. For example in the German Ruhr coal mining
district, shift time is reduced to 6 hours when a dry-bulb
temperature of 28°C is exceeded. At an effective tempera-
ture above teff > 29°C, shift time is reduced to 5 hours and
at teff > 32°C no work is allowed except rescue work [4].
The mining authority responsible for the dry and hot Ger-
man potash mines uses the dry-bulb temperature, tdb, to
define shift times depending on heat stress level and to set
limits for work in hot-dry mining conditions, i.e. at tdb
> 55°C work is only permitted with special permission and
defined safety precautions.

3 Mine cooling
3.1 General

When environmental conditions in a mine are such that
heat stress limits are reached, it becomes necessary to cool
the mine to establish conditions conducive to safe work-
ing. This is normally achieved by cooling the ventilating
air. The purpose of cooling the ventilating air is twofold,
namely to establish an atmosphere which avoids heat
stress conditions for the work force and to control heat
flow from the rock strata into the mine workings. When
the cold air comes into the contact with the hot and some-
times wet rock surfaces, it picks up heat and removes it
from the mine workings. The capability of the air to re-
move heat, dq, is determined by the mass flow rate, Ma, the
thermal capacity, Cp; and the change in temperature, dt.

dq = MaCpdt (4)

From this follows that the amount of heat that can be re-
moved by the ventilation air depends on the mass flow
rate, kg/s, and the temperature difference, which is deter-
mined by the temperature difference between the ventilat-
ing air and the environment temperature at the work
place. A critical factor for mine cooling is therefore that
the temperature of air used for mine cooling is low. In
deep mines, this goal is difficult to achieve because of the
amount of heat which the air picks up on its way from the
surface to the underground workings and the effects of au-
to-compression of air. Another factor which limits the ca-
pacity of air to remove heat from underground is the low
thermal capacity of air. Depending on moisture content,
the thermal capacity of air ranges from 1 kJ/kgK for dry air
to 1.93 kJ/kgK for water vapour. In comparison, the ther-
mal capacity of liquid water is Cpw = 4.187 J/kgK or about
four times that of dry air. 

Fig. 2. Graph showing the effects of wet-bulb temperature
and air velocity on cooling power and cooling powers 
required to perform light, moderate and hard physical work,
from [3].
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The traditional means of cooling deep mines is by
cooling the intake air on surface. This has many advan-
tages in terms of plant operation and discharge of heat
from the refrigeration plant. As long as mines are not too
deep and extensive, this is the normal cooling practice. In
the case of deep and very extensive mines, the following
problems are encountered:
– as a result of auto-compression, the air temperature in-

creases by nearly 10°C for every km of depth increase.
This means that intake air which is being cooled at sur-
face to about 4°C will increase its temperature to more
than 30°C in the case of a 3 km deep mine and as such
will no longer have sufficient cooling capacity to ensure
acceptable heat stress levels,

– the intake air will pick up heat from the rock walls along
its way to the workplaces

– the air temperature will increase as a result of 
friction.

For the above reasons, it has become common practice in
deep mines to cool air underground. This can be done
centrally in large underground refrigeration plants or de-
centrally close to the working place. This can be achieved
conveniently by using chilled water, which is cooled on
surface to 4°C and then piped underground in insulated
pipes. Associated with the change in potential energy of
the water moving down a shaft, the enthalpy will change
and the water temperature will increase by 2.34°C/km of
depth. To avoid this temperature increase, it has become
common practice to recover the increase in potential en-
ergy by operating water powered turbines such as Pelton
wheels [8] [9]. Cooling at the work place can be either di-
rectly by using the water to remove heat from the rock sur-
faces or by using direct or indirect water-air heat exchang-
ers to cool the air. Numerous devices have been developed
to this end.

Finally, instead of using water, ice slurry can be
pumped underground and used for cooling purposes. The
advantage of this approach is that the latent heat of ice in
the conversion process of ice to water can be utilized. The
latent heat of fusion of water, Lfw, is 335 kJ/kg°C or about
80 times the specific heat capacity of water which is
4.186 kJ/kg°C. The benefit of this is that the mass of cool-
ing medium which has to be removed from the mine is on-
ly about a fifth of that if water is used for cooling purposes
[8] [9].

3.2 Mine cooling strategies

Mine cooling strategies can be divided as follows:
– Strategies that aim at reducing the heat load in the mine
– Strategies that optimise mine cooling systems
– Strategies that minimise losses of cooling power

3.2.1 Strategies to reduce heat loads in mines

Strategies of reducing heat loads in deep mines have been
discussed in detail in Part 1. Essentially these amount to
minimizing the surface areas where heat transfer can take
place by:
– isolating old mining areas,
– filling mined out areas with backfill,
– insulating excavation walls,
– increasing mining rates-concentration of mining opera-

tions,
– insulating rock transport systems and/or separating

rock transport roadways from intake air,
– using few intake ducts with large cross-sections to min-

imise heat transfer from rock to ventilation air,
– utilizing cooling zone around intake ducts.

3.2.2 Strategies to optimise mine cooling systems

Apart from decisions concerning surface or underground
refrigeration systems and centralised or decentralised
mine cooling strategies, the design and control of mine
ventilation systems is crucial for the efficiency and effec-
tiveness of mine cooling. Recirculation of ventilation air in
remote areas of a mine can reduce the total heat load of
intake air. Service water used for drilling and dust sup-
pression should be chilled and distributed in insulated
pipes, and the use of diesel powered equipment should be
minimised. 

3.2.3 Strategies to minimise losses of cooling power

Apart from bringing the intake air by the shortest possible
route to the workplace, air losses should be minimised and
contact of the intake air with mine water avoided, i.e. wa-
ter drains should be covered or else piped out of the mine.
Heat exchangers should be well maintained. In ultra-deep
mines, consideration should be given to the development
of ducts which serve solely the purpose of removing the
very hot and humid air from the underground workings.
Up-cast ventilation shafts are such an example. These
shafts are usually not used for any other purpose than
transporting the hot and humid return air out of the 
mine.

Fig. 3. Effective temperature nomogram for lightly clothed
men, from [2]
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3.3 Development of isolated tunnels under high virgin rock
temperature conditions

In the case of tunnel development, the heat flow problem
is somewhat different from that of a mine. The reason for
this is that the rate of development of a mine is slow com-
pared to that of a tunnel. As a result, a zone of cooled rock
can develop along the intake duct. Due to this cooled
zone of rock surrounding the intake duct, which is al-
lowed to develop over a long period of time, heat flow
from the rock into the intake duct will be much smaller
than that into a tunnel that is being developed at a high
rate leaving insufficient time for the development of such
cooling zone. The rock in the immediate vicinity of the ex-
cavation will therefore be hot. Frequently the situation is
aggravated further by the use of powerful excavation ma-
chines. 

In determining ventilation requirements in tunnels,
account must be taken of factors such as [10] [11]:
– Heat generated by equipment, i.e. loaders, dump trucks,

TBMs, locomotives;
– Effect of service water;
– Heat and moisture transfer from broken rock being

transported in tunnel;
– Heat flow from surrounding rock including moisture ef-

fects;
– Effect of water pipes, including condensation;
– Effect of diesel engines;
– Ground water and drain water;
– Interactions between air inside ducts and air in tunnel;
– Thermal effect of fans; and 
– Duct leakage.

In analysing the ventilation and cooling requirements for
tunnels, it is convenient to distinguish between the tunnel
face zone and the remainder of tunnel. The length of face
zone is usually determined by tunnel excavation equip-
ment. In the case of full face tunnel boring machines,

TBMs, the length of TBM and power train can exceed
200 m and the total installed power including TBM, con-
veyors, pumps, auxiliary fans, etc. can be up to 3 MW.
Heat flow in the remainder of tunnel is to a large extent
controlled by heat flow from the surrounding strata into
the tunnel, i.e. virgin rock temperature, condition of tun-
nel walls (dry, wet or insulated), tunnel cross-section and
length of tunnel and insulation of tunnel walls.

Face zone:
Heat loads in the face zone are: 
– Heat flow from the surrounding rock. The heat from the

surrounding rock in the face zone should be determined
conservatively by assuming that the entire surface of the
surrounding exposed rock is wet and that the surface
convective heat transfer coefficient is high.

– Heat flow from ground water.
– Heat generated by TBM. As pointed out in Part 1, the

power used by the TBM does a negligible amount of
“thermodynamic work” and eventually all the energy
absorbed manifests itself as heat in the system. Experi-
ence shows that a 40%–50% factor, based on rated pow-
er of TBM system, can be used for predicting heat flow
for ventilation design purposes. The reasons for this rel-
atively low factor are the thermal storage effects, which
even out peaks [10].

– Heat generated by diesel equipment. When working at
full rated capacity, diesel engines produce a heat load
equivalent to some three times the rated power. Howev-
er, as diesel engines will seldom work at rated capacity, a
value of twice the rated capacity is often used as peak
heat load [10].

– Heat generated by electrical fans and pumps in the face
zone.

Heat sinks in the face zone are:
– Chilled water that is used for cooling the TBM and for

dust suppression.
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– Heat removed with the broken rock.
– Heat removed with the ventilation air.
Remainder of tunnel:
Heat loads in the remainder of tunnel are:
– Heat flow from the surrounding rock. The total heat

flow will depend on the length of tunnel, the tempera-
ture of ventilation air in the tunnel, the virgin rock tem-
perature, the age of tunnel and the conditions of tunnel
walls. In very long tunnels, heat flow from the surround-
ing rock is the major source of heat. 

– Heat flow from the rock that is transported out of the
tunnel.

– Heat flow from ground water

Heat sinks are: 
– Ventilation air
– Refrigerated water
– Broken rock

A complex issue is the heat flow related to ventilation air
and chilled water. In the case of forced ventilation, cold
air is delivered through the ventilation ductwork to the
tunnel heading. Due to the substantial temperature differ-
ence between the cold air in the ventilation ductwork and
the warm air in the tunnel the air in the ductwork will heat
up and some of its cooling power lost. At the same time
the air in the tunnel will be cooled. The rate of heat flow
will depend on the quality of insulation of ventilation
ductwork. Further causes of loss of cooling power are fric-
tional heating of intake air in the ventilation ductwork and
unavoidable leakages of ventilation ductwork systems,
which result in a loss of cold air from the ductwork into
the warm air flowing in the tunnel. The design, installation
and maintenance of ventilation ductwork systems in hot
tunnel environments is a crucial factor in the aims of ven-
tilation of tunnel development. Because of its low specific
heat, ventilation air should be substituted in tunnel refrig-
eration by chilled water or ice as far as is practical and
commensurate with legislation. Usually the amount of
ventilation air required is governed by regulations control-
ling the use of diesel powered equipment. Where feasible,
diesel powered equipment should be replaced by electrical
equipment.

Using chilled service water for cooling of tunnel
headings offers a number of advantages. The thermal ca-
pacity of water is 4.186 J/kg°C or about four times that of
air. Hence the mass of coolant required is substantially
smaller. In addition, chilled service water can be piped to
the tunnel heading in insulated pipes and reach the head-
ing at temperatures well below 10°C. Heat transfer from
the hot water leaving the tunnel heading can be mini-
mized by covering the water drains or by piping the water
out of the tunnel. If chilled service water is used to remove
most of the heat, then less than 10 l/s of chilled water are
required for cooling purposes. The argument that the use
of chilled service water will increase the humidity of the
air is only partly correct, as water is required in any case
for purposes of dust suppression and cooling of cutting
tools and machinery. A detailed study of gold mines has
shown that the amount of water required in the course of
normal mining operations is sufficient to meet the cooling
requirements [9].

4 Mine cooling strategies

The design of mine cooling systems depends on local cir-
cumstances and in particular the on depth below surface
of the mining operations [8] [9] [14].

4.1 Moderately deep mines (depth << 2000 m)

In relatively shallow mines and conditions of high virgin
rock temperatures, surface cooling of ventilation air offers
many operational advantages and is the preferred route.
Intake ducts should be as short as possible to avoid un-
necessary heat flow from the rock strata but of adequate
size to avoid high air velocities and pressure losses. Prefer-
ably rock transport from the workings to surface should
not be in intake ducts to avoid heat transfer from the bro-
ken rock to the ventilation air. This is particularly impor-
tant in coal mines where coal is transported on conveyor
belts. Hoisting rock in shafts is less of a problem as the
rock is usually contained in a skip or in cars and as such
the surface area where heat transfer can take place is
small. 

Contact of mine water with intake air should be
avoided to keep moisture levels of the air low. Mining op-
erations should be concentrated as far as is practical and
mining rates should be high. Old and unused mine work-
ings should be isolated.  

4.2 Deep mines (depths 2-3000 m below surface)

In deep mines, underground cooling of the air is to be pre-
ferred because of adverse effects of auto-compression on
air temperatures. Intake air should enter the mine at the
deepest level. Operating water should be chilled and
brought to the working places in well insulated pipes. Free
running water should be kept away from the intake air.
Unused areas should be isolated to prevent heat flow from
rock strata into the mine workings. 

4.3 Ultra-deep mines (depths >>3000 m)

In ultra-deep mines, the use of ice to cool the mines
should be considered as it can significantly reduce the
cost of pumping water required for mine cooling. Back fill-
ing of stoping excavations not only improves strata con-
trol but offers substantial environmental benefits by re-
ducing heat flow from the rock strata into the mine work-
ings. Consideration should be given to insulating the walls
of intake air ducts [12]. Recirculation of air should be con-
sidered in the more remote sections of ultra-deep mines
[13]. In development work under very high virgin rock
temperatures, it may become necessary to introduce mi-
cro-climate cooling and personal cooling. Twin tunnel de-
velopment should be considered as it offers the possibility
of using one of the tunnels for the removal of excessively
hot and humid air. Mine workers need to be assessed in
terms of their heat tolerance characteristics.

5 Conclusions

Heat flow in deep mines has important impacts on the
safety, productivity and cost of mining operations and re-
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quires careful planning and management. In deep and ul-
tra-deep mines, the negative effects of heat stress condi-
tions on work performance and the cost of mine cooling
are detrimental to the economics of  mining operations
and restrict mining operations to very rich mineral de-
posits. So far the commercial use of heat released in deep
mining operations has been rather limited. There is con-
siderable scope to utilize the geothermal heat released by
mining operations to improve mine cooling and the eco-
nomics of deep mining operations [6].
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