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14.1. INTRODUCTION 
 
Around the surface of the earth, air that is not affected by any local source of pollution has a 
composition that is remarkably constant. Air analyses are usually carried out on samples from 
which all traces of water vapour have been removed. The moisture-free composition of air is 
given on both a volume and mass basis in Table 14.1. Argon forms the largest fraction, by far, of 
the monatomic gases. The value of the molecular weight given is, in fact, that for argon. 
 

Gas Volume 
per cent 

Mass 
per cent 

Molecular 
weight 

Nitrogen 78.03 75.46 28.015 
Oxygen 20.99 23.19 32.000 
Carbon Dioxide 0.0381 0.05 44.003 
Hydrogen 0.01 0.0007 2.016 
Monatomic gases 0.94 1.30 39.943 
    
Equivalent molecular weight of dry air        28.966 

 
Table 14.1 Composition of dry air 

 
However, there is another gas present in the free atmosphere, water vapour, that is rather 
different to the others in that its concentration varies widely from place to place and with time. 
This is because the pressures and temperatures that exist within the blanket of air that shrouds 
our planet also encompass the ranges over which water may exist in the gaseous, liquid or solid 
forms - hence the appearance of clouds, rain, snow and ice. Evaporation of water, mainly from 
the oceans, coupled with wind action, produce and transport water vapour through the 
atmosphere. Increases in pressure or, more effectively, decreases in temperature may result in 
condensation of the water vapour to form clouds which, in turn, can produce droplets large 
enough to be precipitated as rain, snow or hail. 
 
On other planets with very different atmospheres and gravitational fields, similar phase changes 
occur in other gases. Because of its variable concentration within the earth's atmosphere, 
airborne water has become the subject of a special study, psychrometry. 
 
Changes of phase are particularly important within the confines of closed environments, including 
subsurface ventilation systems. Ice to liquid and ice to vapour phase changes occur in mines 
located in cold climates and, particularly, if situated in permafrost. However, the vast majority of 
humidity variations that occur in underground airflows are caused by the evaporation of liquid 
water or the condensation of water vapour. This chapter concentrates on the phase changes 
between liquid water and water vapour. Virtually all mines produce water from the strata and/or 
dust suppression techniques. Even with the hygroscopic minerals of evaporite mines, the water 
vapour content in return airways is normally higher than that in the intakes. 
 
Subsurface environmental engineers have a particular interest in psychrometry for two reasons. 
First, if we are to comprehend fully the thermodynamic processes that occur in ventilation circuits 
then variations in humidity must be taken into account. For example, strata heat may be emitted 
into a wet airway without there being a corresponding increase in air temperature. This could 
occur if all the added heat were utilized in exciting some of the water molecules until their kinetic 
energy exceeded the attractive forces of other molecules in the liquid water. They would then 
escape through the liquid/air surface and become airborne as a gas. The process of evaporation 
                                                      
1 The concentration of atmospheric carbon dioxide varies with both location and time. At the time of writing, 
the average global concentration is increasing at about 0.00016 percent per year 
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increases the energy content of the air/vapour mixture. This may be termed a latent (or hidden) 
rise in the heat content of the air as there is no commensurate increase in temperature and, 
hence, no indication on an ordinary thermometer. 
 
Alternatively, if there were no liquid water present, then the strata heat would be directed 
immediately to the airstream, causing a temperature rise of the air that would be sensed by a 
thermometer. This is an increase in the sensible heat of the air. 
 
These examples illustrate that if we are to predict quantitatively the climatic effects of strata heat, 
water inflows, machines or air coolers, then we need to have methods of analysis that take 
humidity into account. 
 
The second reason for the study of psychrometry is the effect of heat and humidity on the human 
body. This is examined in detail in Chapter 18. However, for the time being, we will concentrate 
on developing means of quantifying the psychrometric relationships that enable predictions to be 
made of temperature and other climatic variables in the environment. 
 
 
14.2. BASIC RELATIONSHIPS 
 
Most of the psychrometric equations that are used in practice are based on the premise that air is 
a mixture of perfect gases and that the air itself behaves as a perfect gas. Within the ranges of 
temperatures and pressures that are reasonable for human tolerance, this assumption gives rise 
to acceptable accuracy. The majority of this chapter assumes perfect gas laws. However, in 
certain areas of some underground facilities, (including possible future mining scenarios) the 
atmosphere will require control, but not necessarily within physiologically acceptable ranges. For 
this reason, more accurate relationships are included that take some account of deviations from 
the perfect gas laws. 
 
 
14.2.1. Basis of measurement 
 
A question that should be settled before embarking on a quest for psychrometric relationships is 
how best to express the quantity of water vapour contained within a given airstream. As we saw 
in Chapter 3, it is preferable to conduct our analyses on a mass (kg) basis rather than volume 
(m3), as variations in pressure and temperature cause the volume of the air to change as it 
progresses through a ventilation system. That choice relied upon the assumption that the mass 
flow of air remained constant along a single airway. Now we are faced with a different situation. 
The addition of water vapour to an airstream through evaporative processes, or its removal by 
condensation, result in the mass flow of the air/vapour mixture no longer remaining constant. 
 
Within the mixture, molecules of water vapour coexist with, and occupy the same volume, as the 
nitrogen, oxygen and other gases that comprise the air. We can assume, however, that in the 
absence of chemical reactions or the addition of other gases, it is only the concentration of water 
vapour that varies, due to evaporation and condensation. The mass flow of the rest of the air 
remains constant. 
 
It is a convenient, although somewhat artificial, device to consider the air to be divided into a fixed 
mass of "dry air" and an associated but variable mass of water vapour. For most purposes, we 
can then refer to the moisture content in terms of grams or kilograms of water vapour per 
kilogram of "dry air". Occasionally, we may use the alternative measure of grams or kilograms of 
vapour per kilogram of the real mixture of air and vapour. Throughout this chapter we shall use 
the term "air" to mean the actual mixture of air and water vapour, and "dry air" for that fraction 
which does not include the water vapour. Hence, a moisture content of 0.02 kg/kg dry air means 
that in each 1.02 kilograms of air, 0.02 kilograms are water vapour and 1 kilogram is "dry air". 
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14.2.2. Moisture content (specific humidity) of air 
 
In order to quantify the mass of water vapour associated with each kilogram of "dry air", let us 
conduct an imaginary experiment. 
 
Suppose we have a closed vessel of volume V m3 containing 1 kg of perfectly dry air at a 
pressure Pa Pascals and temperature T degrees Kelvin. If we inject X kg of water vapour at the 
same temperature, the pressure within the vessel will increase to: 
 
 P   =   Pa + e     Pa  
 
where e is the partial pressure exerted by the water vapour (Dalton's law of partial pressures for 
perfect gases). Both the air and the water vapour occupy the same volume, V, and are at the 
same temperature, T. 
 
The problem is to determine the mass of water vapour, X, if we can measure nothing more than 
the initial and final pressures, Pa and P. 
 
From the general gas law: 
 
(i) for the X kg of water vapour: 
 
 eV   =   X Rv T   Joules (J)     (14.1) 
 
where  Rv  =  gas constant for water vapour (461.50 J/kg K), and 
 
(ii) for the original 1 kg of dry air, 
 
 Pa V   =   1 x Ra T   J      (14.2) 
 
where  Ra  =  gas constant for dry air (287.04 J/kg K) 
 
Dividing equation (14.1) by (14.2) gives 
 

 X
R
R

P
e

a

v

a
=  

 
However, the absolute (barometric) pressure in the vessel is 
 
 P    =    Pa + e 
 
Hence, 

 
)( eP

e
R
R

X
v

a

−
=        (14.3) 

 
Inserting the values of the gas constants gives 
 

 X    =    0.622 
)( eP

e
−

  
airdrykg

kg      (14.4) 

 
This gives the moisture content of the vessel in kg per kg of dry air, provided that the partial 
pressure of the water vapour, e, can be evaluated. This is, of course, simply the difference 
between the initial and final absolute pressures. However, e can be determined independently, as 
we shall see a little later in the chapter. 
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14.2.3. Saturation vapour pressure 

 
Returning to our experiment, suppose we continue to inject water vapour. The partial pressure of 
water vapour (and, hence, the absolute pressure in the vessel) will continue to rise - but only to a 
certain limiting value. The partial pressure of the dry air fraction, Pa, will remain constant. If we 
insist upon forcing yet more vapour into the system while keeping the temperature constant, then 
the excess will condense and collect as liquid water on the sides and bottom of the vessel. (It is, 
in fact, possible to achieve a condition of supersaturation in the laboratory but that will not occur 
in natural atmospheres and is not considered here). 
 
When the system refuses to accept any more water vapour then we say, rather loosely, that the 
air has become saturated. In fact, it is not the air but the space that has become saturated. If we 
were to repeat the experiment starting with the vessel evacuated and containing no air then 
exactly the same amount of vapour could be injected before condensation commenced, provided 
that the temperature remained the same. 
 
The pressure, es, exerted by the water vapour at saturation conditions depends only upon 
temperature and not upon the presence of any other gases. The relationship between saturation 
vapour pressure and temperature for water has been determined not only experimentally but also 
through thermodynamic reasoning by a number of authorities. The tables of Goff and Gratch 
produced in 1945 are still regarded as a standard. The simplest analytical equation is known as 
the Clausius-Clapeyron equation. 
 

 
dT
de

e
s

s

1  = 
2TR

L

v

  K 1−       (14.5) 

 
where the latent heat of evaporation, L (J/kg) is the heat required to evaporate 1 kg of water. 
 
The derivation of the Clausius-Clapeyron equation is given in the Appendix A14 at the end of the 
chapter. This equation is based on the perfect gas laws and must, therefore, be regarded as an 
approximation. Furthermore, the latent heat of evaporation, L, is not constant. The higher the 
initial temperature of the liquid water then the less will be the additional heat required to 
evaporate it. The relationship between latent heat of evaporation and temperature is near linear. 
 
The equation 
 

L   =   (2502.5 - 2.386 t) 1000  J/kg      (14.6) 
          (where temperature, t, is in degrees Centigrade)    

 
is accurate to within 0.02 per cent over the range 0 to 60 °C. 
 
The equation may also be written as 
 

L    =    (3154.2 - 2.386 T) 1000   J/kg     (14.7) 
 
where the temperature T is in degrees Kelvin. 
 
The Clausius Clapeyron equation can be integrated over any given interval 
 

∫
2

1 s

s

e
de

   =    ∫ −
2

1
2

)(1
T

bTa
Rv

dT 

 
where a = 3 154 200 J/kg and b = 2386 J/kg K from equation (14.7).  
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Integrating gives 
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If the saturation vapour pressure, es1, at any given temperature, T1, is known, then equation 
(14.8) allows the saturation vapour pressure, es2, at any other temperature, T2, to be calculated. 
At 100°C, the saturation vapour pressure is one standard atmosphere (101.324 kPa) by definition 
(Section 2.2.3). Hence, this may be used as a starting point for the integration. 
 
There are two problems with equation (14.8). First, it is cumbersome for rapid calculation and, 
secondly, the assumption of perfect gas behaviour in its derivation introduces some uncertainty. 
The latter is not serious. Integrating down from a vapour pressure of 19.925 kPa at 60 °C and 
using equation (14.8) gives a maximum error of only 0.52 per cent over the range of 0 to 60 °C. 
Nevertheless, we can do much better and simplify the format of the relationship at the same time. 
 
Let us take temperature T1 to be the freezing point of water, 273.15 K or 0°C. Then temperature 
T2 may be expressed in degrees Centigrade as 
 
 t    =   ( 2T - 273.15)    °C 
 
or  T2  =   (t + 273.15)    K 
 
Furthermore, the logarithmic term in equation (14.8) can be rewritten as 
 

 ln 








2

1

T
T    =   ln 







 −
+

2

21(
1

T
TT

   =   ln 







−

2
1

T
t  

 
Expanding from the logarithmic series for the condition where t is much less than T2 gives the 
term as approximately ( -t/T2 ). 
 
Substituting into equation (14.8), simplifying and gathering constants together gives the form 
 







+
=

tC
BtAes exp2    Pa    (14.9) 

 
where A, B and C are constants. 
 
Curve fitting from the standard tables of Goff and Gratch over the range 0 to 60°C gives the 
widely used equation: 
 







+
=

t
tes 3.237

27.17exp6.6102   Pa     (14.10) 

 
This is accurate to within 0.06 percent over the given range. 
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For the more usual mining range of 10 to 40°C the curve fitting procedure gives 
 







+

=
t

tes 481.237
291.17exp162.6102  Pa    (14.11) 

 
having an excellent accuracy of within 0.01 per cent for that range. 
 
 
Example 
Find the saturation vapour pressure at a temperature of 30°C. 
 
Solution 
(i) Inserting t = 30 °C into equation (4.10) gives es = 4241.7 Pa or 4.2417 kPa 

This is in error by 0.026 percent when compared with the value of 4.2428 kPa  given by the 
Goff and Gratch tables. 

 
(ii) Using equation (4.11) gives es = 4.2431kPa, having an error of only 0.007   percent. 
 
 
14.2.4. Gas constant and specific heat (thermal capacity) of unsaturated air 
 
From the gas laws for 1 kg of dry air and X kg of associated water vapour, we have 
 

Pa V    =    1 Ra T 
and  e V      =    X Rv T 
 
Adding these two equations gives 
 

(Pa +e) V   =   (Ra + X Rv) T 
 

or  PV     =     (Ra +X Rv) T    J/kg     (14.12) 
 
Alternatively, we can treat the (1 + X) kg of air/vapour mixture as a perfect gas having an 
equivalent gas constant of Rm. Then 

 
 PV    =    (1 +X) Rm T    J/kg     (14.13) 
 
Equating (14.12) and (14.13) gives 
 

 Rm    =     
)1(

)(
X

RXR va

+
+

   J/(kg K)    (14.14) 

 
Hence, we have shown that the gas constant for the moist air is given simply by adding the gas 
constants for dry air, Ra, and water vapour, Rv, in proportion to the relative masses of the two 
components. 
 
The equivalent gas constant for moist air can also be expressed in terms of pressures by 
substituting for X from equation (14.4), leading to 
 

 Rm    =    287.04 
)378.0( eP

P
−

  J/(kg K)    (14.15) 
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Similarly, the equivalent specific heat (thermal capacity) of moist unsaturated air can be found by 
adding the specific heats of the two components in proportion to their masses. The specific heat 
at constant pressure becomes 
 

 
)1(

)(
X
XCC

C pvpa
pm +

+
=    J/(kg K)    (14.16) 

 
where  Cpa  =  Specific heat of dry air at constant pressure (1005 J/kg K) 
and  Cpv =  Specific heat at constant pressure for water vapour (1884 J/kg K). 
 
Also, the specific heat of moist air at constant volume is given as 
 

 Cvm    =    
)1(

)(
X

CXC vvva

+
+

   J/(kg K)    (14.17) 

 
where Cva  =  Specific heat of dry air at constant volume (718 J/(kg K) ) 
and    Cvv   =  Specific heat of water vapour at constant volume (1422 J/(kg K) ). 
 
 
14.2.5. Specific volume and density of unsaturated air 
 
The actual specific volume of moist unsaturated air, Vm, can be calculated from the general gas 
law for 1 kg of the air/vapour mixture: 
 

 Vm    =    Rm  
P
T  

 
Substituting for Rm from equations (14.14) and (14.15) gives 
 

 Vm    =     
P
T

X
RXR va

)1(
)(

+
+

  m3/kg of moist air   (14.18) 

 

and  Vm    =    287.04 
)378.0( eP

T
−

  m3 /kg of moist air   (14.19) 

 
In these equations, T is in degrees Kelvin and P in Pascals. 
 
As we saw in section 14.2.1 it is more convenient, for most purposes, to conduct our analyses on 
the basis of 1 kg of “dry air” rather than a kilogram of the true mixture. The apparent specific 
volume, based on 1 kg of dry air is simply 
 

 Vm (apparent) = 287.04 
)( eP

T
−

  m3/kg of dry air    (14.20) 

 
The actual density of the moist air, ρm, is the reciprocal of the actual specific volume 
 

 mρ      =    
T
P

RXR
X

va )(
1(
+
+   kg moist air/m3   (14.21)  

 

or  mρ      =     
T

eP
04.287

)378.0( −    kg moist air/m3    (14.22) 
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A useful approximate formula to calculate the effect of moisture on air density can be derived 
from equation (14.21) giving 

 

 mρ      =    )608.01( X
TR

P

a
−   kg moist air/m m3   (14.23) 

 
This equation makes clear that the density of air decreases as its moisture content rises. 
 
The apparent density, based on 1 kg of dry air, is the reciprocal of equation (14.20). 
 

mρ (apparent)    =    
T

eP
04.287

)( −   kg of dry air/ m3    (14.24) 

 
 
14.2.6. Relative humidity and percentage humidity 
 
Relative humidity is widely used by heating and ventilating engineers as an important factor 
governing comfort of personnel in surface buildings. In open surface areas or in through-flow 
subsurface facilities, its use as a physiological parameter is very limited and can be misleading, 
owing to the wider range of air temperatures that may be encountered (see, also, Chapter 18). 
On the other hand, the concept of relative humidity, rh, is a convenient way of expressing the 
degree of saturation of a space. It is defined as 
 

 rh    =    100×
sde
e  percent      (14.25) 

 
where esd   =   saturation vapour pressure at the air (dry bulb) temperature. 
 
This definition indicates that relative humidity is the ratio of the prevailing vapour pressure to that 
which would exist if the space were saturated at the same temperature. A similar concept is that 
of percentage humidity, ph, defined as 
 

 ph     =    ×
sdX

X  100  percent      (14.26) 

 
where Xsd is the moisture content (kg/kg dry air) that would exist if the space were saturated at 
the same dry bulb temperature. 
 
Percentage humidity is approximately equal to relative humidity over the normal atmospheric 
range. Substituting from equation (14.4) gives 
 

 ph    =   
sd

sd

sd e
eP

eP
e

X
X )(

)(
−

−
=  x 100 

           =    rh 
)(
)(

eP
eP sd

−
−

×  

 
As P is much larger than e or esd over the normal atmospheric range, the bracketed terms are 
near equal. 
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Example 
An airstream of temperature 20°C and barometric pressure 100 kPa is found to have an actual 
vapour pressure of 1.5 kPa. 
Determine  (i) the moisture content of the air, X 
  (ii) the gas constant, Rm 
  (iii) the specific heat, Cpm 
  (iv) the actual and apparent specific volumes 
  (v) the actual and apparent densities 
  (vi) the relative humidity, rh 
and   (vii) the percentage humidity, ph 
 
Solution 
(i) moisture content, X: 

 X    =     0.622 
)5.1100(

5.1
−

 

            =     0.009472  kg vapour/kg dry air    or   9.472 g/kg dry air. 
 
(ii) gas constant: 

From equation (14.15)       Rm     =   
)5.1378.0(100

10004.287
×−

×         =     288.68  J/kg K 

 
(iii) specific heat, Cpm 
From equation (14.16) 

 Cpm  =    
)009472.01(

)1884009472.01005(
+

×+      =    1013   J/kg K 

 
(iv) specific volumes: 
From equation (14.19), Actual specific volume: 

 Vm  =    
)5.1378.0100(1000

)2015.273(04.287
×−

+     =   0.8463  m3/kg moist air 

 
(the 1000 in the denominator is necessary to convert the pressures from kPa to Pa 
 
Apparent specific volume: 
From equation (14.20) 
 

 Vm (apparent) = 
)5.1100(1000

)2015.273(04.287
−

+     =    0.8543    m3/kg dry air 

 
(v) air densities: 
Actual density is given by equation (14.22) or the reciprocal of actual specific volume 

 mρ   =    
8463.0
11

=
mV

    = 1.1816 kg moist air/ m3  

 
 
Similarly, the apparent density is given as 

 mρ  (apparent)    =    ( ) 8543.0
1

apparent
1

=
mV

   = 1.1705    kg dry air/m3  
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(vi) relative humidity, rh: 
From equation (14.10), the saturation vapour pressure at a temperature of 20°C is 
 

 esd =     610.6  exp 







+
×

)203.237(
2027.17       =    2337.5 Pa  or  2.3375 kPa 

 
Then, from equation (14.25) 

 rh    =    100×
sde
e      =    

3375.2
5.1  x 100     =     64.17  percent 

 
(vii) percentage humidity, ph 
If the space were saturated at 20°C, then the saturation vapour pressure would be 2.3375 kPa. 
Equation (14.4) gives the corresponding saturation moisture content to be 
 

 Xsd     =     0.622 
)3375.2100(

3375.2
−

        =     0.014887  kg/kg dry air 

 
and equation (14.26) gives 

 ph     =     
sdX

X   x  100       =   ×
014887.0
009472.0   100 = 63.62  percent 

 
 
14.3 THE MEASUREMENT OF WATER VAPOUR IN AIR 
 
There are a number of methods of measuring the humidity of air. Numerous instruments are 
available commercially. These may be divided into five types. 
 
14.3.1. Chemical methods 
 
This involves passing a metered volume of air through a hygroscopic compound such as calcium 
chloride, silica gel or sulphuric acid and observing the increase in weight. The method is slow and 
somewhat cumbersome. However, it gives a direct measure of the total moisture content of an 
airstream and, with care, will give results of high accuracy. 
 
 
14.3.2. Electrical methods (electronic psychrometers or humidity meters) 
 
The changes in the electrical properties (resistivity, dielectric constants) of some compounds in 
the presence of water vapour are used in a variety of instruments to give a rapid indication of 
humidity. Such equipment needs to be compensated against the effect of variations in ambient 
temperature. Modern devices of this type may employ semi-conductors and electronic micro 
processors to improve the versatility, reliability and stability of the instrument. Nevertheless, for 
accurate work, it is advisable to check the calibrations of electronic psychrometers against a more 
direct method. 
 
14.3.3. Hair hygrometers 
 
Many organic compounds such as bone, hair or other fibrous materials exhibit changes in their 
volume and elasticity when exposed to water vapour. An example is the opening and closing of fir 
cones as the weather changes. Human hair is particularly reactive. 
 
Most inexpensive humidity meters sold for domestic display incorporate strands of hair 
maintained under spring tension. Variations in humidity cause small changes in the length of the 
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hair. These are amplified mechanically through a lever arrangement. Recording instruments of 
this type are used to move a pen across a revolving paper chart. 
 
 
14.3.4. Dew point hygrometers 
 
If an air/vapour mixture is cooled at constant barometric pressure then the actual vapour pressure 
remains unchanged (see equation (14.4)). However, the falling temperature will cause the 
corresponding saturation vapour pressure to decrease (equation (14.10)). At some point, the 
saturation vapour pressure will become equal to the actual vapour pressure. According to 
classical theory, condensation will then commence. (See also Figure 14.4). 
 
The temperature at which saturation conditions are attained is known as the dew point 
temperature. An inversion of equation (14.10) gives 

 t (dew point)    =    







−










6.610
ln27.17

6.610
ln3.237

e

e

  °C    (14.27) 

 
In a dew point hygrometer, a sample of air is drawn over a mirrored surface. The rear of the 
mirror is cooled, often by evaporation of a volatile liquid. A thermometer attached to the mirror 
gives the temperature of its surface. This is read at the moment when misting first appears on the 
mirror to find the dew point temperature. While dew point apparatus gives a good demonstration 
of the effect of condensation by cooling, the visual detection of the initial film of condensate on 
the mirror is somewhat subjective. Such instruments are used little in practice. 
 
 
14.3.5. Wet and dry bulb hygrometers (psychrometers) 
 
These are the most widely used type of hygrometers in subsurface ventilation engineering. They 
give reliable results when employed by competent personnel and are simple to use. Because of 
their widespread employment, the theory of the wet bulb thermometer is developed in Section 
(14.4). 
 
A wet and dry bulb hygrometer is simply a pair of balanced thermometers, one of which has its 
bulb shrouded in a water-saturated muslin jacket. Air passing over the two bulbs will cause the 
dry bulb thermometer to register the ordinary temperature of the air. However, the cooling effect 
of evaporation will result in the wet bulb thermometer registering a lower temperature. Knowledge 
of the wet and dry bulb temperatures, together with the barometric pressure, allow all other 
psychrometric parameters to be calculated. 
 
Instruments vary in (a) the precision of the thermometers, (b) the manner in which water is 
supplied to the wet bulb and (c) the means of providing the required airflow over the thermometer 
bulbs. The term "psychrometer", rather than "hygrometer", tends to be used for the more accurate 
instruments. 
 
The accuracy of the thermometers depends upon the quality of their manufacture and calibration, 
and also upon their length. The better psychrometers can be read to the nearest 0.1°C. 
Variations considerably greater than this may occur over the cross section of an airway, 
particularly near shaft stations. In order to maintain the instrument at a portable size, some 
models achieve accuracy at the expense of range. The approximate extremes of temperature 
should be known prior to conducting an important psychrometric survey, and an appropriate 
instrument selected. Replacement thermometers should be purchased as balanced pairs. The  
difference between the wet and dry bulb temperatures is more important than the absolute 
temperature. Significant errors in both the wet and dry bulb temperature readings may occur by 
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radiation from surrounding surfaces or between the bulbs. This can be reduced by increasing the 
air velocity over the thermometer bulbs. However, for precise results a polished radiation shield 
should be provided separately around each of the bulbs. 
 
Many hygrometers are fitted with a small reservoir of water into which dips one end of the muslin 
wick. Capillary action draws water through the muslin to feed the wet bulb. In such devices, it is 
important that the water reaching the wet bulb is already at wet bulb temperature. The water 
within the reservoir will be at dry bulb temperature and, if supplied to the wet bulb at too liberal a 
rate, will give a falsely elevated wet bulb temperature. Conversely, if the water supply is 
insufficient then drying out of the wick will occur and, again, the wet bulb thermometer will read 
too high. Because of these difficulties, the more precise psychrometers have no integrated water 
reservoir and must have their wet bulbs wetted manually with distilled water. 
 
If a wet bulb thermometer is located in a wind tunnel and air of fixed psychrometric condition 
passed over it at increasing velocity, the indicated wet bulb temperature will decrease initially, 
then level off. The reason for this phenomenon is that the envelope of saturated air surrounding 
the wet bulb must be removed efficiently to maintain the evaporative process. The steady state 
reading observed is essentially identical to the true thermodynamic wet bulb temperature attained 
during an adiabatic saturation process (see section 14.5.2). The minimum air velocity which gives 
the true wet bulb temperature is a function of the size and shape of the wet bulb, and its 
orientation with respect to the direction of the airflow. For most commercially available 
instruments, an air velocity of at least 3 m/s over the bulbs is suggested. 
 
The static hygrometer (sometimes known as the Mason hygrometer) has no intrinsic means of 
creating the required air velocity and relies on being hung in a location where the thermometer 
bulbs are exposed to an external air velocity. The "whirling" or "sling" psychrometer has its 
thermometers and water reservoir mounted on a frame which may be rotated manually about its 
handle. Whirling the instrument at about 200 rpm will give the required air velocity over the bulbs. 
After 30 seconds of rotation, the whirling should be terminated (but not by clamping one's hands 
around the bulbs), the instrument held such that the observer is not breathing on it, and the wet 
bulb temperature read immediately. The process of whirling should be repeated until the reading 
becomes constant. 
 
Aspirated psychrometers have small fans driven by clockwork or batteries. Air is drawn through 
the radiation shield surrounding each bulb. Again, the wet bulb temperature should be observed 
until it becomes constant. While the whirling hygrometers are, by far, the most widely used 
instruments for routine measurements, aspirated psychrometers are recommended for important 
surveys. 
 
 
 
14.4. THEORY OF THE WET BULB THERMOMETER 
 
The wet bulb temperature is a most important parameter in hot climatic conditions for two 
separate but inter-related purposes. The first lies in its vital importance in evaluating the ability of 
the air to remove metabolic heat from personnel. The second is the use of the wet bulb 
temperature in quantifying the humidity of the air. 
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14.4.1. Heat balance on a wet bulb 
 

Figure 14.1 illustrates (1 + X) kg of moist 
unsaturated air approaching and flowing 
closely over the surface of a wet bulb. On 
leaving the wet surface, the 1 kg of air remains 
the same but the mass of associated water 
vapour has increased from X kg to Xs  kg and 
the air has become saturated. Thus a mass of 
(Xs -X) kg of water has evaporated from the 
wet surface for each kilogram of "dry" air 
passing. The reason for employing 1 kg of dry 
air as the basis of measurement is, again, 
apparent - this remains constant, while the 
mass of water vapour varies. 
 
As the molecules of water leave the wet 
surface they take energy with them. This 
"latent heat" energy is transferred to the air, 
leaving the wet bulb at a reduced energy level. 
This is reflected by a drop in temperature (the 
evaporative cooling effect) and the wet bulb 
thermometer gives a reading depressed below 
that of the dry bulb. The greater the rate of 
evaporation, the greater the wet bulb 
depression. 
 
As there is now a difference between the air 
temperature and the cooler wet surface, a 
transfer of sensible heat will occur by 
convection from the air to the wet bulb. A 
dynamic equilibrium will be established at 
which the heat loss from the wet bulb by 
evaporation is balanced by the convective 
sensible heat gain: 

 
 Latent heat loss from wet bulb   =   Sensible heat gain by wet bulb   (14.28) 
 
Each of these terms can be quantified. Latent heat transfer from the wet bulb to the air 
 
 q    =    L (Xs  –  X)   J per kg dry air    (14.29) 
 
where L = latent heat of evaporation (J/kg evaporated) at wet bulb temperature. 
 
The air/vapour mixture approaches the wet surface at dry bulb temperature, td, and leaves at wet 
bulb temperature, tw. The sensible heat transfer from the air to the wet bulb is then 
 
 q    =   mass   x specific heat x change in temperature 
 
       =   (1 + X)    x      Cpm        x        (td  -  tw)   J/kg dry air  (14.30) 
 
At equilibrium, latent heat transfer equals sensible heat transfer. Equations (14.29) and (14.30) 
quantify the heat balance that exists on the wet bulb 
 
 L (Xs –  X)    =    (1 + X) Cpm (td - tw)  J/kg dry air    (14.31) 
 

Figure 14.1  Heat balance on a wet bulb. 

td 
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heat 
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saturated unsaturated 

(1+X) kg 
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14.4.2. Determination of moisture content and vapour pressure from psychrometer readings 
 
If the barometric pressure, P, and the wet and dry bulb temperatures, tw and td, are known then 
the moisture content and, indeed, all other psychrometric parameters can be determined. 
 
Commencing from the heat balance for the wet bulb, and using the shorthand notation ∆t for the 
wet bulb depression, td - tw, we have 
 
 L (Xs - X)    =    (1 + X) tCpm∆  
But  

 Cpm    =    )1( X
CXC pvpa

+

+
  from equation (14.16) 

 
then  LXs   =   (Cpa + X Cpv) t∆  + LX     =   tCpa∆  + X ( tCpv∆ + L) 
 
giving the moisture content, X, as 
 

 X    =    
LtC

tCLX

pv

pas

+

−

∆
∆

  kg/kg dry air     (14.32) 

 
All variables on the right side of this equation are known, or can be calculated easily for the given 
P, td and tw: Hence, the moisture content, X, is defined. 
 
The actual vapour pressure then follows from a transposition of equation (14.4) 
 

 e    =   
X

PX
+622.0

  Pa      (14.33) 

 
 
Example 
Determine the moisture content and vapour pressure for a barometric pressure of 100 kPa and 
wet and dry bulb temperatures of 20 and 3 0°C respectively. 
 
 
Solution 
At the wet bulb temperature, the variables required by equation (14.32) are calculated as follows: 
 
 L    =    (2502.5 - 2.386 x 20) 1000  from equation (14.6) 
       =    2454.78 x 103 J/kg  or 2454.78 kJ/kg 
 

 esw  =    610.6 exp 







+
×

203.237
2027.17  (equation (14.10))   =    2.3375  kPa 

 

 Xs    =    0.622 
)3375.2100(

3375.2
−

  (equation (14.4)) 

                 
        = 0.014887  kg/kg dry air 
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Then equation (14.32) gives 
 

 X    =    
3

3

1078.2454)2030(1884
)2030(1005014887.01078.2454

×+−

−−××     =     
478024584018
0501036544

+
−     

  =  0.01071  kg/kg dry air 
 
The actual vapour pressure is then given by equation (14.33) 
 

 e     =    
01071.0622.0

01071.0100
+

×       =    1.6927  kPa 

 
This example illustrates that the term involving Cpv (1884 J/kg K) in equation (14.32) is very small 
compared with L. A more traditional equation for actual vapour pressure follows from ignoring the 
smaller term. Then equation (14.32) simplifies to 
 

 X    =   X
L

tCpa
s

∆
−   

 
Substituting for X and Xs from equation (14.4) gives 
 

 0.622 
L

tC
eP

e
eP

e pa

sw

sw ∆
−

−
=

− )(
622.0

)(
 

 

or  e    =    )(
622.0)(

)( eP
L
tC

eP
ePe pa

sw
sw −−

−
− ∆

   

 
If we now assume that e and esw are small compared with P, the equation simplifies further to 
 

 e    =    e tP
L

Cpa
sw ∆

622.0
−    Pa     (14.34) 

or     
  e    =    e tAPsw ∆−     Pa    (14.35) 
 
The parameter A is known as the psychrometric "constant". However, because of the 
simplifications made in the derivation, it is not a true constant; neither is it given precisely as  
Cpa / (0.622L) but varies non-linearly with temperature and pressure between 0.00058 and 
0.000648 °C 1−  over the atmospheric range. This variation of the psychrometric "constant" is a 
weakness in the relationship. However, a value of 0.000644 °C 1−  gives acceptable results for 
most practical purposes. 
 
Example 
Determine the actual vapour pressure from equation (14.35) for P = 100 kPa, tw = 20 °C  
and td = 30 °C. 
 
Solution 
These are the same conditions as specified in the previous example. This gave 
 esw    =   2.3375  kPa 
 
Then equation (14.35) gives 
 
 e     =     2.3375 - 0.000644 x 100 x (30 - 20)      = 1.6935     kPa 
 (a difference of less than 0.05 per cent from the earlier solution). 



Psychrometry:  The study of moisture in air                                                Malcolm J. McPherson 

                                                                                                                                           14 - 17

 
 
14.5. FURTHER PSYCHROMETRIC RELATIONSHIPS 
 
14.5.1. Enthalpy of moist air 
 

In Chapter 3, the steady flow energy equation was derived as 
 

inin qHHFVdPWgZZ
uu

−−=+=+−+
−

∫ )()(
2 1

1

2

21221

2
2

2
1     J/kg    (14.36) 

 
where     u  =  air velocity, m/s 

 Z  =  height above datum, m 
 g  =  gravitational acceleration, m/s2  
 Win =  mechanical (fan) work input, J/kg 
 V  =  specific volume, m3/kg 
 F  =  frictional conversion of mechanical to heat energy, J/kg 
 H  =  enthalpy, J/kg 

And   qin =  heat input from external sources, J/kg 
 
In its application to mine ventilation thermodynamics, (Chapter 8) the change in enthalpy between 
end stations 1 and 2 was earlier assumed to be 
 
 H2 – H1    =    Cpa (t2 – t1)  J/kg      (14.37) 
 
where t1 and t2 were the dry bulb temperatures. This assumption was based on the premise that 
the airway was dry - neither evaporation nor condensation was considered. For moist, but 
unsaturated air, the specific heat term may be replaced by Cpm for the actual air/vapour mixture. 
However, if evaporation or condensation does take place then the exchange of latent heat will 
have a large additional effect on the dry bulb temperature. Equation (14.37) no longer applies. As 
this is the situation in most underground airways, we must seek a method of evaluating enthalpy 
that takes the moisture content of the air into consideration. 
 
Let us carry out another imaginary experiment. Suppose we have 1 kg of dry air at 0°C and, in a 
separate container, a small amount, X kg, of liquid water. Now let us heat the air until it reaches a 
dry bulb temperature of td. Similarly, we add heat to the water until it vaporizes and continue 
heating until the vapour also reaches a dry bulb temperature of td. Finally, we mix the two 
components to obtain (1 + X) kg of moist unsaturated air at a dry bulb temperature of td and some 
lower value of wet bulb temperature, tw. 
 
The total amount of heat that we have added to the air and water during this experiment 
represents the increase in enthalpy of the system over its starting condition at 0°C. If we choose 
0°C as our enthalpy datum, that same added heat represents the enthalpy level of the final  
(1 + X) kg of mixture. 
 
In order to quantify the added heat, consider the air and water separately: 
 
(i) The heat required to raise the temperature of 1 kg of dry air from 0°C to td is simply  

   
   mass x specific heat x change in temperature 

i.e. 
  qair     =     1   x        Cpa        x          td  J 
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(ii) We can convert the water at 0°C to vapour at td in any of three ways, depending upon the 
pressure that we maintain in the vessel: 
 
 (a) We could consider evaporating the X kg at water at 0°C then raising the temperature 
 of the vapour to dt . 
 
  qwater     =     L(o) X + X Cpv td  J 
 
 where  L(o)    =     Latent heat of evaporation at 0°C. 
 

(b) Alternatively, we might raise the temperature of the liquid water to td then evaporate at 
that temperature. 
 
 qwater     =     X Cw td + L(td) X  J 
 
where  Cw  =    specific heat of liquid water (4187 J/kg K) 
and L(td) = Latent heat of evaporation at td  °C 
 
or         
(c) We could raise the temperature of the liquid to any intermediate value, t, evaporate at 
that temperature, then continue to superheat the vapour until it reaches the required 
temperature, td. 
 
 qwater     =      X Cw t + L(t) X + X Cpv (td-t)   J  (14.38) 

  
 where L(t) = Latent heat of evaporation at t  °C 
 
In fact, as the two end conditions are precisely defined, it does not matter which method is used. 
They all give the same result provided that account is taken of the variations of latent heat and 
specific heat with respect to temperature. 
 
For a reason that will become apparent later, let us choose method (c) with the intermediate 
value of temperature chosen to be tw, the eventual wet bulb temperature of the air/vapour 
mixture. 
 
We have now found the total amount of heat added to the system and, hence, its enthalpy 
relative to a 0°C datum 
 
 H     =     qair + qwater 
 
         =     Cpa td + X [Cw tw+ L + Cpv (td – tw)]  J per kg dry air   (14.39) 
 
Here, the symbol L has reverted to its earlier meaning of latent heat of evaporation at wet bulb 
temperature. 
 
All of the parameters on the right side of the equation can either be measured, are constant or 
can be calculated from equations (14.6) and (14.32). Hence, the enthalpy of an air/vapour mixture 
can be determined from psychrometric measurements of air pressure and wet and dry bulb 
temperatures. If such values of enthalpy are employed in the steady-flow energy equation (14.36) 
then that equation may continue to be used for airways that involve evaporation or condensation 
processes. 
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14.5.2. The adiabatic saturation process 
 
Consider a long level airway with no heat additions from any source and free standing water 
covering the floor (Figure 14.2). Unsaturated air enters at one end and moves sufficiently slowly 
to allow full saturation to occur. The air exits at saturation conditions. 
 

 
The surface of the liquid water reacts in the same way as that of a wet bulb thermometer (Section 
14.4.1) and, indeed, will be at wet bulb temperature. At inlet, the dry bulb temperature will be at a 
higher value. Hence, sensible heat transfer will occur from the air to the water resulting in a 
reduction in dry bulb temperature. Simultaneously, heat and mass transfer from the water to the 
air will take place as water molecules escape from the liquid surface - a latent heat gain by the 
air. These exchanges will continue until saturation when wet bulb, dry bulb and water temperature 
all become equal (thermodynamic wet bulb temperature). 
 
This is known as an adiabatic saturation process. The sensible heat lost by the air is balanced by 
the latent heat gained by the air and the process involves no net addition or loss of heat. This 
latter statement is true for the combination of air and water, but not quite true for the air alone. 
Mass has been added to the airstream in the form of water molecules, and those molecules 
already contained sensible heat before they were evaporated. Hence, the enthalpy of the air does 
not quite remain constant. However, if we were to move along the airway taking psychrometric 
readings, calculating enthalpy from equation (14.40) but omitting the term for the sensible heat of 
liquid water, X Cw tw that has evaporated then the result would be a property value that remained 
truly constant throughout the adiabatic saturation process. The significance of this property 
seems first to have been recognized by Carrier and was named Sigma Heat, S, to distinguish it 
from its near neighbor, enthalpy. 
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Figure 14.2  An adiabatic saturation process.
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14.5.3. Sigma Heat, S 
 
Sigma heat is much more than simply an interesting property of an adiabatic saturation process. 
Indeed, it features in the majority of analyses concerning subsurface climatic changes. 
 
Ignoring the sensible heat of the liquid water in equation (14.40) gives 
 
 S    =    H – X Cw tw   J/kg dry air     (14.40) 
and 
 S    =    Cpa td  +  X [L +Cpv (td - tw)]   J/kg dry air   (14.41) 

 
But from equation (14.32), and replacing t∆  with (td - tw) 
 
 X [L + Cpv(td –tw)]    =    LXs – Cpa (td – tw) 
 
Notice that the left side of this relationship appears in equation (14.42). Substituting for 
 
 X [L + wdpv ttC −( )] in that equation 
gives 
 
 S    =    Cpa td  +  LXs  - Cpa (td - tw) 
or 
 S    =    LXs +Cpa tw  J/kg dry air      (14.42) 
 
The td term cancels to produce a really neat equation for sigma heat. Now we are about to 
discover a phenomenon of major significance in psychrometric processes. Recalling that Xs is the 
saturation moisture content dependent only on wet bulb temperature and pressure (equations 
(14.4) and (14.10)), and that L is the latent heat of evaporation, also at wet bulb temperature, it 
follows that for any given barometric pressure, sigma heat, S, is a function of wet bulb 
temperature only. Furthermore, as sigma heat remains constant during an adiabatic saturation 
process so must also the wet bulb temperature remain constant. This is why the wet bulb 
temperature appears as a horizontal line in Figure 14.2. 
 
Using the concept of sigma heat, thermal additions or losses from an airstream can readily be 
quantified from psychrometric observations. Furthermore, the behaviour of the wet bulb 
temperature, a directly measurable parameter, is an immediate indication of heat transfer from 
the strata, machines, coolers, potential energy or any other source. Contrasting this with dry bulb 
temperature which varies during evaporation or condensation, we see the fundamental 
importance of the wet bulb temperature in psychrometric processes. 
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14.6. SUMMARY OF PSYCHROMETRIC EQUATIONS 
 
This is a convenient point to make a reference list of the more important equations that have 
been derived in the previous sections, and to re-order them in the sequence that they are 
required for most psychrometric calculations where P, tw and td are the measured variables. All 
temperatures are expressed in degrees Centigrade and pressures in Pascals. 
 

 esw    =    610.6 exp 







+ w

w

t
t

3.237
27.17

   Pa    (14.43) 

 Xs      =     0.622 
)( sw

sw

eP
e
−

  kg/kg dry air    (14.44) 

 
 Lw    =     (2502.5 - 2.386 tw) 1000  J/kg     (14.45) 
 
 S      =     Lw Xs  +  1005 tw  J/kg dry air    (14.46) 
 

 X      =    [ ])(1884
1005

wdw

d

ttL
tS
−+

−
  kg/kg dry air    (14.47) 

or 

 X      =     [ ])(1884
)(1005

wdw

wdsw

ttL
ttXL

−+
−−

 kg/kg dry air    (14.48) 

 

 e       =    
)622.0( X

PX
+

  Pa (when P is in Pascals)  (14.49) 

 

 mρ  (apparent)    =     [ ])15.273(04.287
)(

+
−

dt
eP  kg dry air/m3   (14.50) 

 

 mρ  (actual)        =      [ ])15.273(04.287
)378.0(

+
−

dt
eP  kg moist air/m3   (14.51) 

 
 H      =     S  +  (4187 tw  X)   J/kg dry air    (14.52) 
 

 (rh)   =    
sde
e x 100   percent    (14.53) 

 
(Equation (14.44) is used for esd with tw replaced by td). Note that in this list of important 
relationships, the need for the old troublesome psychrometric "constant" (Equation (14.35)) has 
been entirely eliminated. This summary of equations can be programmed into spreadsheet 
software or a programmable calculator to provide a rapid and accurate means of determining 
values of psychrometric parameters from given barometric pressure and wet and dry bulb 
temperatures.  
 
Example 
At entry to a level continuous underground airway of constant cross-section, psychrometer 
readings give P1 = 110.130 kPa, tw1 = 23 °C and td1 = 28 °C. The corresponding readings at exit 
are P2 = 109.850 kPa, tw2 = 26 °C and td2 = 32°C. If the volume flow of air at inlet is 25 m3/s, 
calculate the heat and moisture added to the airstream during its passage through the airway. 
 
Solution 
The following table was produced in a few seconds from a spreadsheet programmed with the  
psychrometric equations:  
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As the airflow was measured as 25 m3/s at inlet conditions, the mass flow of dry air 
 
   M     =     Q ρ (inlet, apparent)    

           =     25 x 1.2457  
3

3

m
dryairkg

s
m       = 31.14   kg dry air/s 

 
Increase in sigma heat along airway 
 S2  –  S1       =       74.032 - 62.955   = 11.077  kJ/kg dry air 
 
Heat added 
 qin      =     M (S2 – S1) 

           =     31.14 x 11.077 
airdrykg

kJ
s

airdrykg  

           =     344.9  kJ/s or kW 
 
Increase in moisture content along airway 
 X2 – X1     =     0.017078 - 0.01417     =    0.002908 kg/kg dry air 
 
Rate of evaporation   =    M (X2 – X1) 
                      =     31.14 x 0.002908   =   0.0906    kg/s or litres/s 
 
 
14.7. DEVIATIONS FROM CLASSICAL THEORY 
 
14.7.1. Fogged air 
 
The classical theory of condensation makes the premise that condensation cannot commence 
until saturation conditions are reached. This is not quite in agreement with observable 
phenomena. The formation of fog is likely to commence before 100 per cent relative humidity is 
reached although the process of condensation accelerates rapidly as saturation is approached. 
Smoke fogs (smogs) may occur over cities at relative humidities of less than 90 per cent. 

quation Parameter Inlet Outlet Units 

measured P 110.13 109.85 kPa 
measured tw 23 26 °C 
measured td 28 32 °C 

(14.43) esw 2808.5 3360.3 Pa 
(14.10) using td esd 3778.7 4753.2 Pa 

(14.44) Xs 0.016277 0.019628 kg/kg dry air 
(14.45) Lw 2447.6 x 103 2440.5 x 103 J/kg water 
(14.46) S 62.955 x 103 74.032 x 103 J/kg dry air 
(14.47) X 0.01417 0.017078 kg/kg dry air 
(14.49) e 2453.0 2935.0 Pa 
(14.50) ρ(app) 1.2457 1.2206 kg dry air/m3 
(14.51) ρ(act) 1.2633 1.2415 kg moist air/m3 
(14.52) H 64 320.1 75 889.43 J/kg dry air 
(14.53) rh 64.91599 61.8 percent 
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The physical mechanism of condensation is complex. Condensation can occur only in the 
presence of hygroscopic and microscopic nuclei on which the process can commence. It has 
been estimated (Brunt) that there are between 2 000 and 50 000 hygroscopic nuclei in each cubic 
centimeter of the atmosphere, having radii of 10-6 to 10-5 cm. The most productive sources of 
these hygroscopic particles are the oceans and sulphurous smokes from burning hydrocarbon 
fuels. 
 
The natural formation of fog would appear to be a continuous process of condensation 
commencing at comparatively low relative humidities when the more strongly hygroscopic nuclei 
begin to attract water. This can often result in a noticeable haze in the atmosphere. As the 
relative humidity approaches 100 per cent, the rate of condensation on all hygroscopic nuclei 
increases; the droplets of water so formed increase rapidly in size and the haze develops into fog. 
 
Fogging in subsurface ventilation systems occurs in two situations. First, when the strata are 
cooler than the dew point temperature of the incoming air and, secondly, due to decompressive 
cooling of humid return air. Hence, fogging in ascending return airways and, especially, upcast 
shafts is not uncommon. 
 
The formation of fogs in underground structures is undesirable for a number of reasons. The 
reduction in visibility may produce a safety hazard, particularly where moving vehicles are 
involved. High humidity can result in physical and chemical reactions between the airborne water 
and hygroscopic minerals within the strata, and may produce falls of roof and spalling of the sides 
of airways. Such problems can reach serious proportions in certain shales and evaporite mines. 
Another difficulty that may arise in salt mines is absorbance of water vapour by the mined rock. If 
the air is humid then the material may become "sticky" and difficult to handle. The problem may 
be alleviated by transporting the ore in the return airways. One further problem of fogging in 
upcast shafts is that it creates very wet conditions throughout the shaft, headgear and/or exhaust 
fans.  
 
If the air velocity in an upcast shaft lies within the range 7 to 12 m/s then droplets will tend to 
remain in suspension, encouraging water blankets to form. The resulting increase in shaft 
resistance causes a fluctuating load to be imposed on main fans, even to the extent of stalling 
them. The resulting sudden reduction in airflow results in water cascading to the bottom of the 
shaft and the whole process will be repeated in a cyclic manner. In extreme cases this may lead 
to failure of the fan blades. 
 
If it becomes necessary to dehumidify the air because of any of these problems then there are 
two possibilities. The less expensive option, where it can be used, is to divert the air through old 
stopes or workings that contain water-absorbent minerals in the broken strata. Alternatively the 
air temperature may be reduced to below dew point in air coolers and the condensed water 
removed from the system. All, or part of the reject heat produced by the refrigeration plant may be 
returned to the downstream airflow to control its temperature. Chemical dehumidification is 
seldom practicable in mining circumstances because of the large volumes of air involved. 
 
 
14.7.2. Imperfect gas behaviour 
 
The equations given for saturation vapour pressure ((14.10) and (14.11)) took deviations from 
perfect gas behaviour into account. However, the other relationships derived in this chapter 
assume that dry air, water vapour, and air/vapour mixtures all obey the perfect gas laws. These 
laws assume that the molecules of the air are perfectly elastic spheres of zero volume and that 
they exhibit no attractive or repulsive forces. 
 
For the ranges of pressures and temperatures encountered in atmospheric psychrometrics, 
assumption of the perfect gas laws gives results of acceptable accuracy. Where additional 
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precision is required, Hemp (1982) has suggested the following two corrections based on the 
earlier work of Goff and Gratch. 
 
Equation (14.3) for moisture content 
 

X   =   
)( eP

e
R
R

v

a

−
  becomes  X   =   

)0048.1(
0048.1

eP
e

R
R

v

a

−
    kg/kg dry air   (14.55) 

 
and gas constants, R, are corrected for pressure and temperature as follows: 
 
 
R(corrected)  =  R {1 – [ (5.307x10-9 P + 9.49x10-6) – (8.115x10-11 P + 2.794x10-6) td ] }       
(14.56) 
 
where   P is in Pa and td in °C. 
 
This gives a maximum change in R of 0.06 percent over the ranges 80 to 120 kPa and 0 to 60°C. 
At the mid range value of 100 kPa and 30°C, the difference is 0.02 percent. 
 
 
14.8. PSYCHROMETRIC CHARTS 
 
Prior to the advent of electronic computation, employment of psychrometric equations was an 
onerous process. In order to minimize the calculations, graphical depictions of psychrometric 
processes were devised. These are known as Psychrometric Charts. Although the use of such 
charts has largely been supplanted by programming psychrometric equations into spreadsheet 
software and programmable calculators they still provide a powerful means of visualizing 
psychrometric processes. 
 
Most psychrometric charts show a representation of the psychrometric parameters for a fixed 
barometric pressure. Figure 14.3 gives an example of a 100 kPa chart. This is one of a series of 
such charts ranging from 80 to 130 kPa at intervals of 2.5 kPa produced by A.W.T, Barenbrug 
(1974). As pressure is the least sensitive of the independent variables, interpolation between 
charts is unnecessary for most practicable purposes. More sophisticated types of chart have 
been produced that allow for pressure variations (Whillier, 1971). However, these seem not to 
have found widespread use. 
 
Returning to Figure 14.3 it is clear that knowledge of any two of the variables will fix a location on 
the chart, indicating the climatic condition of the air, and enabling other psychrometric variables to 
be read directly or determined with a minimum of calculation. The usual situation is one in which 
the wet and dry bulb temperatures are known and can be plotted on the relevant chart. Engineers 
who are adept at using psychrometric charts are better able to visualize variations in climatic 
conditions. 
 
Figure 14.4 illustrates the ease with which processes can be followed. Movement along a 
constant wet bulb line (i.e. constant sigma heat) indicates adiabatic conditions. Any movement to 
a higher or lower wet bulb temperature indicates that the air has been heated or cooled 
respectively. A path to a higher moisture content (labelled as apparent specific humidity on Figure 
14.3) indicates evaporation while movement along a constant moisture line denotes sensible 
heating or cooling. Similarly, pure latent heating or cooling is indicated by a constant dry bulb 
temperature. 
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Figure 14.3.  Example of a psychrometric chart, at 100kPa. 

(after Barenburg A.W.T. “Psychrometry and Psychrometric Charts”(1) ) 
Reproduced by courtesy of the Chamber of Mines of South Africa 
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Example 
Air passes through a cooler at a mean pressure of 100 kPa. It enters at wet and dry bulb 
temperatures of 30 and 40 °C respectively, and exits at 25 °C saturated. If the volume flow at 
inlet, Q, is 20 m3/s, use the psychrometric chart to determine the rates of heat exchange and 
production of condensate. 
 
Solution 
On the 100 kPa psychrometric chart, plot the two points 30/40 °C and 25/25 °C (Figure 14.5). The 
latter lies on the saturation line (100 per cent relative humidity). It is immediately obvious that 
during the flow of air from inlet to outlet both the moisture content (specific humidity) and sigma 
heat have decreased. The following values are read from the chart. The corresponding values 
calculated from the equations in section 14.6 are given in parentheses for comparison). 

 
 Inlet Outlet 

tw/td   °C 30/40 °C 25/25 °C 
X   g/kg dry air 23.2 (23.24) 20.3 (20.34) 
S   kJ/kg dry air 97.0 (97.1) 74.7 (74.8) 
V (app)   m3/kg dry air 0.932 (0.9324) 0.884 (0.8838) 
eact      kPa 3.6 (3.601) 3.16 (3.167) 

 

Figure 14.4  Process lines on a psychrometric chart 
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X = 23.2 
g/kg dry air 

e = 3.6 kPa 

V(app) = 0.932 
m3/kg dry air 

Figure 14.5 Process line for the example. Wet and dry bulb temperatures at inlet and outlet 
are plotted.  The inlet point is used to illustrate how to read other psychrometric parameters. 

S = 97 
kJ/kg dry air
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Mass flow of dry air, M     =     Q ρ (app)     =     20 x =
932.0
1     21.5 kg dry air/s 

 

 Heat exchange    =    (S1 - S2) M     =   (97 - 74.7) 21.5  
s

kg
kg
kJ      = 479.5   kW 

 
 Rate of condensation    =    (X1 - X2) M    =   (0.0232 - 0.0203) 21.5 
 
     =   0.0623    kg water/s   or   0.0623 x 60 = 3.74 litres per minute. 
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APPENDIX A14 
 
Derivation of the Clausius-Clapeyron equation 
 
When the enthalpy, or overall energy, of a system is increased by doing mechanical work on it, 
then this work represents available energy all of which can theoretically be utilized. On the other 
hand, if the enthalpy increase is brought about by the addition of heat then the Second Law of 
Thermodynamics insists that only a part of this heat is available energy. The unavailable fraction 
is utilized in increasing the internal energy of the system. Thus if we have 1 kg of liquid water of 
volume V, internal energy U and pressure se  and add an increment of heat energy the 
corresponding increase in enthalpy will be 
 
 dH     =     dU + es dV   (ref. equation (3.19))   (14.A1) 
 
Now a change of phase (evaporation from liquid to vapour) occurs at constant temperature and 
constant pressure. During such a process the enthalpy change is also related to the increase in 
entropy of the system 
 
 dH     =    Tds   (see equation (3.46) with dP = 0)  (14.A2) 
 
where  s     =    entropy 
 
Hence (14.A1) and (14.A2) give 
 
 dH     =     dU + es dV     =     Tds      (14.A3) 
 
If the 1 kg of water is completely evaporated, then the total heat added to accomplish this is the 
latent heat of evaporation, L. 
 
Equation (14.A3) can be integrated over the change of phase from liquid water (subscript L) to 
vapour (subscript s) 
 
 L     =     HS - HL    =    Us -UL + es (Vs - VL)    =     T (ss - sL)  (14.A4) 
or 
 
 Us +  es VS – Tss    =    UL + es VL - TsL      (14.A5) 
 
This relationship defines a function of state, dΦ, known as the thermodynamic potential which 
remains constant during any isobaric - isothermal change of phase: 
 
 Φ     =     U + es V - Ts        (14.A6) 
 
Now consider the situation at a slightly different temperature T+dT and pressure es+ des. The 
thermodynamic potential that will apply under these conditions will be Φ+ dΦ. Differentiating 
equation (14.A6) to find dΦ gives 
 
 dΦ    =    dU + esdV + Vdes  -  Tds –sdT      (14.A7) 
 
but from equation (14.A3) 
 
 dU + esdV - Tds    =    0 
 
Hence 
 
 dΦ    =    Vdes - sdT        (14.A8) 
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As dΦ is constant during evaporation at conditions T and es, and dΦ+ dΦ, remains constant 
during evaporation at conditions T + dT and es + des, it follows that dΦ remains constant as T 
approaches T + dT and es approaches es + des. Therefore from equation (14.A8) 
 
 VLdes -sLdT    =     Vsdes - ssdT      (14.A9) 
 
or 

 
sL

sLs

VV
ss

dT
de

−
−

=       (14.A10) 

 
This equation was first derived by Clapeyron in 1832. 
 
The volume of liquid water, VL, is negligible compared with that of the vapour, VS, (At normal 
atmospheric conditions VS /VL is of the order of 2500). Furthermore, from equation (14.A4) 
 

 - (sL  –  ss)    =    
T
L  

and (14.A10) becomes 
 

 
s

s

VT
L

dT
de 1

=        (14.A11) 

 
but from the general gas law for 1 kg of water vapour 
 

 VS     =     
s

v

e
TR

 

Hence, 

 
2

1
TR

L
dT
de

e v

s

s
=  the Clausius-Clapeyron equation (14.A12) 

. 
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