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Thermodynamic properties of humid air and their application in advanced 
power generation cycles 

Xiaoyan Ji 

School of Chemical Science and Engineering, Energy Processes 
KTH-Royal Institute of Technology, Stockholm, Sweden 

Abstract 
Water or steam is added into the working fluid (often air) in gas turbines to improve the 

performance of gas turbine cycles. A typical application is the humidified gas turbine that has 
the potential to give high efficiencies, high specific power output, low emissions and low 
specific investment. A heat recovery system is integrated in the cycle with a humidifier for 
moisturizing the high-pressure air from the compressor as a kernel. Based on today’s gas 
turbines, the operating temperature and pressure in the humidifier are up to about 523 K and 
40 bar, respectively. The operating temperature of the heat exchanger after the humidifier is 
up to 1773 K. The technology of water or steam addition is also used in the process of 
compressed air energy storage (CAES), and the operating pressure is up to 150 bar. 

Reliable thermodynamic properties of humid air are crucial for the process simulation 
and the traceable performance tests of turbomachinery and heat exchanger in the cycles. 
Several models have been proposed. However, the application range is limited to 400 K and 
100 bar because of the limited experimental data for humid air. It is necessary to investigate 
the thermodynamic properties of humid air at elevated temperatures and pressures to fill in the 
knowledge gap. 

In this thesis, a new model is proposed based on the modified Redlich-Kwong equation of 
state in which a new cross interaction parameter between molecular oxygen and water is 
obtained from the fitting of the experimental data of oxygen-water system. The liquid phase is 
assumed to follow Henry’s law to calculate the saturated composition. The results of the new 
model are verified by the experimental data of nitrogen-water and oxygen-water systems from 
ambient temperature and pressure to 523 K and 200 bar, respectively. Properties of air-water 
system are predicted without any additional parameter and compared with the available 
experimental data to demonstrate the reliability of the new model for air-water system. 

The results of air-water system predicted using the new model are compared with those 
calculated using other real models. The comparison reveals that the new model has the same 
calculation accuracy as the best available model but can be used to a wider temperature and 
pressure range. The results of the new model are also compared with those of the ideal model 
and the ideal mixing model from ambient temperature and pressure to 1773 K and 200 bar to 
investigate the effect of the models on the thermodynamic properties of humid air. 

To investigate the impact of thermodynamic properties on the simulation of systems and 
their components, different models (ideal model, ideal mixing model and two real models) are 
used to calculate the thermodynamic properties of humid air in the simulation of the 
compressor, humidification tower, and heat exchanger in a humidified gas turbine cycle. The 
simulation reveals that a careful selection of a thermodynamic property model is crucial for 
the cycle design. The simulation results provide a useful tool for predicting the performance 
of the system and designing the humidified cycle components and systems. 

Language: English 

Keywords: air-water mixture, humid air, properties, wet cycles, dry air, water, enthalpy, 
entropy, heat capacity, density, evaporative gas turbine, compressed air energy storage 
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1. Introduction 
Many gas turbine processes utilize water or steam injection to improve the performance. 

For example, steam is added to the working fluid (air) to augment the efficiency and power 
output and to decrease the formation of NOx (nitrous oxides) in the combustion process. The 
options for water or steam addition to a gas turbine are shown schematically in Figure 1-1. In 
Table 1-1, the proposed and implemented gas turbine cycles with air-water mixtures as the 
working fluid (so-called wet cycles or humidified cycles) are summarized. 

 

 

 

 

 

 

 

 
 
 

 

 

Figure 1-1. Options for water or steam addition in simple cycle gas turbines. 
 

Water injection for compressor inlet-air cooling is an established practice for power 
augmentation on hot days. When the ambient temperature is high, the power output of a gas 
turbine is reduced because of the decrease of the mass flow rate of air through the compressor. 
By injecting water, the air becomes cooler and denser, thus increasing the mass flow rate. 
There are various systems for cooling and humidifying air. In an evaporative media cooler, 
the air passes a wet fibrous medium to be cooled. In spray systems, water is injected through 
nozzles to create a fog of small water droplets from the steam formed before the compressor. 
In overspray systems, more water than that is needed for saturation is injected and water 
droplets enter the compressor where they evaporate to give an intercooling effect. The 
injected water can be cold (Johnke and Mast, 2002) or hot (Anonymous, 2001). Water can 
also be added continuously inside the compressor to intercool the air (Anonymous, 2001; 
Wang et al., 2002). For multi-shaft gas turbines, it is possible to inject water between the 
compressors to achieve intercooling (de Biasi, 2000). 

Water can be injected after the compressor to evaporatively aftercool the air, thus 
enhancing the energy recovery from exhaust gas in a recuperator to improve the cycle 
efficiency. In addition, the injected water increases the mass flow rate, thereby raising the 
power output since the work required to increase the pressure of a liquid is much lower than 
that required to compress a gas. This power augmentation by extra mass flow is the basic 
principle for all cycles with water or steam injection. Cycle configurations with water 
injection at several locations and different modes of recuperation have been suggested 
(Gasparovic & Stapersma, 1973; Mori et al., 1983; El-Marsi, 1988a). One way to inject the 
water is to use a humidification tower, located after the compressor, in a so-called evaporative 
gas turbine (EvGT) or humid air turbine (HAT) cycle. In the tower, air and water are brought 
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into counter-current contact and a part of water evaporates, saturating the outlet air. The liquid 
water is circulated in the cycle. The injected water is heated by the exhaust gas and, if 
included, in aftercoolers and intercoolers. Different cycle configurations have been suggested 
(Mori et al., 1983; El-Marsi, 1988b; Rao, 1989; Rosén, 2000, Ågren and Westermark, 2001, 
Lundquist, 2002, Bartlett, 2002, Jonsson and Yan, 2005). 

Table 1-1. Summary of gas turbine processes with air-water mixture as one of working fluids 
Gas turbines with water or steam 
addition 

Description Ref.  

Inlet air cooling/fogging: 
1. evaporative media cooling 
2. spray cooling until saturation 
3. spray cooling until oversaturation 

The compressor inlet air is cooled by 
humidification to increase the power 
output when the ambient temperature 
is high. 

Johnke and Mast, 
2002; 
Anonymous, 2001

Wet compression. Water is injected between the stages 
in the compressor to intercool the air, 
thus reducing the compression work.

Anonymous, 2001 
Wang et al., 2002

Spray intercooling. Water is injected between the low- 
and high-pressure compressors to 
cool the air and reduce the 
compression work. 

de Biasi, 2000 

Water injection in an aftercooler 
combined with recuperation or 
similar systems. 

Water is injected after the 
compressor to reduce the 
temperature and to increase the 
amount of heat recuperated from the 
gas turbine exhaust gas, thereby 
raising the efficiency and power 
output. 

Gasparovic & 
Stapersma, 1973; 
Mori et al., 1983; 
El-Marsi, 1988a 

Evaporative gas turbine (EvGT) or 
humid air turbine (HAT). 

Water is added to the compressed air 
in a humidification tower to raise the 
efficiency and power output. 

Mori et al., 1983; 
El-Marsi, 1988b; 
Rao, 1989; Ågren 
and Westermark, 
2001 

Steam injection (STIG or Cheng 
cycle). 

1. Steam generated from the gas 
turbine exhaust gas is injected 
before, in, or after the combustor to 
increase the efficiency and power 
output. 
2. Water or steam is injected in the 
combustor to decrease the 
temperature and thereby the 
formation of NOx. 

Chiesa et al., 
1995; Tuzson, 
1992; Cheng and 
Nelson, 2002 
 
Schorr, 1992 

Steam generated from the gas turbine exhaust gas can be injected in the gas turbine, for 
example before the combustor, in the combustor, after the combustor, or between turbines (if 
multiple expanders). The recuperation of the exhaust gas energy and the increased mass flow 
rate through the expander raise the efficiency and power output of the gas turbine. The two 
most well-known commercial steam-injected gas turbines are the Cheng cycle and the STIG 
cycle (Chiesa et al., 1995). Different cycle variations have been proposed to enhance the cycle 
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performance (Tuzson, 1992; Cheng and Nelson, 2002). Compared to the evaporative gas 
turbine cycle, the boiling point in the boiler of the steam-injected cycle is determined by the 
total pressure in the cycle. Hence, the potential for low-temperature heat recovery is lower in 
the steam-injected cycle than that in the evaporative gas turbine cycle. 

Water or steam injection in the combustor for NOx suppression is a more widely used 
system, especially before the introduction of dry low-NOx burners in the beginning of the 
1990’s (Schorr, 1992). The formation of NOx is strongly temperature dependent and the water 
or steam reduces the combustion temperature. In all gas turbines where the working fluid is 
humidified, the NOx generation is reduced to some extent. 

In addition, the technology of water or steam addition is also used in the process of 
compressed air energy storage (Walk, 1995) including the recuperated adiabatic process, the 
adiabatic process, and the adiabatic process with humidification. Figure 2 schematically 
illustrates an adiabatic compressed air energy storage (CAES) process. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1-2. The adiabatic CAES process  

The addition of water or steam to air changes the thermophysical properties, i.e., 
thermodynamic properties and transport properties, of the working fluids. Appropriate 
thermodynamic models for calculating the thermodynamic properties of air-water mixtures at 
elevated temperatures and pressures are required to model the processes for cycle 
performance estimations and component sizing and designing. Several thermodynamic 
models have been proposed (Hyland and Wexler, 1983a, b; Rabinovich and Beketov, 1995), 
however, their application is limited to temperatures lower than 400 K and pressures up to 100 
bar because of the limited experimental data (Hyland and Wexler, 1973; Hyland, 1975; Wylie 
and Fisher, 1996a). 

The aim of this thesis is to propose a new thermodynamic model to obtain the 
thermodynamic properties of air-water mixtures (humid air) at elevated temperatures and 
pressures. Meanwhile, a comprehensive comparison of the existing thermodynamic models 
using for air-water mixtures is provided, and the major components in a wet cycle are 
simulated to investigate the effect of thermodynamic models. This work is to provide a useful 
tool for predicting the performance of the system and designing humidified cycle components 
and systems. 
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2. Objectives and methods 
2.1 Objectives of the thesis 

The thermodynamic properties of humid air are important for the design of evaporative 
gas turbines (EvGT) and compressed air energy storage (CAES). Based on today’s gas 
turbines, the humidifier operating temperature and pressure can be up to 523 K (250 °C) and 
40 bar, and the operating temperature of the heat exchanger after the humidifier may be up to 
1773 K (1500 °C). In the process of CAES, the operating pressure is from ambient to 150 bar 
at temperatures from ambient to 823 K (550 °C) and the water content is up to 40 % (mass). 
The objective of the thesis is to find out a suitable model to calculate the thermodynamic 
properties of humid air at temperatures from ambient to 1773 K and at pressures from 1 to 
150 bar including the properties of the saturated humid air at temperatures up to 523 K and 
pressures up to 150 bar. 

2.2 Methods 
The simulation of wet cycles requires the thermodynamic and transport properties of 

working fluids and a simulation program for the whole cycle optimization as shown in Figure 
2-1. The work of this thesis is on the thermodynamic properties of working fluids. 

The working fluids of a wet cycle may be water, dry air, humid air, combustion gas, and 
fuel. The thermodynamic properties of dry air and water have been studied by Lemmon et al. 
(2000) and Wagner and Kruse (1998), respectively. Combustion gas exists at high 
temperatures and ambient pressure, and its thermodynamics properties may be roughly 
calculated using the ideal model (properties in the ideal-gas state). The thermodynamic 
properties of fuel are also calculated using the ideal model because of the low pressure. 
However, for humid air, the pressure may be up to 150 bar if CAES process is covered, and 
the temperature is not so high (ambient to 523 K) under saturated conditions, the ideal model, 
which is used in the available simulation programs for wet cycles, is not suitable. It is 
necessary to find out a suitable thermodynamic model for calculating the thermodynamic 
properties of humid air at elevated temperatures and pressures. 

The thermodynamic properties of interest are the humidity, partial pressure, isobaric heat 
capacity, density, enthalpy, and entropy for the saturated or superheated humid air. The 
humidity and partial pressure depend on the composition. Heat capacity, enthalpy, and 
entropy are the summation of the ideal part and excess part. The ideal part obtained from the 
properties in the ideal-gas state has been studied extensively. The excess part is often obtained 
using an equation of state (EOS). Saturated humid air is a special case because the 
composition is obtained from phase equilibria.  

There are two methods to study phase equilibria, i.e. EOS method and activity coefficient 
method. In the EOS method, an EOS is used to describe the non-ideal behaviour for both 
liquid and vapour phases. While in the activity coefficient method, an EOS is used to 
represent the properties of the vapour phase, and another model based on excess properties is 
used to describe the properties of the liquid phase. It is not easy to use an EOS with a set of 
parameters to represent the properties of both phases, and activity coefficient method is used 
in this thesis. 

In the phase equilibrium calculation, the modified Redlich-Kwong (RK) EOS (de Santis 
et al., 1974) is used to describe the properties in the vapour phase. The parameters of the pure 
components are taken from literature, and a new mixing rule is proposed with a cross 
parameter obtained from the fitting of the experimental data. The liquid phase is assumed to 
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follow Henry’s law because of the low solubility for the studied gaseous components.  The 
Henry’s constant of nitrogen in water is calculated using the Helgeson EOS (Johnson et al., 
1992), while the Henry’s constant of oxygen in water is obtained from the fitting of the 
solubility data for oxygen-water system. To obtain the liquid phase reference fugacity of 
water, an expression for calculating the fugacity coefficient of saturated water vapour is 
obtained for convenient use and programming. In addition, the ideal model and the ideal 
mixing model are programmed to investigate the effect of different models on the 
thermodynamic properties of humid air. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2-1. Summary of the main work in this thesis 
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3. Literature review 
3.1 Survey of the experimental data for air-water system 

Both the establishment of a new model and the investigation of an existing model are 
based on experimental data. The experimental data for air-water mixtures have been created 
for the applications such as cooling towers, drying and air conditioning, manufacture and 
processing of various materials, in metrology, biology, medicine, agriculture, food and 
chemical industries. Generally, thermodynamic data at low temperatures are needed for these 
applications, and the available experimental data (enhancement factors) were measured at low 
temperatures as shown in Table 3-1. Since the saturated composition is obtained from phase 
equilibria, the experimental solubility data of air in the liquid water are included in Table 3-1. 

Table 3-1. Thermodynamic experimental data for air-water system 
T (°C)  P (bar) Data Author Year 

5-25 1 enhancement factor Goff & Bates 1941 

30-50 ≤ 100 enhancement factor Hyland & Wexler 1973 

20-75 ≤ 140 enhancement factor Wylie & Fisher 1996a 

-35-15 ≤ 200 enhancement factor Webster 1950 

50-70 ≤ 200 enhancement factor Pollitzer & Strebel 1924 

20 1 solubility Baldwin & Daniel 1952 

0-25 34.5-206.8 solubility McKee 1953 

25-65 67-238 solubility Eichelberger 1955 

As shown in Table 3-1, the thermodynamic experimental data for air-water system are 
only available up to 75 °C, and most of them are the data on enhancement factors (the 
composition y can be easily calculated from the enhancement factor, so the enhancement 
factor is the experimental data of y). The PvT data for the superheated humid air or saturated 
humid air have not been determined yet. The excess enthalpy and heap capacity, which are 
important for verifying the temperature-dependent parameters, have not been measured either. 

3.2 Survey of the calculation methods for the air-water mixture 
Several models have been proposed to calculate the thermodynamic properties of the air-

water mixture in different temperature and pressure ranges. The differences between them are 
whether and which equation of state (EOS) is used to describe the non-ideal behaviour. Based 
on the difference concerning EOS, the existing models can be classified into three types, i.e. 
ideal model, ideal mixing model, and real model.  

 Ideal model 

An easy approximation for the air-water mixture is the assumption that it is a mixture of 
ideal air and ideal water vapour. The calculation of any property m (heat capacity, enthalpy or 
molar volume) except entropy s is: 

( ) 0000 1 wwawwwaa mymymymym +−=+=       (3-1)  

where m0 is the properties in the ideal-gas state at temperature T (and pressure P), y is the 
mole fraction, and subscriptions of a and w refer to air and water vapour, respectively. 
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The calculation of the entropy s in the ideal model follows: 

( ) ( ) ( ) ( )[ ]wwawwwaw yyyyR
P
PRPTsyPTsys lnln1ln,,1 0

0000 +−−⎟
⎠
⎞

⎜
⎝
⎛−+−=  (3-2) 

where s0 is the entropy in the ideal-gas state at temperature T and standard pressure P0 

The calculation of the saturated properties is the same as that for the superheated 
properties but with a different way to obtain the composition. The composition of the 
superheated humid air is known or derived from other known conditions, while the saturated 
composition of water vapour (yw

s) is temperature dependent in the ideal model and calculated 
with the following equation: 

( )
P

TP
y

s
ws

w =          (3-3) 

where Pw
s is the saturated pressure of water at temperature T, and P is the system pressure. 

The ideal model is valid at sufficiently low pressures and high temperatures. In some 
processes, for example in ambient air-conditioning plants, the total pressure is generally kept 
at 0.1 MPa at temperatures between 0 and 50 °C. It has been proved that errors are less than 
0.7 % in calculating the thermodynamic properties of saturated humid air such as humidity 
ratio, enthalpy and specific volume under these conditions (Buonanno et al., 1994). 

 Ideal mixing model 

The properties of water vapour and dry air have been studied extensively (Lemmon et al., 
2000; Wagner and Kruse, 1998). In engineering calculations, it is often assumed that the 
property of the air-water mixture is an ideal mixture of the properties of real gaseous air and 
water vapour (Perry and Green, 1997). The calculation of any property m (heat capacity, 
enthalpy, molar volume) except entropy s is: 

( ) ),(),(1 PTmyPTmym wwaw +−=       (3-4) 

where m(T, P) is the properties of a real gas at temperature T and pressure P.  

The calculation of the entropy s follows: 

( ) ( ) ( ) ( )[ ]wwawwwaw yyyyRPTsyPTsys lnln1,,1 +−−+−=    (3-5) 

The calculation of the saturated composition has not been described in previous studies 
(Perry and Green, 1997). It can be estimated using equation (3-3). The properties of humid air 
according to this model were tabulated at ambient pressure in Perry’s handbook. 

 Real model 

Both the ideal model and ideal mixing model are suitable at low pressures. The properties 
of humid air at high pressures are obtained using real models. The existing real models were 
based on the virial EOS to represent the non-ideal behaviour of the vapour phase (equations 
(3-6) to (3-8)). The saturated composition is calculated from phase equilibria, and Henry’s 
law is used to describe the liquid phase. Figure 3-1 shows four typical real models. 

21
v
C

v
B

RT
Pv

++=          (3-6) 

wwwawwaaaa ByByyByB 22 2 ++=        (3-7) 

wwwwawwwaaawwaaaaa CyCyyCyyCyC 3223 33 +++=     (3-8) 
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where Baw, Caaw and Caww are adjustable parameters obtained from the fitting of the available 
experimental data or theoretically estimated. 

Figure 3-1. Summary of the real models for humid air 

As shown in Figure 3-1, the adjustable parameters in these four real models were 
obtained from the fitting of the experimental data up to 75 °C. In order to predict the 
properties of humid air in a wide temperature range, Wylie and Fisher (1996a) first fitted Baw 
and C to the experimental date in the temperature range of 20 to 75 °C, then used Lennard-
Jones potential to extrapolate Baw to the temperature range of –100 to 200 °C. But the 
extrapolation has not been verified because of the lack of the experimental data for humid air. 
Therefore, one should be careful when using this extrapolation. 

3.3 Survey of the experimental data for nitrogen-water and oxygen-
water systems 

The main components of dry air are nitrogen and oxygen. It has been demonstrated that 
the properties of dry air are similar to those of nitrogen-oxygen mixtures. Therefore, the 
experimental data of nitrogen-water and oxygen-water systems are surveyed and summarized 
in Tables 3-2 and 3-3. Obviously, the available experimental data for these two systems are 
much more extensive with a wider temperature and pressure range compared to air-water 
system as shown in Figure 3-2. Moreover, the experimental data are mainly on compositions 
in the liquid and vapour phases, but excess enthalpies of gaseous mixtures have also been 
measured. 
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Table 3-2. Experimental data for nitrogen-water system 
T (°C) P (bar) Data Author Year 

0.5-30 1 solubility Murray & Wilson 1969 

5-30 1 solubility Douglas 1964 

25-100 20-100 solubility Rigby & Prausnitz 1968 

0-169 100-300 solubility Goodman & Krase 1931 

50-125 100-600 solubility O’sullivan & Smith 1970 

25-100 25-1000 solubility Wiebe 1933 

250-400 200-2700 solubility Japas & Frank 1985a 

155-424 80-310 solubility Watson & Fenghour 1993 

63-363 6-256 solubility Alvarez et al. 1988 

309-339 170-540 solubility Alvarez & Fernandez 1991 

250-390 20-700 solubility Abdulagatov et al. 1993 

50-230 100-300 solubility Saddington & Krase 1934 

100-150 1 excess enthalpy Wormald & Colling 1981 

100-423 15-120 excess enthalpy Wormald & Colling 1983 

175-425 0-120 excess enthalpy Lanzarster & Wormald 1990 

273-423 42.4-104.4 excess enthalpy Wilhelm et al. 1977 

Table 3-3. Experimental data for oxygen-water system 
T (°C) P (bar) Data Author Year 

2-27 1 solubility Kolts & Benson 1963a 

2-27 1 solubility Kolts & Benson 1963b 

8-29 1 solubility Dauglas 1964 

0-37 1 solubility Montgomery et al. 1964 

0-35 1 solubility Murray & Riley 1969 

0-60 1 solubility Benson et al. 1979 

0-300 1 solubility Crame 1980 

0-55 1 solubility Rettich et al. 2000 

163-343 6-21 solubility Pray et al. 1952 

100-152 10-50 solubility Broden & Simonson 1978 

100-288 13-100 solubility Stephan et al. 1956 

200-400 190-2500 solubility Japas and Franck 1985b 

25-75 21-140 solubility Wylie and Fisher 1996b 

25 1 enthalpy Gill & Wadsö 1982 

-5-35 1 Enthalpy Olofsson et al 1984 
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Figure 3-2. Available experimental data for nitrogen-water, oxygen-water and air-water 
systems 

3.4 Summary and ideas for this thesis 
Based on the above literature survey, we may conclude that: 

1. The experimental data of air-water system are limited to the temperature below 75 °C. 

2. The properties of humid air can be calculated up to 100 °C and 100 bar.  

3. The experimental data of nitrogen-water and oxygen-water systems are much more 
extensive than those for air-water system, the measured temperature and pressure 
range is wide, and the measured properties include compositions in both liquid and 
vapour phases and excess enthalpies in the vapour phase.  

For the relevant process design, the properties of humid air at pressures up to 150 bar and 
at temperatures from ambient to 1500 °C, including the saturated temperature up to 250 °C, 
are required. It is crucial to investigate the thermodynamic properties of humid air at elevated 
temperatures and pressures. There are two ways to improve the study on the properties of 
humid air: 

1. Measurement of new experimental data at the temperature and pressure of interest, and 
re-fitting of parameters in an existing model to the new experimental data;  

2. Establishment of a predictive model on the basis of the available experimental data.  

New experimental data determination is a better and direct way. However, the 
experimental experience reveals that it is very difficult to obtain experimental data at elevated 
temperatures with high water content. Furthermore, experiment is a time-consuming task. 
Therefore, using the available experimental data to establish a reasonable engineering model 
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becomes a preferable way. Meanwhile, the greater amount of the available experimental data 
of nitrogen-water and oxygen-water systems makes it possible to propose and verify a 
predictive model. Therefore, a new predictive model is proposed to represent the properties of 
humid air at elevated temperatures and pressures. The idea is described as: 

1. Establishment of a predictive model which is suitable for nitrogen-water, oxygen-
water and air-water systems. 

2. Investigation and verification of the new model by comparing with the experimental 
data of nitrogen-water and oxygen-water systems in a wide temperature and pressure 
range. 

3. Prediction of the properties of air-water system using the new model without any 
adjustment. Comparison with the available experimental data of air-water system to 
verify the predicted results of the new model. 

4. Study of other properties of the air-water mixture using the new predictive model and 
comparison with those of other models. 

5. Simulation of some major components in a wet cycle using different models to 
investigate the effect of thermodynamic model results on the process design. 
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4. Thermodynamic model 
Generally, the required properties in a process design are humidity, density, heat 

capacity, enthalpy, entropy, and partial pressure of the saturated or superheated humid air. A 
thermodynamic model is proposed in which an equation of state (EOS) is used to describe the 
non-ideal behaviour for the vapour phase. In order to obtain the saturated composition from 
phase equilibria, Henry’s law is used for the liquid phase because of the low gas solubility. In 
addition, the properties in the ideal-gas state for each individual component are needed to 
calculate enthalpy and entropy.  

4.1 The composition of dry air 
Air is a mixture of nitrogen, oxygen, argon, carbon dioxide, water vapour, and other trace 

elements. In engineering calculations, dry air is simplified to be a mixture of nitrogen, 
oxygen, and argon, and the corresponding mole fractions are 0.7812, 0.2096 and 0.0092, 
respectively. In previous studies it was stated that the solubility of argon in water was similar 
to that of oxygen (Wylie and Fisher, 1996a). This statement obviously simplifies the 
calculation within engineering discrepancy by assuming dry air to be a mixture of nitrogen 
and oxygen with the mole fractions of 0.7812 and 0.2188, respectively. Subsequently, humid 
air is a mixture of nitrogen, oxygen and water vapour in which the mole ratio of nitrogen to 
oxygen is fixed (0.7812/0.2188). 

4.2 Equation of state (EOS) 
A suitable EOS not only matches the vapour pressure data, but also gives accurate 

predictions of volumetric and other thermodynamic properties. The modified Redlich-Kwong 
(RK) EOS, developed by de Santis et al. (1974), was demonstrated to satisfy this requirement. 
The expression of modified RK EOS is  

( )bvvT
a

bv
RTP

−⋅⋅
−

−
=       (4-1) 

where P is the pressure in bar, T is the temperature in Kelvin, R is the universal gas constant, 
v is the molar volume, and a and b are parameters with the mixing rules: 

∑∑=
i j

ijji ayya         (4-2) 

and 

∑=
i

iibyb         (4-3) 

where y is the mole fraction in the vapour phase 

Parameter a for a pure component is split into two parts: 

( )Taaa iiiiii
10 +=         (4-4) 

where the constant aii
0 reflects intermolecular attraction due to dispersion forces and can be 

found from critical data (Holloway, 1985) when experimental PvT data are not available. 

C

C
ii P

TRa
5.22

0 4278.0=        (4-5) 

where Tc and Pc are the critical temperature and pressure, respectively. 
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The temperature-dependence part, aii
1, is attributed to intermolecular attractions from 

hydrogen bonding and polar forces. For simple nonpolar gases of nitrogen and oxygen, their 
values are zero. For water, it was tabulated by de Santis et al. (1974) at temperatures from 
323.15 to 1073.15 K and at pressures up to 2200 bars. Heidemann and Prausnitz (1977) 
extrapolated and interpolated it from 293.15 to 603.15 K.  In order to calculate 
thermodynamic properties at any given temperatures and pressures, the tabulated values are 
fitted to the following equation 

( )

( )
( )

    

647       1016667.1000369888.0347932.022518.3
64715.323                     ,1042162.41001488.1
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4834
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KTTTT
KTKTT

TT
KTTT

aww (4-6) 

Parameter b can also be obtained from critical data (Holloway, 1985) when experimental 
PvT data are not available. 

C

C
i P

RTb 0867.0=          (4-7) 

Parameters aii
0 and bi for nitrogen, oxygen and water have been obtained from the fitting 

of the experimental PvT data or calculated from the critical data. The values used are listed in 
Table 4-1. 

Table 4-1. Temperature-independent parameters for nitrogen, oxygen and water 
 aii

0 (L2⋅atm⋅mol-2⋅K-0.5) bi (L⋅mol-1) Ref. 

N2 15.462 0.02678 Heidemann and Prausnitz (1977) 

O2 17.16 0.02199 Wark (1995) 

H2O 35.0 0.0146 Heidemann and Prausnitz (1977) 

For aij, where i≠j, the nature of the intermolecular interactions between different species 
is taken into account, and it is calculated with 

( )  5.000
jjiiijjiij aakaa ⋅==         (4-8) 

where kij is the cross parameter set to be unity or obtained from the fitting of the experimental 
data. 

4.3 Thermodynamic properties 

4.3.1 Phase state and saturated composition 
In the process design, a stream with a flow rate F (mol⋅h-1) and mole fractions xFi at 

temperature T and pressure P is often determined by the user. It is necessary to determine the 
phase state (supercritical fluid, superheated humid gas, saturated humid gas, or mixture of 
saturated humid gas and liquid water) before calculating properties. The phase state relates to 
temperature (T), pressure (P) and composition (y). When the temperature is lower than the 
critical temperature of water (Tc,w) and the pressure is larger than the saturated pressure of 
water (Pw

s) (supposing the effect of air in liquid water is small enough), it is possible to reach 
phase equilibria and vapour water may condense into liquid water, which depends on the 
composition of the stream. If the amount of water in the stream (xFw) is larger than its 
saturated vapour composition (ywcal), some water vapour will condense into liquid water, 
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while the vapour composition (y) is equal to the saturated vapour composition at the system 
temperature T and pressure P, and the flow rate of the vapour phase is a part of the total flow 
rate. Criteria for determining the phase-state of a stream are summarized in Table 4-2 where 
Pc,w is the critical pressure of water. 

Table 4-2. Criteria for determining the phase-state of a stream 
temperature pressure composition phase state 

T > Tc,w P < Pc,w  superheated humid air 

 P > Pc,w  supercritical fluid 

T ≤ Tc,w P ≤ Pw
s  superheated humid air 

 P > Pw
s ywcal > xFw superheated humid air 

  ywcal = xFw saturated humid air, y(I)=ycal(I) 

  ywcal < xFw  saturated vapour-liquid mixture, y(I)=ycal(I)

An evaporation flash as shown in Figure 4-1 is performed to obtain the saturated vapour 
composition (y) in which sufficient water is included (C in equation (4-9)) to assure that the 
vapour phase is saturated.  

 

L, xi

V, yical

F, x’Fi    T, P

 
Figure 4-1. Schematic diagram for the calculation of the saturated composition 

If the mole fraction of water defined for the evaporation flash calculation is xFw, the mole 
fractions of other components defined for the evaporation flash calculation (x’Fi) are 
proportional to xFi and calculated with the following equation  

( ) ( )⎪⎩

⎪
⎨
⎧

−−=

=

FwFwFiFi

Fw

xxxx

Cx

0.1/0.1 ''

'

        (4-9) 

The mass balance for the evaporation flash is:  

 LVF +=          (4-10) 

 iiFi LxVyFx +='  (i = 1,  N)      (4-11) 

 11
11

== ∑∑
==

N

i
i

N

i
i yorx                  (4-12) 

where V and L are the flow rates of the vapour and liquid phases, respectively,  and x and y 
are the mole fractions in the liquid and vapour phases which are satisfied the phase equilibria: 

 iiii xfPy 0=φ   (i = 1,  N)      (4-13) 

where f0 is the liquid phase reference fugacity, and φ is the fugacity coefficient in the vapour 
phase calculated from the modified RK EOS with the expression 
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From equations (4-10) to (4-13), there are (2N+2) equations with (2N+2) variables (V, L, 
xi, yi, i = 1, N).  

For the studied system, the solubility of air (a mixture of nitrogen and oxygen) is low, an 
asymmetric rule is used, i.e. the liquid phase reference fugacity of water (fw

0) is based on pure 
liquid while the liquid phase reference fugacities of the dissolved nitrogen and oxygen are 
based on the infinite dilution state (Henry’s constant, H). Subsequently, phase equilibria can 
be written as: 

⎩
⎨
⎧

=
=

iiii

wwww

xHPy
xfPy

φ
φ 0

  (i = nitrogen and oxygen)    (4-15) 

fw
0 is calculated using equation (4-16) where the saturated pressure (Pw

s) and volume of 
water (vL) are taken from the study of Wagner and Kruse (1998). The equations and 
corresponding parameters for calculating Pw

s and vL are described in the Appendix. 
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However, φw
V(T, Pw

s) cannot be obtained from the study of Wagner and Kruse (1998) for 
our programming. To obtain φw

V(T, Pw
s), first, φw

V(T, Pw
s) is calculated using commercial 

software Aspen Plus with STEAMNBS model at different temperatures and corresponding 
saturated pressures. Next, the calculated results are fitted to a polynomial for programming.  

( ) ∑
=

=
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i

s
w

V
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where Ciφ is the coefficient. The detailed description is in section 5.1 

Henry’s constant (H) is often obtained from the fitting of experimental data. Recently, a 
comprehensive equation of state (Helgeson EOS) was provided to calculate the standard 
partial molal properties for aqueous species, minerals and gases at high temperatures and 
pressures (Johnson et al., 1992). This EOS with a large number of published parameters can 
be used to predict Henry’s constants. However, a small deviation of the parameters in 
Helgeson EOS may cause an obvious deviation in Henry’s constant. The precision of their 
parameters is of importance to calculate Henry’s constant accurately. For the dissolved 
nitrogen, the parameters in this EOS have been investigated carefully, and Helgeson EOS is 
used to calculate the Henry’s constant of nitrogen in water with the expression: 

( ) ( )
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⎛ Δ−Δ
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.H maqNmgN ,,
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0
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0
, 22     (4-18) 

where ΔG0 is the Gibbs’ free energy of formation on a molarity basis obtained from Helgeson 
EOS. 

The Henry’s constant of oxygen in water can also be calculated using Helgeson EOS. The 
parameters in this EOS were obtained from the fitted Henry’s constant of oxygen in water 
(Shock et al., 1989). The fitted Henry’s constant of oxygen in water at high temperatures was 
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obtained by assuming that the partial pressure of water vapour in the oxygen-water system 
was always equal to the saturated pressure of pure water (Crame, 1980; Tromans, 1998). 
However, at high temperatures and pressures and for oxygen-water system, the partial 
pressure of water vapour deviates severely from the saturated pressure of pure water, which 
causes the deviation of the fitted Henry’s constant of oxygen in water in the existing 
literature. Therefore, both the parameters in the Helgeson EOS and the fitted Henry’s constant 
of oxygen in water in literature are not reliable. A new Henry’s constant of oxygen in water is 
obtained from the fitting of the experimental data of oxygen-water system. 

( )
( ) ( ) TPQPQQTPQPQQ

TPQPQQPQPQQH

ln         

ln
2

121110
22

987

2
654

2
321

⋅+++⋅++

+⋅+++++=
   (4-19) 

where T is temperature in Kelvin, P is total pressure in bar, and Q1 to Q12 are coefficients. The 
detailed description is in section 5.3 

4.3.2 Humidity 
Absolute humidity (HDa) is calculated by: 
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 (kg water vapour / kg dry gas)  (4-20) 

where M is the molecular weight. The molecular weigh of water vapour Mw is 18.01 kg⋅mol-1. 
The molecular weights of nitrogen and oxygen are taken from Wark (1995) with values of 
28.01 and 32.00 kg⋅mol-1, respectively. 

In previous models (Hyland and Wexler, 1983a, b; Rabinovich and Beketov, 1995), dry 
air was assumed to be a homogeneous standard air with an average molecular weight of 28.96 
kg⋅mol-1 at different temperatures and pressures. In the new model, dry air is assumed to be a 
nitrogen-oxygen mixture. It is demonstrated that the compositions of nitrogen and oxygen are 
almost the same as those in the standard dry air, and the average molecular weigh is about 
28.96 kg⋅mol-1. Therefore, 28.96 kg⋅mol-1 is still used as the molecular weight of dry air. For 
the nitrogen-oxygen mixture at any proportions, the molecular weight is calculated using 
equation (4-21). 
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4.3.3 Enthalpy and entropy 
Enthalpy h and entropy s are calculated with the following equations 

 
( ) ⎟

⎠
⎞

⎜
⎝
⎛ +

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛−−
+

−
−

+=

⎟
⎠
⎞

⎜
⎝
⎛ +

⎥
⎦

⎤
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛−−
+

−
−

+=

−

−

∑

∫ ∑

v
bv

T
a

dT
dT

T
a

bbv
aT

bv
RTbThy

v
bv

T
a

dT
dT

T
a

bbv
aT

bv
RTbdTCyh

i
ii

T

T
i

ipi

ln1  

ln1

5.0
0

5.0
0

0

 (4-22) 

 

( ) ⎟
⎠
⎞

⎜
⎝
⎛ +

⎟
⎠

⎞
⎜
⎝

⎛+⎟
⎠
⎞

⎜
⎝
⎛ −

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

⎟
⎠
⎞

⎜
⎝
⎛ +

⎟
⎠

⎞
⎜
⎝

⎛+⎟
⎠
⎞

⎜
⎝
⎛ −

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

∑

∫ ∑

v
bv

T
a

dT
d

bv
bvR

P
PRPTsy

v
bv

T
a

dT
d

bv
bvR

P
PRdT

T
C

ys

i
ii

T

T
i

ip
i

ln1lnln,  

ln1lnln

0
0

0

0

0

0

 (4-23) 



 18 

and  
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where Cp
0 is the heat capacity in the ideal-gas state, h0 and s0 are the enthalpy and entropy in 

the ideal-gas state at atmospheric pressure (standard pressure), respectively. 

For nitrogen, oxygen and water vapour, the heat capacities in the ideal-gas state (Cp
0) 

have been accumulated in handbooks. Enthalpy and entropy of ideal gases calculated with a 
set of parameters in the ideal-gas state (h0 and s0) have also been tabulated (Wark, 1995; 
Sonntag and Van Wylen, 1991). Commercial software, such as Aspen Plus, can be used to 
produce the heat capacity, enthalpy and entropy in the ideal-gas state. The enthalpies in the 
ideal-gas state tabulated in handbooks and produced with commercial software Aspen Plus 
are listed in Table 4-3 for comparison. 

Table 4-3. The enthalpies of nitrogen and oxygen in the ideal-gas state from different studies 
component T  

(K) 
Wark 
(h1) 

Aspen Plus 
(h2) 

Sonntag & Van
Wylen (h3) 

Δh1 
( h1 – h2) 

Δ h2 
( h1 – h3) 

N2 300 8723 53.9 54 8669.1 8669 

 400 11640 2971.5 2971 8668.5 8669 

 500 14581 5911.4 5911 8669.6 8670 

 600 17563 8894.5 8894 8668.5 8669 

O2 300 8736 54.3 54 8681.7 8682 

 400 11711 3022.1 3027 8688.9 8684 

 500 14770 6078.8 6086 8691.2 8684 

 600 17929 9238.1 9245 8690.9 8684 

The absolute enthalpies are different because the reference states used are different. But 
the enthalpy difference of two different studies (Δh) should be a constant if these two studies 
are consistent (consistent heat capacity in the ideal-gas state). As shown in Table 4-3, the 
results for ideal nitrogen are consistent for these three studies. However, the results for ideal 
oxygen calculated using Aspen Plus deviate slightly from others.  

There are two options to obtain enthalpy and entropy in the ideal-gas at atmospheric 
pressure (standard pressure). The first one is to use one set of heat capacity to calculate them. 
The second way is to take the tabulated enthalpy and entropy in the ideal-gas state at standard 
pressure directly from a handbook. We choose the second options and take the tabulated 
enthalpy and entropy from the study of Wark (1995) which is consistent with the results listed 
in Sonntag and Van Wylen (1991). 

The absolute enthalpy and entropy in the ideal-gas state depend on the reference state. 
We choose hi

0 (T0 = 273.15 K) = 0 for pure nitrogen and oxygen in the ideal-gas state and s = 
0 in the ideal-gas state at T0 = 273.15 K and P0 =1 atm. For water vapour the specific enthalpy 
and entropy of the liquid phase are set to be zero at triple-point. Based on the chosen 
reference state, the tabulated enthalpy and entropy in the study of Wark (1995) are converted 
and fitted to the following polynomials for programming. The coefficients are listed in Table 
4-4. 

( ) ( ) ( )2
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Table 4-4. Coefficients of enthalpies and entropies in the ideal-gas state for nitrogen, oxygen 
and water vapour from 200 to 1773.15 K 

i Ch1 Ch2 103Ch3 - - R-squared

N2  -7797.85 28.1402 1.49255 - - >0.999 

O2 -7613.69 26.6621 4.43533 - - >0.999 

H2O  36317.0 30.7965 4.44800 - - >0.999 

i Cs1 10Cs2 104Cs3 107Cs4 1010Cs5 R-squared

N2  -51.442 3.05448 -5.80432 6.31264 -2.78407 >0.999 

O2 -50.303 2.95043 -5.50277 6.13433 -2.67029 >0.999 

H2O  107.723 3.34078 -6.15064 6.60998 -2.88628 >0.999 

4.3.4 Other properties 
The isobaric heat capacity (Cp) is calculated from enthalpy in which ΔT is set to be 0.05 

K. 

T
TThTThTCP Δ

Δ−−Δ+
=

2
)()()(        (4-27) 

The density (ρ) is calculated with 

v
1

=ρ           (4-28) 

where v is molar volume iterated from equation (4-1) using the Newton method. 
The partial pressure of water vapour is the product of the total pressure and the mole 

fraction of water vapour, i.e. 
ww PyP =           (4-29) 

In the process design, it is necessary to obtain some properties from the conditions other 
than temperature, pressure and composition. For example, in the design of a heat exchanger, it 
is needed to obtain temperature from pressure, enthalpy and composition, while in the design 
of compressors, temperature is determined from pressure, entropy and composition. All these 
problems can be solved based on the calculation of the properties from temperature, pressure 
and composition by iteration, i.e, assuming an initial temperature (pressure), and calculating 
properties (enthalpy or entropy) and comparing with the given value until these two values are 
equal. 
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5. Parameter fitting 
5.1 φw

v (T, Pw
s) 

There is no expression for calculating fw
0 and φw

V(T, Pw
s) in IAPWS-IF97. Commercial 

software, such as Aspen Plus, NIST and SUPCRT92, can be used to produce fw
0 and φw

V(T, 
Pw

s) at a given temperature and pressure. However, it is necessary to have an expression for 
programming to obtain results at any temperatures and pressures. Since fw

0 is temperature-
pressure dependent while φw

V(T, Pw
s) is only temperature dependent, it is easier and more 

convenient to give an expression for φw
V(T, Pw

s) for calculating  fw
0 using equation (4-16).   

φw
V(T, Pw

s) can be calculated using different equations of state. The calculated results of 
Aspen Plus with STEAMNBS model, Peng-Robinson EOS, and modified RK EOS are shown 
in Figure 5-1 for comparison. The results calculated from Aspen Plus with STEAMNBS 
model are the best over the whole range. Meanwhile, the STEAMNBS model is consistent 
with the model of IAPWS-IF97. Therefore, the calculated results from Aspen Plus with 
STEAMNBS model are used and fitted to a polynomial (equation (5-1)) for programming. 
The sum of squares of residuals for the polynomial correlation is 1.56×10-6. The fitted results 
are depicted as the solid curve in Figure 5-1. 
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where T is the temperature in Kelvin and Pw
s is the saturated pressure of water. 
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Figure 5-1.  Comparison of the fugacity coefficient of water vapour at the saturated pressure 

of water calculated using different equations of state. , Aspen Plus; , 
Helgeson; , Peng-Robinson; , modified RK; ⎯, fitted results from the data 
calculated using Aspen Plus with the STEAMNBS model. 
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fw
0 at saturated pressures of water can also be calculated using equation (5-2) in which the 

standard ΔG0 data are taken from the Helgeson EOS (Johnson et al., 1992), 
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⎛ Δ−Δ
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0
,

0
,0 22     (5-2) 

where ΔG0 is the Gibbs’ free energy of formation, and subscripts g and l refer to gaseous 
(vapour) and liquid water, respectively.  

From equation (4-16), the liquid phase reference fugacity fw
0 at saturated pressures is 
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s
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V
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s
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Combining equations (5-2) and (5-3) yields: 
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The fugacity coefficients φw
V(T, Pw

s) calculated using equation (5-4) are also depicted in 
Figure 5-1 (noted as symbols ) for comparison. The comparison shows that at high 
temperatures, the deviation is small. However, at low temperatures (T < 450 K), the deviation 
is high, especially at those below 373.15 K. The reason may be the saturated pressure of water 
is considered to be 1 bar when the temperature is less than 373.15 K in the Helgeson EOS. 

If the water vapour is assumed to be an ideal gas, the fugacity coefficient of the water 
vapour is equal to unity throughout the whole temperature range. As shown in Figure 5-1, at 
low temperatures (T < 373.15 K), the fugacity coefficient of the water vapour is about unity. 
While at high temperatures, for example at 673.15 K, the fugacity coefficient is less than 0.7. 
Therefore, it is unreasonable to use ideal model to describe the properties of water vapour at 
high temperatures. 

5.2 kij in modified RK EOS 
The modified RK EOS is used to represent the thermodynamic properties in the vapour 

phase for many systems. Generally, parameters are investigated by comparing with the 
experimental data in the vapour phase. The water content in gaseous nitrogen was measured 
by Rigby and Prausnitz (1968) and compared with the predicted results (kij = 1.0) with 
agreement. Therefore, it is acceptable to set kij to be unity for molecular water and nitrogen. 

For oxygen-water system, most of experimental studies were on the solubility of oxygen 
in liquid water. The vapour compositions of oxygen-water system at elevated temperatures 
and pressures were measured in the study of Zoss (1952) but have been proved unreliable 
(Battino, 1981). Recently, Wylie and Fisher (1996b) measured the enhancement factor at 
temperatures from 298.15 to 348.15 K and at pressures from 20 to 140 bar.  

The saturated vapour composition is calculated from their experimental results and used 
to investigate kij for molecular water and oxygen in the modified RK EOS for the first time. In 
modelling, the saturated composition is calculated from phase equilibria where the liquid 
phase is assumed to follow Henry’s law. Subsequently, the Henry’s constant of oxygen in 
water is needed.  

For the first try, the Henry’s constant of oxygen in water is calculated using the Helgeson 
EOS with existing parameters (Johnson et al., 1992). The calculated water compositions in the 
vapour phase (ycal,1) are compared with the experimental data (Wylie and Fisher, 1996b) listed 
in Table 5-1. The relative deviation is shown in Figure 5-2. The deviation increases with 
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increasing pressure and decreasing temperature, and the highest value is about 15 % at 298.15 
K and 140.85 bar.  

Table 5-1. The water compositions in the vapour phase calculated with kij = 1 (ycal,1) and 
those with the new fitted parameter (ycal,2) to compare with the experimental data of Wylie 

and Fisher (1996b) (yexp) 
P 298.15 K 323.15 K 348.15 K 

(bar) 103 yexp 103 ycal,1 103 ycal,2 103 yexp 103 ycal,1 103 ycal,2 102 yexp 102 ycal,1 102 ycal,2

21.58 1.5418 1.5753 1.5408 5.9683 6.0790 5.9709 - 1.8892 1.8618

35.36 0.97198 1.0045 0.96864 3.7315 3.8465 3.7345 1.1581 1.1886 1.1601

69.85 0.52884 0.56751 0.52794 2.0087 2.1302 2.0091 0.61746 0.64874 0.61821

101.01 0.39206 0.43291 0.38997 1.4675 1.5955 1.4667 0.44632 0.47957 0.44740

140.85 0.30437 0.35089 0.30370 1.1253 1.2639 1.1252 0.33896 0.37369 0.33955

Max.*  15.28 % 0.53 %  12.32 % 0.08 %  10.25 % 0.24 %
Av.**  7.71 % 0.27 %  6.40 % 0.04 %  6.35 % 0.18 %

*Max. =  
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Figure 5-2. Deviation for the water composition in the vapour phase calculated with kij = 1.0 

and those with the new fitted parameter from the experimental data of Wylie and 
Fisher (1996b). , , and , with kij = 1.0 at 298.15, 323.15, and 348.15 K, 
respectively. , , and , with the new fitted parameter at 298.15, 323.15, and 
348.15 K, respectively. 

The deviation may be due to two factors, parameter kij in the modified RK EOS and the 
Henry’s constant of oxygen in water calculated using the Helgeson EOS. At low temperatures 
(< 373.15 K), the parameters in the Helgeson EOS were obtained using the results of Benson 
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et al. (1979) where the oxygen solubility was measured accurately and the Henry’s constant of 
oxygen in water was obtained with a semi-empirical method. Subsequently, in the low 
temperature range, the Henry’s constant calculated using the Helgeson EOS is reliable, and 
the deviation is mainly due to the parameter kij in the modified RK EOS. 

A new kij for molecular water and oxygen is obtained from the fitting of the experimental 
data of Wylie and Fisher (1996b) with the value of 0.783, i.e.  

783.0=ijk          (5-5) 

where subscripts i and j refer to water and oxygen, respectively. 

The water composition in the vapour phase for water-oxygen system is calculated using 
the new fitted parameter kij. The calculated results (ycal,2) are listed in Table 5-1 and the 
corresponding relative deviations are shown in Figure 5-2. From 298.15 to 348.15 K, the 
average relative deviation from the experimental data is less than 0.3 %, and the maximum is 
about 0.5 %.  

Molecular nitrogen and oxygen are similar, and it is reasonable to assume the 
corresponding parameter kij to be unity. kij used in the modified RK EOS for air-water system 
are summarized in Table 5-2.  

Table 5-2. kij used in for air-water system 
 N2 O2 H2O 

N2 - 1.0 1.0 

O2 1.0 - 0.783 

H2O 1.0 0.783 - 

5.3 Henry’s constant of oxygen in water (HO2) 
The Henry’s constant of oxygen in water is not reliable at high temperatures because of 

the unreasonable assumption of the partial pressure of vapour water and the inaccurate 
description of the non-ideal behaviour for the vapour phase. A new Henry’s constant of 
oxygen in water is obtained from the fitting of the experimental data of oxygen-water system. 

The fitting of the Henry’s constant of oxygen in water is performed in two steps: 

1. Calculation of HO2 for each experimental data point with equation (4-15) but i refers 
to oxygen only;  

2. Fitting of the calculated HO2 to a temperature-pressure dependent expression. 

5.3.1 Calculation of Henry’s constant (H) for each point 
Oxygen solubilities in water have been measured extensively (Zoss, 1952; Pray et al., 

1952; Pray and Stephan, 1953; Stephan et al., 1956; Brodén and Simonson, 1978; Benson et 
al., 1979; Cramer, 1980; Rettich et al., 2000). In most of these studies, the reported partial 
pressure of oxygen was estimated by subtracting vapour pressure of pure water from the total 
system pressure. However, the realistic partial pressure of water deviates from those of pure 
water for oxygen-water system, especially at high pressures, which implies that the estimated 
partial pressure of oxygen in the literature is unreliable. 

In order to obtain the Henry’s constant of oxygen in water, the required experimental data 
are the reliable compositions in the liquid or vapour phase at corresponding system 
temperatures and pressures. Experimental data of Cramer (1980) are excluded because of the 
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unavailable total pressure. The solubility data of Zoss (1952) are also excluded because of 
inaccuracy. Since the data of Rettich et al. (2000) are similar to the part of the data in Benson 
et al. (1979), they are not used. The data of Stephan et al. (1956) covered the data of Pray and 
Stephan (1953) which are excluded too.  

The Henry’s constant of oxygen in water for each experimental data point is obtained 
using the Newton method. The Henry’s constants obtained in the study of Benson et al. 
(1979) are used directly. 

5.3.2 Fitting to an expression H = f (T, P) 
The Krichevsky-Kasarnovsky equation is often used to describe the pressure effect in the 

low temperature range (< 373.15 K). Since the temperature studied is up to 623.15 K, and H 
may increase with increasing pressure or almost keeps constant at a temperature. Therefore, 
Krichevsky-Kasarnovsky equation is unsuitable and an appropriate expression, equation (5-6), 
is used to describe the temperature-pressure dependent. 
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where T is temperature in Kelvin, P is total pressure in bar, and Q1 to Q12 are coefficients.  

The uncertainty of the available experimental data has not been evaluated. A large error 
in one group of data may cause a large deviation in parameter fitting. In order to avoid this, 
each group of data is investigated by obtaining the regression accuracy of equation (5-6). The 
number of data of Pray et al. (1952) is less than the number of coefficients in equation (5-6), 
and this group of data is not evaluated in this step. The investigation results for other groups 
of data are listed in Table 5-3. 

Table 5-3. Regression accuracy for each group of data and multiple-groups of data 
No data source* R-squared 

1 Stephan et al., 1956 0.9972 

2 Brodén and Simonson, 1978 0.9999 

3 Benson et al., 1979 >0.9999 

4 case A 0.9917 

5 case B 0.9970 

*case A, four groups of data (Pray et al., 1952; Stephan et al., 1956; Brodén and 
Simonson, 1978; Benson et al., 1979) are used. 

  case B, three groups of data (Stephan et al., 1956; Brodén and Simonson, 1978; 
Benson et al., 1979) are used 

As shown in Table 5-3, the random experimental uncertainty for each group of data is 
acceptable (No. 1 to No. 3). All of them combined with the data of Pray et al. (1952) (case A) 
are used to obtain the coefficients in equation (5-6). The fitted results are listed in Table 5-3 
and shown in Figure 5-3 with low accuracy, which implies that some experimental data are 
inconsistent with others. The data of Pray et al. (1952) may be responsible because they are 
not investigated separately.  

By excluding the data of Pray et al., other three groups of data (Stephan et al, 1956; 
Brodén and Simonson, 1978; Benson et al, 1979) (case B) are used to obtain the coefficients 
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in equation (5-6).  The fitted results are listed in Table 5-3 noted as case B and shown in 
Figure 5-4. The value of R-squared in case B is close to that of case A as shown in Table 5-3, 
but the distribution of the deviation shown in Figure 5-4 is much better than that shown in 
Figure 5-3, which demonstrates that the data of Pray et al. (1952) are inconsistent with others. 
The results of case B are more reasonable and the corresponding fitted coefficients for 
equation (5-6) are listed in Table 5-4. 

Table 5-4. Coefficients in equation (5-6) for calculating the Henry’s constant of oxygen in 
water at elevated temperatures and pressures 

symbol value symbol value symbol value symbol value 

Q1 -2.10973×102 Q4 -2.02733×10-1 Q7 9.77301×10-5 Q10 4.79875×101

Q2 2.32745×100 Q5 2.45925×10-3 Q8 -1.43857×10-6 Q11 -5.14296×10-1

Q3 -1.19186×10-2 Q6 -1.21107×10-5 Q9 6.84983×10-9 Q12 2.61610×10-3
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Figure 5-3. Calculated versus experimental lnH when four groups of data are used (case A). 



 27

Observed versus Predicted Values

Predicted Values

O
bs

er
ve

d 
Va

lu
es

9.4

9.8

10.2

10.6

11.0

11.4

11.8

9.4 9.8 10.2 10.6 11.0 11.4 11.8

 
Figure 5-4. Calculated versus experimental lnH when three groups of data are used (case B). 
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6. Verification of the new model 
6.1 Comparison with experimental data 

The results calculated using the new model are compared with the available experimental 
data for verification. It is significant to compare with experimental data in the vapour phase 
directly because the properties of interest in the design of EvGT or CAES are those in the 
vapour phase. While in other chemical industries, for example, the wet oxidation process, it is 
necessary to know the gas solubility in the liquid phase. In addition, experimental data in the 
vapour phase are limited while the solubility data for nitrogen-water and oxygen-water 
systems cover a wide temperature and pressure range. Therefore, the comparison of the results 
calculated using the new model is performed on both properties in the vapour phase and 
solubilities in the liquid phase. 

6.1.1 Nitrogen-water system 
Experimental data measured for nitrogen-water system are mainly on the solubility of 

nitrogen in liquid water. The water content in the vapour phase was measured in a few 
studies. Rigby and Prausnitz (1968) measured the solubility of water in the vapour phase 
extended to 100 °C and 100 bar. The comparison with the vapour composition calculated 
using the new model is listed in Table 6-1 with agreement throughout the whole temperature 
and pressure range. The average relative deviation is 0.70 % and the maximum is 1.81 %. 

Water solubilities in gaseous nitrogen at high temperatures and pressures are also 
measured by Saddington and Krase (1934). A comparison of the calculated results with this 
group of data is presented in Table 6-2. The calculated results at 200 atm agree with the 
experimental data, but the discrepancy is obvious at 100 atm, especially at 230 °C. The 
discrepancy is due to the experimental data themselves, which is demonstrated in the later 
section. 

Namiot (1991) measured the vapour composition at temperatures from 25 to 150 °C and 
pressures up to 100 bar. The comparison of the calculated results with this group of data is 
shown in Figure 6-1. The discrepancy is randomly distributed, which is due to the 
experimental uncertainty by Namiot. 

Table 6-1. Comparison of the calculated (predicted) results with the reliable experimental 
data in the vapour phase for nitrogen-water, oxygen-water and air-water systems. 

system t (°C) Pmax (bar) Av Max data source property (m)

N2-H2O 20-100 100 0.70 % 1.81 % Rigby and Prausnitz, 1968 composition

 100-150 1 2.38 % 6.37 % Richards et al., 1981 enthalpy 

 175-275 126 4.03 % 9.35 % Wormald and Colling, 1983 enthalpy 

O2-H2O 25-75 141 0.17 % 0.56 % Wylie and Fisher, 1996b composition

air-H2O 30-50 103 0.15 % 0.54 % Hyland and Wexler, 1973 composition

 70 35 0.50 % 0.62 % Hyland, 1975 composition

 20-75 141 0.23 % 0.83 % Wylie and Fisher, 1996a composition

Av. =  ∑
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Table 6-2. Comparison of the calculated water content in the vapour phase for nitrogen (1)–
water (2) system with the experimental data of Saddington and Krase (1934) and those 

calculated in the study of Heidemann and Prausnitz (1978)  
t P y2/y1 in the vapour phase 

°C atm Saddington & Krase Heidemann & Prausnitz this work 

50 100 0.001837 0.00156 0.00157 

80 100 0.00629 0.00577 0.00582 

100 100 0.001137 0.00122 0.00123 

150 100 0.0549 0.0582 0.0589 

190 100 0.1404 0.170 0.172 

230 100 0.379 0.482 0.487 

50 200 0.00132 0.000970 0.000980 

150 200 0.0322 0.0322 0.0325 

190 200 0.0929 0.0883 0.0891 

225 200 0.208 0.201 0.200 
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Figure 6-1. Deviations of the results calculated using the new model from the experimental 

data of Namiot (1991) for nitrogen-water system at temperatures from 25 to 
150 °C and pressures up to 100 bar. 
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Figure 6-2. Comparison of the predicted excess enthalpy HE of (xN2+(1-x)H2O) with the 

experimental data of Richards et al. (1981) at 1 atm. , ,  and : 
experimental data at 373.15, 390.15, 410.15 and 423.15 K, respectively; ⎯: 
predicted. 
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Figure 6-3. Comparison of the predicted excess enthalpy HE of (yN2+(1-y)H2O) with the 

experimental data at high temperatures and pressures. ,   and : 
experimental data of Lancaster and Wormald (1990); ⎯: predicted. 
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The excess enthalpy data in the vapour phase for nitrogen-water system have been 
measured by Richards et al. (1981), Wormald and Colling (1983), and Lancaster and 
Wormald (1990). These experimental data are compared with the results predicted using the 
new model. Figure 6-2 shows the comparison at 373.15 390.15, 410.15 and 423.15 K, 
respectively, and at atmospheric pressure. The prediction is consistent with the experimental 
data in the whole range. The average relative deviation is about 2 %.  

The excess enthalpy in the vapour phase for nitrogen-water system up to 648.2 K and 
12.6 MPa were measured by Wormald and Colling (1983) and corrected by Lancaster and 
Wormald (1990). The comparison of the predicted and experimental excess enthalpies is 
shown in Figure 6-3 and Table 6-1, which shows an agreement with the corrected 
experimental data. 

Nitrogen solubilities in liquid water were measured extensively (Goodman and Krase, 
1931, Wiebe et al., 1933; Saddington and Krase, 1934). The calculated compositions in the 
liquid phase are compared with the experimental data and shown in Figure 6-4, which reveals 
the inconsistency of the experimental data from different sources. At 100 atm and high 
temperatures, there are some inconsistencies between the experimental data of Goodman and 
Krase (1931) and those of Saddington and Krase (1934). At 200 atm, the experimental data of 
Goodman and Krase (1931) are much higher than others. At 300 atm and at temperatures 
from 323 to 423 K, the experimental data of Goodman and Krase (1931) are also much higher 
than others. The calculated results agree with the experimental data of Wiebe et al. (1933) and 
Saddington and Krase (1934).  
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Figure 6-4. Comparison of the calculated and experimental nitrogen solubilities in liquid 

water. , , : experimental data of Wiebe et al. (1933), of Saddington and 
Krase (1934), and of Goodman and Krase (1931), respectively; ⎯: calculated. 

6.1.2 Oxygen-water system 
Equilibrium compositions in the vapour phase for oxygen-water system were measured 

by Wylie and Fisher (1996b). Using the model with the fitted parameter kij in the modified 
RK EOS and the new expression for calculating the Henry’s constant of oxygen in water, 
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vapour compositions are calculated and compared with the experimental data of Wylie and 
Fisher (1996b) as shown in Figure 6-5 and Table 6-1 with good agreement. 
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Figure 6-5. Relative deviation of the calculated equilibrium composition of water in the vapor 

phase for oxygen-water system from the experimental data of Wylie and Fisher 
(1996b). ,  and , at 298.15, 323.15 and 348.15 K, respectively. 

Equilibrium compositions of water in the vapour phase listed in Table 6-3 were measured 
by Zoss (1952). The calculated results are also listed in Table 6-3 for comparison. Figure 6-6 
shows the comparison results at 68.95 bar. The experimental data of Zoss (1952) are much 
higher than the calculated results of the new model whose reliability has been demonstrated 
by the experimental data of Wylie and Fisher (1996b) at temperatures from 298.15 to 348.15 
K and pressures up to 140 bar, which is consistent with the conclusion in Battino (1981) 

Table 6-3. Comparison of the calculated equilibrium compositionof water in the vapour phase 
(ywcal)  with the experimental data of Zoss (1952) (ywexp) for oxygen-water system 

68.95 bar 103.4 bar 137.9 bar 

T (K) ywexp ywcal T (K) ywexp ywcal T (K) ywexp ywcal 

307.0 0.137 8.810E-4 305.4 0.273 5.760E-4 304.3 0.155 4.350E-4

355.9 0.133 8.551E-3 360.4 0.248 7.115E-3 358.15 0.090 5.125E-3

369.8 0.203 1.445E-2 417.6 0.427 4.537E-2 413.7 0.338 3.158E-2

429.3 0.594 9.004E-2 472.0 0.731 1.704E-1 484.8 0.719 1.721E-1

489.3 0.882 3.549E-1 534.8 0.917 5.414E-1 547.6 0.910 5.175E-1

Oxygen solubilities in liquid water were measured by Stephan et al. (1956) at high 
temperatures and pressures. The comparison in Figure 6-7 shows that the calculated results 
agree well with the experimental data throughout the whole temperature and pressure range, 
which demonstrates again the reliability of the new model. 
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Figure 6-6. Comparison of the equilibrium composition of water in the vapour phase (yw) 

with the experimetnal data of Zoss (1952) at 68.95 bar for oxygen-water system. 
, experimental data; ⎯, calculated. 
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Figure 6-7. Comparison of the oxygen solubility in liquid water with the experimental data of 

Stephan et al. (1956). ,  and : experimental data; ⎯: calculated. 
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6.1.3 Air-water system 
Experimental enhancement factors of air-water system have been measured (Hyland and 

Wexler, 1973; Hyland, 1975; Wylie and Fisher, 1996a) at temperatures up to 348.15 K (75 
°C) and those of Hyland and Wexler (1973) were used as standard data.  

With the parameters obtained from nitrogen-water and oxygen-water systems, the model 
is used to predict the composition in the vapour phase at equilibrium and compared with the 
experimental data of Hyland and Wexler (1973). The comparison listed in Tables 6-1 and 6-4 
and shown in Figure 6-8 reveals that the predicted results agree with the experimental data 
throughout the whole temperature and pressure range. Therefore, the properties of air-water 
system are reliably predicted using the model reliable for nitrogen-water and oxygen-water 
systems. Based on the investigation in nitrogen-water and oxygen-water systems, the new 
model can be used to predict the thermodynamic properties for air-water system up to 523.15 
K (250 °C) and 200 bar. 

The comparison of the prediction with two other groups of experimental data is also 
listed in Table 6-1. The prediction agrees with the experimental data of Wylie and Fisher 
(1996a) but shows slight discrepancies from the experimental data of Hyland (1975) at 343.15 
K (70 °C). Since the prediction agrees well with other experimental data at temperatures from 
293.15 to 348.15 K (20 to 75 °C), the experimental data of Hyland (1975) are inconsistent 
with others. 

Table 6-4. Comparison of the predicted equilibrium composition of water in the vapour phase 
with the experimental data of Hyland and Wexler (1973) for air-water system 

t (°C) P (bar) 102 yw,exp 102 yw,cal t (°C) P (bar) 102 yw,exp 102 yw,cal

29.9994 10.7312 0.4083 0.4084 50.0047 10.7546 1.1799 1.1829 

30.0065 15.1088 0.2935 0.2937 49.9971 10.7953 1.1745 1.1781 

29.9990 19.9344 0.2253 0.2255 50.0011 10.7989 1.1761 1.1780 

30.0112 30.1929 0.1532 0.1533 49.9891 14.6231 0.8790 0.8774 

29.9999 35.5133 0.1320 0.1322 50.0064 14.8620 0.8626 0.8645 

    49.9967 25.3585 0.5177 0.5192 

40.0104 14.6417 0.5246 0.5253 50.0101 30.1977 0.4427 0.4413 

39.9969 30.1957 0.2650 0.2649 50.0050 30.2324 0.4414 0.4408 

39.9648 40.4557 0.2023 0.2026 50.0009 36.5953 0.3678 0.3696 

40.1505 50.3962 0.1681 0.1684 49.9766 40.8462 0.3323 0.3340 

40.1366 60.9945 0.1429 0.1428 50.0049 50.3229 0.2768 0.2776 

    49.9784 76.3139 0.1938 0.1941 

49.9898 10.5512 1.2019 1.2043 49.9815 90.9356 0.1675 0.1684 

49.9942 10.6310 1.1936 1.1957 49.9788 102.704 0.1526 0.1531 

50.0042 10.7441 1.1821 1.1840     
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Figure 6-8. Comparison of the prediction with the experimental data of Hyland and Wexler 

(1973) for air-water system. ,  and : experimental data at 303.15, 313.15 
and 323.15 K, respectively. ⎯: predicted. 

6.2  Comparison with other real models 

6.2.1 Comparison with the model of Heidemann and Prausnitz (1977) 
Heidemann and Prausnitz (1977) proposed a model to calculate thermodynamic 

properties for nitrogen-carbon dixoide-water system using the modified Redlich-Kwong EOS. 
The water content, enthalpy and entropy for nitrogen-water system were studied. The 
calculated vapour composition of Heidemann and Prausnitz is compared with the 
experimental data of Saddington and Krase (1934) and those calculated using the new model. 
The comparison shown in Table 6-2 reveals the calculated results of these two models are 
consistent but deviate from the experimental data at 100 atm, which agrees with the 
statements in the literature (Webster, 1953; Rigby and Prausnitz, 1968) that there are errors in 
the data of Saddington and Krase (1934).  

Figure 6-9 shows the comparison of the calculated results of Heidemann and Prausnitz 
(1977) with the experimental data of Rigby and Prausnitz (1968) and those calculated using 
the new model. The calculated results of both models agree with the experimental data, and 
results of the new model are slightly better than those of Heidemann and Prausnitz. 

The comparison of other properties (composition ratio, enthalpy and entropy) predicted 
using the model of Heidemann and Prausnitz (1977) with those of the new model at 433.15 K 
is listed in Table 6-5. Since the reference state of the water vapour is 373.15 K, 1 atm in the 
ideal-gas state in the study of Heidemann and Prausnitz (1977), the predicted enthalpy and 
entropy of the new model listed in Table 6-5 are also based on this reference state. The 
predictions of two models are consistent.  
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Figure 6-9. Comparison of the calculated water content in gaseous nitrogen with the 

experimental data of Rigby and Prausnitz (1968). ⎯: results of the new 
model; : results of Heidemann and Prausnitz (1977); : experimental data. 

Table 6-5. Comparison of the predicted thermodynamic properties (composition ratio, 
enthalpy and entropy) of the new model with those of Heidemann and Prausnitz (1977) 

 This work Heidemann and Prausnitz 

P (atm) yw / yN2 h (J⋅mol-1) s (J⋅mol-1⋅K-1) yw / yN2 h (J⋅mol-1) s (J⋅mol-1⋅K-1)

10 1.659 4664 -4.895 1.62 4722 -4.81 

50 0.1558 4557 -19.22 0.154 4582 -19.22 

100 0.07772 4462 -25.49 0.0771 4466 -25.50 

150 0.05392 4395 -29.31 0.0535 4396 -29.31 

200 0.04238 4350 -32.12 0.0421 4372 -32.15 

6.2.2 Comparison with the model of Rabinovich and Beketov (1995) 
Rabinovich and Beketov (1995) used virial EOS to calculate the thermodynamic 

properties for nitrogen-water, oxygen-water, and air-water systems. The cross virial 
coefficient for nitrogen-water system was obtained from the fitting of the experimental data of 
Rigby and Prausnitz (1968), while the cross parameter for oxygen-water system was 
estimated from statistic theory. For air-water system, the parameter is obtained from the 
fitting of the experimental data of Hyland and Wexler (1973), Hyland (1975), and Iomtev et 
al. (1984). With the fitted or estimated parameters, the thermodynamic properties (equilibrium 
composition, enthalpy, entropy, and so on) in the vapour phase for nitrogen-water, oxygen-
water and air-water systems were tabulated. The tabulated results are compared with those 
calculated or predicted using the new model.  

Figures 6-10 and 6-11 show the comparison of the equilibrium composition of water in 
the vapour phase for nitrogen-water and oxygen-water systems at temperatures from 300 to 
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400 K and pressures 1 to 100 bar, respectively. For nitrogen-water system, throughout the 
comparison temperature and pressure range, the deviation between these two models is small 
and the highest is less than 1.2 %. However, for oxygen-water system, the deviation is high 
and increases with increasing pressure and decreasing temperature. The deviation is about 11 
% at 100 bar and 300 K. Since the calculated results of the new model for oxygen-water 
system are reliable demonstrated in the former text, the results of Rabinovich and Beketov are 
questionable. New parameters in the model of Rabinovich and Beketov should be obtained 
from the fitting of the available experimental data of oxygen-water system instead of being 
estimated from theory.  

For air-water system, the comparison of the equilibrium composition of water in the 
vapour phase is shown in Figure 6-12 from 300 to 400 K and 1 to 100 bar. Most of the results 
of Rabinovich and Beketov are lower than those of the new model. From 300 to 340 K and 1 
to 100 bar, the deviation between them is less than ±1 %. When the temperature is higher than 
350 K, the deviation between these two models is large, and it increases with increasing 
temperature and pressure. At temperatures from 350 to 400 K, the experimental data of air-
water system are unavailable, however, the results of the new model are demonstrated to be 
reliable at temperatures up to 523.15 K (250 °C) and 200 bar.  
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Figure 6-10. Deviation of the equilibrium composition of water in the vapour phase of 

Rabinovich and Beketov (1995) from those calculated using the new model for 
nitrogen-water system. , 1 bar; , 20 bar; , 60 bar; , 100 bar. 
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Figure 6-11. Deviation of the equilibrium composition of water in the vapour phase of 

Rabinovich and Beketov (1995) from those calculated using the new model for 
oxygen-water system. , 1 bar; , 20 bar; , 60 bar; , 100 bar. 
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Figure 6-12. The equilibrium composition of water in the vapoure phase for different models. 

yw,cal1, results predicted using the new model; yw,cal, calculated results of other 
models; , the model of Hyland and Wexler (1983a, b) from 1 to 50 bar; , the 
model of Rabinovich and Beketov (1995) from 1 to 100 bar. 

P: 1 to 100 bar 

P: 1 to 50 bar 
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6.2.3 Comparison with the model of Hyland and Wexler (1983a, b) 
Properties of the air-water mixture were extensively studied using the model of Hyland 

and Wexler (1983a, b). The reliable application range of this model was stated to be up to 372 
K and 50 bar. The results of this model have been collected in a handbook as standard data 
(ASHRAE, 1993). Recently, commercial software was established, and the application range 
was extended to 473 K and 50 bar.  

The results of this model are compared with those predicted using the new model from 
300 to 470 K and 1 to 50 bar.  The comparison of the equilibrium composition of water in the 
vapour phase of these two models is shown in Figure 6-12. Most of the calculated results of 
Hyland and Wexler are higher than the prediction of the new model. When the temperature is 
less than 340 K, throughout the comparison pressure range (1 to 50 bar), the deviation of 
these two models is small and the largest is less than 0.25 %.  

At temperatures from 340 to 400 K and pressures less than 30 bar, the deviation of two 
models is less than 0.5 % and increases with increasing pressure. Therefore, one should be 
careful when using the extension results of Hyland and Wexler (1983a, b) at pressures high 
than 30 bar. On the other hand, the new model may be used not only for air-water system but 
also for nitrogen-water and oxygen-water systems, the results have been verified carefully 
over a wide temperature and pressure range in nitrogen-water and oxygen-water, and the 
prediction for air-water system is reliable. 
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Figure 6-13. Enthalpies of humid air. ⎯, results of the new model; ---, results of Hyland and 

Wexler (1983a, b). 

In the model of Hyland and Wexler (1983a, b), the reference state of the water vapour is 
the same as that in the new model while the reference state of dry air is at 273.15 K and 1 atm 
in the real-gas state. In order to compare the enthalpy and entropy of these two models, the 
prediction of the new model is converted to the value based on the reference state defined in 
the model of Hyland and Wexler (1983a, b). The comparison of enthalpy up to 50 bar is 
shown in Figure 6-13. When the temperature is low, the results of these two models are 

1 bar

10 bar 

50 bar 
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almost identical over the whole pressure range. There are some discrepancies at high 
temperatures (> 410 K). 

6.2.4 Comparison of the enthalpy for dry air with other models 
The argon solubility in liquid water is similar to that of oxygen, thus dry air may be 

simplified to be a mixture of nitrogen and oxygen with the mole fractions of 0.7812 and 
0.2188, respectively, in the calculation of phase equilibria. How is it in predicting other 
properties, for example enthalpy? The enthalpies of humid air are not available, and it is 
impossible to verify the properties other than the saturated composition by comparing with 
experimental data. However, the properties of dry air have been measured extensively, and 
several models were proposed (Lemmon et al., 2001; Hyland and Wexler, 1983b), which 
makes it possible to verify the new model by comparing the predicted enthalpies of dry air 
with the results calculated using other models. The expressions and corresponding parameters 
in the model of Hyland and Wexler (1983b) for calculating properties of dry air are described 
in the Appendix. 

The comparison at temperatures from 280 to 470 K and the pressure of 50 bar is listed in 
Table 6-6. Obviously, the prediction of the new model agrees with those calculated using the 
other two models. It should be noted that the parameters of the other models were obtained 
from the fitting of the experimental data of dry air. However, in the new model, dry air is 
assumed to be a mixture of nitrogen and oxygen with the mole fractions of 0.7812 and 
0.2188, respectively. The ideal part is taken from the literature, and the excess part is 
calculated using the modified RK EOS. No additional parameters are used to predict the 
properties of dry air. Therefore, the assumption of dry air being the mixture of nitrogen and 
oxygen is reasonable, and the prediction is reliable. This again confirms the prediction 
capability of the new model. 

Table 6-6. Enthalpies of dry air  
h (J/mol) T  

(K) this work Hyland and Wexler (1983b) Lemmon et al., 2001 

280 -162.0 -156.0 -161.2 

300 470.2 476.0 473.7 

320 1095.5 1101.7 1100.41 

340 1715.9 1721.0 1721.0 

360 2332.8 2335.8 2337.5 

380 2947.3 2948.8 2950.6 

400 3559.8 3558.8 3561.5 

420 4171.5 4167.3 4170.8 

440 4782.5 4775.5 4779.4 

460 5393.3 5353.9 5387.7 

470 5698.7 - 5691.9 

6.3 Comparison with the ideal (mixing) model for humid air 
The ideal model and ideal mixing model are also used to calculate the thermodynamic 

properties of humid air. The prediction of the new model is compared with these two models. 
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Since the model of Hyland and Wexler has been widely used, it is also included in 
comparison, and denoted real model 1. The new model is denoted real model 2. The 
descriptions of the ideal model and ideal mixing model are in section 3.2. 

The absolute enthalpy and entropy are based on the reference state. In comparison, the 
reference state of the water vapour is liquid phase at the triple point, while the reference state 
of dry air is 273.15 K, 1 atm, real-gas state. 

6.3.1 Saturated humid air 
The composition, enthalpy and entropy of saturated humid air are calculated using 

different models (ideal model, ideal mixing model, real model 1 and real model 2) at 
temperatures from 273.15 to 573.15 K (0 to 300 °C) and pressure from 1 to 200 bar. Note that 
the results of real model 1 are obtained using the software MoistAir Tab up to 473.15 K (200 
°C) and 50 bar, and the comparison for this model is performed within this range. 

Figure 6-14 shows the comparison of the composition of water for saturated humid air. At 
pressure of 1.01325 bar (1 atm), the results of different models are consistent. At high 
pressures, the results of the ideal and ideal mixing models are lower than those of two real 
models. The relative deviation increases with decreasing temperature and increasing pressure, 
and the maximum value is about 48.6 % at 273.15 K (0 °C) and 200 bar. The results of two 
real models agree well each other in the comparison range (273.15-473.15 K and 1-50 bar). 
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Figure 6-14. The composition of water for saturated humid air calculated using different 

models. ⎯: ideal (mixing) model; ----: real model 1;–�–�: real model 2. 

Figure 6-15 shows the enthalpy of saturated humid air calculated using different models 
with agreement at low pressures. However, at high pressures (200 bar), the results of the ideal 
mixing model agree with those of real model 2 at low temperatures, and the results of the 
ideal model are higher than those of the ideal mixing model and real model 2. With increasing 
temperature, the deviation between the results of the ideal mixing model and those of the real 
model becomes large. At 573.15 K (300 °C), real model 2 gives the highest, the ideal model 
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gives value in the middle, and the ideal mixing model gives the lowest. Throughout the 
comparison range (473.15 K and 50 bar), the results of the two real models are always 
consistent. 
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Figure 6-15. The enthalpy of saturated humid air calculated using different models. ⎯: ideal 

model; –‑‑–:ideal mixing model; ‑‑‑‑: real model 1; –‑–‑:real model 2. 
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Figure 6-16. The entropy of saturated humid air calculated using different models.  ⎯: ideal 

model; –‑‑–: ideal mixing model; ‑‑‑‑: real model 1; –‑–‑: real model 2. 

The comparison of the calculated entropy for saturated humid air using different models 
is shown in Figure 6-16. At 1.01325 bar, there are some discrepancies. The ideal mixing 
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model gives the highest values, the results of the ideal model and real model 1 are almost the 
same, and real model 2 gives the lowest. At 200 bar and low temperatures, the results of the 
ideal mixing model are consistent with those of real model 2, and the results of ideal model 
are the highest. At high temperatures, the calculated results of the ideal model are close to 
those of ideal mixing model, while real model 2 gives the higher results. 

6.3.2 Superheated humid air up to the critical temperature of water 
The humidity, enthalpy and entropy of superheated humid air are calculated using 

different models from 273.15 to 573.15 K (0 to 300 °C) when the water amount is set to be 
0.5yw

s where yw
s is calculated using real model 2. Figure 6-17 is the comparison of the 

humidity (HD = yw/yw
s) of different models. At temperatures up to 473.15 K and pressures up 

to 50 bar, the humidity of these two real models agrees with each other, and the maximum 
deviation is about 1.3 %. The results of the ideal (mixing) model are much higher than those 
of two real models, especially at high pressures and low temperatures. At 273.15 K (0 °C) and 
200 bar, the deviation between ideal and real models in humidity is about 94 %. 
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Figure 6-17. The humidity (HD = yw/yw
s) of the superheated humid air calculated using the 

ideal model, ideal mixing model, real model 1 and real model 2 at yw = 0.5yw
s 

where yw
s is calculated using real model 2. ----: real model 2 (HD = 0.5). 

The comparison of enthalpy for the superheated humid air is shown in Figure 6-18. At 
low pressures, results of different models are consistent. At high pressures, deviations are 
becoming large, while the results of two real models always agree well. 

Figure 6-19 shows the comparison of entropy for the superheated humid air. The results 
of real model 2 are lower than those of other models (ideal model, ideal mixing model, and 
real model 1), and the deviation may come from the different assumptions for dry air. The 
results of real model 1 are consistent with those of the ideal mixing model. At high 
temperatures, the results of the ideal model are close to those of the ideal mixing model. 



 45

200 300 400 500 600
T (K)

-10000

0

10000

20000

30000

h 
(J

/m
ol

)

P = 1.01325 bar
P = 50 bar

P = 200 bar

 
Figure 6-18. The enthalpy of the superheated humid air calculated using different models at 

yw =  0.5yw
s where yw

s is calculated using real model 2.  ⎯: ideal model; –‑‑–: 
ideal mixing model; ‑‑‑‑: real model 1; –‑–‑: real  model 2 
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Figure 6-19. The entropy of the superheated humid air calculated using different models at yw 

= 0.5yw
s where yw

s is calculated using real model 2. ⎯: ideal model; –‑‑–: ideal 
mixing model; ‑‑‑‑: real model 1; –‑–‑: real model 2. 
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6.3.3 Humid air from the critical temperature of water to 1773.15 K 
The enthalpy of humid air is calculated at temperatures from 673.15 to 1773.15 K (400 to 

1500 °C) and  at pressures up to 200 bar using different models for comparison when the 
composition of water vapour is set to be 0.5 (yw = 0.5). Because the comparison range exceeds 
the application range of real model 1, the comparison is performed among the ideal model, the 
ideal mixing model and real model 2. 

The enthalpies of different models are almost the same at low pressures. At high 
pressures up to 200 bar, when the temperature is low (< 1173.15 K or 900 °C), there are some 
discrepancies, while at high temperatures different models give almost the same results as 
shown in Figure 6-20. This reveals that at high temperatures, it is reasonable to assume that 
humid air is an ideal mixture of ideal dry air and ideal water vapour in enthalpy calculation. 

Figure 6-21 is the comparison of the entropy of different models at yw = 0.5. At 1.01325 
bar, the results of the ideal and the ideal mixing models are consistent but there are some 
deviations at high temperatures. Throughout the whole comparison range, the results of real 
model 2 are lower than those of the ideal model and ideal mixing model and almost parallel to 
the results of the ideal model. 
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Figure 6-20. The enthalpy of the humid air calculated using different models at yw = 0.5. ⎯: 

ideal model; ‑‑‑‑: ideal mixing model; –‑–‑: real model 2. 
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Figure 6-21. The entropy of the humid air calculated by different models at yw = 0.5. ⎯: ideal 

model; ‑‑‑‑: ideal mixing model; –‑–‑:real model 2. 
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7. Process simulation 
In order to investigate the impact of the thermodynamic properties on system 

performance, several components in a wet cycle are simulated where the thermodynamic 
properties are calculated using different models (the ideal model, the ideal mixing model, the 
model of Hyland and Wexler (real model 1), and the new model (real model 2)). The studied 
components (heat exchanger, humidification tower, and compressor) are from an EvGT cycle 
simulated by Ågren and Westermark (2001) as shown in Figure 7-1 and surrounded by a blue 
dashed line. 
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Figure 7-1. Simulated components in an EvGT cycle surrounded by a blue dashed line 

The simulation is related to enthalpy and entropy which are wholly based on the 
reference state. Enthalpy and entropy should be obtained on the basis of the same reference 
state in comparison. For the water vapour, the reference states of different models are the 
same, i.e. the triple point, liquid phase, while the reference states of dry air vary. In the ideal 
model, the reference state of dry air is 0 °C (273.15 K), 1 atm in the ideal-gas state; in the 
ideal mixing model and real model 1, the reference state of dry air is 0 °C (273.15 K), 1 atm 
in the real-gas state. However, in the new model (real model 2), the reference states of 
gaseous of nitrogen and oxygen are 0 °C (273.15 K), 1 atm in the ideal-gas state. The 
reference state used in the ideal mixing model and real model 1 is chosen, and only the 
enthalpy and entropy calculated using real model 2 are needed to convert. 

The conversion can be performed as follows: firstly, calculating the properties of dry air 
using the new model at 0 °C (273.15 K) and 1 atm. Secondly, shifting the value calculated at 
this point from the enthalpy and entropy of dry air in the new model. 
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7.1 Heat exchanger 
The heat exchanger (humid air superheater) after the humidification tower with the duty 

38885 kW is simulated. The flow chart is shown in Figure 7-2 and the corresponding 
parameters (phase state, temperature, and flow rate) of each stream are listed in Table 7-1. 

Stream S1 is the saturated humid air. The composition is calculated from phase equilibria, 
and different models used for the vapour phase may give completely different results. As a 
consequence, the composition of S4 varies for different models. Because the application range 
of real model 1 (model of Hyland and Wexler, 1983a, b) is only up to 200 °C (473.15 K), the 
ultimate simulation results of this model cannot be obtained.  

Table 7-1. Parameters used in the simulation of the heat exchanger (P = 35.28 bar) 
 S1 S2 S3 S4 

working 
fluid 

saturated 
humid air 

super-heated  
water vapour 

super-heated 
humid air 

super-heated 
humid air 

t (°C) 159.79 - 231.92 to be designed 

w (kg⋅s-1) 116.95 23.98 140.93 140.93 

 

 

 

 

 

 

 

Figure 7-2. The flow chart for the heat exchanger 

In the simulation, the composition of stream S1 is firstly calculated using different 
models. The results of the ideal model and the ideal mixing model are the same with 0.1743 
(mole fraction) for the water vapour. The calculated result of real model 1 is 0.1893 while for 
real model 2 it is 0.1878. The relative deviation of the calculated water vapour compositions 
of two real models is 0.79 %. However, the relative deviation between the ideal (mixing) 
model and real model 2 is –7.24 % at this operating point (159.79 ºC and 35.28 bar). 

Compositions of stream S3 are calculated from the compositions of streams S1 and S2 (the 
composition of stream S2 is known). Subsequently, the enthalpy of stream S3 is calculated 
from the temperature, pressure and compositions using different models, and the enthalpy of 
S4 is obtained from the enthalpy of S3 and the heat duty. 

The temperature of stream S4 is iterated from the pressure, compositions and enthalpy. 
The results listed in Table 7-2 show that the differences in temperature are in the range of 1.6 
to 4.3 % (the corresponding absolute temperature differences are from 7.2 to 18.4 °C). The 
ideal model gives the highest value in temperature and the ideal mixing model gives the 
lowest. 

 

S2 

S3 S4

S5 

S6

S1 
duty 38885 kW 
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Table 7-2. Simulation results of the heat exchanger using different models  
S1 S3 S4  

yw yw h (kJ⋅kg-1) yw h (kJ⋅kg-1) t (°C) 

ideal model 0.1743 0.3687 956.11 0.3687 1232.03 442.17 

ideal mixing model 0.1743 0.3687 918.65 0.3687 1194.57 423.74 

real model 1 0.1893 0.3793 - - - - 

real model 2 0.1878 0.3782 961.37 0.3782 1237.29 430.94 

7.2 Compressor 
Generally, the working fluid of the compressor is dry air with the efficiency from 80 to 

90 %. Presently, the technology of inlet air cooling with water was used to enhance the power 
output during hot days, and the working fluid of the compressor is changed to humid air. The 
operating line of the compressor is often simplified as a straight line (dotted line in Figure 7-
3). In practice, the operating line is a curve (solid curve in Figure 7-3) which can be simulated 
by distributing the pressure into several equidistant steps. The flow chart and the 
corresponding thermodynamic properties at each point for the compressor are depicted in 
Figure 7-3. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-3. The flow chart and thermodynamic properties at each point for the compressor 

7.2.1 Process design 
For a dry air / saturated humid air compressor with the efficiency ηc, if the temperature 

and pressure of the inlet are T1 and P1, respectively, and the pressure of the outlet is P2, the 
duties of process design is to obtain the outlet temperature T2, actual needed work Wa, and 
actual operating lined.  

In theory, we have following equations 

21

21 '

hh
hh

c −
−

=η          (7-1) 

12' ss =           (7-2) 

S1 

S2 

Wa 

s

T

2'

1

2 P2

P1



 52 

12 hhWa −=          (7-3) 

and the design parameters for this compressor can be obtained with the following steps: 

 Step1: calculate h1 and s1 

From T1 and P1, enthalpy (h1) and entropy (s1) can be calculated using a model 
(ideal model, real model, ideal mixing model if the working fluid is humid air) 

 Step 2: determine T2’ and calculate h2’ 

  From equation (7-2), s2’ can be obtained; 

 From P2 and s2’, temperature T2’ and enthalpy h2’ can be obtained. 

 In practice, T2’ is iterated using the Newton method until the calculated entropy 
(s2’,cal) is equal to s2’.  

 Step 3: determine T2 and calculate s2 

  From equation (7-1), h2 can be obtained; 

 From P2 and h2, temperature T2 and entropy s2 can be obtained. 

 In practice, T2 is iterated using the Newton method until the calculated 
enthalpy (h2,cal) is equal to h2 .  

 Step 4: determine Wa 

  From equation (7-3), Wa can be calculated; 

 Step 5: determine the operating line 

The operating line is not straight. The outlet pressure is first distributed into 49 
equidistant steps, and the properties at the pressure of each step are calculated 
with the method described from Step 1 to Step 3 to determine the operating 
line. 

7.2.2 Simulation results 
Four cases are simulated for a compressor with a efficiency of 80 or 90 % when the 

working fluid is dry air or saturated humid air. The design parameters are listed in Table 7-3. 
The properties of dry air are calculated using the ideal model and the model of Lemmon et al. 
(2000), while the properties of the saturated humid air are calculated using the ideal model, 
the ideal mixing model and the new model (real model 2). The model of Hyland and Wexler 
(1983a, b) cannot be used in this case because the temperature of the outlet (> 500 ºC) is 
much higher than the application range of this model (200 ºC). 

The simulation results are summarized in Table 7-4. When the working fluid is dry air, 
the differences in the operating temperature are small (absolute deviation is only 1.5 °C), and 
the needed work calculated using the ideal model is almost the same as that calculated using 
the real model. 

However, when the working fluid is saturated humid air, the differences in the operating 
temperature are large for different models. The absolute deviation in temperature between the 
ideal mixing model and real model 2 is 20.79 °C with the efficiency 80 % and 18.81°C with 
the efficiency 90 %. Consequently, the needed work calculated using these two models 
deviates severely. However, the discrepancy of the simulation results using the ideal model 
and real model 2 is much lower, and the absolute deviations in the temperature are only 2.12 
°C with the efficiency 80 % and 1.78 °C with the efficiency 90 %.  
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Table 7-3. Parameters used in the simulation for the compressor 
 S1  S2 case ηC working fluid 

t (°C) P (bar) w (kg⋅s-1) P (bar) w (kg⋅s-1)

1 0.8 dry air 15 1.01 155.74 35.28 155.74 

2 0.9 dry air 15 1.01 155.74 35.28 155.74 

3 0.8 saturated humid air 15 1.01 155.74 35.28 155.74 

4 0.9 saturated humid air 15 1.01 155.74 35.28 155.74 

Table 7-4. Simulation results of the compressor in different cases 
case model 1 2 Wa 

  h (kJ⋅kg-1) s(kJ⋅kg-1⋅K-1) h (kJ⋅kg-1) t (°C) (kW) 

1 ideal  14.963 0.54321 645.41 614.31 98185.8 

 real   15.089 0.54696 649.37 615.82 98782.9 

2 ideal  14.963 0.54321 575.36 551.17 87276.2 

 real 15.089 0.54696 578.89 552.68 87806.4 

3 ideal 41.537 0.15140 675.03 611.60 98660.2 

 ideal mixing 41.665 0.17171 698.21 630.27 102250.3 

 real model 2 41.711 0.12736 676.19 609.48 98813.8 

4 ideal 41.537 0.15140 604.64 548.76 87697.7 

 ideal mixing 41.665 0.17171 625.26 565.79 90889.1 

 real model 2 41.711 0.12736 605.70 546.98 87841.9 

7.3 Humidification tower 
A key component in the EvGT cycle is the humidification apparatus. The humidification 

takes place in a counter-current column where water flows downwards meeting the 
compressed air. The flow chart for the humidification tower is shown in Figure 7-4. 

 

 

 

 

 

 

 

 

 

 

Figure 7-4. The flow chart for the humidification tower and the corresponding operating line 
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7.3.1 Process design 
The design of the humidifier is to determine the temperature of the outlet saturated humid 

air T4 and the corresponding operating line when the system pressure is P, the inlet 
temperature of dry air is T3 with the mass flow rate w3, the inlet water temperature is T1, and 
the mass flow rate of the outlet water is w2 at temperature T2. 

Based on the mass balance and energy balance, we have:  

2134 wwww −=−         (7-4) 

22113344 whwhwhwh −=−        (7-5) 

and the mass flow rate of the outlet saturated humid air is related to system pressure and its 
corresponding saturated temperature, i.e. 

),( 44 PTfw =          (7-6) 

In order to obtain the design parameters, properties of the liquid water, dry air and 
saturated humid air should be obtained. The properties of dry air are calculated using the 
model of Lemmon et al. (2000). Properties of the liquid water are calculated using the model 
of Wagner and Kruse (1998). Properties of the saturated humid air are calculated using the 
ideal model, the ideal mixing model, model of Hyland and Wexler (1983a, b) (real model 1), 
and the new model (real model 2). The details can be performed according to the following 
steps. 

 Step 1: calculate specific enthalpy for S2 and S3 

The specific enthalpy of water (h2) is calculated at T2 and P using the model of 
Wagner and Kruse (1998); 

The specific enthalpy of dry air (h3) is calculated at T3 and P using the model 
of Lemmon et al. (2000); 

Step 2: calculate specific enthalpy for S1 

The specific enthalpy of water (h1) is calculated at T1 and P using the model of 
Wagner and Kruse (1998); 

Step 3: assume an outlet temperature of the saturated humid air T4 and calculate 
composition and properties for S4. 

The saturated composition of water (yw
s) and enthalpy (h4) are calculated at T4 

and P using one of a model (ideal model, ideal mixing model or real model) 

Step 4: calculate w4 from water vapour composition 

Mass fraction of water vapour (WTw) is calculated from mole fraction of water 
(yw

s). Subsequently, w4 is calculated from w3 and WTw. 
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Step 5: calculate w1 based on equation (7-4) 

Step 6: calculate enthalpy of S4 from 
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Step 7: compare h4,cal with h4 calculated in Step 3. If they are equal, go to Step 8. 
Otherwise, change the outlet temperature of the saturated humid air and go to 
Step 3. In practice, the outlet temperature of the saturated humid air is iterated 
using the Newton method. 

Step 8: determine the operating line 

The operating line of a humidification tower is not straight. The temperature of 
inlet water is first distributed into 50 equidistant steps, and the properties at the 
temperature of water at each step are calculated using the method described in 
Steps 2 to 7 to determine the operating line. This is based on the assumption 
that the air is saturated at each stage. 

7.3.2 Simulation results 
The humidifier is simulated to investigate the impact of the calculated thermodynamic 

properties on this specific component. Parameters used in simulation are listed in Table 7-5. 

Table 7-5. Parameters used in simulation of the humidification tower (P = 35.28 bar) 
 S1 S2 S3 S4 

working fluid water water dry air saturated humid air

t (°C) 232.96 101.40 121.18 to be designed 

w (kg⋅s-1) to be designed 46.60 104.03 to be designed 

h (kJ⋅kg-1) 1004.22 427.57 118.40 to be designed 

Simulation results using different models are summarized in Table 7-6. The absolute 
difference in temperature ranges from 0.32 to 2.26 °C. The simulation results for the two real 
models give almost the same temperature although there are some differences in the enthalpy 
of stream S4. It should be mentioned again that the extended application range of real model 1 
is 50 bar and 200 ºC. In this example, the pressure is 35.28 bar and the temperature is lower 
than 160 ºC, which is within the application range of real model 1; thus real model 1 can be 
used to calculate the properties of humid air. However, based on today’s turbines, the 
temperature of the humidifier may be up to 250 ºC and pressure may be up to 50 bar, while 
for the compressed air energy storage process, the pressure may be up to 150 bar. In this case, 
real model 1 is unsuitable, while real model 2 is still reliable based on the previous 
verification. Above all, the new model (real model 2) can substitute real model 1 in the range 
of 200 ºC and 50 bar, and be applied in a wider temperature and pressure range where real 
model 1 is unsuitable. 

Table 7-6. Simulation results using different models for the humidification tower 
model w1 (kg⋅s-1) w4 (kg⋅s-1) t4 (°C) h4 (kJ⋅kg-1) yw 

ideal model 59.27 116.70 157.35 444.82 0.1637 

ideal mixing model 59.64 117.07 158.30 446.62 0.1678 

real model 1 60.15 117.58 156.36 452.48 0.1733 

real model 2 59.90 117.33 156.04 447.84 0.1705 
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The saturation line (dash-dot curve) for humid air and the operating line (connected with 
the water temperature and the humid air enthalpy at any point in the humidifier) can be 
obtained by distributing the water temperature into 50 equidistant steps.  Figure 7-4 shows the 
calculated results using real model 2. Obviously, the operating line is not straight (dotted line 
in Figure 7-4) but a slightly bent curve (solid curve in Figure 7-4). 

7.4 Heat exchanger combined with humidification tower 
A heat exchanger after the humidifier is simulated by assuming that the stream from the 

humidifier is saturated humid air with a fixed flow rate. Actually, the flow rate of saturated 
humid air from the humidifier varies if different models are used in the simulation (as shown 
in Table 7-6). In other words, the simulation results of one component are related to those of 
others. In this section, the humidification tower and the heat exchanger are simulated 
simultaneously to investigate the ultimate result for the heat exchanger. 

 

 

 

 

 

 

 

 

 

Figure 7-5. The flow chart for the heat exchanger combined with the humidification tower 

Figure 7-5 shows the flow chart for the heat exchanger combined with the humidification 
tower. The parameters for the simulation are listed in Table 7-7. Simulation results are 
summarized in Table 7-8. The flow rate of superheated water vapour (S5 in Figure 7-5) relates 
to that of saturated humid air (S4 in Figure 7-5) since the flow rate of S6 is fixed. The 
differences in temperature of the heat exchanger range from 9.0 to 18.28 °C. The ideal model 
gives the highest temperature while the ideal mixing model gives the lowest. 

Compared to the results listed in Table 7-2, the results using the ideal model and the ideal 
mixing model listed in Table 7-8 do not change so much, and the differences in temperature 
between these two cases are 0.77 and 0.92 ºC, respectively. However, for real model 2, the 
simulation results for temperature changed from previous 430.94 to present 433.42 ºC. Real 
model 2 is more reliable, which implies the importance of the whole cycle simulation.  
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Table 7-7. Parameters for simulation of the humidifier and the heat exchanger (P = 35.28 bar) 
stream working fluid t (°C) w (kg⋅s-1) 

S1 water 232.96 to be designed 

S2 water 101.40 46.60 

S3 dry air 121.18 104.03 

S4 saturated humid air to be designed to be designed 

S5 superheated water vapour - to be designed 

S6 superheated humid air 231.92 140.93 

S7 superheated humid air to be designed 140.93 

Table 7-8. Simulation results for the humidifier and the heat exchanger 
 S1 S4 S5 S7 

 w (kg⋅s-1) w (kg⋅s-1) yw w (kg⋅s-1) h (kJ⋅kg-1) t (°C) 

ideal model 59.27 116.70 0.1637 24.23 1219.39 442.94 

ideal mixing model 59.64 117.07 0.1678 23.86 1182.73 424.66 

real model 2 59.90 117.33 0.1705 23.60 1204.35 433.42 

real model 1 60.15 117.58 0.1733 23.35 - - 





 59

8. Discussion 
1. Properties of humid air 

Modelling of the properties of humid air is studied in this thesis. The comparison reveals 
that the reliability of the new model may be up to 523 K and 200 bar. Since the 
experimental data of the air-water mixture are limited, the temperature is up to 348 K and 
the pressure is from ambient to 141 bar, the calculated results outside of this range have 
not been verified. Moreover, properties of PvT and excess enthalpy for saturated and 
superheated humid air have not been determined experimentally, thus it is difficult to give 
the specific calculation accuracy for the new model. New experimental data are of 
importance for model verification, especially at high temperatures and pressures with high 
water content. 

Concerning the new model itself, the calculation may be more time-consuming compared 
to the virial EOS. In the modified RK equation of state, the volume is iterated, while in the 
virial equation of state, the analytical expression is given. Moreover, parameters of pure 
water in the modified RK EOS are not so accurate when the temperature is in the vicinity 
of its critical point. Furthermore, the discontinuous parameter at the critical point of pure 
water is another difficulty in property calculation. The replacement by a model with more 
parameters but easier to perform may be possible if much more experimental data on 
humid air are measured.   

2. Properties of a mixture containing CO2  

The working fluid of wet cycles after the combustion chamber is a mixture containing 
CO2. Thermodynamic properties of CO2 and mixtures containing CO2 are required. A 
reliable model is to be studied. The extension of the new model may be a preferable way.  

3. Whole cycle simulation 

The simulation of the components in a wet cycle in this thesis reveals the importance of 
whole cycle simulation. The whole cycle simulation needs to study not only the 
thermophysical properties of humid air, the combustion gas (a mixture containing CO2) 
and the fuel, but also a program to optimize the whole cycle (mass balance and energy 
balance). Generally, a program which can be plugged into the user’s program is preferred. 
This requires the researcher not only to be good at the study of thermophysical properties, 
but also to be familiar with wet cycle simulation.  
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9. Conclusions 
A new model is proposed to calculate the thermodynamic properties for humid air. In the 

new model, dry air is assumed to be a mixture of nitrogen and oxygen with mole fractions of 
0.7812 and 0.2188, respectively. The modified Redlich-Kwong EOS is used to describe the 
non-ideal behaviour of the vapour phase in which a new adjustable parameter is obtained 
from the fitting of the experimental data of oxygen-water system. In order to calculate the 
saturated composition, the liquid phase is assumed to follow Henry’s law because the 
solubility of the gas is low. Furthermore, a new expression is derived to obtain the reliable 
Henry’s constant of oxygen in water, and the liquid phase reference fugacity of water is 
investigated carefully. 

The new model is verified by comparing with the available experimental data of nitrogen-
water, oxygen-water and air-water systems. The comparison shows that the new model can be 
used to calculate saturated properties up to 250 °C and 200 bar for these three studied 
systems. Meanwhile, it reveals that the properties of air-water system can be predicted 
reliably. 

The results of the new model are compared with those of other real models. The 
comparison shows that the calculated results of the new model for nitrogen-water system are 
more accurate. For oxygen-water system, the prediction results of Rabinovich and Beketov 
(1995) are not reliable. For the air-water system, the prediction of the new model is better 
than those of Rabinovich and Beketov (1995), and the application range is wider than that of 
Hyland and Wexler (1983a, b). 

The results of the new model are compared with those of the ideal model and ideal 
mixing model up to 1500 °C and 200 bar. The comparison shows that at high temperatures 
and low pressures, the deviations in enthalpy are small. At high temperatures (> 900 °C), the 
calculated enthalpies of the different models are identical. If the temperature is not so high 
and the pressure is not so low, results of different models are discrepant.  

Three components in a wet cycle with humid air as the working fluid are simulated where 
the thermodynamic properties are calculated using the ideal model, the ideal mixing model, 
the model of Hyland and Wexler, and the new model. For the heat exchanger, the differences 
in temperature are in the range of 7.2 - 18.4 °C. For the compressor, if the working fluid is dry 
air, the differences are small (Δt = 1.5 °C). However, if the working fluid is saturated humid 
air, the differences in temperature are large (Δt = 1.78 -18.81 °C for the efficiency 90%). For 
the humidification tower, the differences in flow rate, temperature and composition are not 
large (Δt = 0.32 - 2.26 °C), meanwhile, the simulation results of two real models are 
consistent. 
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Appendix 
Saturated pressure of pure water 

From 273.15 to 623.15 K, the saturated pressure of water is calculated from the industrial 
standard IAPWS-IF97 (Wagner and Kruse, 1998). The expression is: 
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where n1 to n9 are the parameters. Their values are listed in Table A1. 

Table A1. The coefficients of equation (A-1) 
i ni i ni 

1 0.11670521452767×104 6 0.14915108613530×102 
2 -0.72421316703206×106 7 -0.48232657361591×104 

3 -0.17073846940092×102 8 0.40511340542057×106 

4 0.12020824702470×105 9 -0.23855557567849 

5 -0.32325550322333×107 10 0.65017534844798×103 

Volume for pure water 
From 273.15 to 623.15 K, the pressure-temperature-dependent volume for pure water is 

calculated from the industrial standard IAPWS-IF97 (Wagner and Kruse, 1998). The 
expression is: 
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The coefficients ni and exponents Ii and Ji are listed in Table A2. 
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Table A2. The coefficients of equation (A-2) 
i Ii Ji ni i Ii Ji ni 

1 0 -2 0.14632971213167 18 2 3 -0.44141845330846×10-5

2 0 -1 -0.84548187169114 19 2 17 -0.72694996297594×10-15

3 0 0 -0.37563603672040×101 20 3 -4 -0.31679644845054×10-4

4 0 1 0.33855169168385×101 21 3 0 -0.28270797985312×10-5

5 0 2 -0.95791963387872 22 3 6 -0.85205128120103×10-9

6 0 3 0.15772038513228 23 4 -5 -0.22425281908000×10-5

7 0 4 -0.16616417199501×10-1 24 4 -2 -0.65171222895601×10-6

8 0 5 0.81214629983568×10-3 25 4 10 -0.14341729937924×10-12

9 1 -9 0.28319080123804×10-3 26 5 -8 -0.40516996860117×10-6

10 1 -7 -0.60706301565874×10-3 27 8 -11 -0.12734301741641×10-8

11 1 -1 -0.18990068218419×10-1 28 8 -6 -0.17424871230634×10-9

12 1 0 -0.32529748770505×10-1 29 21 -29 -0.68762131295531×10-18

13 1 1 -0.21841717175414×10-1 30 23 -31 0.14478307828521×10-19

14 1 2 -0.52838357969930×10-4 31 29 -38 0.26335781662795×10-22

15 2 -3 -0.47184321073267×10-3 32 30 -39 -0.11947622640071×10-22

16 2 0 -0.30001780793026×10-3 33 31 -40 0.18228094581404×10-23

17 2 1 0.47661393906987×10-4 34 32 -41 -0.93537087292458×10-25

Properties of dry air using the model of Hyland and Wexler (1983b) 
The detailed for calculating the properties of dry air is described in the original reference 

(Hyland and Wexler, 1983b), and the mainly used equations are: 
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where P is the pressure in Pa, T is the temperature in Kelvin, R is the universal constant 
with 8.31441×106 Pa⋅cm3/(mol⋅K), b and l are coefficients listed in Table A3, and B and C are 
parameters. 
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2
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E
T

EECaaa +−=  (cm3/mol2)  (A-7) 

Table A3. Coefficients in equations (A-4) and (A-5) 

i 0 1 2 3 4 5 
bi -0.79078691E4 0.28709015E2 0.26431805E-2 -0.10405863E-4 0.18660410E-7 -0.97843331E-11

li -0.16175159E3 0.52863609E-2 -0.15608795E-4 0.24880547E-7 -0.12230416E-10 0.28709015E2 

 

 Flow chart for programming 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A1. Flow chart for calculating properties of humid gases (nitrogen, oxygen and air) 
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Figure A2. Flow chart for the humidifier design 
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Figure A3. Flow chart for the compressor design 
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