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Liquid and vapour density and thermal conductivity values are essential 

properties necessary for designing and simulating ammonia-water 

refrigeration systems. Previous works on the estimation of these 

thermodynamic properties have shown varying results. It is therefore 

necessary to develop correlations that can accurately depict the 

variations of these properties with relevant variables and compare the 

results with experimental data. This paper presented procedures for 

developing correlations for the pure components and then used the 

correlations to generate liquid and vapour densities and thermal 

conductivity values for the solution of the mixture. The values were 

compared with experimental data. Comparing the values generated from 

the correlations for liquid density with two sets of experimental data 

values gave average percentage deviations of ±2.18% and ±3.12 %. For 

vapour solution densities, the average percentage deviation was ±1.23%. 

For liquid thermal conductivity, the average percentage deviations were 

±3.67%, ±4.82%, and ±0.076% for data provided by Baranov, 

Shamsetdinov and Conde-Petit respectively. For vapour thermal 

conductivity, the data generated showed increasing deviations from 

1.43% to a maximum of 12.8% when compared with the data generated 

by Conde-Petit for the pressure values considered. . Without taking 

vapour conductivity into account, the low maximum percentage 

deviations for the calculated values for liquid density, liquid thermal 

conductivity and vapour thermal conductivity indicated that the 

correlations and procedures presented in this study could be used to 

calculate values of these properties. 

© 2021 RJEES. All rights reserved. 
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1. INTRODUCTION 

It has been established that the density (ρ) and thermal conductivity (λ) values for vapour and liquid 

ammonia-water solution vary considerably over the temperature and pressure ranges normally encountered 
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in ammonia-water absorption refrigeration system (Conde-Petit, 2006). Establishing accurate correlations 

for these properties over these ranges are crucial for proper design and simulation purposes.  

Many of the correlations used for the calculation of these properties are generated based on theoretical basis.  

In many cases, the accuracy of these correlations has not been established.  Therefore, it is not possible to 

show how this affects the design and simulation of an ammonia-water refrigeration system (Chakrabarti and 

Blessing, 2015). Determination of the properties of pure components usually is not complicated. However, 

for a solution of two or more components, pressure and temperature variations and the impact of the mixing 

effect come into play. For density and thermal conductivity of an ammonia-water solution, the variation of 

these properties are more pronounced for the vapour than for the liquid (Tillner-Roth and Friend, 1998). 

Determination of the accuracy of correlations is, therefore, a critical factor for proper design and simulation.  

The Tait equation which has undergone many modifications, has been used over the years for liquid density 

calculation (Hayward, 1967). One such modification is by Thomson et al. (1982), who extended and 

generalized the Tait equation to calculate compressed fluid densities at very high pressures. The new 

correlation gave very low deviations from experimental values for nonpolar liquids, polar and quantum 

liquids. However, they can only be applied for pure components. Another theoretical equation for calculating 

liquid density is the Rackett equation (Rackett, 1970), which Spencer and Danner (1972) modified to make 

applicable to a large number of the mixtures.  However, the modified equation was found to be less accurate 

for polar mixtures. A more precise model for calculating liquid density is the COSTALD (COrresponding 

STAte Liquid Density) density correlation. It has been determined that it is more accurate than the McCarty-

Klosek-Mckinley and Racket-Spencer-Danner correlations (Shanshool and Hashim, 2001; NIST 

ThermoData Engine, 2017). However, the COSTALD density equation is not simple and produces less 

accurate results for temperatures close to the critical point and polar mixture. Many other empirical and semi-

empirical models exist to calculate vapour density, but most are for pure compounds (Kud et al., 2020). 

Generally, assuming the mixture as quasi-ideal gives satisfactory results for the calculation of liquid and 

vapour densities. Most of the correlations for calculating density are not based on any particular physical 

model and so are considered theoretical. Examples of such models include Klosek-Mckinley (Klosek 

andMckinley, 1968) and McCarty correlations (McCarty, 1980). These correlations take into effect the 

temperature variation but not the pressure. McCarty (1980) modified the Klosek-Mckinley correlation by 

considering the nitrogen content of the mixture. Though more accurate than the Klosek-Mckinley 

correlation, it was limited by its composition and temperature ranges.  

Many correlations have been presented to calculate the thermal conductivities of the liquid mixture. As 

pointed out by Afshar (1981), many of the models used to predict the thermal conductivity of ammonia are 

accurate enough to be used to calculate the thermal conductivities of mixtures containing ammonia. 

Prominent among these are Filippov (1955), Jamieson et al. (1975), Baroncini et al. (1981, 1983, 1984), Lin 

and Pate (1992) and power law method correlations (Haj-Kacem  et al., 2017). The requirement for the listed 

method is the thermal conductivities of the pure constituents. Conde-Petit (2006) noted that ammonia-water 

liquid thermal conductivities show varying degrees of inconsistency. With that, it is difficult to formulate 

correlations to calculate liquid thermal conductivities. Conde-Petit (2006) proposed a quasi-ideal correlation 

to calculated thermal conductivity. This model will be applied in this paper as it is a well-tested one. Baranov 

(1997) provided graphical values of thermal conductivity of ammonia-water liquid mixtures for temperatures 

up to 460 K and selected concentration. However, experimental values were not made available and can only 

be approximated from the plots. Shamsetdinov et al. (2013) generated experimental data for thermal 

conductivity of ammonia-water solution from 278 K to 356 K and pressures up to 200 bar and developed 

models to fit the experimental data. An average percentage deviation of 6.6% was found when data generated 

by the model were compared with experimental values. Wassiljewa (1904) presented an equation to calculate 

the thermal conductivity values of vapour mixtures at low pressure. Mason and Saxena (1958) proposed a 

modified version of Wassiljewa (1904). Louro (2008) studied the modified equation's accuracy in calculating 

this property compared with experimental results and found out that the average percentage deviation was 

significantly low. However, accurate equations for pure components are required. 
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With varying accuracies of inconsistencies for density and thermal conductivity correlations from literature 

when compared to experimental values, it is necessary to develop more correlations from pure component 

data and determine the accuracy of fit with various experimental data. Therefore, the purpose of this paper 

is to develop empirical correlations supported by confirmatory data for the calculation of density and thermal 

conductivity of ammonia-water solution for the liquid and vapour phases. Correlations for calculating these 

properties for an ammonia-water solution shall be generated from experimental data of pure components. 

The accuracy of these correlations shall be determined by comparing the data output from these equations 

with experimental data and those generated from other studies. 

2. METHODOLOGY 

2.1. Data Sources 

Many experimental data exist in the literature, but these sources should be verified before use. For water, 

experimental data are authenticated by the International Association for the Properties of Water and Steam 

(IAPWS). The liquid density values for pure water were generated using the method recommended by 

IAPWS R6-95 (2018).  Density values of pure saturated ammonia vapour were extracted from Cragoe et al. 

(1923) and regressed. Experimental values for the thermal conductivity of water were extracted from 

Shamsetdinov et al. (2013) and Baranov (1997), while those for liquid ammonia were generated from Cragoe 

et al. (1923). The data for vapour thermal conductivity were extracted from Shamsetdinov et al. (2013). 

2.2. Formulation of Correlations  

The density values of pure ammonia liquid were extracted from Haar and Gallaghar (1978).  Calculated 

liquid density values of ammonia were validated with values obtained from Tillner-Roth and Friend (1998) 

correlations, while data generated from the procedure presented here were compared with data generated by 

Conde-Petit (2006). For ammonia-water vapour, Conde-Petit (2006) assumed a quasi-ideal mixture of real 

gas mixture for ammonia-water vapour solution and introduced an excess density correction to calculate the 

density of the mixture. This procedure was applied in this study using new correlations for pure components. 

Data generated  were validated with those generated by Conde-Petit (2006). Kaern et al. (2015) 

recommended the method presented Conde-Petit (2006) for the liquid thermal conductivity. These methods 

compare the best with the experimental data from Baranov (1997) and Jamieson et al. (1975), which was 

applied in this study. Kaern et al. (2015) compared data of vapour thermal conductivities using a simple 

mole fraction average, a modification of the Mason and Saxena (1958) method,  and procedures presented 

by Stecco and Desideri (1992), El-Sayed (1988), and Conde-Petit (2006). For the vapour thermal 

conductivity, Kaern et al. (2015) recommended the application of the Mason and Saxena (1958) method. 

This method was also recommended by Conde-Petit (2006) and El-Sayed (1988) and was applied in this 

study. All correlations for pure components  were developed using Microsoft Excel Correlation development 

procedure while those of ammonia-water solutions are developed using the proportional node three-

parameters plot procedure (Mumah, 1991). 

2.2.1. Correlations for liquid density of an ammonia-water solution 

Conde-Petit (2006) presented a quasi-ideal solution procedure to calculate the density of an ammonia-

water liquid solution (����). This is represented by Equation (1). 

���� = ���	
 �
�
∗ + �1 − �)�	� � ����∗ +  ����↨ ,�                                                                                 �1)  

Where ��	
 �
�
∗  is the density of pure ammonia in kg/m3 calculated at T* of ammonia, �	� � ����∗  is the 

density of pure water calculated at T* of water, and ����↨ ,� is the excess density value. 

To correct for non-ideality, the excess density value (����↨ ,�) value was added. This was calculated from 

Equation (2). 
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����↨ ,� = ��1 − �) − ����1 − �)��	
�
�
∗�. �	�� ����∗�.                                                                           �2) 

Where: 

"#↨ ,� = "#"$,	��                                                                                                                                                 �3) 

The parameter A was calculated from  Equation 4 (Conde-Petit, 2006). 

� = & �',(
�

()�
"#↨( + 1/��& ��,(

�

()�
"#↨(                                                                                                           �4) 

Where A1 and A2 are defined ain Table 1 for various values of i in Equation (4): 

Table 1: Parameter values for Equation 4 

Parameter 
Index 

i=0 i=1 i=2 

A1 -2.410 8.310 -6.924 

A2 2.118 -4.050 4.443 

The T*  in Equation (2) for water and ammonia are calculated as follows (Conde-Petit, 2006). 

"$,	�� =  647.15K; "$,�	
 = 405 .15K                   
Where "$ is the critical temperature for the various components.Conde-Petit (2006)’s equation represents 

the critical temperature of the mixture shown in Equation (5). 

Tc,m = a0+a1x+a2x
2+a3x

3+a4x
4        (5) 

Where: a0 = 647.14, a1= -199.822371, a2=109.035522, a3= -239.626217 and a4=88.689691 

τ =1.0-Tm /Tc,m                                                                                                       (6) 

where τ is the reduced temperature compliment to unity, Tm  is the temperature of the mixture and Tc,m is 

the critical temperature of the mixture. 

"�	

∗  =  1"$,�	
          (7) 

"	��∗  =  1"$,	��          (8) 

Where "$,�	
is the critical temperature of pure ammonia, "$,	�� is the the critical temperature of pure 

water and 1 is the reduced temperature. The reduced temperature is calculated from Equation (9). 

θ=Tm /Tc,m           (9) 

New correlations were generated for the pure components, and the procedure presented  was applied to 

calculate the liquid density of the ammonia-water solution. 

2.2.2. Correlations for vapour densities of ammonia-water solution 

Just like for liquid density, the vapour is considered quasi-ideal. Therefore, Conde-Petit (2006) presents the 

procedure used to calculate vapour density values for the mixture. 

�# = 2��	
�
�
∗ + �1 − 2)�	�� ����∗ + ����↨ ,3                                                                             �10) 

Where ��	
�
�
∗ is the vapour density of pure ammonia (kg/m3) calculated at "�	

∗  , �	�� ����∗ is the vapour 

density of pure water calculated at  "	��∗  and ����↨ ,3 is the excess density. 



653 
S.N. Mumah et al. / Nigerian Research Journal of Engineering and Environmental Sciences  

6(2) 2021 pp. 649-662 
Equation (11) gives the value of the excess density: 

����↨ ,3 = ��−2)451 − 6789:∆�#,��↨                                                                                            �11) 

where A, B,C, D, J and K are parameters. 

∆�#,��↨ = 6<=>/��↨                                                                                                                              �12) 

Where:  

"#↨ = "#"$,	��                                                                                                                                             �13) 

Where the parameters are given as A=82.0, C=-0.05, J=9.952, B=0.5, D=2.75 and K=3.884 

"	��∗  and "�	

∗   are calculated following the procedure shown from Equations (10) to (13). 

As was done in the case of liquid density, new correlations were generated for the pure components and 

the procedure presented above was applied to calculate the density of ammonia-water vapour. 

2.2.3. Correlations for liquid thermal conductivity 

Conde-Petit (2006) proposed a quasi-ideal correlation to calculated thermal conductivity as shown in 

Equation (14). 

?# = �?�	
5��	

@ : +  �1 − �)?	��5"	��∗ :                                                                                    �14) 

where ?# is the thermal conductivity of the liquid mixture in Wm-1K-1, ?�	
is the thermal conductivity of 

pure ammonia liquid and ?	�� is the thermal conductivity of pure water. T* was calculated from the 

procedure presented in Conde-Petit (2006) (Equations (7) and (8)), and the density parameter (��	

@ ) is 

calculated from Equation (15) (Conde-Petit, 2006). 

��	

@ =  ��	
�"�	


∗ )��.A�                                              (15) 

With the thermal conductivity values of the pure components, that of the solution was calculated by 

applying Equations (14) and (15). 

2.2.4. Correlations for vapour thermal conductivities 

The modified Wassiljewa (1904) equation by Mason and Saxena (1958)  was used in this paper to correlate 

the vapour thermal conductivity of an ammonia-water solution. This is  presented as follows:  

?# = 2?�	
2 + �1 − 2)B'� + �1 − 2)?	���1 − 2) + 2B�,'                                                                                   �16) 

where ?# is the thermal conductivity of the vapour mixture in Wm-1K-1, ?�	
is the thermal conductivity 

of pure ammonia vapour and ?	�� is the thermal conductivity of pure steam. 

B'� and B�,' were calculated from the following auxiliary equations. 

B'� =
C1 + DE�	
E	��F�. DG	��G�	


F�.� H
�

I8 D1 + G�	
G	��FK�.                                                                                             �17) 

B�,' = B'�
E	��E�	


G�	
G	��                                                                                                               �18) 
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Where M is the molecular weight for the components (G	�� =18.02 , and G�	
= 17.03) and E�	
 is the 

viscosity of pure ammonia vapour and E	�� is the viscosity of pure steam. E( is the pure component viscosity 

in Pa.s and 2( is the mole fraction.  

The temperatures are calculated for pure ammonia and pure water at known pressures using the simplified 

correlation of Patek and Klomfar (1995). The temperature to use in this process is obtained by iteration from 

Equation (19). Once the pressure is known, then the temperature can be determined from the correlation by 

Patel and Khomfar (1995) presented in Equation (19). 

"�L2) = "� & M(�1 − 2)#/A
(

Iln DL�L FKPQ                                                                                           �19) 

Where T is the temperature in K calculated at a known pressure and vapour concentration, y is the 

ammonia mole fraction of the vapour and P is the pressure in GSM. The parameters i, m, n and a are given 

in Table 2. 

Table 2: parameters for ammonia-water vapour correlation 

T Parameters U(  V(  M( 
1   0 0 +0.324 004 × 10' 

2 0 1 −0.395 920 × 10� 

3 0 2 +0.43 5624 × 10=' 

4 0 3 −0.218 943 × 10=� 

5 1 0 −0.143 526 × 10' 

6 1 1 +0.105 256 × 10' 

7 1 2 −0.719 281 × 10=' 

8 2 0 +0.122 362 × 10� 

9 2 1 −0.224 368 × 10' 

10 3 0 −0.201 780 × 10� 
11 3 1 +0.110 834 × 10' 

12 4 0 +0.145 399 × 10� 

13 4 2 +0.644 312 × 10� 
14 5 0 −0.221 246 × 10' 

15 5 2 −0.756 266 × 10�� 

16 6 0 −0.135 529 × 10' 

17 7 2 +0.183 541 × 10� "� = 100 X S� = 2 GSM 

As can be seen from Equations (17) and (18), there is a need for dynamic viscosity values for pure ammonia 

and water. Therefore, with thermal conductivity and dynamic viscosity values of the pure components, the 

value for ammonia-water vapour were calculated by applying Equations (16) to (19). 

3. RESULTS AND DISCUSSION 

3.1. Liquid Density 

Conde-Petit (2006) used a different procedure to calculate the density of pure constituents. In this paper, a 

different set of equations which are considered more accurate are used. The density of pure water is 

calculated from Equation (20) using "	��∗ . 

�	�� = M'"Y+M�" + MZ"A+MA"Z + M "� + MYT + M\                                             (20) 

Where a1= −9.031�10='�; a2= 2.3572302x10=�]; a3=-2.5271885494x10=� ; a4=0.014237361079319; a5=-4.446432939499160; a6= 729.744030889966; a7=-48149.866657815 
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To calculate density of pure ammonia liquid, the correlation presented by Cragoe et al. (1923) was used.  

^ = �_`abcd6 ^Mbc6 ae 5133.0 − �" − 273.15):                                                                �21) 

f = 4.2830 + 0.813055^�.  − 0.0082861V
�1.0 + 0.424805^�.  + 0.015938V)                                                                         �22) 

and 

��	
 = D1.0
f F 1.0�10@�Z                                                                                                             �23) 

With the values of the density of the pure components from Equations (20) to (23), that of ammonia-water 

liquid solution was then calculated by applying Equations (1) to (9). Figure 1 shows the plot of the liquid 

density generated from the correlations for varying mass fractions and temperatures. As shown in Figure 1, 

the density of ammonia-water liquid solution decreases with increasing ammonia mass fraction in the 

solution. However, it decreases with increasing temperature for the temperature range considered (273.15 K 

to 413.15 K).  This decrease is expected as heating causes the molecules to spread apart, thereby occupying 

a larger volume. This trend is collaborated by data provided by Tillner-Roth and Friend (2000) and Conde-

Petit (2006). 

 
Figure 1: Variation of liquid density of ammonia-water solution with ammonia mass fractions and temperatures 

3.2. Vapour Density 

The vapour densities for ammonia vapour and steam are calculated from Equations (24) and (25). 

��	
 = −8.085 x10=�i"Z + 1.4017842� 10=� "� −  0.008674579053T 
+  2.2533906    �24) 

(24) 

�	�� = 5.7352  x10='A"Y − 1.22443969� 10='�" +  1.14232983291�10=�\"A
−  5.7741952571� 10=� "Z +  0.016417059"�  − 2.472906T+  153.8366   �25) 

(25) 

With the values generated from Equations (24) and (25), Equations (10) and (13) were applied to generate 

the density of the ammonia-water vapour. Figure 2 shows the plot of the vapour density generated from the 
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correlations for varying mass fractions and temperatures. For vapour properties, the plot is for various 

pressures since it affects the properties significantly. For liquids, the effect of pressure is insignificant. 

Reviewing Figure 2, it can be seen that for a particular pressure, the vapour density increases as the ammonia 

concentration in the vapour increases for the concentration range of 0.0wt 5 to 0.75 wt %) and then starts to 

decrease. The increase in vapour density with pressure is expected as the molecules are more densely packed 

as the pressure increases.  This trend is followed for each pressure. As reflected in Figure 2, pressure is a 

major factor in determining the vapour density value. The vapour density values and variation trends 

compare satisfactorily with data provided by Conde-Petit (2006). 

 
Figure 2: Variation of vapour density of ammonia-water solution with ammonia mass fractions and temperatures 

3.3. Liquid Thermal Conductivity 

The thermal conductivity of the pure components are represented by Equations (26) and (27). 

?�	
 =  2551.30 − 376.62 x10=��" − 29.35� 10=�A"�                                                     �26) 

?	�� =  −916.62 + 1254.73 x10=��" − 152.12� 10=�A"�                                              �27) 

For ammonia-water solutions, the contributions of the thermal conductivity of each component are 

considered. Therefore, the liquid thermal conductivity can be expressed for pure ammonia and water as 

follows:  

e�	
 =  2551.30 − 376.62 x10=��T − 29.35� 10=�A"�                                                (28) 

e	�� =  −916.62 + 1254.73 x10=��T − 152.12� 10=�A"�                                              �29) 

Where e�	
 and e	�� are now considered as contributing factor parameters for ammonia and water, 

respectively. 

Te e�	
>e	�� ∶  A= ?�	
 

Te e�	
>e	�� ∶  B= ?	�� 

Te e�	
>e	�� ∶   X= �# 

where xm is the mass fraction of ammonia in the ammonia-water solution. 

Te e�	
 ≤ e	�� ∶  A= ?	�� 
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Te e�	
 ≤ e	�� ∶  B= ?�	
 

Te e�	
 ≤ e	�� ∶   X= 1 − �# 

The liquid thermal conductivity of an ammonia-water solution is then given by Equation (30). 

λm =(X1.5(A-B)+B)4.187x10-07                                                (30) 

Figure 3 shows the plot of the liquid thermal conductivity generated from the correlations for varying mass 

fractions and temperatures. From Figure 3, it can be seen that the thermal conductivity decreases with 

increasing ammonia mass fraction in the solution. However, for the temperature range considered (273.15 

K to 413.15 K), concentration is a factor in determining trends as the temperature increases. As depicted in 

Figure 3, it can be seen that for the ammonia mass fraction of 0.4 and above, the thermal conductivity of the 

ammonia-water liquid solution decreases with increasing temperature. However, for the concentration range 

of 0.0 to 0.4wt%, no particular trend in the thermal conductivity values can be determined as the temperature 

increases. Also, it can be seen from Figure 3 that variation of thermal conductivity values across the full 

ammonia concentration range (0.0-1.0 weight %) increases as the temperature increases. Liquid thermal 

conductivity decreases with increasing temperature because the molecules move further apart, causing lattice 

distortion, making it difficult for electrons to flow. These trends and variations are collaborated by data 

presented by Jamieson et al. (1975) and Baranov et al. (1996). 

 
Figure 3: Variation of liquid thermal conductivity of ammonia-water solution with ammonia mass fractions and 

temperatures 

3.4. Vapour Thermal Conductivity 

To calculate the thermal conductivity of ammonia-water vapour, the viscosity value is required. For 

ammonia, dynamic viscosity varies with pressure. The dynamic viscosity of ammonia liquid is calculated as 

follows: 
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E�	
 = l = 1.0�10=�Y� −0.000005161"� + 0.043983183" − 2.823490380) (32) 

For 50 bar: 

E�	
 = m = 1.0�10=�Y� −0.000007561"� + 0.047034914" − 3.559091860) (33) 

For 100 bar: 

E�	
 = m = 1.0�10=�Y� 0.0000631751"� − 0.040451258" + 23.530440411) (34) 

The thermal conductivity at any pressure in the range can be calculated by simple interpolation. 

For 1.0<P<10 bar: 

E�	
  = D S − 1.0
10.0 − 1.0F ∗ �l − �) + �  (35) 

For 10.0<P<50.0 bar: 

E�	
   = D S − 10.0
50.0 − 10.0F ∗ �m − l) + l  (36) 

For 50.0<P<100 bar: 

E�	
   = D S − 50.0
100.0 − 50.0F ∗ �f − m) + m (37) 

For water, the dynamic viscosity is not affected significantly by pressure changes. Therefore, the dynamic 

viscosity was calculated using Equation (38). 

E	�� = 1.0�10=�Y�M'"A + M�"Z + MZ"� + aA" + M  )                                                         �38) 

Where the parameters are given as follows: 

a1 = 5.206×10-9; a1=-8.689180×10-6; a3= 0.005343692335; a4 = -1.393363694257; a5=138.479875602456;  

The thermal conductivity of ammonia-water vapour is generated by applying Equations (31) to (38). Figure 

4 shows the plot of the thermal conductivity of ammonia-water vapour generated from the correlations for 

varying mass fractions and temperatures. As is the case for vapour density, the plot is for various pressures 

since pressure affects the properties significantly. For liquids, the effect of pressure is insignificant. As can 

be seen in Figure 4, the vapour thermal conductivity increases with increasing pressure for a particular 

ammonia concentration in the ammonia-water vapour. However, it decreases with increasing ammonia 

concentration in the vapour for a specific pressure. As was the case with vapour density, pressure plays a 

significant factor in determining the value of the thermal conductivity of ammonia-water vapour. As the 

pressure increases, the molecules in the vapour become more densely packed, increasing thermal 

conductivity.  The vapour thermal conductivity values and variation trends compare satisfactorily with data 

provided by Conde-Petit (2006). 
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Figure 4: Variation of vapour thermal conductivity of ammonia-water solution with ammonia mass fractions and 

pressures 

Table 3 summarises coefficient of determination (R2)  which compares  the experimental values and values 

from regression analysis generated from the correlations. The regressions analysis for pure components gives 

a very high level of accuracy (R2>0.99), which is typically expected. Comparing the data for liquid density 

with those generated by Conde-Petit (2006) and Tillner-Roth and Friend (2000) gives an average percentage 

deviation of ±2.18% and ±3.12%, respectively.  This is considered low, and so the correlations can be applied 

for the calculation of liquid density. This also shows that the Cragoe et al. (1923) equation for calculating 

the density of liquid ammonia is still satisfactorily accurate. 

Comparing the data generated for vapour solution densities with those generated by Conde-Petit (2006) 

provides an average percentage deviation of ±1.23%. Conde-Petit (2006) did not provide the accuracy of the 

method used.  Presently only quasi-ideal methods exist to calculate vapour density, and since this value is 

low, its use is also recommended. Comparing the data generated for vapour solution densities with those 

generated by Conde-Petit (2006) gives an average percentage deviation of ±1.23 %. 

For liquid thermal conductivity, the average percentage deviation when generated values are compared with 

data generated by Baranov (1997), Shamsetdinov et al. (2013), and Conde-Petit (2006) were ±3.67%, 

±1.82% and ±0.076%, respectively.  Data was extracted from the plot provided in Baranov (1997) and not 

from actual experimental values since they are unavailable. The low percentage deviation between the 

procedure presented in this study and those of the three data sources indicate that the correlations can be 

applied to calculate the thermal conductivity of liquid ammonia-water solutions.  

Correlating vapour thermal conductivity of ammonia-water solution with the model used in this paper 

requires accurate correlation depicting the mixture property and good correlations for dynamic viscosity and 

thermal conductivity of the two components, ammonia and ammonia water. These stages contribute to the 

percentage deviations when data generated by the correlations are compared with experimental values. The 

vapour thermal conductivity data generated were compared to those of Conde-Petit (2006).For vapour 

thermal conductivity, the data generated showed increasing deviations  from 1.23% to a maximum of 12.8% 

when compared with the data generated by Conde-Petit (2006) for all the pressures values considered.. 

Experimental data for the temperature regime (204K – 247K) used for the calculation of ammonia thermal 

conductivity could not be found to conduct an effective comparison of the final model. The evaluated data 

from the correlations were further compared with the experimental data presented by Shamsetdinov et al. 
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(2013) and produced a maximum percentage deviation of 1.2%. This value is, however, only at 1.0 bar and 

so is limited. 

Table 3:  Comparison of correlated values with experimental data 

Properties Data sources 
R2 and maximum % 

deviation values  

Liquid density (kg/m3) 

IAPWS R6-95 (2018)-(Water) 0.999 

Haar and Gallaghar (1978) – 

Ammonia 
0.996 

Conde-Petit (2006) ±2.18% (Max. % deviation) 

Tillner-Roth and Friend (2000) ±3.12% (Max. % deviation) 

 

Vapour density (kg/m3) 

IAPWS R6-95 (2018) – Water 

vapour 
0.999 

Cragoe et al. (1923) – Ammonia 0.998 

Conde-Petit (2006) ±1.23% (Max. % deviation) 

Liquid thermal 

conductivity (W/m-K) 

IAPWS R15-11 (2011) -Water  0.999 

Cragoe (1923) – Ammonia 0.998 

Baranov (1997)-(ammonia-water 

solution) 
±3.67% (Max. % deviation) 

Shamsetdinov et al. (2013) – 

ammonia 
±1.82% (Max. % deviation) 

Conde-Petit (2006) – Ammonia-

water solution 
±0.076%(Max. % deviation) 

Vapour thermal 

conductivity (W/m-K) 

IAPWS R15-11(2011) – Water 

vapour 
0.996 

Shamsetdinov et al. (2013) – 

Ammonia 
0.999 

Conde-Petit (2006) (ammonia-water 

solution) 
12.8% (Max. % deviation) 

Shamsetdinov et al. (2013) -

(ammonia-water solution at 1 bar) 
1.2% (Max. % Deviation) 

 4. CONCLUSION 

This paper has developed correlations for the pure components and then used the correlations to generate 

liquid and vapour mixture density and thermal conductivity values. Detailed steps have been proposed for 

the calculation of each thermodynamic property. The values of the properties generated from these 

correlations have been compared with experimental data from the literature. Comparing the data for liquid 

density with those generated by Conde-Petit (2006) and Tillner-Roth and Friend (2000) produces an average 

percentage deviation of ±2.18 % and ±3.12 %, respectively. Comparing the data generated for vapour 

solution densities with those generated by Conde-Petit (2006) gives an average percentage deviation of ±1.23 

%. For liquid thermal conductivity, the average percentage deviation when generated values are compared 

with experimental data generated by Baranov (1997), Shamsetdinov et al. (2013), and Conde-Petit (2006) 

are ±3.67 %, ±1.82 %, and ±0.076 %, respectively. The vapour thermal conductivity data generated were 

compared to those of Conde-Petit (2006). There was a progressive deviation increase to a maximum of 12.8 

% as the ammonia mass fraction increases for all pressures considered. Apart from vapour thermal 

conductivities, the values of the properties generated by the procedures presented in this paper show low 

percentage deviations when compared with experimental values from the literature.  Therefore, it is 
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recommended that they be used to calculate these properties relevant to the design and thermodynamic 

analysis of an ammonia-water refrigeration system. 
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