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Abstract 

Viscosity and thermal conductivity are key transport properties in the design of plate-fin multi-stream 
heat exchanger in CO2 cryogenic processes. It is necessary to evaluate the reliabilities of viscosity and 
thermal conductivity models. In addition, the differences in design of multi-stream heat exchanger by 
using different property models need to be studied as well. In this paper, viscosity models and thermal 
conductivity models of CO2 mixtures with non-condensable gas impurities were evaluated separately by 
comparison with existing experimental data. Recommendations were given on model selections and their 
impact on the design of plate-fin multi-stream heat exchanger were analyzed. The results show that for 
viscosity, the uncertainty range of Wilke’s model is the smallest with a maximum absolute deviation of 
6.1%. This model is therefore recommended to be used. For thermal conductivity, GERG model, with a 
maximum absolute deviation of 8.7% is preferred. The choice of thermal conductivity model has a 
noticeable impact on the plate-fin multi-stream heat exchanger design, and the maximum deviation by 
using different thermal conductivity models is 7.5%. 
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Nomenclature   
KRW  Kestin-Ro-Wakeham model 
REFPROP  Reference Fluid Thermodynamic and Transport Properties  
DS  Dean-Stiel model  
CE Chapman-Enskog model 
GERG Groupe Européen de Recherches Gazières model 
ECS Extended Corresponding States 
WD Westenbery-Dehaas model 

1. Introduction 
Part I of the two-paper series has proposed the design procedure for the plate-fin multi-stream heat 

exchanger and analyzed the property impacts by conducting sensitivity study [1]. It was found that 
thermal conductivity has the most significant impact while density has the least significant impact. In 
addition, viscosity was found to have less significant impact than that of heat capacity, but the higher 
uncertainty range of viscosity models may lead to higher possible deviations in the design of the heat 
exchanger.  

Concerning property model evaluation and recommendations, Li et al. [2-3] assessed and summarized 
the accuracy of density property models and gave recommendations for density model selection for CO2 
mixtures with different impurities at different working conditions. For heat capacity, experimental 
measurement and model evaluation for CO2 mixtures were also performed [4-6]. For density and heat 
capacity, different types of models have been compared and analyzed, and recommendations for model 
selection have also been given. For viscosity and thermal conductivity models, Li et al. [7] collected 
deviations of different models proposed by different investigators. In addition, some studies have been 
done regarding modelling, comparison and recommendations for viscosity [8-10] and thermal 
conductivity [11-14]. However, for viscosity and thermal conductivity, the reliabilities of different models 
vary for different components and working conditions. Previous studies do not cover all types of models 
and the wide working conditions for CO2 mixtures with non-condensable gas impurities, and it is still 
unclear which model(s) should be recommended to use at certain working conditions. Therefore, more 
work should be done on viscosity and thermal conductivity model evaluation and comparison covering all 
types of models and a wide range of working conditions. In addition, impacts on the design of multi-
stream heat exchangers when different viscosity and thermal conductivity models are used need to be 
investigated further.  

In this paper, as part II of the two-paper series, viscosity models and thermal conductivity models of 
CO2 mixtures with non-condensable gas impurities were evaluated by comparison to existing 
experimental data. Recommendations on viscosity and thermal conductivity model selection were given. 
In addition, the impacts of property model selection on multi-stream heat exchanger design was also 
analyzed.  

2. Property model 
2.1. Viscosity models 
Three viscosity models and one database, described in Table 1, are used in this study to calculate 

viscosity of CO2 mixtures. 

Table 1. Selected models for calculating viscosity of CO2 mixtures  

Method Model Features Reference 

Chapman-Enskog (CE) theory Wilke 
- Collision diameter and collision integrals  
- Simplification in kinetic theory approach 

[15] 

Corresponding state theory KRW 
- With aid of scaling factor 
- Empirically determined collision integrals 

[16] [17] 

Empirical correlation DS 
- Correlated from experimental data 
- Appropriate pseudocritical constant rules 

[18] 
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Helmholtz free energy theory GERG-2004 
- Fluid-specific correlations and an ECS method  
- Friction theory method 

[19] 

2.2. Thermal conductivity model 
Five models, described in Table 2, are used in this study to calculate thermal conductivity of CO2 

mixtures. 

Table 2. Selected models for calculating thermal conductivity of CO2 mixtures  

Method Model Features Reference 

Hirschfelder’s equation WD 
- Semi-empirical  
- Standard combining rules 

[14] 

Wassiljewa’s equation KM 
- Semi-empirical 

[20] 
- Reduced rigorous theory 

Rigorous kinetic theory MS 
- Semi-empirical  
- Simple numerical calculations with few input 

[21] 

Empirical correlation Cheung 
- Kinetic theory 
- Energy transport from collisions and diffusion 

[22] 

Helmholtz free energy theory GERG-2004 
- Fluid-specific correlations and an ECS method  
- Friction theory method 

[19] 

3. Collection of experimental data 
In order to evaluate the accuracy of the property models, experimental data for viscosity [7, 17, 23-29]. 

and thermal conductivity [11, 14, 20, 30-31] has been collected for CO2 mixtures containing impurities as 
N2, O2 and Ar. The evaluation was conducted by calculating the deviation between calculated values and 
experimental data 

4. Results and discussion 
4.1. Property model evaluation  
Table 3 gives the deviations in viscosity values calculated by different viscosity models compared to 

all experimental data collected in this study. In general, the uncertainty range of Wilke’s model is 
smallest among all evaluated viscosity models with maximum absolute deviation of -6.1%, while DS has 
the largest uncertainty range, which is 15.4% in maximum absolute deviation. For KRW and GERG 
model, the maximum absolute deviation are 10.4% and 6.2% respectively. However, different viscosity 
models have different performance in predicting viscosity values at different working conditions. For the 
operating temperature and pressure of cryogenic system (217<T<323 K, 1<P<40 bar), specifically, DS 
model is recommended to use when temperature is lower than 283 K with maximum deviation of 1.0%. 
In addition, for temperature higher than 283 K at atmospheric pressure, Wilke model is the first choice to 
calculate the viscosity of CO2 mixtures with non-condensable impurities with maximum deviation of 
4.7%. For pressure higher than atmospheric pressure, GERG model is recommended, the maximum 
deviations are -3.1%.  

Table 3. Evaluation results of viscosity models 

P  

(bar) 

T 

 (K) 

Maximum Deviation (%) 

Wilke KRW DS GERG 

20 <283 2.9 3.6 1.0 3.3 

1 >283 4.7 5.6 -5.0 6.2 

1-20 293 -2.5 -1.0 -6.7 -0.4 

20-60 289 -6.1 10.4 -15.4 -3.1 

Overall -6.1/4.7 -1.2/10.4 -15.4/3.8 -1.0/6.2 

Table 4 gives the deviations in thermal conductivity values calculated by different models compared to 
all experimental data. According to the statistic, the uncertainty range of GERG model is smallest among 
all evaluated thermal conductivity models with maximum absolute deviation of 8.7%, therefore GERG 
model is recommended for predicting thermal conductivity values of CO2 mixtures with non-condensable 
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gas impurities. WD has the largest uncertainty range, which is 16.7% in maximum absolute deviation. 
Cheung model is the best second to GERG model, the uncertainty range is within 9.6%. In addition, KM 
and MS model have the uncertainty range of 12.6% and 13.2% respectively. However, different thermal 
conductivity models have different performance in predicting thermal conductivity values at different 
working conditions. For the operating temperature and pressure of cryogenic system (217<T<323 K, 
1<P<40 bar), specifically, GERG is recommended for temperatures higher than 273 K at atmospheric 
pressure for which the maximum deviation is 8.7%. For pressures higher than atmospheric pressure, the 
KM model is preferred at pressures lower than 30 bar, and GERG should be employed when the pressure 
is higher than 30 bar. For temperature lower than 273 K, there is no experimental data for evaluation, 
therefore it is still not known which model is more accurate.  

Table 4. Evaluation results of thermal conductivity models  

P  

(bar) 

T 

 (K) 

Maximum Deviation (%) 

WD KM MS Cheung GERG 

1 >273 16.7 -9.6 -13.2 -9.6 8.7 

1-30 296 5.2 -1.8 -6.2 -12.8 -2.2 

>30 380 13.1 12.6 11.4 9.5 -2.6 

Overall -5.8/16.7 -9.6/12.6 -13.2/11.4 -12.8/9.5 -8.6/8.7 

4.2. Impacts of property model selection on heat exchanger design  
Fig. 1 presents the design volume of the heat exchanger using different viscosity models including 

GERG, Wilke, KRW and DS. Wilke model is recommended to use according to the results of model 
evaluation. As shown in the Fig. 1, the overall volume of the heat exchanger is 23.4 m3, 23.3 m3, 23.3 m3 
and 23.1 m3 when using GERG, Wilke, KRW and DS respectively, and the deviations in volumes are 
0.5% (GERG), -0.3% (KRW) and -0.9% (DS) respectively comparing to the volume when using the 
Wilke model. Thus the selection of viscosity model has little impact on the calculation of the plate-fin 
multi-stream heat exchanger volume in CO2 cryogenic processes.  
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Fig. 1 (a) Design volume of heat exchanger by using different viscosity models; (b) Design volume of heat exchanger by using 

different thermal conductivity models 

Fig. 2 illustrates the design volume of the heat exchanger using different thermal conductivity models 
including GERG, WD, KM, MS and Cheung. The GERG model is recommended to be use according to 
the results of the model evaluation. As shown in the Fig.2, the overall volume of the heat exchanger is 
23.4 m3, 22.4 m3, 22.9 m3, 24.2 m3 and 23.0 m3 by using GERG, WD, KM, MS and Cheung respectively, 
and the deviations in volumes are -4.2% (WD), 2.0% (KM), 3.4% (MS) and -1.6% (Cheung) respectively 
comparing to the volume when using the GERG model. In addition, the maximum deviation of the heat 
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exchanger volume using different models is 7.5%, occurring when WD and MS are compared. Thus the 
selection of thermal conductivity model has a noticeable impact on the calculated volume of the plate-fin 
multi-stream heat exchanger in CO2 cryogenic processes. 

5. Conclusion: 
In this study, viscosity models (including GERG, Wilke, KRW, and DS) and thermal conductivity 

models (including GERG, WD, KM, MS, and Cheung) of CO2 mixtures with non-condensable imputers 
were evaluated by comparison with existing experimental data. Recommendation of viscosity and thermal 
conductivity model selection was given. In addition, impacts of property model selection on heat 
exchanger design were analyzed. The following conclusions can be drawn: 

 For viscosity, Wilke’s model shows the smallest uncertainty range with a maximum absolute 
deviation of 6.1%, and is therefore recommended to be used. The DS model is recommended when 
temperatures are lower than 283 K. For temperatures higher than 283 K at atmospheric pressure, the 
Wilke model is the first choice. For pressures higher than atmospheric pressure, the GERG model is 
recommended.  

 For thermal conductivity, the uncertainty range of GERG model is the smallest among all 
evaluated thermal conductivity models with a maximum absolute deviation of 8.7%, and therefore the 
GERG model is recommended. For specific conditions, GERG is recommended for temperatures higher 
than 273 K at atmospheric pressure. For pressures higher than atmospheric pressure, KM model is 
preferred at pressures lower than 30 bar, and GERG should be employed when the pressure is higher than 
30 bar. 

 The choice of thermal conductivity model has a noticeable impact on the plate-fin multi-stream 
heat exchanger design, while the choice of viscosity model has little impact. The maximum deviation by 
using different thermal conductivity models is 7.5%. 
Acknowledgements 

The financial support by Swedish Energy Agency and Swedish Research Council is appreciated. 
Yuting Tan also appreciates scholarship from China Scholarship Council (CSC). Worrada Nookuea 
would like to appreciate the foundation of tandläkare Gustav Dahls memory. 
References 

[1] Y. Tan, W. Nookuea, H. Li, E. Thorin, J. Yan. Property impacts on plate-fin multi-stream heat exchanger (cold box) design 
in CO2 cryogenic process: heat exchanger modeling and sensitivity study.  

[2] H. Li, J. P. Jakobsen, Ø. Wilhelmsen, J. Yan. PVTxy properties of CO2 mixtures relevant for CO2 capture, transport and 
storage: review of available experimental data and theoretical models. Applied Energy. 88 (2011), 3567-3579. 

[3] H. Li, J. Yan. Impacts of equations of state (EOS) and impurities on the volume calculation of CO2 mixtures in the 
applications of CO2 capture and storage (CCS) processes. Applied Energy. 86 (2009), 2760-2770.   

[4] O. Kunz, R. Klimeck, W. Wagner, M Jaeschke. The GERG-2004 wide-range equation of state for natural gases and other 
mixtures. Groupe Européen de Recherches Gazières. 2007. 

[5] L. D. Homer, S. R. Kayar. Density, Heat Capacity, Viscosity, and Thermal Conductivity of Mixtures of CO2, He, H2, H2O, 
N2, and O2. Naval Medical Research Institute. 1994. 

[6] F. L. Ning, K. Glavatskiy, Z. Ji, S. Kjelstrup, T. J. H. Vlugt. Compressibility, thermal expansion coefficient and heat capacity 
of CH4 and CO2 hydrate mixtures using molecular dynamics simulations. Physical Chemistry Chemical Physics. 17 (2015), 2869-
2883. 

[7] H. Li, Ø. Wilhelmsen, Y. Lv, W. Wang, J. Yan. Viscosities, thermal conductivities and diffusion coefficients of CO2 
mixtures: review of experimental data and theoretical models. International Journal of Greenhouse Gas Control. 5 (2011), 1119-
1139. 

[8] D.E. Dean, L.I. Stiel. The viscosity of nonpolar gas mixtures at moderate and high pressures. American Institute of Chemical 
Engineers Journal. 3 (1965), 526-531. 

[9] G. J. Gururaja, M. A. Tirunarayanan, A. Ramachandran. Dynamic viscosity of gas mixtures. Journal of Chemical and 
Engineering Data. 12 (1967), 562-567. 

[10] P. K. Bhattacharyya, A. K. Ghosh. Viscosity of polar-quadrupolar gas mixtures. The Journal of Chemical Physics. 52 
(1970), 2719-2723.  

[11] A.I. Johns, S. Rashid, L. Rowan, J. T. R. Watson, A. A. Clifford. The thermal conductivity of pure nitrogen and of mixtures 
of nitrogen and carbon dioxide at elevated temperatures and pressures. International Journal of Thermophysics. 9 (1988), 3-19. 



4600   Yuting Tan et al.  /  Energy Procedia   105  ( 2017 )  4595 – 4600 

[12] M. Yorizane, S. Yoshimura, H. Masuoka, H. Yoshida. Thermal conductivities of binary gas mixtures at high pressures: 
nitrogen-oxygen, nitrogen-argon, carbon dioxide-argon, and carbon dioxide-methane. Ind. Eng. Chem. Fundamen. 22 (1983), 458-
463.  

[13] E. A. Mason, S. C. Saxena. Thermal conductivity of multicomponent gas mixtures. II. Journal of Chemical Physics. 31 
(1959), 511-514.  

[14] A. A. Westenberg, N. DeHaas. Gas thermal-conductivity studies at high temperature, line-source technique and results in 
N2, CO2, and N2-CO2 mixture. Physics of Fluids. 5 (1962), 266-273.  

[15] C. R. Wilke. A viscosity equation for gas mixtures. The Journal of Chemical Physics. 18 (1950), 517-519. 
[16] A. Boushehri, B. Najafi. Viscosity of nonpolar gases (quaternary mixtures). Journal of Chemical and Engineering Data. 24 

(1979), 24-25. 
[17] J. Kestin, H. E. Khalifa, S. T. Ro, W. A. Wakeham. The viscosity and diffusion coefficients of eighteen binary gaseous 

systems. Physica. 88A (1977), 242-260. 
[18] J. Kestin, H. E. Khalifa, S. T. Ro, W. A. Wakeham. The viscosity and diffusion coefficients of eighteen binary gaseous 

systems. Physica. 88A (1977), 242-260. 
[19] E.W. Lemmon, M.L. Huber, M.O. Mclinden. NIST reference fluid thermodynamic and transport properties—REFPROP 

user’s guide. 2013.  
[20] F.G. Keyes, C. Mass. Additional measurements of heat conductivity of nitrogen, carbon dioxide, and mixtures. Trans. Am. 

Soc. Mech. Eng. 74 (1952), 1303–1306. 
[21] E. A. Mason, S. C. Saxena. Approximate formula for the thermal conductivity of gas mixtures. Physics of Fluids. 1 (1958), 

361-369. 
[22] H. Cheung, L. A. Bromley, C. R. Wilke. Thermal conductivity of gas mixtures. A.I.Ch.E Jounal. 8 (1962), 221-228.  
[23] M.J. Kenney, R.J. Sarjant, M.W. Thring. The viscosity of mixtures of gases at high temperatures. British Journal of Applied 

Physics. 7 (1956), 324-329. 
[24] J. Kestin, W. Leidenfrost. The effect of pressure on the viscosity of N2-CO2 mixtures. Physica. 25 (1959), 525-536. 
[25] J. Kestin, Y. Kobayashi, R.T. Wood. The viscosity of four binary gaseous mixtures at 20 and 30 C. Physica. 32 (1966), 

1065-1089. 
[26] I.F. Golubev. Viscosity of gases and gas mixtures. Israel pro-gramme for scientific translations. Jerusalem. 1970. 
[27] J. Kestin, S.T. Ro. The viscosity of nine binary and two ternary mixtures of gases at low density. Berichte der 

Bunsengesellschaft für physikalische Chemie. 78 (1974), 20-24. 
[28] J. Kestin, S.T. Ro. Transport properties of nine binary and two ternary mixtures of gases at low density. Berichte der 

Bunsengesellschaft für physikalische Chemie. 80 (1974), 617-624. 
[29] A. Chapoy, M. Nazeri, M. Kapateh, R. Burgass, C. Coquelet, B. Tohidi. Effect of impurities on thermophysical properties 

and phase behavior of a CO2-rich system in CCS. International Journal of Greenhouse Gas Control. 19 (2013), 92-100. 
[30] T. Gilmore,  E. W. Comings. Thermal conductivity of binary mixtures of carbon dioxide, nitrogen, and ethane at high 

pressures: comparison with correlation and theory. A.I.Ch.E.. 1966, 1172–1178. 
[31] A. K. Barua, A. Manna, P. Mukhopadhyay. Thermal conductivity of argon–carbondioxide and mitrogen–carbondioxide gas 

mixtures. J. Phys. Soc. Jpn. 25 (1968), 862–867. 

 

Biography 

Yuting Tan now is a Ph.D. student in Royal Institute of Technology (KTH) working on 
carbon capture and storage (CCS). 

 


