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Abstract: Two new simple and explicit correlations have been proposed in the present paper to calculate the density and 

the viscosity of carbon dioxide under operational conditions anticipated for a carbon capture and sequestration (CCS) 

project – pressure = 1100 – 9000 psia (7 – 62 MPa) and temperature = 40 – 100 °C. The new correlations can predict 

carbon dioxide density and viscosity well matched to the high accuracy carbon dioxide property data available through the 

National Institute of Standards and Technology (NIST) web database [1]. Substantial improvement over existing 

correlations has also been achieved with the new correlations. 
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1. INTRODUCTION 

 As one of the most popular materials used in supercritical 
technologies, carbon dioxide has been used in different 
industries including foods, beverages, pharmaceutical, 
energy, etc (Heidaryan et al [2]). More recently, CCS 
(Carbon Capture and Sequestration, also known as Carbon 
Capture and Storage) has achieved increasing popularity all 
over the world for mitigating the contribution of fossil fuel 
emissions to global warming (a.k.a. climate change). The 
CCS process involves capturing carbon dioxide from fossil 
fuel power plants, natural gas production, ambient air, and so 
on, and injecting it into deep geological formations. Major 
CCS projects with cost up to dozens of billions US dollars 
have been built or planned in many countries from Asia 
Pacific (Australia, China), to Europe (Netherlands, Norway, 
United Kingdom, Germany, Italy, Poland), and North 
America (United States, Canada). The concept of CCS 
process is illustrated in Fig. (1) which shows the schematics 
for both terrestrial and geological sequestration of carbon 
dioxide emissions from a coal-fired plant.  

 In order to appropriately design and optimally operate a 
CCS project, the accurate representation of carbon dioxide 
properties – both physical and thermal – is a must. In 
addition to solubility, thermal conductivity, enthalpy, 
entropy, Joule-Thomson coefficient, and others, density and 
viscosity are two critical parameters required for accurately 
predicting wellbore and pipeline hydraulics and well 
injectivity for CCS projects. 

 Carbon dioxide density can be calculated through a black 
oil model, an equation of state (EoS), or empirical 
correlations. Most black oil models have been developed for 
oil and natural gas where carbon dioxide component is  
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typically less than 3 percent except for sour gas where the 
carbon dioxide composition can reach as high as 10 – 20 
percent; therefore, they may result in substantial errors when 
applied to pure carbon dioxide, which is also true for 
equations of state (EoSs). The primary EoS that have been 
applied to carbon dioxide includes Peng-Robinson [4], 
Soave-Redlich-Kwong (a.k.a. SRK) [5, 6], and Span & 
Wagner [7]. Span & Wagner EoS was specifically developed 
for carbon dioxide and has been considered as the top choice 
of equation of state for predicting the property of pure or 
high concentration carbon dioxide. Unfortunately, the Span 
& Wagner EoS has not been implemented in most of the 
commercial software packages that are routinely used for 
assessing the carbon dioxide flow dynamics in pipelines and 
wellbores. Furthermore, it could be over-complicated (i.e., 
computational “overkill” per Hassanzadeh et al [8]) and/or 
time-consuming to use an EoS to calculate the carbon 
dioxide density and viscosity under certain circumstances 
where accurate empirical correlations are preferred. A few 
correlations like Bahadori et al [9] have been proposed for 
carbon dioxide density. Unfortunately, it has been found that 
these correlations may not be very accurate in terms of 
predicting the carbon dioxide density under supercritical 
conditions, especially under the conditions to be anticipated 
for carbon capture and sequestration (CCS) applications. 

 Similar story exists for carbon dioxide viscosity. The 
viscosity can either be calculated through equation of state 
(EoS), or EoS based models such as Guo et al [10] and Fan 
et al [11], or empirical correlations including Lucas [12], 
Chung et al [13], Fenghour et al [14], Zabaloy et al [15], 
Bahadori & Vuthaluru [16], and Heidaryan et al [2]. On one 
hand, EoS or EoS based models require extensive and 
complex numerical computations and may not be a good 
choice for majority of engineering applications. On the other 
hand, some empirical correlations need density and/or other 
thermodynamic parameters in order to calculate the carbon 
dioxide viscosity. Moreover, prediction of carbon dioxide 
viscosity via these approaches may not be sufficiently 
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studied, the new correlation prediction follows the NIST data 
extremely well. In contrast, even though the Bahadori et al 
[9] correlation does perform a very decent job in predicting 
the carbon dioxide density for the pressure and temperature 
ranges, non-trivial over-prediction and/or under-prediction 
are observed. For example, at 40 °C, the Bahadori et al [9] 
correlation under-predicts the carbon dioxide density for 
pressure < 3000 psia and pressure > 7000 psia, while it over-
predicts density for pressure between 3000 and 7000 psia 
(Fig. 4a). At higher temperature such as 90 °C or 100 °C, the 
Bahadori et al [9] correlation over-predicts carbon dioxide 
density for pressure higher than 4000 psia (Figs. 4f and 4g). 

 Table 3 lists the carbon dioxide density prediction errors 
for the existing correlation (Bahadori et al [9]) and the new 
correlation (Eq. 3). Both the average relative error (ARE) 
and the average absolute relative error (AARE) are 
evaluated. The AREs for the new correlation are within -
0.1% and +0.1% for all the temperature studied, and the 
AAREs are less than 0.25% for all the temperatures except 
50 °C where the AARE is less than 0.5%. The AREs for the 
Bahadori et al [9] correlation ranges from -1.73% to 4.41%, 
whereas the AAREs are higher than 3.66% for all the 
temperatures and reach at 5.25% for 100 °C. Apparently, the 
new correlation demonstrates the substantial improvement 
over the existing correlation (Bahadori et al [9]) in 
predicting the carbon dioxide density.  

 

Fig. (4c). Carbon dioxide density changes with pressure at 60°C. 

4.2. Carbon Dioxide Viscosity 

 Carbon dioxide viscosity has also been calculated by 
using the new correlation (Eq. 5) and the results are 
displayed in Fig. (5a-5g) for temperatures ranging from 40 
°C to 100 °C. The prediction by the Heidaryan et al [2] 
correlation and the corresponding results from the NIST web 
database are also plotted in the figures. There is no doubt 
that the predicted carbon dioxide viscosity by the Heidaryan 
et al [2] correlation matches to the NIST data for all the 
pressure and temperature investigated. Nevertheless, the new 
correlation further improves the prediction as clearly 
demonstrated by the (Fig. 5a-5g) and the AREs and AAREs 
listed in Table 4. The AAREs for the Heidaryan et al [2] 
correlation are around 2.7% for all the temperatures studied, 
but the new correlation cut the AAREs further down by 

around 10+ folds for all the temperatures except for 50 °C 
where the AARE has been reduced by about 6 times – from 
2.63% to 0.41% (Table 4). 

 

Fig. (4d). Carbon dioxide density changes with pressure at 70°C. 

 

Fig. (4e). Carbon dioxide density changes with pressure at 80°C. 

 

Fig. (4f). Carbon dioxide density changes with pressure at 90°C. 
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Fig. (4g). Carbon dioxide density changes with pressure at 100°C. 

 

 

Fig. (5a). Comparison of carbon dioxide viscosity at 40°C as 

predicted by existing and new correlations. 

 

Fig. (5b). Comparison of carbon dioxide viscosity at 50°C as 

predicted by existing and new correlations. 

 

Fig. (5c). Comparison of carbon dioxide viscosity at 60°C as 

predicted by existing and new correlations. 

Table 4. Carbon dioxide viscosity prediction errors for existing and new correlations 

Heidaryan et al [2] New (Eq. 5) Heidaryan et al [2] New (Eq. 5) 

-0.47% -0.01% 2.71% 0.26% 

0.57% 0.06% 2.63% 0.41% 

1.10% 0.00% 2.67% 0.20% 

1.29% -0.01% 2.69% 0.15% 

1.28% 0.00% 2.71% 0.13% 

1.19% 0.01% 2.78% 0.12% 

1.07% 0.00% 2.84% 0.03% 
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Fig. (5d). Comparison of carbon dioxide viscosity at 70°C as 

predicted by existing and new correlations. 

 

Fig. (5e). Comparison of carbon dioxide viscosity at 80°C as 

predicted by existing and new correlations. 

 

Fig. (5f). Comparison of carbon dioxide viscosity at 90°C as 

predicted by existing and new correlations. 

 

 

Fig. (5g). Comparison of carbon dioxide viscosity at 100°C as 

predicted by existing and new correlations. 

5. SUMMARY 

 New simple yet accurate correlations have been 
developed for predicting both the carbon dioxide density and 
viscosity under carbon capture and sequestration (CCS) 
operating conditions. The correlations have predicted carbon 
density and viscosity well matched to those available in the 
NIST web database [1] and shown substantial improvements 
over existing correlations. 

 Note that the correlations have been specifically 
developed based on the assumption that they are to be 
applied at pressure and temperature conditions expected in a 
CCS process; therefore, caution should be exercised for 
circumstances where the correlations are to be used for 
pressure and temperature sitting beyond the designed ranges. 
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