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1. INTRODUCTION 

At present, CO2 flooding is a popular technology to 

enhance oil recovery [1-3]. In order to improve the 

pertinence of injection, it needs to monitor the injection 

profile in the process of injection technology of CO2 flooding. 

The tranditional water injection profile monitoring uses 

volume flow rate. There exists phase state change between 

liquid and supercritical state as CO2 is injected from the 

ground surface to the downhole, the volume flow data in 

different depth have no comparability. The mass flow rates 

under different states always have comparability, so the mass 

flow rate can be considered as measurement standard when 

proceeds CO2 injection profile monitoring. One key which is 

to get the mass flow rate of CO2 is to obtain the density of 

CO2 at measuring point. The empirical formula usually is 

used to get the physical parameters is usually determined by 

the formula [4-7], or by the experimental data [8-12], but it 

is difficult to keep the same computational accuracy for 

different phase states of CO2 by using the empirical formula. 

Hence, it is necessary to study the accuracy of the calculation 

model of density of CO2 under different temperatures and 

pressures, and then modified calculation model of density is 

put forward. 

In order to show the influence rule on physical property 

parameter for the temperature or pressure, the existing 

literatures made the curve according to the physical property 

parameters  and   the   corresponding   temperatures   or   the  

 

 

 

pressures [2-12]. There is no method to show the influence 

rule on physical property parameter from both temperature 

and the pressure at present. Based on the NIST data, this 

paper measures the interpretation accuracy by using the 

relative error and proposes that the relative errors constitute 

the matrix. The matrix is transferred to grayscale image to be 

displayed intuitively and it can show the influence on the 

density of CO2 from both temperature and pressure. In order 

to compare the accuracy between different interpretation 

models, this paper proposed the binarization method of 

relative error greyscale image. Based on the method, this 

paper proposed the interpretation model with higher 

accuracy. The numerical results showed that the method in 

this paper is efficient. 

 

2. CALCULATION MODEL OF DENSITY 

Because the cubic state equation is convenient to be 

calculated and it has high accuracy, it is widely used in the 

engineering field [1-3]. This paper compares and analyzes 

six typical cubic state equations which are EXP-RK [13], 

PR，PT，Tong，RT and SRK. Takes RK equation for 

example as follow, and shows in Eq.(1) which gives the 

calculation model of density. The other equations are deal 

with similarly. 
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The parameters of Eq. (1) are described as follow: 

 

p : pressure, MPa 

T : temperature,  K 

V : molar volume, m3/mol 

R : gas constant whose value relies on the formula system  

which is showed in literature [14] 

cT : critical temperature, K 

cp : critical pressure, MPa 

 : acentric factor, - 

rT : pseudoreduced temperature, - 

 

The relation between density and volume is 

 

M

V
                                                                            (2) 

 

The parameters of Eq.(2) are described as follow. 

 

M : molar gas mass, kg/mol 

V : molar volume, m3/mol 

 : gas density, kg/m3 

 

Substituting Eq.(2) into Eq. (1) and simplifying, we get 

 
3 1.5 0.5 2 2( )ab RMT b aM T Mpb     

                                                        
2 1.5 0.5 3 0RM T T pM                (3) 

 

This is a cubic equation about  , which has three roots in 

the complex field. According to the root, we can determine 

the fluid phases under the given temperature and pressure 

[15]. We calculate the minimum positive root which is the 

fluid density from Eq.(3). 

3. THE STANDARD DATA OF CO2 FLUID DENSITY 

In order to measure the accuracy of result of each formula, 

we choose the data [16] from the U.S. National Institute of 

Standards and Technology to be the standard. The standard 

data gives the following pressure: 4 MPa, 8 MPa, 12 MPa, 

16 MPa and 20 MPa. The temperature increases from 10 

degrees to 200 degrees with step 10 degrees. Partial data is 

showed in the Table 1. 

 

Table 1. CO2 density data given by NIST (kg/m3) 

 

 10 C  20 C  …… 200 C  

4 MPa 108.41 97.49 …… 46.43 

8 MPa 903.13 827.71 …… 96.14 

12 MPa 935.23 878.10 …… 148.77 

16 MPa 959.85 911.37 …… 203.46 

20 MPa 980.18 937.04 …… 258.82 

 

 

From Table 1, the density data difference which is under 

different temperature and pressure is large. Hence, it is not 

appropriate to use the absolute error to measure the 

difference between the calculation result and the NIST data, 

but can use the relative error. The definition of relative error 

is 

 

cal NIST

NIST

RE
 




                                                           (4) 

 

Where, 
cal  is the density which obtained from calculation 

and 
NIST  is the density from the NIST data. 

In order to intuitively represent the relative error under 

different temperature and pressure, this paper firstly forms a 

relative error matrix according to the relative position of the 

relative error in Table 1. The relative matrix is showed as 

follow. 

 

1,1 1,2 1,5

2,1 2,2 2,5

20,1 20,2 20,5

a a a

a a a
A

a a a

 
 
 
 
 
  

                                           (5) 

 

Where ,i ja   is the relative error value corresponding to the 

temperature 10i ℃   and pressure j MPa4 . 

The relative error matrix is displayed visually as a 

grayscale image which is called relative error grayscale 

image. The algorithm is showed as follow. 

STEP 1 We choose the maximum and the minimum from A , 

and denote them M  and m , respectively.  

STEP 2 Map. 

 

 
,
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STEP 3 Let , ,i j i ja b , and display the matrix. 

The relative error grayscale image of the equation in this 

paper is showed in Figure 1. 

 

 
 

Figure 1. The relative error grayscale image of various 

models under different gray scales 
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In Figure 1, the smaller the element value is, the more 

pure the black is, and then the smaller the relative error. The 

pure white represents the corresponding maximum relative 

error of each model. The gray means that the relative error is 

between minimum and maximum relative error. From the 

Figure 1, we can get that the accuracy of all models is lower 

when the temperatures are 30 degrees and between 40 and 50 

degrees with the corresponding pressures 8 MPa and 12 MPa. 

We also get the opposite results for the RT model when the 

temperatures are 60 degrees, 80 degrees, and 100 degrees 

with the corresponding pressures 12 MPa, 16 MPa, and 20 

MPa. We guess that maybe the calculation accuracy can be 

advanced after we combine the RT model and the preceding 

four models which are EXP-RK, PR, PT and Tong because 

of the complementary relationship which they may form. 

There is not comparability between different gray images 

in Figure 1. For example, the elements which locate in the 

third row and the second column in the first gray image are 

pure white, and it just means that the relative error is 

maximum under the current temperature and pressure for the 

EXP-RK model. Although the elements which locate in the 

same position in the last grayscale image are gray, it doesn’t 

mean that the relative error of SRK model is smaller than the 

relative error of EXP-RK model under the same temperature 

and pressure. 

Figure 2 shows the relative error grayscale images of each 

model under the same gray scale. We can see that the RT 

model can be the effective supplement for the preceding four 

models from the Figure 2 and the RT model improves the 

calculation accuracy of density of the preceding four models. 

The algorithm is showed as follow. 

 

STEP 1 Denote the corresponding relative error matrices of 

the six models 1 2 6, , ,A A A . Choose the maximum and 

minimum from iA  and denote them iM and im  respectively. 

STEP 2 Denote
1 6
max{ }i

i
M M

 
 , 

1 6
min{ }i

i
m m

 
 . 

STEP 3 Map. 
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STEP 4 Let , ,i j i ja b  , and display the matrix A  . 

 

 
 

Figure 2. The relative error grayscale image of various 

models under the same gray scale 

 

Although we can roughly see the degree of precision of 

each model from Figure 2, we can’t determine the compound 

mode of these models in detail because the resolving power 

of human eyes to different gray scales is limited. The 

algorithm is showed as follow. 

 

STEP 1 Give one relative error level which is also called 

threshold value . 

STEP 2 Compare the elements in matrix A   and   , and 

map as follow. 
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And let 
, ,i j i ja b  . 

STEP 3 Display the corresponding grayscale image of  A  

which is the binary image. 

Take  to be 1%, 2%, 3%, 4%, 5%, 6% and 7%. Give the 

binarization grayscale image. For the sake of simplicity, we 

only list the cases which are showed in Figure 3 to Figure 5. 

 

 

 
 

Figure 3. Binarization image of relative error when  =1% 

 

 

 
 

Figure 4. Binarization image of relative error when  =3% 

 

 

 
 

Figure 5. Binarization image of relative error when    =7% 
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Though analyzing the above relative error binarization 

image, for all models, the lower the pressure and the higher 

the temperature are, the higher the calculation accuracy is. In 

the range of the referred temperature and pressure, no 

formula is overall superior. The literature [15] indicates that 

combining the EXP-RK model and PR model can improve 

the calculation accuracy of density, but the modified method 

in literature [15] is not the most superior by analyzing Figure 

3 to 5. 

4. THE CONSTRUCTION OF NEW CALCULATION 

MODEL 

This paper adopts the following combining rule. Firstly, 

we choose the higher accuracy model to be combined. 

Secondly, use the less model which is to be combined as far 

as possible. From Figure 3, we should choose EXP-RK 

model preferentially. Hence, the compound mode which is 

proposed in this paper is showed in Table 2. 

 

Table 2. Optimization of compound mode of model 

 

MPa 

℃  

4 8 12 16 20 

10 1 
(1%) 

4(1%) 
1 
(1%) 

3 
(1%) 

3 
(1%) 

20 1 
(1%) 

4(5%) 
2(5%) 

4 
(1%) 

1 
(1%) 

3 
(1%) 

30 5 
(1%) 

4(7%) 
4 
(3%) 

1 
(1%) 

4 
(1%) 

40 5 
(1%) 

1(2%) 
4 
(6%) 

4 
(3%) 

1 
(1%) 

50 5 
(1%) 

1(2%) 
4 
(7%) 

4 
(5%) 

1 
(3%) 

60 1 
(1%) 

1(2%) 
5 
(2%) 

4 
(6%) 

1 
(5%) 

70 1 
(1%) 

1(2%) 
4 
(1%) 

4 
(5%) 

1 
(5%) 

80 1 
(1%) 

1(2%) 
1 
(1%) 

5 
(1%) 

1 
(5%) 

90 1 
(1%) 

1(1%) 
1 
(1%) 

5 
(2%) 

1 
(5%) 

100 1 
(1%) 

1(1%) 
1 
(1%) 

1 
(3%) 

5 
(1%) 

110 1 
(1%) 

1(1%) 
1 
(1%) 

1 
(2%) 

5 
(2%) 

120 1 
(1%) 

1(1%) 
1 
(1%) 

1 
(2%) 

1 
(3%) 

 

Where, 1, 2, 3, 4, 5 and 6 represent the EXP-RK model, 

PR model, PT model, Tong model, RT model and SRK 

model, respectively. When the temperature exceeds 120 

degrees, EXP-RK model is preferentially chosen to be the 

calculation model. The percent indicates the relative error. 

When the temperature is 20 degrees the pressure is 8 MPa, 

PR model and Tong model can be chosen. Because the errors 

of the two models are the same, Tong model is chosen based 

on the combining rule. From Table 2, we can get that the 

combined model refers the four models which are EXP-RK, 

PT, RT, Tong models. There are two points whose maximum 

relative error is 7%. The relative error of the point whose 

ratio is 57.5% doesn’t exceeds 1%. 

Table 2 shows that when the temperature exceeds 120 

degrees, the calculation accuracy of the EXP-RK model is 

higher than the other models. But the accuracy occurs the 

decreasing trend as the pressure is increasing. 

Table 2 only gives the calculation model of density at 

same points with special pressure and temperature. For any 

point ( , )p T where 4 20p  and 10 200T  , we 

determine the calculation model of density according to the 

nearest neighbor rule. The algorithm is showed as follow: 

 

STEP 1 Comparing with 4, 8, 12, 16 and 20, determine the 

position of p . Denote the two pressure points which are 

nearest to p  as 
1p  and 

2p . Comparing with 10, 20, …, 20, 

determine the position of T . Denote the two temperature 

points which are nearest to T  as 
1T  and 

2T . 

STEP 2 Calculate the distance between the points ( , )p T  

and ( , )i jp T , where 1,2i   and 1,2j  . 

 

2 2

, ( ) ( )i j i jd p p T T    , ( 1,2i  ; 1,2j  )              (6) 

 

Take the minimum distance value, and denote the 

corresponding pressure and temperature as * *( , )p T . If the 

distances equal, then take randomly. 

STEP 3 Use the corresponding calculation model of the 

point * *( , )p T  in Table 2 to calculate the density value at the 

point ( , )p T . 

Compare the result of the model in this paper and the one 

in the literature [15], and show the comparison result in 

Table 3. The comparison result shows that the method of this 

paper is more accuracy. 

5. CONCLUSION 

(l) Based on the basic data of the NIST, this paper gives 

the more reasonable calculation model of density 

through comparing the errors of 6 cubic calculation 

model of density. 

(2) The method which displays the gray image of the 

relative error and binarization grayscale image can be 

used to analyze the calculation model of various 

physical parameter for other matter, and can expect to 

construct more reasonable calculation model. 

 

Table 3. The comparison of calculation results 

 

temp
°C  

pressure 

MPa 

 points 

N 

Relative error 

literature 
[15](%) 

This 
paper(%) 

10 4~20 5 1.52 0.53 

20 4~20 5 2.04 1.36 

30 4~20 5 3.68 2.46 

40 4~20 5 2.64 1.89 

50 4~20 5 3.60 2.85 

60 4~20 5 3.26 2.23 

70 4~20 5 2.78 2.26 

80 4~20 5 2.33 1.56 

90 4~20 5 1.90 1.63 

100 4~20 5 1.54 0.79 
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110 4~20 5 1.26 0.92 

120 4~20 5 1.06 1.06 

total 4~20 60 2.30 1.63 

ACKNOWLEDGMENT 

The authors will thank people in Zhongyuan Bureau of 

Petroleum Exploration for their great help. 

This paper is supported by Hubei Province Natural Science 

Foundation key project (2013CFA053). And it is also 

supported by National Natural Science Foundation of China 

(61273179). 

REFERENCES 

1. Nagineni,V.R., D'Souza,D., Holden,C., et al. Using 

Core Data to Study and Optimize the Completion 

Strategy in EOR Operations. Paper SPE 145106 to be 

presented at the SPE EOR Conference. Kuala Lumpur, 

2011. 

2. Venu Gopal Rao Nagineni. Simulation Study of Sweep 

Improvement in Heavy Oil CO2 Floods, the master 

thesis of Louisiana State University, 2011. 

3. Fawaz Mohammed Al Otaibi, James Joseph Funk, 

Sunil Lalchand Kokal, et al, Best Practices for 

Conducting CO2-EOR Lab Study, In: SPE-151126-MS 

presented at the SPE EOR Conference at Oil and Gas 

West Asia, Muscat, Oman, 16-18 April 2012. 

4. Sa'ed A. Musmar, Tawfeeq Al-kanhal. Design 

Optimization of Thermal Heat Engines, 

INTERNATIONAL JOURNAL OF HEAT AND 

TECHNOLOGY, vol. 32, pp.45-50, 2014. 

5. Mahmoud Rashad, Zhang XiaoBing. Numerical 

Simulation of Two-phase Flow Modeling of Solid 

Propellant Combustion, INTERNATIONAL JOURNAL 

OF HEAT AND TECHNOLOGY, vol.32, pp.111-

118,2014. 

6. Ji-Hyun Yoo, Alexander Breitholz, Yoshio Iwai, et al. 

Diffusion coefficients of supercritical carbon dioxide 

and its mixtures using molecular dynamic simulations, 

Korean Journal of Chemical Engineering, vol. 29, 

pp.935-940, 2012. 

7. DUAN Yao-yong, GUO Yong-hui, QIU Ai-ci. A 

numerical model for the equation of state for condensed 

matter, Nuclear Fusion and Plasma Physics, vol. 31, pp. 

97-104, 2011. 

8.    P.K. Sarma, Rajesh Ghosh, Y.V.V.S.N. Murthy, et al. 

An Approach to Investigate the Characteristics of High 

Speed Turbo Machines. INTERNATIONAL JOURNAL 

OF HEAT AND TECHNOLOGY, vol.31, pp.3-8, 2013. 

9. Michela Mazzoccoli, Barbara Bosio, Elisabetta Arato. 

Analysis and Comparison of Equations-of-State with p-

ρ-T Experimental Data for CO2 and CO2-Mixture 

Pipeline Transport. Energy Procedia, vol. 23, pp.274-

283, 2012. 

10. Norbert Bottcher, Joshua Taron, Olaf Kolditz, et al. 

Evaluation of thermal equations of state for CO2 in 

numerical simulations. Environmental Earth Sciences, 

vol. 67, pp.481-495, 2012. 

11. Jaeeon Chang. Expanded ensemble Monte Carlo 

simulations for the chemical potentials of supercritical 

carbon dioxide and hydrocarbon solutes. Korean J. 

Chem. Eng. vol. 28, pp.597-601, 2011． 

12. Y. Gensterblum, P. van Hemert, P. Billemont，et al.  

European inter-laboratory comparison of high pressure 

CO2 sorption isotherms II: Natural coals. International 

Journal of Coal Geology, vol. 2, pp.115-124, 2010. 

13. LIANG Yanbo, TONG Jingshan. Analysis and 

Improvement for the Cubic Equation of State and 

Calculation of Supercritical Working Substance, 

Journal of Engineering Thermophysics, vol. 18, 

pp.274-276, 1997. 

14. Baidu Encyclopedia. Gas Constant [EB/OL]. (2014-08-

08) [2014-08-13]. 

http://baike.baidu.com/view/1129573.htm?fr=aladdin. 

15. WANG Qin, WU Xiaodong. Study on Calculation 

Models of Different Phase State and physical 

parameters for CO2. Journal of Shengli College China 

University of Petroleum, vol. 26, pp.11～14, 2012. 

16. NIST. Comparison of CO2 physical parameters 

[EB/OL]. (2009-01-08) [2014-08-13]. 

http://www.ap1700.com/DataComparison.htm.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

165



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

166




