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Abstract: 

Flow and heat transfer characteristic of supercritical carbon dioxide (SCO2) are numerically investigated in the horizontal and 

vertical tubes. TWL turbulent Prandtl number model could well describe the behavior of SCO2 affected by the buoyancy. Under the 

cooling condition, the heat transfer performance of SCO2 along the upward direction is best and that along the downward direction is 

worst when bulk fluid temperatures are below the pseudocritical temperature. Reducing the ratio of heat flux to mass flux could 

decrease the difference of convective heat transfer coefficient in three flow directions. Under the heating condition, heat transfer 

deterioration only occurs in vertical upward and horizontal flow directions. Heat transfer deterioration of SCO2 could be delayed by 

increasing the mass flux and the deterioration degree is weakened in the second half of tube along the vertical upward flow direction. 

Compared with the straight tube, the corrugated tube shows better comprehensive thermal performance.  
Keywords: Supercritical carbon dioxide; Turbulent Prandtl number; Flow and heat transfer; Field synergy principle; Numerical investigation 

 
Table 1  Nomenclature 

cp Specific heat at constant pressure, J/(kg·K) 

d Diameter, mm 

g Gravity, m/s2 

G Mass flux, kg/(m·s) 

h Heat transfer coefficient, kw/(m·K) 

 P Pressure, mpa 

q Heat flux, kw/m 

Re Reynolds number 

T Temperature, K 

Tpc Pseudocritical temperature, K 

v Velocity, m/s 

Greek 

symbols 

 

 Thermal conductivity, W/(m·K) 

 Dynamic viscosity, Pa·s 

 Density, kg/m3 

 Shear stress, Pa 

 Energy dissipation, W/m3 

Subscripts  

ave Average 

b Bulk 

i, j, k Tensor index symbols 

w Wall 

1 Introduction 

Carbon dioxide (CO2) is widely used in advanced 

energy power systems due to its excellent characteristics 

of wide sources, non-toxic and environmental 

protection.Since the supercritical CO2 (SCO2) Brayton 

cycle system can significantly reduce system size, 

improve system efficiency and decrease investment cost, 

the SCO2 power generation technology has attracted wide 

attentions 
[1-3]

. Under supercritical pressure, the 

thermophysical properties of SCO2 are changed 

dramatically around the pseudocritical point (the peak 

point of specific heat at constant pressure corresponds to 

the pseudocritical temperature (Tpc), which is called 

pseudocritical point.), which wouldinduce the various 

heat transferbehavior. Therefore, it is very important to 

further explore flow and heat transfer behaviors of SCO2 

under supercritical pressure. 

 In recent years, many researchers have studied flow 

and heat transfer characteristics of SCO2 by numerical 

and experimental methods. Liu et al. 
[4]

 studied the 

Nusselt number and pressure loss of SCO2 in a large 

diameter tube through the experiments, and they 
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summarized the empirical correlation. Jiang et al. 
[5]

 

conducted experiment study on the effects of flow 

direction, heat flux and buoyancy effect. Xu et al. 
[6]

 

studied the thermal performance of SCO2 in serpentine 

tubes. The buoyancy and centrifugal force in different 

flow directions were investigated. Zhu et al. 
[7]

 obtained 

the criterion of heat transfer deterioration by experiments. 

Liu et al. 
[8]

 introduced the influence of buoyancy 

effectand centrifugal force on SCO2 in helical tubes. 

Due to only limited temperature data can be obtained 

from the experiment, the flow field in the tube cannot be 

analyzed in detail. To understand the heat transfer 

mechanism of SCO2, numerical methods have been 

widely used.Liu et al. 
[9-10]

 numerically studied the effects 

of pipe cross-section shapes and diameters on SCO2. They 

found that the pipe shape and pipe diameter have great 

influence on the secondary flow strength of SCO2. The 

performance of SCO2 in straight and helical tubes is 

compared by Liu et al. 
[11]

. They stated that the centrifugal 

force could make the heat transfer capacity of the spiral 

tube stronger than that of the straight tube, but the 

centrifugal force in thepseudocriticalregion can cause 

more serious deterioration. Eze et al.
 [12]

 found that the 

heat transfer deterioration of SCO2 could be effectively 

reduced by adding spoilers in the pipe. The effects of heat 

and mass flux on the comprehensive mechanism of SCO2 

are explored by Yan et al 
[13]

. 

In this study, flow and heat transfer of SCO2 in 

straight and corrugated tubes are presented. During the 

simulations, different mass flux, heat flux, and flow 

direction are analyzed and discussed. This research may 

be helpful for the understanding of SCO2 heat transfer. 

2 Numerical Model 

2.1 Physical model and simulation conditions 

The physical models of straight and corrugated tubes 

are established in the present work and the orthographic 

view of the geometry model isshown in Figure 1. The 

heated length of two tubes is set to 900 mm. The tube 

diameter is 6 mm, and the adiabatic sections are arranged 

at the inlet and outlet of the tube respectively. The inlet 

pressure is fixed to 8 MPa. 

 

Figure 1  Physical model and simulation conditions 

2.2 Governing equations 

The software ANSYS FLUENT 19.2 is employed for 

the calculations. The steady-state equations are listed in 

Eqt. (1)-(3): 

Continuity equation: 

               (1) 

Momentum equation: 

(2) 

Energy equation: 

         (3) 

The Shear Stress Transport (SST) model is employed 

in the present work, which has been proved accurately to 

calculate the heat transfer behavior of SCO2
 [14-15]

. The 

equations of the turbulence kinetic energy k and the 

specific dissipation rate  are listed in Eqt. (4) and (5), 

respectively: 

   (4) 

  (5) 

2.3 Turbulent Prandtl number model 

The Prt is set to 0.85 or 0.9, which is obtained at 

atmospheric pressure and it is not applicable to supercritical 

fluids with severe physical changes. Li et al. 
[16]

 claimed 

that the turbulent kinetic energy of the buffer layer 

decreased for the deterioration and the appropriate Pr t 

model is crucial to describe the heat transfer 

characteristics of SCO2. 

In 1993, Kays and Crawford
 [17]

 launched the KC 

model of turbulent Prandtl number as shown in Eqt. 6. 

(6) 

Kays proposed the K model in 1994, and this 

turbulent Prandtl number model agrees well with the 

experiment of Buhret al
 [18]

. 

          (7) 

Where Pet=t/ Pr. 

For the flow of SCO2 under high Reynolds number 

conditions, the turbulence is a key parameter. Therefore, 

Prt tends to be constant. In the viscous bottom, the Prt 

effect is limited due to the leading role of the molecular 

heat conduction. However, u and ut are in the same 

magnitude orderfor the transition region. Tang et al.
[19]

 

proposed TWL model of turbulent Prandtl number as 

shown in Equation 8. 

         (8) 

( )
0

j

j

u

x






( ) 2
( )( )

3

i j i i i k

i t

j j j j j k

u u P u u u
g

x x x x x x


  

     
       

       

( )
( )

j p

j j j

u c T T

x x x


 

  
 

  

k k k k

( )( )
( )i

i j j

kuk k
Γ G Y S

t x x x

  
     

   



ω ω ω ω

( )( )
( )i

i j j

u
G Y S

t x x x

  
     

   

 


2t

t t

t

1 07 y 5

1
5

5 165
0 5882 0 228 0 0441 1

. ,

, yPr
.

. . . exp
 

   





 

  

               

t

1 07 y 5

2
0 85 5

t

. ,

Pr
. , y

Pe





 


 
 



t

1 0 0 2

0 85 0 2 10
15

10 10

t

t

t

. , / .

Pr
Pr . , . /

Pr , /

 

 

 





   

  



Mechanical Engineering Science  Vol. 3  No.2  2021                                                                         3 

2.4 Grid number independence and model validation 

Considering the influence of grid number on the 

calculation results, four groups of grid numbers generated by 

ANSYS ICEM 19.2 are selected for grid independent 

verification. The grid numbers and calculation results are 

shown in Table 2. The maximum relative error of the h 

between Case 3 and Case 4 is only about 2.8%. Take into 

account both calculation accuracy and cost, grid number in 

Case 3 is selected for the calculation in following calculations. 

Table 2  The grid number independence test 

Case Grid number h (kW/(m2·K)) Relative error 

1 695656 1.077 9.7% 

2 1226960 1.019 3.8% 

3 1576248 1.009 2.8% 

4 2113160 0.982 - 

The reliability of simulation is further verified by 

establishing the same physical modeland setting the same 

boundary conditionsin Ref. 
[20]

. Three Prt models 

introduced in section 2.3 are selected for numerical 

calculation, and the corresponding wall temperature 

distribution is presented in Figure 2. The maximum 

relative error of Tw between simulation and experiment is 

about 4 %, which illustrates that the SST turbulence 

model and TWL Prandtl number model is accurate and 

credible to simulate flow and heat transfer of SCO2. 

 

Figure 2  Comparison of turbulent Prandtl 

numbermodels under experiment conditions 

3 Results and Dcussion 

3.1 Cooling conditions in straight tubes 

Figure 3 shows that for the cooling conditions the 

effect of the heat flux to mass flux ratio q/G on the wall 

temperature of the tube Tw. It can be found that the Tw 

decreases with the decrease of Tb. When the G is fixed, 

the Tw decreases with the enlargement of q, and the Tw 

increases with the raise of G When the q is fixed. 

Therefore, the Tw decreases with the increase of q/G, and 

the range of fluid temperatures increases with the 

enlargement of q/G. At G =200 kg/(m
2
·s), when the fluid 

bulk temperature is slightly higher than the pseudocritical 

temperature (307.8 K at 8 MPa), it can be found that Tw 

upward＞Tw horizon＞Tw downward. In the region where theTb 

islarger than Tpc, the distribution of Tw tends to be 

consistent in horizontal, vertical upward and vertical 

downward directions. There is almost no difference in the 

distributionsof Tw with three flow directions when the 

mass flux is 500 kg/(m
2
·s). 

 

Figure 3  Variation of wall temperature with fluid 

temperature 

The influence of buoyancy is considered because of 

the drastic changes of the density of SCO2. The buoyancy 

factor Gr/Re
2
 is employed to describe buoyancy effects in 

the horizontal flow direction and the expression of 

Grashof number Gr is shown in equation 9. Generally, the 

natural convection induced by buoyancy remarkably 

affects the thermal-hydraulic characteristics for Gr/Re
2 

> 

0.001. The effect of natural and forced convection on heat 

transfer isnecessaryto be considered simultaneously for 

0.1 < Gr/Re
2 

< 10. When Gr/Re
2 

> 10, compared with 

natural convection, forced convection can be ignored. The 

buoyancy factor Gr/Re
2.7 

is adopted to characterize the 

buoyancy effect of the vertical upward and downward 

flow. It is generally accepted that the influence of the 

buoyancy force cannot be ignored for Gr/Re
2.7 

> 10
-5

. 

               (9) 

Where  is the fluid volume expansion coefficient. 

The variations of h and Gr/Re
2
 with Tb are shown in 

Figure 4 (a) and (b). The h under various conditions first 

increases and then decreases, and there is a peak at 

slightly higher temperature than the pseudocritical point. 

With the increase of the q, the h is enhanced in the region 

where Tb is much higher than Tpc, butthere is no effect of 

the peak value of h. As the Tb decreases to the Tpc, it can 

be seen that hupward＞hhorizon ＞hdownward, but when the 

mass flow rate is 500 kg/(m
2
·s), the heat transfer 

coefficients for the three flow directions are almost the 

same, which are consistent with the distribution of Tw 

presented in Figure3. 

With the increase of q/G, the buoyancy effect is 

increased at three flow directions, and the effect of 

buoyancy could be basically ignored when the mass flux 

is 500 kg/(m
2
·s). When the mass flux is 200 kg/(m

2
·s), the 

4
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buoyancy factor gradually increases with the cooling of 

the SCO2, and rapidly increases to the peak near the 

pseudocritical point which indicates that the buoyancy 

near the pseudocritical region is strong under the cooling 

condition. The buoyancy factor of the vertical downward 

flow is larger compared with upward flow. Combined 

with the results that hupward＞hdownward from Figure 4 (a), it 

can be concluded that under the same q/G cooling 

condition, compared with the vertical downward flow, the 

vertical upward flow has less buoyancy effect and 

presents better thermal performance. 

 
(a) h 

 
(b) Gr/Re

2
 

Figure 4  Variation of (a) local heat transfer coefficient 

and (b) buoyancy factor with fluid temperature. 

3.2 Heating conditions in straight tubes 

Figure 5 demonstrates the variations of the Tw with 

the Tb along the horizontal and vertical flow directions. 

For a horizontal flow, when the mass flux is set to 500 

kg/(m
2
·s), Tw increases monotonically. There are wall 

temperature peaks when the mass flux is set to 200 

kg/(m
2
·s). It is seen that there are wall temperature peaks 

in upward flow direction under the three conditions in 

Figure 5(b), and when q is fixed, the peak of Tw becomes 

more obvious with the increases of q. When q/G is small, 

the peak value of Tw also appears, and the wall temperature 

variation trendis different from the other two heating 

conditions, and this phenomenon will be further discussed 

in the subsequent work. The wall temperature 

monotonically increases, and there is no obvious peak at 

the vertical downward flow direction shown in Figure 5(c). 

 
(a) Horizontal 

 
(b) Vertical upward 

 
(c) Vertical downward 

Figure 5  Variations of Tw with Tb under heating 

conditions: (a) horizontal (b) vertical upward 

The variations of h with the Tb at horizontal and 

vertical flow directions are presented in Figure 6. Figure 

6(a) and (c) show that h increases as G grows at the same 

heat flux, and h decreases as q increases when G is fixed. 

h shows a decreasing trend from the initial region of the 

heating section, which is due to Tw increases rapidly 

along the heating process, resulting in the rapid increase 

of the temperature difference between the fluid and the 

wall. Different from the horizontal and vertical downward 

flow, Figure 6(b) demonstrates that h appears a valley 

near the region of z = 35 d when the mass flux is 500 

kg/(m
2
·s), which means the heat transfer is deteriorated, 

this phenomenon corresponds to the peak of wall 
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temperature at about z = 35 d. In summary, the 

enlargement of the qinduces the rapid increase of Tw, 

resulting in the decrease of h under small mass flux 

condition. When q is 60 kW/m
2
, heat transfer 

deterioration occurs at mass flux of 200 and 500 kg/(m
2
·s), 

but the increase of G delays the occurrence of heat transfer 

deterioration and attenuates the degree of deterioration in 

the second half of heating tube. Thus, it is meaningful to 

explore the onset and mechanism of heat transfer 

deterioration under upward flow heating conditions. 

 
(a) Horizontal 

 
(b) Vertical upward 

 
(c) Vertical downward 

Figure 6  Variations of h with Tb under heating conditions: 

(a) horizontal (b) vertical upward (c) vertical downward 

The relations of buoyancy factor with the bulk fluid 

temperature at different flow directions are demonstrated in 

Figure 7. Figure 7(a) illustrates Gr/Re
2
 generally decreases 

as the Tb increases, and the influence of buoyancy on 

horizontal flow is the smallest at G = 500 kg/(m
2
·s). It is 

seen that the buoyancy effect of the vertical upward flow is 

greater than that of the vertical downward flow. 

 
(a) Horizontal 

 
(b) Vertical up / down 

Figure 7  Variations of buoyancy factor with Tb under 

heating conditions: (a) horizontal (b) vertical up/down. 

3.3 Corrugated tubes 

The distribution of the Tb and the Tw in corrugated and 

straight tubes along the horizontal direction is presented in 

Figure 8. Tb in corrugated and straight tubes is basically the 

same with the same q and G. However, the wall temperature 

in corrugated tube fluctuates along the flow direction and Tw 

is generally higher than that in the straight pipe. 

 

Figure 8  Distribution of bulk fluid temperature Tb and 

wall temperature Tw in corrugated and straight tubes 
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The distributions of h and the local evaluation factor 

j/f
1/3

 in corrugated and straight tubes are provided in Figure. 

9. h of a corrugated tube is significantly higher than that of a 

straight tube. Considering that the corrugated tube usually 

increases the pressure drop remarkably while enhancing the 

heat transfer, the evaluation factor j/f
1/3

 is adopted to assess 

the comprehensive property of the straight and corrugated 

tubes. It could be concluded that the comprehensive thermal 

performance of SCO2 in a corrugated tube is better than that 

in a straight tube from Figure. 9(b). 

 
(a) Local heat transfer coefficient 

 
(b) Local evaluation factor j/f 

1/3
 

Figure 9  Distributions of local heat transfer coefficienth and 

local evaluation factor j/f 
1/3

 in corrugated and straight tubes 

Figure 10 and 11 illustrate the distributions of the 

secondary flow and field synergy angle β on different 

locations of the corrugated and straight tube under the 

horizontal cooling condition. The secondary flow in the 

straight pipe is uniformly distributed, and the left and 

right vortexes are vertically axisymmetric. The velocity of 

the secondary flow in the corrugated tube is larger than 

that in the straight tube, and the distribution of the 

secondary flow is non-uniform. There are multiple 

asymmetrically distributed vortices and the location of the 

vortices is complex and variable at different cross 

sections. In the straight tube, the smaller β is mainly 

concentrated in the upper of the cross section, but the 

overall β is almost 90°. In the corrugated tube, the 

distribution of the field synergy angle on the cross section 

is non-uniform, and the overall β is smaller than that in 

the straight tube. According to the field synergy theory, 

due to the high intensity and uneven distribution of the 

secondary flow, the fluid in the corrugated tube is more 

fully mixed, which enhances the synergy between the 

local fluid velocity and temperature gradient. 

 
z=50 mm 

 
z=310 mm 

 
z=570 mm 

 
z=830 mm 

Figure 10  Field synergy angle distribution of the 

secondary flow and field on the local section of the 

straight tube 

 
z=50 mm 

 
z=310 mm 
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z=570 mm 

 
z=830 mm 

Figure 11  Field synergy angle distribution of the 

secondary flow and field on the local section of the 

corrugated tube 

4 Conclusions 

The flow and heat transfer characteristics of SCO2 in 

straightand corrugated tubesare numerically studied. The 

effects of mass flux, heat flux, flow direction and buoyancy 

on the heat transfer performance of SCO2 are analyzed and 

discussed. The conclusions are listed as follows: 

The selected SST k-ω turbulence model and 

differentturbulence Prandtl number models could 

reproduce the difference of the wall temperature 

distribution caused by buoyancy in the experiment, but 

the TWL Prandtl number model has the best consistency 

with the experiment data, which could more accurately 

describe the effect of buoyancy. It is suggested that this 

model be applied to numerical simulation of 

thermal-hydraulic characteristics of SCO2. 

Under the cooling condition in the straight tube, the 

Tw monotonically decreases along the flow direction, and 

there is no peak of Tw the in the vertical upward, vertical 

downward and horizontal flow directions. The h peaked 

near the pseudocritical point. The buoyancy factor in the 

vertical downward flow is larger than that in the upward 

flow at the vicinity of pseudocritical point under the 

cooling condition. As the fluid temperature decreases to 

less than the pseudocritical temperature, hupward＞hhorizon 

＞hdownward. But, when q/G is small, there is almost no 

difference on h for the three flow directions. 

Under the heating condition in the straight tube, the 

peak of the Tw only appears in the conditions of the 

upward and horizontal flow, and there is no wall 

temperature peak in the vertical downward flow. The 

increase of the q leads to the rapid enlargement of the Tw, 

resulting in the decrease of the h with the same G in the 

vertical upward flow. When the q is fixed, the increase of 

the G delays the occurrence of heat transfer deterioration 

and attenuates the deterioration degree in the vertical 

upward flow direction. 

The comprehensive performance of SCO2 in the 

corrugated tube is better than that in the straight tube. 

Compared with the straight tube, the stronger secondary 

flow of the corrugated tube enhances the synergy between 

local velocity and temperature gradient, thus the heat 

transfer of SCO2 in the corrugated tube is enhanced. 
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