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Abstract 8 

Supercritical CO2 (SCO2) Brayton cycle is one of the best approaches for concentrated solar power tower, with 9 

tubular solar receiver being one of the most attractive options to directly heat SCO2. The superposition of 10 

drastically variable properties of SCO2 and uneven distribution of solar irradiance flux poses a great challenge 11 

to the design and optimisation of solar receiver, thus the studies on thermal-hydraulic characteristics of SCO2 12 

in solar receiver become crucial to deal with the challenge. In this study, the thermal-hydraulic characteristics 13 

of SCO2 in a vertical receiver tube under axially and circumferentially non-uniform heat-flux conditions are 14 

numerically studied with average heat flux ranging from 150 kW·m-2 to 210 kW·m-2 and mass flux ranging 15 

from 400 kg·m-2·s-1 to 700 kg·m-2·s-1, and the influences of buoyancy on the flow and heat transfer 16 

characteristics are evaluated. The non-uniform distribution of the axial heat flux leads to 1.2% to 20.5% 17 

increase in the overall heat transfer coefficient, while more serious local heat transfer deterioration is observed. 18 

The buoyancy effect changes the flow structure, resulting in suppression of turbulence intensity and formation 19 

of thick momentum and thermal boundary layers, which is closely related to the severe heat transfer 20 

deterioration of SCO2 under non-uniform heat-flux conditions. Bo* could well predict the buoyancy effect in 21 

a vertical tube under non-uniform heat-flux conditions. Compared with upward flow, downward flow could 22 

effectively alleviate heat transfer deterioration and reduce wall temperature gradient especially for axially non-23 

uniform heat-flux condition. The present work could provide guideline for the design and optimisation of 24 

tubular solar receiver and solar power system with SCO2 as heat transfer fluid.  25 

Key words: Supercritical CO2 (SCO2); non-uniform heat-flux condition; solar tower power; thermal-hydraulic 26 

characteristics; solar receiver. 27 
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Nomenclature 31 

a acceleration, m·s-2 

Bo* non-dimensional buoyancy parameter,  

cp specific heat at constant pressure, kJ·kg-1·K-1 

D diameter, mm 

g gravity, m·s-2 

G mass flux, kg·m-2·s-1 

Gr* Grashof number 

h heat transfer coefficient, kW·m-2·K-1 

 
H enthalpy kJ·kg-1 

k turbulence kinetic energy, m2·s-2 

L heated length or distance from the position where heating starts, m 

P Pressure, MPa 

Pk production of turbulence energy, kg·m-1·s-3 

  
Pr Prandtl number 

q heat flux, kW·m-2 

r radial coordinate, mm 

R tube radius, mm 

Re inlet Reynolds number 

T temperature, K 

Tpc pseudocritical temperature, K 

v velocity, m·s-1 

x, y, z x, y, z directions 

y+ non-dimensional distance from the wall 

Greek symbols 

 volume expansion coefficient, K-1 

 circumferential angle, degree 

 thermal conductivity, W·m-1·K-1  



3 

 

 dynamic viscosity, Pa·s 

t turbulent viscosity, Pa·s 

 kinematic viscosity, m2·s-1 

 density, kg·m-3 

 standard deviation of the Gaussian distribution 

 shear stress, Pa 

 energy dissipation, W·m-3 

Subscripts 

ave average 

b bulk 

c critical  

i, j, l tensor index symbols 

in inlet section 

 
m median 

max maximum 

min minimum 

w wall 

 32 

1. Introduction 33 

With the increasingly serious climate problems, reducing carbon emissions, achieving carbon neutrality and 34 

controlling global warming have become the consensus in today’s world. In order to achieve sustainable 35 

development goals (SDGs) and Net zero targets, it is of great significance to develop highly efficient, 36 

environmentally friendly energy conversion technologies. The power cycle using CO2 as a working medium 37 

has received extensive attention in recent decades. The supercritical CO2 (SCO2) Brayton cycle system can 38 

significantly reduce compressor power consumption and system size, improve system efficiency, decrease 39 

investment costs, and simplify system design [1,2]. This system has promising potentials in concentrating solar 40 

systems [3], geothermal energy [4], fourth-generation nuclear power systems [5], new gas turbines and coal-41 

fired power plants [6,7], etc. Heat exchanger is a key component in SCO2 Brayton cycle system which has a 42 

significant impact on the performance and cost of the entire system. However, unlike conventional fluids, 43 
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SCO2 drastically changes in thermophysical properties near the critical or pseudocritical point, which makes 44 

flow and heat transfer of SCO2 unique and interesting.  45 

Experiment studies on SCO2 have been conducted to investigate the effects of mass flux, heat flux, pipe 46 

diameter and other operating parameters on the flow and heat transfer characteristics (also known as thermal-47 

hydraulic characteristics) of SCO2 in the past several decades [8,9]. Kim et al. [10,11] experimentally studied 48 

the heat transfer of SCO2 in upward and downward flows in a tube with diameter of 4.5 mm, and they found 49 

at the conditions of G = 489 kg·m-2·s-1 and q = 85 kW·m-2 (medium wall heat flux and low mass flux), an 50 

obvious peak was observed for the wall temperature in upward flow while this peak did not appear in 51 

downward flow. Lei et al. [12] experimentally investigated the heat transfer characteristics of SCO2 in a vertical 52 

small channel with mass flux ranging from 50 to 200 kg·m-2·s-1 and heat flux ranging from 38 to 234 kW·m-2. 53 

They reported that significant difference was observed in heat transfer characteristics at different heat-flux 54 

levels in small tubes. Heat transfer of SCO2 may deteriorate in vertical heating tubes, a criterion combined 55 

with Grashof number was proposed by Jackson et al. [13] to determine the occurrence of heat transfer 56 

deterioration. Kline et al. [14] stated that the minimum heat flux that triggered heat transfer deterioration 57 

followed the power law of mass flux in vertical tubes. In addition, Ershan et al. [15] and Xie et al. [16] reviewed 58 

the empirical correlations for heat transfer of SCO2 in horizontal and vertical tubes under heating and cooling 59 

conditions, but no one could predict the heat transfer performance accurately under various working conditions.   60 

Due to the difficulty of obtaining detailed information about the internal heat transfer and flow features 61 

through experiment, numerical methods have also been widely used to explore the complex heat transfer 62 

mechanism of supercritical fluids. Xiang et al. [17] and Li et al. [18] found that heat transfer deterioration was 63 

observed at the bottom region of horizontal cooled flows, while heat transfer deterioration occurred in the top 64 

region under horizontal heating conditions. Wang et al. [19] studied the buoyancy effect of SCO2 in large 65 

horizontal tubes, and they concluded that buoyancy influenced the flow structure and turbulence levels mainly 66 

via the induced secondary flow. Guo et al. [20] used the variable turbulence Prandtl number model to study 67 

the flow and heat transfer characteristics of SCO2 in a vertical tube, with results showing that the local heat 68 

transfer deterioration of SCO2 was alleviated by reducing the heat flux density and pipe diameter. Zhao et al. 69 

[21] compared the heat transfer behaviour and mechanism of SCO2 for upward and downward flows, and they 70 

found that the buoyancy effect influenced the viscous length scale and the redistribution of the velocity profiles. 71 

Some enhanced tubes such as helically coiled tubes [22] and cylindrically concaved tubes [23] were also 72 

employed to eliminate localized heat transfer deterioration and effectively improve heat transfer performance 73 



5 

 

under uniform heating conditions.  74 

The researches on the thermal-hydraulic characteristics of SCO2 were generally conducted under 75 

uniformly heating or cooling conditions in existing literature. However, in practical applications such as coal-76 

fired power generation system and solar thermal power system, the heat flux distribution on the surface of the 77 

heat absorber exhibits extremely nonuniform. The schematic diagram of the structure of the solar power tower 78 

and the solar irradiance flux on the receiver focal plane are presented in Figure 1 [24]. The solar heat collection 79 

system in solar power tower is mainly composed of solar heliostat field, tower and solar receiver [25]. From 80 

the solar irradiance flux on the focal plane as shown in Figure 1(b), it is obvious that the solar flux on the 81 

surface of the receiver is non-uniformly distributed in both the axial and circumferential directions, and this 82 

brings severe challenges to the design of receiver in SCO2 power system.  83 

 84 

     85 

               (a) solar power tower                                                    (b) measured heat flux  86 

Figure 1. Schematic diagrams of (a) solar power tower and (b) heat flux on the receiver focal plane [24].  87 

 88 

The design and optimization for future SCO2 solar power tower requires a comprehensive and in-depth 89 

understanding of the heat transfer and flow characteristics of SCO2 with various heat-flux distributions. The 90 

heat transfer behaviours of supercritical fluids are complex due to the drastically variable thermophysical 91 

properties near the pseudocritical temperature (Tpc). Although the near-pseudocritical region of CO2 is not the 92 

main heating condition in the Brayton power cycle, the dynamic oscillation of the operating conditions during 93 

transitions such as from start-up to full-load [26] may lead to CO2 near the pseudocritical region in the solar 94 

receiver [27,28]. Therefore, it is necessary to study thermal-hydraulic characteristics of SCO2 near the 95 

pseudocritical region in vertical tubes with axially and circumferentially non-uniform heat-flux distribution. 96 
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The non-uniform heat-flux distribution would lead to a great difference to the heat transfer performance of 97 

SCO2 in tubular solar receiver [29]. However, the reports on the thermal-hydraulic characteristics of SCO2 98 

under non-uniform heat-flux conditions are very few in existing literature, especially for vertical flows under 99 

circumferentially and axially non-uniform heat-flux conditions.  100 

To bridge the gap between the existing researches and the practical applications in solar energy, the thermal-101 

hydraulic characteristics of SCO2 in a vertical tubular solar receiver under axially and circumferentially non-102 

uniform heat-flux distributions for a solar power tower system are numerically studied in the present work, the 103 

effects of heat flux, mass flux and flow directions on the thermal-hydraulic characteristics of SCO2 under four 104 

types of non-uniform heating conditions are investigated and analysed, and the buoyancy effect under the various 105 

heat-flux distributions is discussed in detail as well. The conclusions of this work provide insight of 106 

thermohydraulic characteristics of supercritical CO2 flows as well as useful guidance for design and optimisation 107 

of tubular solar receiver and solar power system using supercritical CO2 as heat transfer fluid.  108 

 109 

2. Numerical methodology 110 

2.1. Physical model and boundary conditions 111 

The influence of the solid domain on the heat transfer is considered under the non-uniform heating condition 112 

in this study. The 316L stainless steel is selected as the material of the tube. The inner diameter of the tube is 113 

6 mm and the wall thickness is set as 1 mm. We mainly focus on the flow and heat transfer characteristics of 114 

SCO2 in the near-pseudocritical region under non-uniform heat-flux conditions, so the length of the heated 115 

section is 1,200 mm as shown in Figure 2, which is enough to conduct the studies within the ranges considered 116 

in the present work. The adiabatic sections of 300 mm and 200 mm are adopted in entrance and exit regions to 117 

eliminate the effect of unstable flow. 118 

 119 
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 120 

Figure 2. Physical model considered in the present work, with inner diameter of 6 mm, wall thickness of 1 121 

mm, non-adiabatic length of 1,200 mm, and adiabatic length of 300 mm and 200 mm in the entrance and exit 122 

regions, respectively. 123 

 124 

The heat-flux distribution on the solar thermal collector is complex in the solar power tower system, only 125 

one side of receiver wall is exposed to solar radiation. The HFLCAL (short for Heliostat Field Layout 126 

CALculation) model [32] is one of the most widely used analytical models with a simple and closed-form 127 

expression to calculate the heat-flux distribution of the heat receiver in solar power tower system [33]. This 128 

model based on the Gaussian distribution is adopted in the present work. We only focus on the heat transfer 129 

characteristics of SCO2 in a single receiver tube, the heat-flux distribution on receiver wall is supposed to 130 

follow the Gaussian distribution along the axial direction and cosine distribution on the semi-circumference 131 

side [34,35]. The heat-flux distribution is calculated as follows [36]: 132 

2

max

2

( )
exp( )

22

mq z z
q

−
= −


  (1) 133 

cosaveq q  =    (2) 134 

where  is the standard deviation of the Gaussian distribution, qmax and qave represent the maximum and average 135 

heat flux of the Gaussian distribution, z represents the coordinate on axial direction, zm is the median of z. 136 

According to the heat-flux distribution of solar power tower experimentally measured in Ref. [37], the 137 

value of standard deviation of the Gaussian distribution is set as 0.3 when the heating length of the solar 138 

receiver tube is 1.2 m in the present work, and the axially heat-flux distribution is shown in Figure 3. 139 
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 140 

 141 

Figure 3. Distribution of the axial heat flux at the condition of axially non-uniform heat flux. 142 

 143 

Four types of heat-flux conditions are considered to study the effect of heat-flux distribution on the 144 

thermal-hydraulic characteristics of SCO2, which are presented in Figure 4. They are circumferentially and 145 

axially uniform distribution (Case 1), semi-circumferentially and axially uniform distribution (Case 2), semi-146 

circumferentially non-uniform and axially uniform distribution (Case 3), semi-circumferentially and axially 147 

non-uniform distribution (Case 4) respectively. In order to locate the position on the transverse sections, the 148 

lowest point of the tube in the negative y-direction is set to be 180°, the highest point is set to be 0°, and the 149 

leftmost and rightmost point are set to be -90° and 90° respectively. For semi-circumferential cases, the heat 150 

flux is only imposed on the wall of -90° ≤   ≤ 90° (top half of the tube wall shown in Figure 4(b)). To further 151 

describe the four heat fluxes quantitatively, the expressions for the four types of heat-flux distributions are 152 

listed in Table 1. It should be noted that the total heat transfer rate under four heat-flux conditions is the same 153 

when the average heat flux qave is fixed. The inlet temperature and outlet pressure are fixed as 304 K and 8 MPa 154 

(Tpc ≈ 307.8 K at P = 8 Mpa) in all Cases. The velocity distribution and Reynolds number at the end of the 155 

inlet adiabatic section are carefully checked to ensure that the turbulence is fully developed before being heated 156 

in all cases. The Reynolds number ranges from 20,000 to 120,000 in the simulations, which conforms to the 157 

operating conditions of solar energy plants [31,38].  158 

 159 



9 

 

 160 

Figure 4. Four types of heat-flux conditions: (a) circumferentially uniform, (b) semi-circumferentially 161 

uniform, (c) semi-circumferentially non-uniform, (d) axially non-uniform in the vertical tube. The average 162 

equivalent heat flux remains constant in the four types of heat flux conditions.  163 

 164 

Table 1. Expressions for the four types of heat-flux conditions with the same total heat transfer rate. 165 

 Heating condition Heat flux expression/kW·m-2 

Case 1 
circumferentially uniform 

axially uniform 
q = qave 

Case 2 
semi-circumferentially uniform 

axially uniform 
q = 2·qave 

Case 3 
semi-circumferentially non-uniform 

axially uniform 
q = qave·π·cos 

Case 4 
semi-circumferentially non-uniform 

axially non-uniform 
q = 0.76·qave·π·exp(-4.233·(z-0.6)2)·cos 

 166 

2.2. Governing equations 167 

The numerical calculation is carried out using ANSYS CFX 16.0 in the present work [39]. It’s assumed that 168 
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the heat transfer remains steady state. The heat loss of the receiver in solar tower power plant could be 169 

effectively reduced to a very small percentage by adjusting cavity shapes, optimizing the surface radiation 170 

properties, etc., which has little effect on the heat-flux distribution on the wall and the thermal-hydraulic 171 

characteristics of fluid in the tube. Thus, the heat exchanged with ambient environment is neglected in the 172 

present work. The governing equations in solid domain and fluid domain are listed as follows [39]. 173 

Continuity equation: 174 

( )
0

j

j

u

x


=


                                                                (3) 175 

Momentum equation: 176 

( ) 2
( )( )

3

i j i i i l

i t

j j j j j l

u u P u u u
g

x x x x x x

     
= − + + + + − 

       


                            (4) 177 

Energy equation for fluid domain: 178 

( )
( )

j p

j j j

u c T T

x x x


 

  
= +

  
                                                  (5) 179 

Energy equation for solid domain: 180 

( ) 0s

j j

T

x x


 
=

 
                                                            (6) 181 

where  is density,  is dynamic viscosity, t is turbulent viscosity,  and s represents thermal conductivity of 182 

fluid and solid domains.  is the energy dissipation, cp represents the specific heat at constant pressure, g is 183 

gravitational acceleration. 184 

The Shear-Stress Transport (SST) model [40] has advantages in robusticity near the wall and accuracy in 185 

the region apart from the wall which could result in relatively accurate simulation especially for supercritical 186 

fluids, which has been verified by lots of studies in the existing literature [29,41]. Thus, SST turbulence model 187 

is employed in the present work. The transport equations for SST turbulence model are defined as follows [42]:  188 

Turbulence kinetic energy k: 189 

k k k k

( )( )
( )i

i j j

kuk k
Γ G Y S

t x x x

  
+ = − + − +

   


                                   (7) 190 

Specific dissipation rate : 191 

ω ω ω ω

( )( )
( )i

i j j

u
G Y S

t x x x

  
+ = − + − +

   

 
                                   (8) 192 
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where Gk represents the production of k, G represents the generation of , k and  are the effective 193 

diffusivities of k and , Yk and Y represent the dissipation of k and  respectively. Sk and S are source terms. 194 

A real gas property file containing the thermophysical properties of CO2 obtained from NIST Standard 195 

Reference Database is imported to the ANSYS CFX software [43]. The governing equations are discretized by the 196 

finite volume method. High resolution is adopted for calculations in the governing equations. When the residuals 197 

for all monitored variables in Eqs. (3) to (8) are less than 1×10-6, the numerical result is considered to be converged. 198 

Numerous slices with equal distance of 50 mm along the flow direction are established to obtain local 199 

parameters such as wall temperature and wall heat flux. The overall parameters are obtained from local 200 

parameters. The local convective heat transfer coefficient is calculated as follows: 201 

w

b

w b

q
h

T T
=

−
                                                                (9) 202 

where qw is circumferentially average wall heat flux and Tw is circumferentially average wall temperature. Tb 203 

represents the fluid bulk temperature. 204 

The heat transfer coefficient in the circumferential direction may exhibit severe non-uniformity because of 205 

the non-uniform heat-flux distribution. The local wall-circumference heat transfer coefficient is defined as follows: 206 

( )
( )

( )

w

w

w b

q
h

T T





=

−
                                                           (10) 207 

where qw (θ) and Tw (θ) are local wall heat flux and wall temperature based on the angular position shown in 208 

Figure 4, respectively. 209 

 210 

2.3 Grid independence and model validation 211 

To check the grid independence of numerical simulation, four types of grid systems are established by ANSYS 212 

ICEM CFD 16.0, and the number of elements is about 3.151×106, 3.881×106, 4.472×106 and 6.329×106 213 

respectively. The grid independence test results are shown in Figure 5 by using SST model under the condition 214 

of G = 600 kg·m-2·s-1 and qave = 180 kW·m−2. The maximum relative error of the local heat transfer coefficient 215 

between grid 3 and grid 4 is only about 2.6%. Considering the calculation time and accuracy, the grid 3 with 216 

4.472×106 elements is employed in the present work. 217 

 218 
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 219 

Figure 5. Local heat transfer coefficient distributions with four types of grid systems at the conditions of 220 

G = 600 kg·m-2·s-1 and qave = 180 kW·m−2.  221 

 222 

Due to the lack of experimental studies on vertical flow of SCO2 under non-uniform heating condition, 223 

the experiment results with uniform heat-flux distribution conducted by Zhang [44] are adopted to validate the 224 

accuracy of the model in the present work. A same vertical tube model with diameter of 10 mm is established, 225 

and the mass flux of 488 kg·m-2·s-1, inlet temperature of 302.5 K and working pressure of 8.24 MPa in the 226 

experiment are adopted to validate the present model. The comparison between the local wall temperature 227 

obtained by the simulation and experiment is presented in Figure 6. The maximum relative error of wall 228 

temperature between simulation and experiment is about 6.42 %, which could be accepted in the present work. 229 

Thus, the numerical model employed in the present work is reliable and acceptable. 230 

 231 

 232 

Figure 6. The comparison of wall temperature between the numerical results and experimental results in Ref. 233 

[44] at conditions of qave = 100.5 kW·m-2, G = 488 kg·m-2·s-1 and P = 8.24 MPa. 234 
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 235 

3. Results and discussion  236 

This section is arranged as follows: the flow and heat transfer characteristics of SCO2 with vertical upward flow 237 

under four types of heat-flux conditions listed in Table 1 are studied in section 3.1; in section 3.2, the effects of 238 

buoyancy on flow and heat transfer behaviours of SCO2 are discussed in detail; and finally, the effects of flow 239 

directions on heat transfer performance under non-uniform heat-flux conditions are investigated in section 3.3. 240 

 241 

3.1. Influence of heat flux and mass flux 242 

In this subsection, the heat transfer performance of SCO2 in vertical upward flow will be studied under the 243 

four types of heat-flux distributions listed in Table 1 based on the model in Figure 1.  244 

The relationship of the overall heat transfer coefficient h with Reynolds number Re under four types of 245 

heating conditions listed in Table 1 is presented in Figure 7. The overall heat transfer coefficient increases 246 

monotonically with the increase of Re when other conditions are fixed, and the higher the heat flux is, the 247 

lower the overall heat transfer coefficient would be. The h of axially non-uniformly heat-flux distribution (Case 248 

4) is 1.2% to 20.5% higher than that of axially uniformly heat-flux distribution (Case 3) under conditions of 249 

qave = 150 to 210 kW·m-2 and Re = 4.4 × 104 to 7.8 × 104, and this discrepancy becomes more significant as 250 

the heat flux increases. With the increase of Re, the superiority of axially non-uniformly heating condition 251 

becomes more obvious at qave = 210 kW·m-2. However, this difference of the h between axially non-uniform 252 

and axially uniform heating firstly increases and then gradually weakens with the increase of Re at qave = 150 253 

kW·m-2 and qave = 180 kW·m-2. It can be seen that the h almost coincides together under four types of heating 254 

conditions at qave = 150 kW·m-2 and Re = 7.8 × 104. When the axially heat flux is uniform, the h of semi-255 

circumferentially non-uniform heating condition (Case 3) is 0.3% to 1.3% higher than that of semi-256 

circumferentially uniform (Case 2) and fully uniform (Case 1) heat-flux conditions. The same phenomenon is 257 

also found in the circumferentially non-uniformly vertical heated tube in the numerical study conducted by 258 

Fan et al. [27]. Therefore, the overall heat transfer of SCO2 is enhanced under non-uniform heating conditions.  259 

 260 
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 261 

Figure 7. Relationship of overall heat transfer coefficient with inlet Re under four types of heat-flux 262 

conditions listed in Table 1 at conditions of Tin = 304 K, P = 8 MPa, qave = 150 to 210 kW·m-2. 263 

 264 

The relationship of the local bulk heat transfer coefficient hb with fluid bulk temperature Tb under four 265 

types of heat-flux conditions listed in Table 1 with average heat flux ranging from 150 kW·m-2 to 210 kW·m-266 

2 and mass flux ranging from 500 kg·m-2·s-1 to 700 kg·m-2·s-1 is shown in Figure 8. Different heat flux 267 

distributions lead to significant discrepancies in the local heat transfer behaviour under the same mass-flux 268 

and heat-flux conditions. Figure 8(a) depicts the distribution of hb with various heat fluxes at G = 600 kg·m-269 

2·s-1. It can be seen that there are obvious troughs in hb under four types of heat-flux conditions at qave = 180 270 

kW·m-2 and qave = 210 kW·m-2. However, at the condition of qave = 150 kW·m-2, the trough of the hb only can 271 

be found in Case 4 of axially non-uniform heat-flux distribution and there is no significant trough for axially 272 

uniform heating. The distribution of hb with various mass fluxes under the heat flux of 180 kW·m-2 is presented 273 

in Figure 8 (b). The hb have significant troughs along the flow direction in most conditions except in the case 274 

of axially uniform heating at G = 700 kg·m-2·s-1. At the same mass flux (G = 500 to 700 kg·m-2·s-1) and average 275 

heat flux (qave = 150 to 210 kW·m-2), the Tb corresponding to the trough of the hb under the axially non-uniform 276 

heating (Case 4) is 1.6 K to 3.3 K higher than that under the axially uniform heat-flux condition (Case 3), and 277 

this disparity is more significant at the low heat flux (qave = 150 kW·m-2) and high mass flux (G = 700 kg·m-278 

2·s-1).  It is obvious that the minimum hb is smaller under the axially non-uniform heat-flux distribution of Case 279 

4 than under other cases. However, the hb of Case 4 is much higher than that of other heating conditions in the 280 

initial heating section of the tube, which is the main reason why the overall h of Case 4 is higher than that of 281 

axially uniform heat-flux condition. Based on the above analysis, the overall and local heat transfer coefficients 282 

exhibit complex variations under different heating conditions, the local heat transfer characteristics of SCO2 283 
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in a vertical tube are closely related to the mass flux and the local heat flux distribution.  284 

 285 

 286 

 287 

Figure 8. Local bulk heat transfer coefficient distributions under (a) various heat fluxes with mass flux of 288 

600 kg·m-2·s-1 and (b) various mass fluxes with heat flux of 180 kW·m-2 at conditions of Tin = 304 K, 289 

P = 8 MPa, qave= 150 to 210 kW·m-2 and G = 500 to 700 kg·m-2·s-1. 290 

 291 

Wall temperature is an important parameter to predict the deterioration of local heat transfer. The 292 

distributions of axially outer wall ( = 0° as shown in Figure 4) temperature Tw along the flow direction at 293 

conditions of qave = 180 kW·m-2 and mass flux ranging from 500 kg·m-2·s-1 to 700 kg·m-2·s-1 are presented in 294 

Figure. 9. When the axial heat flux is uniformly distributed, there exists a peak of Tw, where Tb are about 295 

306.4 K and 307.3 K along the flow direction at G = 500 kg·m-2·s-1 and G = 600 kg·m-2·s-1. However, the Tw 296 

increases gradually without obvious inflection point along the flow direction at G = 700 kg·m-2·s-1. According 297 
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to the method proposed by Urbano et al. [45], if (dTw/dx)min < 0 and Tw has a significant peak under uniform 298 

heating condition, it can be considered that heat transfer deterioration has occurred. Therefore, heat transfer 299 

deterioration occurs at G = 500 kg·m-2·s-1 and G = 600 kg·m-2·s-1 with axially uniform heat-flux distribution, 300 

which also corresponds to the distribution of the hb in Figure 8(b). In addition, based on the comparison 301 

between Tw and hb distributions, it can be concluded that this criterion is still applicable to circumferentially 302 

non-uniform heating condition. For axially non-uniform heat-flux condition (Case 4), at the condition of 303 

G = 600 kg·m-2·s-1, the peak of Tw only appears in the place at Tb ≈ 311.0 K, which corresponds to the minimum 304 

of hb in Figure 8(b), and the same phenomenon is also observed at G = 700 kg·m-2·s-1. However, at 305 

G = 500 kg·m-2·s-1, two wall temperature inflection points along the flow direction can be found, one of which 306 

appears in the place at Tb ≈ 308.7 K corresponding to the minimum value of hb in Figure 8(b). Another 307 

inflection point is in the middle of the tube, where the heat flux is the highest. Thus, the heat transfer 308 

deterioration of SCO2 cannot be predicted accurately only from the wall temperature inflection point under the 309 

axially non-uniform heat-flux condition. 310 

   311 

        312 
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 313 

Figure 9. Axial wall temperature distributions at (a) qave = 180 kW·m-2 and G = 700 kg·m-2·s-1, (b) 314 

qave = 180 kW·m-2 and G = 600 kg·m-2·s-1, (c) qave = 180 kW·m-2 and G = 500 kg·m-2·s-1 under the four types 315 

of heat-flux conditions listed in Table 1 at other conditions of Tin = 304 K and P = 8 MPa.  316 

 317 

The circumferential wall-temperature distribution at the cross-section of where Tb/Tpc = 1 (corresponding to 318 

z ≈ 367 mm at Case 4, z ≈ 275 mm at Case 3, Case 2 and Case 1) under the condition of G = 600 kg·m-2·s-1 and 319 

qave = 180 kW·m-2 is shown in Figure 10. The distribution of Tw is approximately similar to the distribution of heat 320 

flux. The region where the heat source is concentrated has the highest Tw in the case of unevenly circumferential 321 

heat-flux distribution. When the heat flux is uniformly distributed along the circumference, Tw is also uniformly 322 

distributed, and the local heat transfer deterioration of SCO2 does not affect the distribution of Tw along the 323 

circumference. It can be found that Tw and circumferential wall temperature gradient at the cross-section of where 324 

Tb/Tpc = 1 are higher under axially non-uniform heat-flux condition than under axially uniform heating condition. 325 

 326 

 327 

Figure 10. Circumferential wall-temperature distribution in the cross-section of where Tb/Tpc = 1 328 
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corresponding to z ≈ 367 mm at Case 4, z ≈ 275 mm at Case 3, Case 2 and Case 1 at conditions of 329 

Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and qave = 180 kW·m-2. 330 

 331 

In order to further understand the differences in local heat transfer behaviours under different heat-flux 332 

conditions listed in Table 1, the wall circumferential heat transfer coefficient hw at positions of  = 0°and 333 

 = 180° along the flow direction under conditions of G = 600 kg·m-2·s-1 and qave = 180 kW·m-2 is demonstrated 334 

in Figure 11. The hw follows the same trend as hb, but hw varies more intensely along the flow direction. When 335 

the heat flux is uniformly distributed (Case 1), the hw is equal at locations of  = 0°and  = 180°. It is seen that 336 

the heat transfer is enhanced at the unheated wall ( = 180°) under circumferentially non-uniform heat-flux 337 

conditions (Case 2 and Case 3). For axially non-uniform heating, the hw at locations of  = 0° and  = 180° is 338 

almost same on the transverse section of z ≈ 0.42 m, although the hw of unheated wall ( = 180°) is higher than 339 

that of heated wall ( = 0°) on other locations along the flow direction. Since the circumferential wall 340 

temperature changes more intensely at Case 4, and the fluid temperature in the near-wall region where the heat 341 

flux is not imposed ( = 180°) is closer to the Tpc than that in the heated wall ( = 0°). Thus, the change of hw 342 

at  = 180° is greater than that at  = 0° on the transverse section of z ≈ 0.42 m. 343 

 344 

 345 

Figure 11. Distribution of local heat transfer coefficient at locations of  = 0°and  = 180° along the flow 346 

direction at conditions of Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and qave = 180 kW·m-2. 347 

 348 

3.2. Influence of buoyancy effect 349 

The complex heat transfer properties of SCO2 in vertical tubes are related to buoyancy effect [46]. The 350 

buoyancy effect on the flow and heat transfer behaviours of SCO2 in the vertical tube with different heating 351 
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methods will be discussed in detail in this subsection. 352 

To quantify the influence of buoyancy, Jackson [47] proposed a dimensionless buoyancy force factor Bo* 353 

to determine the strength of the buoyancy force in a vertical tube. It is generally accepted that when 354 

Bo* > 5.6 × 10-7, the effect of the buoyancy force cannot be ignored. 355 
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where  is the fluid volume expansion coefficient, Pr is Prandtl number,  is the kinetic viscosity. 359 

Bo* is widely used and has been proved to have a good performance in predicting the effect of buoyancy 360 

on the heat transfer performance with vertical tubes under uniform heating condition [46, 48]. The distribution 361 

of local buoyancy factor Bo* at conditions of G = 600 kg·m-2·s-1 and qave = 180 kW·m-2 for the four types of 362 

heat-flux distributions is presented in Figure 12. The local Bo* decreases gradually along the flow direction in 363 

all cases, and the region with more significant influence on buoyancy (Bo* > 5.6×10-7) is concentrated in the 364 

first half of the tube (z < 0.5 m). With the increase of Tb, the change of thermophysical properties of SCO2 365 

slows down and the buoyancy effect is gradually weakened. The variation trend of the Bo* under the non-366 

uniform heat-flux condition (Case 4, Case 3 and Case 2) is similar to that under uniform heat-flux condition 367 

(Case 1), which is in accordance with the distribution of hb in Figure 8. Thus, Bo* could provide a good 368 

prediction of the buoyancy effect under circumferentially and axially non-uniform heat-flux conditions. In the 369 

region where buoyancy force affects the heat transfer (z < 0.5 m), the Bo* at axially non-uniform heating 370 

condition (Case 4) is significantly greater than that at axially uniform heat-flux conditions, indicating buoyancy 371 

is more visible under axially non-uniform heating condition than under the axially uniform heating condition. 372 

 373 
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 374 

Figure 12. Distribution of local buoyancy factor Bo* under four types of heating conditions listed in Table 1 375 

at other conditions of Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and qave = 180 kW·m-2. 376 

 377 

Three transverse sections are established (at Tb ≈ 305.8 K, Tb ≈ 307.8 K and Tb ≈ 317.8 K) to compare 378 

local parameters under different heat transfer performances. Heat transfer is deteriorated on the transverse 379 

section of where Tb is about 307.8 K and is restored on the cross-section of where Tb is about 317.8 K. Figure 380 

13 shows the radial distributions of velocity v, turbulent shear stress  and turbulent kinetic energy k on the 381 

cross-sections of where Tb ≈ 305.8 K (corresponding to z ≈ 208 mm at Case 4, z ≈ 120 mm at Case 3, Case 2 382 

and Case 1), Tb ≈ 307.8 K (corresponding to z ≈ 367 mm at Case 4, z ≈ 275 mm at Case 3, Case 2 and Case 1), 383 

Tb ≈ 317.8 K (corresponding to z ≈ 835 mm at Case 4, z ≈ 955 mm at Case 3, Case 2 and Case 1) under the 384 

four types of heat-flux conditions with other conditions of G = 600 kg·m-2·s-1 and qave = 180 kW·m-2. At the 385 

cross-section of where Tb ≈ 305.8 K, the variation of velocity is mainly concentrated in the near-wall region, 386 

where a great velocity gradient can be observed as shown in Figure 13(a). The k is slightly suppressed at the 387 

cross-section of where Tb ≈ 305.8 K, and for circumferentially non-uniform heat-flux conditions (Case 3 and 388 

Case 2), it can be seen the change of k is more significant in the near-wall region with heat-flux distribution 389 

(r > 0) than that without heat-flux distribution (r < 0). When bulk temperature reaches Tpc (≈307.8 K), a peak 390 

of velocity is formed in the near-wall region for the strong buoyancy in this region, and the velocity profile 391 

exhibits an M-shaped distribution. Non-uniform distribution of circumferential heat flux results in an 392 

asymmetric M-shaped velocity profile, which is more pronounced for axially non-uniform heating. Negative 393 

turbulent shear stress is formed because of the negative velocity gradient, and the turbulent kinetic energy is 394 

strongly suppressed at the cross-section of where Tb ≈307.8 K as shown in Figure 13(c). With the increase of 395 

the Tb, the fluid velocity increases significantly due to the decrease of density. The peak of velocity in the near-396 
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wall region disappears, and the velocity profile exhibits flat again. The turbulent kinetic energy and heat 397 

transfer capacity are restored at the cross-section of where Tb ≈ 317.8 K.  398 

 399 

  400 

 401 

  402 

Figure 13. Radial distributions of (a) velocity, (b) turbulent shear stress and (c) turbulent kinetic energy in 403 

several cross-sections of where Tb = 305.8 K, Tb = 307.8 K and Tb = 317.8 K at conditions of Tin = 304 K, 404 

P = 8 MPa, G = 600 kg·m-2·s-1and qave = 180 kW·m-2. 405 

 406 

The turbulence production rate Gk representing the generation of turbulence kinetic energy due to mean 407 

velocity gradient can be calculated by [42]: 408 
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 (13) 409 

The distribution of turbulent production rate Gk at the cross-section of where Tb / Tpc = 1 (corresponding 410 

to z ≈ 367 mm at Case 4, z ≈ 275 mm at Case 3, Case 2 and Case 1) at the conditions of G = 600 kg·m-2·s-1 and 411 
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qave = 180 kW·m-2 is illustrated in Figure 14. The buoyancy effect causes a significant reduction of Gk in the 412 

near-wall region. Under the circumferentially non-uniform heat-flux conditions (Case 3 and Case 2), the 413 

turbulent production rate in the region near the heated wall (r > 0) is smaller than that near the unheated wall 414 

(r < 0), which is not conducive to thermal diffusion. Thus, the lower wall heat transfer coefficient can be 415 

observed at the heated wall as appeared in Figure 11. For axially non-uniform heating (Case 4), the turbulent 416 

production rate presents an asymmetric distribution, and the position of the minimum Gk is not at the centre of 417 

the tube but closer to the unheated wall (r < 0), which leads to a more drastic change in the hw on the unheated 418 

wall. Based on the above analysis, it can be seen the difference in the turbulence level of the fluid under 419 

different heating conditions plays an important role in the heat transfer performance of SCO2. 420 

 421 

 422 

Figure 14. Radial distribution of turbulent production rate on the cross-section of where Tb/Tpc = 1 423 

corresponding to z ≈ 367 mm at Case 4, and z ≈ 275 mm at Case 3, Case 2 and Case 1 respectively, at 424 

conditions of Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and qave = 180 kW·m-2. 425 

 426 

The convective heat transfer of fluid is significantly affected by flow and heat transfer in the momentum and 427 

thermal boundary layer. The Prandtl number Pr could be regarded as the ratio of momentum diffusion capacity to 428 

thermal diffusion capacity, which represents the relative thickness of the momentum boundary layer and the thermal 429 

boundary layer. The turbulent boundary layer is defined by the dimensionless distance y+ which is the ratio of the 430 

distance from the wall to viscous length scale, and the definition proposed by Bazargan et al. [49] and Hiroaki et al. 431 

[50] is employed in the present work for SCO2, the viscous sublayer is in the region where y+ < 12.6, the buffer layer 432 

is in the region where 12.6 < y+ < 60 and logarithmic-law layer is in the region where 60 < y+ < 300.  433 

The radial distributions of fluid temperature and Pr on the cross-sections of where Tb ≈ 305.8 K, 434 
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Tb ≈ 307.8 K and Tb ≈ 317.8 K under four types of heat-flux conditions with other conditions of 435 

qave = 180 kW·m-2 and G = 600 kg·m-2·s-1 are displayed in Figure 15. On the cross-section of where 436 

Tb ≈ 305.8 K, the variation of fluid temperature is mainly concentrated in the viscous sublayer region which 437 

represents a thin thermal boundary layer. Pr varies dramatically in the viscous sublayer region especially under 438 

the axially non-uniform heating condition as shown in Figure 15(b). The thermal resistance is mainly 439 

concentrated in the viscous bottom layer at the cross-section of where Tb ≈ 305.8 K. As Tb gradually approaches 440 

the Tpc, the change of fluid temperature is not limited to the viscous sublayer region, and the distribution of 441 

fluid temperature resembles a parabola under the axially non-uniform heat-flux condition. The thermal 442 

boundary layer becomes much thicker at this section. The value of Pr is larger than one, indicating the 443 

momentum boundary layer is thicker than the thermal boundary layer, and the heat transfer of SCO2 is 444 

deteriorated at the cross-section of where Tb ≈ 307.8 K. When the fluid bulk temperature reaches 317.8 K, the 445 

temperature profile flattens out again and the thermal boundary layer becomes thinner. The Pr is near one, 446 

which indicates that the momentum layer is almost as thin as the thermal layer, and the heat transfer is 447 

recovered at this cross-section. Thus, it can be obtained that the large heat transfer resistance caused by thick 448 

momentum and thermal boundary layer should be an important reason for the heat transfer deterioration. 449 

 450 

 451 
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 452 

 453 

Figure 15. Radial distributions of (a) fluid temperature and (b) Prandtl number on several cross-sections of 454 

where Tb = 305.8 K, 307.8 K and 317.8 K at conditions of Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and 455 

qave = 180 kW·m-2. 456 

 457 

3.3. Influence of flow direction 458 

The effects of flow direction on heat transfer performance under non-uniform heating conditions are 459 

investigated in this subsection. Besides the vertical downward and upward flows along the z-axis, the thermal-460 

hydraulic characteristics of flow without gravity is also considered as a baseline case. 461 

The overall heat transfer coefficient h under the two non-uniform heating conditions of Case 4 and Case 462 

3 for the three flows is presented in Figure 16. The vertical downward flow has the best heat transfer 463 

performance and the heat transfer performance of vertical upward flow is the worst among the three flows.  464 

The h of downward flow is 62.0% to 75.4% and 55.4% to 76.1% higher than that in upward flow under the 465 

axially non-uniform heat-flux condition (Case 4) and circumferentially non-uniform heat-flux condition (Case 466 

3), respectively. The difference of h between downward and upward flows shrinks with the reduction of 467 

Reynolds number Re and the increase of heat flux. The overall heat transfer performance of Case 4 is better 468 

than that of Case 3 even in downward flow and the flow without gravity, which is the same as that of upward 469 

flow, and this discrepancy is becoming more evident with the increase of heat flux. 470 

 471 
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      472 

Figure 16. Overall heat transfer coefficient in Case 4 and Case 3 in upward and downward flows as well as 473 

the flow without considering gravity at conditions of Tin = 304 K, P = 8 MPa, qave = 150-210 kW·m-2 and 474 

Re = 4.4×104 to 7.8×104. 475 

 476 

Figure 17 demonstrates the temperature contours of the outer wall surface in Case 4 and Case 3 at 477 

conditions of G = 600 kg·m-2·s-1 and qave = 180 kW·m-2 for the three flows, where “a” represents the vertical 478 

upward flow, “b” represents the flow without gravity and “c” represents the vertical downward flow. The wall 479 

with heat flux distribution is called as heated wall. A relatively large wall-temperature non-uniformity in the 480 

axial direction is observed in Case 4 and Case 3 especially for upward flow. Under the axially non-uniform 481 

heat-flux condition (Case 4), the maximum Tw on both heated and adiabatic wall in vertical upward flow is 482 

significantly higher than that in downward flow and the flow without gravity, and the location of maximum 483 

Tw is more forward (closer to the inlet) with upward flow. In Case 3, the maximum Tw in the vertical upward 484 

flow is obtained near the inlet of the tube, while the highest wall temperature in the vertical downward flow 485 

and the flow without gravity appears at the outlet of the tube as shown in Figure 17(b). 486 

 487 
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 488 

Figure 17. Contours of wall temperature of (a) Case 4 and (b) Case 3 where “a” represents the vertical 489 

upward flow, “b” represents the flow without gravity and “c” represents the vertical downward flow at 490 

conditions of Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and qave = 180 kW·m-2. 491 

 492 

To further compare the local heat transfer performance in the three flows, the distributions of hb and Tw at 493 

outer wall ( = 0°) in Case 4 and Case 3 at conditions of G = 600 kg·m-2·s-1 and qave = 180 kW·m-2 are presented 494 

in Figure 18. The hb in downward flow and the flow without gravity is higher than that in vertical upward flow 495 

along the flow direction in Case 4 and Case 3. Under the axially uniform heat-flux condition (Case 3), both hb 496 

and Tw vary along the flow direction without significant fluctuations in downward flow and the flow without 497 

gravity. For axially non-uniform heating (Case 4), the minimum value of hb and the maximum value of Tw both 498 

appear in the middle of the tube where the heat flux is the largest in downward flow and the flow without gravity. 499 

It can be inferred that heat transfer deterioration does not occur where Tb is near Tpc in downward flow and the 500 

flow without gravity under Case 4 and Case 3. The maximum Tw in the upward flow is about 85.4 K and 22.6 K 501 

higher than that in downward flow in Case 4 and Case 3, respectively, which represents a greater axial 502 

temperature gradient in upward flow. The larger the axial temperature gradient of the wall is, the greater the 503 

thermal stress and strain become, resulting in an adverse effect on the safety and lifespan of the equipment. 504 
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 505 

          506 

Figure 18. Distributions of (a) local heat transfer coefficient and (b) wall temperature in upward, downward 507 

flows and the flow without gravity at conditions of Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and 508 

qave = 180 kW·m-2. 509 

 510 

The distributions of velocity and turbulent kinetic energy on the cross-section of where Tb/Tpc = 1 511 

(corresponding to z ≈ 367 mm in Case 4, and z ≈ 275 mm in Case 3) under the three flows at conditions of 512 

G = 600 kg·m-2·s-1 and qave = 180 kW·m-2 are shown in Figure 19. Under the condition of upward flow, the 513 

direction of buoyancy force is consistent with the flow direction and there exists a velocity peak in the near-514 

wall region. In the downward flow, the buoyancy force is opposite to the flow direction, and it can be seen the 515 

velocity in the near-wall region is smaller than that in the flow without gravity. The turbulent kinetic energy is 516 

suppressed in the near-wall region for upward flow, which is not observed for vertical downward flow and the 517 

flow without gravity. As analysed above, the suppression of turbulent kinetic energy may be an important 518 

factor for the heat transfer deterioration. 519 
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     520 

Figure 19. Radial distributions of (a) velocity, (b) turbulent kinetic energy on the cross-section of where 521 

Tb/Tpc = 1 corresponding to z ≈ 367 mm in Case 4, z ≈ 275 mm in Case 3 in upward and downward flows as 522 

well as the flow without considering gravity at conditions of Tin = 304 K, P = 8 MPa, G = 600 kg·m-2·s-1 and 523 

qave = 180 kW·m-2. 524 

 525 

4. Conclusions 526 

The overall and local heat transfer and flow characteristics of SCO2 in vertical tube under the conditions of 527 

uniform heating, semi-circumferentially uniform heating, semi-circumferentially non-uniform heating and 528 

semi-circumferentially and axially non-uniform heating are numerically studied. The effects of heat flux, mass 529 

flux, and flow direction on the thermal-hydraulic characteristics of SCO2 are investigated under conditions of 530 

qave = 150 to 210 kW·m-2 and G = 400 to 700 kg·m-2·s-1.  531 

The overall heat transfer coefficient of axially non-uniformly heat-flux distribution is 1.2% to 20.5% 532 

higher than that of axially uniformly heat-flux distribution under conditions of qave = 150 to 210 kW·m-2 and 533 

Re = 4.4 × 104 to 7.8 × 104. The overall heat transfer coefficient increased under axially non-uniform heat-flux 534 

condition, while severe local heat transfer deterioration and steep wall temperature gradient also appear, 535 

especially under high heat-flux condition. The Tb of the cross-section where heat transfer deterioration occurs 536 

in the axially non-uniformly heated tube is 1.6 K to 3.3 K higher than that of axially uniform heat flux 537 

distribution. Increasing mass flux and reducing heat flux could significantly alleviate heat transfer deterioration. 538 

The heat transfer deterioration cannot be predicted accurately only from the wall temperature inflection point 539 

under axially non-uniform heat-flux condition. Under circumferentially non-uniform heating condition, the 540 

heat transfer performance of the heated wall is better than that of the unheated wall. 541 
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The Bo* could predict the buoyancy effect under non-uniform heat-flux conditions in the vertical tube. The 542 

buoyancy effect changes the cross-sectional velocity distribution, resulting in the difference of the turbulence 543 

of the fluid in the near-wall region under different non-uniform heat-flux conditions, which is closely related to 544 

the heat transfer performance of SCO2. The suppression of turbulent kinetic energy and asymmetric distribution 545 

of turbulent production rate leads to severe heat transfer deterioration under axially non-uniform heating 546 

condition. The large heat transfer resistance caused by thick momentum and thermal boundary layer near the 547 

pseudocritical region should be an important reason for the heat transfer deterioration of SCO2 under non-548 

uniform heat-flux conditions. A thicker momentum and thermal boundary layer can be observed at the cross-549 

section where more severe heat transfer deterioration occurs under axially non-uniform heating. 550 

For axially and circumferentially non-uniform heating, the overall heat transfer coefficient of vertical 551 

downward flow is 62.0% to 75.4% higher than that of vertical upward flow, and this discrepancy would 552 

increase with the argument of mass flux and the reduction of heat flux. Vertical downward flow is beneficial 553 

to effectively eliminate local heat transfer deterioration and reduce axial temperature gradient, especially for 554 

axially non-uniform heat-flux condition. The present work and its conclusions could provide new knowledge 555 

of the thermohydraulic characteristics of supercritical CO2 flows as well as practical guidance on the design 556 

and optimisation of relevant components. 557 
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