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a b s t r a c t 

Supercritical CO 2 has been a promising alternative working medium in coal-fired power plants, high- 

temperature solar power systems, and fuel cells. In these cases, supercritical carbon dioxide is in a round 

tube under high temperature and pressure with high non-uniform heat flux. In this study, a novel struc- 

ture tube is proposed by optimizing the coupling between circumferential heat flux and tube thickness 

on the heat-absorbing side to improve its comprehensive performance. A thermal-fluid-mechanical cou- 

pling model was developed. The novel structure can reduce maximum temperature and temperature dif- 

ference effectively for the half-cycle uniform and non-uniform heat flux. The maximum thermal stress 

decreased by 23 and 29% and the maximum temperature decreased by 29.6 and 24.8 K for half-cycle 

uniform and non-uniform heat flux when the Eccentricity increased from 0 to 0.4. A comparison was 

made between the proposed structure, thin-walled tube, and traditional tube. Results showed that the 

performance of the proposed tube is the best. The maximum temperature decreases by approximately 

55 K compared with the traditional and thin-walled tubes. The maximum equivalent stress of proposed 

tube is the smallest. Furthermore, the structure will improve the safety and economics of the tube. 

© 2023 Elsevier Ltd. All rights reserved. 
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. Introduction 

Owing to their modest critical condition, higher thermal effi- 

iency, and inertness, supercritical carbon dioxide (sCO 2 ) Brayton 

ycles have been considered promising power cycles for various 

eat sources such as traditional coal-fired power plant, renew- 

ble solar energy, and fuel cell [1–3] . Compared with the advanced 

ater-steam Rankine cycle system, the net power generation effi- 

iency of the sCO 2 power system is higher, additional, the levelized 

ost of electricity decreases by 1.32% [4] . From the global perspec- 

ive, the sCO 2 power system is a superior candidate for next gener- 

tion power conversion system. Fan et al. [5] summarized general 

nd unique issues at multiple scales for sCO 2 power system. As 

olar thermal power generation adopts an sCO 2 Brayton cycle, the 

hermal efficiency can rise to 52–57% at approximately 823 K [6] . 

ater steam Rankine cycle cannot easily achieve greater thermal 

fficiency at this temperature [7] . The sCO 2 Brayton cycle at 773–

073 K is exactly in line with the characteristics of the working 

edium and operating temperature of solar tower thermal power 

eneration [8] . The performance of sCO in a tube near the critical 
2 
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egion has been widely investigated. In contrast, sCO 2 is applied in 

he field of coal-fired power plant, renewable solar energy, and fuel 

ell, all under high temperature and pressure far from the critical 

egion [9] . Additionally, they exhibit high non-uniform heat flux 

NUH). 

Recently, sCO 2 fossil-fired power plants have gained significant 

ttention [ 10 , 11 ]. The safety of cooling walls in a sCO 2 boiler is a

hallenging issue [12] . Compared with traditional water walls, the 

onvective heat transfer coefficient of sCO 2 is lower [13] and the 

orking temperature is higher [14] . Various strategies have been 

eveloped in recent years to decrease cooling wall temperatures 

nd the non-uniformity of cooling walls’ circumferential tempera- 

ure. One of them is to lower the heat duty of the sCO 2 boiler. The

ue gas recirculation [15] and expansion of boiler size can effec- 

ively reduce the boiler heat duty. However, larger boiler sizes ad- 

ersely influence ignition, stable combustion, and peak regulation. 

urthermore, a larger percentage of flue gas recirculation short- 

ns the residence time of pulverized coal and lowers the burnout 

ate. A sCO 2 innovative boiler design is proposed [16] by partial 

xpansion at the upper zone and double furnace, which shows a 

moother, lower average heat duty. 

Another alternative method is to optimize the coupling be- 

ween heat fluxes in the furnace and cooling wall tubes. Zhou et al. 

16] developed a symmetric flow pattern that controls half of the 

https://doi.org/10.1016/j.ijheatmasstransfer.2023.124292
http://www.ScienceDirect.com
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2023.124292&domain=pdf
mailto:90102184@ncepu.edu.cn
https://doi.org/10.1016/j.ijheatmasstransfer.2023.124292


Y.J. Wang, S. Gao, W.J. Shi et al. International Journal of Heat and Mass Transfer 213 (2023) 124292 

s

i

fl

t

fl

s

p

m

1

t

s

p

c

b

o

a

[

b

h

r

[

t

l

h

t

t

t

7

s

t

m

m

p

e

o

t

t

c

p

t

s

d

t

t

b

s

a

t

p

2

2

l

a

h  

a

p  

u

(  

c

0

t

t

2

b

f

h

e

W

[

b

m

Nomenclature 

C p specific heat capacity, J ·kg −1 · K 

−1 

d tube inner diameter, mm 

D tube outer diameter, mm 

e eccentric distance, mm 

E c Eccentricity 

E elastic modulus, MPa 

G mass flux, kg ·s −1 ·m 

−2 

HUH half-cycle uniform heat flux 

L tube length, m 

NUH non-uniform heat flux 

P working pressure, MPa 

�P pressure drop, kPa 

q heat flux, kW ·m 

−2 

r tube inner radius, mm 

R tube outer radius, mm 

R T thermal resistance 

T temperature, K 

TDF thermal deviation factor 

�T temperature difference, K 

UH uniform heat flux 

Y correction coefficient 

Greek symbols 

α circumferential angle, or thermal expansion coeffi- 

cient, K 

−1 

σ as maximum allowable stress, MPa 

δm 

minimum thickness, mm 

λ thermal conductivity, W ·m 

−1 ·K 

−1 

ξ allowable stress correction factor 

υ poisson’s ratio 

ρ density, kg ·m 

−3 

σ eq equivalent stress, MPa 

σ p mechanical stress, MPa 

σ s yield strength, MPa 

σ t thermal stress, MPa 

ϕ view factor 

ϕ̄ average of view factor 

Subscripts 

ave average 

f fluid 

in inlet 

max maximum 

r, θ , l radial, tangential, axial direction 

w tube wall 

wi inner wall of tube 

wo outer wall of tube 

CO 2 to flow from the middle region to the sides, thereby allow- 

ng the low-temperature sCO 2 to enter the region with high heat 

ux. Results showed that the maximum wall temperature distribu- 

ion along the height direction of the boiler with the symmetric 

ow pattern is more uniform. Yang et al. [17] proposed the “cold 

CO 2 -hot fire matching and cascaded temperature control” princi- 

le to reduce cooling wall temperature, and this optimal arrange- 

ent significantly reduced the temperature in overheated region 

2–44 K. Liu et al. [15] optimized the matching relationships be- 

ween the heat flux of flue gas side and working parameters of 

CO 2 side to reduce the cooling wall temperatures. They [18] pro- 

osed an innovative “4-Part layout” for the heating modules, which 

an reduce the maximum cooling wall temperature by 18.66 K. 

The third approach is strengthening the heat transfer process 

etween tube and fluid to even NUH through the new structures 
2 
f tubes. Many modified structures have been proposed [ 19 , 20 ], 

nd most of them are based on concentrated solar power systems 

21] . Christian et al. [22] improved the system’s thermal efficiency 

y manipulating the geometries of the receiver to reduce radiative 

eat loss. The enhanced heat transfer structures, such as triangular 

ibs tube, rectangular wing tube [23] , and internal twisted tapes, 

24] were widely investigated to reduce the maximum tempera- 

ure and the temperature difference of the tube, while they caused 

arge flow resistance. Li et al. [24] investigated three types of en- 

anced heat transfer structures. Compared with the basic smooth 

ube, the twisted tape insert tube, unilaterally dimpled tube and 

he unilaterally elliptic dimpled tube can reduce the maximum 

emperature ( T max ) by 42.24–68.28 °C, 43.8–61.66 °C and 55.81–

7.33 °C, respectively. The dimpled tubes slightly increase the pres- 

ure drop, whereas the pressure drop of the twisted tape insert 

ube was about 4 times larger than that of basic tube. 

Therefore, the design of heat-transfer enhancement structures 

ust consider comprehensive factors such as pressure drop, ther- 

al loss, thermal stress, and mechanical stress. Li et al. [25] pro- 

osed a performance recovery coefficient for thermal-hydraulic 

valuation of recuperator in sCO 2 Brayton cycle. Additionally, most 

f the previous structural analyses have been conducted on smooth 

ubes due to complex configurations. A few studies have analyzed 

he mechanical properties of tubes thoroughly, which should be 

onsidered because of their modified structures. 

In this study, unlike existing methods, we optimized the cou- 

ling between circumferential heat flux and circumferential tube 

hickness on the heat-absorbing side to improve its comprehen- 

ive performance. A three-dimensional (3D) conjugated model was 

eveloped to analyze the performance of novel structure. The dis- 

ributions of temperature, pressure drop, and stress of cooling wall 

ubes were numerically obtained. The effects of heat flux distri- 

utions on heat transfer performance were discussed. A compari- 

on was made between the proposed structure, thin-walled tube, 

nd traditional tube. The present study can provide a guidance for 

he design and optimization of sCO 2 tube under high NUH in sCO 2 

ower systems. 

. Numerical model and method 

.1. Traditional sCO 2 cooling wall tube 

The cooling wall tube in sCO 2 coal-fired power plants was se- 

ected as the research subject to investigate the high temperature 

nd pressure sCO 2 turbulent flow in a vertical round tube under 

igh NUH. A tube length of 1 m, an inner radius ( r ) of 11 mm, and

 tube thickness of 6.5 mm were considered as the basic geometric 

arameters ( Fig. 1 ). It was a seamless steel tube. The sCO 2 flowed

pward in the tube contrary to the gravity. The operating pressure 

 P ) was 25 MPa, and the inlet temperature ( T in ) was 773.15 K. The

ircumferential angle ( α) on the bottom generatrix is defined as 

 ° Because of the high temperature and pressure working condi- 

ions, 316H was selected as the tube material. Its physical proper- 

ies were shown in Fig. 2 . 

.2. Thermal-fluid-mechanical model 

A steady-state multi-physical coupling model was developed 

y considering the variations of sCO 2 ’s thermophysical properties 

rom NIST [27] . The basic governing equations for sCO 2 flow and 

eat transfer in the tube include continuity, momentum, and en- 

rgy equations which were described in a previous study [28–30] . 

e compared the calculated results with experimental data of Zhu 

13] , which showed that the relative errors of the k - ε model tur- 

ulence model were the smallest [10] . Thus, the k - ε turbulence 

odel was used. 



Y.J. Wang, S. Gao, W.J. Shi et al. International Journal of Heat and Mass Transfer 213 (2023) 124292 

Fig. 1. Physical configuration of the tube. 

(a) Smooth tube (b) Detailed view of structure (c) Perfect matching between heat flux and circumferential heat resistance. 

Fig. 2. Physical properties of 316H form [26] . 
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The heat transfer pattern in the tube wall was the heat conduc- 

ion. Based on the wall temperature results, the equivalent stress 

 σ eq ) and the circumferential ( θ ), radial ( r ), axial ( l ) thermal ( σ t )

nd mechanical stresses ( σ p ) can be calculated by solving the cor- 
Fig. 3. Boundary condition

(a) Thermal-fluid boundary conditions (b

3 
esponding equations [ 31 , 32 ]. The maximum residuals of all gov- 

rning equations were below 10 −3 . 

The boundary conditions for the simulation were shown in 

ig. 3 . It should be pointed out that in these simulations: (1) The 

nlet velocity was a fully developed flow velocity (a parabolic ve- 

ocity profile) calculated as a function of average inlet velocity. (2) 

he wall function boundary condition [33] was used at the inner 

ube wall, a theoretical lift-off from the physical wall was assumed. 

3) The outlet was set as fully-developed assumption [34] . (4) The 

ircumferential non-uniform heat flux was used as boundary con- 

ition of outer tube surface. According to [35] , radiative heat flux 

as only considered in the furnace calculated by the view fac- 

or ( ϕ = q α / q max ) [ 36 , 37 ] ( Fig. 4 (b)). The non-uniform radiant

eat flux distribution was shown in Fig. 4 (c). (5) Both the thermal 

nd pressure loads were considered in the tubes’ structural analy- 

is. As the pressure in the sCO 2 boiler was low and was assumed 

o be 0 kPa [38] . The stress-free reference temperature was set as 

93.15 K. (6) The inlet end of the tube could expand along the flow 

irection only, the internal and external tube wall was free to ex- 

and and the outlet end was fixed. 

The grid-independence analysis on the traditional tube was per- 

ormed for the multi-physical coupling model, as shown in Fig. 5 , 
s for the simulation. 

) Structural boundary conditions. 
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Fig. 4. Non-uniform heat flux. 

(a) Cross-section irradiation profile (b) Distribution of ϕ (c) NUH distribution on a panel. 

Table 1 

Representative experimental cases for validation. 

Parameter G ,kg/(m 

2 s) L ,m T in , K q w ,kW/m 

2 P ,MPa d ,mm D ,mm Material 

Value 1250.9 2 307.4 375.03 21.014 10 12 1Cr18Ni9Ti 
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nd the relative error of the maximum equivalent stress in the 

ube is < 0.01. 

.3. Model validations 

The proposed thermal-fluid model of cooling wall tube was ver- 

fied by the experimental data of Zhu et al. [13] under the same 

orking conditions as shown in Table 1 . As shown in Fig. 6 , the

umerical results on the fluid temperature agree well with the ex- 

erimental data. The relative errors of the inner tube wall temper- 

tures are within 1.9%. 

The structural model is validated by theoretical solutions, as 

imited experimental data are available on stress distribution in 

igh NUH. The pressure load and temperature difference between 

he inner and outer surfaces were 25 MPa and 35.1 K. The distri- 

ution of the equivalent stress along the radial direction is shown 

n Fig. 7 , which shows that the equivalent stress obtained from the 
ig. 5. Grid-independent analysis. The maximum equivalent stress of the tube pro- 

uced by the G = 20 0 0 kg/(m 

2 s), q w = 150 kW/m 

2 and P = 25 MPa. 

F

p

a

r

4

umerical calculations and theoretical analysis are consistent, con- 

rming the accuracy of the proposed model. 

. Results and discussions 

.1. Effect of heat flux distribution 

A numerical study was performed to better understand the be- 

avior of a traditional tube under high NUH distribution, and the 

omputational conditions were as follows: sCO 2 inlet mass flux 

 G ) of 20 0 0 kg/(m 

2 s), the sCO 2 inlet temperature of 773.15 K, and

orking pressure of 25 MPa. Three cases are selected with differ- 

nt heat flux distributions, as shown in Fig. 8 . Cases (a) and (b) are

ommon experimental conditions, whereas case (c) represents ac- 
ig. 6. Comparison of average temperature by experiment and simulation. The ex- 

eriment results [13] of average fluid and wall temperature are shown by a triangle 

nd black circle. The numerical results of these are shown by a blue dashed line and 

ed arrow bar. The average deviation is employed to calculate the relative error. 
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Fig. 7. Validation of structural model against theoretical solutions in three direc- 

tions [31] and equivalent stress [32] produced by the T w, i = 792.4 K, T w, o = 827.5 K 

and P = 25 MPa. 
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ual working conditions. q max is 150 kW/m 

2 for the NUH case, and 

he total heat fluxes are the same for the three cases. 

The temperature and stress profiles of the traditional tube un- 

er different heat fluxes are shown in Figs. 9–11 . For the uniform 

eat flux (UH) case, the temperature and stress in the circumfer- 

ntial direction of the tube are distributed symmetrically. The vari- 

tion of the circumferential temperature distribution of the NUH 

 Fig. 9 (b)) is similar with the circumferential heat flux distribu- 

ion ( Fig. 4 ). The maximum temperatures for the NUH, HUH (half- 

ycle uniform heat flux) and the UH cases at z = 0.5 m were
Fig. 8. Heat flux distribution. (a) Uniform case (b) Half-cycle uniform case (c) N

Fig. 9. Temperature distribution of traditional c

(a) Temperature profiles (b) Outer and inn

t

5

on-uniform case. The total heat fluxes are the same for the three cases. 

ooling wall tube for different heat fluxes. 

er wall temperature at z = 0.5 m. 

73.5 K, 889.1 K and 833.7 K, respectively. The maximum equiv- 

lent stresses for the UH at z = 0.5 m was 140 MPa, occurred in

he inner tube wall. Whereas, for the NUH and HUH, they were 

72 MPa and 156 MPa, respectively, occurred in the outer tube wall 

t α = 180 °, which were 22.9% and 11.4% higher compared to the 

H case. As shown in Figs. 10 and 11 , for the HUH and NUH con-

itions, the total stress consists of two components, and the ther- 

al stress was much larger than the mechanical stress, which im- 

lied that the thermal stress dominated. Thus, effective methods 

r designs to reduce thermal stress should be investigated in sub- 

equent studies. 

.2. A novel tube structure 

The main characteristic of the NUH ( Fig. 3 ) is that the heat flux

n the rear side is low whereas the main heat flux acts on the 

eat-absorbing side (fireside). Thus, the heat resistance at the rear 

ide slightly affects the heat absorption process, the heat intake of 

he tube is primarily at the fireside, and the heat resistance at the 

reside significantly influences the heat transfer process. Therefore, 

he fireside should be optimized. Given that the tube thickness is 

roportional to the conduction thermal resistance, the tube thick- 

ess of the fireside should be reduced. The thermal resistance of 

he fireside should match the circumferential NUH distribution, i.e., 

t should be inversely distributed relative to the heat flux distribu- 

ion ( Fig. 3 (c)). 

Based on this principle, a novel structure tube is proposed to 

ptimize the traditional tube, as shown in Fig. 12 . First, the whole 

raditional tube was moved a distance of e (eccentric distance) to- 

ard the fireside, as shown in red Fig. 12 (a). Next, the intersection 

f two tubes was taken to obtain the novel structure tube. Thus, 

he tube thickness distribution in the circumferential direction was 
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Fig. 10. Equivalent stress profiles of the tube for different heat fluxes at z = 0.5 m. 

Fig. 11. Stress profiles of a traditional tube at z = 0.5 m. 

(a) Inner wall of UH (b) Outer wall of HUH (c) Outer wall of NUH. 
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hanged. The tube thickness of the fireside decreased, and the tube 

hickness at the rear side did not change. These modifications al- 

owed the low thermal conduction resistance to match the high 

eat flux, additionally, the tube material was also conserved. 

In Fig. 12 , it can be observed that, the wall thickness of the fire-

ide decreased with the increase of e , which is good for the heat 

ransfer process, whereas, thinner wall thickness may cause safety 

roblem. Hence, the minimum safe wall thickness ( δm 

) [39] was 

onsidered, as expressed as follows: 

m 

= 

P D 

2 σas ξ + 2 P Y 
(1) 
e

6 
here σ as is the maximum allowable stress, ξ is the allowable 

tress correction factor, and Y is the correction coefficient. 

The δm 

is a function of working parameters, such as tube ma- 

erial, working pressure, temperature, etc. The variation of δm 

of 

16H with temperature is shown in Fig. 13 . To ensure safety, δm 

in- 

reases with rising temperature, as σ as follows the opposite trend. 

he δm 

increases 0.4 mm, when temperature changes from 773 K 

o 973 K. Thus, e is smaller at high temperature. 

.3. Comparison of traditional and novel tubes 

The Eccentricity ( E c = e / ( R −r) ) was used to measure the un-

venness of the wall thickness. A traditional tube has an Eccen- 
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Fig. 12. Physical configuration of the proposed tube. 

(a) Construction process of the novel structure (b) 3D structure. 

Fig. 13. σ as and δm of 316H as a function of T. 
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ricity of 0. Traditional and proposed tubes are compared under 

ifferent heat flux distributions in Figs. 14–16 . The conditions are 

efined as follows: the sCO 2 inlet mass flux, q max , and sCO 2 inlet 

emperature are 20 0 0 kg/(m 

2 s), 150 kW/m 

2 , and 773.15 K, respec-

ively, and the working pressure is 25 MPa. 

Fig. 14 shows the influences of E c on the temperature differ- 

nce ( �T w 

= | T w 

–T ave |, in which T ave is the cross-sectional average

emperature) under different heat fluxes. For the UH case, �T wi of 

he inner wall increased with the increase of E c , indicating that the 

roposed structure is not applicable to the UH case. For the HUH 

ase, �T wo of the outer wall decreased with the increase of E c . The

aximum �T wo at z = 0.5 m decreased from 71 to 47 K (approx-

mately 33.8%), when E c increased from 0 to 0.4. The variations 

f �T wo under NUH were similar to those under HUH, whereas 

he reduction of �T wo was smaller. The maximum �T wo decreased 

rom 58.5 to 41.5 K (approximately 29.1%), when E c increased from 

 to 0.4. Additionally, comparing Figs. 14 and 11 , it is observed that

he thermal stress distribution is proportional to the temperature 

ifference. Furthermore, the significant temperature difference in- 

uced by NUH and HUH resulted in severe thermal stress. 

The thermal deviation factor ( TDF ) [ 24 , 40 ] had been proved to

e another accurate and convenient criterion in the evaluation of 
7 
hermal stress under different working conditions. It was defined 

s follows: 

 DF = 

| T − T ave | 
T s 

(2) 

 s = 

σs 

αE 
(3) 

here σ s is yield strength. 

Therefore, the TDF was also used to evaluate the stress in the 

on-uniform heating tubes. It was observed in Fig. 15 that the vari- 

tion of TDF was similar with �T w 

. For the UH case, TDF increased

ith the increase of E c . For the HUH and NUH cases, TDF decreased

ith the increase of E c . The maximum TDF at z = 0.5 m decreased

rom 1.75 to 1.19 (approximately 32%) for the HUH and 1.44 to 1 

approximately 30.6%) for the NUH, respectively, when E c increased 

rom 0 to 0.4. It further proved the proposed tube can effectively 

educe thermal stress for HUH and NUH cases. 

Fig. 16 shows that the pressure drops ( �P ) of the tubes was

egligible for changes of E c in all cases. The pressure drop was not 

ffected by the Eccentricity. The maximum cross-sectional thermal 

tress ( σ t,max ) decreased with the increase of E c for both HUH and 

UH conditions. Moreover, σ t,max decreased by 23 and 29% for 

UH and NUH cases, respectively. In contrast, σ t,max increased by 

.8% for the UH condition. 

As shown in Fig. 17 , the maximum temperature of the tube wall 

ecreased with increasing E c. When E c increased from 0 to 0.4, 

 max decreased by 29.6 (3.3%) and 24.8 K (2.8%) for the HUH and 

UH cases, respectively. Whereas T max increased by 3 K (0.35%) for 

he UH condition. The novel structure can optimize the HUH and 

UH conditions, however, the proposed structure is not applicable 

o the UH case. 

To further validate the advantages of the novel structure, the 

roposed structure, traditional, and thin-walled tubes were com- 

ared ( Figs. 18 −20 ), where thickness of the thin-walled tube was 

qual to the thickness at α = 180 ° of the proposed tube. The typi- 

al conditions are defined as follows: the sCO 2 inlet mass flux and 

CO 2 inlet temperature are 20 0 0 kg/(m 

2 s) and 773.15 K, respec- 

ively, and the working pressure is 25 MPa. q max of the novel struc- 

ure was 150 kW/m 

2 , and the total heat flux of the traditional tube 

nd thin-walled tube was equivalent to that of the proposed tube. 

Fig. 19 shows the distribution of the cross-sectional tempera- 

ure difference ( �T = T max –T min ) and σ eq,max along the flow di- 

ection. �T of the traditional and thin-walled tubes was similar, 

hich was approximately 24 K higher than that of the proposed 
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Fig. 14. �T w profiles under different heat fluxes at z = 0.5 m. 

(a) Inner wall of UH (b) Outer wall of HUH (c) Outer wall of NUH. 
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respectively. 
ube. The σ eq,max of the thin-walled tube was the highest, whereas 

eq,max of the proposed tube was the smallest, which was 53 MPa 

nd 71 MPa lower than that of the traditional tube and thin-walled 

ube, respectively. Furthermore, the maximum thermal stress at 

 = 0.5 m was effectively reduced in the proposed tube, which was 

pproximately 43 MPa lower than that of the other two tubes, as 

hown in Fig. 20 (a). It can be seen from Fig. 20 (b) that the wall

hickness at the fireside of novel structural tube was reduced but 

he equivalent stress of it was lower than that of the traditional 

ube and thin-walled tube. Thus, the optimization of a traditional 

ube under high NUH cannot be achieved by simply reducing the 

all thickness. However, superior optimization is achieved using 

he proposed tube structure. 

. Conclusions 

The maximum temperature and temperature difference are 

losely related to tube life span and economics. Lower maximum 

emperature and temperature difference result in better tube per- 

ormance. In this study, a novel structure tube is proposed to im- 

rove its thermal-structural performance, and a three-dimensional 

hermal-fluid-mechanical coupling model was developed. The dis- 

ributions of temperature, pressure drop, and stress of cooling wall 

ubes are numerically obtained. The effects of heat flux distribu- 
8

ions on heat transfer performance were discussed. The conclu- 

ions are summarized below. 

1) A novel structure tube is proposed by optimizing the coupling 

between circumferential heat flux and tube thickness on the 

heat-absorbing side to improve its comprehensive performance. 

The proposed structure will improve the safety and save tube 

material. 

2) The proposed structure can optimize the half-cycle uniform and 

non-uniform heat flux conditions, however, it is not applica- 

ble to uniform heat flux condition. The thermal deviation fac- 

tor and maximum temperature decrease with the increase of 

Eccentricity for both the half-cycle uniform and non-uniform 

heat flux conditions. The thermal deviation factor decreases by 

32% and 30.6% and the maximum temperature decreases by 

29.6 K (3.3%) and 24.8 K (2.8%) under the half-cycle uniform 

and non-uniform heat flux, respectively, when Eccentricity in- 

creases from 0 to 0.4. 

3) The proposed structure, thin-walled tube, and traditional tube 

are compared, and results show that the performance of the 

proposed tube is the best. The maximum temperature de- 

creases by approximately 55 K compared to a traditional and 

thin-walled tube. The maximum equivalent stress of the pro- 

posed tube is the smallest, which was 53 MPa and 71 MPa 

lower than that of the traditional tube and thin-walled tube, 
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Fig. 15. TDF profiles for different heat fluxes at z = 0.5 m. 

(a) Inner wall of UH (b) Outer wall of HUH (c) Outer wall of NUH. 

Fig. 16. Influence of E c on σ t,max and �P. 

Fig. 17. Influence of E c on the maximum temperature. 
9 
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Fig. 18. Temperature profiles of the outer and inner surfaces at z = 0.5 m. The tem- 

perature of the proposed tube, traditional tube, and thin-walled tubes are shown in 

a black, red and blue line, respectively. 

Fig. 19. Distribution of �T and σ eq,max along the flow direction. 

Fig. 20. Stress profiles of traditional, thin-walled and novel structure tube at 

z = 0.5 m. 

(a) Thermal stress (b) Equivalent stress. 
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