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A B S T R A C T   

A supercritical carbon dioxide (sCO2) tube is an important component in a sCO2 power system for a wide range of 
heat sources. The sCO2 tubes experience high temperature and pressure with high non-uniform heat flux when 
fossil fuel and solar energy are used as heat sources. Herein, a novel tube structure is proposed to match the 
circumferential thermal resistance with the non-uniform heat flux by changing the Eccentricity. A three- 
dimensional multi-physical coupling model was constructed to compare the proposed structure with a conven-
tional tube. The fluid dynamics, thermal stress, and coupled heat transfer characteristics were analyzed, and the 
key working parameters were explored. The maximum temperature of the proposed structure was effectively 
reduced by 13–36 K and the maximum thermal stress was significantly reduced by approximately 25–33% under 
all the simulated working conditions when the Eccentricity changed from 0 to 0.4. The proposed novel structure 
will facilitate the safety and conserve tube material, and the results can serve as a reference for the development 
of sCO2 power systems for industrial applications.   

1. Introduction 

Considering the importance of carbon neutrality, it is essential to 
develop efficient power conversion systems. Owing to its higher effi-
ciency, compact system layout, and inertness, the sCO2 Brayton cycle is a 
promising power cycle and alternative to the conventional steam 
Rankine cycle in fossil fuel power plants and has considerable potential 
for solar and nuclear energy applications [1–3]. The expected power 
generation efficiency of a sCO2 coal-fired power plant can be improved 
by 6–7%, while the sCO2 tube in the sCO2 boiler is under high non- 
uniform heat flux (NUH) along the width, depth, and height of the 
furnace [4]. As solar power towers achieve higher temperatures, greater 
solar-to-electric efficiencies are obtained compared to those obtained by 
parabolic trough collectors. A solar power tower is a promising tech-
nology in the mid-term [5]. A sCO2 solar power tower system can 
effectively improve efficiency, while the solar receivers must be sub-
jected to non-uniform heat flux with a peak heat flux of up to 1.0 MW/ 
m2, which leads to a large temperature gradient and may cause tube 
deformation [6]. Thus, it is necessary to improve the receiver durability 
of non-uniform heating. 

The sCO2 tube is an important component in sCO2 power systems for 

a wide range of heat sources, where it is subjected to high temperatures 
and pressures with a high NUH, which is far from the pseudo-critical 
point. The characteristics of sCO2 flow and heat transfer in the subcrit-
ical state and near the pseudo-critical region have been widely investi-
gated, especially for enhanced or deteriorated heat transfer near the 
pseudo-critical region. In contrast, the investigation of sCO2 flow and 
heat transfer under high temperatures and pressures far from the 
pseudo-critical point is limited, which is important for the design of the 
receiver in solar power plants and the sCO2 boiler in fossil fuel power 
plants. 

For a coal-fired power plant, the heat load of the sCO2 boiler is 
several times that of a traditional steam boiler [4]. However, the 
convective heat transfer coefficient of sCO2 is lower [7], and the 
working temperature is higher [8]. Therefore, ensuring safety of the 
sCO2 boiler is a challenging problem [9]. Cooling walls are key com-
ponents of sCO2 boilers, and their thermal–hydraulic performance is of 
increasing interest. Wang [10] developed a two-dimensional mathe-
matical model that neglected the circumferential NUH. It was deter-
mined that the maximum temperature of the sCO2 cooling wall tubes 
was much higher than that of the water wall tube, leading to larger tube 
deformation. Hence, a low inclination angle, an increase in the tube 
number, and a larger tube diameter were recommended to reduce the 
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temperature and pressure drop. To reduce the maximum temperature 
and the circumferential temperature difference of the cooling wall tube. 
Zhou et al. [11] proposed a novel furnace structure to lower the heat 
duty of the sCO2 boiler. Liu et al. [12] introduced flue gas recirculation 
to reduce the heat flux density. These measures effectively lowered the 
boiler heat flux. To further improve the thermal–hydraulic performance, 
a symmetric flow pattern [11], cold sCO2-hot fire matching, a cascaded 
temperature control principle [13], and improvement of the coupling 
between the non-uniform heat flux and cooling wall tubes along the 
width and height directions [12] were proposed to optimize the 
coupling between the heat flux in the furnace and the cooling wall tubes. 
To further improve the comprehensive performance, several heat 
transfer structures and processes for fabricating them were proposed. 
These included the use of internal spiral finned tubes [14] and the 
insertion of internal twisted tapes in the tube [15], which can effectively 
boost the thermal performance while with serious resistance increase. 

Herein, a novel structure is proposed that considers comprehensive 
factors such as heat transfer, flow resistance, and thermal stress. The 
new structure matches the circumferential non-uniform heat flux with 
the circumferential thermal resistance of the tube. A thermal-fluid- 
mechanical coupling model with high NUH is developed to analyze 
the performance of the proposed structure and a traditional structure in 
Section 2. In Section 3, the characteristics of the proposed and tradi-
tional structures is compared. The performance of the proposed struc-
ture with respect to heat flux(q), mass flux (G), working pressure (P), 
and tube length (L) is then numerically investigated. Finally, the main 
conclusions are presented in Section 4. 

2. Numerical model and method 

2.1. Physical model 

Considering the complexity of the cooling wall and the similarity of 
the heat flux distribution on the surface of each tube, a single tube of 1 m 
was chosen as the physical model to facilitate modeling and simplifi-
cation of the calculations. It was a seamless steel tube made of 316H 
material with outer (R) and inner radius (r) of 17.5 mm and 11 mm 
respectively, (Fig. 1). Gravity is contrary to the sCO2 flow direction. A 
circumferential NUH was applied on the outer tube wall and the 
circumferential angle (α) at the bottom was 180◦. 

A novel structural tube is proposed (Fig. 2). For the novel structural, 
the upper half circular of the outer wall of the traditional tube (as shown 
in blue Fig. 2(b)) is moved downwards by a distance of e (eccentric 

distance) while keeping the lower half circle unchanged, and their 
intersection is obtained. Thus, the tube wall thickness of the heat- 
absorbing side was reduced, whereas the wall thickness of the back-
side did not change. These modifications allowed the low thermal con-
duction resistance to match the high heat flux. 

2.2. Governing equations and boundary conditions 

2.2.1. Thermal-fluid calculation of sCO2 
A three-dimensional model was developed to study the flow and heat 

transfer process. Owing to the low relative errors in our previous study 
[10], the k-ε model was adopted. The characteristics of the cooling wall 
are governed by the continuity equation, energy equation, and mo-
mentum equation, which are as follows: 

Continuity equation: 

∂
∂xi

(ρui) = 0 (1) 

Energy equation: 

Nomenclature 

Cp specific heat capacity, J⋅kg− 1⋅ K− 1 

e eccentric distance, mm 
Ec Eccentricity 
E elastic modulus, MPa 
G mass flux, kg⋅s− 1⋅m− 2 

i enthalpy, kJ⋅kg− 1 

L tube length, m 
NUH non-uniform heat flux 
P working pressure, MPa 
q heat flux, kW⋅m− 2 

r tube inner radius, mm 
R tube outer radius, mm 
T temperature, K 
ΔT temperature difference, K 

Greek symbols 
α circumferential angle, ◦ or thermal expansion coefficient, 

K− 1 

σas allowable stress, MPa 
λ thermal conductivity, W⋅m− 1⋅K− 1 

υ poisson’s ratio 
ρ density, kg⋅m− 3 

σeq equivalent stress, MPa 
σp mechanical stress, MPa 
σt,max maximum thermal stress, MPa 
φ view factor 

Subscripts 
ave average 
in inlet 
max maximum 
r, θ, l radial, tangential, longitudinal direction 
ref reference 
t thermal 
w tube wall  

Fig. 1. Schematic of cooling wall tube in sCO2 boiler. (a) Arrangement in boiler 
(b) Physical configuration. 
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ρCpui
∂T
∂xi

= (λ + λT)
∂

∂xi
(
∂T
∂xi

) (2) 

Momentum equation: 

∂
∂xj

(ρuiuj) = −
∂p
∂xi

+
∂

∂xj
[(μ + μt)(

∂ui

∂xj
+

∂uj

∂xi
) −

2
3
(μ + μt)

∂ui

∂xi
δij −

2
3

ρkδij] +F

(3) 

The k-ε model introduces two additional transport equations and two 
dependent variables: the turbulent kinetic energy, k, and the turbulent 
dissipation rate, ε. The transport equation for k is as follows: 

∂ρk
∂t

+Uj
∂ρk
∂xj

= τij
∂Ui

∂xj
− ρε+ ∂

∂xj

[(

μ +
μt

σk

)
∂k
∂xj

]

(4) 

The transport equation for ε is as follows: 

∂ρε
∂t

+Uj
∂ρε
∂xj

= Cε1
ε
k
τij

∂Ui

∂xj
− Cε2ρ ε2

k
+

∂
∂xj

[(

μ +
μi

σε

)
∂ε
∂xj

]

(5) 

The turbulent viscosity is modeled as follows: 

μt =
ρCμk2

ε (6)  

where Cμ = 0.09, Cε1 = 1.44, Cε2 = 1.92, σk = 1.0 and σε = 1.3. λ defines 
the thermal conductivity of the fluid; λT is the turbulent conductivity and 
Cp is the specific heat capacity. 

The thermal-fluid boundary conditions are specified as follows: Inlet: 
u = uin (a fully developed flow velocity, which has a parabolic velocity 
profile), T = 773.15 K, and P = 25 MPa; Outlet: fully-developed 
assumption [16]; The solid–fluid interfaces: the wall function bound-
ary condition is used [17], and a theoretical lift-off δw from the physical 
wall is assumed. Expressed in viscous units, the wall lift-off is defined as 
follows: 

δ+w = max

(
hw

2
ρC1/4

μ
̅̅̅
k

√

μ , 11.06

)

(7) 

The second argument is the distance from the wall, in viscous units. 
This lower limit ensures that the wall functions remain non-singular for 
all Reynolds numbers. The wall lift-off, δw, is defined as follows: 

δw =
δ+wμ
ρuτ

(8)  

where, hw is the height of the mesh cell adjacent to the wall, and uτ is the 
friction velocity [17]. 

Fig. 3. NUH distribution. (a) Cross-section irradiation profile (b) NUH distribution.  

Fig. 2. The proposed tube structure. (a) Three-dimensional structure (b) Construction process of the proposed tube.  
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Only radiative heat transfer is considered in this model because the 
cooling wall tubes in the furnace are primarily heated by radiation from 
the flame [18]. The view factor (φ) is used to describe the circumfer-
ential non-uniform radiant heat flux distribution of the tube [19,20]. It is 
defined as the ratio of qα to qmax, where qmax is the external effective 
radiant maximum heat flux and qα is the heat flux at a specific angle 
around the outer wall of the cooling wall tube. The cross-section irra-
diation profile is shown in Fig. 3. Subsequently, the non-uniform radi-
ative heat flux boundary conditions were used at the cooling wall tube’s 
outer surface. The CO2 properties as a function of temperature and 
pressure are provided by REFPROP [21]. 

2.2.2. Simulations of the cooling wall tube 
Based on the operating conditions and data of the sCO2 boiler, 316H 

was used as the tube material. The heat transfer of the cooling tube wall 
was via heat conduction and Table 1 lists its physical properties. 

The structural analysis of the cooling tube is another significant 
concern for improving the safety and dependability of sCO2 in coal-fired 
power plants. The governing equations of the thermal (σt), mechanical 
(σp), and equivalent stresses (σeq) are presented in [22,23]. The thermal 
and pressure loads are considered in the structural and stress analyses of 
the tube. First, the governing equations of the thermal-fluid are solved, 
and the pressure and temperature distributions are obtained. In practical 
applications, the pressure inside the sCO2 boiler is low and is assumed to 
be 0 kPa [24]. Second, the static-structure equations are solved. The 
pressure and temperature distributions are imported as loading condi-
tions, and the stress-free reference temperature is 293.15 K. The inlet 
end of the tube can expand along the flow direction only, and the outlet 
end is fixed with internal and external surfaces that are expandable. 
Subsequently, the thermal stress distribution and deformation of the 
tubes are obtained. The maximum residuals for all the governing 
equations were below 10-3 to ensure convergence of the calculations. To 
improve the accuracy of the simulation results, grid-independent check 
was conducted and the relative error was <0.01. 

2.3. Model validations 

Owing to the lack of experimental data for the thermal-fluid- 
structural model calculations, the thermal-fluid model and the struc-
tural model were validated separately. The thermal-fluid model was 
verified by the experimental data provided by Zhu et al. [7] in our 
previous study [10]. The numerical mechanical model is verified with 
theoretical solutions [22]. The mechanical and thermal stress caused by 
the pressure load (25 MPa) and thermal load (temperature difference of 
35.1 K) between the inner and outer wall were calculated by numerical 
and theoretical methods, respectively. 

The calculation was performed in three principal directions: radial 
(r), tangential (θ), and longitudinal (l). The distribution of the me-
chanical and thermal stress along the radial direction are shown in 
Fig. 4. It is observed that the numerical results for different stresses are 
consistent with the theoretical solutions, which is indicative of the 
feasibility and accuracy of the structural model. 

3. Results and discussions 

3.1. Performance of the novel structure tube 

The Eccentricity (Ec = e/(R-r)) was used to measure the non- 
uniformity of the thickness of the tube wall. The wall thickness of the 
fireside decreased with the increase of Ec. Thinner tube wall is good for 
the heat transfer process, however, it may cause safety concerns. Hence, 
the minimum safe thickness of the tubes under different working con-
ditions was examined based on [25]. 

The characteristics of the proposed tubes with different Eccentricities 
are shown in Figs. 5 and 6. The conditions were defined as follows: the 
sCO2 inlet mass flux, qmax, and sCO2 inlet temperature (Tin) were 2000 
kg/(m2s), 150 kW/m2, and 773.15 K, respectively. 

Figs. 5 and 6 and Table 2 show that the temperature, thermal stress 
and volume of the proposed tubes decrease with the increase of Ec. In 
Fig. 5, it can be observed that the maximum cross section temperature 
appears at the heat-absorbing side (in the vicinity of α = 0◦), and is 
gradually increased along the flow direction. The maximum 

Table 1 
Physical properties of 316H.  

ρ, kg/m3 7090 
α, /K− 1 1.43× 10− 5 + 7.34× 10− 9T − 2.65× 10− 12T2 

λ, W/(m⋅K) 21.5 
E, Pa 2.11× 1011 − 3.59× 107T − 3.75× 104T2 

Cp, J/(kg⋅K) 500 
υ 0.3  

Fig. 4. Validation of structural model against theoretical solutions.  

Fig. 5. Variations in cooling wall temperature with Ec.  
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temperature (Tmax) decreased from 879 K to 854.2 K, the maximum 
thermal stress (σt,max) decreased from 148 MPa to 105 MPa, and the 
material usage of the tube was conserved by approximately 15.6%, 
when the Ec increases from 0 (a traditional tube) to 0.4. 

3.2. Effects of the key working parameters 

The thermal performance of the proposed tube in relation to several 
working parameters, that affect the temperature and stress distribution, 
including heat flux, mass flux, working pressure, and tube length, is 
discussed in this section. 

3.2.1. Effects of heat flux 
Figs. 7–10 illustrate the effects of Ec and heat flux on the performance 

of the cooling wall tube under typical working conditions, e.g., the sCO2 
inlet mass flux of 2000 kg/(m2s), working pressure of 25 MPa, and sCO2 
inlet temperature of 773.15 K. 

Fig. 7 shows ΔT (difference between the maximum and minimum 
temperature of cross-section) ~ i (enthalpy) curves with qmax and Ec. The 
outlet enthalpy increases with qmax as more heat is absorbed. ΔT in-
creases along the flow direction, and the increasing trend gradually 
slows down. ΔT increases with qmax for both the traditional and novel 
structure tubes. When qmax is in the range of 80–220 kW/m2, the 
maximum ΔT incresaes from 47.6 K to 132 K for a traditional tube. This 
indicates that qmax significantly influences ΔT. When Ec is 0.4, ΔT de-
creases significantly by 13–35.7 K (approximately 28.3%) compared 
with a traditional tube under all the simulated working conditions. In 
addition, the proposed tube exhibits excellent optimization, which in-
creases with qmax in the case of the reduction of ΔT. The reduction in ΔT 
indicates a decrease in the thermal stress. 

The variation of the maximum cross-sectional thermal stress is 
similar to that of ΔT, as shown in Fig. 8. σt,max increases along the flow 

Fig. 6. Thermal stress profiles of the proposed tube at z = 0.5 m.  

Table 2 
Variations in tube volume with Eccentricity.  

Ec 0 0.1 0.2 0.3 0.4 

Volume/10− 4 m3  5.79  5.56  5.33  5.11  4.88 
Reduced ratio/%  0.0  3.9  7.8  11.8  15.6  

Fig. 7. ΔT as a function of Ec and qmax.  

Fig. 8. σt,max as a function of Ec and qmax.  
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direction and also increases with qmax for both the traditional and novel 
structure tubes. When qmax is in the range of 80–220 kW/m2, σt,max in-
creases from 114.1 MPa to 300 MPa for a traditional tube. When Ec is 
0.4, σt,max decreases significantly by 33.3–81.9 MPa (approximately 
27.3–29.2%) compared to a traditional tube under all the simulated 
working conditions. 

Fig. 9 shows that the variation of the maximum cross-sectional 
equivalent stress (σeq,max) is similar to σt,max under high qmax. Whereas 
qmax is as low as 80 kW/m2, σeq,max of the novel structure is greater than 
that of the traditional tube because when qmax is low, the thermal stress 
decreases. Thus, mechanical stress dominates which increases with Ec, 
indicating that the novel structure is very effective in optimizing stress 
for high qmax working conditions. 

Fig. 10 shows the influence of the heat flux and Ec on the maximum 
temperature of cooling wall tube. Tmax increases with qmax for both the 
traditional and proposed tube as more heat is absorbed. In contrast, Tmax 
decreases with the increase of Ec. In addition, Tmax is significantly 
reduced by the proposed tube structure for all heat flux conditions. Tmax 
decreases by 13–36 K when Ec increases from 0 to 0.4 under all the 
simulated working conditions. Therefore, a larger Ec does not only result 
in superior optimization in terms of σt,max, but also reduces Tmax of the 
tube. This increases the maximum allowable stress (σas) and decreases 

δm, thereby further expanding the range of Ec in industrial design. 

3.2.2. Effects of the mass flux 
Fig. 11 illustrates the relationship between ΔT of the tube and the 

mass flux of the sCO2 under typical working conditions, e.g., the sCO2 
inlet temperature of 773.15 K, qmax of 150 kW/m2, and sCO2 working 
pressure of 25 MPa. 

Furthermore, ΔT decreases with increasing mass flux, whereas the 
decreasing trend gradually slows down. When the mass flux ranges from 
1500 to 2000 kg/(m2s), the maximum ΔT is reduced by approximately 
8.6%. However, the maximum ΔT is only reduced by approximately 
3.8% when the mass flux ranges from 2500 to 3000 kg/(m2s) for the 
traditional tube. When Ec is 0.4, ΔT decreases significantly by approxi-
mately 24 K (~26–32%) compared to the traditional tube under all 
simulated conditions. The proposed tube shows excellent optimization 
in terms of the reduction of ΔT, which increases with the mass flux. 

Fig. 12 shows the influence of Ec and G on Tmax. Tmax decreases with 
an increase in the mass flux, and the decreasing trend gradually slows 
down. Tmax is reduced by the proposed tube structure and decreases by 
24 K (~2.8%) for the different mass fluxes when Ec increases from 0 to 
0.4. The results indicate that the optimization effect of the proposed tube 
is applicable to different mass flux conditions and is not affected by the 
mass flux. 

Fig. 9. σeq,max as a function of Ec and qmax.  

Fig. 10. Tmax as a function of Ec and qmax.  

Fig. 11. ΔT as a function of Ec and G.  

Fig. 12. Tmax as a function of Ec and G.  
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3.2.3. Effects of working pressure 
Fig. 13 shows ΔT~i curves with P and Ec when the sCO2 inlet mass 

flux, qmax, and inlet temperature are 2000 kg/(m2s), 150 kW/m2, and 
773 K, respectively. ΔT increases along the flow direction, and the 
increasing trend gradually slows down. The temperature change is 
similar for the different pressures. This may be because λ of sCO2 is only 
slightly affected by P. The maximum ΔT can reach 90 K when Ec is 0. 
Moreover, ΔT is significantly reduced by the proposed tube structure at 
all pressures and decreases by 24.3 K (~28%) when Ec increases from 
0 to 0.4. 

Fig. 14 shows the influence of P and Ec on the Tmax of the cooling wall 
tube. P has a small effect on Tmax, which is significantly reduced by the 
proposed tube structure at all pressures. Tmax is reduced by approxi-
mately 24.8 K when Ec increases from 0 to 0.4. This indicates that the 
optimization effect of the proposed tube on Tmax is applicable to 
different pressure conditions and the optimization effect is not affected 
by the working pressure. When the working pressure is low, δm can be 
decreased further. Thus, σt and Tmax can be reduced further. 

3.2.4. Effects of the tube length 
Figs. 15 and 16 illustrate the effects of Ec and L on the cooling wall 

tube performance under typical working conditions, e.g., the sCO2 inlet 
mass flux of 2000 kg/(m2s), working pressure of 25 MPa, and sCO2 inlet 

temperature of 773.15 K. 
Fig. 15 shows the variation of the maximum cross-sectional tem-

perature difference (ΔTmax) for different Ec and tube lengths. ΔTmax 
increases with L, however, the increasing trend gradually slows down. 
This may be attributed to the poor heat transfer between sCO2 and the 
tube wall because the sCO2 temperature increases with L. When L is in 
the range of 0.5–2.5 m, ΔTmax is increased by 5.6 K (7%). Moreover, 
ΔTmax is significantly reduced by the proposed tube structure for all tube 
length conditions and is reduced by approximately 24 K (~27%) when 
Ec increases from 0 to 0.4. Fig. 15 shows that variations of σt,max are 
similar to those of ΔTmax. σt,max is reduced by approximately 58 MPa 
(~27%) when Ec increases from 0 to 0.4. 

Fig. 16 shows the effect of Ec and L on Tmax. It is observed that Tmax 
increases with the tube length. Tmax increases by approximately 20 K 
when L changes from 0.5 m to 2.5 m and is reduced when Ec increases. 
The reduction in Tmax is similar for different tube lengths. Tmax decreases 
by approximately 25 K when Ec increases from 0 to 0.4. This implies that 
the optimization effect of the proposed tube on Tmax is applicable to 
various tube length conditions, and the optimization is not affected by 
the tube length. The reduction of Tmax plays a crucial role in extending 
the service life of the cooling wall tube and improving operational 
safety. 

Fig. 14. Variations of Tmax with Ec and P.  

Fig. 15. Variations in ΔTmax and σt,max with Ec and L.  

Fig. 16. Tmax as a function of Ec and L.  

Fig. 13. Variations of ΔT with Ec and P.  
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4. Sensitivity analysis 

Sensitivity analysis of the parameters is critical in the design of the 
cooling wall. The following approach uses the one-at-a-time method, 
which is one of the most common sensitivity methods [26]. In the 
reference case, the parameters were Pref = 25 MPa, Gref = 2000 kg/ 
(m2s), Lref = 1 m, and qmax,ref = 150 kW/m2. The maximum temperature 
difference calculated under this working condition is used as the refer-
ence value (ΔTmax,ref). Each parameter was varied one-at-a-time, then 
calculate the maximum temperature difference ΔTmax under this work-
ing condition and divide it by the ΔTmax,ref to obtain the ratio ΔT*. When 
a parameter changes, its ratio to the corresponding parameter in the 
reference case is “*”, while other parameters remain unchanged. For 
example, when exploring the sensitivity of P, the magnitude of P changes 
and the ratio is P* = P/Pref. The calculation results for different working 
conditions are illustrated in Fig. 17. 

The variation of the proposed and traditional tubes is similar. When 
P* increases from 0.32 to 1.6 and ΔT* decreases from 1.01 to 0.99. When 
L* increases from 0.5 to 2, ΔT* increases from 0.97 to 1.03. When qmax* 
increases from 0.5 to 1.7, ΔT* increases from 0.5 to 1.71. While the 
influence of G on ΔT differs in the case of the proposed tube and the 
traditional tube, when G* increases from 0.5 to 2, ΔT* decreases from 
1.25 to 0.83 for the traditional tube and 1.35 to 0.77 for the proposed 
tube. Thus, the effect of mass flux on ΔT increases with Ec. Additionally, 
both P and G negatively influence ΔT, whereas L and qmax positively 
influence ΔT with qmax more significantly than the others, and G has a 
greater effect than L, and P has the least effect. 

5. Conclusions 

The thermal-fluid-structural characteristics of a sCO2 tube with high 
non-uniform heat flux were numerically investigated, and a novel 
structure tube was proposed to improve the comprehensive perfor-
mance. The thermal performance of the proposed tube in relation to key 
working parameters was discussed. The main conclusions are as follows.  

(1) The variation of the temperature, thermal stress, and tube volume 
with the Eccentricity was obtained. They all decrease with the 
increase of Eccentricity. The tube material can be conserved by 
approximately 15.6%, when the Eccentricity increases from 0 to 
0.4.  

(2) The maximum temperature and equivalent stress decreases with 
the mass flux and increase with the heat flux and tube length for 
both the traditional and the proposed tubes, whereas the working 

pressure has little effect on them. The novel structure is very 
effective in optimizing stress for high non-uniform heat flux 
working conditions.  

(3) A sensitive analysis revealed that the major influencing factor is 
heat flux, followed by mass flux, tube length, and working pres-
sure. When the Eccentricity is 0.4, the maximum temperature of 
the novel structure is reduced by 13–36 K; the maximum tem-
perature difference is reduced by 26–32%, and the maximum 
thermal stress is reduced by approximately 25–33% compared to 
the traditional structure under all the simulated working 
conditions. 

The results can serve as a fundamental reference for the design and 
optimization of the sCO2 tube under high non-uniform heat flux and 
promote the development of sCO2 power systems in industrial 
applications. 
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