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Abstract 
  

This study investigates the heat transfer performance of supercritical methane in regenerative cooling channels for liquid-
propellant rocket engines. The research focuses on comparing two channel geometries: circular and square, under varying 
heat fluxes and inlet velocities, as well as examining the effect of channel surface area on heat transfer and pressure losses. 
Results indicate that the square channel outperforms the circular channel in heat transfer efficiency, particularly at high 
heat fluxes and low velocities. The phenomenon of heat transfer deterioration, observed in the circular channel at low 
velocities and high heat fluxes, is eliminated in the square channel, highlighting its superior thermal performance. However, 
the square channel incurs higher pressure losses. Finally, increasing the channel surface area significantly enhances heat 
transfer, mitigates heat transfer deterioration, and reduces pressure losses. These findings highlight the critical role of 
optimizing channel geometry, surface area, and flow parameters to enhance regenerative cooling systems' performance. 
 
Keywords: Regenerative cooling, Supercritical methane, Square and circular channels, Liquid-propellant rocket engines,s Heat transfer 
deterioration. 
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1. Introduction  
 
There are three types of chemical rocket engines: liquid 
propellant, solid propellant, and hybrid. The distinction 
between these types is primarily based on the physical state 
of the propellant pair, i.e., the oxidizer and the fuel. Among 
these three categories, liquid propulsion stands out due to its 
numerous advantages, including high specific impulse and the 
ability to modulate thrust. These characteristics make it a 
preferred choice for space launch vehicles and long-range or 
intercontinental ballistic missiles. 
 In recent years, significant research efforts have been 
dedicated to developing next-generation rocket engines. 
These studies focus on various aspects such as design, 
manufacturing, ignition, combustion, and more [1-7]. Due to 
the extremely high temperatures generated by combustion 
gases, rocket engines require efficient cooling systems. 
Consequently, many recent studies have explored innovative 
cooling methods to further improve their efficiency [8-15]. 
 Each type of propulsion has its own cooling system. As 
illustrated in Fig. 1, regenerative cooling is indispensable for 
applications requiring high pressures, forces, and long 
combustion durations. This cooling method is particularly 
well-suited to liquid propulsion [16, 17]. 
 The principle of regenerative cooling involves 
surrounding the engine with a series of channels through 
which the fuel typically flows before being injected into the 
combustion chamber. This fuel absorbs part of the heat, 
helping to maintain the engine’s temperature within 
acceptable limits. 
  The choice of fuel for liquid-propellant rocket engines 
also depends on several criteria, such as its density, cost, the 

ability to be synthesized on other planets like Mars etc. Over 
the past decade, methane has emerged as a promising 
candidate for next-generation rocket engines. It offers an 
excellent balance between density, cost, and thermophysical 
properties, presenting a good compromise of advantages 
compared to kerosene and hydrogen in several areas [18, 19]. 
 

 
Fig. 1. Regimes for using different cooling techniques [16]. 
 
  
 In regenerative cooling systems, methane enters the 
cooling channels at a pressure above its critical pressure. As 
its temperature rises, it does not undergo a phase transition 
but reaches a so-called "pseudo-critical" temperature, where 
its thermophysical properties change significantly. Near this 
temperature, the specific heat reaches a maximum, while 
density, thermal conductivity, and viscosity decrease 
considerably. Moreover, high operating pressure reduces 
variations in these properties as shown in Fig. 2 which 
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presents NIST data depicting the variation of methane's 
specific heat and density across a range of supercritical 
pressures and temperatures [20]. 

 
Fig. 2. Specific heat (a) and density (b), of Methane at different 
temperatures supercritical pressures [20]. 
 
 This work aims to study the heat transfer of supercritical 
methane by comparing two types of channels: circular and 
square. The investigations focus on different boundary 
conditions, as well as the effect of channel surface 
modifications on heat transfer and pressure losses. 
 
 
2. Modelling and simulation 
 
The aim of our research is to study the influence of heat flux 
and methane inlet velocity on forced convection heat transfer 
by comparing two channel configurations: circular and 
square, both having a constant cross-sectional area of 9 mm². 
Each channel has a length of 300 mm, which is typically 
equivalent to the length of a combustion chamber, and is 
heated on its lower surface, as illustrated in Fig. 3. To ensure 
a fully developed flow at the inlet and to avoid boundary 
condition effects at the outlet, two fluid sections of 150 mm 
length were added to both ends of the channel. Due to 
symmetry, only half of the channel, along the z-plane, is 
modeled in the numerical calculations. 

 
Fig. 3. Solution domain. 
 
 To investigate the effect of cross-sectional area on heat 
transfer and pressure losses, we will compare not only the 
circular and square channels with a cross-sectional area of 9 
mm² but also other channels with areas of 4 mm² and 16 mm².  
 The material used for this research is a copper alloy, 
which is commonly employed in liquid-propellant rocket 
engines. The total channel height h is 14 mm, with a fixed 
inner wall thickness e of 1 mm. The width of the square 
channel is dimensioned so that the rib base 𝑡! is 1 mm, 
regardless of the channel’s cross-sectional area. 
 The boundary conditions shown in Table 1 include an 
inlet temperature 𝑇" of 120 K and an outlet pressure 𝑃# of 9 
MPa for all channels. To analyze the effect of heat flux and 
inlet velocity on heat transfer, the channels will be exposed to 
heat fluxes q" of 2, 4, and 6 MW/m² on their lower surface. 
The inlet velocities 𝑢$ considered are 10, 15, and 20 m/s.  
 For the study of the effect of cross-sectional area, only 
extreme conditions — the lowest inlet velocity (10 m/s) and 
the highest heat flux (6 MW/m²) — will be tested. 

The thermophysical properties of methane were extracted 
from the NIST database [20], while the variation of the 

thermal conductivity λ of copper follows the data from Simon 
et al [21]. 
 
Table 1. Boundary conditions. 

Plans Conditions 
GHKL 𝜕𝑇

𝜕𝑛 = 	0 
EFIJ 𝜕𝑇

𝜕𝑛 = 𝑞" 
CDOP 𝜕𝑇

𝜕𝑛 = 	0 
ABMN 𝜕𝑇

𝜕𝑛 = 	0 
EFGH 𝜕𝑇

𝜕𝑛 = 	0 
IJKL 𝜕𝑇

𝜕𝑛 = 	0 
ABCD Ti, 𝑢$ 
MNOP Pe 

FHJL, BDNP Plans de symétrie 
 
  

The 3D numerical simulations were carried out using 
ANSYS Fluent 18.1. The fluid flow and heat transfer within 
the cooling channels were assumed to be steady and turbulent. 
A tetrahedral mesh was applied to the entire domain (solid 
and fluid), with the boundary layer near the walls refined 
using the Inflation option in the meshing tool. The k−ε 
turbulence model with enhanced wall treatment was chosen 
for its ability to accurately capture steep temperature 
gradients near the walls while maintaining y+ ≤ 1 across all 
fluid-solid interfaces. This model is widely adopted in this 
type of study due to its balance between accuracy and 
computational efficiency, providing results that closely match 
reality compared to models like k-ω SST and RNG k-ε. 
Although the Reynolds Stress Model offers greater precision 
in certain cases, it demands significantly higher 
computational resources, time, and storage capacity, making 
the k−ε model a more practical choice. 
 
 
3. Grid convergence   
 
To ensure mesh-independent results and minimize 
computational time, a convergence study of the maximum 
heated wall temperature 𝑇!% versus heat flux for the circular 
channel with a heat flux of 6 MW/m² and an inlet velocity of 
10 m/s was conducted for various element sizes. 
 As shown in Fig. 4, it was observed that mesh 
convergence was achieved starting from an element size of 
4×10^-04m. This element size was therefore adopted for all 
subsequent simulations.  
 

 
Fig. 4. Convergence of the maximum heated wall temperature. 
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4. Model Validation 
 
The model validation was performed using the experimental 
study of Hongfang Gu et al. In their study, they investigated 
convective heat transfer from a horizontal miniature tube to 
methane at supercritical pressures under different pressures, 
mass velocities, and heat fluxes. They used a stainless-steel 
miniature circular tube with a heating length of 200 mm, a 
diameter of 2.6 mm, and a wall thickness of 0.5 mm. The 
outlet pressure was set to 10 MPa. For this validation, we 
fixed the heat flux q" at 6.5 MW/m² and the mass velocity at 
7000 kg/m²s, and we analyzed the evolution of the wall 
temperature tw relative to the pseudo-critical temperature, as 
a function of the bulk temperature tb relative to the pseudo-
critical temperature. The results obtained, presented in Fig. 5, 
show good agreement between the present study and the 
findings of Hongfang Gu et al.  
 
 
5. Results and Discussions 
 
5.1 Heat Transfer Difference Between Circular and 
Square Channels 
The comparison between the two channels shows that the 
square channel outperforms the circular channel in terms of 
heat transfer efficiency. This difference becomes increasingly 
apparent at higher heat fluxes and lower velocities. For 
example, at a velocity of 10 m/s and a heat flux of 6 MW/m², 
the heated wall temperature 𝑇!%  difference between the two 

channels reached approximately 165.4K, and approximately 
145.9K for the adiabatic wall temperature 𝑇!& which is very 
significant. This temperature difference can be attributed to 
the geometry of the two channels and the way temperature is 
distributed.  
 

 
Fig. 5. Comparison of the Present Study with Experimental Findings of 
Hongfang Gu et al. 
 
 However, the disadvantage of the square channel 
compared to the circular one is that it causes higher pressure 
losses because of its shape and especially its edges which 
generate more turbulence and therefore more pressure losses. 
These differences are clear regardless of the boundary 
conditions as shown in the accompanying tables 2, 3 and 4. 

 
Table 2. Maximum wall temperatures 𝑇!% and 𝑇!&, and pressure losses at an inlet velocity 𝑢$= 10m/s and different heat fluxes 
q". 

 2MW/m² 4MW/m² 6MW/m² 
 Square Circular Square Circular Square Circular 

Twg Max (K) 205.53 211.94 322.37 341.15 528.16 665.62 
Twa Max (K) 176.46 184.13 262.40 284.60 427.93 573.71 

dP (MPa) 0.033 0.028 0.029 0.027 0.037 0.035 
 

Table 3. Maximum wall temperatures 𝑇!% and 𝑇!&, and pressure losses at an inlet velocity 𝑢$= 15m/s and different heat fluxes 
q". 

 2MW/m² 4MW/m² 6MW/m² 
 Square Circular Square Circular Square Circular 

Twg Max (K) 183.45 187.81 262.64 274.70 354.72 375.11 
Twa Max (K) 155.94 161.28 204.91 220.01 266.36 291.21 

dP (MPa) 0.068 0.059 0.063 0.056 0.060 0.058 
 

Table 4. Maximum wall temperatures 𝑇!% and 𝑇!&, and pressure losses at an inlet velocity 𝑢$= 20m/s and different heat fluxes 
q". 

 2MW/m² 4MW/m² 6MW/m² 
 Square Circular Square Circular Square Circular 

Twg Max (K) 172.45 175.27 232.16 239.51 301.47 315.59 
Twa Max (K) 146.44 150.03 177.64 186.79 218.78 236.18 

dP (MPa) 0.1126 0.098 0.1104 0.099 0.1018 0.094 
 
 Another notable observation as shown in Fig. 6, is that at 
low velocities and high heat fluxes, the circular channel 
exhibits the phenomenon of heat transfer deterioration. This 
is characterized by a sudden wall temperature rise from 440.4 
K at 0.1 m from the inlet to 651.8 K at 0.25 m, indicating a 
drastic increase of 211.4 K over a mere 0.15 m. This 
phenomenon occurs when the wall temperature near the 
channel reaches the pseudo-critical temperature, while the 
bulk temperature remains lower, leading to a separation 
between these two regions, as shown in previous studies [10, 
14]. 

 In contrast, this heat transfer deterioration was not 
observed in the square channel. This emphasizes how the 
choice of channel geometry plays a critical role in 
determining the quality of heat transfer. 
 Increasing the inlet velocity to enhance heat transfer and 
eliminate the occurrence of heat transfer deterioration is a 
feasible solution. However, it is essential to account for the 
rise in pressure losses. For instance, a 241.2% increase in 
pressure losses was observed in the square channel for a heat 
flux of 2 MW/m² when the velocity increased from 10 to 20 
m/s. This increase is significant, especially considering that 
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we are only working with a channel size equivalent to that of 
a combustion chamber. This indicates that the losses would 
be even greater if the full geometry and length of a rocket 
engine nozzle were considered.  
 

 
Fig. 6. Liquid side wall temperatures 𝑇! at different positions. 
 
 
5.2 The Effect of Varying Channel Surface Area 
Fig. 7, Fig. 8 and table 5 show that increasing the channel's 
surface area significantly enhances heat transfer. For instance, 
in the circular channel, a reduction of 88.4 K in temperature 
was observed when increasing the surface area from 4 mm² to 
16 mm². Additionally, there is a notable attenuation of the 
heat transfer deterioration phenomenon as the surface area 
increases. This phenomenon, present in both channels with a 
surface area of 4 mm² and only in the circular channel with a 
surface area of 9 mm², was no longer observed with a surface 
area of 16 mm². 

 

 
Fig. 7. Liquid side wall temperatures 𝑇! at different positions for 
different channel surfaces. 
 

 
Fig. 8. Temperature contours of the two channels for different surfaces 
at the outlet. 
 

 
Table 5. Maximum wall temperatures 𝑇!% and 𝑇!&, and pressure losses at an inlet velocity 𝑢$= 10m/s and a heat fluxes q" = 
6MW/m². 

 4mm 9mm 16mm 
 Square Circular Square Circular Square Circular 

Twg Max (K) 644.23 711.28 528.16 665.62 490.53 595.99 
Twa Max (K) 581.98 652.74 427.93 573.71 345.01 462.04 
dP (MPa) 0.075 0.074 0.037 0.035 0.024 0.022 

 
 Moreover, the increase in surface area substantially 
reduced pressure losses. For example, in the case of the square 
channel, pressure losses decreased by 215.5% when the 
surface area increased from 4 mm² to 16 mm². 
 Therefore, the selection and sizing of the channel surface 
area have a significant impact on heat transfer quality and 
pressure losses. These parameters must be carefully analyzed 
and optimized during the design of cooling systems. 
 
 
6. Conclusion 
 
Through these three-dimensional numerical simulations on 
the heat transfer of supercritical methane in regenerative 
cooling channels for liquid propellant rocket engines, 
comparing the performance of two channel geometries 
(circular and square) at various heat fluxes and velocities, 
while also investigating the effect of channel surface size on 
heat transfer and pressure losses, the following conclusions 
can be drawn: 
 

• The square channel exhibits better heat transfer 
performance compared to the circular channel. This 
difference becomes increasingly noticeable at high heat 
fluxes and low velocities. However, the square channel 
also generates higher pressure losses compared to the 
circular channel, because of its shape and especially its 
edges which generate more turbulence and therefore more 
pressure losses. 

• The square channel eliminates the occurrence of the heat 
transfer deterioration phenomenon, which was observed 
in the circular channel at low velocities and high heat 
fluxes. This highlights a significant advantage of the 
square geometry compared to the circular one. 

• High thermal fluxes require high inlet velocities to ensure 
efficient heat transfer and prevent thermal deterioration. 
However, the associated increase in pressure losses must 
be carefully considered. 

• Increasing the channel surface area improves heat transfer, 
mitigates heat transfer deterioration, and even reduces 
pressure losses. 
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 In summary, this study demonstrates that supercritical 
heat transfer in regenerative cooling systems for liquid-
propellant rocket engines can be optimized by selecting 
appropriate channel geometry and size, and by adjusting flow 
parameters. 

 
This is an Open Access article distributed under the terms of 
the Creative Commons Attribution License.  
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