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Abstract: A comparative study of supercritical heat transfer in a regeneratively cooled rocket engine 
was conducted using three-dimensional numerical simulations for two channel geometries: rectangular 
and square. Various constant heat fluxes, flow velocities, and operating pressures were imposed to 
study their effect on heat transfer, pressure losses, and the conditions under which heat transfer 
deterioration HTD occurs. The results show that a rectangular channel is more efficient in terms of 
heat transfer than a square channel, with a more pronounced difference at high heat fluxes and low 
velocities, these conditions, in fact, favored the occurrence of heat transfer deterioration, particularly 
in the square channel. Increasing the flow velocities to reduce the wall temperature and prevent thermal 
deterioration was accompanied by a significant increase in pressure losses, these pressure losses are 
greater in the rectangular channel, despite its advantages in terms of heat transfer. Operating pressure 
also plays an important role in heat transfer, increasing the pressure results in a decrease in wall 
temperature. 

Key Words: Regenerative cooling, Supercritical pressure Methane, Heat transfer deterioration, Liquid 
propellant rocket engines 

1. INTRODUCTION 

Regenerative cooling is an efficient and inevitable cooling technique for liquid-propellant 
rocket engines LPREs with high thrust and long burn duration [1]. This system uses the 
engine's own propellant, typically the fuel, as the coolant. It enters the cooling channels and, 
as it circulates, absorbs the heat released by the combustion process. It is then injected into the 
combustion chamber, where it is mixed with the oxidizer and burned. This cooling process 
helps to maintain the combustion chamber temperature at an optimal level. 

In the early days, with the engines of the V2 missile and other improved versions of the 
same engine, the double-wall configuration made of welded sheet metal was used. However, 
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as the engines went to higher thrust levels, this configuration quickly reached its limits and 
was abandoned. This was because the very thin walls were no longer able to withstand high 
pressures, while walls that were thick enough to resist buckling would have insufficient heat 
transfer. This led to the development of other types of construction, such as tubular design, 
which were widely adopted by several manufacturers. The tubes were brazed together by hand 
or in furnaces. However, more recently, as engines have become increasingly efficient and 
require even higher pressures, channel wall or sandwich wall designs have become the most 
common type of construction. In this type, the inner liner with channels form is brazed to the 
close-out wall [2]. Several studies have investigated the influence of the height-to-width aspect 
ratio of rectangular channel walls on the heat transfer efficiency in LPREs [3–6]. In the study 
of A. Ulas and E. Boysan [7] in particular, the researchers conducted numerical simulations 
and were able to determine that increasing the height-to-width aspect ratio improves heat 
transfer but also results in higher pressure losses. In addition, they found that with an optimal 
number of channels and a variation of the cross-section along the engine axis, it was possible 
to achieve acceptable wall temperatures while significantly reducing pressure losses. 

The objective of this research is to study the influence of constant heat fluxes, operation 
pressures and the inlet velocities on the heat transfer efficiency of two channels with the same 
surface area with different cross-sectional aspect ratios, a square (Sqr) and a rectangular (Rec) 
channel. Using methane as a coolant. Indeed, the use of liquid methane as a fuel for LPREs 
has recently attracted growing interest [8–10], given its many advantages compared to other 
propellants, making it a very good choice for the new generation of liquid-fueled rocket 
engines. Methane combines and presents a good balance of properties. Indeed, it offers good 
performance, with a high specific impulse, a high density and therefore small tanks to store it, 
a high boiling point, high coking limit, it can be synthesized on other planets, and it has good 
cooling capacity. 

In LPREs, methane is most often injected into the cooling channels at a pressure above 
its critical pressure. As it circulates through the channels, its temperature increases. However, 
it will not undergo a phase transition during its passage but at a certain temperature called 
pseudo-critical temperature, methane will change from a liquid-like to a gas-like state. This 
change of state is accompanied by a drastic increase in the specific heat of methane. While the 
density, thermal conductivity, and dynamic viscosity of methane decrease. The pressure also 
has an influence on the thermophysical properties of methane. As the pressure increases, the 
change in these properties becomes less pronounced. as shown in Fig. 1. Many research has 
been conducted on supercritical fluids to improve the design of air conditioning and 
refrigeration systems, steam boilers, nuclear reactors, and supercritical reactors [11–13]. These 
studies have shown that the ratio of heat flux to mass flux plays a critical role in heat transfer. 
In fact, at high values of this ratio, heat transfer can deteriorate due to phenomena such as 
laminarization of the flow near the heated wall and thermal stratification. In the region where 
the bulk temperature is below the pseudo-critical temperature and the near wall temperature is 
above this temperature, separation can occur between the hot fluid, close to the gaseous state, 
near the wall and the cold fluid, close to the liquid state, in the bulk. This separation can lead 
to a heat transfer deterioration HTD and a dangerous increase in wall temperatures. 

Younglove and Ely [14] studied the thermophysical properties of several fluids including 
methane at different supercritical pressures. Ya-Zhou Wang et al. [15] conducted numerical 
studies of turbulent convective heat transfer of cryogenic methane flowing inside a horizontal 
minitube under supercritical pressures for rocket propulsion applications. They concluded that 
higher operating pressures for methane can generally improve heat transfer, especially at high 
heat fluxes, and existing formulas such as Gnielinski's do not work well as they cannot handle 
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the drastic property changes at supercritical pressures of methane. They established a modified 
expression for supercritical heat transfer for better predictions, showing very good accuracy 
except when the pressure is below 8 MPa and the heat flux is greater than 7 MW/m². Bo Ruan 
and Hua Meng [16] studied supercritical turbulent heat transfer of methane in rectangular 
combustion chambers. They found in their three-dimensional numerical analysis that HTD 
occurs at low pressure and/or high wall heat flux. They also showed that a shallow cooling 
channel is effective for supercritical heat transfer, but it suffers a significant pressure loss. 
They also showed that Bishop's heat transfer equation [17] is applicable to supercritical 
cryogenic methane. Hungfang Gu et al. [18] studied supercritical heat transfer of methane in 
a horizontal miniature tube and proposed a new correlation based on the probability density 
function (PDF) for supercritical cryogenic methane that works well with over 85% of the 
experimental data. Pizzarelli and Battista [19] reviewed and assessed experimental studies on 
heat transfer in thrust chambers using methane and oxygen as propellants. 

 
Fig. 1 - Specific heat (a) and density (b), of Methane at different supercritical pressures 

2. MODELLING AND SIMULATION 
The objective of this research is to study the influence of constant heat flux, operation pressure, 
and methane inlet velocity on forced convection heat transfer on two channels with different 
passage geometries. The material used in this study is copper alloy, with a width and height of 
14 mm and 6 mm respectively, contains in its interior either a rectangular (Rec) or the square 
(Sqr) shape passage, i.e. different aspect ratio, both have a surface area 𝐴𝐴 of 16 mm² (8x2 and 
4x4 mm as height and width respectively for rectangular and square shape). The length of the 
two channels L of 300 mm typically equivalent to a combustion chamber length, heated on its 
bottom surface, as shown in Fig. 2. The internal wall thickness is 1 mm for both channels to 
ensure good heat transfer. Two 150 mm long fluid flow sections were added to allow for a 
fully developed flow at the inlet and to avoid the effect of the boundary condition at the outlet. 
Due to symmetry, only half of the channel along the 𝑧𝑧-plane is used in the numerical 
calculation. 

The inlet temperature of the channels Ti is 120 K. Numerous simulations with different 
constant heat fluxes (asymmetric heating on the bottom surface of the material) and inlet 
velocities to study their effect on heat transfer have been carried out as follows: q"  of 2, 3.5 
and 5 MW/m², and inlet velocities 𝑢𝑢∞ of 5, 10 and 15 m/s. Also, to study the effect of operation 
pressure, with the inlet velocity of 𝑢𝑢∞ = 15 m/s, three outlet pressures Pe were simulated: 6, 9 
and 12 MPa with the different heat fluxes mentioned above. The properties of methane are 
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taken from the NIST database [20]. The variation of the thermal conductivity k of copper is 
taken from Simon et al. [21], integrated as Piecewise function. 

For this three-dimensional numerical study, the ANSYS-Fluent 18.1 software was used. 
The fluid flow and heat transfer in the cooling channel were assumed to be stationary and 
turbulent. Tetrahedral elements were applied to the entire domain (solid and fluid). The 
resolution of the boundary layer near the walls was optimized using the Inflation in the 
meshing option. The k-ɛ turbulent model with an enhanced wall treatment was applied to 
accurately capture the strong temperature gradient, especially in the near-wall region. The 
continuity, momentum, and energy equations in the 𝑥𝑥, 𝑦𝑦 et 𝑧𝑧 directions describing the flow, 
and transport equations [22–24], are expressed below. 

 

Fig. 2 -  Schematic view of the solution domain 
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with 
𝐶𝐶1ε = 1.44,               𝐶𝐶2 = 1.9,              σk = 1.0,          and σε = 1.2  

Note: 
In Continuity, Momentum and Energy equations, ρ is the density of fluid and 𝑢𝑢𝑖𝑖 and 𝑢𝑢𝑗𝑗 

are the velocity component in the 𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 coordinates. 𝑢𝑢𝑗𝑗 is the velocity component in the 
𝑥𝑥, 𝑦𝑦 and 𝑧𝑧 coordinates. μ is the viscosity and 𝑢𝑢′ the velocity component fluctuation, therefore 
ρ𝑢𝑢′𝚤𝚤𝑢𝑢′𝚥𝚥��������� is the turbulent stress. 𝑡𝑡 is the time, and 𝑃𝑃 is the pressure. 𝑇𝑇 is the temperature, 𝐶𝐶𝑝𝑝 is 
the specific heat, and 𝑘𝑘 is the thermal conductivity. 

In transport equations, 𝐺𝐺𝑘𝑘  represents the generation of turbulence kinetic energy due to 
the mean velocity gradients, 𝐺𝐺𝑏𝑏 is the generation of turbulence kinetic energy due to buoyancy, 
𝑌𝑌𝑀𝑀 represents the contribution of the fluctuating dilatation in compressible turbulence to the 
overall dissipation rate, 𝐶𝐶2 and 𝐶𝐶1ε  are constants. 𝜎𝜎k  and 𝜎𝜎ε  are the turbulent Prandtl 
numbers for 𝑘𝑘 and 𝜀𝜀, respectively. 𝑆𝑆𝑘𝑘   and 𝑆𝑆𝜀𝜀 are user-defined source terms. 

In turbulent viscosity, Ωıȷ���� is the mean rate of rotation tensor viewed in a rotating reference 
frame with the angular velocity ω𝑘𝑘. 

3. VALIDATION OF THE SOLVER 
The model validation was performed using the numerical studies of turbulent convection heat 
transfer of cryogenic methane flowing inside a horizontal mini-tube of a rocket engine under 
supercritical pressures by Ya-Zhou Wang et al. [15]. 

Their channel has a diameter of 2 mm and a length L = 300 mm, exposed to a constant 
heat flux, and also as for our study, includes two non-heated sections of 150 mm each at the 
inlet and outlet of the channel to obtain a fully developed flow field at the beginning and avoid 
the effects of the boundary conditions at the outlet. The boundary conditions used for this 
validation are as follows: Ti = 120 K, 𝑢𝑢∞= 25 m/s, and q" = 3 MW/m². 

Fig. 3 presents the results obtained from this validation, compared to the study by Ya-
Zhou Wang et al. 

The two graphs show good agreement between the two numerical simulations, with a 
maximum difference of 1.2% with the bulk temperature 𝑇𝑇𝑏𝑏 and 1.8% with the wall temperature 
𝑇𝑇𝑤𝑤. 
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Fig. 3 - Variations along the engine 𝑥𝑥-axis in the wall temperature (a), and the fluid bulk temperature (b) 

4. GRID CONVERGENCE 
To obtain mesh-independent solutions, we studied the variation of the maximum bottom wall 
temperature 𝑇𝑇𝑤𝑤𝑤𝑤, as a function of several grid element sizes, to find the size where 
𝑇𝑇𝑤𝑤𝑤𝑤 converged, minimizing calculation time without sacrificing accuracy. 

As shown in Fig. 4 and Table 1, we found that the solution converged with a grid element 
size of 4 × 10^-04 m, which corresponds to a number of elements of 1.83E+06. This element 
size was therefore chosen for the rest of the simulations. 

Note: This study was conducted for the square channel, with an inlet velocity 𝑢𝑢∞= 15 m/s, 
a constant heat flux q" = 2 MW/m², and an outlet pressure Pe of 6 MPa. 

 

Fig. 4 - Convergence of the maximum wall temperature 

Table 1 - Effect of grid element size on maximum wall temperature: 

Grid elements size (m) N° of elements Maximum 𝑻𝑻𝒘𝒘𝒘𝒘 (K) 𝑻𝑻𝒘𝒘𝒘𝒘 (%) 
0.0006 592751 318.23 - 
0.0005 963900 229.89 27.76 
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0.0004 1826176 208.82 9.17 
0.0003 3587840 205.61 1.54 

5. RESULTS AND DISCUSSIONS 
5.1 Difference between heat transfer in a rectangular and square channel 

In the first part of the study, we explored the impact of varying heat flux and inlet velocity on 
heat transfer in both rectangular and square channels while maintaining a constant operating 
pressure Pe at 9 MPa. 

Our findings, presented in Table 2 and Fig. 7, revealed a better heat transfer performance 
in a rectangular channel which has a higher aspect ratio. 

This difference is more pronounced with high heat fluxes and low velocities, and less 
noticeable with low heat fluxes and high velocities. 

An example of this difference is illustrated in Fig. 5, which shows the temperature 
distribution at different positions along the 𝑥𝑥-axis of each channel for a constant heat flux q" 
of 5 MW/m² and an inlet velocity 𝑢𝑢∞ of 5 m/s. 

In fact, with a heat flux q" of 5 MW/m² and an inlet velocity 𝑢𝑢∞ of 5 m/s, the difference 
in wall temperature facing the heat flux 𝑇𝑇𝑤𝑤𝑤𝑤 (bottom surface) between the two channels 
reaches more than 35.2%, and more than 40.1% in the adiabatic wall 𝑇𝑇𝑤𝑤𝑤𝑤 (upper surface).  

This difference in heat transfer between the two channels, especially with high velocities, 
is due to the fact that a rectangular channel tends to favor a more turbulent flow.  

his type of flow allows the coolant to mix more effectively, thereby improving heat 
transfer. Fig. 6 shows the difference in turbulent kinetic energy between the two channels at 
𝑢𝑢∞= 5 m/s with a heat flux q" = 5 MW/m². 

It is noted that the turbulent kinetic energy is higher in the rectangular channel, especially 
near the fluid-wall contact surface, with a maximum value of 6.54 m²/s² for the rectangular 
channel and only 2.83 m²/s² for the square channel. 

 

Fig. 5 - Temperature distribution along the 𝑥𝑥-axis of each channel for a constant heat flux q" of 5 MW/m² and an 
inlet velocity 𝑢𝑢∞ of 5 m/s, at the operating outlet pressure Pe of 9 MPa 
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Fig. 6 - Turbulent kinetic energy distribution for the square and the rectangular channels at the outlet, for q" = 5 
MW/m² and an inlet velocity 𝑢𝑢∞ = 5 m/s, at the operating outlet pressure Pe = 9 MPa 

5.2 Thermal deterioration 

Fig. 7 shows the evolution of the wall temperature 𝑇𝑇𝑤𝑤  and bulk temperature 𝑇𝑇𝑏𝑏 as a function 
of position along the 𝑥𝑥-axis for different constant heat fluxes and velocities at an operating 
pressure Pe of 9 MPa. 

At low velocity (𝑢𝑢∞ = 5 m/s) and high heat flux (q" = 5 MW/m²), it is observed that the 
wall temperature 𝑇𝑇𝑤𝑤 of the square channel increases drastically from the position 0.05 m along 
the 𝑥𝑥-axis, reaching a value of 3.6 times the pseudocritical temperature (Tpc = 214 K) at the 
outlet of the channel. 

This increase is consistent with previous research on the conditions for the appearance of 
the thermal deterioration, which occurs when the fluid temperature near the wall is higher than 
the pseudocritical temperature, while the bulk temperature defined below is lower. 

The bulk temperature is defined by the following relation: 

𝑇𝑇𝑏𝑏 =  
∫ ρ 𝑢𝑢 𝐶𝐶𝑝𝑝𝐴𝐴  𝑇𝑇 𝑑𝑑𝑑𝑑
∫ ρ 𝑢𝑢 𝐶𝐶𝑝𝑝𝐴𝐴  𝑑𝑑𝑑𝑑

 
 

(7) 

Note that the bulk temperature is almost identical for the rectangular and square channels 
for a given constant heat flux and inlet velocity. 

It increases with increasing heat flux, but it always remains below the pseudocritical 
temperature. 

The same figure (Fig. 7), shows that this drastic increase in temperature is not observed 
with the rectangular channel under the same conditions. 

This again indicates that the rectangular channel is more efficient for supercritical heat 
transfer and delays the onset of thermal deterioration. 
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Fig. 7 - At operating pressure Pe at 9 MPa: (a), (b) and (c) Variations of wall temperature 𝑇𝑇𝑤𝑤. (d), (e) and (f) 
Variations of the bulk temperature 𝑇𝑇𝑏𝑏. at different heat fluxes, with: (a and d) at 𝑢𝑢∞ = 5 m/s, (b and e) at 𝑢𝑢∞ = 10 

m/s and (c and f) at 𝑢𝑢∞ = 15 m/s. 
5.3 Pressure losses 

The first observation as shown in Table 2 is that by increasing the fluid velocity in channels, 
the heat transfer efficiency is improved, the temperatures decrease, and the absence of signs 
of thermal degradation is noted. 

However, this increase in velocity also leads to an increase in pressure losses. As an 
example, for an operating pressure Pe = 9 MPa and a heat flux q" = 5 MW/m², an increase in 
inlet velocity from 5 m/s to 15 m/s leads to an increase of 450% in pressure losses in a 
rectangular channel. The second observation is that pressure losses are higher in a rectangular 
channel than in a square channel. 

Indeed, for the same conditions as previously, i.e. operating pressure Pe = 9 MPa and a 
heat flux of q" = 5 MW/m², there is an increase of 37.5% in pressure losses between the square 
channel and the rectangular channel for an inlet velocity 𝑢𝑢∞ = 15 m/s. 
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It is worth noting that pressure losses can be more significant with other channel sizes, 
other boundary conditions, and when taking into account the convergent-divergent shape of 
the nozzle and its length. 

Table 2 -  Maximum wall temperature 𝑇𝑇𝑤𝑤𝑤𝑤 and 𝑇𝑇𝑤𝑤𝑤𝑤, and pressure losses at different constant heat fluxes, inlet 
velocities and operating pressures: 

 
Boundary conditions 

q" = 2 MW/m² q" = 3.5 MW/m² q" = 5 MW/m² 

(Sqr) (Rec) (Sqr) (Rec) (Sqr) (Rec) 

 
 
Pe = 9MPa 
𝒖𝒖∞= 5 m/s                     

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 302.98 252.09 559.34 431.53 776.41 574.35 

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 255.16 213.32 485.13 363.35 661.25 471.88 

ΔP (MPa) : 0.005 0.011 0.007 0.012 0.010 0.012 

 
 
Pe = 9MPa 
𝒖𝒖∞= 10 m/s                      

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 239.70 213.54 339.37 293.58 465.56 371.96 

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 195.46 175.94 262.83 227.18 355.34 277.65 

ΔP (MPa) : 0.021 0.029 0.022 0.029 0.024 0.031 

 
 
Pe = 9MPa 
𝒖𝒖∞= 15 m/s                      

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 203.61 187.91 282.69 244.14 370.30 312.90 

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 163.46 152.40 207.26 179.57 265.32 218.43 

ΔP (MPa) : 0.045 0.060 0.047 0.065 0.048 0.066 

 
 
Pe = 6MPa 
𝒖𝒖∞= 15 m/s 

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 208.82 193.88 288.59 256.36 374.83 318.87 

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 167.64 157.46 215.14 191.60 265.47 228.83 

ΔP (MPa) : 0.042 0.055 0.046 0.055 0.047 0.063 

 
 
Pe = 12MPa 
𝒖𝒖∞= 15 m/s 

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 201.92 187.92 272.04 238.28 356.88 304.68 

𝑇𝑇𝑤𝑤𝑤𝑤 Max (K) : 162.45 152.86 198.51 175.36 250.50 210.12 

ΔP (MPa) : 0.045 0.059 0.049 0.066 0.050 0.067 

5.4 Effect of operating pressure 

In this part of the study, we fixed the inlet velocity 𝑢𝑢∞ at 15 m/s and studied the effect of 
operating pressure on heat transfer, at Pe = 6, 9  and 12 MPa, for the same constant heat fluxes 
as before. The results of the impact of the change of the operating pressure on the maximum 
wall temperatures 𝑇𝑇𝑤𝑤𝑤𝑤 is also shown in Table 2. 

We found that operating pressure plays a role in heat transfer. Indeed, we noticed that wall 
temperatures decrease with increasing pressure. 

For example, for the square channel with a heat flux q" of 5 MW/m², the temperature 
decreases by 5% between an operating pressure Pe of 6 MPa and 12 MPa. 

This observation is consistent with previous research on this topic, and in some of these 
studies the effect of operating pressure was more significant on heat transfer, such as the study 
by Bo Ruan and Hua Meng [16]. 
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6. CONCLUSIONS 
This paper presents a comparative study of supercritical heat transfer in a regeneratively cooled 
rocket engine, using three-dimensional numerical simulations for two channel geometries: 
rectangular and square. The following conclusions could be drawn: 

• A rectangular channel is more efficient in terms of heat transfer than a square channel 
with its high aspect ratio, with a more pronounced difference at high heat fluxes and low 
velocities. 

• Thermal degradation also occurs with high heat fluxes and low velocities, when the 
methane temperature near the wall is higher than the pseudocritical temperature, while the 
bulk temperature is lower. 

• The rectangular channel delays the onset of thermal deterioration, but despite these 
advantages in terms of heat transfer efficiency and the advantage of having low wall 
temperatures compared to the square channel, it has higher pressure losses than the square 
channel. 

Therefore, for applications requiring high heat flux, high inlet velocities are preferable as 
well as a rectangular channel with a high aspect ratio. However, it is important to consider the 
associated additional pressure losses. 

• Operating pressure also plays a role in improving heat transfer, so as it increases, the 
maximum wall temperatures decrease. 
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