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Abstract: The thermal protection of rocket engines is a crucial aspect of rocket engine design. In this paper, the gas film/
regenerative composite cooling of the liquid oxygen/liquid methane (LOX/LCH4) rocket engine thrust chamber was investigated.
A gas film/regenerative composite cooling model was developed based on the Grisson gas film cooling efficiency formula and
the one-dimensional regenerative cooling model. The accuracy of the model was validated through experiments conducted on a
6 kg/s level gas film/regenerative composite cooling thrust chamber. Additionally, key parameters related to heat transfer
performance were calculated. The results demonstrate that the model is sufficiently accurate to be used as a preliminary design
tool. The temperature rise error of the coolant, when compared with the experimental results, was found to be less than 10%.
Although the pressure drop error is relatively large, the calculated results still provide valuable guidance for heat transfer
analysis. In addition, the performance of composite cooling is observed to be superior to regenerative cooling. Increasing the
gas film flow rate results in higher cooling efficiency and a lower gas-side wall temperature. Furthermore, the position at which
the gas film is introduced greatly impacts the cooling performance. The optimal introduction position for the gas film is
determined when the film is introduced from a single row of holes. This optimal introduction position results in a more uniform
wall temperature distribution and reduces the peak temperature. Lastly, it is observed that a double row of holes, when compared
to a single row of holes, enhances the cooling effect in the superposition area of the gas film and further lowers the gas-side wall
temperature. These results provide a basis for the design of gas film/regenerative composite cooling systems.

Key words: Liquid oxygen/liquid methane (LOX/LCH4) rocket engine; Gas film cooling; Regenerative cooling; Heat transfer
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1 Introduction large storage space, and easily achievable multiple igni-

tion and startup. Therefore, it has very broad applica-

In recent years, with the diversification and for-
malization of space missions, higher requirements have
been placed on rocket engines in terms of their low
cost, eco-friendliness, safety, and reliability. Liquid
oxygen and methane propellants have received much
attention for their ability to effectively lower launch
costs, reduce pollution, and improve reliability (Trejo
et al., 2016; Ruan et al., 2017; Zhang and Sun, 2020).
The combination of liquid oxygen and methane in pro-
pellants has many advantages, such as a high specific
impulse, good cooling performance, abundant resources,
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tion prospects in aerospace, especially in variable-thrust
liquid rocket engines (Hong et al., 2019; Perakis and
Haidn, 2020; Waxenegger-Wilfing et al., 2020).

The high-temperature and high-pressure gas of
the engine thrust chamber can easily cause damage to
the wall surface, so regenerative cooling is often used
in engineering to avoid melting of the thrust chamber
wall (Zhu and Liu, 2009; Gradl and Protz, 2020; Li
et al., 2022; Yu et al., 2022). However, in the process
of varying thrust, with the decrease of methane flow
under low working conditions, the cooling capacity is
greatly weakened and single regenerative cooling can
hardly meet the thermal protection requirements of the
engine (Zhang, 1984; Liang et al., 2021). The com-
posite cooling scheme with film cooling can further
improve the cooling capacity and significantly reduce
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the wall heat flow and temperature. It is of great sig-
nificance for the thermal protection of the engine thrust
chamber (Gao et al., 2018; Wan et al., 2020).

According to the state of the film, film/regenerative
composite cooling can be divided into gas film/
regenerative composite cooling and liquid film/
regenerative composite cooling. The wall tempera-
ture of the thrust chamber is usually high at the head
of the combustion chamber and the convergent section
of the nozzle. For the high-temperature area, single re-
generative cooling has difficulty in meeting the cool-
ing requirements, and film cooling needs to be intro-
duced as an auxiliary to enhance the cooling effect.

Liquid film/regenerative composite cooling is ad-
opted in liquid rocket engines, and involves injecting
liquid propellant onto the combustion chamber inner
wall to form a liquid film. The thermal protection of the
thrust chamber is achieved by using liquid film evapo-
ration and a dissipated gas film. Currently, liquid film/
regenerative composite cooling has been widely applied
to a series of liquid oxygen/kerosene engines. The
RD-170 and RD-171 engines, used in the “Energia”
launch vehicle of the former Soviet Union, employ a
liquid film/regenerative composite cooling scheme to
maintain a wall temperature below 773 K. The YF-100
is a liquid oxygen/kerosene engine developed in China
which also adopts liquid film/regenerative compos-
ite cooling (Sun and Zhang, 2016). Researchers have
also conducted extensive research on liquid film/
regenerative composite cooling. Zhang et al. (2007)
conducted numerical simulations to investigate liquid
film/regenerative composite cooling and successfully
calculated the coupled heat transfer between the high-
temperature gas, liquid film, wall surface, and regenera-
tive coolant. Sun et al. (2013) solved the Navier-Stokes
(N-S) equation in the liquid/gas film region and the
regenerative coolant region, calculating the results
under each flow field parameter. Yang and Sun (2013)
derived the calculation method of liquid film length
and thickness through consideration of evaporation,
entrainment, convection, heat conduction, radiation,
and other factors, and analyzed the influence of liquid
film flow on heat transfer characteristics.

Gas film cooling is a method used to protect the
downstream high-temperature regions by introducing
gas from disscrete holes or slots on the wall (Metzger
et al., 1968; Goldstein, 1971). Gas film cooling can not
only achieve active wall cooling, but it also reduces

drag and blows away the boundary layer (Cary and
Hefner, 1972). Gas film cooling was initially used for
de-icing of aircraft wings and was later applied to the
cooling of gas turbine blades. It was also used for
wall cooling in the nozzle divergent section of rocket
engines (Keller and Kloker, 2017). The F-1 engine of
the US “Saturn V” launch vehicle used radial holes to
inject turbine exhaust gas (at about 673 K) for gas
film cooling (Sun and Zhang, 2016). However, gas film/
regenerative composite cooling technology is currently
mainly used to cool the combustion chamber wall of
scramjet engines. Research now mainly focuses on gas
film flow characteristics and heat transfer characteristics.

Goldstein et al. (1966) initiated research on super-
sonic film cooling. They conducted experiments in a
continuous wind tunnel under Mach number Ma=3 con-
ditions to investigate various film cooling techniques.
The results demonstrated that supersonic film cooling
provides superior cooling efficiency compared with
subsonic film cooling. Lushchik and Yakubenko (2001)
predicted, based on a numerical simulation, the cool-
ing effectiveness and friction coefficient distribution in
engine nozzle film cooling. Using numerical simula-
tion, Yang et al. (2003, 2005) conducted studies on
the cooling mechanism of gas film under laminar and
turbulent conditions. They also established models for
gas film cooling in laminar and turbulent boundary
layers. Heufer and Olivier (2006) and Keller et al.
(2015) conducted research on film cooling under super-
sonic conditions based on both experiment and simu-
lation. The results demonstrated that the effectiveness
of film cooling is greatly influenced by the density,
specific heat, and other physical properties of the film
coolant. Konopka et al. (2012) conducted a study on
the interaction between shock waves and supersonic
film using the large-eddy simulation (LES) method.
The research results indicated that, when shock waves
act on the boundary layer, the resulting flow separa-
tion region is relatively small and the impact on film
cooling is also minimal. Howard and Srokowski (1977)
investigated the effects of the jet slot on cooling and
drag reduction under Ma=6 through experimental re-
search. The results showed that the more the jet slots
and the longer the gas film, the better the cooling effect.
However, a single slot had the best drag reduction effect.
Keller and Kloker (2017) conducted a study on the
impact of the film coolant’s physical properties and the
boundary layer state on the heat transfer characteristics



of film cooling based on the direct numerical simula-
tion (DNS) method. The film cooling was achieved
by injecting coolant through a 90° inclined slot in
a direction perpendicular to the main flow. Peng and
Jiang (2009) and Peng et al. (2017) analyzed the influ-
ence of flow parameters and structural parameters
on the efficiency of film cooling based on numerical
simulation.

Much research has also been conducted on the
heat transfer characteristics of film cooling. Dannen-
berg (1962) conducted experimental research on super-
sonic film cooling with a mainstream Mach number
of 10. The results indicated that supersonic film cool-
ing exhibits a favorable cooling effect. Kanda et al.
(1994) established a gas film cooling model based on
the experimental results of a compressible mixed layer
and the analytical results of a turbulent boundary layer.
These were combined with a quasi-one-dimensional
regenerative cooling model of the scramjet to establish
a one-dimensional gas film/regenerative composite
cooling model. Takita and Masuya (2000) performed
a numerical simulation study on hydrogen film cool-
ing, considering the chemical reaction between hydro-
gen and oxygen. The results indicated that the impact
of the chemical reaction on film cooling was minimal
and was mainly attributed to a significant separation
distance between the flame generated by film combus-
tion and the wall, as well as to the relatively low heat
release from the flame. Heufer and Olivier (2006) con-
ducted a comprehensive investigation on the trans-
verse film cooling of wedge-shaped bodies in hyper-
sonic mainstream flows using a combination of exper-
imental and numerical simulation approaches. The re-
sults demonstrated that film cooling in hypersonic flows
significantly mitigates the thermal load on the body,
thus making it a highly effective thermal protection
technique. Zhang SL et al. (2016) proposed a gas film/
regenerative composite cooling scheme for multi-effect
utilization of hydrocarbon fuel cooling capacity and
preliminarily verified its feasibility through experiments.
Zuo et al. (2018) developed a quasi-one-dimensional
model for gas film/regenerative composite cooling of
scramjet engines; experimental validation was con-
ducted to ensure its accuracy. Based on this model, a
further simulation study was performed to investigate
the influence of cooling parameters on the cooling
performance.

In the liquid oxygen/methane expander cycle en-
gine, liquid methane typically undergoes a phase change
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to gas after passing through the regenerative cooling
channel (RCC). Thus, the combination of gas film
cooling and regenerative cooling can be employed to
further enhance the thermal protection capability of
the thrust chamber (Song et al., 2021). Although there
have been some studies on gas film/regenerative com-
posite cooling, most studies are based on scramjet
engines. Few focus on the heat transfer characteristics
and influencing factors of the gas film/regenerative
composite cooling of liquid oxygen/liquid methane
(LOX/LCH4) engines, which need further exploration.

The electric expander cycle liquid rocket engine
(EEC) is a new type of liquid oxygen/methane variable-
thrust rocket engine in its early stages (Liang et al.,
2021). As shown in Fig. 1, the EEC combines the ex-
pansion cycle engine with the electric pump cycle en-
gine. Liquid methane is pressurized by the electric
pump, flows through the regenerative cooling channel
in the thrust chamber, absorbs heat, and undergoes
phase change. The gaseous coolant drives the turbine
to produce power and then the turbine drives the cen-
trifugal pump to pressurize the liquid oxygen.

This study aims to explore the flow heat transfer
characteristics of the gas film/regenerative composite
cooling of LOX/LCH4 engines to reveal the influence
of cooling system parameters on cooling performance
and thereby improve the composite cooling efficiency.
Based on LOX/LCH4 electric expander cycle engines,
a one-dimensional heat transfer calculation model of
gas film/regenerative composite cooling is established.
The model is verified by comparing the calculated re-
sults with the hot test results of the LOX/LCH4 en-
gine. In addition, the influence law of the gas film flow
ratio and introduction position on the cooling charac-
teristics is analyzed. The research results can provide
a reference for the design of a gas film/regenerative
composite cooling scheme of liquid rocket engine.

2 Input parameters and calculation model
2.1 Physical model

Table 1 illustrates the technical metrics of the
thrust chamber. The propellant combination selected
is LOX/LCH4, and the cooling scheme adopts a gas
film/regenerative composite cooling with methane as
the coolant. The design pressure (p,,..) of the combus-
tion chamber under 100% rated power level (RPL) is
3 MPa, the mixing ratio (MR) is 3.2, and the total
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Fig. 1 Electric expander cycle system scheme. GCH4: gas methane. Reprinted from (Liang et al., 2021), Copyright 2021,
with permission from Elsevier. References to color refer to the online version of this figure

Table 1 Technical metrics of the thrust chamber

Parameter Value
Design pressure, p, ... (MPa) 3
Mixing ratio (MR) 3.2
Expansion ratio, & 4
Throat radius, R, (mm) 323
Total flow rate of propellant, 2, (kg/s) 5.67

flow rate of propellant (m,) is 5.67 kg/s. The expan-
sion ratio (¢) is 4, the throat radius (R) is 32.3 mm,
and the length of the thrust chamber cylinder is 150 mm.
Fig. 2 shows the thrust chamber configuration and
direction of methane flow. In the gas film/regenerative
composite cooling scheme, the regenerative coolant
enters the cooling channel from the position where the
nozzle expansion ratio is 4.

The gas film/regenerative composite cooling
scheme, as proposed in this paper, uses liquid meth-
ane as the coolant as shown in Fig. 2. The coolant flows
from the liquid collection cavity at the thrust chamber
outlet into the regenerative cooling channel inside the
thrust chamber. During this passage through the cooling

Regenerative
coolant

Gas film holes

Fig. 2 Engine thrust chamber model

channel, the coolant absorbs heat and undergoes a phase
change. Upon reaching the exit of the cooling channel,
the coolant has completely transitioned into the gaseous
state. Then a portion of the gaseous coolant is directly
introduced onto the thrust chamber inner wall to facil-
itate film cooling, while the remaining coolant is in-
jected into the combustion chamber to serve as fuel
for combustion (Li et al., 2022).

For the gas film/regenerative composite cooling
scheme, complex flow, combustion, and heat transfer
processes occur near the thrust chamber wall. The thrust



chamber thermal protection process primarily involves
convective heat transfer, thermal conduction, and radi-
ative heat transfer. Inside the thrust chamber, the gas
film acts as a barrier, separating the high-temperature
gas from the thrust chamber wall while absorbing
some heat through its own flow. This leads to changes
in the boundary layer structure on the thrust chamber
inner wall, thereby affecting convective heat transfer
between the inner wall and the high-temperature gas.
As a result, the convective heat transfer coefficient on
the gas side of the thrust chamber wall decreases. Heat
is transferred from the gas to the gas-side wall through
convection and thermal radiation. The gas-side wall
exhibits a higher temperature and the heat on the gas-
side wall is conducted to the coolant-side wall through
thermal conduction. Finally, the heat on the coolant-
side wall is dissipated through convective heat trans-
fer from the coolant, thereby achieving effective ther-
mal protection for the thrust chamber.

The number of regenerative cooling channels (N)
of variable rectangular cross-section is 84, and the
channels have a gradually shrinking and expanding
structure (Pizzarelli et al., 2014). That is, along the
coolant flow direction, the width of the cooling channel
groove (a) gradually decreases from 1.5 mm at the
entrance to 1 mm at the throat. After passing through
the throat, it gradually increases along the convergent
segment, until the cylinder segment recovers to 1.5 mm.
The rib width (b) changes with the groove width.
Table 2 and Fig. 3 show the specific parameters in-
cluding the groove height (H) and wall thickness (J,,).
The gas film coolant is injected to the inner wall through
discrete round holes, with apertures of 1.5 mm, which
are uniformly distributed on the thrust chamber wall.

Table 2 Geometric dimensions of the cooling channel

Item a(mm) b(mm) H(mm) I, (mm)
Cylinder section 1.5 34 3.0 1.0
Nozzle throat 1.0 1.5 3.0 1.0
Inlet of RCC 1.5 3.4 3.0 1.0

Fig. 3 Schematic diagram of the cooling channel structure
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As shown in Fig. 3, the inner wall of the thrust
chamber is made of chromium-zirconium copper alloy
(CuCrZr), and the outer wall of the thrust chamber is
made of high-temperature alloy (GH3536) with a thick-
ness of 2 mm. The relevant parameters of the materi-
als for the inner and outer walls are shown in Table 3.
Due to the difference in materials between the inner
and outer walls, a diffusion welding method is used
here to weld the inner and outer walls together.

Table 3 Alloy performance parameters

Thermal Limit
Material conductivity ~ temperature
(W/(m*K)) (K)
Chromium-zirconium copper 343 823
alloy (CuCrZr)
High-temperature alloy 33 1400
(GH3536)

2.2 Calculation model

To simplify the calculations, this paper makes the
following assumptions:

(1) The gas has been evenly mixed at the entrance
and the gas is ideally non-viscous. The internal degrees
of freedom are in equilibrium, and the flow process is
isentropic. In aerodynamics, it is common to calculate
the flow parameters at different positions inside a Laval
nozzle based on the isentropic relation (Zeng et al.,
2016). Similarly, it is assumed here that the flow in-
side the nozzle is also isentropic. Taking reference from
the simulation for liquid film/regenerative composite
cooling of the liquid oxygen/kerosene thrust chamber,
it is considered that the combustion process is com-
pleted at the inlet of the thrust chamber. The distribu-
tion of gas parameters inside the combustion chamber
is assumed to be uniform and in a state of thermody-
namic equilibrium (Yang and Sun, 2013).

(2) The chemical reaction between gas film and
mainstream gas is ignored. Referring to previous re-
search (Takita and Masuya, 2000) on hydrogen gas
film cooling, it can be observed that the flame gener-
ated by gas film combustion is generally far away
from the wall and the heat release from the flame is
limited. Therefore, the chemical reactions between the
gas film and the mainstream have little effect on gas
film cooling, so it can be assumed that the chemical
reactions between the gas film and the mainstream can
be neglected.
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(3) Axial heat conduction in the wall surface is
ignored. Referring to the one-dimensional heat transfer
calculation model for a scramjet engine, the axial heat
conduction process on the thrust chamber wall is ne-
glected in this study (Miao et al., 2020a, 2020b).

(4) Heat transfer between the thrust outdoor wall
and the external environment is ignored. Due to the
small temperature difference between the outer wall
and the environment, it can be assumed that there is
negligible heat exchange between the outer wall and
the environment. This simplifying assumption has
also been used in the simualtion studies conducted on
liquid oxygen/methane regenerative cooling (Song
et al., 2021) and on liquid oxygen/kerosene liquid film/
regenerative composite cooling (Yang and Sun, 2013).

2.2.1 Regenerative cooling model

2.2.1.1 Calculation of heat flux

Based on the above assumptions, the heat trans-
fer process in the thrust chamber mainly includes the
following parts: heat transfer from high-temperature
gas film to the gas-side wall, heat transfer from the
gas-side wall to the coolant-side wall, heat transfer
from the coolant-side wall to the regenerative coolant,
and heat removed by the regenerative coolant, as shown
in Fig. S1 of the electronic supplementary materials
(ESM). According to Fourier’s law (Huzel and Huang,
1992; Hao et al., 2021), the heat flux density (g) in
the heat transfer process can be calculated by

; (M

where T, is the gas-side adiabatic wall temperature, 7;
is the coolant temperature, and the subscript ‘f’ repre-
sents the coolant parameter. 4, is the heat transfer
coefficient of the thrust chamber wall. 4, and &, are
respectively gas-side and coolant-side total convective
heat transfer coefficients.

The expression for 4, is as follows:

h = 1S @)

g

where A, represents the coolant-side convective heat
transfer coefficient, and 7, represents the total efficiency
of rib surface. S, represents the total rib surface area,

tot

and is given by S_=S+S,, where S, and S, correspond
to the bottom and side surface areas of the cooling
channel, respectively, as shown in Fig. S1. Furthermore,
S, represents the total surface area of the gas-side wall,
also shown in Fig. S1.
2.2.1.2 Calculation of convective heat transfer coef-
ficient on the gas side

The convective heat transfer coefficient /4, on the
gas side is calculated by the semi-empirical Bartz for-
mula (Huzel and Huang, 1992; Pizzarelli, 2021). The
specific expression for 4, is detailed in Section S2 of
the ESM.
2.2.1.3 Calculation of the convective heat transfer
coefficient on the regenerative coolant side

Using the coolant Nusselt number (Nu,), the re-
generative coolant-side heat transfer coefficient (%) can
be calculated by distinguishing the phase and flow
state (Jagannathan et al., 2018; Phu and Hap, 2020;
Ali et al., 2021):

=2 G)
h

where A; and D, represent the coolant thermal conduc-
tivity and the hydraulic diameter, respectively. When
the regenerative coolant is in the liquid laminar flow
zone, Nu, can be calculated according to the Zider-
Taylor equation (Bertsch et al., 2008):

Nu,=1.86 —RefLP o (4)

D,

where L is the cooling channel length. Pr; and Re; are
the coolant Prandtl number and Reynolds number, re-
spectively. When the regenerative coolant is in the
liquid turbulent region or the gas phase, it can be calcu-
lated according to the Gnielinski formula (Thome and
Consolini, 2010):

% x(Re;—1000)Pr;
Nu,= . ®)

2
1+12.7\/Z(Prf3—1)

The coefficient of friction fin Eq. (5) can be ex-
pressed as




/= (1.82log(Re,) ~1.64) ", (6)

When the coolant is in the two phases, the con-
vective heat transfer coefficient can be calculated using
the micro-channel liquid nitrogen flow boiling heat
transfer correlation obtained by our team (Zhang et al.,
2020). It is worth noting that although the correlation
used here is for low-temperature liquid nitrogen, the
variables in the correlation are dimensionless. There-
fore, the empirical correlation for low-temperature
liquid nitrogen used here is also applicable to the
heat transfer calculation model for low-temperature
liquid methane (Song et al., 2021; Liang et al., 2023).

- 12.46B00'544We0'035KF?'614X0'031,
0.00136Bo™ " **We*™,

x;<0.6,

x;=0.6,

7

Uy

where Bo, We, and X are the boiling number, Weber
number, and Martinelli number, respectively, K| is the
dimensionless pressure parameter, and x; is the cool-
ant dryness. The dimensionless parameters shown in
Eq. (7) can be expressed as in Section S3 of the ESM.

2.2.2 Pressure drop model

The pressure drop in RCC (Ap,) can be divided
into four parts: frictional pressure drop Ap;, local pres-
sure drop Ap,, gravity pressure drop Ap,, and acceler-
ation pressure drop Ap,. (Gururatana et al., 2021).

Aprc:Apt\r+Aplo+Apgr+Apac’ (8)

where Ap,, and Ap,, are ignored when calculating the
pressure drop (Song et al., 2021). The specific expres-
sions for Ap,, and Ap,. are detailed in Section S4 of
the ESM.

2.2.3 Gas film cooling model

2.2.3.1 Calculation of the gas film cooling efficiency

The gas film cooling efficiency # can be cal-
culated using the Grisson gas film cooling efficiency
formula (Zhang ZL et al., 2016):

_ Cpe o )
n=11+ 0325(Zy+Zyp) —1|{ . (9

p.gf

where c,, is the mainstream gas specific heat capacity
at constant pressure, and ¢, is the gas film specific heat
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capacity at constant pressure. The non-dimensional
distance downstream of the cooling film Z, and the
non-dimensional location of the cooling film effective
leading edge Z,;, can be calculated as follows:

L1025
my

— z

nD, £

1.25
Zy=(3.08+2,") " -7,

ng= GgluO.ZS

g

(10)

(11)

where G, is the gas mass flow rate, u, is the gas dy-
namic viscosity, n1, is the coolant mass flow rate, D, is
the diameter of the thrust chamber along the axis, and
z,, is the downstream distance from the starting point
of the gas film.
2.2.3.2 Calculation of the adiabatic wall temperature
In terms of cooling efficiency, the adiabatic wall
temperature 7, (Li et al., 2022) in composite cooling
can be defined as:
T,=T,-n(T,~T,). (12)
where 7, and T, are the mainstream gas temperature
and initial cooling film temperature, respectively. The
meaning of 7, is the same as the meaning of the gas-
side adiabatic wall temperature mentioned in Eq. (1).

2.3 Input parameters

As the cooling capacity of the electric expander
cycle engine is insufficient at low working conditions
and considering the previous analysis, the heat transfer
calculation and analysis of the gas film/regenerative
composite cooling characteristics were carried out under
75% working conditions. The specific input parame-
ters are shown in Table 4, where T, and p_ are the com-
bustion temperature and pressure, respectively, M is
the gas molar mass, y is the combustion chamber gas
specific heat ratio, and 7; and p,; are the inlet temper-
ature and pressure of coolant, respectively. Among them,
the thermodynamic parameters of the coolant methane
and mainstream gas are obtained by thermal calculation
software. It should be noted that when part of meth-
ane is allocated for gas film cooling, the mixing ratio
of the mainstream gas will change and the parameters
of the mainstream gas will need to be recalculated.

2.4 Calculation process

The differential method is adopted to carry out
the heat transfer calculation of composite cooling. As
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Table 4 Input parameters of the heat transfer calculation

Parameter Value
p. (MPa) 2.25
T (K) 3381
y 1.128
M (g/mol) 20.8
m (kg/s) 1.01
T, (K) 125
D.; (MPa) 4.116

shown in Fig. 4, the thrust chamber is evenly divided
into » units along the axis (#=400), and then the re-
generative cooling channels are evenly divided into n
units along the axis. The outlet temperature of the re-
generative cooling channel, namely the initial temper-
ature of the gas film, is assumed as 7,. According to
the input parameters and calculation model, the cool-
ing efficiency, adiabatic wall temperature, heat flux
density, and other related parameters of each node are
calculated successively. Finally, the calculated coolant
temperature at the cooling channel unit outlet is obtained.
The cycle is iterated until the relative error between
the assumed value and the calculated value is less than
107 when the calculation is stopped. Fig. 5 shows the
detailed calculation process.

High-temperature gas

b

Regenerative coolant

Thrust chamber unit

X

Fig. 4 Schematic diagram of the thrust chamber unit

3 Calculation results and analysis

3.1 Model validation

To validate the accuracy of the computational
model, a hot test was carried out on the 6 kg/s level
gas film/regenerative composite cooling thrust chamber.
The test system is shown in Fig. 6. Under the driving
force of high-pressure nitrogen, methane sequentially

l Denote the beginning point of the gas film as x=xol

Yy
>[ Read the coordinates of position i ]

v
Assume the outlet temperature of regenerative cooling
channel T, ., namely the initial temperature of the gas film T,

y
Calculate the gas film cooling efficiency n(x) and
the adiabatic wall temperature T,,(x)

v

Calculate the heat flux q(x), regenerative coolant

temperature Ti(x), and the inner wall temperature T,;(x)
|

v
Recalculate outlet temperature of
regenerative cooling channel T,

rce

A 4

Too g (e Tis)

No

i=it1
Yes

Fig. 5 Heat transfer calculation flow chart

flows through the Venturi tube, solenoid valve, and
cooling channels of the thrust chamber. It finally enters
the combustion chamber through the top cover ring
gap injection. Similarly, liquid oxygen, driven by high-
pressure nitrogen, passes through the Venturi tube and
solenoid valve, and enters the combustion chamber
through the pintle injector. The combustion of meth-
ane and liquid oxygen inside the thrust chamber pro-
duces high-temperature and high-pressure combustion
gases, generating thrust. Pre-cooling valves for liquid
oxygen and liquid methane are positioned upstream
of the main valves, serving the purpose of pre-cooling
and shut-down purging. Additionally, temperature and
pressure measurement points are placed at the inlet
and outlet of the cooling channels to obtain heat trans-
fer characteristic parameters.

The geometric characteristics of the composite
cooling thrust chamber, excluding the length of the cylin-
drical section, remain consistent with those described
in Section 2.1 for the 6 kg/s level thrust chamber. The
thrust chamber is manufactured adopting additive man-
ufacturing techniques. The thrust chamber wall material
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is composed of high-temperature alloy (GH3536), with
an inner wall thickness of 0.6 mm, and the relevant
parameters of the high-temperature alloy are shown in
Table 3. The thermal protection of the thrust chamber
is achieved through a combination of regenerative
cooling and gas film. Gas film is implemented using
three rows of holes, situated at the head of the thrust
chamber, the beginning of the convergent section, and
45 mm downstream from the convergent section, as
illustrated in Fig. 7. The gas film flow rate is 20% of
the total methane flow rate. The regenerative cooling
channel features a gradually shrinking and expanding
structure, with specific dimensions provided in Table 5.
The experimental conditions are presented in
Table 6. The thrust chamber hot test scene is shown in
Fig. 8. The calculation model takes into account the
combustion chamber temperature 7, and pressure p,,
as well as the coolant inlet temperature 7,; and pressure
D.; as input parameters. The model calculates the heat
transfer characteristic parameters along the regenerative
cooling channel for different experimental conditions.
The calculation results are then compared with the ex-
perimental data, as in Fig. 9. The comparison reveals
that the error in predicting the coolant temperature

20% of the total methane flow rate

1
r 1

1st row of film 2nd row of film
holes holes 9 ro,

(2
of g,
0 /70/9& iy
°

2

45 mm

Fig. 7 Diagram of gas film injection point

rise is less than 10%, while the error in predicting the
coolant pressure drop is approximately 25%. The model
demonstrates good accuracy in predicting temperature,
although slightly lower accuracy in predicting pres-
sure. The pressure drop is influenced by factors such
as processing errors in additive manufacturing and the
gas film introduction holes, which affect the flow of
the coolant. As a result, there is a relatively large error
in predicting the pressure drop. However, the calcula-
tion results still provide the meaningful information
regarding the general trends of coolant pressure drop
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Table 5 Cooling channel dimension parameters

Position Groove width (mm) Rib width (mm) Groove height (mm) Number of grooves
Cooling channel inlet 33 1.7 2.0 82
Throat 1.0 1.5 2.0 82
Cooling channel outlet 2.8 2.2 2.0 82

Table 6 Experimental measurement parameters

Experiment p, (MPa) MR i, (kg/s) p,., (MPa) T, (K)

re,i

Experiment-1 ~ 2.71 3.18 1.29 5.59 141.3
Experiment-2  2.84 325 132 5.64 135.7
Experiment-3  2.81 329 1.27 5.15 137.9

Fig. 8 Thrust chamber hot test

within the thrust chamber cooling channels, which is
essential for heat transfer analysis.

It is worth mentioning that the thrust chamber
used in the experiment is an initial design intended
for model validation. At the time, the heat transfer cal-
culation model was still under development and lacked
accurate validation. Consequently, the design process
of this thrust chamber did not undergo meticulous
simulation calculations. However, through thermal tests
conducted on this thrust chamber, the accuracy of the
heat transfer model could be verified, thereby provid-
ing a foundation for optimizing the thrust chamber’s
design. The thrust chamber mentioned in Fig. 2 repre-
sents an enhanced design based on the thrust chamber
employed in the experiment. Hence, there exists a slight
disparity between the thrust chamber used in the exper-
iment and the one employed in the simulation.

3.2 Influence of the gas film flow rate on the
composite cooling performance

In this study, the heat transfer characteristic pa-
rameters are calculated when the gas film mass flow

rates are 10%, 15%, 20%, and 25% that of methane.
They are then compared with the regenerative cooling
parameters to analyze the influence of the gas film
flow rate on the cooling performance. Table S1 of the
ESM shows the detailed parameters of the four schemes.

It should be noted that in the transient processes
of an engine, the heat transfer in the engine system
has not yet reached a steady state. The wall tempera-
ture of the thrust chamber is continuously increasing
during this period. Typically, the peak wall tempera-
ture of the thrust chamber during the transient phase
is lower than that during the steady-state phase. This
observation is also supported by previous simulation
results on the dynamics of propulsion systems (Zhou
et al., 2021).

In the thermal protection design and research of
the thrust chamber, the maximum wall temperature is
of particular interest to researchers. Therefore, the
focus of this study is the heat transfer characteristics
of the thrust chamber under steady-state conditions. The
results of the calculations for the heat transfer charac-
teristics of composite cooling are also results under
the steady-state condition.

3.2.1 Film cooling efficiency

Fig. 10 shows the changes in the cooling effi-
ciency along the axial direction of the thrust chamber
under different gas film flow rates. The four efficiency
distribution curves have the same variation trend. Along
the gas film flow direction, the cooling efficiency re-
mains unchanged in the initial region, known as the
gas film core region (Konopka et al., 2012). Upon
mixing the gas film and mainstream gas, the tempera-
ture of the gas film increases gradually and the cool-
ing efficiency decreases exponentially. The cooling ef-
ficiency remains above 10% until reaching the nozzle
exit. This shows that the protective effect of the gas
film injected from the head of the thrust chamber on
the wall can be extended to the nozzle outlet. The gas
film flow rate has a significant impact on the cooling
efficiency. The higher the gas film mass flow rate, the
higher the cooling efficiency at the same position. When
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the gas film flow rate is 10%, the cooling efficiency
at the nozzle outlet is only 13%, increasing to 22%
when the gas film flow rate is 20%. This is because a
higher mass flow rate allows the gas film to absorb
more heat, resulting in more effective heat transfer.
Therefore, when considering only the cooling effect,
a higher proportion of the gas film mass flow leads to
an improved cooling effect.

3.2.2 Temperature, pressure, and dryness of the
regenerative coolant

Fig. 11a shows the distribution of the dryness
of the regenerative coolant along the axial direction
of the thrust chamber. Along the flow direction of the
regenerative coolant, liquid methane undergoes an
endothermic phase transition in the cooling channel,
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Fig. 10 Distribution of gas film cooling efficiency

successively undergoing three phases: the liquid-phase,
two-phase, and gas-phase. The two-phase region can
be further divided into the enhanced heat transfer re-
gion (0<x<0.6) and the heat transfer deterioration re-
gion (0.6<x<1). Meanwhile, it should be noted that
the boundary may be just a reference and is only a
probable value determined by most experimental data.
With the increase of the gas film flow rate, the phase
turning point of the regenerative coolant gradually
moves toward the outlet of the regenerative cooling
channel. Meanwhile, the heat transfer deterioration
zone moves away from the throat, which is beneficial
to the thermal protection of the throat area.

Fig. 11b shows the temperature distribution of
the regenerative coolant along the axial direction of
the thrust chamber. Since the inlet of the cooling chan-
nel is located at the tail of the nozzle, the mainstream
gas flows in the opposite direction to the coolant. The
coolant temperature, therefore, increases in the axial
direction of the thrust chamber and reaches saturation
in the two-phase region, causing the temperature of the
regenerative coolant to remain basically unchanged.
The temperature rise of the regenerative coolant de-
creases due to the introduction of gas film cooling, and
the temperature rise of the regenerative coolant de-
creases with the increase of the gas film cooling flow
rate. When the gas film flow rate increases from 10% to
25%, the temperature rise decreases from 108 to 67 K.
In addition, it is clear that in the vicinity of the inlet of
the gas film, the temperature rise of the regenerative
coolant is more gradual. This is because the majority
of heat transferred from the mainstream gas to the wall
is absorbed by the gas film for self-heating, while the
heat transferred from the wall to the regenerative cool-
ant is minimal.
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Fig. 11 Distribution of dryness x; (a), temperature 7, (b),
and pressure p, (¢) of the regenerative coolant

Fig. 11c shows the pressure distribution of the
regenerative coolant along the axial direction of the
thrust chamber. Because of frictional resistance, the
pressure of the coolant decreases along the direction
of flow. In the liquid-phase region, the curve changes
more smoothly due to the slower flow of the regenera-
tive coolant. After entering the two-phase region, the
acceleration of the two-phase flow causes the curve to
suddenly become steeper. The flow velocity in the gas-
phase region is between that in the liquid-phase region



and that in the two-phases region, so the slope of the
coolant pressure curve is also between the slopes in
these two regions.

By comparing the curves in Fig. 11, it can be
found that the change of the gas film mass flow rate
has little influence on the parameters in the region
near the entrance of the regenerative cooling channel.
However, the total pressure drop of the regenerative
coolant decreases from 0.54 to 0.32 MPa as the gas
film flow rate increases, which greatly reduces pres-
sure loss. This is because the influence of gas film
cooling on the temperature of the regenerative coolant
is mainly reflected in the gas-phase region. As the gas
film mass flow rate increases, the temperature of the
regenerative coolant and the flow velocity of the re-
generative coolant in the gas-phase region decrease,
reducing the overall pressure drop.

3.2.3 Gas-side wall temperature

Fig. 12 shows the distribution of the gas-side
wall temperature (7,,) along the axial direction of the
thrust chamber. It can be seen from the figure that the
variation trend of gas-side wall temperature of the gas
film/regenerative composite cooling scheme is roughly
the same as that of the regenerative cooling scheme.
Along the regenerative coolant flow direction, the wall
temperature rises first and then falls in the liquid-
phase region, reaching an extreme value (7, ,,y) in
the throat region. After entering the two-phase region,
the gas-side wall temperature successively enters heat
transfer enhancement (HTE) and heat transfer deterio-
ration (HTD). In the HTE stage, the gas-side wall tem-
perature is low and the variation range is small. After
entering the HTD stage, the wall temperature rapidly
increases to the maximum value (7, ;). The coolant
absorbs heat as it flows through the cooling channels,
leading to an increase in its dryness. Eventually, the
coolant completely vaporizes, and the gaseous cool-
ant provides thermal protection to the thrust chamber
walls.

In the gas-phase region, there is a difference in the
wall temperature variation curve between the single
regenerative cooling scheme and the composite cool-
ing scheme. In the single regenerative cooling scheme,
due to the weaker heat transfer capability of the gas-
eous coolant, the wall temperature rises rapidly, and
the maximum wall temperature reaches 700 K. How-
ever, in the composite cooling scheme, the cooling
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Fig. 12 Distribution of the wall temperature on the gas side
at different mass flow rates

efficiency is higher near the introduction position, re-
sulting in the wall temperature near the introduction
point being approximately equal to the coolant temper-
ature. Additionally, the introduction of film cooling at
the head of the thrust chamber leads to a significant
decrease in the wall temperature in the gas-phase re-
gion. When the methane film flow rate is 25%, the
maximum wall temperature in the gas-phase region is
only 595 K. From Fig. 12, it can be also observed that
as the film flow rate increases, the higher the effi-
ciency of film cooling at the same position, the lower
the wall temperature of the thrust chamber.
Furthermore, it can be observed from Fig. 12 that
the presence of film cooling leads to a reduction in
the wall temperature of the thrust chamber in the two-
phase region. As a result, the heat absorption by the
coolant decreases, causing the position where the
coolant enters the two-phase region to shift backwards
with an increase in the length of the two-phase region.
Additionally, a higher film flow rate results in a higher
film cooling efficiency at the same position, leading
to a lower wall temperature, reduced heat absorption
by the coolant, and a further shift backwards of the
position where the coolant enters the two-phase region,
thereby increasing the length of the two-phase region.
When the film flow rate is 25%, the maximum wall tem-
perature (7, ;) in the two-phase region of the thrust
chamber is only 595 K, which is 216 K lower com-
pared to that in the single regenerative cooling scheme.
Furthermore, it can be observed from Fig. 12 that
the wall temperature at the throat region of the thrust
chamber decreases due to the introduction of film cool-
ing at the head of the chamber. This is primarily because
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the throat region is situated downstream of the film
cooling introduction point and remains within the in-
fluence of the film cooling. As the film flow rate in-
creases, the film cooling efficiency at the throat re-
gion also improves, resulting in a lower wall tempera-
ture. Specifically, when the film flow rate is 25%, the
maximum wall temperature (7, ,,) at the throat re-
gion of the thrust chamber is only 584 K, which repre-
sents a reduction of 129 K compared to the case of
single regenerative cooling.

Based on the aforementioned analysis, it is evi-
dent that the introduction of film cooling has resulted
in a substantial reduction in the gas-side wall tempera-
ture. The wall temperature of the thrust chamber is
significantly below the material’s limit temperature,
thereby indicating a notable enhancement in the thermal
protection capability of the chamber. Through the afore-
mentioned analysis, the advantages of the gas film/
regenerative composite cooling scheme in terms of
thermal protection for the thrust chamber are prelimi-
narily substantiated.

It is worth noting that there is a discrepancy in
the calculation models for /4, between the two-phase
region and the gas-phase region. This discrepancy re-
sults in a sudden discontinuity in /., during the transi-
tion from the two-phase region to the gas-phase re-
gion, leading to an abrupt change in the wall tempera-
ture of the thrust chamber (Song et al., 2021). In reality,
the temperature gradient of T, at the phase transition
point does not change significantly, and there should
be a transitional region within the abrupt change re-
gion. However, this model offers a significant advan-
tage in terms of computational speed, and the calculated
results provide a valuable reference for the prelimi-
nary design and analysis of thermal protection.

3.3 Influence of gas film introduction position on
composite cooling performance

The influence of the gas film introduction posi-
tion on the composite cooling performance is analyzed
by comparing the variation of the gas-side temperature
distribution. Based on the analysis in Section 3.2.2, the
gas film with the same 20% mass flow rate is introduced
from four positions: the head of the thrust chamber,
the midpoint of the cylinder section, the right side of the
cylinder section, and the midpoint of the convergent
section. The specific schemes are shown in Fig. 13 and
Table S2 of the ESM.
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Fig. 13 Schematic diagram of the introduction positions
of the gas film

3.3.1 Influence of the gas film introduction position
on the gas-side wall temperature

Fig. 14 shows the gas-side wall temperature dis-
tribution for different introduction positions of the gas
film. It can be seen in Fig. 14 that as the introduction
position of the gas film is closer to the throat area, the
position of T, ., will move towards the outlet of the
regenerative cooling channel for cases 2—4.
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Fig. 14 Distribution of the wall temperature on the gas
side at different introduction positions: (a) cases 1 and 2;
(b) cases 3 and 4

However, for the internal physical processes cor-
responding to cases 1-4, case 3 and case 4 are more



similar, while there are slight differences between
case 1 and case 2.

As shown in Fig. 14a, for case 2, the introduc-
tion of film cooling occurs just after the critical point
where the dryness is 0.6. At this point, the film cool-
ing region overlaps with the heat transfer enhance-
ment region, resulting in a less pronounced cooling
effect of film cooling. Additionally, in the upstream
region of the film cooling introduction point, within
the heat transfer deterioration region, the wall temper-
ature remains relatively high due to the absence of
film cooling assistance. On the other hand, for case 1,
the film cooling introduction point is located at the
top of the thrust chamber. Since this position is rela-
tively close to both the heat transfer deterioration region
and the gas-phase region, the overall wall temperature
of the thrust chamber is lower compared to the other
three cases. In case 1, T, y, is only 638.5 K, and the
wall temperature is distributed more evenly along the
axial direction, achieving an ideal cooling effect.

As shown in Fig. 14b, for cases 3 and 4, the film
cooling introduction points are both located downstream
of the phase transition point 1. Therefore, film cool-
ing does not solve the thermal protection issue in the
heat transfer deterioration region with the highest tem-
perature reaching 810 K, only 13 K lower than the
limit wall temperature of the material. It is observed
that the closer the introduction position of gas film is
to the throat, the lower the wall temperature of the
area near the throat. However, in case 4, when the gas
film is introduced from the midpoint of the conver-
gent section, the wall temperature near the throat in
the convergent segment increases sharply, which would
have adverse effects on the wall structure and should
be avoided.

To further explore the influence of the gas film
introduction position on the gas-side wall temperature
extremes of the heat transfer deterioration region and
liquid-phase region (T, u, and T,,,,,), 41 introduc-
tion positions are selected and both wall temperature
extremes under different introduction positions are
calculated. The curves of the temperature extremes are
illustrated in Fig. 15. In Fig. 15, the abscissa represents
the introduction position of the gas film, while the ordi-
nate represents the extreme gas-side wall temperature.
The area near the throat is defined as the area between
the axial coordinates z=0.200 and 0.255 m, i.e., the max-
imum wall temperature between z=0.200 and 0.255 m.
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Fig. 15 Variation of the peak wall temperature on the gas
side for different introduction positions

As the introduction position of the gas film moves
away from the cooling channel outlet, T, ,,, and T, ,r,,
first decrease, then increase, and finally remain un-
changed (Fig. 15). However, when the introduction
position is between z=0.000 and 0.043 m, the curve
has not yet turned and the peak wall temperature re-
mains in the low range, always lower than 650 K. The
extreme wall temperature near the throat also remains
at about 600 K, which is far lower than the limit wall
temperature of the material. The closer the introduc-
tion position to z=0.043 m, the lower the peak value
of the gas-side wall temperature. Considering the heat
transfer deterioration region and throat region compre-
hensively, it can be preliminarily determined that z=
0.043 m is the optimal introduction position at the gas
film flow rate of 20%. The maximum gas-side wall
temperature under these conditions is only 596 K, in-
dicating that the gas film/regenerative composite cool-
ing model has a good protection effect on the thrust
chamber wall.

3.3.2 Influence of double-row hole position of gas
film on gas-side wall temperature

The use of a multi-row jet is an effective approach
for enhancing the cooling effectiveness, as demonstrated
in (Li et al., 2019). Therefore, based on the analysis
in Section 3.3.1, this study preliminarily explores the
cooling effect of introducing the gas film into the
cylinder section of the thrust chamber in two posi-
tions. Since it is difficult to enumerate the combina-
tion of double-row hole opening position and flow
rate distribution, this study chooses three combination
schemes for calculation and analysis. The gas film
flow rate of both rows of holes is 10%. The first row
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of holes is positioned at the head of the thrust cham-
ber, while the second row of holes is positioned at the
optimal introduction position described in Section 3.3.1,
as well as the midpoint of the cylinder section and the
right side of the cylinder section. To compare the dif-
ferences between the double-row and single-row hole
schemes, case 1 is compared with the aforementioned
three cases (cases 5—7). The specific schemes are shown
in Fig. 16 and Table S3 of the ESM.

Film 2

Regenerative
& coolant

Cylinder Convergent Divergent
section section section

Fig. 16 Schematic diagram of the introduction positions
of Film 1 and Film 2. Film 1 and Film 2 represent the first
gas film and the second gas film, respectively

Fig. 17 shows the axial distribution of the gas-
side wall temperature along the thrust chamber for
four different schemes. Compared to case 1, the over-
all value of wall temperature decreases when the gas
film is introduced from a double row of holes, demon-
strating the superiority of the double row in gas film
cooling. Comparing the curves of cases 5-7, little dif-
ference is observed in gas-side wall temperature distri-
bution near the throat. However, case 5 has more obvi-
ous advantages in terms of the gas-side wall temperature
distribution in the heat transfer deterioration region.
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Fig. 17 Distribution of the gas-side wall temperature under
the double row of holes

However, from the trend of the curve for the
four cases, it can be observed that the curve for case 5

appears to deviate from the expected trend compared
to cases 1, 6, and 7. Therefore, a detailed analysis will
be conducted on the variation curve of case 5.

As shown in Fig. 18, in cases 1 and 5, the coolant
undergoes phase transition starting from phase transi-
tion point 1. At this point, the coolant in close proxim-
ity to the wall undergoes vigorous boiling, leading to
enhanced heat transfer. This results in an increase in
the convective heat transfer coefficient and a slight de-
crease in the wall temperature of the thrust chamber.
As the coolant continues to absorb heat, when the
dryness reaches 0.6, the heat transfer between the wall
and the liquid is disrupted by the low-thermal conduc-
tivity film layer. This leads to a heat transfer deteriora-
tion, causing a sudden increase in the wall tempera-
ture of the thrust chamber.
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Fig. 18 Distribution of the wall temperature on the gas
side of cases 1 and 5

In case 1, due to the film cooling introduction
point positioned at the head of the thrust chamber, the
coolant undergoes a phase transition to the gas phase
at phase transition point 2 after passing through the
heat deterioration zone.

In case 5, the film cooling introduction points are
located at z=0.000 m and z=0.043 m. Moreover, the
position of the heat deterioration region is shifted back-
wards compared to case 1. In this case, the film cool-
ing introduction points are precisely within the heat
deterioration region and the introduction of the film
cooling causes a sudden decrease in the wall tem-
perature of the thrust chamber (with a higher cooling
efficiency at the film cooling introduction point). Sub-
sequently, the wall temperature gradually increases.
Additionally, due to the presence of film cooling, the



heat absorbed by the coolant is reduced, resulting in
an elongation of the heat deterioration region. After
passing through the film cooling introduction point,
the coolant still maintains a dryness fraction between
0.6 and 1.0. At this point, the wall temperature in-
creases again. However, because the heat deterioration
region is closer to the head of the thrust chamber, it is
also closer to the film cooling introduction position
(the head of the thrust chamber). As a result, the maxi-
mum wall temperature in the heat deterioration region
significantly decreases. As mentioned earlier, there is
a sudden increase in wall temperature due to limita-
tions of the model. However, overall, the advantage
of the film cooling introduction point in case 5 leads
to a lower wall temperature compared to other cases.

Subsequently, we can consider reducing the dis-
tance between the two rows of holes or changing the
introduction position of the first row of holes to further
explore how to efficiently organize the double row of
holes in the gas film/regenerative composite cooling
scheme.

4 Conclusions

In this study, a gas film/regenerative composite
cooling calculation model for the thrust chamber of the
liquid oxygen/methane engine is established and a heat
transfer analysis is conducted based on the EEC engine
at 75% RPL. The heat transfer characteristic parame-
ters (e.g., coolant temperature rise, pressure drop, and
gas-side wall temperature) are also calculated and ana-
lyzed. This study explores the influence of the gas film
flow rate, gas film introduction position, and double-
row hole introduction position on the gas-side wall
temperature. The following conclusions can be drawn:

(1) The gas film/regenerative composite cooling
model is established in this study based on the Gris-
son gas film cooling efficiency formula and the one-
dimensional regenerative cooling model. The one-
dimensional composite cooling heat transfer model
offers the advantages of low computational cost in
calculation and is accurate enough to be used as a pre-
liminary design tool. Compared with the experimental
results, the temperature rise error of coolant is less
than 10%.

(2) Increasing the gas film flow rate strengthens
the cooling effect and reduces the amount of heat trans-
ferred to the regenerative coolant. The phase transition
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point of the regenerative coolant moves towards the
outlet of the cooling channel, causing the temperature
to rise, the pressure drop to decrease, and the gas-side
wall temperature to decrease accordingly. At a gas film
flow rate of 25%, the peak wall temperature is only
595 K, which is far lower than the material tempera-
ture limit.

(3) The optimal introduction position is achieved
when the gas film is introduced by a single row of
holes, allowing the gas-side wall temperature to be
distributed more evenly and lowering the peak value.
At a gas film flow rate of 20%, the ideal introduction
position is z=0.043 m and the peak wall temperature
is 596 K.

It is worth noting that the conclusions mentioned
above are derived from specific simulation calcula-
tions conducted on a particular thrust chamber under
specific operating conditions. Therefore, these conclu-
sions cannot be directly applied to other specific cases.
However, the above heat transfer calculation model
can be applied to conduct similar heat transfer studies
on a thrust chamber with gas film/regenerative com-
posite cooling.
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