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Abstract 

Methane/oxygen rocket engines have garnered significant interest within the 

aerospace propulsion domain owing to their favorable attributes, including facile storage 

and transportability, inherent stability, elevated combustion efficiency, environmentally 

benign emissions, and recyclability. Throughout engine operation, the management of 

wall heat dissipation poses a substantial challenge. Employing film cooling stands out as 

a pivotal technique for wall protection. Concurrently, within the realm of rocket engine 

research, numerical simulation emerges as an efficient and cost-effective investigative 

approach. Reynolds Averaged Navier-Stokes (RANS) simulation, acclaimed for its 

convenience, rapidity, and economical nature, finds widespread application in 

engineering endeavors. 

However, Observations from numerical simulations reveal significant disparities 

between predicted and experimental wall heat flux despite consistent distributions of 

other combustion chamber parameters. These disparities are attributed to the neglect of 

chemical reactions within the boundary layer when employing general wall functions. To 

address this, a coupled wall function accounting for near-wall chemical reactions is 

integrated into the RANS method to improve wall heat flux prediction accuracy in this 

thesis. 

The study initially focuses on establishing and validating the numerical framework, 

overcoming challenges such as integrating coupled wall functions and processing 

nonlinear experimental data. The effectiveness of the framework is demonstrated in 

mitigating overestimated wall heat transfer while maintaining accuracy in flow and 

combustion calculations. Quantitative analysis highlights the impact of chemical 

reactions on wall heat transfer, and preliminary investigations into 3D effects reveal 

influences on temperature boundary layer thickness and flow characteristics. 

Subsequent optimization of parameters governing the coupled wall function 

improves prediction accuracy, as demonstrated in a single-injector rectangular 

combustion chamber. Practical applications of the framework advocate for using Net Heat 

Flux Reduction (NHFR) as a metric for assessing film cooling efficiency. Further 

exploration reveals the interplay between enhanced wall heat flux and cooling efficiency, 

emphasizing the need for tailored film cooling strategies balancing efficiency with engine 

performance. 

Investigation into multi-injector combustion chambers elucidates the combined 

effects of flow dynamics and near-wall chemical reactions, highlighting the importance 
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of tailored film cooling strategies in methane/oxygen rocket engines. Manipulating the 

velocity ratio between the film and the mainstream through various methods reveals that 

the disparity in velocities exerts diverse influences on the flow and combustion dynamics. 

Concurrently, its interaction with chemical reactions within the boundary layer further 

coupling modulates the wall heat flux. Additionally, distinct approaches to controlling the 

film velocity yield disparate impacts on the aforementioned parameters. Findings 

underscore the necessity of optimizing film cooling inlet spacing and mass flow rates to 

achieve desired cooling efficiency while considering engine performance implications. 
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1. Introduction 

1.1 Methane/Oxygen Rocket Engines 

Methane/oxygen engines, also known as methane rocket engines, stand at the 

forefront of propulsion sysytems, leveraging methane as a potent fuel source and oxygen 

as the oxidizer. This propulsion paradigm has garnered substantial attention owing to its 

potential applications across various domains, including aerospace and terrestrial 

transportation[1-6].  

In the realm of space exploration, methane/oxygen engines exhibit promising 

characteristics conducive to future missions. Notably, the adaptability of methane as a 

propellant aligns with the objectives of long-duration missions, such as crewed missions 

to Mars and beyond. The versatility of methane as a fuel offers advantages in terms of 

production, storage, and sustainability compared to traditional propellants. Furthermore, 

methane/oxygen engines demonstrate enhanced efficiency and performance metrics, 

contributing to cost-effectiveness and mission feasibility [7-11]. Moreover, the 

environmental benefits associated with methane combustion, notably reduced emissions 

of greenhouse gases and pollutants, position methane/oxygen engines as promising 

candidates for sustainable transportation solutions[12-16]. 

When designing and manufacturing methane rocket engines, several advantages 

come into play. Firstly, methane as a fuel boasts a high energy density and low molecular 

weight, rendering methane rocket engines highly efficient within propulsion systems. 

Secondly, compared to traditional liquid hydrogen fuels, methane offers higher density 

and wider availability, thereby reducing the costs associated with fuel transportation and 

storage[17]. Additionally, the methane/oxygen rocket engines take advantages from its 

sustainability and recyclability[18, 19]. Moreover, the lower combustion temperatures of 

methane rocket engines facilitate easier material selection and manufacturing 

processes[20-22]. In summary, the advantages of methane rocket engine design and 

manufacturing encompass high energy density, cost-effectiveness, environmental 

friendliness, and simplified manufacturing processes[23-25].  

However, challenges persist in realizing the full potential of methane/oxygen 

engines. Technical hurdles related to combustion dynamics, engine efficiency, and 

materials compatibility necessitate ongoing research and development efforts[24, 26]. 

Nevertheless, methane/oxygen engines represent a pivotal advancement in propulsion 
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technology with significant implications for space exploration[27]. While progress has 

been made in harnessing the capabilities of methane as a fuel source, continued 

innovation and strategic investments are imperative to address existing challenges and 

unlock the full potential of methane/oxygen engines in the contemporary landscape.  

1.2 Film Cooling 

Film cooling is a widely employed technique in the field of thermal engineering, 

particularly in the design of liquid rocket engines and gas turbine components subjected 

to high-temperature environments. This method involves the injection of a thin layer of 

coolant fluid through a series of discrete orifices onto the surface of a hot component, 

forming a protective film that shields it from excessive thermal loads. The coolant film 

acts as a barrier, reducing the convective heat transfer between the hot gas and the solid 

surface, thus helping to maintain component integrity and prolong operational lifespan[28, 

29].  

Film cooling in liquid rocket engines confers several notable advantages pertinent to 

their operation. Firstly, in the extreme thermal environment of liquid rocket engines, 

characterized by combustion temperatures exceeding several thousand degrees Celsius, 

film cooling serves as a vital thermal management strategy. By establishing a thin, 

protective coolant layer along the interior surfaces of critical components such as 

combustion chambers and nozzles, film cooling effectively mitigates thermal stresses and 

prevents material degradation, thereby enhancing engine durability and reliability[30-33].  

Secondly, in this study, methane is used as both fuel and coolant in the combustion 

chamber. Thus, film cooling enables liquid rocket engines to operate at higher 

performance levels by facilitating the implementation of advanced propulsion cycles and 

materials. Through efficient heat transfer management, film cooling enables the 

integration of regenerative cooling systems, wherein coolant fluid absorbs heat from the 

combustion chamber walls before being recirculated into the engine cycle. This capability 

allows for the utilization of elevated chamber pressures and combustion temperatures, 

resulting in improved thrust and efficiency[32, 34, 35]. 

Moreover, film cooling contributes significantly to the safety and stability of rocket 

engines by minimizing the risk of thermal-induced failures and catastrophic events. By 

maintaining critical engine components within safe temperature thresholds, film cooling 

mitigates thermal-induced instabilities such as combustion chamber wall overheating or 

nozzle erosion, thereby reducing the likelihood of engine malfunction or loss of control.  

Currently, the predominant research emphasis concerning film cooling in rocket 
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engines pertains to the investigation of geometric parameters, including the angle of 

incidence of the coolant film and the configuration of the film entrance port[36-41]. 

Nonetheless, it is imperative to acknowledge that the implementation of film cooling may 

engender aerodynamic losses and induce a pressure drop within the flow system, thereby 

exerting a discernible influence on the overall efficiency of the engine. Moreover, the 

design and optimization of film cooling configurations necessitate meticulous 

consideration of multiple factors, such as the rate of coolant flow, the size of injection 

orifices, and the extent of film coverage. The objective of this investigation is to elucidate 

the interplay between these parameters and ascertain their collective impact on cooling 

effectiveness while concurrently mitigating any deleterious ramifications on aerodynamic 

performance.  

In summary, film cooling provides significant advantages in liquid rocket engine 

design by enhancing durability, enabling higher performance levels, and improving safety 

and reliability. Thus, the optimization of film cooling performance is able to effectively 

manage thermal loads within the engine contributes to the overall efficiency and success 

of liquid propulsion systems in demanding aerospace applications. 

1.3 Numerical Simulations of Methane/Oxygen Rocket Engines 

Ever since the initial proposal of liquid rocket engines by Russian educator 

Konstanty Ciołkowski in 1903[42], substantial research efforts have been dedicated to 

this field, encompassing both experimental[43-48] and numerical methodologies[46, 49-

51]. In light of advancements in computer technology, numerical simulations have 

emerged as pivotal instruments within methane rocket engine research, affording 

unparalleled capabilities in comprehending, refining, and propelling propulsion 

technology forward. The inherent versatility, computational efficiency, and capacity to 

offer intricate insights into multifaceted phenomena render numerical simulations 

indispensable assets in the pursuit of innovative and efficacious rocket propulsion and 

thermal management systems. 

In numerical simulations, the most concerned issue is to solve the Navier-Stokes (N-

S) equations, and three primary models are commonly employed: Direct Numerical 

Simulation (DNS), Large Eddy Simulation (LES) and Reynolds-Averaged Navier-Stokes 

(RANS) models. DNS is a high-resolution numerical simulation method that involves the 

explicit resolution of the NS equations at every time and spatial point. DNS can capture 

all scales of turbulent structures and behaviors without any statistical averaging. LES is 

an intermediate turbulence simulation method between DNS and RANS. In LES, the flow 
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field is decomposed into large-scale turbulent structures and small-scale turbulent 

structures. Only the large-scale turbulence is explicitly resolved, while the small-scale 

turbulence is modeled.  

Scholars have conducted numerous numerical simulations utilizing DNS[52-54] and 

LES[55-58] methods in the context of methane rocket engines. These investigations have 

revealed that DNS and LES methodologies excel in capturing turbulent phenomena, 

particularly small- to medium-scale turbulent flows, but they frequently necessitate 

substantial computational resources and are typically confined to scenarios involving 

relatively limited spatial or temporal scales. Conversely, in engineering practice, where 

expeditious acquisition of approximate characteristic flow distributions and wall heat 

fluxes in rocket engines is paramount, the precise depiction of small-scale vortex 

structures within the flow field is often of secondary concern. Consequently, RANS-based 

simulations, which employ time-averaged modeling of the Navier-Stokes equations, 

enjoy greater prominence in engineering applications. 

RANS models entail time-averaging the flow filed and solving the resultant 

averaged governing equations to simulate turbulent flow. Despite the inherent neglect of 

spatiotemporal fluctuations in turbulence, RANS models adeptly predict flow field 

behaviors, rendering them highly applicable and efficient in practical scenarios. 

Correspondingly, numerous investigations have utilized the RANS method to explore 

combustion and heat transfer characteristics within the methane combustion chamber[59-

64]. These studies consistently demonstrate the RANS method's capability to accurately 

predict flow dynamics, combustion processes, chemical reactions, and other pertinent 

characteristics within methane/oxygen engine combustion chambers while demanding 

minimal computational resources. 

In summary, RANS models, as economically efficient turbulence simulation 

methods, have found widespread application in methane/oxygen rocket engine 

simulations, offering advantages such as high computational efficiency, broad 

applicability and the ability to predict the flow and combustion behaviors precisely.  

1.4 Wall Heat Transfer of Combustion Chamber 

While RANS-based models demonstrate effectiveness in simulating methane 

combustion flows, challenges arise due to the presence of a viscous boundary layer near 

the wall, particularly in high Reynolds number (Re) models. To address the low Reynolds 

number region induced by viscosity near the wall, wall functions are commonly employed 

to circumvent direct solution of the boundary layer. Instead, the entire computational 
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domain is configured as a fully turbulent zone[65]. This approach significantly reduces 

computational costs and enhances computational efficiency and stability.  

The wall function acts as an intermediary between the wall and the computational 

domain. On one side, it facilitates the transmission of characteristics such as heat flux and 

shear stress to the wall, while on the other side, it furnishes boundary conditions for the 

turbulence calculation domain. Subsequently, the calculation of the low Reynolds number 

region can be circumvented by employing empirically derived distributions of variables 

within the boundary layer, as informed by experimental or simulation data, such as the 

simplest linear distribution.  

However, when using the RANS method equipped with traditional wall functions to 

simulate a methane/oxygen combustion chamber, some problems occurred in the 

engineering of calculating wall heat transfer. In the numerical simulation of a multi-

injector methane/oxygen rocket combustion chamber, J. Wei et al. [66] observed that 

while the pressure distribution obtained from the simulation closely matched 

experimental results, the computed wall heat flux consistently exceeded experimental 

values by approximately 30%, irrespective of the chosen wall treatment method. This 

phenomenon is illustrated in Figure 1. A similar phenomenon manifests in the methane 

combustion chamber incorporating film cooling, In the investigation of single-injector 

combustion chamber, it is observed by A. Sternin et al. that RANS-based simulations 

consistently overestimate the wall heat flux, as depicted in Figure 2[67]. Similar heat flux 

overestimation is evident in the study conducted by D. Muto et al.[68] and F. Di Matteo 

et al.[69]. 

 
 

 

 

 

 

 

 

 

Pressure distribution                          Heat flux distribution 

Figure 1 Pressure and wall heat flux distribution in a seven-element chamber (case 1: Enhanced 

wall treatment with y+=1; case 2: Coupled wall treatment with y+=30; case 3: Enhanced wall treatment 

with y+=30) 
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According to the research, the overestimation of wall heat flux may stem from the 

derivation process of general wall functions. Typically, wall functions are derived based 

on single-component, non-reacting flow scenarios, thereby completely disregarding 

chemical reactions within the boundary layer. However, numerous studies have indicated 

that chemical reactions occurring in the boundary layer can significantly influence wall 

heat flux[70-75]. This effect becomes particularly pronounced when reactants are utilized 

as wall coolants, underscoring at the importance of considering chemical effects near the 

wall. 

 

 

 

 

 

 

 

 

 
Figure 2 wall heat flux distribution of experiments and simulations in a single-element 

chamber with film cooling 

In summary, to address the challenge of RANS-based overestimation in predicting 

wall heat flux, this study implemented a coupled wall function proposed by O. Cabrit and 

F. Nicoud[76]. This approach accounted for the impact of chemical reactions in the 

boundary layer, thereby mitigating the over-prediction of wall heat flux. A numerical 

framework based on the coupled wall function was proposed and subsequently 

experimentally validated. Utilizing the proposed framework, this study further 

investigated and predicted combustion and wall heat transfer characteristics in 

methane/oxygen rocket engines.  

1.5 Outline 

This thesis presents a comprehensive summary as follows: Chapter 2 details the 

methodologies utilized in this research, encompassing the establishment of numerical 

framework, derivation and embed of couple wall function, reference and comparative 

experiments, as well as the delineation of parameters and boundary conditions. Chapter 

3 delves into the verification and application of the constructed numerical framework[77]. 

Investigations into parameter optimization aimed at enhancing predictions of wall heat 
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flux in single-injector methane/oxygen combustion chamber[78], as well as research into 

improving film cooling efficiency. Research on wall heat transfer and cooling efficiency 

in multi-injector methane/oxygen engines subjected to velocity drive. Along with 

scholarly contributions based on these endeavors. Chapter 4 provides a discussion on 

existing research findings and offers insights into future of the field.  
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2. Methodology 

This chapter serves primarily as an introduction to the methodology, outlining 

various approaches employed to obtain the research outcomes presented in Chapter 3. It 

comprises two main parts: reference experiment part and numerical framework part. The 

reference experiment part provides an overview of the experimental geometric 

characteristics utilized to validate the numerical framework, it includes descriptions of 

operating parameters, typical experimental results, and the modeling of the discrete 

experimental data. In addition, the numerical framework part delineates the diverse 

numerical models utilized, reaction mechanisms, model construction and mesh 

establishment, derivation and embedding of coupled wall function, stipulated boundary 

conditions and verification of grid independence, among other aspects.  

2.1 Reference Experiments 

The comparative assessment of the numerical model in this investigation draws upon 

experimental data conducted at the Technical University of Munich (TUM) Aerospace 

Propulsion Institute. These experiments encompassed two distinct configurations: one 

featuring a methane/oxygen combustion chamber with a single injector characterized by 

a rectangular cross-section incorporating film cooling, and the other comprising a 

methane/oxygen combustion chamber equipped with a circular cross-section housing 

seven injectors. These experiments were both conducted within the controlled 

environment of a laboratory test bench. 

To investigate the efficacy of the numerical framework presented in this thesis within 

a combustion chamber incorporating film cooling, experimental findings from 

methane/oxygen combustion with film cooling are employed as a benchmark. 

Concurrently, to mitigate deviations arising from intricate flow dynamics, the optimal 

outcomes from a simplified single-injector rectangular combustion chamber conducted 

by Maria P. Celano et al[47]. are utilized for comparation. The primary geometric 

parameters of this testbench are detailed in Table 1.  

Figure 3 illustrates a schematic depiction of the test bench. As depicted, the 

combustion chamber comprises two distinct segments, namely front and rear. Positioned 

along the exterior of the upper wall of the chamber are multiple orifices, each possessing 

a diameter of 0.5 mm, spaced uniformly. These orifices accommodate T-type 

thermocouples within the combustion chamber, and in the front segment of the chamber, 
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grouped thermocouples situated at distances of 1, 2 and 3 mm from the chamber wall 

surface, facilitating enhanced acquisition of wall temperature distribution and heat 

transfer. Additionally, a series of pressure sensors are correspondingly arranged along the 

side wall of the combustion chamber to capture the pressure distribution within the 

chamber.  

Table 1 Main geometrical parameters of single-element testbench 

Geometry Unit Value 

Chamber length (mm) 290 

Chamber width (mm) 12 

Chamber height (mm) 12 

Throat height (mm) 4.8 

Contraction ratio Acc/Ath (-) 2.5 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3 Side view and top view of the single element chamber section 

Table 2 presents the fundamental operational parameters of the test bench during its 

functioning. Regarding the film cooling injection, Figure 4 shows a schematic cross-

sectional view of the inlet section. Notably, the film is expelled through an inlet with a 

height of merely 0.25mm attach the upper wall surface, while the width of the film inlet 

spans 11mm. A more comprehensive elucidation of the test bench parameters can be 

found in Reference [47] and [48]. 
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Table 2 Operating conditions of combustion chamber 

p 

[bar] 

 �̇�𝑚𝐶𝐶𝐶𝐶4 

[g/s] 

 �̇�𝑚𝑂𝑂2 

[g/s] 

ROF 

[-] 

         �̇�𝑚𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 

[g/s] 

RF 

[%] 

0.968 7.7 24.1 3.13 2.2 22.2 

 

 

 

 

 

 

 

Figure 4 Cross section of single element combustion chamber and film injector 

Figure 5 illustrates typical output curves of experimental pressure and temperature 

during combustion process. Considering the constraints associated with a heat-sink 

combustion chamber, a duration of approximately 3 seconds is selected for steady-state 

combustion to measure the heat load. Moreover, to mitigate the influence of the ignition 

process on temperature measurement, the ignition duration is limited to 300 milliseconds. 

Given the transient nature of combustion, three specific time points are identified: the 

initiation time t0, the evaluation time t1, and the cessation time t2. Parameters of the 

chamber at the commencement of the experiment are determined at t0, while those at the 

conclusion are established at t2. Additionally, since the primary focus lies on attaining a 

steady-state equilibrium, t1 is designated as the time point when equilibrium is achieved. 

 

 

 

 

 

 

 

 

 

 

Figure 5 Example of pressure-temperature output curve and time points for combustion 

experiments 
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Figure 6 depicts the typical temporal evolution of pressure and temperature 

distributions from experiments. Notably, the pressure exhibits a gradual decrease as the 

sensor approaches the chamber exit, while conversely, the temperature exhibits a gradual 

increase. This observed trend aligns with the expected combustion pattern within the 

rocket combustion chamber. Furthermore, an experimental duration spanning from 4.2 

seconds to 5.9 seconds is selected as the evaluation time as discussed. At this juncture, 

combustion attains equilibrium, and the experimental parameters acquired during this 

interval are chosen for validating the numerical model. 

 

 

 

 

 

 

 

 

 

Figure 6 Typical single element combustion chamber pressure and temperature output curves  

Subsequently, to investigate the intricate flow conditions within the combustion 

chamber of a more realistic rocket engine, the experimental outcomes from a multi-

injector combustion chamber are employed to assess the three-dimensional effect within 

the chamber[59]. The schematic diagram of the test bench is presented in Figure 7. The 

combustion chamber boasts a circular cross-section with a diameter measuring 30 mm. 

Seven coaxial nozzles are meticulously arranged in an annular configuration. The spacing 

between the centers of these injectors amounts to 9 mm, and the contraction ration stands 

at 2.5 with a chamber pressure of approximately 20 bar. Similar to the single-injector test 

bench, it adopts a comparable methodology for thermocouples and pressure sensors 

arrangement. Additional primary geometric parameters are enumerated in Table 3.  
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Figure 7 Seven-element combustion chamber schematic 

Table 3 Main geometrical parameters of seven-element testbench 

Geometry Unit Value 

Chamber length (mm) 340 

GOX post inner diameter (mm) 4 

GCH4 annulus inner diameter (mm) 5 

GCH4 annulus outer diameter (mm) 6 

Injector area ratio ACH4/AOX (-) 0.7 

2.2 Inverse Heat Transfer Method 

As elucidated in the preceding section, the thermocouples are strategically 

positioned at distances of 1-3 mm from the chamber wall. This arrangement is motivated 

by the challenging hot gas environment within the combustion chamber, making direct 

temperature measurements of the hot gas arduous. However, this arrangement may 

introduce potential inaccuracies in temperature measurements. Unlike other test benches 

employing external water or other cooling media, where the heat flux can be 

straightforwardly calculated from the enthalpy difference between the incoming and 

outcoming coolant, the temperature within a heat-sink combustion chamber is not a static 

parameter during combustion. Therefore, a transient inverse heat calculation method is 

applied to compute the transient heat flux profile and distribution on the chamber wall.  
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Figure 8 Iterative algorithm for inverse heat transfer method 

The inversion algorithm, proposed and validated by N. Perakis et al. as referenced 

in [79], employs an iterative procedure outlined in Figure 8. Initially, an assumed heat 

flux is established, and the initial temperature T0 serves as the starting condition for the 

temperature field. At this initial stage, the temperature field in the computational domain 

is known as the ambient temperature. A direct numerical solver, 𝑅𝑅𝑅𝑅�̇�𝑞𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 , developed 

using a 3D finite difference (FD) code, is employed for iteration[80, 81] . Residuals are 

computed by comparing the measured point values with experimentally obtained values 

in each iteration. Once the residuals converge, a more accurate temperature distribution 

and wall heat flux are obtained. Figure 9 illustrates the wall heat flux calculated by the 

inverse method, compared with experimental values, demonstrating noticeable 

differences that affirm the efficacy of the inverse method. Further details regarding the 

calculation and validation process of the inverse method are provided in references [79, 

82]. The thermodynamic experimental data used to subsequently validate the numerical 

framework in this paper have been optimally adjusted using the inverse method. 

 

 

 

 

 

 

 

 

 

 

Figure 9 Experimental value and calculated value of wall heat flux 
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2.3 Numerical Setup 

Based on the described experimental setup, the geometric and physical model for 

simulation is constructed. Given primary focus on combustion and heat transfer 

characteristics within the chamber, only the chamber and nozzle mesh constitute the 

calculation domain. Additionally, to ensure the complete development of the fuel and 

oxygen, specific length of fuel and oxygen injection pipe are retained. The geometrical 

configuration of the single-element combustion chamber computational domain is 

illustrated in Figure 10(a), with specific geometrical parameters of the combustion 

chamber referenced in Table 1. A mesh has also been generated based on this 

configuration, as depicted in Figure 10(b). To enhance computation efficiency, only one-

fourth of the chamber is retained, with symmetric boundary conditions applied for the 

truncated sections. The mesh is refined in the corresponding shear layer area, and the 

mesh thickness near the chamber wall is controlled to maintain the wall y+ at 

approximately 30. 
 

 

 

 

 

 

 

 

(a) Single element combustion chamber geometry 

 

 

 

 

 

 

 

 

(b) Single element combustion chamber mesh 

Figure 10 Geometry and mesh of single element combustion chamber 

For the multi-element combustion chamber, the geometric model is established with 
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reference to the experimental apparatus in Table 3. The original experiment lacks film 

cooling, thus, in the simulation process, the film injection port is artificially positioned in 

the injection plate adjacent to the wall. The geometry is depicted in Figure 11(a), with 50 

mm of fuel and oxygen injection pipes reserved to ensure fully developed flows. The 

mesh, constructed based on the geometry of the 7-element chamber, is presented in Figure 

11(b), with wall y+ values controlled around 30 and mesh refinement in the shear layer 

region similar to the single-element chamber. Correspondingly, to curtail computational 

costs, only one-sixth of the combustion chamber is retained, with mesh density reduced 

appropriate at the nozzle, given that the primary focus is on the combustion chamber 

section.   
 

 

 

 

 

 

 

 

 

(a) Multiple elements combustion chamber geometry 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Multiple elements combustion chamber mesh 

Figure 11 Geometry and mesh of multiple elements combustion chamber 
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Concerning the numerical model, the initial consideration is the selection of the 

turbulence model. As delineated in Chapter 1, RANS-based numerical models are adept 

at simulating turbulence and combustion chambers, offering significant computational 

advantages compared to LES and DNS methods[59, 67, 83-85]. Moreover, the standard 

𝑘𝑘 − 𝜀𝜀  turbulence model is predicated upon the foremost comprehension of pertinent 

phenomena, there mitigating uncertainties and furnishing a suite of equations amenable 

to a broad array of turbulent scenarios[86], where k is turbulent kinetic energy and can be 

derived from: 
𝜕𝜕(𝜌𝜌𝑘𝑘)
𝜕𝜕𝜕𝜕

+
𝜕𝜕(𝜌𝜌𝑘𝑘𝑢𝑢𝐹𝐹)
𝜕𝜕𝑥𝑥𝐹𝐹

=
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�
𝜇𝜇𝑡𝑡
𝜎𝜎𝑘𝑘

𝜕𝜕𝑘𝑘
𝜕𝜕𝑥𝑥𝑗𝑗

� + 2𝜇𝜇𝑡𝑡𝐸𝐸𝐹𝐹𝑗𝑗𝐸𝐸𝐹𝐹𝑗𝑗 − 𝜌𝜌𝜀𝜀 (2-1) 

and 𝜀𝜀 is turbulent dissipation and can be obtained from: 

𝜕𝜕(𝜌𝜌𝜀𝜀)
𝜕𝜕𝜕𝜕

+
𝜕𝜕(𝜌𝜌𝜀𝜀𝑢𝑢𝐹𝐹)
𝜕𝜕𝑥𝑥𝐹𝐹

=
𝜕𝜕
𝜕𝜕𝑥𝑥𝑗𝑗

�
𝜇𝜇𝑡𝑡
𝜎𝜎𝜀𝜀

𝜕𝜕𝜀𝜀
𝜕𝜕𝑥𝑥𝑗𝑗

� + 𝐶𝐶1𝜀𝜀
𝜀𝜀
𝑘𝑘

2𝜇𝜇𝑡𝑡𝐸𝐸𝐹𝐹𝑗𝑗𝐸𝐸𝐹𝐹𝑗𝑗 − 𝐶𝐶2𝜀𝜀𝜌𝜌
𝜀𝜀2

𝑘𝑘
 (2-2) 

the equations are comprised of several adjustable constants, which have been determined 

through extensive iterations of data fitting across a broad spectrum of turbulent flows[87], 
they are outlined as follows:  𝐶𝐶𝜇𝜇 = 0.09,𝜎𝜎𝑘𝑘 = 1,𝜎𝜎𝜀𝜀 = 1.3,𝐶𝐶1𝜀𝜀 = 1.44,𝐶𝐶2𝜀𝜀 = 1.92. 

Research have shown that the standard 𝑘𝑘 − 𝜀𝜀  model can effectively predict mixing 

processes with satisfactory accuracy while maintaining a low computational 

consumption[88-91]. 

Additionally, investigations demonstrate the viability of characterizing the methane 

combustion process within the chamber as finite-rate reactions, warranting the utilization 

of the eddy dissipation concept (EDC) model as a suitable reaction model[61, 67, 92, 93]. 

Regarding the chemical reaction mechanism, the mechanism employed in this thesis 

comprises a formulation of 14 distinct species and 18 reactions, as originally proposed by 

Dong G et al[94]. Moreover, the validation of the chemical mechanism is further 

substantiated through a comparative analysis between experimental data and simulation 

outcomes. As depicted in Figure 12, which illustrates the velocity distribution across the 

cross-section within the domain characterized by turbulent and chemical interplays, the 

simulated velocity values closely align with the experimental data. This concordance 

underscores the appropriateness of the mechanism for facilitating methane combustion 

calculations.  
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Figure 12 Distribution of velocity field (○- experiment; -·- - simulation) 

In the case of the single-element chamber, both the turbulent Prandtl number (Prt) 

and turbulent Schmidt number (Sct) are prescribed as 0.7, discussion pertaining to 

dimensionless numbers will be elaborated upon in following studies[78] of this thesis. 

Conversely, for the multi-element chamber, these parameters are assigned a value of 0.85, 

determined through insights gleaned from previous multi-element chamber simulations 

due to the unavailability of pertinent experimental data. Concerning the approach to wall 

treatment, the coupled wall function is integrated into the Ansys Fluent software via the 

User Defined Function (UDF) method, aimed at refining the prediction accuracy of wall 

heat transfer. The subsequent section will provide a succinct exposition on the derivation 

and modeling procedures of the coupled wall function. The enhanced wall function is 

adopted as a reference control in the analysis. 

2.4 Wall Treatments 

As previously mentioned, to effectively leverage the high Reynolds number model, 

tailored handling of the boundary layer proximate to the wall is imperative to furnish 

suitable boundary conditions and reduce computational expenses. This necessitates the 

adoption of the wall function approach. To delve into the intricacies of the wall function, 

more discussion and derivation process need to be carried out. The momentum and energy 

governing equation of general flow can be expressed as: 

𝜌𝜌 �
𝜕𝜕𝑽𝑽
𝜕𝜕𝜕𝜕

+ 𝑽𝑽 ∙ ∇𝑽𝑽� = −∇𝑝𝑝 + ∇ ∙ 𝝉𝝉� + 𝜌𝜌𝒇𝒇 (2-3) 

𝜌𝜌 �
𝜕𝜕𝐻𝐻
𝜕𝜕𝜕𝜕

+ 𝑽𝑽 ∙ ∇𝐻𝐻� = −∇ ∙ 𝒒𝒒 + ∇ ∙ (𝝉𝝉� ∙ 𝑽𝑽) +
𝑑𝑑𝑝𝑝
𝑑𝑑𝜕𝜕

 (2-4) 

the physical interpretation of the above equations lies in the equivalence between the 

convection flux on the left-hand side and the diffusion flux on the right-hand side. As the 
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Reynolds number diminishes, the relative magnitude of the diffusion flux progressively 

ascends. Leveraging this insight, a statistical average of Equation (2-3) and Equation (2-

4) has been conducted. It is observed that the diffusion flux component adjacent to the 

chamber wall in the vertical direction substantially surpasses that in the other two 

directions. Consequently, only the y-directional component is retained, with the 

remaining values transferred to the right side of the equations, the final former of these 

equations convert to:  
𝜕𝜕𝜏𝜏𝑤𝑤
𝜕𝜕𝜕𝜕

= 𝐹𝐹 (2-5) 

𝜕𝜕𝑞𝑞𝑤𝑤
𝜕𝜕𝜕𝜕

= 𝐺𝐺 (2-6) 

where F and G are unknown functions.  

At this juncture, provided that the expression of the distribution functions F and G 

are attainable, the nexus between wall shear stress and heat flow can be established 

through the integration of y across the boundary layer. These connections defined as the 

wall distribution laws. Such laws delineate the algebraic linkage between the physical 

parameters at the wall and the center of the first layer grid, circumventing the 

discretization of the viscous layer within the boundary. The mathematical underpinning 

of the wall function lies in furnishing the wall heat flux value directly, thereby obviating 

the need for discretizing the gradient operator.  

Broadly speaking, the widely employed wall functions postulates F=G=0. This 

premise represents the simplest assumption. Nonetheless, in the context of 

methane/oxygen rocket engines, within combustion chambers employing methane as the 

film coolant, this assumption implies that the chemical reaction in the boundary layer is 

insignificant, rendering it evidently unsuitable. Consequently, to address this issue, 

coupled wall function devised by O. Cabrit and F. Nicoud[76], grounded on 

multicomponent reaction flow, are employed to forecast intense temperature gradients 

and chemical reactions within the boundary layer of the combustion chamber. Subsequent 

to this, a succinct introduction to the derivation and modelling of coupled wall functions 

for the combustion cases investigated in this thesis is presented.  

In turbulent flows entailing chemical reactions, the momentum and energy equations 

retain their forms as Equation (2-3) and Equation (2-4). Given that chemical reactions 

still presume complete elastic collisions among molecules, the influence of reactions on 

Equation (2-3) can be neglected, implying that the coupled wall function exerts no impact 

on flow characteristics. However, the energy equation incorporates a chemical enthalpy 

term. Since the rocket engine combustion chamber represents a standard low Mach 
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number flow, the unsteady pressure term and viscous dissipation term in Equation (2-4) 

can be disregarder, thereby permitting a rewritten form as follows: 

𝜌𝜌
𝑑𝑑𝐻𝐻
𝑑𝑑𝜕𝜕

= −∇ ∙ 𝒒𝒒 (2-7) 

                       

In the absence of considering the Soret thermal diffusion and Dufour effect[95] stemming 

from the thermodynamic non-equilibrium, the total enthalpy H and heat flux vector q in 

the aforementioned equation can be articulated as: 

𝐻𝐻 = �𝑌𝑌𝑘𝑘�ℎ𝑓𝑓,𝑘𝑘
0 + ℎ𝑘𝑘𝑠𝑠�

𝑁𝑁

𝑘𝑘=1

= 𝐻𝐻𝑠𝑠 + 𝐻𝐻𝑓𝑓0 (2-8) 

𝒒𝒒 = −𝜆𝜆∇𝐹𝐹 + 𝜌𝜌�𝑌𝑌𝑘𝑘

𝑁𝑁

𝑘𝑘=1

𝑉𝑉𝑘𝑘,𝐷𝐷ℎ𝑘𝑘 (2-9) 

By reintegrating Equation (2-8) and Equation (2-9) back into Equation (2-7), and 

amalgamating with the component transport equation, the Equation (2-7) can be 

streamlined to: 

𝜌𝜌
𝑑𝑑𝐻𝐻𝑠𝑠

𝑑𝑑𝜕𝜕
= −∇ ∙ �−𝜆𝜆∇𝐹𝐹 + 𝜌𝜌�𝑌𝑌𝑘𝑘𝑉𝑉𝑘𝑘,𝐷𝐷ℎ𝑘𝑘𝑠𝑠� −�ℎ𝑓𝑓,𝑘𝑘

0 �̇�𝜔𝑘𝑘 (2-10) 

 

Equation (2-10) can be further simplified within the boundary layer. Since this research 

focuses on the steady-state combustion investigation, the partial derivative term with 

respect to time can be neglected. Additionally, the convection term near the wall and the 

x-direction and z-direction component are disregarded. Consequently, the diffusion flux 

wall distribution law considering chemical reactions is derived as: 
𝜕𝜕𝑞𝑞𝑤𝑤∗

𝜕𝜕𝜕𝜕
= �ℎ𝑓𝑓,𝑘𝑘

0 �̇�𝜔𝑘𝑘 (2-11) 

where 𝑞𝑞𝑤𝑤∗  represents wall heat flux in specific sensible enthalpy form. It is noteworthy 

that when chemical reactions are taken into account, the unknown function G in Equation 

(2-6) of the wall distribution law is ∑ℎ𝑓𝑓,𝑘𝑘
0 �̇�𝜔𝑘𝑘 . The meaning of this term lies in its 

representation of the conversion rate of chemical energy to thermal energy. In the event 

of chemical reaction cessation, wherein the generation rate of each component becomes 

zero, chemical energy ceases to be converted into heat, causing the function G to approach 

zero. Consequently, the coupled wall function regresses into a standard wall function with 

G=0.  

Equation (2-11) elucidates the physical significance of the wall heat flux distribution 

law of the coupled wall function. Nevertheless, due to the absence of an explicit 
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mathematical expression, its highly nonlinear nature renders its numerical 

implementation challenging. Hence, to facilitate the application of the coupled wall 

function within the numerical framework, certain numerical manipulations are warranted. 

By conducting Favre time averaging on Equation (2-7), and likewise excluding the 

unsteady terms and divergence components in the x- and z-direction, Equation (2-12) can 

be derived: 

𝜕𝜕𝑞𝑞𝑤𝑤����
𝜕𝜕𝜕𝜕

=
𝜕𝜕
𝜕𝜕𝜕𝜕 �

�̅�𝜌𝑣𝑣′′ℎ𝑠𝑠′′� + �̅�𝜌�𝑣𝑣′′𝑌𝑌𝑘𝑘′′�
𝑘𝑘

ℎ𝑓𝑓,𝑘𝑘
0 − 𝜆𝜆

𝑑𝑑𝐹𝐹
𝑑𝑑𝜕𝜕

������
+ �̅�𝜌�(ℎ𝑘𝑘

𝑘𝑘

𝑌𝑌𝑘𝑘𝑉𝑉𝑘𝑘,𝑦𝑦)� �   (2-12) 

Based on the DNS simulation results by Cabrit and Nicoud[76] regarding the relative 

significance of terms on the brackets in Equation (2-12), it is evident that the latter two 

terms 𝜆𝜆 𝑑𝑑𝑑𝑑
𝑑𝑑𝑦𝑦

����� + �̅�𝜌 ∑ (ℎ𝑘𝑘𝑘𝑘 𝑌𝑌𝑘𝑘𝑉𝑉𝑘𝑘,𝑦𝑦)�  can be disregarded within the logarithmic region of the 

turbulent boundary layer. Additionally, the first two terms can be approximated using the 

Boussinesq vortex viscosity assumption[96]. Subsequently, this leads to the derivation of 

an explicit expression for the coupled wall function employed in computing the wall heat 

flux: 

𝑞𝑞𝑤𝑤 ���� = −𝜇𝜇𝑡𝑡(
𝐶𝐶𝑃𝑃
𝑃𝑃𝑃𝑃𝑡𝑡

+
1
𝑆𝑆𝑆𝑆𝑡𝑡

�
𝑑𝑑𝑌𝑌𝑘𝑘�
𝑑𝑑𝐹𝐹�

𝑘𝑘

ℎ𝑓𝑓,𝑘𝑘
0 )

𝑑𝑑𝐹𝐹�
𝑑𝑑𝜕𝜕

  (2-13) 

The ∑ 𝑑𝑑𝑌𝑌𝑘𝑘����

𝑑𝑑𝑑𝑑�𝑘𝑘 ℎ𝑓𝑓,𝑘𝑘
0  term in Equation (2-13) are pivotal for the excellent performance of the 

coupled wall function in forecasting wall heat flux. It signifies the wall heat flux arising 

from the equilibrium motion of chemical reactions. Eventually, the coupled wall function 

can be integrated into the current numerical models.  

In the particular embedding procedure, as commonly used numerical simulation 

software such Ansys Fluent typically lacks direct modification capabilities for wall heat 

flux, UDF are employed to override the computed wall heat flux values. Given the 

inability to directly assign wall heat flux, a transformation of Equation (2-13) into a 

programmatically convenient form becomes necessary. A brief outline of the 

transformation approach is provided below. Initially, introduce a variable T+: 

𝐹𝐹+ = 𝐾𝐾(𝑃𝑃𝑃𝑃) +  
𝛼𝛼
𝐵𝐵𝑞𝑞
𝑢𝑢+ (2-14) 

where K(Pr) represents a constant derived through least-squares approximation, 

contingent upon the Prandtl number (Pr): 

𝐾𝐾(𝑃𝑃𝑃𝑃) = 𝛽𝛽(𝑃𝑃𝑃𝑃) − 𝑃𝑃𝑃𝑃𝑡𝑡𝐶𝐶 + �
𝑃𝑃𝑃𝑃𝑡𝑡
𝜅𝜅
− 2.12� (1 − 2𝑙𝑙𝑙𝑙20) (2-15) 
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𝛽𝛽(𝑃𝑃𝑃𝑃) = �3.85𝑃𝑃𝑃𝑃
1
3 − 1.3�

2
+ 2.12𝑙𝑙𝑙𝑙(𝑃𝑃𝑃𝑃) (2-16) 

The coefficient C represents a constant in the logarithmic law of velocity, while 𝜅𝜅 

denotes the von Kármán constant. The influence of their selection on the efficacy of the 

coupled wall function is addressed in Paper 2 in this thesis. The coefficient before the 

dimensionless velocity u+ can be expressed as follows: 

  
𝛼𝛼
𝐵𝐵𝑞𝑞

=
𝐶𝐶𝑃𝑃

𝐶𝐶𝑃𝑃
𝑃𝑃𝑃𝑃𝑡𝑡

+ 1
𝑆𝑆𝑆𝑆𝑡𝑡

∑ 𝑑𝑑𝑌𝑌𝑘𝑘�
𝑑𝑑𝐹𝐹�𝑘𝑘 ℎ𝑓𝑓,𝑘𝑘

0
 (2-17) 

and u+ is dimensionless wall velocity, defined as: 

𝑢𝑢+ =
𝑢𝑢𝑝𝑝
𝑢𝑢𝜏𝜏

 (2-18) 

where up is velocity component parallel to the wall. 𝑢𝑢𝜏𝜏 = �
𝜏𝜏𝑤𝑤
𝜌𝜌

 is the friction velocity.  

Subsequently, according to the relationship between T+ and qw: 

𝐹𝐹+ =
𝜌𝜌𝐶𝐶𝑝𝑝𝑢𝑢∗

𝑞𝑞𝑤𝑤
(𝐹𝐹𝑤𝑤 − 𝐹𝐹𝑐𝑐) (2-19) 

where 𝑢𝑢∗ = 𝑢𝑢𝑝𝑝𝑢𝑢𝑘𝑘𝑘𝑘
𝑢𝑢𝜏𝜏2

 is the improved dimensionless wall velocity, and 𝑢𝑢𝑘𝑘𝑡𝑡 = 𝐶𝐶𝜇𝜇
1 4⁄ 𝑘𝑘𝑡𝑡

1 2⁄  is 

the velocity unit, it can be calculated from the 𝐶𝐶𝜇𝜇(=0.09, coefficient for computing eddy 

viscosity in turbulent model) and turbulent kinetic energy kt. The wall heat flux qw can be 

explicitly express as:  

𝑞𝑞𝑤𝑤 = −
𝜌𝜌𝐶𝐶𝑃𝑃𝑢𝑢∗

𝐹𝐹+
(𝐹𝐹𝑐𝑐 − 𝐹𝐹𝑤𝑤) (2-20) 

This formulation can be effectively incorporated into the numerical framework using the 

UDF method, below a concise overview of the incorporating process will be provide.  

The Ansys Fluent offers an extensive array of macro commands, enabling users to 

customize functions as needed. In this research, the DEFINE_ADJUST macro is 

predominantly utilized to compute the coefficient −𝜌𝜌𝐶𝐶𝑃𝑃𝑢𝑢∗

𝑑𝑑+
 in Equation (2-20), and store 

it in a user-defined memory (UDM). Afterwards, the obtained coefficients are invoked by 

DEFINE_HEAT_FLUX macro to calculate the wall heat flux value and assign it to the 

Fluent solver. The DEFINE_EXECUTE_AT_END macro is employed to monitor key 

parameters.  

2.5 Boundary Conditions 

The boundary conditions for both the single- and seven-element combustion 

chambers are detailed in Tables 4 and 5 correspondingly. The film coolant utilized 
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maintains a methane composition, consistent with that of the fuel. Regarding the upper 

wall of the chamber, the temperature distribution is established as the initial boundary 

condition, derived through the process of fitting and discretizing experimental data. 

Additionally, it is pertinent to highlight that a constant wall temperature is prescribed for 

the nozzle section. This decision stems from the absence of a thermocouple in that region 

during the experimental procedure. However, given our primary focus on the wall heat 

flux within the chamber section, maintaining a constant temperature at the nozzle is 

deemed acceptable. The specific value for this temperature is determined to ensure 

continuity with the wall temperature of the chamber section. 
Table 4 Boundary conditions of single-element chamber 

Boundary Type Specific Temperature 

GOX inlet Mass flow inlet 0.006025 kg/s 268K 

GCH4 inlet Mass flow inlet 0.001925 kg/s 275K 

Film inlet Mass flow inlet 0.0011 kg/s 266K 

Outlet Pressure outlet 0.968 bar 300K 

Injector wall & faceplate Non-slip wall - Adiabatic 

Chamber wall Non-slip wall - Polynomial fitting 

Nozzle wall Non-slip wall - 400K 

Symmetric face Symmetry - - 

 

Table 5 Boundary conditions of multi-element chamber 

Boundary Type Specific Temperature 

GOX inlet Mass flow inlet 0.0301 kg/s 259.4K 

GCH4 inlet Mass flow inlet 0.001143 kg/s 237.6K 

Film inlet Mass flow inlet 0.001333 kg/s 237.6K 

Outlet Pressure outlet 1.01325 bar 300K 

Injector wall & faceplate Non-slip wall - Adiabatic 

Chamber wall Non-slip wall - Polynomial fitting 

Nozzle wall Non-slip wall - 412K 

Symmetric face Symmetry - - 

 

At this juncture, the numerical framework aimed at enhancing heat transfer 

prediction precision on the combustion chamber wall of the methane/oxygen rocket 

engine has been largely established. Concurrently, to facilitate a comprehensive 

assessment of the influence of chemical reactions occurring in the boundary layer on wall 
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heat flux, simulations employing enhanced wall function but with the same numerical 

setup and boundary conditions are conducted as a control group for comparative analysis. 

2.6 Free Shear Layer Velocity Discrepancy 

Finally, it is imperative to extend an assumption, positing that the fluid proximate to 

the wall resides in a state of chemical equilibrium. This assumption constitutes a 

necessary concession aimed at facilitating the computation of Equation (2-17), given that 

the derivative term hinges not solely on temperature but also on pressure and mixture 

composition, variables that prove exceedingly arduous to incorporate into the UDF within 

a non-equilibrium fluid framework. Consequently, it becomes imperative to deliberate 

upon the mechanism and applicability of the coupled wall function within the confines of 

the specific GCH4/GO2 combustion chamber featuring film cooling, as scrutinized in this 

study. 

As the investigation conducted by J. Wei concerning a multi-element combustion 

chamber devoid of film[66], it has been observed that the heat flow values derived from 

the coupled wall function surpass those generated by general wall functions when 

evaluated at a circumferential angle of 0°. This phenomenon contradicts the anticipated 

outcome wherein the coupled wall function is anticipated to mitigate the predicted heat 

flux; this discrepancy arises due to the study's confinement to a two-dimensional scenario, 

disregarding the substantial impact of three-dimensional effects on component 

distribution. 

In the simplified two-dimensional scenario, as the hot gas converges towards the 

cooler wall, its chemical equilibrium shifts towards a lower total chemical enthalpy, 

thereby instigating additional exothermic reactions within the gas, consequently yielding 

a negative chemical enthalpy gradient along the y-direction. This phenomenon engenders 

an augmentation in the calculated heat flux as Equation (2-13). Conversely, when film 

cooling is incorporated, the temperature of the film coolant decreases, leading to a 

reduction in the gas temperature proximate to the wall. Moreover, the coolant substance, 

methane, possesses the potential to partake in exothermic chemical reactions, thereby 

influencing the alteration in chemical enthalpy resulting from shifts in chemical 

equilibrium. This disparity constitutes one of the ramifications of film cooling on the 

anticipated wall heat flux predicted through the coupled wall function. 

In the context of the three-dimensional scenario, akin to the actual combustion 

chamber, provided that the density of the gas mixture adjacent to the wall remains 

constant, it is feasible to express Equation (2-20) in terms of column coordinates: 
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  (2-21) 

Examination of Equation (2-21) reveals that alteration in the direction of radial velocity 

𝑉𝑉𝑟𝑟 result in changes in the polarity of the equation, subsequently affecting the orientation 

of the enthalpy term. Consequently, from a three-dimensional standpoint, the sign of the 

radial velocity proximal to the wall significantly influences the prognostication of wall 

heat flux. Moreover, the introduction of film injection along the wall modifies flow 

dynamics, leading to divergent radial velocity patterns, thereby culminating in varying 

orientations of the chemical enthalpy term and, consequently, exerting a discernible 

impact on the prediction of wall heat flux. 

In addition to the impact on flow characteristics, examination should extend beyond 

the localized heat flux at specific angles or regions to encompass the cumulative influence 

of the enthalpy term across the entirety of the chamber wall. The introduction of film 

injection alters the mass fraction gradient of each component in the near-wall region 

compared to conditions sans film cooling, thereby modifying the inner product of 

enthalpy and mass fraction gradient. Consequently, this alteration results in scenarios 

where the action direction of chemical enthalpy aligns or opposes the temperature 

gradient, thereby engendering varied effects of the chemical enthalpy term on the 

predicted heat flux value. The precise ramifications of this influence and the underlying 

causes thereof will be expounded upon in Paper 1 of this thesis.  

Furthermore, extending beyond mere consideration of the coupled influence of the 

3D effect and film injection on wall heat flow. Due to the influence of viscosity, the 

velocity disparity engenders shear stresses from distinct orientations within the mixing 

zone of the shear layer, arising from the interaction between two turbulent flows, as 

illustrated in Figure 13. Consequently, the turbulence within the mixing zone attains 

greater complexity, affecting species distribution, heat transfer, and the associated 

chemical reaction processes. Hence, it is imperative to scrutinize the influence of the 

velocity differential between the film and the main flow within the combustion chamber 

of the rocket engine, with a specific emphasis on its implications for combustion 

dynamics and heat transfer phenomena. Base on this view, this study delves into 

investigating the ramifications of the disparity between the film injection velocity and the 

mainstream velocity in Paper 3. 
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Figure 13 Shear force diagram of the fluid mixing zone 

A dimensionless quantity, denoted as RV, is introduced to quantify the relationship 

between the velocity of the main flow and that of the film. RV is defined as follows: 

𝑅𝑅𝑉𝑉 =
𝑉𝑉𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹

𝑉𝑉𝐹𝐹𝑚𝑚𝐹𝐹𝑚𝑚𝑓𝑓𝐹𝐹𝑚𝑚𝑤𝑤
 (2-22) 

where 𝑉𝑉𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 is the velocity of film and 𝑉𝑉𝐹𝐹𝑚𝑚𝐹𝐹𝑚𝑚𝑓𝑓𝐹𝐹𝑚𝑚𝑤𝑤 is the velocity of the main flow. In 

the endeavor to uphold the oxygen-fuel ratio, the mass flow rate at the methane and 

oxygen inlets is deliberately maintained at a constant level throughout the velocity 

investigation, while the film inlet velocity is varied to achieve different RV values. As 

depicted in Figure 14, the average velocity distribution of the near wall injector illustrates 

a marginal increase in fluid velocity as combustion progresses downstream in the 

chamber, reaching the speed of sound at the nozzle throat before experiencing a further 

augmentation upon traversing through the nozzle. Notably, minimal changes in velocity 

are observed in the frontal section of the combustion chamber, where the reactions have 

yet to commence significantly, precisely corresponding to the area where the film 

predominantly performs. Consequently, the average velocity of the main flow within the 
initial 0.1 meters of the chamber (highlighted in red in Figure 14), denoted as 𝑉𝑉𝐹𝐹𝑚𝑚𝐹𝐹𝑚𝑚𝑓𝑓𝐹𝐹𝑚𝑚𝑤𝑤 

in Equation (2-22), is intercepted and calculated, yielding a value of 𝑉𝑉𝐹𝐹𝑚𝑚𝐹𝐹𝑚𝑚𝑓𝑓𝐹𝐹𝑚𝑚𝑤𝑤=92.578 

m/s.    

 

 

 

 

 

 

 

 

 

 

Figure 14 Velocity distribution of the main flow 
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Consequently, it becomes evident that there exist two distinct methodologies for 

regulating the injection velocity of the film: one entails manipulation of the film inlet 

mass flow rate, while the other involves adjustment of the film inlet size (inlet height in 

this study). In this thesis, these two strategies are separately employed to attain different 

RV values, and a series of simulation cases are systematically devised to analyze their 

impacts. The specifics of these cases are concisely outlined in Table 6. 

Table 6 Case summary list 

    Gr. 

No. 

Group A Group B 
RV 

�̇�𝑚 (𝑘𝑘𝑘𝑘/𝑠𝑠) ℎ𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) �̇�𝑚 (𝑘𝑘𝑘𝑘/𝑠𝑠) ℎ𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹(𝑚𝑚𝑚𝑚) 

0 0.001333 0.05 0.001333 0.05 1.276 

1 0.000446 0.05 0.001333 0.15 0.427 

2 0.000668 0.05 0.001333 0.10 0.639 

3 0.000834 0.05 0.001333 0.08 0.798 

4 0.001026 0.05 0.001333 0.065 0.982 

5 0.001903 0.05 0.001333 0.035 1.822 

2.7 Mesh Independence Verification 

To assess the sensitivity of the calculation results to changes in mesh density and 

save computational resource, mesh independence investigations are examined for both 

single- and multi-element combustion chambers using five meshes with varying degrees 

of sparsity. The number of grids for the single-element chamber ranges from 378,952 for 

the coarsest mesh to 5,832,214 for the finest mesh, while for the multi-element chamber, 

the range is from 483,630 to 6,122,580 grids. Additionally, to ensure the validity of the 

wall functions, the wall y+ values are adjusted to remain at around 30 after each mesh 

refinement. 

Figures 15 and 16 depict the average temperature and flow velocity along the 

centerline of the combustion chamber, as well as the average heat flux distribution on the 

upper wall, for different numbers of grids. It is evident from Figure 15 that for the single-

element chamber, the parameters within the combustion chamber stabilize after the grid 
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number reaches approximately 1.73 million, indicating mesh independence. Conversely, 

for the multi-element chamber, this stabilization occurs at around 2.46 million grids, as 

shown in Figure 16. In summary, to balance computational efficiency and numerical 

accuracy, grid numbers of 1.73 million and 2.46 million are selected for the single- and 

multi-element chamber simulations, respectively, in this study. 
 

 

 

 

 

 

 

 

 

 

 

Figure 15 Variation of parameters of single element chamber with the number of grids 

 

 

 

 

 

 

 

 

 

 

 

Figure 16 Variation of parameters of multiple elements chamber with the number of grids 

2.8 Film Cooling Efficiency 

By constructing the aforementioned numerical model, the chemical reactions within 

the boundary layer are incorporated, thereby enhancing the accuracy of wall heat flux 

prediction. It is noteworthy as well that in the investigation of film cooling, the cooling 

efficiency stands as a highly significant parameter. The primary objective of improving 
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the prediction of wall heat flux lies in achieving more precise determination of film 

cooling efficiency. Typically, the film cooling efficiency is expressed by the following 

formula[28, 97-99]: 

 

𝜂𝜂 =
𝐹𝐹𝑚𝑚𝑑𝑑 − 𝐹𝐹𝐶𝐶𝐶𝐶
𝐹𝐹𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹 − 𝐹𝐹𝐶𝐶𝐶𝐶

 (2-23) 

However, despite the widespread use of this cooling efficiency calculation method 

in cooling research, in actual rocket engines, achieving adiabatic conditions at the 

chamber wall proves challenging. Besides, this study adopts temperature as a boundary 

condition at the wall and utilizes wall functions to enhance the estimation of wall heat 

flux accuracy. Consequently, employing Equation (2-23) to quantify may not be 

appropriate. Instead, employing Net Heat Flux Reduction (NHFR) would be more 

suitable in this scenario, as indicated by numerous pertinent studies[100-103]. The NHFR 

can be defined as follows: 

𝑁𝑁𝐻𝐻𝐹𝐹𝑅𝑅 = 1 −
𝑞𝑞𝑓𝑓𝑓𝑓𝐹𝐹𝐹𝐹̇
𝑞𝑞0̇

∙ �
𝑃𝑃𝐶𝐶𝐶𝐶,0

𝑃𝑃𝐶𝐶𝐶𝐶,𝑓𝑓𝐹𝐹𝐹𝐹𝐹𝐹
�
0.8

 (2-24) 

where 𝑞𝑞0̇  represents the heat flux without film, and the expression � 𝑃𝑃𝐶𝐶𝐶𝐶,0
𝑃𝑃𝐶𝐶𝐶𝐶,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

�
0.8

 

constitutes a correction factor introduced by D.R. Bartz [104] to account for the influence 

of film injection in the combustion chamber pressure.  

2.9 Summary 

In this chapter, a concise overview of the reference experiments and typical 

experimental data pertinent to this study is provided. Concurrently, the inverse method is 

introduced to address measurement errors arising from the distance between the 

measurement point and the wall in the experiment. Subsequently, the setup and boundary 

conditions of the numerical framework are briefly elucidated, along with the derivation 

and incorporation method of the coupled wall function. The energy equation is 

reformulated in terms of total enthalpy to tackle the nonlinearity inherent in the original 

coupled wall function, and the derived expression for wall heat flux is programmatically 

adjustable. Furthermore, grid independence verification is conducted, revealing that 1.73 

million grids are optimal for single-nozzle combustion chambers, while 2.46 million grids 

are preferable for multi-nozzle combustion chambers. Finally, the impact of the coupling 

between complex flow and film cooling in the combustion chamber on wall heat transfer 

is deliberated, and velocity-related research methodologies and measurement standards 
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for film cooling efficiency are elucidated. 
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3. Summaries of Publications 

3.1 Summary of Paper 1 

《RANS Based Numerical Simulation of a GCH4/GO2 Rocket Engine Combustion 

Chamber with Film Cooling and Improvement of Wall Heat Flux Prediction》 

Jianing Liu, Silong Zhang, Jianfei Wei, Oskar J. Haidn 

The methane/oxygen rocket engine has emerged as one of the most promising 

propulsion systems today, owing to its cost-effectiveness and reusability. In the intricate 

design process of rocket engines, the cooling system plays a pivotal role, with film 

cooling emerging as a cornerstone method. Accurate prediction of heat transfer 

characteristics is paramount for the design and development of rocket engines employing 

film cooling. In this study, a comprehensive numerical framework based on the RANS 

method and the EDC reaction model is established, rigorously verified, and applied to 

simulate single- and multi-injector combustion chambers with film cooling. Additionally, 

a single injector combustion experiment with film cooling is conducted to validate the 

numerical framework.  

The investigation reveals that coupled flow and chemical reactions near the wall 

significantly influence the wall heat load. Consequently, a coupled wall function, derived 

from Direct Numerical Simulation (DNS), is formulated and integrated into the numerical 

framework to account for these coupling effects. Results from the single injector chamber 

investigation demonstrate that considering chemical reactions near the wall reduces the 

wall heat flux by 50%, aligning more closely with experimental data. This underscores 

the superior predictive capability of the coupled wall function compared to general wall 

functions in chambers equipped with film cooling. Moreover, it is observed that the 

coupled wall function primarily affects the near-wall region and exerts minimal influence 

on the main flow. Subsequently, following validation in the single injector combustion 

chamber experiment, the numerical framework is applied to a multiple-injector scenario. 

The findings reveal that the wall heat flux in multi-injector combustion chambers is 75% 

lower than that predicted by general wall functions. Furthermore, the study delves into 

the influence of the film on the chemical enthalpy term near the wall, along with the 

coupling effects of turbulent flow and temperature gradient near the wall. Lastly, the 

analysis of vorticity in the multi-injector chamber indicates that the film attenuates 

vorticity in the front section of the combustion chamber, thereby impacting the flame 

expansion process. 



Chapter 3. Summaries of Publications                     31 

 

The main purpose of this paper is to introduce the numerical framework developed 

for the first time and experimentally validates it using a methane/oxygen combustion 

chamber equipped with a single nozzle featuring film cooling, thus affirming the efficacy 

of the coupled wall function in film cooling investigations. Furthermore, the application 

of the coupled wall function to a multi-nozzle combustion chamber is also demonstrated. 

Lastly, a quantitative analysis is conducted to elucidate how the coupled wall function 

enhances the accuracy of wall heat flow calculations. 

Individual Contributions: 

This paper[77] has been published in the international peer-reviewed journal Applied 

Thermal Engineering. My primary contributions encompass the numerical processing of 

experimental data, the establishment of the numerical framework employed in this study, 

the composition and refinement of the UDF file for the coupled wall function, the 

execution of numerical simulations, the comprehensive analysis and discussion of the 

simulation outcomes and the writing and proofreading of the manuscript. 
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3.2 Summary of Paper 2 

《Numerical Study of Film Cooling in Single-Element Injector Gaseous CH4/O2 Rocket 

Engine with Coupled Wall Function》 

Jianing Liu, Silong Zhang, Jianfei Wei, Oskar J. Haidn 

A coupled wall function is integrated into the framework based on the Ansys Fluent 

platform to enhance the accuracy of wall heat flux prediction. Furthermore, simulation 

results are corroborated and parameters optimized through corresponding experiments. 

Upon parameter study, it is observed that the wall heat flux diminishes while the wall y-

plus escalates below 30, subsequently plateauing once the y-plus surpasses 30. 

Furthermore, the parameters κ and Cmod exhibit negligible influence on the film cooling 

acting area. Meanwhile, an increase in turbulent Prandtl number and Schmidt number 

within the range of 0.7 to 0.9 correlates with elevated wall heat flux. Following a 

comparison of various parameter configurations with experimental results, a final 

parameter setup is determined: y+ = 30, κ = 0.41, Cmod = 5.5, and Prt = Sct = 0.7. 

Several single-element combustion chamber simulations are conducted based on 

appropriate parameterization. These simulations reveal that employing coupled wall 

functions insignificantly alters main flow characteristics, including pressure, heat release 

rate, and temperature. However, film injection leads to an overall pressure increase and 

attenuation of the high-temperature zone near the wall. Additionally, film injection results 

in a higher peak in heat release rate in the front chamber section, followed by 

progressively decreasing values towards the end due to reactant decay. Analysis of wall 

heat flux indicates a parabolic distribution along the horizontal direction of the wall, with 

peak values situated on the midline of the chamber wall. Subsequent examination of 

downstream wall heat flux suggests that film cooling can mitigate wall heat flux, albeit 

with general wall functions tending to overestimate it. However, the coupled wall function 

substantially reduces this overestimation, aligning calculated wall heat flux values more 

closely with experimental data. 

Furthermore, this study employs the NHFR method to investigate film cooling 

efficiency, rather than the traditional approach based on adiabatic wall temperature. This 

decision stems from the challenges associated with achieving adiabatic conditions in real 

rocket combustion chambers. Moreover, the primary focus of this paper is to refine the 

precision of wall heat flux predictions. Based on the findings, cooling efficiency 

distribution appears nearly uniform in the horizontal direction. Additionally, the impact 

of the coupled wall function on the NHFR distribution is found to be negligible, yet results 
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in higher calculated cooling efficiency compared to cases with general wall functions, 

suggesting reduced methane consumption as a coolant to achieve equivalent cooling 

performance. Furthermore, cooling efficiency rapidly diminishes at a distance of 70-

80mm from the injection port, suggesting the feasibility of setting injection ports every 

70-80mm along the chamber wall to sustain high cooling efficiency and safeguard the 

chamber wall. 

In summary, this paper introduces and employs a numerical framework to accurately 

simulate the combustion chamber of a single-element GCH4/GO2 rocket engine with low 

computational cost. An optimized parameter setup and integration of coupled wall 

functions significantly enhance wall heat flux prediction, critical for research on rocket 

engine wall protection. Additionally, the study of film cooling efficiency yields more 

precise results and suggests appropriate film injection arrangements. Application of these 

findings can enhance the design of rocket propulsion systems and mitigate excessive 

rocket engine temperatures. 

Individual Contributions: 

This paper[78] has been published in the international peer-reviewed journal AIP 

Advances. My primary contributions include the processing of experimental data, the 

modification and optimization of the numerical framework proposed in Paper 1[77], the 

execution of numerical simulations, the data analysis and discussion of the simulation 

results, and the writing and proofreading of the manuscript. 
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3.3 Summary of Paper 3  

《Velocity-Driven Optimization of Film Cooling in Methane/Oxygen Rocket Engines 

Using Coupled Wall Function》 

Jianing Liu, Silong Zhang, Jianfei Wei, Oskar J. Haidn 

This paper delves into the utilization of coupled wall functions in the examination 

of film cooling within multi-element methane/oxygen rocket engine combustion 

chambers. By manipulating parameters such as film mass flow rate and inlet size, the 

investigation explores the impact of varied film-mainstream velocity ratios on flow 

dynamics, combustion phenomena, wall heat transfer, and cooling efficiency within the 

combustion chamber. Findings reveal a nuanced relationship between the ratio of film 

velocity to mainstream velocity (RV) and key chamber parameters. Specifically, an 

increase in RV initially correlates with a decrease in combustion chamber pressure, 

followed by a subsequent rise, accompanied by a corresponding trend in vortex intensity 

at the inlet section. 

Comparative analysis demonstrates that, while maintaining a constant mass flow rate, 

reductions in the film inlet height yield lower pressures and weaker swirl strength. 

Additionally, wall heat transfer exhibits a gradual decrease with increasing RV, 

particularly notable in cases involving supplementary low-temperature methane injection. 

Notably, the introduction of coupled wall functions has minimal discernible impact on 

mainstream flow and combustion dynamics. 

Evaluation of NHFR reveals a notable decline in cooling efficiency within the front 

half of the combustion chamber, underscoring the feasibility of employing film cooling 

inlets at regular intervals, such as every one-fifth section, in methane/oxygen engines. 

Furthermore, augmenting the mass flow rate enhances cooling efficiency with increasing 

RV, while adjustments to the inlet size result in relatively consistent cooling efficiency. 

Consequently, maximizing film mass flow rate emerges as a preferred approach for 

optimizing film cooling arrangements within a given rocket engine. Nonetheless, 

comparative analyses indicate a gradual reduction in engine-specific impulse with 

escalating mass flow rates, emphasizing the imperative for engine-specific considerations 

in design determinations. 

The primary objective of this paper is to investigate the impact of the velocity 

differential between the film and the main flow on wall heat flux. This exploration entails 

considering the coupling effect of complex flow dynamics within the combustion 

chamber and the chemical reactions occurring near the wall. Furthermore, the paper 
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delves into discussions surrounding related research on film cooling efficiency, proposing 

a more rational arrangement for film cooling. Finally, the study on the overall specific 

impulse of the engine underscores the importance of avoiding a simplistic approach that 

solely focuses on increasing air film mass flow rate, advocating instead for a holistic 

evaluation of various parameters to optimize engine performance. 

Individual Contributions: 

This paper has been submitted to the international peer-reviewed journal Thermal 

Science and Engineering Progress. My principal contributions encompass the proposition 

of novel velocity research methodologies, the refinement of the aforementioned 

numerical framework, the execution of numerical simulations, the meticulous analysis 

and discussion of findings, and the composition and validation of manuscripts. 
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4. Discussions and Outlooks  

4.1 Discussions 

This research primarily establishes a numerical framework centered around the 

coupled wall function to simulate film cooling wall heat transfer within the combustion 

chamber of a methane/oxygen rocket engine. The primary objective is to address the 

challenge of excessive wall heat flux calculated using the RANS model. The genesis of 

this topic stems from observations during the numerical simulations on methane/oxygen 

combustion chambers, wherein despite achieving distributions of combustion chamber 

pressure, temperature, and other parameters highly consistent with experimental results, 

significant disparities in the prediction accuracy of wall heat flux are frequently 

encountered. 

Through investigation, it is discerned that this disparity could be attributed to the 

omission of chemical reactions within the boundary layer when employing wall functions. 

However, within research, particularly in engineering disciplines, there exists a 

compelling need to swiftly and economically predict flow combustion characteristics 

within the combustion chamber by using the RANS method. Consequently, the 

integration of a coupled wall function, accounting for chemical reactions near the wall, is 

employed to refine the RANS method's treatment of wall heat transfer prediction.  

The initial focus of this research revolves around the establishment and validation 

of a numerical framework. Key challenges encountered at this juncture include the 

integration of coupled wall functions and the processing of nonlinear experimental data. 

Given that most contemporary numerical simulation software does not inherently support 

the direct modification of physical quantities, and certain parameters involved in the 

calculation process are not readily accessible. Besides, the incorporation of coupled wall 

functions presents formidable nonlinearities. Consequently, appropriate transformations 

and processing are imperative to facilitate their embedding into Fluent via UDF. 

Furthermore, this study also addresses errors stemming from measurement points not 

being proximate to the wall in the reference experimental data through inverse method. 

The research outcomes of Paper 1 demonstrate that the numerical framework 

equipped with coupled wall functions effectively ameliorates the issue of overestimated 

wall heat transfer, while preserving the accuracy of mainstream flow and combustion 

characteristics calculations. This finding underscores the significance of accounting for 

chemical reactions within the boundary layer, pinpointing it as the root cause of wall heat 
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flow overprediction. Additionally, the magnitude of this discrepancy is quantitatively 

analyzed in the paper through comparisons of area averages of gradients of each substance 

with their chemical enthalpy inner product. Furthermore, this article conducts a 

preliminary analysis of the 3D effect on wall heat transfer in a multi-nozzle circular 

combustion chamber. The findings indicate that chemical reactions within the boundary 

layer also influence the thickness of the temperature boundary layer to a certain extent, 

subsequently impacting temperature gradients near the wall and other flow characteristics 

such as vortex behavior. In summary, this paper primarily establishes a foundational 

numerical framework, validates its efficacy, and explores its practical application. 

During the verification process of the numerical framework and the discussion of its 

applicability, it is found that the performance of the coupled wall function is influenced 

by certain parameters during the numerical calculation process. As a natural progression 

of the research, the subsequent phase focuses on optimizing these parameters to identify 

the configuration that most accurately predicts wall heat flux. In Paper 2, centered around 

a relatively straightforward single-injector rectangular cross-section combustion chamber, 

all parameters potentially affecting the results are introduced, and their operational 

principles are elucidated. The paper conducts comparisons between results obtained with 

different parameter configurations and experimental data, ultimately identifying the 

optimal parameter combination conducive to the numerical framework incorporating the 

coupled wall function.  

Additionally, Paper 2 delves into a more comprehensive discussion on the practical 

application of numerical frameworks. Given the substantial challenges associated with 

measuring film cooling efficiency through conventional means, the paper advocates for 

employing Net Heat Flux Reduction (NHFR) as a standardized metric for assessing air 

film cooling efficiency. Finally, the study investigates the impact of enhanced wall heat 

flux on cooling efficiency, providing valuable insights into the interplay between these 

factors. 

Ultimately, investigation revealed the substantial influence of the coupling between 

complex flow dynamics and film injection in multi-nozzle combustion chambers on wall 

heat transfer. Paper 3 delves into a comprehensive exploration of the combined effects of 

complex flow dynamics and near-wall chemical reactions. This exploration is facilitated 

through the manipulation of film injection velocity using two distinct methodologies, 

subsequently controlling the velocity ratio between the film and the mainstream. Findings 

of Paper 3 indicate that increasing RV initially decreases combustion chamber pressure 

before a subsequent rise, alongside similar trends observed in vorticity at the inlet. 
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Furthermore, contrasting methods of manipulating film velocity reveal that reducing film 

inlet height leads to lower pressures and weaker swirl strength. Analysis of swirl strength 

and temperature distribution reveals a gradual thickening of the temperature boundary 

layer with increasing RV, affecting wall heat transfer differently when using general versus 

coupled wall functions. Paper 3 also identifies a decrease in wall heat flux with increasing 

RV, particularly notable with additional low-temperature methane injection. Investigation 

into NHFR suggests optimal film cooling inlet spacing, favoring higher mass flow rates 

for improved cooling efficiency, albeit with a trade-off in engine specific impulse. These 

findings emphasize the importance of tailored film cooling strategies in methane/oxygen 

rocket engines, balancing cooling efficiency with engine performance considerations. 

4.2 Outlooks 

This study rigorously validates and refines the numerical framework featuring 

coupled wall functions for accurate prediction of wall heat transfer. Consequently, its 

demonstrated efficacy warrants its broader application across diverse engineering and 

research scenarios in future research endeavors. At the end of this thesis, some possible 

application scenarios of this research in future engineering practice and academic 

research are introduced, such as: 

 It is pertinent to acknowledge the significance of the cooling system, particularly in 

components like the rocket engine nozzle, where operational conditions may involve 

supersonic flow. Therefore, the prospective adaptation and integration of the numerical 

model to address supersonic flow dynamics and the efficacy of wall functions in such 

contexts warrant careful consideration and further investigation. 

 The study underscores the impact of complex flow and near wall reaction interactions 

on wall heat transfer prediction in the combustion chamber. Consequently, exploring 

additional combustion chamber conditions, such as coaxial horizontal setups and 

configurations with more multiple injectors, is promising for further studies. 

 The consideration of diverse reaction mechanisms is interesting, as varying 

mechanisms lead to distinct chemical reaction processes that inherently influence the 

performance of coupled wall functions. Thus, investigating the impact of different 

reaction mechanisms on wall function efficacy is highly anticipated. 

 In the domain of chemical reactions, it is pertinent to discuss the utilization of coupling 

functions in alternative fuel/oxidizer components. Given the diverse fuel compositions 

employed in rocket propulsion, the relevance of numerical models extends to various 

engine types, such as those powered by hydrogen/oxygen or kerosen
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A B S T R A C T   

Methane/Oxygen rocket engine is becoming one of the most promising rocket engines today due to its cost- 
effectiveness and reusability. In the design process of rocket engines, cooling system is a crucial part and film 
cooling is a very important method. The accurate prediction of heat transfer characteristics is crucial for the 
design and development of rocket engines using film cooling. In this paper, a numerical framework based on the 
Reynolds Averaged Navier-Stokes (RANS) method and the Eddy Dissipation Concept (EDC) reaction model is 
established, verified and applied to simulations of single- and multi-injector combustion chamber with film 
cooling. Besides, a single injector combustion experiment with film cooling is carried out to verify the numerical 
framework. The investigation indicates that flow and chemistry reactions near the wall coupled influence the 
wall heat load significantly, and the coupled wall function exploited by Direct Numerical Simulation (DNS) is 
modelled and embedded on the numerical frame in order to consider these coupling effects. The results of single 
injector chamber investigation show that by considering the chemical reactions near the wall the wall heat flux 
reduced 50% and agree much better to the experimental data, which indicates that coupled wall function is more 
effective at predicting wall heat flux than general wall functions in a chamber with film. In addition, the results 
also denote that the coupled wall function only acts in the near-wall region and has no effect on the main flow. 
Furthermore, after being verified in the single injector combustion chamber experiment, the numerical frame-
work is applied to a multiple-injector case. The results indicate that the wall heat flux in multi-injector com-
bustion chamber is 75% lower than the general wall functions, Afterwards, the effect of the film on the chemical 
enthalpy term near the wall, as well as the coupling effect of the turbulent flow and the temperature gradient 
near the wall are discussed. Finally, the analysis of the vorticity in the multi-injector chamber shows that the film 
weakens the vorticity in the front section of the combustion chamber, and subsequently affects the expansion of 
the flame.   

1. Introduction 

With the development of space technology, the space propulsion 
field is focusing on finding easily accessible, reusable, and cost-effective 
fuels. Using methane as a rocket propellant provides a higher specific 
impulse than kerosene, has low tendency to coke and has superior 
cooling capacity [1–3], and methane is easier to store and transport than 
hydrogen [4]. In addition, the methane rocket engine also has the ad-
vantages of simple design, reusability and low production costs [5,6], 
these advantages make methane becoming a popular propellant in the 
aerospace propulsion field [7]. In the design process of methane rocket 

engines, the cooling system is one of the most critical aspects, and the 
rational organization of the combustion chamber cooling is important to 
protect the engine walls, improve engine reusability and enhance engine 
performance. Among the many cooling methods, film cooling is gradu-
ally gaining more attention due to its high cooling efficiency, simple 
structure design and easy storage of coolant [8–11]. 

Numerous experimental studies have been carried out on the tur-
bulent and heat transfer characteristics of GCH4/GO2 rocket engine 
combustion chambers [12–14]. Except for experimental studies, nu-
merical simulations are gradually becoming the main method for 
investigating the turbulence and combustion in combustion chamber. 
Many numerical simulations based on the Reynolds Averaged Navier- 
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Stokes (RANS) method have been carried out [15–18]. The in-
vestigations show that while the numerical framework based on the 
RANS method provides a good prediction of the turbulent flow and 
chemical reaction process in the combustion chamber, but the simulated 
value of wall heat flux is difficult to agree with the experimental results 
[19,20]. In addition to the RANS-based method, several studies chose to 
operate the combustion chamber simulation based on the Low Reynolds 
Number models such as the Large Eddy Simulation (LES) method 
[21–24]. The results show that even though the Low Reynolds Number 
models are able to capture the flow and heat transfer characteristics near 
the wall relatively well, the study by S. Kawai and J. Larsson [25] has 
demonstrated that the viscous length scale of the inner layer of the 
combustion chamber is only around 1 μm, thus the simulation near the 
3D wall using the Low Reynolds Number method requires a very fine 
mesh, which significantly increases the computational cost. Therefore, 
the RANS method is still the easiest and most efficient way to simulate 
the combustion and heat transfer characteristics in a GCH4/GO2 com-
bustion chamber, but only the wall treatment needs to be improved. 

In terms of film cooling, many experiments [24,26,27]and numerical 
simulations [28–30] have also been carried out. However, research on 
film cooling has mainly focused on the effect of geometry and film inlet 
parameters, but little attention has been paid to the influence of the film 
itself on the prediction of chamber wall heat flux. For rocket engine 
chambers, the wall heat transfer is one of the main factors of researches 
and design, especially for chambers where film cooling is considered. 
However, according to current simulation studies of the heat transfer 
characteristics of GCH4/GO2 chamber walls based on the RANS method, 
the numerical results of chamber wall heat flux are often higher than the 
experimental values [31,32]. 

Numerical simulations of a GCH4/GO2 combustion chamber by J. 
Wei et al. in the reference [33] and D. Muto et al. in the reference [34] 
show that the over-prediction of wall heat flow in the simulations based 
on RANS is caused by that the general used wall model is derived based 
on unreacted single-component flow, which does not consider the effect 
of chemical reactions near the wall. And in related studies, it has been 
concluded that chemical reactions have a significant effect on the wall 

heat flux, whether or not including film cooling [35–37]. To solve this 
problem, the coupled wall function is proposed and modelled by O. 
Cabrit and F. Nicoud in the reference [38] developed by Direct Nu-
merical Simulation(DNS) method which considers the chemical effects 
near the wall and the computational cost of using coupled wall function 
is extremely low. 

In summary, according to current studies, the RANS-based numerical 
framework is still the most convenient and least computational expen-
sive method for rocket engine analysis. However, even though it is 
proved that RANS-based methods are able to simulate the flow and 
combustion process of the GCH4/GO2 combustion chamber, the wall 
treatment still requires improved because existing research suggests that 
RANS-based frameworks with general wall functions are not able to 
accurately predict the wall heat flux. Although the coupled wall function 
is found to be able to address this problem in a chamber without film by 
considering the chemical reactions near the wall, few research attempts 
to apply it to the combustion chambers with film cooling, or tries to 
develop a RANS-based numerical framework that can accurately predict 
the wall heat flux. And in contrast to that, the existence of film has a 
significant impact on the flow and chemical reactions in the near-wall 
region, and accurate prediction of the wall heat flux is essential in the 
chamber with film simulations. 

Based on the coupled wall function proposed in reference [38] and 
the RANS method, this paper aims to establish a numerical framework, 
which considers the chemical reactions near the wall, in order to predict 
the turbulent combustion and wall heat transfer characteristics in a 
GCH4/GO2 combustion chamber with film cooling more accurately. 
Then, a single injector GCH4/GO2 combustion chamber with film 
experiment is carried out and its results are used for validating the nu-
merical framework. After being validated, the framework is utilized to a 
seven coaxial injectors combustion chamber with film simulation, in 
which turbulence and combustion are more complex but closer to 
realistic conditions. The results show that the numerical simulation 
using coupled wall function in a single-injector chamber agrees better 
with the experimental values than general wall functions, which proves 
the numerical approach established in this paper can solve the 

Nomenclature 

A surface area, m2 

Cp specific heat capacity, J/(kg⋅K) 
Cμ turbulent model constant, 0.09 
F, G functions 
H specific enthalpy of the mixture, J/kg 
h0

f ,k standard formation enthalpy of the species k, J/kg 
hs

k specific sensible enthalpy of the species k, J/kg 
k turbulent kinetic energy, J/kg 
ṁCH4 the mass flow rate of methane, g/s 
ṁO2 the mass flow rate of oxygen, g/s 
ṁFilm the mass flow rate of film, g/s 
p pressure, Pa 
Pr Prandtl number 
Prt turbulent Prandtl number 
Qc Volume heat release rate, W/(m3⋅s) 
q molecular heat flux vector, W/m2 

qw wall heat flux, W/m2 

ROF mixture ratio 
RF film mass flow fraction to total fuel 
r radial coordinate, m 
Sct turbulent Schmidt number 
T temperature, K 
T+ dimensionless wall temperature 

Tc temperature at the center of the first layer cells, K 
t time, s 
u velocity, m/s 
u+ dimensionless wall velocity,u/uτ 

u* improved dimensionless wall velocity, upuk/u2
τ 

up velocity parallel to the wall, m/s 
uk velocity unit, C1/4

μ k1/2, m/s 
uτ friction velocity, 

̅̅̅̅̅̅̅̅̅̅
τw/ρ

√
, m/s 

Vk diffusion velocity of species k, m/s 
Vr radial velocity, m/s 
ω̇k Net production rate of species k, kg/(m3⋅s) 
x,y, z Cartesian coordinate, m 
Yk mass fraction of species k 
y+ dimensionless wall distance 
λ Thermal conductivity, W/(m⋅K) 
μ molecular viscosity, Pa⋅s 
ρ density, kg/m3 

τw wall shear stress, Pa 

Subscripts 
cc combustion chamber 
t turbulent 
th throat 
k species k 
w wall  
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overestimated heat flux prediction problem in the RANS-based methods. 
Finally, the combustion and wall heat transfer characteristics in a multi- 
injector chamber with film are also predicted and the effect of film is 
analyzed. 

2. Reference experiment 

2.1. Experiment Setup 

In this section, the reference experimental setup for methane/oxygen 
ignition combustion in a single-element chamber with film cooling is 
described, along with the correction process of the experimental results 
by the inverse iterative method proposed and validated by N. Perakis 
et al. [37]. Experiments in this paper were carried out on a single 
injector square heat-sink rocket combustion chamber testbench at the 
Technical University of Munich(TUM) [39]. The experimental com-
bustion chamber was divided into two segments, the main geometrical 
parameters are shown in Table 1 and shown schematically in Fig. 1. 
Several 0.5 mm diameter T-type thermocouples were embedded in a 
series of uniformly distributed axial points at distances of 1 mm, 2 mm 
and 3 mm respectively from the upper wall surface. And a series of 
pressure sensors were arranged at corresponding locations on the side-
wall surfaces to measure the pressure decay process in the combustion 
chamber, more details of the experimental setup can be found in the 
references [39,40]. 

In terms of film cooling study, a film injector was settled on the top of 
the injection plate, the schematic diagram is shown in Fig. 2. The film 
injector has an inlet width of 11 mm and a thickness of approximately 
0.25 mm. The coolant injects along the upper surface inside the com-
bustion chamber, covering around 90% of the chamber wall. The 
experimental operating conditions are referred to Table 2. 

Considering the limitations of a heat-sink combustion chamber, a 
burning time of approximately 3 s was chosen at the steady-state com-
bustion to measure the heat load. Also, to weaken the influence of the 
ignition process on the temperature measurement, the ignition duration 
was controlled to 300 ms. Fig. 3 shows a typical combustion experi-
mental pressure and temperature output curves. As the combustion is a 
transient process, three time points were extracted, the start time t0, the 
evaluation time t1 and the shutdown time t2. The parameters of the 
chamber at the start of the experiment are obtained at t0 and at the end 
are obtained at t2. Furthermore, since we mainly focus on the steady 
situation when the equilibrium state is reached, so the evaluation time t1 
is chosen as the time point at which the equilibrium state is reached. 

2.2. Inverse heat transfer method 

As described in the previous part, the thermocouples were config-
ured 1–3 mm from the chamber wall, the reason for this arrangement is 
that the hot gas environment in the combustion chamber is harsh so it is 
difficult to measure the temperature of the hot gas directly. Hence, this 
arrangement may result in inaccurate temperature measurements. Un-
like other testbenches using external water or other media cooling, in 
which the heat flux can be simply calculated from the enthalpy differ-
ence between the incoming and outgoing coolant, the temperature of a 
heat-sink combustion chamber is not a static parameter during com-
bustion and therefore a transient inverse heat transfer calculation 

method is applied to calculate the transient heat flux profile and dis-
tribution on the wall of the chamber. 

This inversion algorithm was proposed and validated by N. Perakis 
et al. in the reference [41], and its iterative procedure is shown in Fig. 4. 
An initial heat flux is firstly assumed and the initial temperature T0 is 
used as the initial condition for the temperature field, since the tem-
perature field in the computational domain at this time point is known as 
the ambient temperature. A direct numerical solver Roq̇FITT developed 
with a 3D finite difference (FD) code is used to iterate[42,43], and the 
residuals are calculated by comparing the measured point values with 
the experimentally obtained values in each iteration, after the residuals 
converge, a more accurate temperature distribution and wall heat flux 
are gained. Fig. 5 shows the wall heat flux calculated by inverse method 
comparing with the experimental values, the difference is obvious, 
which also proves the effectiveness of inverse method. More details of 
the calculation and validation process of the inverse method can be 
found in the references [41,44]. The thermodynamic experimental data 
used for validating the numerical framework afterwards in this paper 
have been optimally modified by the inverse method. 

3. Numerical setup 

This section presents the development process of the numerical 
simulation framework corresponding to the experiment, including the 
establishment of mesh, the used physical and mathematical models, the 
definition of the boundary conditions, and the mesh convergence study. 

3.1. Physical model and mesh generation 

For the single-element combustion chamber, the physical model used 
for the simulation is built based on the experimental bench described in 
section 2. Since we are mainly concerned about the combustion and heat 
transfer characteristics within the chamber, only the chamber and the 
nozzle mesh are built as the calculation domain, while a 50 mm long fuel 
injection pipe and a 100 mm long oxygen injection pipe are also retained 
to ensure the full development of the fuel and oxygen. The geometrical 
configuration of the computational domain is shown in Fig. 6(a), and the 
geometrical parameters of the combustion chamber are referred in 
Table 3. A mesh has been generated based on the geometrical configu-
ration, as shown in Fig. 6(b). In order to improve the efficiency of the 
calculation, only 1/4 of the chamber is preserved, and symmetric 
boundary conditions are applied for the truncated sections. The mesh 

Table 1 
Main geometrical parameters of testbench.  

Geometry Unit Value 

Chamber length (mm) 290 
Chamber width (mm) 12 
Chamber height (mm) 12 
Throat height (mm) 4.8 
Contraction ratio Acc/Ath (-) 2.5  

Fig. 1. Side view (top) and top view (bottom) of the single element cham-
ber section. 
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was refined in the corresponding shear layer area, and the thickness of 
the mesh close to the chamber wall is controlled to keep the wall y+ at 
around 30. 

For the multi-element combustion chamber, the physical model is 
built with reference to the experimental equipment of the Institute of 

Fig. 2. Cross section of single element combustion chamber and film injector.  

Table 2 
Operating conditions of combustion chamber.  

p [bar] ṁCH4 [g/s] ṁO2 [g/s] ROF[-] ṁFilm[g/s] RF [%]  

0.968  7.7  24.1  3.13  2.2  22.2  

Fig. 3. Example of pressure–temperature output curve and time points for 
combustion experiments. 

Fig. 4. Iterative algorithm for inverse heat transfer.  

Fig. 5. Experimental value and calculated value of wall heat flux.  
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Space Propulsion at the TUM [45], the original experiment does not 
include film cooling, and the film injection port is artificially set in the 
injection plate adjacent to the wall in the simulation process. The ge-
ometry is shown in Fig. 7(a), and again 50 mm of fuel and oxygen in-
jection pipe are reserved to ensure fully developed flows. The mesh 
constructed on the basis of the 7-element chamber geometry is shown in 
Fig. 7(b), the wall y+ values are still being controlled around 30 and 
mesh in the shear layer region is refined. Finally, in order to reduce the 
computational cost, only 1/6 of the combustion chamber is retained, and 
the mesh density at the nozzle was reduced appropriately, as our major 
focus is on the combustion chamber section. 

3.2. Numerical model and boundary conditions 

Earlier studies have verified that RANS-based numerical models can 
simulate turbulence and combustion in rocket engine combustion 
chambers very well at a much lower computational cost than LES and 
DNS [31,45–47].In addition, researchers have also demonstrated that, 
the standard k − ε model can be used to predict mixing processes with 
acceptable accuracy at a low computational cost[17,30]. Furthermore, 
studies also reveal that it was reasonable to treat the methane com-
bustion process in the chamber as finite-rate reactions and use the eddy 
dissipation concept (EDC) model as a reaction model[48]. The chemical 
reaction mechanism uses in this paper is a 14 species and 18 reactions 

mechanism proposed by Dong Gang et al. [49]. And in the reference 
[49], a validation of the chemical mechanism is also given by comparing 
the experiment data with the PDF simulation results. Fig. 8 shows ve-
locity distribution of the flow of the cross-section in the region with the 
strongest turbulent and chemical interactions, the simulation velocity 
values agree well with the experimental data, which indicates that the 
mechanism is suitable for calculating methane combustion. 

For the single-element chamber, both the turbulent Prandtl number 
and turbulent Schmidt number are set to 0.7, this value is determined by 
experiment. And for the multi-element chamber, these two numbers are 
set to 0.85, the value is determined from experience in previous multi- 
element chamber simulations because of the absence of relevant ex-
periments. Finally, regarding the method of the wall treatment, the 
coupled wall function is embedded in the Ansys Fluent software through 
the UDF approach to improve the prediction of wall heat transfer, the 
derivation and modelling process of the coupled wall function will be 
presented briefly in the next section, and the enhanced wall function is 
used as a control group. 

The boundary conditions for the single- and seven-element com-
bustion chambers are presented in Table 3 and Table 4, respectively. The 
composition of the film coolant is methane the same as fuel. For the 
upper wall of the chamber, the temperature distribution is given as the 
initial boundary condition, which was obtained by fitting and dis-
cretizing the experimental data. It is also to be noted that in the nozzle 
section, a constant wall temperature is given, this is because there is no 
thermocouple at the nozzle part in the experiment, but since we mainly 
focus on the wall heat flux of the chamber section, it is acceptable to set 
the temperature of nozzle as constant, and the value is determined by 
the continuity with the wall temperature of the chamber section. 

3.3. Mesh convergence study 

In order to verify the sensitivity of the calculation results to the 
change of mesh density, the mesh independence is verified for single- 
and multi-element combustion chambers using five meshes with 
different degrees of sparsity respectively. The number of grids for the 

Fig. 6. Geometry and mesh of single element combustion chamber.  

Table 3 
Boundary conditions of single element chamber.  

Boundary Type Specific Temperature 

GOX inlet Mass flow inlet 0.006025 kg/s 268 K 
GCH4 inlet Mass flow inlet 0.001925 kg/s 275 K 
Film inlet Mass flow inlet 0.0011 kg/s 266 K 
Outlet Pressure outlet 0.968 bar 300 K 
Injector wall & faceplate Non-slip wall – Adiabatic 
Chamber wall Non-slip wall – Polynomial fitting 
Nozzle wall Non-slip wall – 400 K 
Symmetric face Symmetry – –  
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single element chamber has increased from the coarsest 378,952 to the 
finest 5,832,214, and for multiple elements chamber are from 483,630 
to 6,122,580. Also, to ensure the validity of the wall functions, the wall 
y+ values are adjusted to remain at around 30 after each mesh 

refinement. 
Fig. 9 and Fig. 10 demonstrate the average temperature and flow 

velocity at the centerline of the combustion chamber and the average 
heat flux distribution on the upper wall with different numbers of grid. 
As can be seen in Fig. 9, for single element chamber, after the grid 
number reaches approximately 1.73 million, the parameters within the 
combustion chamber hardly change anymore as the mesh is refined, 
whereas for multiple elements chamber this number is approximately 
2.46 million according to Fig. 10. In summary, considering the efficiency 
and accuracy of the numerical calculation, a grid number of 1.73 million 
and 2.46 million are selected respectively for the single- and multi- 
element chamber simulation in this paper. 

Fig. 7. Geometry and mesh of multiple elements combustion chamber.  

Fig. 8. Distribution of velocity field (○- experiment; — • — − 14species, 18 
reactions mechanism). 

Table 4 
Boundary conditions of multiple elements chamber.  

Boundary Type Specific Temperature 

GOX inlet Mass flow inlet 0.0301 kg/s 259.4 K 
GCH4 inlet Mass flow inlet 0.001143 kg/s 237.6 K 
Film inlet Mass flow inlet 0.001333 kg/s 237.6 K 
Outlet Pressure outlet 1.01325 bar 300 K 
Injector wall & faceplate Non-slip wall – Adiabatic 
Chamber wall Non-slip wall – Polynomial fitting 
Nozzle wall Non-slip wall – 412 K 
Symmetric face Symmetry – –  

J. Liu et al.                                                                                                                                                                                                                                       



Applied Thermal Engineering 219 (2023) 119544

7

4. Theory and application of coupled wall function 

The coupled wall function has been firstly derived and embedded in 
a numerical framework based on the RANS method through UDF by J. 
Wei et al. [33]. This section will briefly describe the modelling process 
and since this paper mainly focus on the case with film cooling, the 
possible influence of film cooling on the application of the coupled wall 
function in a methane/oxygen combustion chamber is discussed. 

Cabrit. O and Nicoud. F proposed and modelled the coupled wall 
function based on numerical experimental results of multicomponent 
reactive flows [38]. For the viscous layer of general turbulent flows, if 
we retain the vertical wall component of the diffusive flux only, and 
Reynolds time average the momentum and energy equations, then 
moving the remaining terms to the right-hand side of the equation, we 
have: 

∂τw

∂y
= F (4-1)  

∂qw

∂y
= G (4-2) 

Eq. (4–1) and (4–2) are the basis for all wall functions. If the function 

F(y) and G(y) on the right side of the equations can be known, then the 
relationship formulas of the wall shear stress τw and the wall heat flow qw 

can be calculated by integrating y along the path in the boundary layer. 
These formulas are called wall functions. The general wall functions 
usually assume that F = G = 0, and this assumption is based on a 
reaction-free flow which does not consider the effects of chemical re-
actions. For the reaction flows, we still assume the collisions between 
molecules are inelastic, so the chemical reaction should have no direct 
influence on the momentum Eq. (4–1), but the energy equation should 
include an additional term, then the energy equation is reformed as 
follow: 

ρ dH
dt

= − ∇⋅q (4-3) 

Faver time averaging the Eq. (4–3), while the transient term can be 
omitted because we are concerned about the steady problem, and since 
the gradient of the parameter in the vertical direction varies much more 
than the other two directions within the near wall region, so only the y- 
direction derivatives are retained, and finally the expression for the wall 
heat flux is obtained: 

∂qw

∂y
=

∂
∂y

(

ρṽ’’h’’
s + ρ

∑

k
ṽ’’Y ’’

k h0
f ,k − λ

dT
dy

+ ρ
∑

k
(hk

̃YkVk,y)

)

(4-4) 

According to the DNS simulation results of Cabrit and Nicoud in the 
reference [38] about the proportion of terms on the right side of Eq. 
(4–4), the latter two terms can be neglected in the logarithmic region of 
the turbulent boundary layer. Thus, the first two terms on the right side 
of Eq. (4–4) can be modelled based on the Boussinesq vortex viscosity 
assumption, then an explicit expression of coupled wall function used to 
calculate the wall heat flux is finally obtained: 

qw = − μt

(
CP

Prt
+

1
Sct

∑

k

dYk

dT
h0

f ,k

)
dT
dy

(4-5) 

The second term on the right side of Eq. (4–5) is the chemical 
enthalpy term, which is the key to the ability of the coupled wall func-
tion to improve wall heat flux prediction, it demonstrates the wall heat 
flux caused by the movement of chemical reaction equilibrium. 
Although Eq. (4–5) has a compact mathematical form and clear physical 
meaning, in order to embed it into commercial software such as Ansys 
Fluent by UDF, further transformation is still needed. Cabrit and Nicoud 
give a convenient form for implementing the coupled wall function by 
introducing T+ [38]: 

T+ = K(Pr)+
α
Bq

u+ (4-6) 

where K(Pr) is a constant obtained by least-squares approximation of 
another equation and depending on the Prandtl number Pr, and the 
coefficient in front of u+ can be written as: 

α
Bq

=
CP

CP
Prt

+ 1
Sct

∑
k

dYk
dT

h0
f ,k

(4-7) 

The parameters α and Bq are the coefficients in the process of 
computing the ratio between the wall heat flux qw and the wall shear 
stress τw, where: 

α =
CpBq

Cp
Prt

+ 1
Sct,k

∑
k

Wk
W

dXk
dT

⃒
⃒

eqΔh0
f ,k

(4-7a)  

Bq =
Tτ

Tw
=

qw

ρwCpuτTw
(4-7b) 

and Xk is the molar fractions of species k, Wk is the atomic weight of 
species k, W =

∑
kXkWk is the mean molecular weight of the mixture. 

When Bq→0 (isothermal case) and α→PrtBq (no chemistry), the Eq. (4–6) 
will tend to the classical logarithmic formulation. 

Fig. 9. Variation of parameters of single element chamber with the number 
of grids. 

Fig. 10. Variation of parameters of multiple elements chamber with the 
number of grids. 
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Then using the T+ calculated in Eq. (4–6), the wall heat flow can be 
explicitly expressed as: 

qw = −
ρCPu*

T+
(Tc − Tw) (4-8) 

Finally, Eq. (4–8) can be conveniently embedded into the previously 
mentioned numerical model using UDF. 

Finally, an assumption needs to be further made, which is that the 
fluid in the near-wall region is at the chemical equilibrium state. This 
assumption is a compromise in order to compute Eq. (4–7), since the 
derivative term depends on not only the temperature but the pressure 
and mixture composition and these variables are almost impossible to be 
imported into the UDF in a non-equilibrium fluid. Subsequently, the 
mechanism and applicability of the coupled wall function to the specific 
GCH4/GO2 combustion chamber with film cooling investigated in this 
paper need to be discussed. According to the research of J. Wei on a 
multi-element combustion chamber without film [33], the heat flow 
values calculated from the coupled wall function are higher than general 
wall functions at a circumferential angle of 0◦. This phenomenon is 
contrary to the expectation that the coupled wall function reduces the 
predicted value of heat flux, the reason is that the study object is 
confined to a two-dimensional situation and ignores the enormous in-
fluence of three-dimensional effects on the distribution of components. 

For the simple 2D case, when the hot gas approaches the cooler wall, 
its chemical equilibrium will move to the direction of a lower total 
chemical enthalpy, and such movement in turn causes further exotherm 
of the gas, so that the chemical enthalpy of the mixture is negative along 
the y-direction, which will lead to an increase in the heat flux calculated 
by Eq. (4–5). However, in the case where film cooling is included, the 
temperature of film is low, which results in a lower gas temperature near 
the wall, and at the same time the substance used as coolant, methane, 
can itself be used as a fuel for exothermic chemical reactions, so the 
chemical enthalpy change due to the movement in chemical equilibrium 
is different, which is one of the effects of the film on the predicted wall 
heat flux using the coupled wall function. 

For the three-dimensional case closed to the real combustion 
chamber, assuming the density of the gas mixture near the wall is con-
stant, Eq. (4–8) can be rewritten in the form of column coordinates: 

∑

k

dYk

dy
h0

f ,k =
1
ρ
∑

k

dρYk

dr
h0

f ,k =
1
ρ
∑

k

dρk

dt
dt
dr

h0
f ,k =

∑
kh0

f ,kω̇k

ρVr
=

QC

ρVr
(4-9) 

from the Eq. (4–9), it can be seen that the direction of the radial 
velocity Vr will change the positive and negative sides of the equation, 
and then the direction of the enthalpy term. Thus, from a 3D perspective, 
the negative or positive radial velocity adjacent to the wall is highly 
relevant to the prediction of the wall heat flux. The injection of film 
along the wall changes the flow characteristics, and the radial velocity is 
different, which eventually leads to a different direction of action of 
chemical enthalpy term, then ultimately has an impact on the prediction 
of wall heat flux. 

In addition to the effect on flow characteristics, we also should not 
limit our focus to the local heat flux at a particular angle or a particular 
region, but the net effect of the enthalpy term on the entire chamber 
wall. Due to the injection of the film, the mass fraction gradient of each 
component in the near wall region is also very different from the con-
dition without film cooling, which changes the inner product of the 
enthalpy and the mass fraction gradient. This change means that the 
action direction of chemical enthalpy and the temperature gradient may 
be the same or opposite, so the chemical enthalpy term has a different 
effect on the predicted heat flux value. 

In conclusion, in a combustion chamber with film cooling, the film 
affects the temperature gradient, radial velocity, chemical equilibrium 
movement and mass fraction of each component at the same time, and 
their influence on the wall heat flux is not independent from each other. 
Therefore, the prediction of wall heat flux in the combustion chamber 

with film cooling and the influence of various factors need to be further 
investigated. 

5. Results and discussion 

5.1. Verification of coupled wall function in a single element 
combustion chamber with film cooling 

Fig. 11 shows the pressure and temperature distribution curves with 
time from experiments. In Fig. 11, it is visible that the pressure gradually 
decreases as the sensor approaches the exit of the chamber, whereas the 
temperature gradually increases, which corresponds to the combustion 
pattern within the rocket combustion chamber. In addition, the exper-
imental time of 4.2 s-5.9 s was chosen as the evaluation time mentioned 
in section 3, at which point the combustion reaches equilibrium, and the 
experimental parameters obtained at this time were chosen to validate 
the numerical model. 

Afterwards, a numerical simulation case for validation is built based 
on the mentioned single element combustion chamber mesh. Fig. 12 
shows the pressure distribution along the axial direction of the com-
bustion chamber with enhanced wall function, coupled wall function, 
and the experimental values. It can be observed that the obtained 
pressure distributions using the enhanced wall function and the coupled 
wall function are very close, the error mainly comes from the inconsis-
tent requirements on the first layer mesh thickness of the two wall 
functions. Since the y-plus is set to around 30 to meet the requires of the 
coupled wall function, and for comparison purpose the same mesh is 
used in the control case using the enhanced wall function, however, the 
accuracy of the calculation using the enhanced wall function increases 
as the wall y-plus decreases, and the best accuracy is obtained while y- 
plus approaches 1. Such results are also consistent with the corollary 
that the coupled wall function has no direct effect on the momentum 
equation. Furthermore, the pressure distribution obtained from the 
numerical simulations is in general agreement with the experimental 
data with an error<1%. Thus, it can be concluded that the RANS-based 
numerical framework proposed in this article is capable of simulating 
the turbulent characteristics of the entire combustion chamber. 

The wall heat flux distribution along the axial direction is shown in 
Fig. 13. As can be seen from Fig. 13, even though the pressure tends to be 
the same throughout the chamber, the wall heat flux using enhanced 
wall function is about twice as high as the wall heat flow obtained from 
the experiment, and it can also be seen that the use of coupled wall 
function weakens this overprediction very well, especially in the fully 
developed section of the combustion chamber(x > 100 mm). At the same 
time, Fig. 13 indicates that the wall heat flux obtained using coupled 
wall function agrees well with the experimental values corrected by the 
inverse method. Even though there are slight errors in the section x >
145 mm to x < 220 mm, the errors are still within the range allowed by 
the inverse method (approx. 12%-16%). 

Table 5 gives the area averages of the mass fraction gradients of the 
main components near the wall, which can be calculated by Eq. (5–1), 
and the third column of the table gives the corresponding enthalpies of 
each component. The second and third columns in Table 5 have an inner 
product value of approximately 1.6 × 108 J/kg, which is positive, 
indicating that the chemical enthalp term acts in the opposite direction 
to the temperature gradient term, so it reduces the predicated value of 
the wall heat flux, and this meets the initial expectation of using coupled 
wall function. 

∇rYk =
1
A

∫∫

◯∇Yk⋅nrds (5-1) 

In conclusion, in a GCH4/GO2 combustion chamber with film 
cooling, there is still an overestimation of wall heat flow using regular 
wall functions, which is due to the fact that general wall treatments 
ignore the chemical reactions in the near-wall area. The overestimation 
is even more evident in a single injector combustion chamber, where the 
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turbulent flow near the wall is particularly complex, and the wall heat 
transfer is mainly controlled by chemical reactions. However, by using 
coupled wall function, this overestimation was significantly improved 
and agreed well with the experimental results, thus it can be concluded 
that coupled wall function is able to predict the wall heat flux more 
accurately in a combustion chamber with film cooling. Furthermore, J. 
Wei et al. have verified that coupled wall function also performs well in 
RANS simulations of multi-element GCH4/GO2 combustion chamber 
without film cooling[32,33], so the coupled wall function is also 
applicable in wall heat transfer conditions dominated by both chemical 
reactions and complex turbulent flows. Combining the discussion of this 
subsection, it can be assumed that the numerical framework presented 
in this paper is able to accurately predict the wall heat flow in a GCH4/ 
GO2 combustion chamber with film cooling, where chemical reaction 
and complex turbulence both contribute to the wall heat flux. 

5.2. Prediction of wall heat transfer in a multi-element combustion 
chamber with film cooling 

As the numerical framework is validated in a single-element chamber 
with film cooling, based on the mentioned mesh of the 7-element cir-
cular combustion chamber, another numerical case is established for 
predicting the heat transfer characteristics of the chamber wall. Fig. 14 
shows the pressure distribution of a multi-element combustion chamber 
with film cooling using coupled wall function and enhanced wall func-
tion and compared with the pressure in a chamber without film. Based 
on this analysis, it appears that the pressure calculated by enhanced wall 
function and coupled wall function are almost identical as well, and this 
phenomenon confirms again that coupled wall function has little effect 
on the overall flow field. It is also evident that although the trend is the 
same, the pressure in the combustion chamber with film is slightly 
higher than in the chamber without film since additional methane is 
injected into the chamber as both coolant and fuel. In addition, in the 
part close to the injection plate(x < 20 mm), a pressure rising due to the 
recircle zone created by the injected gas can be observed, while this kind 
of pressure variation is more obvious in a combustion chamber without 

Fig. 11. Single element combustion chamber pressure and temperature output curves with time.  

Fig. 12. Axial pressure distribution in the single-element chamber.  

Fig. 13. Axial wall heat flux distribution in the single-element chamber.  

Table 5 
Aera averages of the mass fraction gradients of main components and their 
chemical enthalpies.  

Species Area averages of gradients Chemical enthalpy h0
f,k[MJ/kg]

CO2  − 7.43 − 8.94 
CH4  39.69 − 4.65 
O2  0.39 0 
H2O  − 16.25 − 13.4 
CO  − 15.37 − 3.95  
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film, the reason is that the injection of a high velocity film weakens the 
turbulence in the recircled zone, which consequently reflected in the 
pressure variation. 

The calculated heat release rate is shown in Fig. 15. Fig. 15 dem-
onstrates that the heat release rate of coupled wall function and 
enhanced wall function are almost identical, which again proves that 
wall functions have little effect on the mainstream flow and chemical 
reactions, and only act in the near-wall region. There are two peaks in 
the heat release rate curves, at about 15 mm and 110 mm from the in-
jection plate respectively. The first peak value reaches 15 GW/m3, in 
that region the chemical reaction area is small and the reaction is mainly 
controlled by the mixing rate. After this point, the mixing rate decreases 
due to the weakening of the recircled zone, results in a gradual decrease 
in the heat release rate. Afterwards, the heat release rate rises again to 
the second peak of 20 GW/m3 due to the rapid expansion of the mixing 
zone and the increasing mixing area, after which the heat release rate 
progressively decreases until the combustion process is completed. 
Moreover, both peaks are higher compared to the simulation results in a 
chamber without film (8 GW/m3 and 17 GW/m3), because the injection 

of additional film can play a role as fuel and participate in chemical 
reactions at the front of the combustion chamber, which leads to more 
heat release, while the total heat release rate of the combustion increases 
as well due to the increase of the total fuel volume. 

Fig. 16 shows the temperature contour in the central longitudinal 
section of the combustion chamber. Firstly, as can be seen, the main-
stream temperature distribution is not significantly impacted by the 
change of wall function, and the temperature in a chamber with film is a 
little higher than it in a chamber without film, this is because extra 
methane is injected as film. Secondly, the temperature boundary layer is 
thicker due to the existence of film, resulting in a smaller temperature 
gradient near the wall, so the obtained heat flow value using the coupled 
wall function is correspondingly lower. Ultimately, in comparison with 
the case without film, the flame area near the wall of a chamber with 
film cooling does not exhibit a slimmer flame caused by gas compres-
sion. In the study of the combustion chamber without film cooling[33], 
this flame deformation in the front section of the chamber is caused by 
the restricted flame expansion near the wall, and the flame expansion is 
mainly controlled by the interior vortex structure. Since the x-compo-
nent of the vortex is significantly larger than the other two directions, 
Fig. 17 shows the contours of only the x-component of vorticity at 
different cross-sections of the combustion chamber, where the positive 
values represent the clockwise vorticity. Due to the gradual weakening 
of the vortex, the effect of the near-wall vortex on the flame changes 
from stretching to restraining, which restricts and thins the flame 
expansion in the front of the combustion chamber whereas the rear 
section is virtually unaffected. In contrast, as shown in Fig. 17, the 
vorticity in the combustion chamber is lower and dissipates more 
rapidly due to the high-velocity film has been injected, while vortices in 
conditions using coupled wall function dissipate faster than enhanced 
wall function. Consequently, the near-wall vortex restrains flame 
expansion even more, so the flame near the wall in the combustion 
chamber with film cooling is not undeformed, but becomes slimmer due 
to the vortices. 

Fig. 18 shows the heat flux distribution of the combustion chamber 
wall. From Fig. 18 it can be observed that the heat flux calculated using 
coupled wall function is much lower than enhanced wall function. 
Additionally, this result supports the previous study that chemical re-
actions near the wall are indeed to blame for excessive heat flow pre-
diction when using general wall functions. However, compared with the 
results of the wall heat flux of the single element chamber with film 
cooling in the previous subsection, the discrepancy of calculated heat 
flux between using coupled wall function and enhanced wall function 
(50%-75%) is more than that in a chamber without film cooling (30%). 
As described in section 4, the coupled wall function affects wall heat 
flow prediction in several ways, particularly in a combustion chamber 
with film cooling, and the influences of these variables are coupled. In 
the next section, the reasons for such a low prediction are being 
discussed. 

To begin with, the flow in a multi-element combustion chamber is 
more complicated than that of a single-element chamber, and the radial 
velocity at the wall can be positive or negative, thus changes the di-
rection of Eq. (4–9) and the direction of the chemical enthalpy term, 
ultimately leads to different values of wall heat flux. The flow stream-
lines of several cross-sections of the combustion chamber are presented 
in Fig. 19. It is evident that the direction of chemical enthalpy term 
action varies considerably across the wall, which explains why the dif-
ference in wall heat flux prediction between coupled wall function and 
enhanced wall function jumps from around 50% in single element 
chambers to around 75% in multi-element chambers. 

Secondly, in order to assess the overall effect of the chemical reaction 
on the wall heat flux, more attention should be paid to the net effect of 
the chemical enthalpy term across the entire chamber wall. Since the 
gradient in the vertical direction of the wall is much larger than the 
other two directions, only the y-component of the mass fraction gradient 
is considered. The area averaging of the entire wall is still calculated as 

Fig. 14. Axial pressure distribution in the multi-element chamber.  

Fig. 15. Heat release rate of multi-element chamber.  
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in Eq. (5–1) and the results of the mass fraction gradients of each main 
component near the wall are shown in Table 6. 

The inner product of the second and third column of Table 6 gives a 

value of approximately 2.9 × 108 J/kg, which is still a positive value, 
indicating that the direction of chemical enthalpy term in a multi- 
element combustion chamber is opposite to the temperature gradient 
term acting direction, which results in a reduction of the predicted wall 
heat flux. Besides, it is also noted that the value of μt near the wall is of 
the order of 10− 2, which leads to an order of magnitude of the heat flux 
change due to the chemical enthalpy term of approximately 1.6 × 106 W 
in a single-element chamber and 2.9 × 106 W in a multi-element 
chamber with film cooling, both of them are higher than the value in 
a multi-element chamber without film cooling (4 × 105 W). This in-
dicates that the injection of film influences the temperature of the gas 
near the wall and the mass fraction of each component, ultimately 
pushes the chemical reaction equilibrium near the entire chamber wall 
to the direction of an increase in the total chemical enthalpy, finally 
results in a greater discrepancy in the predicted wall heat flux than the 
case without film cooling. 

Finally, it is also noticed that the three-dimensional effect is more 
pronounced in the multi-element combustion chamber, while the film 
also has a greater impact on the near-wall flow profile. It also makes the 
difference of wall heat flux between the case considering and not 
considering the chemical reactions near the wall greater than the single 
element combustion chamber with film cooling case. 

6. Conclusion 

An experimental test bench for a GCH4/GO2 combustion chamber 
using methane as a cooling film is built and a RANS-based numerical 

Fig. 16. Temperature contour in the longitudinal section of the multi-element chamber.  

Fig. 17. Contours of the x-component vorticity for different cross-sections.  

Fig. 18. Axial heat flux distribution on the wall of the multi-element chamber 
(— -with film; -•- -without film). 
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framework is established. The experimental results have proved that the 
numerical frame established in this paper is able to calculate the com-
bustion characteristics in the chamber and predict the wall heat flux 
more accurately. Then, based on the developed numerical framework, a 
multiple elements GCH4/GO2 combustion chamber with film cooling 
simulation is carried out. 

The results of the single element chamber with film reveal that the 
wall heat flux calculated by the frame with enhanced wall function is 
about 50% higher than the experimental values. To correct this over- 
prediction of wall heat flux, a coupled wall function is introduced 
through Fluent UDF, and the simulation results show that the main-
stream characteristics of the combustion chamber are essentially un-
changed, while the wall heat flux results are in good agreement with the 
experimental results. This indicates that the overestimation of the wall 
heat flow in a combustion chamber with film cooling is caused by the 
neglect of chemical reactions near the wall. Besides, it is also shown that 
the numerical framework based on the RANS method and coupled wall 
function can predict the flow and combustion process in the combustion 
chamber well and provide a more accurate prediction of wall heat flux in 
the case with film cooling. 

Different from the single element square combustion chamber, 
multiple elements circular combustion chamber has more complex flows 
and more significant three-dimensional effects. Thus, it makes more 
sense to apply the numerical framework developed in this study to a 

multi-injector combustion chamber. The numerical simulation results of 
multi-element combustion chambers show that the pressure and heat 
release rate distribution of the combustion chamber using enhanced wall 
function and coupled wall function are almost identical, which suggests 
that the wall function only affects the wall area and has little effect on 
the mainstream. In addition, as the analysis of the vortex in the com-
bustion chamber with film shows that the injection of film reduces the 
voracity near the chamber wall, resulting in a limited flame expansion in 
the high temperature zone near the wall and then made the overall flame 
in this zone become thinner. Finally, the wall heat flux calculated by 
using the coupled wall function is approximately 75% lower than using 
enhanced wall function, which again supports the view that chemical 
reactions were responsible for the overestimation of wall heat flow. 

Furthermore, this paper also found that in the GCH4/GO2 rocket 
combustion chamber with film cooling, the discrepancy in predicted 
wall heat flux values between the case using coupled wall function and 
enhanced wall function was more significant than the case without film 
cooling. According to the chemical enthalpy analysis of the entire 
combustion chamber wall, it could be concluded that the injection of 
film changes the temperature and the mass fraction of each component 
near the wall, and their coupling influence ultimately causes the 
chemical reaction equilibrium to move to the direction of an increase of 
total enthalpy, which then leads to the enthalpy term in the couple wall 
function to increase compared to the temperature gradient term, even-
tually results in a lower predicted value of heat flux of the wall. Besides, 
in the multi-element combustion chamber, the three-dimensional flow 
characteristics could not be ignored and the injection of film affects the 
radial velocity direction at various parts of the wall, and their coupling 
effects causes the chemical reaction equilibrium movement, finally re-
sults in the prediction of the wall heat flux even lower. 

To sum up, the numerical approach proposed in this paper can better 
predict the wall heat flux in a GCH4/GO2 combustion chamber with film 
cooling, and it is reasonable to assume that the numerical frame can also 
apply to more kinds of combustion chambers with film. And by using a 
reasonable numerical framework to predict the wall heat flux of a rocket 
engine combustion chamber with film, it is possible to improve the 
design of the rocket engine, protect the chamber wall better, and allo-
cate fuel usage for the film coolant more rationally. 
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Fig. 19. Flow streamline of each cross-section of the multi-element chamber.  

Table 6 
Aera averages of the mass fraction gradients of main components and their 
chemical enthalpies.  

Species Area averages of gradients Chemical enthalpy h0
f ,k[MJ/kg]

CO2  − 4.76 − 8.94 
CH4  16.41 − 4.65 
O2  0.30 0 
H2O  − 19.74 − 13.4 
CO  − 14.94 − 3.95  
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ABSTRACT
The investigation of film cooling in CH4/O2 rocket engines holds paramount importance in the advancement of rocket propulsion. However,
the wall heat flux is always overestimated in numerical simulation processes. Hence, this article proposes a numerical framework that employs
the Reynolds averaged Navier–Stokes method to simulate the single-element gaseous CH4/gaseous O2 combustion chamber, which is the basis
for rocket engine simulations. The coupled wall function that considers chemical reaction effects is introduced to enhance the accuracy of wall
heat flux prediction. The impact of utilizing a coupled wall treatment on the prediction of wall heat flux and its fundamental parameters are
examined. In addition, a single-element combustion chamber experiment is performed to validate the simulation. The results demonstrate
that the implementation of the coupled wall function hardly influences the main flow characteristics, whereas the wall heat flux calculated
with general wall functions shows an overestimation, which can be reduced by the coupled wall function. Finally, the case with a coupled wall
function can improve the cooling efficiency with greater accuracy and the cooling systems with optimized design. The proposed numerical
framework and the findings of the study provide profound insights that can improve the design and optimization of rocket engines.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0178273

NOMENCLATURE

Cmod Logarithmic law of velocity constant
Cp Specific heat capacity, J/(kg K)
Cμ Constant in the turbulent model, 0.09
h0

f Standard formation enthalpy, J/kg
k Turbulent kinetic energy, J/kg
ṁ Mass flow rate, g/s
p Pressure, Pa
Pr Prandtl number
q Molecular heat flux vector, W/m2

RF Film to total fuel ratio
ROF Oxygen–fuel ratio
Sc Schmidt number
t Time, s
T Temperature, K
u+ Dimensionless wall velocity, u/uτ

uτ Friction velocity,
√

τw/ρ, m/s
Y Mass fraction
y+ Dimensionless wall distance
yP Distance from point P to the wall
η Film cooling efficiency
κ Kármán constant
λ Thermal conductivity, W/(m K)
μ Molecular viscosity, Pa s
ρ Density, kg/m3

τ Shear stress, Pa

Subscripts

ad Adiabatic
c Center of the first layer of cells
CC Combustion chamber
CH4 Methane
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film With film
k Species k
O2 Oxygen
t Turbulent
w Wall

I. INTRODUCTION
In recent years, CH4/O2 rocket engines have attracted consid-

erable attention in the aerospace propulsion field due to their high
specific impulse compared to kerosene, superior storage capability
compared to hydrogen, and highly effective cooling capacity.1–5 A
methane/oxygen rocket engine operating under high pressure expe-
riences a combustion temperature exceeding 3500 K, high enough
to destroy nearly all wall materials. Thus, the rocket engine cooling
system is of utmost importance. The efficiency and even the reusabil-
ity of the engines can also be improved by judicious placement
of various cooling techniques. Among diverse cooling techniques,
film cooling, which involves injecting a thin layer of coolant along
hot gas-exposed surfaces to protect engine components, presents
significant cooling efficiency with a straightforward mechanical
design.6–9

The complex nature of rocket engines, which involve intricate
fluid dynamics, combustion, and heat transfer processes, necessi-
tates sophisticated simulation techniques to develop new engines,
improve existing designs, and ensure safe and reliable operation.
In particular, single-element rocket engine simulations are crucial
since they allow researchers to examine specific components of the
engine. By simulating the dynamics of a single-element injector,

engineers can obtain valuable insights into the design of larger and
more complex engines. Hence, it is essential to conduct research on
single-element rocket engines and film cooling simulations to gain a
deeper understanding of rocket engine performance and behavior.
Previous studies have conducted numerous experimental10,11 and
numerical12–14 research studies on subsonic film boundary layers.
However, the existing studies primarily concentrate on the impact
of geometry and injection parameters, with limited attention paid
to the flow and chemical state of the boundary layer itself. Nev-
ertheless, it is crucial to consider the properties of the boundary
layer when designing a rocket engine combustion chamber and
arranging its cooling system. Current research indicates that Direct
Numerical Simulation (DNS) and Large-Eddy Simulation (LES) are
capable of capturing the flow characteristics of the boundary layer
accurately.13,15,16 Nevertheless, Kawai and Larsson revealed that the
viscous length scale of the layer is only around 1 μm,17 resulting in
the need for an extremely fine mesh near the wall for LES-based
simulation and a consequent increase in computational cost, and
the DNS method requires even a finer grid than LES. In addition,
in studying the heat transfer properties, chemical reactions must
also be considered, which leads to the inclusion of more equations.
In addition to computational cost, controlling the convergence of
DNS- and LES-based methods can also be challenging. Therefore,
it is necessary to find a way to simulate a methane/oxygen chamber
accurately at a low computational cost.

In essence, single-element gaseous CH4/gaseous O2 (GCH4/
GO2) rocket engine simulations with film cooling form the basis
for developing complex engine simulations. Despite this, current
research on films in single-element chamber simulations is limited

FIG. 1. Geometry and mesh of the numerical case.
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in investigating wall heat transfer. In addition, the Reynolds Aver-
aged Navier–Stokes (RANS) method is the least computationally
expensive method to predict mainstream properties at small grid
numbers while solving the grid scale problem using wall functions.
Prior research has validated the efficacy of RANS-based simulations
in accurately modeling the methane/oxygen combustion cham-
bers. However, the wall heat flux is usually predicted higher than
the experimental data when applying the RANS approach when
simulating a chamber with film cooling.18–21 Erroneous heat flux
estimations can result in flawed cooling arrangements, thereby com-
promising not only the cooling effectiveness and the overall engine
efficiency but also exposing the engine to the risk of severe damage.

To address the aforementioned overestimation problem and
identify its causes, the authors have proposed a numerical frame-
work in the previous work (see Ref. 22), which includes a coupled
wall function proposed and modeled by Cabrit and Nicoud23 and
takes into account chemical reactions, undergoing preliminary val-
idation in the GCH4/GO2 combustion chamber. Previous research
by Wei et al. demonstrated that the disregard of chemical reactions
within the boundary layer is a cause of heat flux overestimation24 as
commonly used wall treatments are based on non-reacting single-
component flows that ignore chemical reaction influences. However,
according to the related research, chemical reactions significantly
affect wall heat flux,25–28 and other numerical parameters such as
turbulence Prandtl number (Prt), turbulence Schmidt number (Sct),
and mesh sensitivity can also affect the calculated wall heat flux.29–31

This paper investigates the impact of various numerical factors on
wall heat flux when combined with a coupled wall function to deter-
mine the optimal numerical framework. In addition, to validate
and optimize the numerical results, an experimental study is car-
ried out on a single-element GCH4/GO2 combustion chamber. The
optimized numerical model is used to simulate the corresponding
chamber, and results are presented and discussed, including a dis-
cussion on film cooling efficiency based on simulation results. The
conducted analyses will furnish normative guidance for forthcoming
simulations about wall heat transfer of single-element combustion
chambers and the implementation of film cooling techniques. In
addition to that, these results also have the potential to improve the
development of more efficient and reliable rocket engines.

II. NUMERICAL SETUP AND REFERENCE EXPERIMENT
A. Geometrical model and mesh

To gain convincing results from the numerical framework, the
geometrical characteristics of the single-element GCH4/GO2 com-
bustion chamber are adopted from the forthcoming test bench, as
detailed in Sec. II B. As illustrated in Fig. 1(a), we have neglected
the delivery pipeline as the primary emphasis of this study is placed
on the flow and combustion process within the chamber. The reten-
tion of the nozzle aims to regulate the pressure within the chamber
by ensuring supersonic outlet flow. Furthermore, we have reserved a
certain length of the injection pipe for both the fuel injector (50 mm)
and the oxygen injector (100 mm) to ensure the complete develop-
ment of methane and oxygen flow. As depicted in Fig. 1(b), the mesh
was established based on the geometry, and only a quarter of the
chamber was retained to reduce computational costs. In addition,
the mesh of the shear layer area was refined to increase the accuracy
of the simulation.

B. Numerical setup and boundary conditions
In reference to prior investigations concerning

methane/oxygen combustion simulations using the RANS
method,18,20,32,33 as it is a typical high Reynolds number flow pro-
cess, the standard k-ε model is a cost-effective and accurate method
for calculating turbulent mixing processes. Moreover, previous
investigations by the authors33 have illustrated the Eddy Dissipation
Concept (EDC) model’s efficacy in accounting for detailed chemical
reaction mechanisms in turbulent reactions. This study employs
the chemical reaction mechanism proposed by Dong et al.,34 which
comprises 14 species and 18 reactions. Table I summarizes the
boundary conditions. The chamber wall temperature is gained from
polynomial fitting of the experiment data, and since the nozzle
part is not mainly investigated in this work, the temperature of
the nozzle wall is set as consistent with the tail of the combustion
chamber. Besides, since the injection plate is small compared to the
chamber, it is reasonable to assume it as an adiabatic wall.

Concerning the wall treatment approach, general wall func-
tions usually presume that the variable distribution is linear in
the boundary layer. Nevertheless, to consider chemical reactions
within the boundary layer, the coupled wall function is applied. This
method preserves the original form of the momentum equation,
but the energy equation incorporates the chemical enthalpy term.
Subsequently, after a sequence of transformations and equivalent
substitutions in the Fluent UDF, the wall heat flux of the coupled
wall function can be presented as

qw = −
ρCPu∗

T+
(Tc − Tw), (2.1)

where T+ is the dimensionless wall temperature, which can be
calculated as

T+ = K(Pr) + α
Bq

u+. (2.2)

The constant denoted as K(Pr) is only associated with the Prandtl
number. The coefficient in front of u+ can be expressed as

α
Bq
= CP

CP
Prt
+ 1

Sct
∑k

dYk
dT

h0
f ,k

. (2.3)

The presentation of the coupled wall function and detailed deriva-
tion can be found in Refs. 22 and 23.

TABLE I. Boundary conditions.

Boundary Type Specific

GOX inlet Mass flow inlet 0.006 025 kg/s
GCH4 inlet Mass flow inlet 0.001 925 kg/s
Film inlet Mass flow inlet 0.0011 kg/s
Injector wall and faceplate Non-slip wall Adiabatic
Chamber wall Non-slip wall Polynomial fitting
Nozzle wall Non-slip wall 400 K
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C. Mesh independence verification
To ensure that the mesh density does not affect the numeri-

cal results and to minimize computational costs, the verification of
mesh independence is a crucial step and must be performed. Five
groups of mesh with different densities are used, and the grid num-
bers range from 378 952 to 5 832 241. Each time the mesh is refined
by adding a grid point between every two grid nodes, but the wall y+

is maintained at around 30 as required by the wall function.
Figure 2 demonstrates the variation curves of several main

combustion chamber parameters, such as average temperature,
velocity, and wall heat flux, with the number of grids. As shown in
Fig. 2, the calculated values from the first two groups with coarser
grids differ significantly from those of the other groups, and upon
exceeding a mesh count of 1.72 × 106, no significant changes are
observed in the chamber parameters. Thus, to save calculation cost
and guarantee calculation accuracy, a mesh with 1.72 × 106 grid
numbers is used for the simulation in this paper.

D. Reference experiment
The reference experiment used for validating the numerical

frame was carried out on the testbench at the Technical Univer-
sity of Munich (TUM),35 which contains a heat-sink combustion
chamber with a single injector, as shown in Fig. 3. 25 T-type ther-
mocouples were installed uniformly on the cooled chamber wall, and
extra thermocouples were set axially at distances of 1, 2, and 3 mm
from the top wall in four groups since the temperature changes in
the front part of the chamber are more intense and the film exerts a
greater impact on the wall heat transfer in the front segment. Besides,
on the bottom wall of the first segment, four thermocouples were
also embedded to inspect the temperature changes of a wall with-
out film. For the pressure measurement, nine pressure sensors were
fixed at the sidewall uniformly to inspect the pressure decrease in the
combustion chamber.

The film is injected along the upper wall of the chamber, and the
thickness of the injector is 0.25 mm. The fuel and oxygen are injected

FIG. 2. Variation curves of chamber parameters with the number of grids.
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FIG. 3. Schematic diagram of the single-element chamber testbench.

coaxially into the combustion chamber. After a burning time of
3 s, the combustion is considered to reach the equilibrium state,
and measurement data are extracted. Further parameters of the test-
bench geometry and more experimental results can be found in Refs.
22 and 35. In addition, since the experimental results cannot directly
obtain the heat flux, a series of data processing methods based on
the experimental data and application of the inverse method are per-
formed. The inverse method is a processing approach proposed by
the author’s research group.36 It involves discretizing the near-wall
region and utilizing the experimental measurement point values as
the initial condition, leading to the iterative derivation of continuous
parameters. Furthermore, this method exhibits the capability to mit-
igate discrepancies between the measurement point and the physical
wall point where we are interested in.

III. RESULTS AND DISCUSSION
A. Parameter optimization

This section aims to explore the applicability of the coupled
wall function in examining the impact of chemical reactions in the
proximity of the wall on the wall heat flux. In addition, this study
endeavors to provide a detailed analysis of the influence of numeri-
cal parameters on the wall heat flux. Finally, the optimized numerical
factor will be summarized and applied for further simulations.

1. Effect of wall y-plus (y+)
The dimensionless wall distance y-plus is the selection crite-

rion for the near-wall problem solving method. Former studies have
shown that y+ has a great impact on the wall heat transfer charac-
teristic simulations. In general, y+ can be calculated by the following
formula:

y+ = ρuτyP

μ
. (3.1)

Figure 4 illustrates the chamber’s upper wall heat flux calcu-
lated by different y-plus values. It can be noticed that when y+ is less
than 30, the wall heat flux decreases as y+ increases, while if y+ is
greater than 30, the wall heat flux hardly changes with increasing y+

anymore. This effect of y+ on the heat flux is caused by its influence

FIG. 4. Wall heat flux calculated with different y-plus values.

on u+, as shown in Eq. (3.2), as the coupled wall function calculates
u+ as follows:

u+ =
⎧⎪⎪⎪⎨⎪⎪⎪⎩

y+ (y+ < 11.48),
1
κ

ln y+ + Cmod (y+ ≥ 11.48).
(3.2)

Figure 5 shows the image of Eq. (3.2). When y+ is less than
30, u+ increases sharply as y+ increases, especially when y+ is less
than 11.48, and when y+ is greater than 30, its effect on u+ is sig-
nificantly reduced. Therefore, while y+ reached 30, increasing y+

has a minor influence on wall heat flux but reduces the accuracy of

FIG. 5. u-plus vs y-plus curve.
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calculating other parameters in the boundary layer. Figure 4 also dis-
plays the experimental wall heat flux data. The figure reveals that for
a y+ value ranging from 20 to 30, the calculated wall heat flux aligns
most closely with the experimental results.

Nevertheless, the primary purpose of utilizing wall functions
in RANS models is to circumvent the need for assuming a linear
distribution and computing gradients within the boundary layer.
Therefore, it is imperative to position the first layer grid center in
the fully turbulent zone to satisfy the prerequisites of a turbulence
model operating at high Reynolds numbers. Hence, it is reasonable
to choose a y+ value of ∼30, and it enables the accurate calculation
of other parameters within the boundary layer while maintaining
numerical stability, and the differences between the simulated and
experimental heat flux values that may arise from other variables will
continue to be discussed in the following parts.

2. Effect of constant κ and Cmod

After choosing a value of 30 for y-plus, it can be seen that the
von Kármán constant κ and the constant in the logarithmic law of
velocity Cmod, in addition to y+, also affect u+, and thus, the cal-
culated wall heat flux is according to Eq. (3.2). The classic values
of κ = 0.41 and Cmod = 5.5, but some studies suggest that the value
of κ must be assumed to be constant because it is not independent
of the Reynolds number. Österlund et al. set the value of κ to 0.38
and Cmod to 4.1 and found that in this case, the log-law formula-
tion no longer correlates with the Reynolds number.37 Currently, it
is difficult to determine which of these two choices of κ and Cmod
constants is more accurate, but it is still possible to explore the appli-
cation of different constant values chosen for the specific case of the
single-element injector CH4/O2 combustion chambers.

Figure 6 shows the wall heat flux values obtained using two sets
of constants. The wall heat flux computed using κ = 0.41 and Cmod
= 5.5 is only slightly higher than the other one, and the reason can
also be explained by the effect of the constant κ and Cmod on u+ in
Eq. (3.2). Changes in the values of κ and Cmod do not affect u+ much,
so the impact of these constants on the ultimate computed wall heat

FIG. 6. Wall heat flux calculated with different κ and Cmod values.

flux is also negligible. Specifically, in the initial half of the combus-
tion chamber, there is no discernible difference between the two sets
of constant values, while in the latter half, the disparity amounts to
no more than 5%, which might be caused by the changing of the
Reynolds number, so it is justifiable to disregard the influence of κ
and Cmod on the wall heat flux calculation. Drawing on past numer-
ical simulation experience, this paper selects κ = 0.41 and Cmod = 5.5
finally.

3. Effect of turbulent Prandtl number (Prt)
and Schmidt number (Sct)

Aside from the above-mentioned factors, the turbulent Prandtl
Number (Prt) and turbulent Schmidt Number (Sct), denoting the
ratio between the turbulent transport rates of momentum and that
of heat and mass transfer, respectively, also significantly affect the
wall heat flux. According to Eq. (2.3), the Prt and Sct ultimately affect
the calculated wall heat flux by influencing the coefficient α

Bq
before

u-plus. Regarding the range of Prt and Sct values, from the experi-
mental data, the value of Prt has a range from 0.7 to 0.9,38–40 and in
the original coupled wall function derivation, the Lewis number (Le
= Sc/Pr) was assumed to be equal to 1, which means Prt = Sct .

Figure 7 demonstrates the calculated heat flux changes with dif-
ferent turbulent Prandtl numbers and Schmidt numbers. Within the
range of 0.7–0.9, an increase in both Prt and Sct leads to a decrease
in wall heat flux, but the change is not significant. For every 0.05
increase in the value of Prt and Sct , the peak wall heat flux decreases
by only around 5%, and in the vicinity of the injector plate where the
film primarily acts, the differences in wall heat flux caused by the Prt
and Sct changes are even smaller. Even so, in order to ensure that
the computed wall heat flux closely corresponds to the experimental
data, 0.7 has been chosen for both Prt and Sct .

In conclusion, the present study has successfully identified an
optimal set of parameters for the combustion chamber of a single-
element CH4/O2 engine, utilizing the coupled wall function for film
simulation. The specific parameters are summarized in Table II,

FIG. 7. Wall heat flux calculated with different Pr t and Sct values.
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TABLE II. Parameter settings of the coupled wall function.

y+ κ Cmod Prt Sct

30 0.41 5.5 0.7 0.7

thereby providing a comprehensive reference for researchers in the
field of combustion modeling.

B. Numerical simulation results and discussion
Based on the parameters summarized in Table II in Subsec-

tion III A 3, a group of single-element injector combustion chamber
simulations are carried out on the Ansys Fluent platform. The pres-
sure distribution is illustrated in Fig. 8. Obviously, the pressure
decreases as the flow progresses downstream. Furthermore, the pres-
sure distribution obtained via the coupled wall function approach
exhibits minimal deviation from the general wall functions, amount-
ing to less than 1%, regardless of whether film cooling is considered.
This finding is in line with our prior derivation of the coupled wall
function, which asserts that it primarily accounts for the chemical
reactions occurring in close proximity to the wall and exerts min-
imal influence on the main flow.23 Finally, it is worth noting that
the chamber pressure in the configuration incorporating film cool-
ing is higher than that without film cooling. This is because the
injected film serves not only as a coolant but also as an extra source
of fuel. Moreover, as depicted in Fig. 8, the chamber pressure in
the film-cooled chamber closely aligns with the experimental results.
This outcome underscores the capability of the computational
framework developed in this study to accurately simulate the flow
behavior within a single-element combustion chamber with film
cooling.

Figure 9 displays the analysis of the heat release rate in the
single-element combustion chamber. The results suggest that the

FIG. 8. Downstream direction pressure distribution.

FIG. 9. Heat release rate of the combustion chamber.

implementation of the two different wall treatments does not have
a substantial impact on the heat release rate, which further implies
that the main flow remains unaffected. Due to the small chemical
reaction area, the heat release rate reaches its maximum value at
the beginning of the combustion chamber, which is dominated by
mixing. The chamber with film injection shows a higher peak value
(17 GW/m3) than the chamber without film (15 GW/m3) due to the
enhanced mixing in this region. As the mixing rate decreases, there
is a gradual decline in the heat release rate. However, in the mid-
dle section of the chamber, where the reaction area expands, the
heat release rate remains constant. The chamber with film exhibits
a higher heat release rate in this region because the film can be used
as fuel in the reaction, leading to faster conversion from chemical
to thermal energy. As the chemical reaction progresses toward com-
pletion, the heat release rate continues to decrease until the chamber
tail. Interestingly, the heat release rate with film is lower than that
of the chamber without film in this region, which may be attributed
to the more intense chemical reactions in the middle section of the
chamber, leading to reactant depletion at the chamber tail section.

The contour of temperature distribution in the chamber’s cen-
tral longitudinal section is presented in Fig. 10. By comparing the
results with and without film cooling, the existence of film does
weaken the high-temperature zone close to the chamber wall effec-
tively, which indicates that film cooling is an excellent cooling
method. In addition, it can still be noticed that in the chamber
with or without film, the temperature distribution does not change
much while using both kinds of wall functions because the main flow
has not been affected much. Finally, the temperature contours also
reflect that the flame expansion process is also consistent with the
chemical reaction development about the heat release rate discussed
earlier.

Other than the above-mentioned parameters, this paper pays
more attention to the wall heat flux, which is also an important
parameter in cooling studies. Primarily, taking the example of the
chamber with film cooling using a general wall function, several
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FIG. 10. Temperature distribution of the chamber central longitudinal section.

cross sections of the chamber upper wall heat flux distribution are
depicted in Fig. 11. In the case of a square combustion chamber,
the wall heat flux exhibits a parabolic distribution in the horizontal
direction, with the exception of the boundary effect near the inner
sidewalls, and other cases have similar results. Hence, the highest
wall heat flux occurs along the midline of the combustion cham-
ber, and the trend of the wall heat flux remains consistent in the
downstream direction. Therefore, analyzing the heat flux distribu-
tion along the midline of the combustion chamber wall is considered
the most representative approach.

Figure 12 presents the wall heat flux distribution downstream
of the upper chamber wall midline. The figure demonstrates that the
heat flux increases along the flow direction, as observed in Fig. 11.
Another salient observation is that the cases with film cooling exhibit
lower heat flux. Moreover, the comparison between the wall heat
flux calculated using an enhanced wall function and coupled wall
function reveals that the former overestimates the wall heat flux
whereas the latter improves this overestimation and closely matches

FIG. 11. Heat flux of different cross sections in the chamber with film.

the experimental data. The present findings support the notion that
the inaccuracy of general wall functions in predicting wall heat flux
can be attributed to their inability to account for chemical reactions
near the wall. The application of the coupled wall function, which
considers these reactions, can lead to more precise simulations of
the wall heat flux.

C. Study of cooling efficiency
Finally, it is necessary to carry on with the study of cooling

efficiency and to investigate how the coupled wall function affects
the cooling efficiency calculation. In a rocket engine combustion
chamber, the efficiency of film cooling can be determined using the
following equation, in general:

η = Tad − TCC

Tfilm − TCC
. (3.3)

FIG. 12. Heat flux in the midline of the combustion chamber wall.
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FIG. 13. NHFR distribution of the chamber wall in the downstream direction.

However, even though this cooling efficiency calculation method is
widely used in cooling research, in the real rocket engine, the cham-
ber wall is hard to reach adiabatic conditions. Accordingly, this study
employs temperature as a wall boundary condition and employs
the coupled wall function to improve the precision of the wall heat
flux estimation. Therefore, using Eq. (3.3) to measure the cooling
efficiency may not be appropriate. In contrast, it would be more suit-
able to utilize Net Heat Flux Reduction (NHFR) in this situation, as
many relevant studies have shown.41–43 The NHFR can be defined as
follows:

NHFR = 1 −
q f i̇lm

q̇0
⋅ ( PCC,0

PCC, film
)

0.8

, (3.4)

where q̇0 is the heat flux without film injection and the term

( PCC,0
PCC, film

)
0.8

is a correction factor proposed by Bartz44 to consider the
effect of film injection on the combustion chamber pressure.

Figure 13 reveals the average NHFR distribution of the upper
chamber wall in the downstream direction. Due to the effect of the
recirculation zone, the film cooling efficiency first increases to a
peak near the injection plate, then falls rapidly, and tends to a mini-
mum value after x = 0.07–0.08 m, after which the cooling efficiency
remains constant essentially. The reduction in cooling efficiency is
a result of the gradual mixing of the film with the hot gas in the
main flow. Therefore, in order to maintain higher cooling efficiency,
it might be appropriate to set a film injection port every 80 mm on
the chamber wall. Besides, the coupled wall function yields a higher
NHFR than the enhanced wall function. Since it has been discussed
that the coupled wall function provides a more precise estimation of
the wall heat flux and the pressure remains unchanged with the use
of different wall functions, the cooling efficiency calculated with the
coupled wall function can be considered more accurate, according
to Eq. (3.4). This finding is important because it is possible to reduce
the coolant methane proportion in the design of rocket engines,
thereby cutting the overall fuel load.

Figure 13 shows the NHFR distribution contour on the com-
bustion wall upper wall. The same film cooling efficiency decay trend
as shown in Fig. 13 has been shown more directly in Fig. 14. Besides,
it can also be noticed that the NHFR near the injection plate calcu-
lated by the coupled wall function is overall marginally higher, which
is also consistent with the above-mentioned result. Finally, as shown
in Fig. 14, in square combustion chambers, the cooling efficiency is
almost unchanged in the lateral direction, except for the reflux effect
at the corners.

FIG. 14. NHFR distribution contour on the combustion chamber cooled-wall.
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IV. CONCLUSION
A coupled wall function is incorporated into the framework

based on the Ansys Fluent platform to improve the accuracy of wall
heat flux prediction. In addition, simulation results are validated and
parameters are optimized by conducting a corresponding experi-
ment. As control groups, numerical simulations using a general wall
function and without film cooling are carried out.

According to the parameter study, the wall heat flux decreases
while the wall y-plus is below 30 and then remains constant after
y-plus is above 30. It is also found that the values of κ and Cmod
have a negligible effect on the film cooling acting area, and with the
increase in the turbulent Prandtl number and Schmidt number in
a range of 0.7–0.9, the wall heat flux increases as well. In summary,
after a comparison of the wall heat flux values computed by vari-
ous parameter configurations with the experimental results, the final
parameter setup selected is that y+ = 30, κ = 0.41, Cmod = 5.5 and Prt
= Sct = 0.7.

Based on appropriate parameterization, several single-element
combustion chamber simulations are carried out, which indicate uti-
lizing coupled wall functions does not significantly affect the main
flow characteristics, including pressure, heat release rate, and tem-
perature, while the film injection can increase the overall pressure
and weaken the high-temperature zone near the wall. In addition,
film injection results in a higher heat release rate peak in the front
chamber section, followed by higher values in the middle and a lower
heat release rate at the end due to reactant decay. Wall heat flux has
a parabolic distribution in the horizontal direction of the wall, with
the highest values located on the midline of the chamber wall. Subse-
quently, downstream wall heat flux results suggest that film cooling
can reduce wall heat flux, but general wall functions tend to overesti-
mate it. However, the coupled wall function can significantly reduce
this overestimation, with calculated wall heat flux values much closer
to experimental data. Specifically, the inner product of the standard
chemical enthalpies of the main components with their average mass
fraction gradient within the boundary layer explains the quantitative
reduction in the overestimated wall heat flux.

Finally, this study investigates the film cooling efficiency using
the net heat flux reduction method instead of the traditional
approach based on adiabatic wall temperature. This choice is moti-
vated by the difficulty in achieving adiabatic conditions in real rocket
combustion chambers. Furthermore, the main focus of this paper is
to improve the precision of wall heat flux predictions. Based on the
results, it can be seen that the cooling efficiency distribution is almost
uniform in the horizontal direction. In addition, the impact of the
coupled wall function on the net heat flux reduction distribution is
observed to be negligible but results in a higher calculated cooling
efficiency than the case with general wall functions, which means the
methane fuel load can be cut down because it requires less methane
use as a coolant to obtain the same cooling performance. Besides,
the cooling efficiency decreases rapidly at a distance of 70–80 mm
from the injection port, which indicates that it may be suitable to set
injection ports every 70–80 mm along the chamber wall to maintain
the high cooling efficiency and to protect the chamber wall.

To summarize, this paper proposes and utilizes a numerical
framework to accurately simulate the combustion chamber of a
single-element GCH4/GO2 rocket engine at a low computational
cost. An optimized parameter setup and coupled wall function

embedding significantly improve the wall heat flux, which is cru-
cial for rocket engine wall protection research. Moreover, the study
of film cooling efficiency provides more precise results and suggests
proper film injection arrangements. A practical application of these
findings can enhance the design of rocket propulsion systems and
prevent excessive rocket engine temperatures.

ACKNOWLEDGMENTS
The work presented in this paper was supported by the China

Scholarship Council for Jianing Liu (Grant No. 201706120033). Spe-
cial thanks to Mariella Celano, Nikolaos Perakis, and Wenjing Yin
for their contribution to this article.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Jianing Liu: Conceptualization (equal); Data curation (equal); For-
mal analysis (equal); Funding acquisition (equal); Investigation
(equal); Methodology (equal); Resources (equal); Software (equal);
Validation (equal); Visualization (equal); Writing – original draft
(equal). Silong Zhang: Conceptualization (supporting); Funding
acquisition (equal); Project administration (lead); Resources (equal);
Supervision (lead); Writing – review & editing (equal). Jianfei
Wei: Conceptualization (equal); Methodology (lead); Validation
(supporting). Oskar J. Haidn: Data curation (supporting); Fund-
ing acquisition (supporting); Project administration (supporting);
Resources (supporting); Supervision (equal); Writing – review &
editing (equal).

DATA AVAILABILITY
The data that support the findings of this study are available

from the corresponding author upon reasonable request.

REFERENCES
1S. Choi, T. Y. Kim, H. K. Kim, I.-S. Jeung, J. Koo, and O. C. Kwon, “Combustion
stability of gaseous CH4/O2 and H2/O2 coaxial jet flames in a single-element
combustor,” Energy 132, 57–64 (2017).
2T. Neill, D. Judd, E. Veith, and D. Rousar, “Practical uses of liquid methane in
rocket engine applications,” Acta Astronaut. 65, 696–705 (2009).
3A. S. Gohardani, J. Stanojev, A. Demairé, K. Anflo, M. Persson, N. Wingborg, and
C. Nilsson, “Green space propulsion: Opportunities and prospects,” Prog. Aerosp.
Sci. 71, 128–149 (2014).
4R. Votta, F. Battista, V. Salvatore, M. Pizzarelli, G. Leccese, F. Nasuti, and
S. Meyer, “Experimental investigation of transcritical methane flow in rocket
engine cooling channel,” Appl. Therm. Eng. 101, 61–70 (2016).
5R. Saini, S. Prakash, A. De, and R. Yadav, “Investigation of NOx in piloted sta-
bilized methane-air diffusion flames using finite-rate and infinitely-fast chemistry
based combustion models,” Therm. Sci. Eng. Prog. 5, 144–157 (2018).
6P. Marquardt, M. Klaas, and W. Schröder, “Experimental investigation of
isoenergetic film-cooling flows with shock interaction,” AIAA J. 57, 3910–3923
(2019).

AIP Advances 14, 035330 (2024); doi: 10.1063/5.0178273 14, 035330-10

© Author(s) 2024

 18 M
arch 2024 20:11:48

https://pubs.aip.org/aip/adv
https://doi.org/10.1016/j.energy.2017.05.057
https://doi.org/10.1016/j.actaastro.2009.01.052
https://doi.org/10.1016/j.paerosci.2014.08.001
https://doi.org/10.1016/j.paerosci.2014.08.001
https://doi.org/10.1016/j.applthermaleng.2015.12.019
https://doi.org/10.1016/j.tsep.2017.11.008
https://doi.org/10.2514/1.j058197


AIP Advances ARTICLE pubs.aip.org/aip/adv

7P. Concio, S. D’Alessandro, and J. Steelant, “Low-order modeling and validation
of film cooling in liquid rocket combustion chambers,” in 8th Space Propulsion,
2022.
8J. Zhang, S. Zhang, C. Wang, and X. Tan, “Recent advances in film cooling
enhancement: A review,” Chin. J. Aeronaut. 33, 1119 (2020).
9J. Zuo, S. Zhang, D. Wei, L. Meng, J. Qin, W. Bao, and O. J. Haidn, “Effects
of combustion on supersonic film cooling using gaseous hydrocarbon fuel as
coolant,” Aerosp. Sci. Technol. 106, 106202 (2020).
10X. Sun, G. Zhao, P. Jiang, W. Peng, and J. Wang, “Influence of hole geometry
on film cooling effectiveness for a constant exit flow area,” Appl. Therm. Eng. 130,
1404–1415 (2018).
11L. Ye, C.-l. Liu, H.-r. Zhu, and J.-x. Luo, “Experimental investigation on
effect of cross-flow Reynolds number on film cooling effectiveness,” AIAA J. 57,
4804–4818 (2019).
12M. A. Keller, M. J. Kloker, and H. Olivier, “Influence of cooling-gas prop-
erties on film-cooling effectiveness in supersonic flow,” J. Spacecr. Rockets 52,
1443–1455 (2015).
13R. Hou, F. Wen, Y. Luo, X. Tang, and S. Wang, “Large eddy simulation of film
cooling flow from round and trenched holes,” Int. J. Heat Mass Transfer 144,
118631 (2019).
14X. Ren, H. Chen, P. Li, Y. Gao, and S. Liu, “Numerical simulation of filling pro-
cess of cryogenic propellants with inert gas purge,” Therm. Sci. Eng. Prog. 29,
101197 (2022).
15J. M. F. Peter and M. J. Kloker, “Direct numerical simulation of supersonic tur-
bulent flow with film cooling by wall-parallel blowing,” Phys. Fluids 34, 025125
(2022).
16Y.-j. Sang, Y. Shan, J.-z. Zhang, and X.-m. Tan, “Numerical investigation of
sweeping jet film cooling on a flat plate,” Therm. Sci. Eng. Prog. 29, 101230 (2022).
17S. Kawai and J. Larsson, “Wall-modeling in large eddy simulation: Length scales,
grid resolution, and accuracy,” Phys. Fluids 24, 015105 (2012).
18A. Sternin, N. Perakis, M. Palma, M. P. Celano, T. Martin, and O. Haidn, “CFD-
analysis of the effect of a cooling film on flow and heat transfer characteristics in a
GCH4/GOX rocket combustion chamber,” in Space Propulsion, 2018.
19F. Di Matteo, M. Venanzi, M. De Rosa, and M. Onofri, “Modelling and sim-
ulation of film cooling in liquid rocket engine propulsion systems,” in 48th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, 2012.
20J. Wei, M. Ye, S. Zhang, J. Qin, and O. J. Haidn, “Modeling of a 7-elements
GOX/GCH4 combustion chamber using RANS with Eddy-Dissipation Concept
model,” Aerosp. Sci. Technol. 99, 105762 (2020).
21K. A. Verma, K. M. Pandey, M. Ray, and K. K. Sharma, “The numerical analysis
of combustion performance of a wedge shaped strut-based scramjet combustor,”
Therm. Sci. Eng. Prog. 20, 100714 (2020).
22J. Liu, S. Zhang, J. Wei, and O. J. Haidn, “RANS based numerical simula-
tion of a GCH4/GO2 rocket engine combustion chamber with film cooling and
improvement of wall heat flux prediction,” Appl. Therm. Eng. 219, 119544 (2023).
23O. Cabrit and F. Nicoud, “Direct simulations for wall modeling of multicompo-
nent reacting compressible turbulent flows,” Phys. Fluids 21, 21 (2009).
24J. Wei, S. Zhang, X. Zhou, C. Cheng, J. Qin, and O. J. Haidn, “Effects of near
wall flow and non-equilibrium reaction coupling on heat flux prediction inside a
7-elements GOX/GCH4 combustion chamber,” Appl. Therm. Eng. 204, 118021
(2022).
25M. Son, K. Radhakrishnan, Y. Yoon, and J. Koo, “Numerical study on the
combustion characteristics of a fuel-centered pintle injector for methane rocket
engines,” Acta Astronaut. 135, 139–149 (2017).

26B. Betti, D. Bianchi, F. Nasuti, and E. Martelli, “Chemical reaction effects on
heat loads of CH4/O2 and H2/O2 rockets,” AIAA J. 54, 1693–1703 (2016).
27J. Zuo, S. Zhang, J. Qin, W. Bao, N. Cui, and X. Liu, “Effects of cracking reac-
tion on supersonic film cooling using gaseous hydrocarbon fuel as coolant,” Appl.
Therm. Eng. 171, 115134 (2020).
28N. Perakis, O. J. Haidn, and M. Ihme, “Investigation of CO recombination in the
boundary layer of CH4/O2 rocket engines,” Proc. Combust. Inst. 38, 6403–6411
(2021).
29Z. Zhang, Y. Mao, X. Su, and X. Yuan, “Inversion learning of turbulent thermal
diffusion for film cooling,” Phys. Fluids 34, 035118 (2022).
30Y. Jiang, A. Murray, L. di Mare, and P. Ireland, “Mesh sensitivity of RANS
simulations on film cooling flow,” Int. J. Heat Mass Transfer 182, 121825
(2022).
31X.-W. Sun, X.-L. Yang, and W. Liu, “Aero-optical and aero-heating effects of
supersonic turbulent boundary layer with a tangential wall-injection film,” Phys.
Fluids 33, 035118 (2021).
32S. Silvestri, C. Kirchberger, G. Schlieben, M. P. Celano, and O. Haidn,
“Experimental and numerical investigation of a multi-injector GOX-GCH4 com-
bustion chamber,” Trans. Jpn. Soc. Aeronaut. Space Sci., Aerosp. Technol. Jpn. 16,
374–381 (2018).
33A. Sternin, H. Ma, J. Liu, O. Haidn, and M. Tajmar, “Turbulence and com-
bustion and film prediction in rocket application via parameter adjustion, model
variation and deep learning method,” Transregio 40-Summer Program Report,
2019.
34G. Dong, Y. Huan, and Y. L. Chen, “Study of effects of different chemical reac-
tion mechanisms on computation results for methane jet turbulence diffusion
flame,” J. Fuel Chem. Technol. 28, 49–54 (2000).
35M. P. Celano, S. Silvestri, C. Kirchberger, G. Schlieben, D. I. Suslov, and
O. J. Haidn, “Gaseous film cooling investigation in a model single element
GCH4-GOX combustion chamber,” Trans. JSASS Aerosp. Technol. 14, 129–137
(2016).
36N. Perakis and O. J. Haidn, “Inverse heat transfer method applied to capacitively
cooled rocket thrust chambers,” Int. J. Heat Mass Transfer 131, 150–166 (2019).
37J. M. Österlund, A. V. Johansson, H. M. Nagib, and M. H. Hites, “A note on the
overlap region in turbulent boundary layers,” Phys. Fluids 12, 1–4 (2000).
38D. M. McEligot and M. F. Taylor, “The turbulent Prandtl number in the near-
wall region for low-Prandtl-number gas mixtures,” Int. J. Heat Mass Transfer 39,
1287–1295 (1996).
39S. W. Churchill, “A reinterpretation of the turbulent Prandtl number,” Ind. Eng.
Chem. Res. 41, 6393–6401 (2002).
40A. Malhotra and S. S. Kang, “Turbulent Prandtl number in circular pipes,” Int.
J. Heat Mass Transfer 27, 2158–2161 (1984).
41D. I. Suslov, R. Arnold, and O. Haidn, “Investigation of film cooling effi-
ciency in a high pressure subscale LOX/H2 combustion chamber,” in 47th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, 2011.
42J. L. Rutledge, P. I. King, and R. Rivir, “Time averaged net heat flux reduc-
tion for unsteady film cooling,” J. Eng. Gas Turbines Power 132, 121901
(2010).
43J. F. McCall and R. D. Branam, “Effects of radial curvature on net heat flux
reduction in a film-cooled rocket,” in 47th AIAA Aerospace Sciences Meeting
Including The New Horizons Forum and Aerospace Exposition (AIAA, 2009), Vol.
1586, pp. 1–11.
44D. R. Bartz, “A simple equation for rapid estimation of rocket nozzle convective
heat transfer coefficients,” J. Jet Propul. 27, 49–51 (1957).

AIP Advances 14, 035330 (2024); doi: 10.1063/5.0178273 14, 035330-11

© Author(s) 2024

 18 M
arch 2024 20:11:48

https://pubs.aip.org/aip/adv
https://doi.org/10.1016/j.cja.2019.12.023
https://doi.org/10.1016/j.ast.2020.106202
https://doi.org/10.1016/j.applthermaleng.2017.11.117
https://doi.org/10.2514/1.j057943
https://doi.org/10.2514/1.a33203
https://doi.org/10.1016/j.ijheatmasstransfer.2019.118631
https://doi.org/10.1016/j.tsep.2022.101197
https://doi.org/10.1063/5.0080049
https://doi.org/10.1016/j.tsep.2022.101230
https://doi.org/10.1063/1.3678331
https://doi.org/10.1016/j.ast.2020.105762
https://doi.org/10.1016/j.tsep.2020.100714
https://doi.org/10.1016/j.applthermaleng.2022.119544
https://doi.org/10.1063/1.3123528
https://doi.org/10.1016/j.applthermaleng.2021.118021
https://doi.org/10.1016/j.actaastro.2017.02.005
https://doi.org/10.2514/1.j054606
https://doi.org/10.1016/j.applthermaleng.2020.115134
https://doi.org/10.1016/j.applthermaleng.2020.115134
https://doi.org/10.1016/j.proci.2020.07.080
https://doi.org/10.1063/5.0084237
https://doi.org/10.1016/j.ijheatmasstransfer.2021.121825
https://doi.org/10.1063/5.0044025
https://doi.org/10.1063/5.0044025
https://doi.org/10.2322/tastj.16.374
https://doi.org/10.2322/tastj.14.pa_129
https://doi.org/10.1016/j.ijheatmasstransfer.2018.11.048
https://doi.org/10.1063/1.870250
https://doi.org/10.1016/0017-9310(95)00146-8
https://doi.org/10.1021/ie011021k
https://doi.org/10.1021/ie011021k
https://doi.org/10.1016/0017-9310(84)90203-5
https://doi.org/10.1016/0017-9310(84)90203-5
https://doi.org/10.1115/1.4001810


A.3 Paper 3 

 

 

 
Jianing Liu, Silong Zhang, Jianfei Wei, Oskar J. Haidn 

 

Velocity-Driven Optimization of Film Cooling in 

Methane/Oxygen Rocket Engines Using Coupled Wall 

Function 

 

 

 

 

 

 

 

 
 
 
 
Contribution: My principal contributions encompass the proposition of novel velocity 
research methodologies, the refinement of the aforementioned numerical framework, 
the execution of numerical simulations, the meticulous analysis and discussion of 
findings, and the composition and validation of manuscripts. 
 



Velocity-Driven Optimization of Film Cooling in 

Methane/Oxygen Rocket Engines Using Coupled Wall 

Function 
Jianing Liu a, Silong Zhang b,*, Jianfei Wei b, Oskar J. Haidn a 

a School of Engineering and Design, Department Mechanical Engineering, Technical University of 
Munich 

b School of Energy Science and Engineering, Harbin Institute of Technology 

Abstract 

This study investigates the application of coupled wall functions to 

the research of film cooling in methane/oxygen rocket engine 

combustion chambers. By manipulating film mass flow rate and inlet 

size, the influence of different film-mainstream velocity ratios on flow 

dynamics, combustion, wall heat transfer, and cooling efficiency within 

the combustion chamber is explored. Results indicate that as the ratio of 

film velocity to mainstream velocity (RV) increases, the combustion 

chamber pressure initially decreases before increasing, with a 

corresponding trend observed in vortex intensity at the inlet section. 

Comparative analysis reveals that, while maintaining a constant mass 

flow rate, reducing the film inlet height results in lower pressures and 

weaker swirl strength. Furthermore, wall heat transfer decreases 

gradually with increasing RV, with lower heat transfer observed in cases 

involving additional low-temperature methane injection. Notably, the 

introduction of coupled wall functions minimally impacts mainstream 



flow and combustion. Analysis of Net Heat Flux Reduction (NHFR) 

indicates a rapid decrease in cooling efficiency in the front half of the 

combustion chamber, emphasizing the suitability of employing a film 

cooling inlet every one-fifth section in a methane/oxygen engine. 

Moreover, increasing the mass flow rate enhances cooling efficiency as 

RV increases, while altering the inlet size yields nearly constant cooling 

efficiency. Therefore, maximizing film mass flow rate is deemed 

preferable for film cooling arrangements in a given rocket engine; 

however, comparative studies reveal a gradual reduction in engine 

specific impulse with increasing mass flow rate, underscoring the 

necessity for engine-specific determinations. 

Keywords: Film cooling; Velocity ratio; Coupled wall function; NHFR; Rocket engine  



  

Nomenclature 

𝐶𝐶𝑝𝑝 = specific heat capacity, J/(kg·K) 

F, G = functions 

ℎ = film inlet height, mm 

ℎ𝑓𝑓,𝑘𝑘
0  = standard formation enthalpy of the species k, J/kg 

ℎ𝑘𝑘 = Total enthalpy of the species k, J/kg 

ℎ𝑠𝑠 = specific sensible enthalpy J/kg 

𝑘𝑘 = turbulent kinetic energy, J/kg 

𝐼𝐼𝑠𝑠𝑝𝑝 = specific impulse, s 

�̇�𝑚 = mass flow rate, g/s 

p = pressure, Pa 

𝑞𝑞 = heat flux, W/m2 

𝑞𝑞𝑤𝑤 = wall heat flux, W/m2 

𝑇𝑇 = temperature, K 

𝑇𝑇+ = dimensionless wall temperature 

𝑢𝑢∗ = improved dimensionless wall velocity  

V = Velocity, m/s 

𝑉𝑉𝑘𝑘 = diffusion velocity of species k, m/s 

𝑌𝑌𝑘𝑘 = mass fraction of species k 

𝑦𝑦+ = dimensionless wall distance 

𝜀𝜀 = dissipation rate 

𝜌𝜌 = density, kg/m3 

Subscripts 

cc = combustion chamber 

k = species k 

w = wall 



1. Introduction 

Liquid rocket propulsion systems utilizing methane and oxygen as propellants present several 

distinct advantages, foremost among them being their elevated specific impulse, facile storage 

characteristics, straightforward construction, and recyclability, as substantiated by prior research[1-3]. 

Moreover, scholarly investigations suggest that methane stands as the most promising fuel for potential 

synthetic extraction on exoplanets[4], thereby underscoring the significance of methane-based rocket 

engines in propelling humanity towards more extensive frontiers in space exploration. Typically, 

methane/oxygen rocket engines employ an amalgamation of cooling techniques to safeguard the integrity 

of the engine's structural components when subjected to the heightened temperatures prevailing within 

the combustion chamber[5].  

Contemporary research on film cooling primarily revolves around investigating the influence of 

geometric parameters, such as the cross-sectional configuration of the film injector and the angle of 

injection, on the cooling effectiveness[5-8]. Furthermore, with respect to the characteristics inherent to 

film cooling, the principal body of research has been primarily oriented toward its application in external 

surface cooling applications, notably in contexts such as the cooling of turbine blades or airfoils[6, 9-11]. 

Nevertheless, there exists a dearth of comprehensive research about the implementation of film cooling 

within the confines of liquid rocket engines, with particular attention to comprehending the process of 

its intrinsic attributes and the intricate physicochemical interactions occurring between the film coolant 

and the main flow, as well as their impact on wall heat transfer and the overall effectiveness of the cooling 

mechanism. 

The current investigation delves into the numerical exploration of combustion and wall heat transfer 

characteristics within a multi-element combustion chamber of a methane/oxygen rocket engine. To 



simulate fluid flow and turbulence, three discrete computational fluid dynamics (CFD) methodologies 

are employed, namely, Reynolds-Averaged Navier-Stokes (RANS), Large Eddy Simulation (LES), and 

Direct Numerical Simulation (DNS). Typically, LES and DNS are harnessed for the purpose of obtaining 

intricate turbulence characteristics, particularly detailed information of vortices. Consequently, these 

methods often necessitate the use of finely resolved grids to accurately capture the minute-scale vortical 

structures[12, 13]. However, given that the primary emphasis of this investigation is to comprehend the 

overarching combustion characteristics within the combustion chamber, the adoption of the RANS-based 

approach suffices to adequately simulate the flow and turbulence dynamics within the chamber. 

Importantly, this choice offers the advantage of significantly reduced computational costs compared to 

LES and DNS methods, which are more computationally intensive.[14, 15]. 

In typical RANS simulations, the employment of wall functions is customary to avoid the 

computational burden associated with resolving the intricate features of the boundary layer. However, 

previous research findings indicate that the routine use of normal wall functions tends to result in an 

overestimation of wall heat flux in the context of methane/oxygen combustion chamber.[16-18]. In 

authors` previous work, it has been determined that the overestimation arises due to the general wall 

functions' omission of chemical reactions occurring within the boundary layer.[18, 19]. It is also 

investigated that using coupled wall function proposed and modelled by Cabrit and Nicoud [20] can 

significantly reduce this overestimation and gain more accurate wall heat flux without influencing the 

mainstream flow characteristics. Hence, in this study, a RANS computational framework integrated with 

a coupled wall function is employed to model the combustion and wall heat transfer phenomena within 

a methane/oxygen rocket combustion chamber. 

Regarding the flow characteristics of the film, Zhou et al.[21], Xu et al.[22] and Xiang et 



al.[23]found that with the film percentage increases, the cooling efficiency increases but the increment 

decreases. Zhang et al.[6, 24] and Zhu et al.[25] investigated different mass flow rate of film caused by 

different inlet areas while studying the geometric characteristics of film injection. In their studies, they 

suggest that an even higher film mass flow rate may increase the cooling performance, but it can also 

cause problems such as larger cascade enthalpy loss and film separation even reducing the overall engine 

effectiveness. Liu et al.[26] introduced that a higher Reynolds number (Re) improves the cooling 

efficiency. But higher vorticity caused by higher flow velocity may break up the film structure. 

Additionally, relying solely on mass flow rate as a solitary variable lacks objectivity, as the relative 

velocities between the main flow and the film play a crucial role in influencing turbulence within the 

boundary layer. This turbulence, when coupled with chemical reactions, significantly impacts wall heat 

transfer, and consequently, the overall effectiveness of the cooling process. 

Apart from enhancing the accuracy of wall heat flux computations, this study delves into an 

examination of the impacts stemming from the characteristics of the film flow and the intricate interplay 

between the film and the mainstream flow on heat transfer and cooling efficacy. The joint influence of 

chemical reactions and flow interactions on wall heat transfer and cooling performance is concurrently 

investigated. Furthermore, the study of film cooling efficiency distribution and specific impulse offers 

valuable insights to inform the design process of methane/oxygen rocket engines in the future 

2. Numerical Setups 

This section introduces the numerical framework rooted in the RANS-based method. It 

encompasses the establishment of the geometric configuration and mesh, the selection of pertinent 

physical and numerical models, as well as the utilization of chemical models. Additionally, it provides 



an overview of the coupled wall function approach and outlines the process of verifying mesh 

independence. 

2.1 Geometry and Mesh Establishment 

The geometry of the combustion chamber in this study is derived from the test bench established at 

the Technical University of Munich (TUM)[27], the primary modification involves the incorporation of 

a film injector located on the outer perimeter of the combustion chamber. To ensure the complete 

development of the propellant injection, certain sections of the injection pipelines have been retained. A 

detailed account of the reference experiment, which serves as a benchmark for validating the numerical 

framework, will be provided in the forthcoming section. 

Figure 1 illustrates the schematic representation of the simulation domain. To economize 

computational resources, only one-sixth of the combustion chamber is retained due to its inherent 

symmetry. The oxygen inlet locations are denoted in blue, while the methane inlets are designated in red. 

Notably, methane serves a dual role as both a propellant and a film coolant, capitalizing on its favorable 

attributes of high thermal conductivity and low viscosity. Additionally, since methane also functions as 

a fuel, it actively participates in the combustion process. Hence, the chemical reactions occurring within 

the boundary layer become pivotal and cannot be ignored in film cooling investigations. The key 

geometric parameters are itemized in Table 1. 

 

 

 

 

 



 

 

 

 

 

 

 

Figure 1 Geometry of seven-element combustion chamber 

Figure 2 illustrates the grid structure established according to the previously mentioned geometry. 

To elevate the precision of the simulation, grid refinement is applied extensively within the boundary 

layer and shear layers. Additionally, refinement is also employed near the injection plate due to the 

heightened complexity associated with reflux areas and film performance in this region. The mesh 

architecture adopted in its entirety is hexahedral, and meticulous control is exercised over the grid 

expansion ratio, which is maintained at a value of 1.2. This approach is aimed at mitigating numerical 

disturbances and promoting convergence. In the proximity of the walls, the mesh is configured to align 

with the requirements of wall functions, ensuring that the y-plus (y+) value remains around 30. 

Table 2 Main geometric parameters of the combustion chamber 

Parameter Unit Value 

Chamber length [mm] 341 

Chamber diameter [mm] 30 

O2 injector diameter [mm] 4 

CH4 injector thickness [mm] 1 

Gap thickness between O2 and CH4 injector [mm] 1 

Nozzle length [mm] 42 



 

 

 

 

 

 

 

 

 

 

Figure 2 Mesh of seven-element combustion chamber 

2.2 Numerical Model and Boundary Conditions 

The RANS-based method characterizes turbulence effects through the use of a turbulence model 

that does not account for the transient fluctuations in flow. Consequently, this method demands fewer 

computational resources compared to Large Eddy Simulation (LES) and Direct Numerical Simulation 

(DNS), rendering it better suited for addressing large-scale and intricate engineering flow problems[28-

30]. A very essential step of RANS-based simulation is the selection of viscous model, according to 

former studies, the standard 𝑘𝑘 − 𝜀𝜀 model can provide accurate prediction of the mixing and combustion 

processes within the methane/oxygen combustion chamber. [31-33].  

Concerning chemical reactions, the Eddy Dissipation Concept (EDC) model is employed as the 

reaction model, primarily due to its suitability for treating combustion as a finite-rate process. 

Additionally, a chemical mechanism consisting of 14 species and 18 reactions, as proposed and validated 



by Dong et al.[34]is incorporated into the simulation. In the context of turbulence simulation, prior 

studies recommend that the turbulent Prandtl Number (Prt) should fall within the range of 0.7 to 0.9[35, 

36], and from the former experience of multi-element methane/oxygen combustion simulations of 

author` institute, it might be suitable to set the Prt to the value 0.85. This choice aligns with the initial 

assumption of the coupled wall function, which establishes the Lewis Number (Le = Sc/Pr) as equal to 

1. Consequently, this implies that the turbulent Schmidt Number (Sct) also equals 0.85.  

All boundary conditions utilized in the simulations presented in this paper have either been 

discretized or directly derived from corresponding experimental data. Inlet conditions are prescribed as 

mass flow inlets, while the outlet is defined as a pressure outlet boundary to closely mimic the 

experimental environment. Specific values for the inlet conditions, as well as inlet and outlet 

temperatures, are detailed in Table 2. Wall boundaries, including injector walls, the faceplate, chamber 

walls, and nozzle walls, are designated as non-slip walls. Symmetric faces are naturally set as symmetry 

boundaries. The injector walls and the faceplate are treated as adiabatic walls since they are not the 

primary focus of the study. The temperature of the combustion wall is derived through polynomial fitting 

and discretization based on experimental data, facilitating the investigation of heat transfer characteristics. 

Regarding the nozzle, as the film cooling effects are negligible in this region, the nozzle wall is assigned 

a uniform temperature of 412K, and it effectively serves as an extension of the chamber wall. 

Table 2 Values of combustion chamber boundary conditions 

Boundary Values Temperature 

CH4 Inlet 0.0301kg/s 259.4K 

O2 Inlet 0.001143kg/s 237.6K 

Film Inlet Changes based on research 237.6K 

Outlet 1.01325bar 300K 



2.3 Wall Treatment 

In RANS simulations, it is common practice not to resolve the boundary layer all the way down to 

the wall due to computational constraints. Wall functions are usually employed to extend the predictions 

of the turbulence model from the outer flow regions into the near-wall region. This extension is critical 

for capturing the velocity and turbulent characteristics near the wall, which have a substantial impact on 

heat transfer and fluid dynamics. 

The general wall function makes the simplifying assumption of linearly distributed physical 

quantities near the wall, which, while simple, comes with certain limitations. One of these limitations is 

the neglect of enthalpy changes in the near-wall region, resulting in the omission of chemical reactions 

in this area. Consequently, this oversight leads to an overestimation of the wall heat flux in the final 

calculations. To bridge this gap and address these limitations, the numerical framework utilized in this 

study integrates the coupled wall function devised by Nicoud and Cabrit. This approach replaces the 

energy equations (Eq. 2-1) in normal wall functions with the total enthalpy form (Eq. 2-2). However, the 

momentum equation retains its original form since momentum is minimally affected by chemical 

reactions. 

𝜕𝜕𝑞𝑞𝑤𝑤
𝜕𝜕𝑦𝑦

= 𝐺𝐺 = 0 (2-1) 
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(2-2) 

To integrate the coupled wall function into the numerical model, several simplifications and 

transformations of Eq. 2-2 are required. Additionally, an intermediate dimensionless temperature 

variable, denoted as T+, is introduced since the gradient term cannot be directly invoked within the Fluent 

software. The ultimate calculation for wall heat transfer is then determined as follows: 



𝑞𝑞𝑤𝑤 = −
𝜌𝜌𝐶𝐶𝑃𝑃𝑢𝑢∗

𝑇𝑇+
(𝑇𝑇𝑐𝑐 − 𝑇𝑇𝑤𝑤) (2-3) 

where 𝐶𝐶𝑃𝑃  is specific heat capacity,  𝑢𝑢∗ is improved dimensionless wall velocity, 𝑇𝑇𝑐𝑐  is the 

temperature located at the center of the cells in the first layer and 𝑇𝑇𝑤𝑤 is wall temperature. The 

detailed derivation and simplification procedure of the coupled wall function can be found in 

Ref.[20] and Ref. [19]. In this way the chemistry reactions near the wall are taken into account.  

2.4 Mesh Independence Verification 

Verification of mesh independence in numerical simulations is a crucial step aimed at confirming 

the consistency and reliability of computational results across varying grid resolutions. This practice is 

pivotal within the realms of fluid dynamics and engineering computational simulations. In the 

simulations of this paper, the mesh of near wall area is changed since the film inlet sizes are different, 

but the involved grids are relatively less than overall grid numbers. Hence, the influence of the numbers 

of mesh in the near wall area are ignored, and the y+ value is ensured to approximate 30, meeting the 

requirements for the coupled wall function. 

 

 

 

 

 

 

 

Figure 3 Parameters variation with the number of grids  

To ascertain mesh independence, five sets of grid densities were tested, ranging from the coarsest 



at 0.48 million to the finest at 6.12 million grid cells. During these simulations, three crucial parameters 

in fluid dynamic analysis—wall heat flux, velocity, and temperature were computed for each grid set. 

The trends in these parameters with respect to grid density are depicted in Figure 3. As observed in Figure 

3, once the grid density surpasses 2.4 million, the key parameters exhibit minimal variation. 

Consequently, to uphold calculation accuracy while mitigating computational costs, a mesh comprising 

2.46 million grid cells is employed for simulating the 7-element combustion chamber in subsequent 

sections. 

3. Reference Experiments 

The precision and dependability of the numerical framework have been verified through 

experiments conducted at the School of Engineering and Design, TUM. A single-element CH4/O2 

combustion chamber experiment featuring film cooling[37] was carried out to assess the numerical 

model's performance in the boundary region with film cooling. 

 

 

 

 

 

 

Figure 4 Single-element combustion chamber schematic 

Figure 4 illustrates the schematic of the single-element chamber testbench, characterized by a heat 

sink chamber measuring 290mm in length and featuring an inner section with dimensions of 12mm by 



12mm (square). A comparative analysis between the experimental and simulated outcomes is illustrated 

in Figure 5[19, 38]. The results indicate that the framework employing the coupled wall function 

outperforms normal wall functions, yielding more accurate predictions for chamber pressure and wall 

heat flux and these predictions align more closely with the experimental findings. 

 

 

 

 

 

 

(a) Pressure distribution 

 

 

 

 

 

 

(b) Heat flux distribution 

Figure 5 Experimental and simulated results of single injector combustion chamber 

Given the increased complexity of flow within a multi-element combustion chamber compared to a 

single-element chamber, it becomes imperative to consider three-dimensional effects and the interactions 

among the injectors. Consequently, an experiment involving a seven-element CH4/O2 combustion 



chamber has also been conducted[39]. Figure 6 presents a schematic depiction of the multi-element 

combustion chamber testbench. This chamber, like the single-element chamber, functions as a heat sink 

and possesses an overall length of 341mm, featuring an inner diameter of 30mm. 

 

 

 

 

 

Figure 6 Seven-element combustion chamber schematic 

A simulation utilizing the aforementioned testbench geometry has been executed, and the obtained 

results have been compared with the experimental data. The comparison of chamber pressure and wall 

heat flux is illustrated in Figure 7[40]. The pressure distribution appears to remain unaffected by the 

choice of wall functions and exhibits a good fit with the experimental data. Regarding the wall heat flux 

results, the utilization of the coupled wall function yields calculated heat flux values for each chamber 

segment that closely align with the experimental data. 

 

 

 

 

 

(a) Pressure distribution 

 



 

 

 

 

 

 

(b) Heat flux distribution 

Figure 7 Experimental and simulated results of seven-element chamber (case 1: Enhanced wall treatment 

with y+=1; case 2: Coupled wall treatment with y+=30; case 3: Enhanced wall treatment with y+=30) 

In summary, prior research has substantiated the accuracy of the numerical model employed in this 

paper for predicting the flow and combustion processes within a CH4/O2 rocket engine combustion 

chamber. Furthermore, in comparison to standard wall treatments, the adoption of the coupled wall 

function has demonstrated its effectiveness in mitigating the issue of overestimated wall heat flux, which 

arises from neglecting the effects of chemical reactions in the near-wall region. Consequently, the 

aforementioned numerical framework is leveraged to simulate and explore the film cooling performance 

within the CH4/O2 rocket combustion chamber.  

4. Results and Discussion 

Owing to the impact of viscosity, the disparity in velocity causes the mixing zone within the shear 

layer to experience shear stresses from different directions between two turbulent flows, as shown in 

Figure 8. Consequently, the turbulence in the mixing zone becomes more intricate, exerting an impact 

on both specie distribution, heat transfer and the associated chemical reaction processes. Therefore, it is 



imperative to investigate the influence of the velocity differential between the film and the main flow 

within the combustion chamber of the rocket engine, with a particular focus on its ramifications for 

combustion dynamics and heat transfer processes.  

 

 

 

Figure 8 Force analysis diagram of the fluid mixing zone 

In the first place, a dimensionless quantity RV is defined to measure the relationship between the 

main flow and the film velocity. RV can be defined as: 

𝑅𝑅𝑣𝑣 =
𝑉𝑉𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓

𝑉𝑉𝑓𝑓𝑚𝑚𝑓𝑓𝑚𝑚𝑓𝑓𝑓𝑓𝑚𝑚𝑤𝑤
 (4-1) 

where Vfilm is the velocity of film and Vmainflow is the velocity of the main flow. In the pursuit of preserving 

the oxygen-fuel ratio, the mass flow rate at the methane and oxygen inlets were intentionally maintained 

at a constant level throughout this study, whereas the film inlet velocity is varied to obtain different RV. 

Figure 9 demonstrates the average velocity distribution of the near-wall injector, a slight increase in fluid 

velocity is observed as the combustion progress downstream the chamber, and reaches the speed of sound 

at the nozzle throat then exhibits a further increment upon traversing through the nozzle. It is evident that 

the velocity undergoes minimal changes in the frontal section of the combustion chamber where the 

reaction has almost not started yet, and this is precisely the part where the film mainly performed. 

Consequently, the average velocity of the main flow within the initial 0.1 meters of the chamber (the red 

part in Figure 9), denoted as Vmainflow in Eq. (4-1), was intercepted and computed to yield a value of 

Vmainflow = 92.578 m/s.  

 



 

 

 

 

 

 

 

Figure 9 Velocity distribution of the main flow 

Subsequently, it is clear that there are two distinct methods for controlling the injection velocity of 

the film: one involves manipulating the film`s inlet mass flow rate, while the other is adjusting the film 

inlet size (inlet height in this case). In this investigation, these two approaches were individually 

employed to achieve equivalent RV values, and a set of cases was systematically designed to scrutinize 

their effects. The particulars of these cases are succinctly listed in Table 3. 

Table 3 Case Summary list 

    Gr. 

No. 

Group A Group B 
RV 

�̇�𝑚 (𝑘𝑘𝑘𝑘/𝑠𝑠) ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑚𝑚𝑚𝑚) �̇�𝑚 (𝑘𝑘𝑘𝑘/𝑠𝑠) ℎ𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓(𝑚𝑚𝑚𝑚) 

0 0.001333 0.05 0.001333 0.05 1.276 

1 0.000446 0.05 0.001333 0.15 0.427 

2 0.000668 0.05 0.001333 0.10 0.639 

3 0.000834 0.05 0.001333 0.08 0.798 

4 0.001026 0.05 0.001333 0.065 0.982 

5 0.001903 0.05 0.001333 0.035 1.822 



 

 

 

 

 

 

 

Figure 10 Chamber pressure distribution of two case groups 
(— general wall function; -·-·- coupled wall function) 

Figure 10 illustrates the distribution of chamber pressure. Initially, it is evident that the coupled wall 

function minimally affects the main flow, as its influence is confined to the energy equation within the 

boundary layer, without affecting the momentum equation; a similar trend is observed in the temperature 

and vorticity distributions, depicted separately in Figures 11 and 12. Subsequently, as the combustion 

chamber pressure is predominantly influenced by the injection of fuel and oxidizer, the overall pressure 

variation among different scenarios is relatively minor. Nonetheless, it is noteworthy that with lower film 

injection speeds, an initial slight decrease in pressure is observed as film velocity increases. This 

phenomenon is attributable to the low speed and temperature of the film, resulting in chemical reactions 

near the wall primarily being governed by turbulence intensity. Furthermore, the entry of low-

temperature gas into the combustion chamber leads to a reduction in gas temperature near the wall, and 

the combined effects of chemical reactions and cooling mitigate pressure. As film velocity gradually 

aligns with mainstream velocity, turbulence diminishes, allowing for the gradual formation of a complete 

air film near the wall, leading to a weakening of the chemical interaction between methane and the 

mainstream. Consequently, the combustion chamber pressure experiences a slight increase. 



 

 
 
 
 
 
 
 
 
 
 

(a) Case group A with general wall function 
 
 
 
 
 
 
 
 
 
 

(b) Case group A with coupled wall function 
 
 
 
 
 
 
 
 
 
 

(c) Case group B with general wall function 
 
 
 
 
 
 
 
 
 



 

(d) Case group B with coupled wall function 

Figure 11 Temperature distribution in the longitudinal section of the chamber center 

The diminishing trend of this chemical reaction is also apparent in Figure 11. Upon observation, it 

is noted that with increasing film speed, the thickness of the temperature boundary layer gradually 

increases. Furthermore, an intriguing phenomenon is observed in the pressure distribution depicted in 

Figure 10. When increasing the film intake speed by augmenting the film volume (Case group A), it is 

observed that after the film speed exceeds 1, there is a slight reduction in pressure. This phenomenon can 

be attributed to the formation of a rich combustion zone near the wall due to the additional methane 

injection, leading to a shift in chemical equilibrium towards the product. If the cooling effect fails to 

sufficiently counterbalance the pressure drop induced by this phenomenon, a slight reduction in pressure 

occurs. Additionally, the pressure distribution reveals that the overall pressure of case group B is 

marginally lower than that of group A, this is also easy to understand because there is additional fuel 

injection in group A. Furthermore, the temperature contour also indicates that the mainstream 

temperature in group A is elevated. 

 

 

 

 

 

Figure 12 Swirl strength near the combustion chamber inlet  

(left: general wall function; right: coupled wall function) 

Figure 12 vividly illustrates the intricate swirl strength proximate to the inlet of group A's chamber, 



effectively portraying the underlying vorticity of the flow. As previously elucidated, wall functions exert 

minimal influence on the flow characteristics. Furthermore, with the escalation of film entry velocity, a 

notable decline in swirl strength near the entrance ensues. This phenomenon is readily explicable. As the 

film's intake speed accelerates, it entrains the mainstream gas, leading to downstream flow within the 

combustion chamber and consequently diminishing the vorticity proximate to the inlet. Nevertheless, it 

is noteworthy that an excessively high RV (greater than 1), results in a slight increase in vorticity. This 

phenomenon arises due to viscosity, wherein the mainstream gas recaptures the high-speed film. Figure 

13 delineates a comparative analysis of swirl strength between two distinct methodologies for regulating 

film inlet velocity. Apparently, cases in group A induce greater vorticity proximate to the combustion 

chamber inlet, attributable to the introduction of a higher volume of low-temperature gas compared to 

the other group operating at similar flow velocities. The higher viscosity of low-temperature methane in 

comparison to mainstream gas results in a stronger entrainment effect within group A's combustion 

chamber, consequently leading to augmented swirl strength. 

 

 

 

 

 

Figure 13 Comparison of swirl strength near the chamber entrance between two case groups 

Figure 14 illustrates the distribution of heat flux on the combustion chamber wall. Firstly, it is 

evident that employing coupled wall functions effectively mitigates the issue of overestimating wall heat 

flux, thereby attributing this overestimation to the disregard of chemical reactions within the boundary 



layer. As highlighted in the author's preceding research, this disparity can be elucidated by the chemical 

enthalpy term[19, 38]. Secondly, observation from Figure 14 reveals that in the initial segment of the 

combustion chamber, with the augmentation of film velocity, a coherent film progressively develops, 

consequently resulting in a gradual decline in wall heat flux. Moreover, in the absence of accounting for 

chemical reactions within the boundary layer, wall heat transfer predominantly hinges upon turbulence, 

thereby precipitating a scenario analogous to pressure distribution within group A. Upon surpassing an 

RV value of 1, there is a marginal increment in wall heat flux. Such an occurrence is obviated when 

employing the coupled wall function. Ultimately, it becomes evident that wall heat flux in group B 

marginally surpasses that of group A. This discrepancy arises due to the introduction of a greater volume 

of low-temperature gas into the chamber within group A. 

 

 

 

 

 

 

Figure 14 Heal flux on the combustion chamber wall  
 (— general wall function; -·-·- coupled wall function) 

Regarding film cooling efficiency, which is conventionally defined by the subsequent formula: 

𝜂𝜂 = 𝑇𝑇𝑎𝑎𝑎𝑎−𝑇𝑇𝐶𝐶𝐶𝐶
𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓−𝑇𝑇𝐶𝐶𝐶𝐶

                                (4-2) 

where 𝜂𝜂 is film cooling efficiency, 𝑇𝑇𝑚𝑚𝑎𝑎  is adiabatic wall temperature, 𝑇𝑇𝐶𝐶𝐶𝐶  is combustion chamber 

temperature and 𝑇𝑇𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is wall temperature with film cooling. Nevertheless, this study investigates wall 

heat flux under a specified wall temperature, acknowledging the challenge of realizing the adiabatic 



condition as stipulated in Equation (4-2) within practical contexts. Thus, akin to numerous other 

numerical simulation investigations concerning film cooling[41-43], the Net Heat Flux Reduction 

(NHFR) method is employed as a metric for assessing film cooling efficiency. Concurrently, Bartz's 

method[44] was referenced for pressure correction, yielding the following ultimate formulation: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑅𝑅 = 1 −
𝑞𝑞𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓
𝑞𝑞0̇

∙ � 𝑃𝑃𝐶𝐶𝐶𝐶,0
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�
0.8

                       (4-3) 

where 𝑞𝑞𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the heat flux with film, 𝑞𝑞0̇ is the heat flux without film, 𝑃𝑃𝐶𝐶𝐶𝐶,0 is the chamber pressure 

without film and 𝑃𝑃𝐶𝐶𝐶𝐶,𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 is the chamber pressure with film. 

 

 

 

 

 

 

 

Figure 15 NHFR distribution of the chamber wall with coupled wall function 

Figure 15 illustrates the non-dimensional heat flux ratio (NHFR) distribution along the combustion 

chamber wall employing a coupled wall function. As depicted, the cooling efficacy diminishes gradually 

due to the interaction between the air film and the mainstream, reaching its nadir at x=0.07. Consequently, 

it is discernible that within the methane-oxygen multi-nozzle rocket engine's combustion chamber, siting 

a film inlet at approximately each one-fifth of the total chamber length facilitates effective film cooling. 

Furthermore, subsequent to reaching its minimum, the NHFR exhibits a slight upward trajectory 

followed by attenuation. This phenomenon arises from variations in the distribution of high-temperature 



zones between chambers with and without a gas film. However, given our primary focus on the region 

where the air film is operative at the front of the combustion chamber, we shall refrain from delving 

extensively into these fluctuations. 

Furthermore, it can also be seen from Figure 15, upon examining the NHFR distribution within 

group B, it becomes apparent that the disparities in cooling efficiencies resulting from modulating air 

film speed via alterations in air film inlet size are negligible. Conversely, with regard to augmenting 

speed through elevating the mass flow rate of the air film, a progressive increase in cooling efficiency is 

observed in the entrance segment of the combustion chamber as the RV gradually escalates. This 

phenomenon ensues as a greater volume of low-temperature gas infiltrates the combustion chamber, 

thereby promoting the gradual establishment of a comprehensive air film. Consequently, the cooling 

efficiency exhibits a commensurate rise. Hence, within a given rocket engine's combustion chamber, 

maximizing coolant mass flow rate appears to be imperative for enhancing cooling efficiency. 

 

 

 

 

 

 

 

Figure 16 Specific impulse at different RV 

Prudent consideration must be exercised regarding the indiscriminate escalation of film coolant 

mass flow rates solely for the purpose of enhancing cooling effectiveness, as it necessitates a 



comprehensive evaluation of the consequent effect on the overall efficiency of the rocket engine due to 

methane injection. Illustrated in Figure 16 are the variations in specific impulse across different RV 

utilizing the coupled wall function. It becomes evident that with an increase in RV, there is a notable 

decrement in engine specific impulse. This phenomenon can be attributed to the observation that while 

supplementary methane injection augments the engine's thrust, its augmentation rate does not match the 

pace of escalation in fuel mass flow, thereby resulting in an attenuated overall engine specific impulse. 

Hence, in the process of engine design, alongside deliberations on cooling efficiency, due consideration 

must be accorded to the repercussions of introducing supplementary coolant on the engine's 

comprehensive performance. 

5. Conclusion 

The present study innovatively applies previously validated coupled wall functions to investigate 

the film cooling of methane/oxygen rocket engine combustion chambers. By manipulating the mass flow 

rate and inlet size of the film, the study explores the influence of different film-mainstream velocity ratios 

on flow dynamics, combustion, wall heat transfer, and cooling efficiency within the combustion chamber. 

Results indicate that as the ratio of film velocity to mainstream velocity (RV) increases, the combustion 

chamber pressure initially decreases before increasing. Concurrently, the vorticity at the inlet section of 

the combustion chamber exhibits a similar trend. Furthermore, contrasting the results obtained by varying 

film velocity through different methods reveals that, with a constant mass flow rate, reducing the film 

inlet height yields lower pressures and weaker swirl strength. Additionally, analysis of swirl strength and 

temperature distribution contours within the combustion chamber indicates that, when controlling film 

velocity by altering the mass flow rate at the inlet, as RV increases, the temperature boundary layer 



thickens gradually, with the coupling of vortices and chemical reactions causing a slight pressure 

reduction after RV exceeds 1, followed by a subsequent increase. This pressure variation similarly affects 

wall heat transfer as computed using the general wall function, whereas results obtained utilizing the 

coupled wall function, which accounts for chemical reactions within the boundary layer, do not exhibit 

this behavior. Investigation into wall heat transfer further reveals a gradual decrease with increasing RV, 

with lower wall heat transfer observed in cases involving additional low-temperature methane injection. 

Subsequently, consistent with prior research, the introduction of coupled wall functions minimally 

impacts mainstream flow and combustion, suggesting that the overestimation inherent to wall functions 

can be mitigated by accounting for chemical reactions in close proximity to the wall. Finally, analysis of 

Net Heat Flux Reduction (NHFR) indicates a rapid decline in cooling efficiency in the front half of the 

combustion chamber, reaching a minimum at one-fifth of its length, suggesting that employing a film 

cooling inlet every one-fifth section in a methane/oxygen engine is optimal. Moreover, increasing the 

mass flow rate enhances cooling efficiency as RV increases, whereas altering the inlet size yields nearly 

constant cooling efficiency. Therefore, maximizing film mass flow rate is deemed preferable for film 

cooling arrangements in a given rocket engine; however, comparative studies reveal a gradual reduction 

in engine specific impulse with increasing mass flow rate, underscoring the imprudence of indiscriminate 

mass flow rate escalation and the necessity for engine-specific determinations. 
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