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Abstract  

Scramjet engines are a promising propulsion system for hypersonic flights in high-speed point-to-point 
transportation and space transportation. Although the scramjet technology has reached the level of 
successful in-flight operation, there still remain various challenges in scramjet combustor design, 
including significant costs for numerical simulations. While multi-objective optimization is one of the 
most effective approaches for design exploration, substantial costs for function evaluations render the 
combustor design optimization unrealistic. The present study aims to enable efficient yet high-fidelity 
design exploration of scramjet combustors. As a preliminary study, this paper presents the results of 
data mining and model-based optimization based on a relatively small dataset of scramjet combustor 
flowfields from numerical simulations. Key design factors have been revealed including (1) the desirable 
flow structure in the vicinity of the cavity and the secondary injector and (2) influential design 
parameters on mixing efficiency, combustion efficiency, pressure rise, and thrust. Also discussed is 
provided on a surrogate modeling approach that is possible with a relatively small number of reacting 
flowfield simulations. 
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1. Introduction 
Supersonic combustion ramjet (scramjet) engines are hypersonic airbreathing engines expected to play 
an important role in future high-speed transportation. In particular, atmospheric flights in space 
transportation are situations that take advantage of scramjet engines, such as their acceleration 
capability to high Mach numbers and their airplane-like operation, which enables the reuse of vehicles, 
thus facilitating frequent and economical transportation. The research and development of scramjet 
engines have continued for over 70 years, reaching the level of successful in-flight demonstration of 
scramjet-powered flights. A remarkable milestone was achieved in the HyShot-2 program, in which the 
world’s first in-flight supersonic combustion was demonstrated [1], followed by several successes of 
flight experiments, including the Hyper-X program, which marked the world’s fastest jet propulsion by 
scramjet [2] and the Boeing X-51 flight test, which recorded the longest duration of scramjet-powered 
flights [3]. While several flight experiments of scramjet vehicles have concluded successfully, further 
enhancement of scramjet performance is needed to put scramjet engines into practice. One of the 
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biggest knowledge gaps is the design strategy of scramjet engines, particularly their combustors, which 
requires careful consideration of complicated aerothermodynamics as well as chemical reactions. 
Among various design approaches for scramjet engines, utilizing optimization algorithms for design 
exploration shows promise. Population-based multi-objective design optimization (MDO) approaches, 
such as evolutionary algorithms, are widely recognized as powerful tools for not only design exploration 
but also for extracting key design factors and developing design strategies. Preceding studies reported 
MDO studies of scramjet components including intakes [4], fuel injectors [5], and nozzles [6]. However, 
there are few studies that have conducted MDO investigations via population-based approaches for 
scramjet combustors due to significant computational costs. Kumar et al. reported MDO of a scramjet 
combustor with three instream strut injectors using complex-box algorithms and the Kriging method, 
which replaced CFD simulations with a regression function [7]. They conducted 64 CFD simulations for 
design exploration, which may be insufficient to build accurate surrogate models. Additionally, the 
single-step chemical reaction mechanism employed in the study is known to be erroneous due to 
incorrect ignition delay [8]. Ogawa et al. conducted an MDO study for an axisymmetric scramjet intake 
and combustor assuming an inviscid regime and hydrogen-air premixed inflow [9]. While the study 
performed at least 100 CFD simulations, it did not achieve adequate design of the axisymmetric intake 
and combustor. Even with recent advancements in computational capabilities, MDO of scramjet 
combustors remains a challenging task due to the computational cost of CFD simulations. Mitigating 
computational costs for design exploration is crucial to enable more realistic and detailed exploration 
of scramjet combustor designs and to establish effective design strategies. 
To reduce the cost of CFD simulations, machine learning techniques, including deep learning, are often 
employed for data-driven predictive modeling. All of the MDO studies mentioned above [4-7,9] utilize 
various surrogate models to predict objective and constraint function values based on the decision 
variables. While such machine learning techniques offer a significant reduction in computational cost 
once accurate modeling is achieved, generating a sufficiently large dataset requires substantial 
computational resources, particularly in the case of combustor simulations. Therefore, it is important 
to develop surrogate modeling techniques or new types of surrogate models that require a relatively 
small amount of training data. 
The present study aims to conduct a multi-objective design optimization study to gain insights into 
scramjet combustor design and establish its design strategy by developing a new data-efficient 
surrogate modeling technique. This paper reports preliminary investigations, including dataset 
generation, data mining, surrogate modeling, and model-based multi-objective design optimization. 
The study focuses on a two-dimensional cavity-based scramjet combustor designed according to the 
HIFiRE-2 program [10], with 100 geometries examined using CFD simulations. Suitable design features 
are discussed based on the CFD results, and the results of MDO are used to validate the findings. 
 

2. Methodology 
2.1. Configuration 

The present study considers the design of a two-dimensional scramjet combustor with 4 slot injectors 
and cavity flame holders based on the design employed for the HIFiRE-2 program [10]. The vertically 
symmetrical geometry of the scramjet combustor is controlled by 11 design variables which are 
schematically shown in Fig. 1. The wall of the combustion chamber has a constant diverging angle 𝜃! 
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Fig. 1 Parameterization of cavity-based scramjet combustor 
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to avoid thermal choke, generating thrust. The cavities are installed to stabilize and help maintaining 
supersonic combustion and their shapes are represented by the depth 𝑑", length 𝑙", inclination angles 
of backward and forward facing steps 𝜃# and 𝜃$, and the location is determined by the distance from 
the center of the primary injector 𝑙%. Fuel injection is controlled by the angles of injectors 𝛼& and 𝛼', 
widths of injectors 𝑤& and 𝑤', distance between the end of the cavity and the secondary injector 𝑙(, as 
well as the equivalence ratios of primary injectors Φ% , while the total equivalence ratio Φ of 1 is 
maintained to facilitate the comparison among various designs and the baseline design. The values of 
design variables of the baseline geometry is determined based on the original HIFiRE-2 combustor. 
The present study employs hydrogen as the fuel due to its wide flammability limits and minimum ignition 
energy, whereas the original study considered JP-7, which is a mixture of 36 % methane and 64 % 
ethylene. The operating condition and isolator inflow condition are also determined based on Ref. [10], 
as summarized in Table 1. The injection pressure for each injector is determined based on the 
equivalent ratio and slot width of each injector. 

Table 1 Inflow and injection conditions 

Inflow 
Static 

pressure 
Static 

temperature 
Mach 

number 
Gas composition 
in mole fraction 

Isolator 40.3 kPa 736.2 K 3.46 O2 (21 %), N2 (79 %) 
Primary injector - 293.3 K 1 H2 (100 %) 

Secondary injector - 301.1 K 1 H2 (100 %) 

 
2.2. Computational Fluid Dynamics (CFD) 
The present study employs the state-of-art commercial solver CFD++, which is developed by Metacomp 
Technologies [11] and has been employed by Australian hypersonics network for scramjet research 
due to its demonstrated fidelity in hypersonic aerodynamics and aerothermodynamics. Two-dimensional 
steady-state reacting flowfield has been obtained by solving the Reynolds-averaged Navier-Stokes 
equations with the two-equation turbulence model, the shear stress transport (SST) k-𝜔 model 
proposed by Menter [12]. Hydrogen-air chemical reactions are modeled using the reduced kinetic 
mechanism proposed by Boivin et al. which consists of 9 species and 12 reactions due to the superiority 
in the present range of pressure inside the scramjet combustor [13]. 
The computational domain is discretized by using a fully-structured mesh generated by using an open-
source mesh generator Gmsh [14]. The bottom half of the combustor is calculated because the 
combustor is vertical symmetry. The computational mesh is displayed in Fig. 2 as an example. The 
combustor wall is assumed to be adiabatic while the slip wall condition is assigned for the injector slots.  

The mesh resolution is determined by comparing three meshes with different resolutions, namely, 
coarse, nominal, and fine meshes.  The number of cells for each mesh is summarized in Table 2. The 
flowfields obtained by using the meshes are compared in Fig. 3 by the streamwise distributions of static 
pressure and temperature on the symmetry plane. While reasonable agreement is observed for static 
temperature in Fig. 3 (a), substantial discrepancy is observed downstream for static temperature in Fig. 
3 (b). Even with the discrepancy, a converging trend is observed among these 3 distributions, allowing 
for the estimation of the values without discretization error. In the present study, nominal mesh is 

Fig. 2 Close-up view of computational mesh with nominal 
resolution around injectors and cavity for baseline geometry 
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selected to strike the balance between accuracy and computational budget. 
Table 2 Number of cells for 3 different meshes used for mesh sensitivity study 

Mesh resolution Number of cells 
Coarse 129,300 
Nominal 517,200 

Fine 2,068,800 

 

2.3. Mixing and combustion performance parameters 
The present study evaluates cavity-based combustor design by considering both mixing and combustion 
performance, which are assessed by various performance parameters. Performance of mixing and 
combustion is calculated at the combustor exit where the combustor height is 48.5 mm. Mixing 
performance is examined by considering mixing efficiency 𝜼𝐦, total pressure loss 𝚫𝒑𝐭, and streamwise 
force 𝑭𝒙. Mixing efficiency quantifies the effective amount of fuel in fuel/air mixture hence the amount 
of the fuel that can be fairly consumed in the combustion process to the total amount of fuel injected, 
which is defined as: 

𝜂, =
1
𝑚̇-!

1min5𝑐-! ,
𝑐-!
.

𝑐/!
. 𝑐/!8d𝑚̇

0
	 (1) 

where 𝑚̇ and 𝑐 are mass flow rate and mass fraction, respectively. 𝑐-!
.  and 𝑐/!

.  are stoichiometric mass 
fractions of hydrogen and oxygen, which are 0.226 and 0.028, respectively. Total pressure loss is also 
considered to assess how efficiently fuel is mixed in terms of thrust generation, while a trade-off relation 
with mixing efficiency is recognized through preceding studies [5]. Total pressure loss is defined as: 

Δ𝑝1 = 1 −
1/𝑚̇ ∫ 𝑝10 d𝑚̇
1/𝑚̇ ∫ 𝑝1023 d𝑚̇	

	 (2) 

where is total pressure. Streamwise force is also considered to assess the drag force caused by 
aerodynamic effects, defined as: 

𝐹0 = 1(𝑝 sin 𝜃 + 𝜏 cos 𝜃)
.

d𝑠	 (3) 

where 𝑠 is the combustor surface area, 𝜃 is the inclination of the combustor wall, and 𝜏 is wall shear 
stress. 
Combustion performance is assessed by using two different combustion efficiency indicators 𝜂" and 
𝜂",-!/, pressure ratio Π, and streamwise force 𝐹0 which is the same with Eq. (3). Combustion efficiency 
is evaluated by considering fuel consumption and reaction products, respectively. Combustion efficiency 
calculated based on fuel consumption is defined as: 

𝜂" = 1 −1
𝑚̇5,678

𝑚̇5,9:;0
d𝑦		 (4) 

where 𝑚̇5,9:; and 𝑚̇5,678 are the mass flow rate of injected and remaining fuel. This value becomes 1 
upstream of fuel injection and suddenly decrease at the injectors. It will then increase toward 

(a) Static pressure (b) Static temperature 

Fig. 3 Comparison of streamwise distributions on symmetry plane among different meshes 
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downstream in case the combustion occurs. Another combustion efficiency 𝜂",-!/ is defined based on 
the reaction product hence water mass fraction, defined as: 

𝜂",	-!/ =
1

N="!#
="!

O 𝑚̇-!

1𝜌𝑢𝑐-!/
0

d𝑦	 (5) 

where 𝑚̇5,9:;  and 𝑚̇5,678  are the mass flow rate of injected and remaining fuel. Pressure ratio is 
considered to measure pressure gain via combustion and indicates the capability of thrust generation 
through the nozzle and is defined as follows. 

Π =
1/𝑚̇ ∫ 𝑝0 d𝑚̇
1/𝑚̇ ∫ 𝑝023 d𝑚̇	

	 (6) 

2.4. Optimization 
The present study conducts a design optimization study for a cavity-based scramjet combustor with 
the geometric representation described in Sec. 2.1. Enabling to deal with a multi-objective optimization 
problem, the present study employed the genetic algorithm proposed by Deb et al., which is known as 
NSGA-II [15]. The evolution of the population, which drives solution updates hence optimization, is 
repeated until the 50th generation with the 100 individuals in the population pool. The evolution consists 
of two phases; selection and generation of the next generation. The selection is conducted based on 
objective functions and constraint functions and a number of solutions are selected among the solutions 
in both parent and child generations. The solutions in the next generation are generated by crossover 
and mutation. In the case of NSGA-II, the crossover is imitated by using simulated binary crossover 
and the mutation is by polynomial mutation. In the present study, mutation probability is set to be 0.1 
and the specified distribution index is 10 and 20 for crossover and mutation, respectively. While the 
solution evaluation is often conducted by employing numerical simulations, i.e., CFD, the present study 
employs surrogate modeling in lieu of CFD so as to drastically reduce the computational cost for solution 
evaluations. 

Table 3 Ranges of decision variables 

Decision variables Unit Lower limit Upper limit 
Streamwise location of cavity, 𝑙% m 0.015 0.050 

Depth of cavity, 𝑑" m 0.015 0.025 
Length of cavity, 𝑙" m 0.035 0.070 

Distance between cavity and secondary injector, 𝑙( m 0.015 0.025 
Wall inclination angle, 𝜃> deg 1.000 2.300 

Inclination angle of cavity backward-facing step, 𝜃# deg 0.000 30.00 
Inclination angle of cavity forward-facing step, 𝜃$ deg 15.00 45.00 

Injection angle of primary injector, 𝛼& deg 10.00 90.00 
Injection angle of secondary injector, 𝛼' deg 60.00 120.0 

Width of primary injector, 𝑤& m 0.00015 0.00045 
Width of secondary injector, 𝑤' m 0.00015 0.00045 

Equivalence ratio of primary injector, Φ& - 0.250 0.500 

 
The present study employs three representative performance parameters for the objective functions 
including combustion efficiency 𝜂", pressure ratio Π, and thrust 𝐹0 . The preceding study employed 
combustion efficiency, thrust, and total pressure loss [7,9]. Combustion efficiency is the parameters 
that have to be considered to evaluate how the combustion occurs. Thrust has to be considered to take 
the negative influence of the cavity into account and pressure ratio is considered so as to represent the 
capability of thrust generation through the nozzle downstream. This thus means the cases with a higher 
pressure ratio may result in a larger total thrust than the case with a larger thrust at the combustor 



 HiSST: International Conference on High-Speed Vehicle Science Technology 

HiSST-2024-0076 Page | 6 
Fujio, C., Palateerdham, S.K., Peri, L.N.P., Ogawa, H. and Ingenito, A. Copyright © 2024 by author(s) 

end, while the nozzle flow is not calculated in the present study. Total pressure loss is not considered 
in the present study because the successful heat release via supersonic combustion must result in a 
decrease in total pressure. All of the 12 design variables in Fig. 1 are employed as the decision variables. 
The ranges of decision variables are summarized in Table 3. 
The optimization problem is summarized as follows. 

Minimize : (1) Combustion efficiency loss, 1 − 𝜂" 
 (2) (Inverse of) Pressure ratio, 1/Π 
 (3) (-) Thrust, −𝐹0 

2.5. Surrogate modeling 
The present study employs surrogate modeling to enable design exploration with a limited 
computational capability. In total, 100 cases, which are generated by using Latin Hypercube Sampling 
[16], are evaluated via CFD and employed for surrogate modeling. While the size of the dataset is 
insufficient to enable accurate modeling, it is determined by the limitation of the computational cost. 
The range of decision variables is the same as that employed for the optimization. 
Gaussian process regression (GPR) is employed for the surrogate model because it is suitable for 
problems with high-dimensional inputs hence the number of design variables, freeing from the curse 
of dimensionality. The probability distribution of the prediction from GPR can be described as follows: 

𝑝(𝑦∗|𝒙∗, 𝐷) = 𝒩(𝒌∗@𝑲A%𝒚, 𝑘∗∗ − 𝒌∗@𝑲A%𝒌∗)	 (7) 
where 𝑲 is the covariance matrix that is determined by the kernel function 𝑘 and the dataset 𝐷. 𝒌∗ is 
a matrix calculated by giving 𝒙∗ and the dataset 𝐷 to the kernel function, and 𝑘∗∗ is calculated the 
kernel function for 𝒙∗ as the inputs. In the present study, RBF (radial basis function) kernel is employed 
for the kernel function, defined as follows: 

𝑘(𝒙, 𝒙B) = 𝜃% exp5−
|𝒙 − 𝒙B|(

𝜃(
8 (8) 

where 𝒙 and 𝒙′ are the inputs, and 𝜃% and 𝜃( are the hyperparameters for RBF kernel. The present 
study employs the expectation of the prediction as the predicted value because of the stochastic 
behavior of GPR. Expectation of GPR prediction is described as below: 

𝔼(𝑦∗|𝒙∗, 𝐷) = 𝒌∗@𝑲A%𝒚	 (9) 
 

3. Results 
3.1. Data mining for CFD dataset 
Prior to surrogate modeling and design optimization, data mining has been conducted for the dataset 
generated to build surrogate models in order to scrutinize the effect and sensitivity of each design 
parameter as well as to understand the relation among various mixing and combustion performance 
parameters such as mixing efficiency and total pressure loss for mixing and combustion efficiency and 
pressure rise for combustion. The performance parameters which are used for the objective functions 
are shown in Fig. 4 with respect to wall inclination angle 𝜃> and equivalence ratio of P injector Φ&. Wall 
inclination angle 𝜃> has significant influence on all performance parameters. It is important to clarify 
the physical rationale behind the large sensitivity of 𝜃>, which varies both the expansion angle and 
length of the combustor wall. The expansion angle may influence combustion characteristics by varying 
static pressure and static temperature, whereas the total length of the combustor has significant impact 
on the flow residence time that directly influences the combustion efficiency. 
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The flowfields of the 5 cases with the largest and smallest 𝜃> have been selected, respectively to 
investigate the physical ground of the effect of 𝜃>. Combustion efficiency is compared between the 
cases with small 𝜃> and large 𝜃> in Fig. 5. Here, combustion efficiency that is defined by the mass flow 
rate of H2O (Eq. (7)) is considered so as to investigate the distribution of the reaction product.  In the 
case with small 𝜃> (Fig. 5 (a)), combustion efficiency becomes higher than those with large 𝜃> (Fig. 5 
(b)) at the same location, indicating that the larger wall inclination degrades combustion efficiency due 
to the decrease of static pressure caused by the expansion of the flow channel. Therefore, the 
superiority of small 𝜃> is brought by the influence of higher static pressure than the cases with large 
𝜃>. The wall pressure distributions in frozen flow are compared in Fig. 6. There exists a tendency that 
smaller 𝜃>  results in higher wall pressure and this verifies that the pressure decrease affects the 

combustion. 
Extracting the features of the combustor design that achieves favorable performance, two cases with 
the best performance in terms of combustion efficiency and thrust are selected and investigated by 
comparing them with the baseline geometry. The performance of the selected and baseline geometries 
is summarized in Table 4. The case with the largest compression ratio has become the same as the 
case with the largest combustion efficiency.  

(a) Combustion efficiency (b) Pressure ratio (c) Thrust 

Fig. 4 Performance distributions against wall inclination angle and equivalence ratio of Primary injector 

(a) Cases with 5 smallest 𝜃> (b) Cases with 5 largest 𝜃> 

Fig. 5 Combustion efficiency distributions for cases with 5 smallest and largest wall inclination angle 

(a) Cases with 5 smallest 𝜃> (b) Cases with 5 largest 𝜃> 

Fig. 6 Wall pressure distributions in the vicinity of cavity for cases with 5 smallest and largest wall 
inclination angle 
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Table 4 Comparison of combustor performance for selected and baseline geometries 

Case Reason 
Frozen Reacting 

𝜼𝐦 𝚫𝒑𝐭 𝑭𝒙 𝜼𝐜 𝚷 𝑭𝒙 
Case 50 Largest 𝜂" and Π 0.6773 0.6625 -308 N 0.9220 2.720 1679 N 
Case 78 Largest 𝐹0 0.4555 0.5278 91 N 0.8403 2.358 2016 N 
Baseline - 0.4868 0.5105 -19 N 0.7337 2.267 1380 N 

 
It is interesting to note that the case with the largest 𝐹0 is characterized by a smaller mixing efficiency 
yet larger thrust. Streamwise variations of thrust force are compared in Fig. 7. The thrust increase 
around 𝑥=0.025 m is caused by the backward-facing step of the cavity and the thrust decrease is 
caused by the forward-facing step. In the case with the largest thrust, the thrust decrease caused by 
the forward-facing step is the smallest among 3 geometries, indicating the drag caused by the cavity. 
While case 50 has the largest combustion efficiency, the thrust force is not the largest due to the large 
cavity drag. Therefore, it is important to design cavities by considering the positive effect due to the 
efficient and stable combustion and the negative effect that is the aerodynamic drag simultaneously, 
indicating the necessity of performing multi-objective design optimization of a cavity and injectors in 
scramjet combustors. 

The design factors for higher combustion efficiency are discussed here. Except for the effect of wall 
inclination angle, which is discussed above, the cavity design and injection conditions are the candidates 
of influential design factors. The cavity and injector design of Case 50 is expected to play an important 
role in enhancing fuel mixing and combustion. Fig. 8 displays streamwise variations of mixing efficiency 
and fuel mass fraction distributions in the vicinity of cavities for Cases 78 and 50. It has been seen in 
Fig. 8 (a) that the mixing efficiency increases from the location where the forward-facing step starts, 
indicating that the forward-facing step of the cavity plays an important role in mixing enhancement.  
Distributions of effective hydrogen mass fraction inside the cavity (Fig. 8 (b)) also indicate that fuel/air 
mixing inside the cavity is more enhanced in Case 50 than in Case 78. In addition, Case 50 is 
characterized by the large increase in mixing efficiency at the Secondary injector (Fig. 8 (a)). Flow 
structures in the vicinity of the cavity and Secondary injector are compared between Cases 78 and 50 
in Fig. 9. While the pressure distribution of Case 78 has a pressure decrease between the forward-
facing step and Secondary injector, Case 50 is characterized by the merger of the pressure rise caused 
by the forward-facing step and the pressure rise caused by the Secondary injector. Mach number 
distributions are compared in Fig. 9 (b) and the subsonic region is represented by the white regions. 
In Case 50, the subsonic regions between the cavity and the Secondary injector are merged and a small 
recirculation zone is caused upstream of the injector. This allows for further penetration of the mixture 
through the cavity, resulting in a higher mixing efficiency. This thus indicates that there may exist a 
favorable combination of the cavity and Secondary injector, suggesting the design optimization of a 
cavity-based combustor. 
 
 

(a) Frozen (b) Reacting 

Fig. 7 Comparison of streamwise variations of thrust 
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Combustion characteristics are compared between Cases 78 and 50. Case 50 is characterized by a 
larger density of water downstream of the Secondary injector, while Case 78 is characterized by a 
higher density of water inside the cavity, as seen in Fig. 10 (a). This difference can be explained by the 
difference in OH distributions. While Case 78 has almost completed the reactions inside the cavity, the 
cavity of Case 50 plays a role in producing OH radicals. This helps to sustain combustion downstream, 
resulting in higher combustion efficiency. Further investigation is required to identify the design features 
that contribute to efficient combustion and thrust generation. 

3.2. Model-based optimization 
Model-based multi-objective design optimization has been conducted to investigate key design features 
to maximize thrust and combustion efficiency. The CFD simulations for solution evaluations are replaced 
by a surrogate model using Gaussian process regression (GPR). The prediction accuracy for training 
data has been shown in Fig. 11. While the accuracy is relatively low, the GPR models capture the trends 
of performance parameters. These models are thus employed for the optimization. 
The optimization results are displayed in the objective function space in Fig. 12, focusing on the Pareto 
optimal front. Trade-off relations have been observed between thrust and pressure ratio as well as 
thrust and combustion efficiency, while combustion efficiency and pressure ratio do not conflict with 
each other. This tendency is consistent with the observation in the dataset that the maximum 
combustion efficiency and maximum pressure ratio are achieved simultaneously. The trade-off relation 
between combustion efficiency and thrust can be explained by considering the differences in the design 
of Cases 78 and 50, which are characterized by the largest thrust and combustion efficiency, 
respectively. Higher combustion efficiency has been achieved due to the successful mixing and OH 

 

(a) Mixing efficiency (b) Effective fuel mass fraction 
Fig. 8 Influence of cavity and injector design on mixing performance 

(a) Wall pressure distributions (b) Mach number distributions and subsonic regions 
Fig. 9 Comparison of flow structures in the vicinity of cavity and secondary injector 

(a) Hydrogen density distributions (b) OH density distributions 

Fig. 10 Comparison of species density distributions in the vicinity of cavity 
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production in the cavity and the secondary injection toward upstream, but both of these characteristics 
of the design are the factors to decrease thrust: The larger cavity tends to increase the drag, and the 
injection toward upstream gives the negative momentum to the mainstream. Further detailed 
investigation is required to elucidate the influences of decision variables on combustor performance, 
and the accuracy of the prediction model has to be further enhanced with a small increase in the 
computational cost for CFD simulations. 

3.3. Discussions on data-efficient surrogates 
While conventional surrogate models enable accurate prediction based on a dataset large enough, it is 
a hard task for reacting flow simulations to prepare a dataset with a substantial computational cost. 
Thus, it is important to reduce the number of data required as well as to utilize a given dataset efficiently. 
A potential approach is the improvement of the sampling strategy. Several approaches for the design 
of experiments are employed for efficient initial sampling [17]. Additional sampling strategies based on 
Kriging and radial basis functions are also applicable approaches to achieve a specified accuracy with a 
smaller number of training data [18]. Another way for data-efficient surrogate modeling is the prediction 
based on the simplified problem, e.g., prediction of the 3D flowfields by employing the 2D flowfields 
which are the simplified problems of the 3D flowfields as the inputs. This type of predictive framework 
is reported by Yu and Hesthaven for flowfield prediction [19]. 

The present study developed a predictive framework that predicts reacting flowfields which require 
substantial computational cost to be obtained based on chemically frozen flowfields which require much 
a smaller computational cost than reacting flowfields. The predictive framework is designed based on 
the preceding study by Yu and Hesthaven [19] and a ROM-based predictive framework [20]. A part of 
the predictive framework developed in the present study is displayed in Fig. 13. Since it is difficult to 
obtain the latent variables of the frozen flowfield for the geometries that are not used for the 
development of GPLVM (Gaussian process latent variable modeling), which is a reduced-order modeling 

(a) Combustion efficiency (b) Pressure ratio (c) Streamwise force 

Fig. 11 Comparison between prediction (GPR) and actual evaluation (CFD) for training data 

(a) 1 − 𝜂" vs 1/Π (b) 1/Π vs −𝐹0 (c) −𝐹0 vs 1 − 𝜂" 

Fig. 12 Solution distributions in objective function space and Pareto optimal front 

Frozen flowfield Reacting flowfield

MLP
GPLVM Latent 

variables
Latent 

variables GPLVM

Design 
variables

Fig. 13 Part of flowfield prediction framework developed in the present study 
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technique, the present structure in Fig. 13 is defective in construction to achieve the prediction of 
reacting flowfields from scratch for unseen geometries. The results of flowfield reconstruction for the 
data used to build GPLVM are displayed in Figs. 14 and 15. While there exist several regions with 
unignorable large prediction errors, the flow structures are reasonably reconstructed even with the 
smaller number of training data. Further development is required so as to enable predictive modeling 
with a smaller number of training data. 

 

4. Conclusions 
The present study conducted design exploration for cavity-based scramjet combustors based on a 
relatively small CFD dataset to extract key design factors and gain physical insights into rationales 
behind the favorable design of cavity-based combustors. The CFD dataset comprising 100 geometries 
has been scrutinized to understand the influence of design parameters on mixing and combustion 
performance from a global point of view. A model-based optimization study has then been conducted 
to explore the optimum combination of design features in the design space.  
The data mining of the CFD dataset has revealed a significant influence of wall inclination angle on 
performance parameters. The effects of the remaining design parameters have been discussed by 
selecting two cases with the largest thrust and the highest combustion efficiency and pressure ratio, 
respectively. The case with the largest thrust is characterized by the smaller cavity, which is one of the 
largest sources of drag force, yet the combustion efficiency is adequate. On the other hand, the case 
with the highest combustion efficiency is characterized by a large cavity that successfully produces OH 
radicals downstream, sustaining supersonic combustion downstream of the secondary injector. A 
model-based design optimization has then been conducted to gain physical insights into the cavity-
based scramjet combustor design that maximizes combustion efficiency, pressure ratio, and thrust. 
Trade-off relations have been observed between combustion efficiency and thrust as well as between 
pressure ratio and thrust.  
Furthermore, a flowfield-prediction framework with small datasets of reacting flowfields has been 
discussed. While the prediction accuracy is yet to be improved to be useful for design exploration,  
future efforts will warrant a new effective methodology to develop accurate surrogates with a relatively 
small dataset. 
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Fig. 14 Comparison of H2O mass fraction between CFD and prediction 

Fig. 15 Distributions of prediction errors in the form of absolute and relative errors 
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