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Abstract

Supersonic combustion ramjet (scramjet) engines represent a key propulsion technology for high-speed
atmospheric flight, where efficient fuel injection and flame stabilization remain critical challenges. In
this study, we conduct a numerical analysis of a hydrogen-fueled scramjet combustor, focusing on the
impact of different combustion models on flow characteristics and overall performance. To achieve
computational efficiency while maintaining accuracy, Reynolds-Averaged Navier-Stokes (RANS)
simulations were performed. Two turbulent-combustion models, including laminar chemistry and
Partially Stirred Reactor (PaSR), were systematically compared. The numerical results were validated
against available experimental data to assess the predictive ability of each model in capturing key
phenomena such as ignition, flame stabilization, and thermal choking. To achieve this, this study aims
to select an appropriate combustion model that can objectively evaluate and enhance the reliability of
numerical predictions through thorough comparisons with previously validated scramjet cases. This
study aims to provide valuable insights for the development of computationally efficient and accurate
prediction tools. This will advance the design and optimization of future scramjet propulsion systems.
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1. Introduction

With the rapid advancement of hypersonic flight technologies and reusable space launch systems, the
scramjet engine has emerged as a key propulsion system for sustained flight at Mach 5 and beyond [1-
3]. Unlike conventional gas turbine engines, scramjets rely on air compression through high-speed inlet
flow rather than mechanical compressors, enabling superior thermodynamic efficiency. However,
ensuring stable combustion under supersonic flow conditions and optimizing combustion efficiency
remain significant technical challenges. One of the most critical issues in scramjet engines is fuel-air
mixing, which directly impacts the engine's combustion performance. Given the extremely short
residence time of air entering the combustor, typically measured in milliseconds, supersonic combustors
have undergone extensive experimental and numerical research to overcome this issue.

Computational fluid dynamics (CFD) has been extensively used to analyze and optimize scramjet
combustors, with Reynolds-Averaged Navier-Stokes (RANS) simulation being widely applied for
turbulent-combustion model [4]. Despite the increasing use of these models, the optimal selection of a
combustion model for supersonic turbulent combustion remains an open research problem. Previous
studies have shown that the choice of combustion model significantly affects ignition delay, flame
propagation speed, and combustion efficiency, necessitating a systematic comparative analysis.

In hydrogen-fueled scramjets, flow—combustion coupling has been quantified in HyShot-class
transverse-jet/cavity flameholder studies, where ignition and flameholding mechanisms and their
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pressure—spectral response were established; complementary Detached Eddy Simulation (DES) and
RANS/LES of high-enthalpy transverse-jet ignition corroborate recirculation-assisted anchoring and the
role of high-frequency instabilities [5-7]. Recent diagnostics that combine Dynamic Mode Decomposition
(DMD), Short-Time Fourier Transform (STFT), and Chemical Explosive Mode Analysis (CEMA)—together
with comprehensive reviews—show that unsteady combustion is governed by supersonic shear-layer
mixing and ignition—extinction—reignition cycles, with the upstream pressure field exerting first-order
control on combustor dynamics [8]. On the numerical side, high-resolution, low-dissipation schemes
(oMLP/WENO/AUSMPW+) and contact-resolving approximate Riemann solvers, aided by reduced-
Jacobian treatments, have improved predictive fidelity for scramjet and coaxial supersonic flames [9-
12]. In parallel, work on ram/detonative propulsion and scram-accelerators has clarified shock—reaction
coupling, thermal choking, and start-up behavior, supplying canonical boundary conditions and
validation cases for high-speed combustors [13-15]. These advances—together with cross-validated
RANS/LES—experiment studies on HyShot model combustors and structured sensitivity surveys over
fuel, operating conditions, and combustion models—motivate the modeling/grid strategy and validation
metrics adopted here [16].

This study aims to numerically analyze a hydrogen-fueled scramjet combustor by comparing various
combustion models and assessing their impact on combustion characteristics and overall performance.
The research is currently ongoing, and this paper presents the overarching objectives, methodology,
and preliminary findings, providing insights into the current progress of the study.

2. Methodology & Preliminary Analysis
2.1. Navier-Stokes equations for chemical reacting flow

In this study, for the analysis of supersonic compressible reactive flow fields, the chemical species
conservation equations, the Navier-Stokes equations, and the energy conservation equation, which are
fully coupled to flow and chemical reactions, can be reorganized into conservation vector equations as
follows [17, 18]. Here, if a = 0, the governing equation is for two-dimensional flow, and if a = 1, the
governing equation is for an axisymmetric coordinate system. The specific expressions for each vector
are as follows.
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where, the conserved variable vector Q, the convective flux vectors F and G, the viscous flux vectors
Fv and Gy, and the computational time #in the fluid are given. Here, p and p, are the densities of the
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mixture and each chemical species, respectively, while u¢, v¢ are the diffusion rates of each chemical
species. All working fluids in this study are gaseous phases and operate under subcritical conditions.

The convective flux term is discretized using the Roe scheme, the MUSCL method was used for high-
order spatial accuracy, and the B—minmod limiter was used to preserve the TVD property. For the
viscous flux term, a second-order accurate central difference method was used. Time integration was
performed using the LU-SGS implicit method. This numerical framework has been utilized not only to
investigate the underlying intricate physics of scramjet combustor [19-26], but also to study the ram
accelerators and bleed-based flows [27-30], shock-induced combustion [31-35].Additionally, it has
been employed in the design process of Rocket-Based Combined Cycle (RBCC) engines [36, 37].

2.2, Turbulence Modeling

For turbulence modelling, this study used Menter's two-equation k-w SST model [38]. For an
economical and efficient approach, we solved the Reynolds-Averaged Navier—Stokes (RANS) model,
which models all scales of turbulence. The model blends Wilcox k—w (near wall) [39] with a transformed
k—e behaviour (free-stream) [40] via Menter’s blending functions, providing robust separation prediction
and improved sensitivity in strong convective-pressure-gradient regions typical of cavity-stabilized
scramjet combustors with transverse injection and shock—shear interactions. Turbulent Prandtl and
Schmidt numbers were set to 0.72 and 0.7, respectively.

2.3. Chemistry Modeling

High-enthalpy combustion of air and hydrogen is modeled using the Jachimowski’s detailed laminar
chemical mechanism for hydrogen/oxygen [41]. Jachimowski’s detailed laminar chemical mechanism
consists of 9 chemical species including H, Hz, O, Oz, H.0, OH, HO2, H202, N2 and 19 reaction steps.

Table 1 Jachimowski’s hydrogen/oxygen detailed chemical mechanism [41]

# Reaction step Ar B EX

1 H2 + O2 & HO2 + H 1.00x10* 0.00 56,000
2 H+02-0H+O0 2.60x10% 0.00 16,800
3 O+H<~OH+H 1.80x1010 1.00 8,900
4 OH+Hz - HO+H 2.20x1013 0.00 5,150
5 OH+OH«~ HO0+0 6.30x10%2 0.00 1,090
6 H+ OH+M < H.O + M 2.20x10% -2.00 0

7 H+H+MoH+M 6.40x10Y7  -1.00 0

8 H+0O+M<OH+M 6.00x10%® -0.60 0

9 H+02+ M« HO2 + M 2.10x10%° 0.00 -1,000
10 HO2 + H < OH + OH 1.40x 10" 0.00 1,080
11 HO2. + H—~ H.0 + O 1.00x10%3 0.00 1,080
12 HO2 + O~ 02 + OH 1.50x10%3 0.00 950
13 HO2 + OH < H.0 + O2 8.00x 1012 0.00 0
14 HOz + HOz < H.02 + O3 2.00x 1012 0.00 0
15 H + H202 < H> + HO2 1.40x 1012 0.00 3,600
16 O + H202 < OH + HO; 1.40x1013 0.00 6,400

17 OH + H202 <> H20 + HO2 6.10x10%? 0.00 1,430
18 H02+M«-OH+OH+M 1.20x10Y7 0.00 45,600

19 O+0+Me-02+ M 6.00x1013 0.00 -1,800
Third body efficiencies relative to N2

6 H+OH o HO+M H.0 = 6.00 H. = 1.00

7 H+H+MoH+M H.0 = 6.00 H. = 2.00

8 H+O0O+M«<OH+ M H.0 = 5.00 H. = 1.00

9 H+ 02+ Mo HO2 + M HO = 16.00 H2 = 2.00

19 H02+M<-OH+0OH+M HO = 15.00 H2 = 1.00

.
ky, = A, TBre =T
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where A is the pre-exponential factor, B is non dimensional, and E; is the activation temperature in
Table 1. The forward chemical reaction rate constant, 4#, for the r-th chemical reaction step can be
calculated in Arrhenius form. Backwards rates are computed using chemical equilibrium. The reaction
rate of each chemical species is shown below.
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2.4. Theoretical formula of PaSR

Some simulations presented here are based on laminar chemistry assumptions, which do not model
sub-grid turbulent chemical interactions, and all reaction rates are evaluated using resolved flow
guantities. The remaining simulations use a partially stirred reactor model (PaSR) for sub-grid turbulent
chemical interactions. The model used here closely follows the work of Kartha et al. [42] and Peterson
et al. [43]. In the partially stirred reactor model, reactions are assumed to occur only in a portion of
the volume of a given cell. The filtered reaction rates are evaluated as follows:

@5 (ps, T) = a5 (v* 5, T) ~ v* oo (p5,T) (4)

where o, is the reaction rate of species, p, is the density of species, T is the temperature, and y* is the
microscale volume fraction. The overbar represents filtering, and the tilde represents Favre-filtering. In
many partially stirred reactor model formulas, y* is multiplied by the overall reaction rate rather than
the species density. The microscale volume fraction is given below.

f v
t, max (uscs’ Z) A
Y= o ) where Rey = ————

Rep 1 - (5)
Rep S

where £ is the characteristic time scale of chemistry, & is the characteristic time scale of the sub-grid
velocity, and Re, is a factor that reduces the value to 1.0 in the laminar flow. Here, SGSrepresents the
sub-grid velocity fluctuation and viscosity. The characteristic time scale of chemistry and the
characteristic time scale of the sub-grid velocity are defined as:

1 _ max(([Gal 15l ©
t, Fj

(7)

2.5. Test cases
2.5.1. Burrows and Kurkov’s combustor

The Burrows and Kurkov case was first analysed, which has a configuration shown in Fig. 1. In the
experiment, hydrogen was injected into a contaminated air stream. A water-cooled thermocouple probe
was used to measure the total temperature, and a water-cooled Pitot probe was used to measure the
pressure. A pressure port was located at the leading edge of the probe. A miniature rolled thermocouple
and a miniature Pitot pressure tube were used in the boundary layer and the low-temperature
hydrogen-rich mixing region. Finally, two similar water-cooled sampling probes were installed for gas
sampling and indirect temperature measurements. The experimental profiles of temperature, Mach
number, Hz2, and H.0O mole fraction at the outlet were used to validate the CFD simulation results.

The air entering the combustor from the left is assumed to be vitiated air at Mach 2.44. The temperature
and pressure are 1,270 K and 0.1 MPa, respectively. Hydrogen is injected into the combustor at Mach
1.0 and pressures of 254 K and 0.1 MPa, respectively. The viscous wall condition is employed for the
boundary condition at the wall, and the temperature is 298 K. The outflow boundary condition is used
in the form of pressure extrapolation in the outlet region. The computational domain uses the same
number of grids as those provided by NASA. However, the detailed chemical reaction mechanism used
is different, and as mentioned above, Jachimowski's reaction mechanism is applied in this study.
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Figure 1 Schematic of the geometry and experimental configuration of the Burrows and Kurkov’s
combustor [44]

Figure 2 Computational domain of Burrows and Kurkov’s combustor

2.5.2. DLR scramjet combustor

The DLR scramjet combustor proposed by Waidmann et al. [45] and Berglund et al. [46] uses hydrogen
as fuel, injected through 15 holes parallel to the airflow. These holes are spaced 2.4 mm apart, have a
diameter of 1 mm, and are angled at a 6° radius from the wedge central axis. The upper wall provides
a 3° angular divergence to compensate for boundary layer growth. The combustor is 340 mm long, 40
mm wide, and has an inlet height of 50 mm. The DLR scramjet combustor uses a strut-based
configuration to help address the ignition problems of typical scramjet engines. The flame holder is 32
mm long and 6 mm high. To reduce computational costs, a small region with only a single hole was
maintained, assuming a two-dimensional domain, considering symmetric boundary conditions at the
horizontal injection plane. No-slip boundary conditions were applied at the walls, and a flow-based far-
field boundary condition was selected for the inlet.
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Figure 3 Schematic diagram of the DLR scramjet combustion chamber [47]
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Figure 4 Computational domain of DLR scramjet combustion chamber
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3. Results & discussion
3.1. Burrows and Kurkov’'s combustor

This study focuses on the numerical investigation of a hydrogen-fueled scramjet combustor, comparing
different combustion models to evaluate their impact on combustion characteristics. The interaction
between turbulence and chemical reactions plays a dominant role in supersonic combustion, making
the selection of an appropriate combustion model crucial for optimizing performance. For the Burrows
and Kurkov case, differences in ignition onset point were observed, as shown in Fig. 5. The top image
in Fig. 5 shows the analysis results based on laminar chemistry, while the bottom image shows the
analysis results using PaSR. Comparing this with the NASA-provided Burrows and Kurkov case analysis
results, which show flame attachment at approximately 140 mm, the PaSR analysis results show a more
accurate flame front location.

Figure 6 shows the experimental and simulated radial profiles of total temperature, Mach number, H.0
mole fraction, and H> mole fraction at the exit plane. Total temperature profiles provide similar
guantitative results for both models, which are very similar to the experimental results. The Mach
number plot confirms the formation of a boundary layer at the wall, and the difference from the
experimental results is particularly noticeable at y = 20 mm, the peak total temperature region.
Although there are quantitative errors in the H20 and H2 mole fractions, the trends are very similar.

T(K) 400 600 800 1000 1200 1400 1600 1800 2000 2200

Figure 5 Time-averaged temperature distribution of the entire reaction flow field of the Burrows and
Kurkov case (top) Laminar chemistry model, (bottom) PaSR model
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Figure 6 Total temperature, Mach number, and species mole fractions for H.O and H: at the exit
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3.2. DLR scramjet combustor

Figure 7 compares the shadow image extracted during the experiment with a numerical density gradient
plot in the reacting flow field obtained from a laminar chemistry model. Both results demonstrate that
combustion heat release expands the density gradient region. The shock wave locations and formations
in the two figures are in good agreement. The supersonic airflow entering from the inlet region first
collides with the tip of the wedge, forming an oblique shock wave that interacts with the boundary layer
and is reflected by the upper and lower walls, thickening the boundary layer.

6 8 10 12 14 16 18 20 22 24

X (cm)

Figure 7 (top) Shadow image, (bottom) density gradient of reactive flow field of the DLR scramjet
combustion chamber

Figure 8 compares the temperatures derived from laminar chemistry and PaSR at three different axial
locations. At x = 123 mm, the laminar chemistry model accurately predicts the temperature in the
hydrogen jet region. In contrast, the temperature profile with the PaSR model is less accurate in the
hydrogen jet region, but predicts the temperature in the upper shear layer more accurately. As
mentioned earlier, the PaSR model results in a slight thickening of the flame, which can be seen in the
x = 170 mm region. In this region, the laminar chemistry model results show higher accuracy. The
results in the x = 278 mm region show a significant error for both models.

Laminar chemistry

PaSR, C . =0.1
. Exp. data
5 S S5
X =123 mm o x =170 mm
4 4 -
3 3+ -
.
g | =)
2L 2
- L -
2+ 2t -
1+ 1+ -
0 N L ol ST IREREATE BN 0 I i |
0 500 1000 1500 2000 0 500 1000 1500 2000 0 1000 2000 3000
Temperature (K) Temperature (K) Temperature (K)

Figure 8 Experimental and simulated radial profiles of static temperature at three different axial
locations (left) x = 12.3 cm, (middle) x = 17.0 cm, (right) x = 27.8 cm
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Figure 9 shows the mass fraction distribution of OH. The left side is the laminar chemistry analysis
result, and the right side is the PaSR model result. Unlike laminar chemistry, the PaSR model, which
forms the combustion field by combining the chemical time scale and the sub-grid velocity time scale,
shows a slight suppression of combustion in the shear layer, resulting in a slower chemical reaction.
This is similar to the results in the Burrows and Kurkov case. This is because the reaction considering
the mixing time scale increases the effective reaction time, further slowing the reaction in areas such
as the flame anchoring point. This delayed combustion effect causes combustion to occur relatively
downstream, thickening the reaction region and spreading the OH distribution more widely.

Figure 9 Time-averaged OH mass fraction diagram of the DLR scramjet combustion chamber
(left) Laminar chemistry model, (right) PaSR model

4. Conclusion

This work numerically examined a hydrogen-fueled scramjet combustor with emphasis on how the
choice of turbulent-combustion model alters the predicted flow physics and performance. Model
predictions were compared against available experiments to assess fidelity in ignition, flame
stabilization, and the onset of thermal choking. The principal findings are:

1. Predictive capability vs. robustness trade-off.
Laminar chemistry can better expose kinetic-limited induction and localized ignition physics
but is more sensitive to grid, inflow To, and numerical dissipation near shocks. PaSR is more
robust under design-space sweeps and maintains reasonable agreement with experiments
when mixing time scales are chosen consistently with the k—w SST field.

2. Computational efficiency with controlled accuracy.
The third-order scheme within a RANS framework, combined with parallelization, delivered
tractable turnaround times suitable for parametric studies, while preserving the main trends
needed for early-stage design and screening.

Overall, the study shows that turbulent combustion model impacts scramjet performance predictions,
and provides practical guidance for choosing between accuracy in ignition physics (laminar chemistry)
and robust, design-oriented assessments (PaSR)—a balance essential for efficient design and
optimization of future scramjet propulsion systems.
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