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Abstract: This study numerically investigated the combustion instability and characteristics of
a laboratory-scale gaseous hydrogen-fueled scramjet combustor. For this purpose, a numerical
simulation with an improved detached eddy simulation and a detailed hydrogen/oxygen reaction
mechanism was performed. The numerical framework used high-resolution schemes with high-order
accuracy to ensure high resolution and fidelity. A total of five fuel injection pressures were considered
to characterize the combustion instability as a function of the equivalence ratio. A sampling time of
up to 100 ms was considered to sufficiently accumulate several cycles of low-frequency combustion
instability dynamics with a period in the order of 100 Hz. Numerical results revealed the repetitive
formation/dissipation dynamics of the upstream-traveling shock wave, and it acts as a key factor of
combustion instability. The period and derived principal frequency of these upstream-traveling shock
waves is several ms. The frequency analysis showed that the instability frequency increased in the
low-frequency range as the combustion mode transitioned from the cavity shear-layer to the jet-wake
type. This characteristic was derived from the transition in combustion mode at the same equivalence
ratio. Therefore, it suggests that the instability frequency shifting is governed by the combustion
mode rather than the equivalence ratio. These comprehensive numerical results demonstrated not
only the effect of the equivalence ratio but also the important role of the combustion mode on the
low-frequency combustion instability.

Keywords: scramjet engine; supersonic combustion; low-frequency instability; upstream-traveling
shock wave; combustion mode

1. Introduction

Over the past decade, scramjet engines have developed rapidly, which has enabled
their practical application and possible technological advances. However, factors such as
combustion instability under typical flight conditions have been experimentally demon-
strated to remain a technical challenge to their practical application. In early scramjet
studies, the combustion oscillation or acoustic fields generated downstream of the combus-
tor were considered to not propagate upstream owing to the high speed and very short
residence time of the main flow [1,2].

However, Ma et al. [1], Li et al. [2], and Choi et al. [3,4] suggested that this assump-
tion may differ from the actual phenomenon. Through a combustion experiment on
the direct-connect scramjet test facility at the Air Force research laboratory (AFRL), Ma
etal. [1] and Li et al. [2] demonstrated the occurrence of major instability in the frequency
range from 100-350 Hz regardless of the fuel used. To analyze this phenomenon, a quasi-
one-dimensional analysis was performed using the Helmholtz-type solver. Despite the
limitation of the Helmholtz-type solver (i.e., suitability for subsonic combustion flow field
analysis), the study revealed the generation of acoustic disturbance by combustion oscilla-
tion from the flame region downstream of the combustor [5]. In addition, the comparison of
the phases induced by various fueling schemes and flame regions confirmed the upstream
travel of acoustic waves. Choi et al. [3,4] conducted a numerical analysis using the HyShot
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test model with varying fuel injection scheme and shapes. They confirmed the occurrence
of oscillation in the shear layer of the fuel stream and the combustion oscillation in the
combustor, thus confirming the combustion oscillation nature of the supersonic combustor.
These studies have provided evidence for the occurrence of combustion oscillation or
combustion instability in a supersonic combustor, particularly scramjet engines, and this
has accelerated related studies.

Several studies have experimentally investigated the combustion instability of
ram/scramjet engines under various operating conditions. Micka et al. [6] conducted
combustion experiments on an ethylene-fueled dual-mode scramjet under various oper-
ating combustions and fuel injection schemes. They distinguished the combustion mode
according to each condition and observed the generation of a strong combustion instability
when there was a transition in operating mode, particularly from ram to scram mode. Also,
they conducted an experimental study on the same combustor with different operating
conditions to investigate the characteristics of instability frequency [7]. By completing a
focused analysis on the CH* heat release data obtained from the injector and the cavity
close-out region, they derived a peak frequency of 250 Hz in the cavity combustion mode
and a peak frequency in the range of 1000 Hz in the jet-wake stabilized combustion mode.
Through the combustion experiment of an ethylene fuel supersonic combustor, Wang
et al. [8] captured the flash-forward and blow-off behavior of flame at the region between
the fuel injector and cavity with a low frequency of approximately 200-400 Hz. Nakaya
et al. [9] analyzed the results of the experimental combustion of an ethylene-fueled scramjet
combustor using an image-based mode decomposition method. The CH chemilumines-
cence analysis results obtained using the dynamic mode decomposition (DMD) method
demonstrated the combustion instability on the cavity shear-layer with a low-frequency
range with a transition from operating mode to ram mode. Furthermore, they derived
six different combustion modes through experimental tests on the same combustor with
various equivalence ratio conditions and presented the instability frequency ranges asso-
ciated with each combustion mode [10]. The frequency results obtained through proper
orthogonal decomposition (POD) revealed that as the equivalence ratio increased from
0.070 to 0.25, the instability frequency range increased from 10 Hz to 460 Hz to 55 Hz to
1830 Hz. Lee et al. [11] conducted an experimental study on a scramjet combustor with a
secondary fuel injector inside the cavity front wall side. They showed that the POD and
DMD mode of CH chemiluminescence images has an extremely low-frequency oscillation
of 5 Hz to 50 Hz depending on the changing of fuel injection of the cavity fuel injector.

Several numerical studies were also conducted to investigate various types of combus-
tion oscillation or instability of scramjet combustors. Zhao et al. [12] conducted a numerical
analysis under similar conditions to investigate the factors affecting the occurrence of this
phenomenon. They applied various boundary conditions and heat sources. They found
that the flame-forward and flashback are mainly caused by the interaction between the
flame region of the cavity downstream and the boundary layer. Jiang et al. [13], who
demonstrated the possibility of a standing oblique detonation (SOD) ramjet, illustrated the
surging of a scramjet engine while operating under the general flight condition owing to
the strong combustion instability in the low-frequency range. In addition, through simple
numerical analysis, they illustrated that the control of upstream-traveling shock waves
generated in the combustor is essential to prevent the inlet un-start and engine surging of
the scramjet engine. Zettervall et al. [14] conducted a numerical simulation of the University
of Michigan dual-mode ramjet combustor to investigate combustion dynamics. The results
showed the flame behavior, which is the repetitive moves between the fuel injector and the
cavity close-out region with a 3.0~6.0 ms period.

These studies suggest that combustion oscillation or instability in scramjet engines
exist in different forms depending on the operating conditions and shape configuration. In
addition, these events have been observed to occur in a low-frequency range of several tens
of Hz or hundreds of Hz rather than at a high-frequency range of several kHz or more. This
indicates that it is essential to intensively investigate the dynamics of the low-frequency
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range. Moreover, to understand this low-frequency mechanism, it is necessary to obtain
data over a long physical time with a repetitive period [15].

Owing to the efforts of various research groups, various high-fidelity numerical ap-
proaches have been developed and applied to investigate the characteristics of reactive flow
fields in a supersonic combustor. Bermejo-Moreno et al. [16] conducted a numerical study
on HIFIRE-2 using the wall-modeled large eddy simulation (LES) and flamelet/progress
variable approach (F/PVA) frameworks. They identified combustion dynamics that cannot
be easily examined in a ground combustion experiment. Notably, they captured the com-
bustion instability near the recirculation region of the fuel injector caused by the dynamics
of the shock train traveling between the upstream and downstream of the isolator region
under the conditions of flight Mach number 6.5. Larson et al. [17] conducted a large-scale
LES analysis on HyShot II to investigate the flow field’s characteristics according to the
equivalence ratio. Numerical results demonstrated the structure of the shock and combus-
tion/flow dynamics. In particular, the effect of the equivalence ratio on the combustion
field and flow choking process was demonstrated. Potturi et al. [18] performed a hybrid
LES/RANS analysis on the ethylene-fueled University of Virginia’s scramjet combustion
facility (UVa’s SCF). They characterized the combustion regimes in the region from the fuel
injector to the downstream of the combustor using the flame index and Borghitype diagram.
Lacaze et al. [19] performed a numerical experiment on the HIFiRE Direct Connect Rig
(HDCR). The results confirmed that the premixed regime only contributed a small portion
of the total heat release. Using OpenFOAM, Nordin et al. [20] conducted a large-scale LES
analysis on HyShot II without a cavity. They focused on identifying the effect of the shock
system on fuel mixing. They confirmed that the Richtmyer—-Meshkov instability, caused by
the interaction between the fuel-air interface and shock, plays a significant role in fuel/air
mixing. Ruan et al. [21] conducted a large-scale numerical simulation on the ethylene-
fueled supersonic combustor of AFRL focused on the combustion characteristic inside the
cavity and revealed the residence time of the cavity and combustion regime in detail. Hash
et al. [22] demonstrated the dynamics that occur under the unstable ram-mode operation
of an axisymmetric ethylene-fueled combustor. In addition, they employed a high-order,
high-resolution numerical approach for spatial accuracy, such as the sixth-order piecewise
parabolic method (PPM), with structured-based grid topology. They considered various
inflow cases with different chemical compositions. Their results revealed the limitation
of a high-speed ground test facility using a rocket-type vitiated air heater by extensively
describing the change in the reactive flow-field dynamics with a change in the inflow
condition. Cao et al. [23] conducted two cases of a numerical study, wherein one considered
an upstream-only fuel injection and the other considered both the upstream and inside
cavity fuel injection. Their results revealed that fuel injection inside the cavity increased
the combustion efficiency and changed the local combustion mode from cavity shear-layer
to cavity-assisted jet-wake stabilized combustion mode. Peterson et al. [24,25] conducted
a comprehensive numerical study on a round direct connect ground test facility. They
employed various periodic boundary conditions for the same combustor and operating
conditions. Their results revealed that applying the periodic boundary condition on a
round-shaped combustor to reduce computational cost should be strictly prohibited. In
addition, the results obtained using a partially stirred reactor (PaSR) model with multiple
model constant suggested that when a large volume combustor was dominated by subsonic
combustion, the turbulent-combustion model should be considered essential to predict the
reactive flow-field accurately.

Prior experimental investigations have revealed that combustion instability within
supersonic combustors manifests within the low-frequency spectrum, typically in hundreds
of Hz. It suggests that a meticulous examination of combustion instability with repetitive
periods necessitates capturing outcomes spanning no less than tens of milliseconds. Addi-
tionally, the dynamic changing of combustion instability within a supersonic combustor by
working fluid conditions mandates a comprehensive numerical resolution of the entire com-
bustion process. However, numerical simulations will face formidable challenges owing to
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the intricate characteristics of supersonic combustion—characterized by the amalgamation
of compressible, highly turbulent, and high-density combustion. This complexity is further
exacerbated when pursuing higher-order accuracy to attain high-fidelity outcomes. Further-
more, given that the time increment per iteration in hybrid RANS/LES and LES simulations
is on the nano-second scale, protracting results to tens of milliseconds necessitates millions
of iterations. These intricacies pose significant barriers to acquiring temporal sampling
data, limiting three-dimensional numerical investigations of combustion field behavior
within supersonic combustors to durations of only a few milliseconds.

In this context, we attempted to obtain tremendous sampling data using a two-
dimensional approach for identifying the mechanism of low-frequency supersonic com-
bustion instability. The previous study [26] conducted a two-dimensional high-resolution
hybrid LES/RANS simulation on a hydrogen-fueled direct connect scramjet combustor.
Three equivalence ratio cases were considered, and a sampling time of up to 100 ms was
achieved in each case. A repetitive dynamic of the pressure with a period of several ms was
captured in a high equivalence ratio case, and it was revealed that these repetitive dynamics,
known as the “upstream-traveling shock wave,” play a key role in the generation of the
low-frequency combustion instability in a scramjet combustor. The instability frequency
shifting, which is an increase in the instability frequency with an increase in the equivalence
ratio, was detected, consistent with the findings of several experimental studies.

However, because this numerical work has a limitation, in that it was conducted on
three equivalence ratio cases, the upstream-traveling shock wave could not be characterized
as a function of the equivalence ratio or the combustion mode. In order to overcome the
limitation of the previous numerical study, this study considered a total of five equivalence
ratios. The numerical approach employed in this study is identical to the previous studies.
High-resolution numerical schemes with a high-order accurate approach were applied
to a structure grid system to ensure high fidelity. Field data with a sampling time of up
to 100 ms were accumulated in all equivalence ratio cases. This study’s comprehensive
high-resolution two-dimensional numerical simulation with a tremendous sampling time
revealed the detailed mechanism and the characteristics of the low-frequency combustion
instability as a function of the operating conditions.

2. Methodology
2.1. Two-Dimensional Turbulent Combustion Simuilation

Due to various factors, a three-dimensional computational domain is imperative for
accurately simulating a combustion flow field. This necessity arises primarily from the
perspective of fluid dynamics. The development of the boundary layer on the left and right
wall surfaces, along with the edge effect, leads to the induction of walls. In contrast to
the two-dimensional domain, this induction results in a notable reduction in the effective
cross-sectional area. The existing left-right wall configuration also influences the interaction
between the upper and lower wall surface boundary layers. Such complexities are beyond
the scope of consideration in a two-dimensional numerical simulation. Furthermore, in
terms of combustion, the linear proportionality between fuel/air mixing and the contact
surfaces of these two streams adds to the intricacy. The presence of supersonic combus-
tion, characterized by high density, compressibility, and Mach number, exacerbates this
by augmenting the contact surface due to dimensional changes. Hinterberger et al. [27]
have reported that the contact surface of a three-dimensional domain is approximately
twice that of a two-dimensional domain. Nonetheless, this study aims to comprehend
and analyze the low-frequency combustion instability in scramjet engines. As previously
mentioned, supersonic combustion instability occurs within the low-frequency range of
tens to hundreds of Hz. A comprehensive understanding of these low-frequency dynamics
necessitates accumulating numerical results over multiple cycles, encompassing tens to
hundreds of milliseconds rather than just several milliseconds. Furthermore, obtaining
results across various equivalence ratio conditions repeatedly to confirm the influence of
working fluid conditions or combustion characteristics is practically constrained within the
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scope of three-dimensional numerical simulations. These are the limitations on accumulat-
ing 100 ms sampling time numerical results through three-dimensional simulation. The
total computational cost and resources required for a two-dimensional simulation are 0.5%
to 1% of that needed for a three-dimensional simulation.

As discussed earlier, several factors fundamentally constrain the accuracy of two-
dimensional simulations. Specifically, for ram/scramjet combustors, essential physical
phenomena such as horseshoe vortices and counter-rotating vortex pairs resulting from fuel
injection remain unaccounted for in the two-dimensional simulation. Consequently, two-
dimensional simulations introduce uncertainty when comprehending small-scale dynamics
around the fuel injector. Despite these limitations, several studies have reported that the
two-dimensional approach can yield satisfactory outcomes in large-scale dynamics like vor-
tex roll-up, mixing, and shock trains, constituting most of the overall combustion dynamics
and flame characteristics [28-30]. Moreover, the current computational model has a square
cross-section scramjet combustor, which differs from an axis-symmetric cylindrical shape,
a principal source of errors in two-dimensional simulations. Garby et al. [31] proposed
that axis-symmetric two-dimensional simulations can produce reasonably reliable results
comparable to both three-dimensional simulations and experimental findings, provided
meticulous consideration is considered. Based on these prior investigations, this study
adopts a two-dimensional approach. While acknowledging the inherent uncertainties in
capturing the physical dynamics within the fuel injection region, this approach is deemed
capable of delivering acceptable outcomes in the broader context of large-scale dynamics.
Thus, the two-dimensional simulation was selected to gather field data over a sampling
period of up to 100 ms across various equivalence ratio conditions in the present study.

2.2. Governing Equations

The governing equations are chemical species, momentum, and energy conservation
equation, fully coupling fluid motion and chemical reactions. All governing equations
were treated via the finite volume method using the density-based in-house solver, known
as “PNU-RPL2D” [3,4,32-35].
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The above equation presents the Favre-filtered formulation of conserved variables,
convection, viscous terms, and the chemical reaction source term in a two-dimensional
coordinate system. Density was computed as the aggregate of partial densities of each
chemical species, while pressure was determined using the ideal-gas equation of state.
Subscript “n” represents a chemical species, and nine chemical species were considered.
u, vand u,?,v," are the velocity and diffusion velocity of each component. Tyx, Tay, Tyy
are the viscous stress tensor, and By, By are the thermal flux of each velocity component.
Thermal flux By is calculated by uTyy + 0Txy — gx, where gy is diffusive thermal flux. Owing
to thermal diffusion coefficient being much smaller than the binary diffusion coefficient, the
Dufour effect can be ignored in the diffusive thermal flux term; therefore, g, can be formed

as —K(oT/ox) + Y124 (pkukdhk>, where K is conductivity. S,, Sk, Sw are the source term
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of the chemical reaction, turbulent kinetic, and dissipation rate, respectively. The present
study is based on ideal gas of a mixture of thermally perfect gases. The mixture density, p,
is treated with a sum of the partial density p; of each chemical species. The total energy per
unit volume e is evaluated as the sum of kinetic, internal, and turbulent kinetic energy.

To account for the interaction between turbulence and chemical reaction, a Partially
Stirred Reactor (PaSR) model based on the Eddy Dissipation Concept (EDC) was suggested
and has been widely used owing to its simple implementation [36-40]. However, the
PaSR model exhibits critical uncertainties due to the sensitivity of its model coefficients.
Perterson’s research demonstrated that the PaSR model coefficients significantly influence
predicting the pre-combustion shock location in a ramjet combustor [25]. Moreover, it
was observed that the numerical results varied with changes in the equivalence ratio,
even though the framework has the same PaSR model. Owing to this suggestion, we
concluded that developing turbulence-combustion modeling with sufficient robustness for
a high Mach number system should be needed. The entire volume of the computational
domain in this study is on the order of 100 cm®, with a sufficiently fine grid. Gonzalez-Juez
etal. [41] suggested that when numerical results are obtained for a small-volume combustor
(<O (1000 cm?)) with fine grid resolution and detailed laminar chemical mechanisms, the
“no-model” or “quasi-laminar chemical” approach can yield feasible results comparable to
experimental data. Furthermore, typically, the size of a reaction-zone thickness range of the
present combustor system is in the order of mm (millimeters). In contrast, the maximum
spatial resolution in the entire domain used in this study is x-direction ~(A~0.009 mm)
and y-direction ~(A~0.09 mm). This means that no fewer than at least tens of grids would
be located within the reaction zone. Based on this, the present study solved all chemical
species conservation equations using a laminar chemical reaction mechanism and applied
the “no-model” or “quasi-laminar chemical” approach, which is deemed acceptable for
addressing the high-speed compressible combustion flow field of this study. The University
of California San Diego (UCSD) pressure-dependent detailed laminar chemical reaction
mechanism, comprising eight chemical species and twenty-one reaction steps with three-
third body effects, was employed as the chemistry [42]. In this study, nine chemical species
were considered, including nitrogen, which has a minor effect on the flame evolution
process due to its inert nature, as mentioned earlier.

2.3. Numerical Approaches

The hybrid RANS/LES model was first introduced as an S-A detached eddy simulation
(DES) model by Spalart et al. [43] and simulates flow-field near wall region as a RANS
approach, and treats outside the boundary layer region as a LES approach. However,
because the S-A DES model is based on the S-A RANS model, S-A DES contains potential
inaccuracy in predicting boundary layer separation. To address this problem, several DES
models have been proposed [44,45]. However, DES models inherently face a limitation
known as “grid-induced separation (GIS),” which leads to potential inaccuracies in the
thickness of the boundary layers and flow separation when grid spacing increases. This
phenomenon results from the steep gradient of the turbulent viscous term at the RANS-LES
interface, yielding unphysical numerical solutions. Various DES models have sought to
overcome this, accurately predicting mean flow fields [46,47]. Nevertheless, limitations
persist in capturing unsteady flow fields. To address this, the delayed DES (DDES) model,
redefining the length scale of DES, was introduced. The SST-DDES model employs a
shielding function containing turbulent viscosity information to induce a numerical delay
(suppression) in treating different turbulent viscosities at the transient point of the RANS-
LES computational domain, thereby suppressing GIS. This study adopts the SST-DDES
model [48] as the turbulent model.

The spatial discretization method in numerical simulations is directly related to calcu-
lation efficiency and reliability. Choi et al. [35] compared the capture capabilities of various
approaches for turbulent mixing, utilizing the third-order accuracy monotonic upstream-
centered scheme for conservation laws (MUSCL) [49], the fifth-order accuracy weighted
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essentially non-oscillatory (WENO) [50-52], and the optimized multi-dimensional limiting
process (oMLP) [53,54]. They found that the oMLP scheme, based on multi-dimensional
extrapolation of convective properties with a multi-dimensional limiting function, exhib-
ited enhanced performance compared to the MUSCL and WENO methods, which relied on
an extrapolation of the one-dimensional convective property, even at a lower grid resolu-
tion. However, the high-order multi-dimensional extrapolation-based method is highly
sensitive to grid quality and the gradient of physical properties, resulting in several compu-
tational difficulties. Furthermore, the presence of a chemical reaction process intensifies
this sensitivity. Nevertheless, previous studies have demonstrated that high-order schemes
are crucial for the reliability and efficiency of the solver and must be considered despite
the challenges posed by high-order multi-dimensional methods in conducting numerical
simulations, as previously mentioned. In this study, the oMLP method with fifth-order
accuracy was employed as the spatial reconstruction approach.

The convection flux was discretized using the AUSM scheme with flux difference
splitting and flux vector splitting (AUSMDV) [55]. The viscous flux was treated using a
fourth-order central differential. The time integral was processed using the second-order
fully implicit optimized lower-upper symmetric Gauss-Seidel (LU-SGS) method [56], with
each iteration consisting of a maximum of four sub-time steps. The CFL number was
maintained within the range of 0.5 to 1.0, and the average time interval between each
iteration was approximately 1.5 x 1078 s. The calculation was parallelized using OpenMP
and multi-core shared-memory processors. For further detailed information about the
baseline framework and other aspects of the present numerical framework, please refer to
our previous papers [3,4,32-35].

2.4. Model Supersonic Combustor and Operating Condition

Figure 1 depicts the Pusan National University Direct-Connect Scramjet Combustor
(PNU DCSC), the combustor model utilized in the present study. The PNU DCSC primarily
comprises a vitiation air heater (VAH), a circular-to-rectangular shape transition (CRST)
nozzle, and a supersonic combustor. The DCSC’s design aims to establish stabilized
supersonic flow fields with a Mach number of 2.0 and a static temperature of 1000 K
within the isolator. The VAH, which is a small rocket combustor designed to supply a
supersonic flow with a high-enthalpy, has a similar shape to the Rocket Combustor Model-1
(RCM-1) by Marshall et al. [57]. The VAH has a single shear-coaxial injector injecting
gaseous hydrogen and oxygen. One different point compared to RCM-1 is that the VAH
has 24 hole-type air injectors positioned radially along the head side.

Figure 1. Configuration of the Pusan natl. University (PNU) direct-connect supersonic combus-
tor (DCSC).

The VAH’s cross-section is circular, while the isolator section of the supersonic com-
bustor has a square cross-section with an edge length of 2.0 mm. Consequently, when
the high-enthalpy flow is channeled from the VAH to the isolator, a non-uniform flow
and boundary layer may be formed. To mitigate this, CRST nozzles were conceived to
suppress flow inhomogeneity and generate an optimal boundary layer [58]. Leveraging
cross-sectional data derived from the two-dimensional axisymmetric Method of Char-
acteristics (MOC) design, the 3D CRST nozzle was developed by integrating the shape
transition function, accounting for the cross-sectional shift from circular to square. The
three-dimensional steady-state numerical analysis results validated the achievement of a



Aerospace 2023, 10, 932

8 of 34

62.9mm

homogenous Mach number distribution and the development of a homogenous boundary
layer in the CRST nozzle exit region [58].

The computational domain is from the downstream of the vitiation air heater (VAH)
to a wake region after the exit of the supersonic combustor. Figure 2 illustrates the entire
computational domain, excluding the wake region of the supersonic combustor. To impose
an accurate mass flow rate, the entire computational region was transformed into the
area ratio of a square duct with a width of 2.0 mm. The isolator is 350 mm long from the
endpoint of the circular-to-rectangular shape transition (CRST) nozzle. From the end of the
isolator, an expansion angle of 2° was applied to the upper wall of the combustor. Gaseous
hydrogen is injected at a 30° angle. Originally, the fuel injection port was an oval shape
with a shortened axis of 2.0 mm and a longer axis of 3.675 mm. For the two-dimensional
numerical simulation, the fuel injection port was transformed into a slit with a width of
0.029 mm. The cavity has a ramp angle of 60° and a length-to-depth ratio of 3.

Fuel
injection  10.0 mm . 20
303 60
I 20.0 mm 30.9 mm

135 mm

<—>| o
30 mm 30 mm

350 mm 400 mm

VAH

CRST nozzle

Constant area isolator Supersonic combustor

Incoming flow (vitiated air)

Incoming flow(ambient air) —=
:Mach #0.01,300 K, 1 bar —T2

Shape transition nozzle throat Combustor, cavity close-out region Combustor exit and far field region

Figure 2. Specific size and grid configuration of the computational domain [26].

All walls except for the inflow, outflow, and fuel injector were imposed a no-slip
adiabatic wall condition. The initial conditions for both the VAH downstream and the
supersonic combustor are outlined in Table 1. A total of 16 grid levels were employed for
the grid convergence test. Except for the combustor wake region, the coarsest and finest
grids comprised around 133,000 and 683,000 grid points, respectively. The y+ value of
the wall surface was maintained below 0.7~1.0, contingent on the grid level, to ensure
adequate sub-boundary layer consideration. The present grid topology is based on a
structure grid. Therefore, the y+ value is identical throughout the entire wall surface at
the isolator. Due to roughly 30 grid points within the boundary layer region, most of the
turbulent kinetic energy was resolved in the boundary layer. For the grid convergence test,
fuel was injected at an equivalence ratio, ¢ of 0.30, representing a stable combustion mode,
and the time-averaged outcomes were collected over 20 ms. The grid convergence study
showed that the same pressure fields are derived at about 571,000 and 683,000 grid systems.
The results of the grid refinement study are detailed in the previous study [26]. The current
computational domain encompasses approximately 571,000 grid points, consistent with
the previous research.
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Table 1. Inflow, initial, and fuel injection condition on DCSC.
VAH Fuel Injection
Downstream ¢ =~ 0.30 ¢ =~ 0.35 ¢ ~0.40 ¢ ~ 045 ¢ ~ 0.50
Mach number 0.01 Sonic condition
Temperature (Tp) 1675.0K 293.15K
Pressure (Py) 17.25 bar 5.0 bar 5.9 bar 6.7 bar 7.6 bar 8.4 bar
H, - 100

Volume N> 60.5 -
[%] O, 21.1 -
H,O 18.4 -

2.5. Validation

Due to the ongoing calibration of the experimental test rig to fulfill the design point,
our previous study was conducted to validate the numerical framework using Evans et al.’s
supersonic jet problem [26,59]. The results revealed that the present framework accurately
predicted pitot pressure distribution compared to the experiment and another numerical
study [60,61]. In the current study, validation was performed using experimental data
extracted from the design point experimental test. The incoming vitiated air features a total
pressure and total temperature of 17.64 £ 0.22 bar and 1753 + 37.0 K, respectively, with
a vitiated air composition in terms of mole fraction at Ny:H,O:O; = 0.6036:0.1984:0.1980.
This high enthalpy incoming air condition aligns exactly with the PNU-DCSC design
point. The fuel injection condition is 4.0 bar. Validation results show that the pressure
increase in the isolator region was not accurately captured due to the absence of the left
and right walls. However, the combustion pressure rises and declines of the combustor
exhibit good agreement with experimental results, as depicted in Figure 3. Therefore,
despite certain limitations attributed to the two-dimensional simulation, the present frame-

work can offer reasonable numerical results for comprehensively identifying the overall
macroscopic dynamics.
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Figure 3. (a) Time-averaged results of static temperature and pressure field under the validation
condition of PND-DCSC, (b) comparison between measured and calculated lower wall pressure.

2.6. Formation and Stabilization of Supersonic Flow Field

Starting scramjet engines requires specific sequences, such as forming supersonic flow
fields, fuel injection, ignition, and stabilization. Establishing these procedures is essential
for both experimental tests and numerical simulations. Therefore, a preliminary numerical
simulation was performed to investigate the time for requiring a supersonic flow field
stabilized at the entire field. The CFL number was maintained in the range of 5 to 10
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using the third-order MUSCL scheme to obtain data rapidly. The working fluid conditions
were imposed, as shown in Table 1. The results indicated that the time taken to stabilize
the supersonic flow field in the combustor after VAH starts was at least 4.0 ms. It was
confirmed that completely stable supersonic flow in the isolator satisfies the design point
as a Mach number of 2.0 and 1000 K. Based on the results, fuel was injected 8.0 ms after
the VAH was started. The time taken for the pressure fields to fully develop in the VAH
downstream should be considered in experimental tests. As previously mentioned, the
VAH in this study is similar in shape and operating condition to the RCM-1. In several
numerical studies on the RCM-1, it was observed that it took approximately 24 ms or more
to build up the pressure downstream of the VAH combustor. Therefore, in the combustion
test, it was estimated that about 30 ms is required to stabilize the supersonic flow field after
VAH starts.

3. Combustion Characteristics

Numerical simulation was performed at five global equivalence ratios from 0.30 to
0.50. As mentioned in the previous section, fuel was injected starting from 8.0 ms after the
stabilization of the supersonic flow field was completed. Up to 100 ms of the numerical
results were obtained at all the equivalence ratios. The time averaging was initiated starting
from 20 ms after the combustion flow field was sufficiently developed. Because the flow
through time (FIT) was only 0.2 ms, there was no lack of data acquisitions to derive the
time-averaged result. Before analyzing the combustion instability of the scramjet engine,
the combustion characteristics and the combustion mode and operating mode will be
explained in Sections 3.1 and 3.2. Section 3.3 presents the examination of the dynamics
of the pressure and temperature fluctuation using the x-t diagram on the wall. Next, the
investigation of the dynamics of upstream-traveling shock waves in the cavity shear-layer
combustion mode is presented in Section 4.1. The transition process of the combustion
mode is explained in Section 4.2, and the dynamics of the upstream-traveling shock wave in
the jet-wake combustion mode is presented in Section 4.3. The analysis of the low-frequency
supersonic combustion instability and difference as a function of the equivalence ratio and
combustion mode is presented in Sections 4.4 and 4.5.

3.1. Combustion Modes

The combustion mode of a supersonic combustor is determined by the fuel injection
scheme, combustor shape, and cavity condition and can be broadly classified into cavity
shear-layer and jet-wake combustion modes [6,62-66]. Alongside the combustion mode, the
operating mode, which can be categorized as ram/scram mode, is a crucial parameter for
characterizing the reactive flow field. The instantaneous results for each property at 100 ms
are depicted in Figure 4. Initially, within an equivalence ratio range of 0.3~0.4, the shear
layer of the fuel stream originating from the cavity region is distinctly observable in the flow
field. The formation of this shear layer is accompanied by an intense OH concentration and
a temperature field distribution of over 2000 K. Furthermore, except within the shear layer,
a high-temperature flow field of 1500 K is distributed in the cavity region. After the cavity
close-out region, the combustion of the fuel stream intensified, leading to a substantial
elevation in the temperature distribution, reaching up to 3000 K. The pressure gradient
indicated the creation of expansion fans and oblique shock waves in the fuel injection
zone. These fans and shock waves have multiple reflections between the fuel stream and
the lower wall of the combustor. The maximum combustion pressure is anchored in the
rear of the cavity close-out region. With a further increase in the equivalence ratio to 0.45
or beyond, the fuel burned following injection, leading to a notable OH mass fraction
distribution near the injector side. Additionally, a high-temperature flow field was formed
in the forward recirculation region of the fuel injector. This process collapses the shear
layer of the fuel stream, the expansion fan, and the oblique shock wave structure. At the
pressure and pressure gradient contour, the gaseous fuel was observed to be immediately
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mixed and burned owing to the relatively strong injection pressure, and a subsonic flow
field was locally formed in this region.

Figure 4. Instantaneous result of (a) the concentration of the OH mass fraction, (b) temperature
distribution, (c) pressure gradient, and (d) pressure field depending on the global equivalence ratio.

Figure 5 illustrates the time-averaged OH mass fraction and temperature field out-
comes across all equivalence ratios. As the equivalence ratio transitions from 0.30 to 0.40,
distinct characteristics of the cavity shear-layer combustion mode become evident. Oblique
shockwaves and expansion fans, generated during fuel injection, form a sizable separation
region along the lower wall of the combustor, which is subsequently reflected. The fuel
stream undergoes mixing and combustion at the cavity close-out region, revealing a strong
combustion reaction within the mixing layer. Within this region, the mixing layer thickness
increases, accompanied by an expansion of the reaction area. At an equivalence ratio of
0.30, an intense combustion reaction and high-temperature distribution occur within the
fuel/air mixing layer, with the temperature field exceeding 2000 K. These findings imply
that the flow field manifests characteristics of the cavity shear-layer combustion mode
within the range of 0.30-0.40 equivalence ratios. However, at an equivalence ratio of 0.45,
the flow field showcases characteristics of both cavity shear-layer and jet-wake combustion
modes. Upon reaching an equivalence ratio of 0.50, the flow field distinctly manifests
jet-wake combustion mode characteristics. In this configuration, the injected fuel rapidly
mixes with the main flow, followed by combustion. Consequently, a high-temperature zone
exceeding 1400 K is formed between the fuel injector and the cavity. Notably, the shock
wave structures and separation region along the lower wall, triggered by fuel injection,
which were prominent at lower equivalence ratios, become absent. Moreover, elevated
temperature flow fields above 2000 K are distributed inside the cavity region.
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Figure 5. Time-averaged result of the (a) OH mass fraction distribution and density gradient and
(b) temperature distribution according to the global equivalence ratio.

The transition in combustion mode accompanies the variation in combustion regimes
with changes in the equivalence ratio. The time-averaged Takeno flame index [67], used to
distinguish non-premixed and premixed combustion regimes according to the combustion
mode, is depicted in Figure 6. At an equivalence ratio of 0.30-0.40, where the cavity shear-
layer combustion mode characteristics were observed, strong premixed combustion traits
were evident exclusively along the fuel stream. At an equivalence ratio of 0.3, this premixed
combustion region is extended upstream of the combustor. As the equivalence ratio
increased to 0.40, the premixed region gradually diminished, yet the trend persisted, and
the non-premixed combustion characteristics dominated inside the cavity. With an increase
in equivalence ratio to 0.45, non-premixed and premixed combustion traits were observable
in the jet-wake region following fuel injection. This suggests that the fuel injected at an
equivalence ratio of 0.45 promptly penetrated the main flow, mixing and burning thereafter.
This sort of numerical result shows that an equivalence ratio of 0.30-0.40 presents the cavity
shear-layer combustion mode, and above 0.45 has the jet-wake combustion mode.
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Figure 6. Time-averaged result of the Takeno flame index depending on the equivalence ratio.
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3.2. Operating Conditions

To confirm the operating mode under each equivalence ratio, both time-averaged
and instantaneous results for the Mach number distribution, represented by the Mach
line as a white iso-line, are depicted in Figure 7. At the low equivalence ratios ranging
from 0.30 to 0.40, which exhibited a cavity shear-layer combustion mode, large separation
regions were consistently observed along the lower wall of the combustor. Additionally,
the acceleration and deceleration of the Mach number, resulting from the shockwaves and
expansion fan structure induced by fuel injection, were noticeable. As the equivalence ratio
exceeded 0.45, the large separation region along the lower wall was significantly reduced.
Subsonic regions were formed between the fuel injector and the cavity. This subsonic
region expanded progressively with an increase in the equivalence ratio. At an equivalence
ratio of 0.50, the Mach number of the main flow notably decreased around a Mach number
of 1.5. There was a decline in the local Mach number. However, it did not fall below
sonic conditions. Consequently, considering the operating mode, the time-averaged Mach
number distribution indicated that the scram mode was sustained across all equivalence
ratio conditions. Nonetheless, the instantaneous results in Figure 7 demonstrate a mode
transition from scram to weak ram with thermal choking.

Figure 7. Time-averaged result of the Mach number distribution at each equivalence ratio, (bottom)
scatterplot at a global equivalence ratio of 0.50.

For a more quantitative analysis, an x-P-M scatterplot was generated, depicting the
relationship between Mach number and static pressure, as shown in Figure 8. The x-axis
of the scatterplot corresponds to the axial distance from the exit of the isolator to the
upstream section of the supersonic combustor, while the y-axis represents static pressure.
The contour represents the Mach number distribution. By abstracting spatial information
from the depicted region, the x-P-M scatterplot offers a significant advantage: facilitating
an effective quantitative analysis of pressure and Mach number distributions along the axial
direction. Figure 8 shows that the region of maximum combustion pressure anchored points
towards the cavity region to the fuel injection region as the equivalence ratio increases.
Owing to numerous grid points being concentrated to investigate boundary layer behavior
and separation regions along the wall, the physical properties near the wall, where no-slip
adiabatic conditions were applied, might be accentuated. Nonetheless, at equivalence ratios
of 0.35 and 0.40, the region between the fuel injector and the cavity remained supersonic,
with only a small section after the cavity exhibiting subsonic behavior within the combustor.
Except for these regions, there were no instances of the entire longitudinal axis being
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subsonic. Thus, the operating mode at equivalence ratios of 0.35 and 0.40 can be deemed
to consistently maintain the scram operating mode, as indicated in Figure 7. However,
in the x-P-M scatterplots obtained at equivalence ratios of 0.45 and 0.50, several subsonic
points were evident, particularly in the fuel injection region and the front wall of the cavity.
This suggests that a transition from the scram mode to the thermal choking mode or weak
ram mode occurs intermittently in these equivalence ratios. Nevertheless, considering the
limited extent of the subsonic region and the findings of the time-averaged Mach number
distribution presented in Figure 7, it is improper to propose a complete shift in operating
mode to ram or weak ram mode. Consequently, the analysis confirms that most flow fields
consistently maintained a thermally unchoked and supersonic state, with the operating
mode only intermittently shifting to weak ram mode. These transitions to weak ram mode
occur intermittently over a very short time window relative to the total operating time.
This is a combustion instability-induced phenomenon, and it will be explained in the
following section.
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Figure 8. Scatterplot showing the instantaneous Mach number and pressure field distribution at
100 ms according to the global equivalence ratio.

3.3. Fluctuation of Pressure and Temperature

Figure 9 shows the pressure distribution on the lower wall and the temperature field
distribution on the upper wall of the entire computational domain, except for the combustor
exit wake region (0 cm corresponds to the CRST nozzle exit or the isolator inlet and 75 cm
corresponds to the supersonic combustor exit). As mentioned above, fuel injection was
performed 8.0 ms after the start of the VAH.
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Figure 9. x-t diagram (a) of the pressure distribution on the lower wall and (b) the temperature
distribution on the upper wall of the combustor region according to the global equivalence ratio.

Figure 9 shows that the combustion pressure propagated into the isolator at all equiva-
lence ratios. First, at an equivalence ratio of 0.30, the combustion pressure propagated into
the isolator but showed a very stable state. At an equivalence ratio of 0.35, the pressure
propagation reached the central region of the isolator. In addition, the pressure gradient
exhibited a repetitive behavior and induced a weak disturbance in the flow field in the
combustor. Due to these dynamics, a weak oscillation was captured where the maximum
combustion pressure was anchored. Although a weak combustion oscillation occurred at
this equivalence ratio, it did not induce significant changes in the flow field.
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The maximum combustion pressure at an equivalence ratio of 0.40 was anchored in
the region of the cavity ramp angle. It was observed to maintain the cavity shear-layer
combustion mode as equal to the equivalence ratios of 0.30 and 0.35. However, the pressure
gradient indicating the repeated propagation—dissipation-repropagation dynamics in the
insulator induced a strong fluctuation in the region where the maximum combustion
pressure was anchored. When the pressure gradient inside the isolator was dissipated,
the maximum combustion pressure-anchored region was shifted toward the fuel injector
side. These dynamics, which were not observed at a low equivalence ratio, were observed
repeatedly over the entire time range. Therefore, it is expected that this perturbation is a
factor that caused the combustion instability and collapsed the flow field structure of the
cavity shear-layer combustion mode explained in Section 3.1.

At equivalence ratios of 0.45 and 0.50, similar propagation-dissipation-repropagation
dynamics of combustion pressure were observed. The maximum combustion pressure was
located along the cavity close-out region as in the low equivalence ratio conditions but
fluctuated significantly. This fluctuation gradually intensified and changed the combustion
mode to the jet-wake type at 73 and 42 ms, respectively. After the change in combustion
mode, the region of anchored maximum combustion pressure was changed from the cavity
immediately after fuel injection. In addition, the pressure propagation into the isolator
was similarly captured, but the cycle of this behavior was significantly shortened. In
addition, the combustion mode transition, which occurred after a considerable amount of
time, also demonstrated the importance of obtaining long-term results from a numerical
simulation perspective.

Figure 9 shows that the temperature field distribution of the upper wall varies sig-
nificantly depending on the combustion mode. For the equivalence ratio conditions that
maintained the cavity shear-layer combination mode, particularly the equivalence ratio of
0.30, the high-temperature distribution was observed only in the regions after the cavity.
At equivalence ratios of 0.35 and 0.40, a high-temperature distribution was locally detected
at the exit of the isolator when the disturbance occurred in the maximum combustion
pressure region. This tendency was further enhanced at equivalence ratios of 0.45 and 0.50.
After the transition to a jet-wake combustion mode, the pressure propagation to the isolator
induces a strong adverse pressure gradient and a higher-temperature flow than the cavity
shear-layer combustor mode.

The x—t diagram results at each equivalence ratio condition indicated that the effect of
the pressure propagating into the isolator increased with the increase in the equivalence
ratio, and the period significantly decreased when the combustion mode transition oc-
curred. Although there was a difference in strength, the interaction between the pressure
propagated to the isolator and the flow field inside the combustor was observed. Jiang
et al. [13] performed a simple numerical simulation on the phenomenon of heat release
generation in a constant cross-section flow path. They found that the spherical shock wave
generated downstream was propagated upstream, although there were differences with a
change in the inlet Mach number. This dynamic is caused by continuous heat release in a
scramjet combustor called an upstream-traveling shock wave. In addition, they found that
it is essential to maintain the balance between the inlet Mach number and these upstream-
traveling shock waves to prevent scramjet inlet unstart or engine surge, as reported in
several experimental studies [68]. The x—t diagram results, which are the numerical simu-
lation results over a long physical time, revealed that the upstream-traveling shock wave
induced combustion instability in the combustor and presented the possibility that it could
lead to scramjet unstart depending on the design and operating conditions.

4. Low-Frequency Combustion Instability
4.1. Dynamics of the Upstream-Traveling Shock Waves in the Cavity Shear-Layer
Combustion Mode
As previously confirmed, the upstream-traveling shock wave that causes combustion
oscillation or instability depends on the combustion mode and equivalence ratio. In
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particular, the propagation—dissipation-repropagation cycle within the isolator tends to be
very sensitive to the combustion mode. Therefore, it is necessary to classify the dynamics
of the upstream-traveling shock wave according to the combustion mode. For this purpose,
an equivalence ratio of 0.45 was chosen, in which the cavity shear-layer type and the
jet-wake type combustion modes were exhibited simultaneously. This section analyzed the
results obtained from 22.58-28.63 ms at an equivalence ratio of 0.45, which induced strong
combustion instability in the flow field of the cavity shear-layer combustion mode.

Figure 10 shows the instantaneous results of the pressure field plotted over time,
consisting of a single cycle of combustion instability. All data have been divided into
sections (A) through (G) according to the specific events. First, in section (A), a primary
upstream-traveling shock wave consisting of a multiple oblique shock structure accompa-
nied by a weak pressure gradient was gradually propagated to the isolator. The combustor
maintained the cavity shear-layer stabilized combustion mode, and the maximum combus-
tion pressure was homogeneously anchored at the cavity back wall, indicating the stability
of the combustion field. However, compared to section (A), where a stable reactive flow
field was maintained, disturbances start to occur in the fuel injection region in section (B).
Specific events from sections (A) to (C) are shown in Figures 11 and 12.
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Figure 10. Instantaneous result of the chronologically illustrated pressure field distribution;
(a) 25.58-27.10 ms, (b) 27.11-28.63 ms.: (A) propagation of the primary upstream-traveling shock
wave, (B-C) formation of the secondary upstream-traveling shock wave, (D-E) repropagation and dis-
sipation of the upstream-traveling shock wave, (F-G) regeneration of the primary upstream-traveling
shock wave.
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Figure 11. Pressure field distribution on the upper wall at the region between stable state and
propagation of secondary upstream-traveling shock wave.
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Figure 12. Instantaneous result of the (a) density gradient and (b) pressure field distribution at
the time range of the secondary upstream-traveling shock wave formation: (i) the state of cavity
shear-layer stabilized combustion mode, (ii) formation of the reflected shock waves and the initiation
of disturbance on the fuel stream, (iii-iv) increase in the pressure at the backside of the bow shock,
(v-vii) pressure propagation into the isolator, (viii) highly unstable state for fuel injection region.

The shock structure caused by fuel injection formed a separation region along the
lower wall of the combustor. The gradually growing separation region expanded towards
the upstream. At this time, multiple reflected shock waves were formed along with shock
wave boundary interaction in front of the separation region. These reflected shock waves
disturb the fuel stream and stimulate the fuel-air mixing. As a result, the combustion
pressure increased in all regions of the back of the oblique shock formed by the fuel
injection, and the subsonic region was expanded at the same time. Due to the expansion of
the subsonic region, the fuel penetration length increased. Therefore, the fuel was involved
in a combustion process immediately after injection, and a rapid increase in combustion
pressure occurred.

Owing to these processes, the structure of the cavity shear-layer combustion mode
was no longer observed. The change in the maximum combustion pressure region shifted
the separation bubble from the lower wall of the combustor to the isolator, as shown in
Figure 12(iv). A secondary upstream-traveling shock wave was generated and propagated
to the isolator due to the increased backpressure. This secondary upstream-traveling
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shock wave was accompanied by relatively higher pressure than the primary shock. The
secondary shock propagated the primary upstream-traveling shock wave, anchored to no
longer move upstream, as shown in section (B) of Figure 10. The re-propagation of the
primary upstream-traveling shock wave was observed in sections (C) to (D).

The propagation process and bifurcation of the separation region during the forma-
tion of the secondary upstream-traveling shock wave is shown in Figures 13 and 14. At
26.34 ms of an early stage of section (C), the separation bubble propagating toward the
isolator is exhibited on the lower wall. However, due to the high propagation velocity,
this separation continuously interacted with the oblique shocks generated by the primary
upstream-traveling shock wave. Starting from 26.46 ms, the separation region became
highly unstable. The pressure fluctuation distribution within the separation region is consis-
tent with the LES/DNS results and its modal analysis tendencies for shock wave-boundary
layer interaction (SBLI) instability [69,70]. The separation bubbles grew and spread rapidly
upstream of the isolator until about 26.76 ms. Soon, however, the unstable bubbles were
bifurcated, and the downstream bifurcated region was pushed back into the combustor.
The front of the bifurcated bubble traveled upstream of the isolator with the secondary
shock and propagated the primary upstream-traveling shock wave forward.

Highly unstable separation bubble

026 034 042 05

Figure 13. The propagation and bifurcation process of the secondary upstream-traveling shock wave.
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Figure 14. Pressure distribution on the lower wall at the region between the isolator upstream and
cavity front wall: (a) section (C), (b) section (D).
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Due to the rapid expansion of the shock structure, as shown in sections (C) and (D),
the downstream shock waves begin to dissipate. In addition, due to the formation and
propagation of the upstream-traveling shock wave, the expansion wave or shock wave
structure near the injector that appeared under the stable condition was no longer formed.
Figure 15 shows the instantaneous results at the initiation of the instability cycle and the
beginning of the dissipation of the upstream-traveling shock wave. The velocity contour
indicated that the effective cross-sectional area increased significantly when the primary
and secondary upstream-traveling shock wave was in the isolator. When the expansion fan
and the injector-induced shock wave structure were destroyed, the large separation zone
formed on the lower wall also collapsed. These collapses rapidly increased the effective
cross-sectional area at the combustor inlet, which was accompanied by a decrease in back
pressure. The ratio of the jet momentum along the height direction of the combustor to
the averaged value in the separator is shown on the right side of Figure 15. The effective
cross-sectional area expanded starting from approximately 26.58 ms, rapidly increasing
the jet momentum ratio, which released the backpressure and exhausted the mainstream.
The increase in effective cross-sectional area induced by the collapse of the shock wave
structure near the injector does not return to its original state (i.e., a stable state accompanied
by decreasing cross-sectional area until upstream-traveling shock wave propagating to
the isolator are entirely exhausted). Therefore, the dissipation and exhaustion of the
shock structure in the isolator were accelerated. The dissipation of the upstream-traveling
shock wave in the isolator progressed during the (D)—(E) section. During this process, the
separation bubbles on the wall formed by the shock structure in the isolator were blown
off. The detached bubbles develop into a locally low Mach number and high-pressure
region. Figure 16, which illustrates a certain temporal period of section (E), shows that
the blown-off bubble entered the combustor region and caused instability in the flow field
of the combustor. Most of the main flow remained supersonic, but the blown-off bubble
significantly reduced its velocity, and this phenomenon occurred continuously throughout
section (E).

t=25.58 ms
t=126.58 ms
t=28.63 ms

t=25.58 ms,cycle start
£ !

t=26.58 ms, dissipation start

m

t=28.63 ms, cche re-start

jun)
0.6

Figure 15. (a) Instantaneous results of the normalized x-direction velocity component (iso-line:
U/Uyes = 0.1), pressure field (iso-line: Mach number = 1.0), and (b) normalized jet momentum ratio
along the height direction.

Figure 16. Motion of the blowing-off separation bubble, which induces disturbance in the fuel
injection at section (E).
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The results of section (E) obtained at 27.12 ms in Figure 17 show that the local flow
field perturbation induced a strong combustion instability near the fuel injection region,
resulting in a maximum combustion pressure of 0.6 MPa. This dissipation progressed
until most shock structures collapsed, except for the leading upstream-traveling shock
wave. The leading upstream-traveling shock wave maintained a pressure level higher than
the free stream pressure of 0.22 MPa until 27.29 ms. After that, the pressure level in the
isolator gradually decreased due to the dissipation of the shock. Due to the combustion
instability caused by the exhaustion process of the upstream-traveling shock wave, which
was observed throughout section (D)-(E), the combustor could not switch to the cavity
shear-layer stabilized combustion mode. After reaching section (F), the dissipation of
shock waves in the insulator was completed. At the same time, the combustion mode
was stabilized. Section (F) of Figure 17 shows the formation of a stabilized pressure
field in the combustor. The pressure distribution of the stabilized flow field is consistent
with that shown in section (A). However, a primary upstream-traveling shock wave was
simultaneously formed and gradually propagated into the isolator.
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Figure 17. Pressure distribution on the lower wall at the region between the isolator upstream and
front wall of cavity: (a) section (E), (b) section (F).

The pressure history at the isolator and injector regions during combustion instability
is shown in Figure 18. Probes 1 to 4 were located upstream of the isolator, probes 5 and
6 were located downstream of the isolator, and the other probes were located near the
injector. The isolator inlet is at 0 cm, and probes 1 and 4 were located 5 and 15.5 cm from
the isolator inlet, respectively. When the upstream-traveling shock waves do not propagate
into the isolator, the pressure at probes 1-4 was equal to or up to 1.02 times the pressure
level of the main flow. However, when the shockwave propagated into the isolator, the
maximum pressure peak of probe 4 was approximately 1.2 times higher than the pressure
level of the main flow. In particular, the pressure fluctuated greatly between 25.58 and
28.63 ms due to the rapid collapse of the upstream-traveling shock wave and the blow-off
of the wall separation bubble. The pressure peak increased as it moved downstream,
resulting in probe 9 showing a 3.5 times higher pressure peak than the freestream. These
are significantly different from the pressure peak of the stabilized period, whose average
pressure level was 1.3 times higher than the pressure level of the freestream. The pressure
peaks shown in Figure 18 have a time interval of approximately 2.0 to 5.0 ms between
each peak. This indicates that the upstream-traveling shock wave behaved as a cycle
up to 5.0 ms in a region from the isolator to the combustor under the cavity shear-layer
combustion mode. The supersonic combustor, which has inherently unsteady combustion
characteristics, naturally exhibits high-frequency oscillations of several kHz. These suggest
that the upstream-traveling shock waves, which behave like a few ms cycle, play a crucial
role in generating the low-frequency supersonic combustion instability.
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Figure 18. Pressure history of each probe point on the lower wall of the computational region:
(a) upstream and (b) downstream of the isolator, (c) fuel injection point.
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4.2. Transition in the Combustion Mode

At an equivalence ratio of 0.45, the flow field maintained a cavity shear-layer combus-
tion mode until about 72 ms. However, with a further increase in the equivalence ratio, the
combustion mode was changed into the jet-wake combustion mode. The transition in the
combustion mode was accompanied by a complete change in the structure of the reactive
flow field and a difference in the dynamics of the combustion instability. This section
presents the investigation of the combustion mode transition process before identifying the
combustion instability characteristics depending on the combustion mode.

Figure 19 shows the Mach number distribution of each combustion mode and tran-
sition state at an equivalence ratio of 0.45. At 72.0 ms, the injected fuel flowed into the
cavity while maintaining the shape of a thin shear layer without mixing. After entering
the cavity region, the fuel stream is subjected to a growth-mixing—burning process. Fuel
injection caused continuous heat release in the combustor region, particularly at the cavity,
which increased backpressure after the injector region. The increased backpressure resulted
in flow separation on the top wall from the cavity side. The separation regions were ex-
tended toward the fuel injector side. With the growth of the separation region, the local
subsonic combustion regime was also extended, resulting in the dominance of the subsonic
combustion regime over the entire region of the injector.

As shown in Figure 20, the fuel stream, which flows with the shape of the shear layer
maintaining approximately 0.22 MPa and 300 K, gradually increased the temperature and
pressure fields as the expansion of the subsonic combustion regime was initiated from
the cavity. When the subsonic combustion regime expanded and reached the fuel injector,
the penetration length of the fuel increased significantly. The fuel was subjected to the
mixing-burning process immediately after injection, resulting in an increase in the pressure
and temperature, as shown in Figure 21. As a result, the subsonic combustion dominated
the entire region from fuel injection to the cavity, and a complete change of the combustion
mode to the jet-wake type occurred.
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Figure 19. (A) schematic of the combustion states according to the combustion mode [66], (B) Instan-
taneous result of the Mach number distribution on the fuel injection area.
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Figure 20. Normalized (a) pressure and (b) temperature distribution on the upper wall in the cavity
shear-layer combustion mode, transition state, and jet-wake combustion mode.
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Figure 21. Instantaneous result of the (a) static temperature, (b) density gradient, (c) static pressure,
and (d) OH mass fraction: (A-C) indicates the cavity shear-layer combustion mode, transition state,
and the jet-wake combustion mode, respectively.
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Therefore, at an equivalence ratio of 0.45, the combustion mode changed from the
cavity shear-layer to the jet-wake combustion mode after 73 ms. With the transition in the
combustion mode to the jet-wake combustion mode, the structure of the shock and flow
fields by fuel injection was completely changed. Due to the large separation region, the fuel
penetration length and fuel-air mixing performance are increased. The rapid combustion
process resulted in a high-temperature distribution in the region between the injector
and the cavity. Thus, the temperature reached around 3000 K in the entire cavity region.
However, even after the combustion mode transition, the scramjet mode is maintained
with no thermal choking at an equivalence ratio of 0.45. The region of anchored maximum
combustion pressure shifted from the cavity close-out region to the fuel injector side.

4.3. Dynamics of the Upstream-Traveling Shock Wave in the Jet-Wake-Type Combustion Mode

The transition in the combustion mode affects the dynamics of the upstream-traveling
shock wave. The x-t diagram in Figure 10 highlights that the period of the upstream-
traveling shock wave decreases during combustion mode transitions. The results between
82.54 to 84.57 ms under an equivalence ratio of 0.45 were utilized for a more detailed
analysis. In the cavity shear-layer combustion mode, aside from combustion instability
occurrences periods, the pressure distribution and shock structure appeared relatively
uniform. Conversely, the jet-wake combustion mode displayed an inhomogeneous flow
field and highly unsteady dynamic motion. However, a closer inspection, as shown
in the middle of section B and the beginning of section C in Figure 22, reveals distinct
characteristics in the pressure distribution during combustion instability events, indicating
disturbance generation in the coherent structure.
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Figure 22. Instantaneous result of the chronologically-illustrated pressure field distribution;
(a) 82.54~83.54 ms, (b) 83.57~84.57 ms.: In this time period, the combustion mode presents as
the jet-wake type. (A) formation of the upstream-traveling shock wave, (B,C) formation and collision
of the new upstream-traveling shock wave.

In section (A), the upstream-traveling shock wave was formed with a much higher
propagation velocity than the cavity shear-layer combustion mode. These shock waves were
not anchored to a specific region in the isolator but were continuously propagated upstream.
A new upstream-traveling shock wave was formed in section (B), but its downstream
structure began to collapse simultaneously. The collapse of the newly formed shock and the
dissipation of the upstream-traveling shock wave already propagated induces a disturbance
in the fuel injector side. At the end of section (B), the upstream-traveling shock wave no
longer propagated upstream of the isolator, and the pressure level also decreased. However,
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the disturbance of the fuel injector forms an additional upstream-traveling shock wave.
This shock wave is also propagated to the isolator region. This process was observed
repeatedly throughout the time domain result, corresponding to the jet-wave combustion
mode. In addition, considering that the (A)—(C) section was approximately 2 ms, it can
be confirmed that the period of combustion instability was in the order of 2 ms. In the
cavity shear-layer combustion mode, a cycle only ended when the entire structure of the
upstream-traveling shock wave was exhausted from the isolator. However, in the jet-wake
combustion mode, as shown in Figure 22, a new upstream-traveling shock wave is formed
and propagated with the start of a new cycle before the shock waves remaining in the
isolator are completely exhausted.

The shock structure formed by the fuel injection, which is a key factor in the in-
crease/decrease in the effective cross-sectional area, could not be generated in the jet-wake
combustion mode. Figure 23 shows no significant change in the effective cross-sectional
area in the jet-wake combustion mode. Similarly, there is no dramatic change in the pressure
level at the time of cycle initiation and when the upstream-traveling shock wave begins to
dissipate. In addition, the normalized jet momentum ratio was similar throughout the time
range. To summarize, combustion oscillation or instability exists, but the pressure level
and the effective cross-sectional area are not extremely changed. This indicates that the
upstream-traveling shock waves inside the isolator were retained within the isolator rather
than being completely exhausted during each cycle.
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Figure 23. (a) Instantaneous results of the normalized x-direction velocity component (iso-line:
U/Ujes = 0.1), pressure field (iso-line: Mach number = 1.0), and (b) normalized jet momentum ratio
along the height direction.

The period of combustion instability in the jet-wake combustion mode at an equiv-
alence ratio of 0.45 can be distinguished using the pressure history shown in Figure 24.
There are no pressure peaks in probe 1, which is located upstream of the isolator. The pres-
sure peak caused by the upstream-traveling shock wave was first observed in probe 2. In
addition, the reaching point of the upstream-traveling shock wave showed approximately
the same tendency as that of the cavity shear-layer combustion mode shown in Figure 18.
The pressure level of the peak in probes 3 and 4 (1.3-1.4 bar) is the same as the pressure
history result under the cavity shear-layer combustion mode. The peak pressure level
of probes 5 and 6 is identical to that of the cavity shear-layer combustion mode. These
interesting results indicate that the change in combustion mode does not affect the peak
pressure level of the upstream-traveling shock wave. However, the time interval between
the pressure peaks of probe 4 was approximately 2.0-2.5 ms, significantly shorter than that
of the cavity shear-layer combustion mode, with a maximum interval of around 5.0 ms.
These results suggest that the combustion mode transition caused significant differences
in the propagation velocity and occurrence interval of the upstream-traveling shock wave
into the isolator but did not affect the pressure level and reaching point.
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Figure 24. Pressure history of each probe point on the lower wall of the computational region:
(a) upstream and (b) downstream of the isolator, (c) fuel injection point.

4.4. Factors Affecting the Dynamics of the Upstream-Traveling Shock Wave

The previous section confirmed that the combustion mode dominated the upstream-
traveling shock wave’s propagation speed and occurrence intervals. This result was
obtained by analyzing the results obtained under different combustion modes at the same
equivalence ratio. Therefore, it is necessary to investigate whether these results are similar
under other equivalence ratio conditions. The pressure history at all equivalence ratios
is shown in Figure 25. The noted pressure histories are extracted from the several probes
located upstream and downstream of the isolator. The transition to the jet-wake combustion
mode was observed in the results obtained at equivalence ratios of 0.45 and 0.50, and this
transition occurred at approximately 73 and 41 ms, respectively.

First, in probes 3 and 4, a stable state was observed during the entire time range at an
equivalence ratio of 0.30. Several pressure peaks were observed at an equivalence ratio of
0.35 but presented as stable under most of the time range. This indicates that at equivalence
ratios of 0.30 and 0.35, no upstream-traveling shock wave was formed and propagated to
the isolator. At an equivalence ratio of 0.40, a pressure peak up to 1.2 times higher than
the mainstream was observed, while at an equivalence ratio of 0.50, a pressure peak up to
1.4 times higher was measured. The interesting point is that there was no change in the
pressure level of the peak point observed at equivalence ratios of 0.45 and 0.50 after the
combustion mode transition. These results indicate that the pressure level accompanied by
the upstream-traveling shock wave is controlled by the equivalence ratio rather than the
combustion mode.

However, the occurrence interval of the upstream-traveling shock wave was not
related to the equivalence ratio but to the combustion mode, which is consistent with the
observation presented in the previous sections. With the transition in the combustion
mode at an equivalence ratio of 0.45, the interval between the pressure peaks decreased
from approximately 2.0-5.0 ms to 2.0-2.5 ms. At an equivalence ratio of 0.50, the interval
decreased to under 1 ms. These results indicate that the combustion mode dominated the
occurrence interval of the upstream-traveling shock waves.
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Figure 25. Pressure history according to the global equivalence ratio; probe point located at the
isolator (a) upstream and (b) downstream.

4.5. Characteristics of the Combustion Instability

In our previous study [26], frequency analysis was performed using the pressure data
of the entire time domain. Therefore, the effect on the combustion mode transition could
not be characterized. The frequency analysis results are illustrated in Figures 26 and 27.
The analysis utilized two distinct pressure histories: the results under the cavity shear-layer
combustion mode and the results under the jet-wake combustion mode. As explained in
previous sections, the transition in the combustion mode occurred at equivalence ratios of
0.45 and 0.50. Therefore, the FFT results of the cavity shear-layer combustion mode and the
jet-wake combustion mode are depicted in Figures 26 and 27, respectively. The top three
instability frequencies for each combustion mode and each extraction point under the cases
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where the upstream-traveling shock wave and combustion instability were generated (i.e.,
¢ ~ 0.40, 0.45, 0.50) are presented in Table 2.

" Probe 05 * Probe 8
P ————— ¢=0.30,20 ~100 ms I ———— ¢=0.30,20 ~100 ms
F————— ¢=0.35,20~100 ms F———— ¢=0.35,20 ~100 ms
- ————— ¢=0.40, 20 ~100 ms F————— ¢=0.40,20 ~100 ms
$¢=0.45,20 ~ 73 ms i $=0.45,20 ~ 73 ms

i $=0.50,20 ~ 41 ms

| $=0.50,20 ~ 41 ms
- FFT results, isolator
| Cavity shearrlayer combustion mode

- FFT results, combustor
| Cavity shearrlayer combustion mode

Amplitude (-)
Amplitude (-)

1 10 10 104 104

Frequency (Hz)

10' 10
(b) Frequency (Hz)

Figure 26. FFT results of the pressure history extracted from the probe point at the isolator upstream
(a) and the combustor (b) under the cavity shear-layer combustion mode.
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Figure 27. FFT results of the pressure history extracted from the probe point at the isolator upstream
(a) and the combustor (b) under the jet-wake combustion mode.

Table 2. Three major instability frequencies of each global equivalence ratio under the different

combustion mode.

Cavity Shear-Layer Comb. Mode (Hz) Jet-Wake Comb. Mode (Hz)

¢ Isolator Combustor Isolator Combustor
~0.40 222,248,492 250, 326, 444 -
~0.45 186, 266, 321 187, 285, 321 484, 615, 865 800, 835, 933
~0.50 238, 384, 527 192, 381, 522 412, 460, 959 843, 821, 418
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In the results of the cavity shear-layer combustion mode (Figure 26), first, at an
equivalence ratio of 0.30, the instability frequency was not detected. With an increase
in the equivalence ratio to 0.35, several frequencies were observed but were difficult to
characterize. However, at equivalence ratios of 0.40 to 0.50, major instability frequencies
were clearly detected. The frequencies of the major instability of all these three cases
were observed in the 200~500 Hz range in the isolator. This instability frequency, with
an approximately 200~500 Hz range, was also detected in the combustor region. At an
equivalence ratio of 0.45, 0,50 of Figure 27 and Table 2, which shows the frequency analysis
of the jet-wake combustion mode, the major peak instability frequencies of approximately
400~900 Hz and 800~900 Hz were observed in the isolator and the combustor, respectively.

We can find two interesting points in the characteristics of the instability frequency
through these results. First, the dynamics of the combustion instability under the cavity
shear-layer combustion mode are highly governed by the upstream-traveling shock waves.
However, under the jet-wake combustion mode, this coupling is weakened. In the cavity
shear-layer combustion mode, an identical instability frequency in both the isolator and the
combustor is detected. Considering the characteristics of the cavity shear-layer combustion
mode, where the mixing—combustion process in the fuel/air shear layer dominates the
entire combustion dynamics of the combustor, the dynamics of the upstream-traveling
shock wave within the isolator are expected to have a significant influence on the shear
layer, thus resulting in the combustion instability of the combustor being governed by
the upstream-traveling shock wave. However, in the jet-wake combustion mode, small-
scale vortex and winkling near the injector side and enlarging the subsonic region affect
the combustion characteristics. Due to such complex dynamics, even though there is a
similarity, the instability frequencies of the combustor do not perfectly coincide with those
in the isolator. Therefore, it can be determined that the influence of the upstream-traveling
shock wave on the low-frequency combustion instability of the jet-wake combustion mode
is weaker than that of the cavity shear-layer combustion mode.

Secondly;, it can be noted that low-frequency combustion instability frequencies are
determined by not only the equivalence ratio but also the combustion mode. This is evident
from Table 2, which demonstrates how low-frequency characteristics change due to the
combustion mode at the same equivalence ratio condition. Even at the same equivalence
ratio, transition of the combustion mode resulted in shifts in the instability frequencies.
For instance, at an equivalence ratio of 0.45, the instability frequencies changed from
187-321 Hz to 800-933 Hz, and at an equivalence ratio of 0.50, they transitioned from
192-522 Hz to 418-843 Hz. Typically, the combustion mode appears as the cavity shear-
layer combustion mode under the low global equivalence ratio. The cavity shear-layer
combustion mode can also be made up of relatively low-enthalpy incoming air conditions.
And, as the equivalence ratio increases or the enthalpy of the inflow condition increases, it
shows the jet-wake combustion mode. In a few experimental and numerical studies, it has
been mentioned that the instability frequencies occurring in the low-frequency range in a
scramjet combustor, which has a similar configuration to the present combustor, tend to
transition depending on the operating condition or combustion mode. The characteristics of
this instability frequency transition, so-called “instability frequency shifting,” vary depend-
ing on factors such as the incoming air’s enthalpy level, the fuel’s chemical composition,
injector schemes, etc. Nevertheless, it has been consistently reported that when there was
a low global equivalence ratio, the combustion instability was generated in a relatively
low-frequency range. [5,9,10,71]

However, the interesting point is that the “instability frequency shifting” does not
occur by increasing or decreasing the equivalence ratio, as depicted in Figures 26 and 27 and
Table 2. Also, Table 3, which arranges the information on the incoming air, fuel injection,
and instability frequencies of several experimental studies, provides supporting evidence
for this phenomenon. The experimental studies in Table 3 have similar configurations to
the present combustor.
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Table 3. Several experimental cases of low-frequency combustion instability and frequency shifting,
depending on the combustion mode which is formed by the incoming air and equivalence ratio.

Incoming Air Instability .
(To, Mach#) Frequency Global ¢ Combustion Mode
Lin et al. 120 Hz 0.62 . .

5] 1016.6 K, Mach# 2.2 260, 292 Hz 0.80 Did not mention
Micka et al. <1200 K, Mach# 2.2 200~250 Hz 0.60 Cavity shear-layer
[7] >1400 K, Mach# 2.2 1000 Hz 0.60 Jet-wake

100~500 Hz 0.07 Cavity shear-layer
Nakaﬁ;? etal. 1900 + 50 K, Mach# 2.0 100~1800 Hz 0.15 Jet-wake
100~1800 Hz 0.25 Jet-wake
Mene et al 150, 270, 480 Hz 0.10 Cavity shear-layer
¢ [%’ ' 1249 K, Mach # 2.5 180, 300, 459 Hz 0.14 Cavity shear-layer
300, 510 Hz 0.20 Jet-wake
187~321 Hz 0.45 Cavity shear-layer
Present 1675 K, Mach# 2.0 800~933 Hz 0.45 Jet-wake

This instability frequency shifting according to the combustion mode of the present
study is a consistent trend with other experimental studies noted in Table 3. Based on these
experimental findings and the present results that the instability frequency of the isolator
and the combustor are identical, and instability frequency shifting occurs under the same
equivalence ratio, this reveals that the “instability frequency shifting” is governed by the
combustion mode rather than the equivalence ratio. Also, the low-frequency combustion
instability in a scramjet combustor is highly coupled with the upstream-traveling shock
wave. Furthermore, considering that the formation/dissipation of the upstream-traveling
shock wave is caused by being coupled with hydro-combustion dynamic behavior, it can be
suggested that the combustion instability in scramjet engines is induced by hydrodynamics
issues on a macroscopic scale of the entire combustor.

5. Conclusions

This study performed a high-resolution numerical simulation on a laboratory-scale
gaseous hydrogen-fueled direct-connect scramjet combustor to investigate the low-frequency
combustion instability in a scramjet combustor reported in several experimental studies.
An enormous amount of sampling time over a repetitive cycle was accumulated in order to
capture the dynamics of the low-frequency combustion instability and its characteristics.
Field data of up to 100 ms were obtained under five global equivalence ratio conditions.
In particular, the dynamics of the upstream-traveling shock wave, which occurred with
periods of several ms, were successfully observed. The characteristics of the combustion
instability depending on the equivalence ratio and combustion mode were analyzed using
comprehensive numerical results, and the following conclusions were observed:

1.  Two different types of “upstream-traveling shock waves” were sequentially formed
and interacted under the cavity shear-layer combustion mode, resulting in the genera-
tion of combustion instability. The period of each cycle of combustion instability is
approximately 2.0-5.0 ms. In the jet-wake combustion mode, the “upstream-traveling
shock wave” with a strong pressure gradient and relatively higher propagation speed
with a period of approximately 2.0-2.5 ms was formed. Each shock wave has not
behaved sequentially but overlaps.

2. Combustion mode determined the propagation speed and occurrence interval of the
“upstream-traveling shock wave,” and the equivalence ratio governed the location at
which the shock reached the isolator and the accompanying pressure level.

3. The instability frequency is identical at the isolator and the combustor. This finding
confirms that the “upstream-traveling shock wave” is a primary factor generating
the combustion instability in a scramjet combustor. The formation/dissipation of the
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“upstream-traveling shock wave” is caused by the coupled fluid-combustion dynamics
of the isolator and the combustor. This indicates that the combustion instability of the
scramjet engine is a problem generated at a macroscopic scale throughout the entire
combustor.

4. The range of the instability frequency was increased, even under the same equivalence
ratio condition, once the combustion mode had changed from the cavity shear-layer
mode to the jet-wake mode. These results reveal that the “instability frequency
shifting” of the scramjet combustor is governed by the combustion mode rather than
the increase/decrease in the equivalence ratio.

The numerical results revealed the factors that characterize the macroscopic dynamics
of the upstream-traveling shockwave that caused combustion instability and its characteris-
tics. The combustion mode transition in this study was based on the passage of time under
the same fuel scheme and global equivalence conditions. Therefore, to characterize more
clearly the upstream-traveling shock waves depending on the differences between the com-
bustion mode and the global equivalence ratio, it is necessary to identify the characteristics
of the combustion mode transition generated