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Abstract

A comprehensive numerical analysis has been carried out for both non-reacting and reacting flows in a
scramjet engine combustor with and without a cavity. Transverse injection of hydrogen is considered over a
broad range of injection pressure. The corresponding equivalence ratio of the overall fuel/air mixture
ranges from 0.167 to 0.50. The work features detailed resolution of the flow and flame dynamics in the
combustor, which was not typically available in most of the previous studies. In particular, the oscillatory
flow characteristics are captured at a scale sufficient to identify the underlying physical mechanisms. Much
of the flow unsteadiness is related not only to the cavity, but also to the intrinsic unsteadiness in the flow-
field. The interactions between the unsteady flow and flame evolution may cause a large excursion of flow
oscillation. The roles of the cavity, injection pressure, and heat release in determining the flow dynamics are
examined systematically.
� 2004 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
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1. Introduction

The success of future high-speed air transpor-
tation will be strongly dependent on the develop-
ment of hypersonic air-breathing propulsion
engines. Although there exist many fundamental
issues, combustor represents one of the core tech-
nologies that dictate the development of hyper-
sonic propulsion systems. At a hypersonic flight
speed, the flow entering the combustor should be
maintained supersonic to avoid the excessive heat-
ing and dissociation of air. The residence time of
the air in a hypersonic engine is on the order of
1 ms for typical flight conditions. The fuel must
1540-7489/$ - see front matter � 2004 The Combustion Instit
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be injected, mixed with air, and burned completely
within such a short time span.

A number of studies have been carried out
worldwide, and various concepts have been sug-
gested for scramjet combustor configurations to
overcome the limitations given by the short flow
residence time. Among the various injection
schemes, transverse fuel injection into a channel
type of combustor appears to be the simplest
and has been used in several engine programs,
such as the Hyshot scramjet engine, an interna-
tional program lead by the University of Queens-
land [1]. For the enhancement of fuel/air mixing
and flame-holding, a cavity is often employed.
For example, the CIAM of Russia introduced
cavities into its engines [2] and US Air Force also
employed cavities in the supersonic combustion
experiments [3].
ute. Published by Elsevier Inc. All rights reserved.
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From the aspect of fluid dynamics, transverse
injection of fluid into a supersonic cross-flow
and flow unsteadiness associated with a cavity
are of significant interest due to their broad
applications in many engineering devices. Exten-
sive efforts have been applied to study these
phenomena, and much of the results have great
relevance to scramjet combustors. A comprehen-
sive study directly applied to combustor dynam-
ics, however, is rarely found. The obstacles lie in
the difficulties in conducting high-fidelity
experiments and numerical simulations to char-
acterize the flow transients at time and length
scales sufficient to resolve the underlying mecha-
nisms. The present study attempts to achieve
improved understanding of the unsteady flow
and flame dynamics in a realistic scramjet com-
bustor configuration employing a transverse fuel
injection and a flame holding cavity. Little is
known about this issue from the previous
studies.
2. Theoretical formulation and numerical treatment

2.1. Governing equations

The flowfield is assumed to be two-dimen-
sional for computational efficiency, and can be
described with the conservation equations for a
multi-component chemically reactive system.
The coupled form of the species conservation,
fluid dynamics, and turbulent transport equa-
tions can be summarized in a conservative vector
form as follows:
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where the conservative variable vector, Q, convec-
tive flux vectors, F andG, diffusion flux vectors, Fv

and Gv, and reaction source term W are defined in
Eqs. (2a) and (2b). Details of the governing equa-
tions and thermophysical properties are described
in [4]:

Q ¼

qi

qu

qv

e

qk

qx

2
666666664

3
777777775
; F ¼

qiu

qu2 þ p

quv

ðeþ pÞu
qku

qxu

2
666666664

3
777777775
; G ¼

qiv

quv

qv2 þ p

ðeþ pÞv
qkv

qxv

2
666666664

3
777777775
; ð2aÞ

Fv ¼

�qiu
d
i

sxx
sxy
bx

lkok=ox

lxox=ox

2
666666664

3
777777775
; Gv ¼

�qiv
d
i

sxy
syy
by

lkok=oy

lxox=oy

2
666666664

3
777777775
; W¼

wi

0

0

0

S1

S2

2
666666664

3
777777775
; ð2bÞ

where i denotes species i, ranging from 1 to N.
2.2. Chemistry model and turbulence closure

The present analysis employs the GRI-Mech
3.0 chemical kinetics mechanism for hydrogen–
air combustion [5]. The mechanism consists of
eight reactive species (H, H2, O, O2, H2O, OH,
H2O2, and HO2) and 25 reaction steps. Nitrogen
is assumed as an inert gas because its oxidation
process has only a minor effect on the flame evolu-
tion in a combustor. Turbulence closure is
achieved by means of Mentor�s shear stress trans-
port (SST) model derived from the k–x two-equa-
tion formulation [6]. This model is the blending of
the standard k–e model that is suitable for a shear
layer problem and the Wilcox k–x model that is
suitable for wall turbulence effect [7]. Baridna
et al. [8] reported that the SST model offers good
prediction formixing layers and jet flows, and is less
sensitive to initial values in numerical simulations.

Another important issue is the closure prob-
lems for the interaction of turbulence and chemis-
try in supersonic conditions. Recently, there were
many attempts to address this issue using LES
methods, PDF approaches, and other combustion
models extended from subsonic combustion con-
ditions. Although much useful advances were
achieved, the improvement was insignificant in
comparison with the results obtained from lami-
nar chemistry and experimental data, as discussed
by Möbus et al. [9]. A careful review of existing re-
sults, such as Norris and Edwards [10], suggests
that the solution accuracy seems to be more
dependent on grid resolution than the modeling
of turbulence–chemistry interaction. In view of
the lack of reliable models for turbulence–chemis-
try interactions, especially for supersonic flows,
the effect of turbulence on chemical reaction rate
is ignored in the present work.

2.3. Numerical methods

The governing equations were treated numeri-
cally using a finite volume approach. The convec-
tive fluxes were formulated using Roe�s FDS
method derived for multi-species reactive flows
along with the MUSCL approach utilizing a dif-
ferentiable limiter function. The spatial discretiza-
tion strategy satisfies the TVD conditions and
features a high-resolution shock capturing capa-
bility. The discretized equations were temporally
integrated using a second-order accurate, fully im-
plicit method. A Newton sub-iteration method
was also used to preserve the time accuracy and
solution stability. Detailed descriptions of the
governing equations and numerical formulation
are documented in a previous work [11].

2.4. Code verification

The overall approach has been validated
against a number of steady and unsteady flow
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problems including shock-induced combustion
oscillation. Good agreement has been obtained
with experimental data [12,13]. In addition,
numerical study was carried out to validate the
present turbulence modeling and to justify the
grid resolution for simulating transverse gas injec-
tion across the supersonic flow over a flat plate.
The analysis simulates the experiment described
in [14] with a static pressure ratio of 10.29, for
which several numerical studies have been previ-
ously carried out [15,16]. In this case, choked
nitrogen flow is vertically injected through a 1-
mm-wide slot located 33 cm behind the leading
edge into a supersonic airflow with a Mach num-
ber of 3.75. The present study used the same com-
putational domain as that of Chenault and Beran
[16]. Computations were carried out for various
combinations of grid systems having 71–351
points near the injection port in the streamwise
direction and 41–251 points clustered near the
wall in the transverse direction. Furthermore, a
parametric study was performed on the effects of
numerical and turbulence modeling parameters.
The numerical parameters were optimized to
maintain numerical stability and solution conver-
gence. The turbulence parameters of the SST
model [6] have negligible effects on the solutions
for the grid systems employed herein.

Figure 1 compares the wall-pressure distribu-
tions between the numerical and experimental re-
Fig. 1. Wall pressure distribution of the two-dimen-
sional transverse injection across the supersonic flow
over a flat plate.

Fig. 2. Scramjet combu
sults. A coarse grid results in a longer separation
distance ahead of the injection port and cannot
predict the pressure picks near the injection port,
although the solution seems to better match the
experimental result. The 281 · 201 and 351 · 251
grids have nearly identical results within 5% rela-
tive error range over the entire wall. In compari-
son with previous results, the present turbulence
model predicts the same separation distance and
peak pressure as the k–� model while maintaining
smooth pressure increase in the front separation
region. Also, pressure variation behind the injec-
tor is more closely predicted by the SST model.
The 281 · 201 grid was then applied to the scram-
jet combustor simulation. The minimum vertical
spacing is y+ 6 5, and 21 grid points are employed
in the injector port.
3. Scramjet combustor

3.1. Combustor geometry

The supersonic combustor considered in this
study is shown in Fig. 2, consisting of a transverse
fuel injector and a cavity. The model measures a
height of 20 cm and a length of 131 cm. The con-
figuration bears a close resemblance to the Hyshot
test model, except for the inclusion of a cavity. A
swallowing slot is employed to remove the bound-
ary layer from the inlet, and the combustor starts
with a sharp nose [1]. A cavity of 20 cm in length
and 5 cm in depth, with an aspect ratio of L/
D = 4.0, is placed at 20 cm downstream of the
injector.

3.2. Operating conditions

The incoming air flow to the combustor is set
to a Mach number of 3 at 600 K and 0.1 MPa.
This inlet condition roughly corresponds to a
flight Mach number of 5–6 at an altitude of
20 km, although the exact condition depends
on the inlet configuration. Gaseous hydrogen is
injected vertically through a chocked slot of
0.1 cm in width to the combustor. The fuel tem-
perature is set to 151 K. The injector exit pres-
sures are 0.5, 1.0, and 1.5 MPa, and the
overall equivalence ratios are 0.167, 0.33, and
0.5.
stor configuration.



Fig. 3. Magnified plot of computational grid around the
injector and the upstream part of the cavity.
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3.3. Combustor conditions

A total of 936 · 160 grids are used for the
main-combustor flow passage, and 159 · 161 grids
for the cavity. The grids are clustered around the
injector and near the solid wall. Fifty four grid
points are included in the injector slot, and the
minimum grid size near the wall is 70 lm. All
the solid surfaces are assumed to be no-slip and
adiabatic, except for the upper boundary, which
is assumed to be a slip wall due to flow symmetric
condition. Extrapolation is used to extract flow
properties for the exit boundary. The time step
is set to 6 ns according to the minimum grid size
for a CFL number of 2.0. Four sub-iterations
are used at each time step. Figure 3 is a magnified
plot of the computational grid around the injector
and the fore part of the cavity marked by the
dashed line in Fig. 2.
Fig. 4. Instantaneous temperature fields at 5 ms for non-
reacting flows without a cavity.

Fig. 5. Time history of pressure for non-reacting flows
without a cavity.
4. Results and discussion

Numerical simulations were carried out for 12
cases, including both non-reacting and reacting
flows, with and without the cavity, for three differ-
ent injection pressures of 0.5, 1.0, and 1.5 MPa.
The following sections will discuss the results for
each case. All the calculations were performed
for 6 ms from the initial condition, which is longer
than the typical test time of ground based experi-
ments. The instantaneous flowfields shown in the
following were taken at t = 5 ms.

4.1. Non-reacting flows without cavity

Figure 4 shows the instantaneous temperature
fields for the non-reacting flows without a cavity.
For the injection pressure ratio of 5.0, the flow-
field around the injector seems to be quite stable,
but a flow disturbance is observed at the location
around 40 cm where the first reflected shock wave
interacts with the shear layer between the fuel and
air flows. The disturbance propagates upstream
through the shear layer, but does not reach the
injector. The injector flow thus remains stable,
and the fuel flow is located very close to the lower
surface. The mechanism of the shear layer insta-
bility, which is triggered by the impinging oblique
shock wave, seems to be the one studied by Papa-
moschou and Roshko [17].

For the injection pressure ratio of 10.0, distur-
bance was generated during the early stage of the
computation in a manner similar to the case of the
injection pressure ratio of 5.0. It, however, propa-
gates upstream and triggers the injector flow to
become unstable. As a result, a large portion of
the flow area becomes subsonic and the injector
flow oscillates strongly. The unstable motion leads
to a higher fuel penetration and substantially en-
hanced fuel/air mixing. This injector flow instabil-
ity mechanism has previously been observed by
Papamoschou and Hubbard [18]. Ben-Yakar
et al. [19] found essentially the same phenomenon
in their supersonic combustion experiment. As the
injection pressure ratio further increases to 15.0,
the injector flow instability is getting stronger
and flow oscillations take place in the entire com-
bustor. The fuel penetrates to the middle of the
combustor and the mixing with the air is greatly
enhanced.

Figure 5 shows the temporal variation of the
pressure at the location of x = 59 cm from the
leading edge of the lower surface. This location



Fig. 6. Frequency spectra of pressure oscillations for
non-reacting flows without a cavity.

Fig. 8. Temporal variation of pressure for non-reacting
flows with a cavity.

J.-Y. Choi et al. / Proceedings of the Combustion Institute 30 (2005) 2851–2858 2855
is 5 cm downstream of the cavity, and is selected
because of its reflection of all the instability char-
acteristics discussed above. The curve for the
injection pressure ratio of 5.0 shows oscillations
generated by the interactions between the shock
wave and boundary layer. Similar results are ob-
tained for the high injection pressures. The flow-
field, however, becomes considerably unstable at
1.8 ms for the pressure ratio of 10.0 and at
1.0 ms for the pressure ratio of 15.0. Steady oscil-
lations are then reached, after a transitional peri-
od of 1–2 ms. Figure 6 shows the frequency
spectra of the pressure oscillations. A dominant
frequency exists around 15 kHz for the injection
pressure ratios of 10.0 and 15.0.

4.2. Non-reacting flows with cavity

Figure 7 shows the instantaneous temperature
fields for non-reacting flows with a cavity in the
chamber. In general, the cavity generates distur-
bances which propagate upstream and in turn
trigger the injector flow instability, even for the
case with a low injection pressure ratio of 5.0.
Thus, the flowfields exhibit considerable oscilla-
tions for all the injection pressure ratios consid-
ered here. The fuel penetration and subsequent
mixing with air are greatly enhanced by the cavi-
ty-driven flow oscillations.
Fig. 7. Instantaneous temperature fields at 5 ms for the
case of non-reacting flows with a cavity.
Figure 8 shows the pressure–time histories at
the location of x = 59 cm. For all the three injec-
tion pressure ratios, the injector flow instability
starts to occur at 1 ms, which is around the half
of the value for the cases without a cavity. Also,
the pressure fluctuation is much stronger with its
mean value maintained slightly higher than the
cases without a cavity. Figure 9 shows the fre-
quency spectra of pressure oscillations. Unlike
the case without a cavity, the dominant frequency
decreases from 15 kHz to around 1.5–2.5 and 4–
6 kHz. The specific value depends on the injection
pressure ratio. The intrinsic frequencies of the
cavity oscillation predicted by a Rossiter�s semi-
empirical formula and discussed by Ben-Yakar
and Hanson [20] are 1.9 kHz for the first mode
and 4.5 kHz for the second mode based on the
flow conditions considered in this study. Thus,
the present computational simulations give quite
satisfactory results, considering the complex flow
structures involving shock waves and fuel
injection.
Fig. 9. Frequency spectra of pressure oscillations for
non-reacting flows with a cavity.



Fig. 11. Pressure–time histories for reacting flows with-
out a cavity.

Fig. 12. Frequency spectra of pressure oscillations for
reacting flows without a cavity.
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4.3. Reacting flows without cavity

Figure 10 shows the instantaneous temperature
fields for reacting flows without a cavity. For the
injection pressure ratio of 5.0, combustion occurs
in the frontal separation region, but is not fully
established along the shear layer. This separation
region contains a pool of radicals and acts as a
preheating zone. The flame is not anchored there,
but in the region containing shock-wave/shear-
layer interactions where the instability occurs.
Downstream of this location, heat release from
chemical reactions takes place, accompanied with
large vortices convecting downstream. The overall
phenomena seem quite similar to a typical turbu-
lent diffusion flame generating large vorticities. It
is thought from this result that chemical reactions
do not intensify the disturbance to an extent suffi-
cient for triggering the instability of the injector
flow.

The temperature fields exhibit different charac-
teristics for the injection pressure ratios of 10.0
and 15.0. As a consequence of the large heat re-
lease, the pressure behind the injector builds up
and leads to a Mach reflection across the combus-
tor. A large subsonic region is thus formed down-
stream of the injector, and the injector flow no
longer shows a structure comprising of a leading
oblique shock wave, a frontal separation region,
etc. Instead, the fuel is injected though a narrow
width of a subsonic port, but can penetrate much
deeper. The frontal separated flow region, which
acts as a radical pool and a pre-heater, still exists
for the injection pressure ratio of 10.0, but disap-
pears for a higher pressure ratio of 15.0 due to the
fully subsonic environment near the injector. The
frontal separated flow region and the oblique
shock wave extend to the leading edge of the com-
bustor and are stabilized there by the fixed inlet
boundary condition.

Figure 11 shows the temporal evolution of the
pressure for the reacting flows without a cavity.
For the injection pressure ratio of 5.0, the final
pressure is slightly higher than that of the non-re-
acting case and the pressure builds up very slowly.
In contrast, the results for the pressure ratios of
10.0 and 15.0 indicate that the injector flow insta-
Fig. 10. Instantaneous temperature fields at 5 ms for
reacting flows without a cavity.
bility is triggered around 1 ms and the pressure
levels off at approximately 0.5 MPa around 3 ms
for the pressure ratio of 10.0, and at 0.6 MPa
around 1.5 ms for the ratio of 15.0. Figure 12
shows the frequency spectra of pressure oscilla-
tions. Unlike the non-reacting cases, no dominant
frequency is observed, and the spectra are widely
distributed.

4.4. Reacting flows with cavity

Figure 13 shows the instantaneous temperature
fields for the reacting flows with a cavity. For the
injection pressure ratio of 5.0, combustion is fully
established over the cavity, which acts as a flame
holder or a radical pool. The chamber pressure
reaches around 0.3 MPa, much greater than the
case without a cavity. For the injection pressure
ratios of 10.0 and 15.0, the pressure builds up rap-
idly and eventually leads to thermal chocking in
the chamber. The Mach reflection continuously
develops and is finally disgorged out of the inlet.
The pressure–time history shown in Fig. 14 indi-



Fig. 14. Pressure–time histories for reacting flows with a
cavity.

Fig. 13. Instantaneous temperature fields at 5 ms for
reacting flows with a cavity.
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cated that the combustion is established much ear-
lier than the cases without a cavity for all the
injection pressure ratios. This may be attributed
to the mixing and combustion enhancement by
the cavity, a phenomenon that can be understood
by comparing the pressure variations in Figs. 8
and 11. The frequency spectra in Fig. 15 exhibit
a broad distribution without any major dominant
harmonics, similar to the cases without a cavity.
Fig. 15. Frequency spectra of pressure oscillations for
reacting flows with a cavity.
5. Conclusion

The non-reacting and reacting flow dynamics
in a scramjet combustor was carefully studied by
means of a comprehensive numerical analysis.
The results show a wide variety of phenomena
resulting from the interactions between the injec-
tor flows, shock waves, boundary layers, and cav-
ity flows. Major findings are summarized as
follows:

1. Strong unsteady flow characteristics were iden-
tified for a scramjet combustor. The work
appears to be the first of its kind in the numer-
ical study of combustion oscillations in a
supersonic combustor.

2. Large flow disturbances can be generated by
shear layer instability that may be triggered
by the interactions with shock waves.

3. For all the cases studied herein, flow oscilla-
tions caused by the cavity override those
induced by the interactions between shock
waves and boundary layers.

4. Transverse injected jet can be triggered to
become unstable with disturbances arising
from a shear layer or a cavity. The disturbed
jet can penetrate deeper into the cross-flow
and improve the mixing with air. A more
detailed study is necessary to characterize the
stability of a transverse injected jet.

5. The roles of the cavity as a source of distur-
bance for the transverse jet oscillation, fuel/
air mixing enhancement, and flame-holding
improvement were clarified.

6. Unstable flow characteristics for the reacting
cases bear a close resemblance to those of
non-reacting flows except for a rapid chamber
pressure build-up to a higher level.

7. When the combustion takes place throughout
the entire chamber, an unstable Mach reflec-
tion is formed above the injector due to the
flow unsteadiness and results in a strong pres-
sure fluctuation on the upper wall.

8. As an extreme case of high pressure build-up,
thermal choking occurs in the combustor,
which may result in the combustor unstart
due to the forward-running strong shock
wave.

9. The present study can be extended to a more
realistic combustor configuration, but further
investigations are required to achieve better
understanding of detailed fluid and flame
dynamics in a scramjet combustor.
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Comment
In-Seuck Jeung, Seoul National University, Korea.
Would you comment on the application of boundary
layer control on the isolator area to mitigate the large
separation region due to the pre-combustion shock-
boundary layer interaction? Would you suggest this
boundary layer control might reduce the strength of
the flow unsteadiness?

Reply. The flow unsteadiness observed in the pres-
ent study can be classified into two categories: intrin-
sic flow instabilities and thermo-fluidic instability. The
intrinsic flow instabilities include supersonic cavity
flow oscillations and Richtmyer–Meshkov instability
in shock-wave/shear-layer interactions. The thermo-
fluidic instability is caused by combustor choking for
large-heat-addition cases. The results show that the
intrinsic flow instabilities have high-frequency low-am-
plitude oscillations but the thermo-fluidic instability
causes only large-scale motions. A large separation re-
gion ahead of the injector was present in every case
considered, but was irrelevant to intrinsic instabilities.
We are not sure whether the boundary layer control
can reduce the strength of the flow unsteadiness in-
duced by intrinsic instabilities, although we agree that
it may mitigate the large separation region. On the
other hand, the thermal choking is caused by the
overall thermodynamic balance in the combustor,
rather than a local flow dynamics. Therefore we could
not expect that the boundary layer control can miti-
gate the flow unsteadiness induced by thermal chok-
ing. Though not shown in the paper, a precursor
shock wave that progresses forward due to combustor
choking will blow off the large separation region
eventually.
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