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Steady- and unsteady-state numerical simulations have been carried out to investigate the ram accelerator
� ow� eld that had been studied experimentally using an expansion tube facility at Stanford University. Navier–

Stokes equations for chemically reactive � ows were used for the modeling with a detailed hydrogen–air combustion
mechanism. The governing equations were analyzed using a fully implicit and time-accurate total variation di-
minishing scheme. As a result, steady-state simulation reveals that the near-wall combustion regions are induced
by aerodynamic heating in the separated � ow region. This result agrees well with experiments in the case of the
2H2 ++ O2 ++ 17N2 mixture but fails to reproduce the centerline combustion in the case of the 2H2 ++ O2 ++ 12N2

mixture. To investigate the reason for this disagreement in the � ow establishment process, unsteady-state sim-
ulations have been carried out, and the results show the detailed process of � ow stabilization. The centerline
combustion is revealed to be an intermediate process during � ow stabilization. It is induced behind a Mach stem
formed by the intersection of strong oblique shock waves at an early stage of the � ow stabilization process. This
primary combustion zone is sustained for 30 and 40 ¹s respective to the mixtures and completely disappears later.
The overall time needed for � ow stabilization is about 150 ¹s, and the steady-state result is recovered.

Introduction

A RAM accelerator is a mass launching device using the prin-
ciple of ramjet propulsion as an acceleration mechanism of a

projectile in a barrel.1 In a ram accelerator,shock waves compress a
combustiblemixturegas, and thrust is generatedbyhigh-speedcom-
bustion mechanism, such as shock-induced combustion or oblique
detonation.In addition to the concept of a high-speed � ring system,
the ram acceleratorhas gainedpublic interestas a new space launch-
ing technology and a ground-based research model of a scramjet
engine.2 For the past decade, many experimental, theoretical, and
computational studies have been devoted to its development, and
several ram accelerator facilities have been constructed. Currently,
a maximum velocity of 2.7 km/s has been reported,3 even though
the theoretical performance of the ram accelerator is more than 10
km/s (Ref. 1). One of the practical reasons for the velocity limit is
a heat transfer problem, but a more basic problem is lack of aware-
ness of combustion characteristicsduring the acceleration process.
Actually, the combustion mechanism in the ram accelerator is not
yet clearly understood in spite of the various computational and
experimental studies.

In research of � ow physics, visualization should be the � rst
consideration for understanding the � ow� eld. Knowlen et al.4 and
Kruczynskiet al.5 presenteda highly luminouscombustionzonebe-
hind a projectileby direct photographyof a ram accelerator� ow� eld
using a thick transparentacrylic barrel. Sasoh et al.6 showed the de-
tailed process of a diaphragmrupturingwithout combustionusing a
specially fabricated optical barrel. However, detailed visualization
data of the reactive � ow� eld are not yet available due to dif� culties
arising from high luminosity and short � ight time. As an alternative
to the direct visualization of the moving ram accelerator � ow� eld,
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Morris et al.7 recently attempted the visualizationof stationary ram
accelerator � ow� eld using a model ram accelerator. An expansion
tube facility, capable of accelerating combustible gases up to hy-
personic velocity, was used to model the stationary ram accelerator
� ow� eld. The visualizationof the reactive � ow� eld was made pos-
sible using schlieren photography and a planar laser-induced � uo-
rescence (PLIF) imaging technique. Although the experiment was
carriedoutat very lowpressurecomparedto theactual� ll pressureof
the ram accelerator,the experimenthas importancefor the visualiza-
tion of reactive � ow in the ram acceleratorcon� guration in addition
to the highly tuned visualization techniques. The result of Morris
et al.7 is considered to show the important combustion mechanisms
in a ramaccelerator,especiallythe viscouseffectson the combustion
revealed by previous computational studies.8– 10 Nevertheless, their
results left some questions about the steadiness of the experiment
and the differencesbetween the experimentalcases. Also, clear un-
derstanding of the detailed � ow features needs more evidence than
their images provided; hence, computational methods would aid in
solving this problem.

A number of computational studies have been carried out pre-
viously, which presented important combustion physics in a ram
accelerator such as the viscous effect, the � ow establishment pro-
cess, and the structure of oblique detonations.8– 13 They presented
the highly resolved � ow� eld but lacked validation because the re-
sultswere rarelycomparedwith experimentalresults.The visualized
� ow� eld data were not available from experiments for some cases,
and other studies used ideal con� gurations that have not been used
in experiments. This paper presents the steady- and unsteady-state
computational simulations of the model ram accelerator � ow stud-
ied experimentallyby Morris et al.7 The combustion mechanism in
a ram accelerator is investigated by comparing the computational
results with experimental images, and issues about the steadinessof
the experiment and the difference between the experimental cases
are discussed.

Governing Equations and Combustion Mechanism
For the simulation of the model ram accelerator in an expan-

sion tube, coupled forms of species conservation equations and
Navier–Stokes equations are employed to analyze the reactive vis-
cous � ow in two-dimensional coordinates. The conservation form

537



538 CHOI, JEUNG, AND YOON

of the governingequationsfor N species is written in general curvi-
linear (»; ´) coordinates:
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Q D [½k ; ½u; ½v; e]T ; k D 1; : : : ; Ns (2)

where Q is the vector of conservative variables; F and G are the
convective � ux vectors in the » and ´ directions, respectively; Fv

and Gv are viscous � ux vectors; and W is the reaction source vec-
tor. The total density ½ is expressed as a sum of the partial density
½k of each species over a number of species Ns . Also, u and v are
velocity components in Cartesian coordinates (x; y), and the total
energy per unit volume e is de� ned as a sum of kinetic energy and
internal energy. J is the metric Jacobian obtained from a coordinate
transform relation. Detailed descriptions of the vectors in Eq. (1)
and additionalstate and constitutiveequations are well documented
in the literature.10 The present hydrogen–oxygen–nitrogen com-
bustion mechanism is obtained from a Jachimowski mechanism14

by ignoring the nitrogen dissociation reactions that have negligi-
ble effect on � ow� eld characteristics.The combustion mechanism
consists of 9 species and 19 reaction steps, which had been vali-
dated from the unsteady-state simulation of periodicallyoscillating
shock-induced combustion by comparing the oscillation frequen-
cies and the locationsof shock and reaction front with experimental
results.15

For the present simulation of the model combustor, the whole
� ow� eld is assumed to be laminar. Even with the very high � ow
velocity, the Reynolds number based on the combustor length is
about 1 £ 106 due to the small size of the model. Even though
shock wave/boundary-layer interaction could make the � ow tur-
bulent, there is no clear evidenceof the importanceof turbulenceon
the global combustioncharacteristicsin this experiment.Therefore,
the laminar assumption would be applicable in view of computa-
tional ef� ciency. Moreover, as was discussed previously,10 there is
no adequate turbulence model that can predict the interaction be-
tween the chemistry and turbulence in the region of strong shock
wave/boundary-layerinteraction.

Numerical Formulation
Equation (1) is discretized by a � nite volume approach. The nu-

merical schemes for the discretization are well documented in the
references10 ;15 and summarizedhere. The convective� uxes are for-
mulated using Roe’s � ux difference splitting method16 derived for
multispecies reactive � ow. A MUSCL-type variable extrapolation
approach is used to get a high-order spatial accuracy, and a differ-
entiable limiter is used to preserve the total variation diminishing
property.17 A central difference method is used for viscous � uxes.
For the case of the steady-state solution, a � rst-order accurate im-
plicit scheme is used for the temporal integration of the governing
equations. A lower–upper (LU) relaxation scheme18 is used for the
implicit analysis with approximate splitting of the � ux Jacobian
matrix.

In the case of unsteady-state simulation, the second-order accu-
rate implicit method is used for time integration. A Newton subit-
eration method is used to preserve the time accuracy and solution
stability at a large time step:
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where R is residual vector consisting of spatially discretized � ux
and source vectors, n is the index of the time integration step, and
m is the index of the subiteration step. The coef� cients c0 , c1 , and
c2 are the functions of variable time step size from second-order
temporal discretization.15

The implicit part of Eq. (3) is inverted by the following LU sym-
metric Gauss–Seidel sweeps at every subiteration level15:
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where

Di; j D c0I C [.AC ¡ A¡/ C .BC ¡ B¡/ ¡ Z]i; j (6)

Here, RHS is a vector consistingof the terms in the right-hand side
of Eq. (3). A§ and B§ are split � ux Jacobian matrices of convec-
tive � uxes F and G. Split � ux Jacobianmatrices are obtained by the
Steger–Warming method.17 Z is the Jacobianmatrix of the chemical
source term W. The subtraction terms of the split Jacobian matrices
in Eq. (6) are evaluated by a single formulation without the abun-
dant evaluation of split Jacobian matrices and matrix subtraction.
Also, thematrix vectorproductterm A§1Q on the right-handsideof
Eq. (5) isevaluatedin a compactvectorformulationwithout theeval-
uation of a split Jacobian matrix and a matrix–vector product. This
formulationis derivedin a manner similar to Eq. (16) in Ref. 10, and
detailsabout the formulationare describedin Ref. 15.The numerical
methods used in this study have been validated by the steady- and
unsteady-statesimulation of periodicallyoscillating shock-induced
combustion and other experimentally known phenomena.10;15

Model Geometry and Flow Conditions
Figure 1 is a schematic con� guration of the model ram accel-

erator used in the experiment by Morris et al.7 It was con� gured
symmetrically on the lower and upper sides to eliminate the effect
of the wall boundary layer that is very small in a real ram accelera-
tor con� guration.Because of this symmetric shape, the model looks
very similar to the hollow projectile con� gurations that were used
in the computational study by Thibault et al.19 and in the experi-
mental study by Sasoh et al.20 The experiment had been performed
for two differentmixtures,2H2 C O2 C 12N2 and 2H2 C O2 C 17N2,
and the � ow conditions of the test gases arriving at the model ram
accelerator are listed in Table 1. The computational domain is also

Table 1 Experimental conditions of test gases
at tube exit7

Case 2H2 C O2 C 17N2 2H2 C O2 C 12N2

M1 5.2 5.2
T1; K 350 350
p1 ; bar 0.112 0.112

Fig. 1 Schematic of the con� guration of model ram accelerator7 com-
pared with conventional ram accelerator geometry.
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Fig. 2 Comparison of experimental results and numerical results with steady-state assumption (courtesy of Morris et al.7 for the experimental
results): a) overlaid schlieren and OH PLIF image for 2H2 ++ O2 ++ 17N2 mixture; b) overlaid schlieren and OH PLIF image for 2H2 ++ O2 ++ 12N2
mixture; c) overlaid OH mass fraction distribution, temperature contours, and streamlines for 2H2 ++ O2 ++ 17N2 mixture; and d) overlaid OH mass
fraction distribution, temperature contours, and streamlines for 2H2 ++ O2 ++ 12N2 mixture.

shown in Fig. 1. The same computational domain is used for both
steady- and unsteady-statecomputations, and it is extended in front
of the model to include the wave interactions that may occur in the
initial phase of the unsteady-statecomputation.The computational
domain is covered by a 300 £ 200 grid system, which is equally
spaced in the � ow direction and clustered to both walls. No-slip
and adiabatic boundary conditions are applied at the body surfaces,
and a supersonic boundary condition is applied at the exit. A grid
re� nement study has been performed for the 2H2 C O2 C 17N2 case
with the steady-stateassumption;100 £ 100, 170 £ 120,200 £ 160,
300 £ 200, and 400 £ 250 grid systems have been tested; and
wall pressure and shear stress distributions were compared. Es-
sentially the same � ow features were found for all grid systems,
and the 300 £ 200 system is selected for further simulations to re-
solve the shock wave interactions that may occur in unsteady-state
simulations.

Experimental Results and Steady-State Simulation
In Fig. 2, experimental schlieren and OH PLIF images and com-

putational results are compared. In Fig. 2a, the experimental image
for the 2H2 C O2 C 17N2 mixture case, one can see that combustion
occurs actively around the wall, especially in the region covered by
the expansionwave, impinging shock,and wall boundary.From this
experimental result, the viscous effect was supposed to be a major
reason for the combustionregion formed along the body surface be-
causechemicalkineticcalculationsshow that the ignitiondelay time
behind the postshockregion along the forebody is much longer than
any other � ow timescales.7 In the 2H2 C O2 C 12N2 mixture case,
shown in Fig. 2b, the combustion region is formed not only around
both walls but also along the centerlineof the combustor.According
to Morris et al.,7 a small Mach stem is formed at the shock inter-
section region and results in mixture ignition, even though the � ow
condition behind the regular intersectionof oblique shock waves is
not suf� cient to induce the combustion just behind the intersection
point. From their results, it is understoodthat there are two combus-
tion mechanismsin ram accelerators:the combustioninducedby the
viscous effect and the shock-inducedcombustion.However, the ex-
perimental images are not clear enough to support their results, and
there couldbe some questionsabout the presenceand stabilityof the
Mach stem and the signi� cant differencebetween the two mixtures.

Steady-state numerical analyses were performed to verify the
steadiness of the combustion mechanisms of the two experimen-
tal cases. All of the � ow variables were set initially to the val-

ues of in� ow in Table 1. Computation is performed with local
time stepping with a Courant–Friedrichs–Lewy (CFL) number of
5. Figures 2c and 2d are the resulting overlaid plots of the distri-
bution of the OH mass fraction, temperature contours, and stream-
lines for each case. The result from the 2H2 C O2 C 17N2 mixture
in Fig. 2c shows the shock trains in the combustor and the combus-
tion region around the wall, and the OH concentration agrees well
with the experimental PLIF image. It is also found that the region
of high OH concentrationmatches well with the separated � ow re-
gion originating from shock wave/boundary-layer interaction.This
stagnated � ow region is bounded by expansion waves, impinging
shock wave, and wall boundary, and the � ow temperature increases
very greatly beyond the ignition temperature of mixture gas. Thus,
the aerodynamic heating in the shock wave/boundary-layer inter-
action is considered as a major ignition mechanism. Choi et al.10

have discussed a similar mechanism due to viscous effects in the
unsteady-state simulation of a ram accelerator.

The numerical result for the more energetic mixture of 2H2 C
O2 C 12N2 shows that the combustion region also is formed at both
walls only. This result is very similar to Fig. 2c, the result for the
2H2 C O2 C 17N2 mixture, but is signi� cantly different from the
experimental result in Fig. 2b. Contrary to the experimental result,
there is no combustion region at all along the centerline of the test
section, and the Mach stem is not found in the shock intersection
region.Althoughthis numerical result correspondsto the theoretical
estimation of Morris et al.,7 that is, the combustion is unlikely to
be initiated by the shock heating behind the regular intersection of
obliqueshockwave, it fails to reproducethe experimentalresult.7 To
� nd the cause of this disagreement in the starting unsteady process
of the experiment,a more realistic simulationof the experimentwas
carriedoutbyconsideringtheoperationmechanismof theexpansion
tube.21

Initial Condition of the Unsteady-State Simulation
and Passage of the Acceleration Gas

Because the steady-state assumption fails to reproduce the ex-
perimental result, a more realistic unsteady-state simulation was
carried out by considering the passage of the acceleration gas. As
an initial condition, it is assumed that the test section is � lled
with acceleration gas and a normal shock wave passes through
the computational domain from the inlet. That is, the postshock
condition is applied initially at the inlet. Although helium is used
in the experiment, hydrogen is selected as an acceleration gas for
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ef� ciency of the numerical simulation. Because a different accel-
eration gas is assumed in this study, the initial quiescent condi-
tion and the postshock condition of the acceleration gas are calcu-
lated from the normal shock theory and contact surface conditions
with assumed temperature of 300 K at the initial state. The cal-
culated conditions are given in Table 2. Assumption of hydro-
gen as an acceleration gas results in a slight overprediction of
Mach number and an underprediction of temperature in region 20
in Table 2; it is not signi� cant enough to distort the global � ow
characteristics.

Because the � ow Mach numberof the accelerationgas behind the
normal shock wave is too small to form an attached oblique shock
wave at the body surface, a bow shock will be re� ected at the body
and the shock wave will move forward to the model front. If a suf-
� ciently long time passes, a bow shock will be formed ahead of the
inlet, and this bow shock wave will collide with the contact surface
between the accelerationgas and test gas in front of the inlet. Actu-
ally, the time needed for the passage of the accelerationgas is about
300 ¹s (Ref. 22), and this � ow collision will occur at the end of the
acceleration gas time. Therefore, a considerable distance ahead of
the test model should be included in the computational domain to
capture this colliding � ow. For more precise simulation, the outer
� ow region of the test model should also be considered to capture
the standing bow shock ahead of the model, and the test gas time
of about 300 ¹s should be considered in the simulation. However,
the consideration of the outer � ow region and the inclusion of this
physical acceleration gas time would be a great burden for compu-
tations due to the computational time and capacity needed for the
simulation of the large physical time and the large computational
domain. Therefore, 50 ¹s of acceleration gas time is assumed, and
the effect of the outer � ow region is managed as a symmetric bound-
ary conditionat a lower and upperboundaryahead of the test model.
Although this 50-¹s acceleration gas time is small in comparison
with the actual value of about 300 ¹s and the standing bow shock
cannot be attained with this boundary condition, the location of the
shock wave at 50 ¹s is consideredas having the same order of mag-
nitude as in the actual situation.Also, this assumption is considered
as a proper one in regard to the computational load.

The physical time step used in the whole computational process
is 7.27 ns, corresponding to a CFL number of 2 for the minimum
grid spacing. Because the operating � uid is hydrogen only during
the accelerationgas time of 50 ¹s, the computation was performed

Table 2 Deduced � ow conditions of the acceleration gas with condi-
tions of the test gas and assumed acceleration gas temperature 300 K

Acceleration gasTest gas 5,a

refraction waves 20,a Contact discontinuity 10,a Shock wave

M5 D 5:2 M20 D 1:13 MS2 D 2:34
T5 D 350 K T20 D 596 K T10 D 300 Kb

p5 D 11:2 kPa p20 D 11:2 kPa p10 D 1:8 kPa
u5 D 2104 m/s u20 D 2104 m/s u10 D 0 m/s

aNumbers designate � ow regions in expansion tube.21

bAssumed value.

Fig. 3 Resulting temperature contours from the unsteady-state simulation for the acceleration gas; � nal � ow� eld data are used as an initial condition
for the unsteady-state simulation for the test gas.

excluding the chemistry source term for computational ef� ciency.
After this acceleration gas time, the � ow conditions of the mixture
at the back of the contact surface were used as in� ow boundary
conditions, and the computation was performed with the source
term of chemical reaction. For the reactive � ow simulation, the so-
lutionstabilityneedsfoursubiterationsand entropy� xingparameter
Q" [Eq. (41) of Ref. 10] of 0.4, even though two subiterations and
an entropy � xing parameter of 0.01 seemed to be suf� cient for the
nonreactive � ow calculation of acceleration gas.

The time-marchingprogressof the � ow� eld of accelerationgas is
plotted in Fig. 3. Temperature contours are plotted in Fig. 3 for the
monotone representation of compressibility and viscosity effects.
In Fig. 3, it is shown that typical detached bow shock waves are
established by the shock re� ection at the upper and lower surfaces
as a normal shock rushes into the model ram accelerator. As time
passes, two bow shockwaves intersect,re� ect at the walls, and form
a complex intersected shock train. After several times of this inter-
section/re� ection process, a normal shock wave is formed ahead
of the test section and runs forward to the inlet. At this stage, the
intensity of the shock train becomes very weak, and the gradient
of the � ow� eld is mitigated. Finally at 50 ¹s, the normal shock
moves up to the in� ow boundary, and the reactive � ow calculation
starts from then onwards by applying the postcontact surface mix-
ture condition at the in� ow boundary. In addition to the inviscid
� ow characteristics,we can also see the growth of boundary layers
at both walls.

Reactive Flow Simulation for the 2H2 ++ O2 ++ 12N2

Mixture Case
The resultof the reactive� ow simulationfor the2H2 C O2 C 12N2

case is plotted in Fig. 4. For the detailed representation of the re-
active � ow area, the distribution of OH mass fraction is plotted on
a logarithmic scale. At t D 58:17 ¹s, just after the beginning of the
reactive � ow calculation, a fast and weak normal shock wave, a
contact surface, and a slow and strong normal shock wave are ob-
served as a result of the intersectionbetween the contact surfaceand
the forward running normal shock wave. As the contact surface and
strong normal shock rush into the test section, dual-angled oblique
shock waves are formed at the nose of the model ram accelerator.
Between the oblique shock waves of different angles, the small an-
gled one is a weak oblique shock wave and the large angled one
is a strong shock wave formed by the in� uence of the high-density
region between the strong normal shock wave and contact surface.
Mach waves and slip lines are formed at the intersection point. As
the time passes, the cross-sectional area of the normal shock wave
is getting smaller, and upper and lower strong oblique shock waves
intersect with each other at around t D 80:00 ¹s.

The intersection of the strong oblique shock waves forms a new
strong normal shock wave or a Mach stem at the center of the test
section.Complex wave intersectionsare noticedduring this process,
but they do not seem to be important from the viewpoint of major
combustion phenomena. The strength of the new Mach stem seems
to begreaterthan thepreviousnormalshock,and themixture� ow ig-
nites by the shock heating behind the Mach stem. After the ignition,
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Fig. 4 Overlaid temperature contours and OH mass fraction distributions showing unsteady combustion process of 2H2 ++ O2 ++ 12N2 mixture;
combustion region is magni� ed after t = 94:54 ¹s.

the combustionproceedsvery rapidly, and the Mach stem transits to
a normal shock-induced combustion or a normal detonation wave.
As a result of the presence of a strong normal detonation, the large
value of the entropy � xing parameter was needed in the computa-
tion, because the small valueof it results in carbuncleand even– odd
decouplingphenomena.The normal detonationis maintainedwith a
con� gurationof a triple-pointinteractionmechanismfor a long time
after the disappearanceof strong oblique shock waves. An oblique
shock wave originating from the triple interaction point re� ects at
the wall surface, and a contact surface (slip line) is formed parallel
to the wall, which acts as a � ame boundary. The � ame boundary is
representedas a thick temperaturegradient across which the burned
gas and the unburned gas are segregated. The combustion initiated
by the normal detonation wave forms a long burned gas core that
extends to the exit along the centerline of the test section. This
transient result is comparable to the experimental result in Fig. 2b.
Meanwhile, the intersection of the re� ected oblique shock waves
makes a secondary Mach stem in the rear part of the test section,
which enhances the combustion and forms a secondary combustion
zone. This mechanism of shock wave enhancement of combustion
is very similar to that of a supersonic diffusion � ame.23

The burned gas core is maintained for a suf� ciently long time
as long as the Mach stem (normal detonation wave) exists. How-
ever, the cross section of the normal detonation is getting smaller
and � nally disappears after t D 134:54 ¹s. After the disappearance
of the normal detonation, two oblique shock waves intersect with
each other at the center of the test section.Behind the regular shock
intersection, the � ow speed increases to supersonic speed, and the
shock heating is not high enough to ignite the mixture. In accor-
dance with the disappearance of the normal detonation wave, the
ignition source in the core of test section, the burned gas region
detaches at the intersection point of the oblique shock wave and
� ashes downstream after t D 138:18 ¹s. Therefore, the experimen-

tally obtained schlieren/OH PLIF image of the Fig. 2b case is not
considered as an image of stabilized � ow but is considered as a in-
termediate one at a time around 120 ¹s. Even though the secondary
combustion zone enhances the combustion, it is not suf� cient to be
a � ame holding mechanism. Thus, the central burned gas region
completely disappears after t D 163:62 ¹s. The � ow� eld appears
to be nearly stabilized after this situation, although there are some
disturbances in the boundary layer.

On the other hand, after t D 95:54 ¹s, combustion progresses in
the separated � ow region that originates from the oblique shock
wave/boundary-layerinteractionand the adverse pressure gradient.
The separated � ow region expands with the progress of combus-
tion but is bounded by the tail of the expansion fan, the re� ected
oblique shock wave, and the wall. The combustionof this separated
� ow region is ignited by the aerodynamicheating of stagnated � ow
and is maintained to the end of the computation. Although there
could be a question about the structure of vortex in the separated
� ow region due to the assumption of laminar � ow, it would not be
an important problem in view of the global combustion mechanism
because the separated � ow region is bounded by inviscid � ow char-
acteristics and does not have a great in� uence on the global � ow
features. According to these inviscid and viscous combustion char-
acteristics, the transient solution shows reasonable agreement with
the experimentalOH PLIF image in Fig. 2b, but the � nal solutionof
the unsteady-state simulation agrees with the result of steady-state
simulation in Fig. 2d.

Comparison of 2H2 ++ O2 ++ 12N2

and 2H2 ++ O2 ++ 17N2 Mixtures
Unsteady-state simulation of the 2H2 C O2 C 17N2 mixture case

was also carried out to understand the differences of the combus-
tion mechanism between the mixtures. Because the initial condi-
tion of acceleration gas is a little bit different from that of the
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Fig. 5 Overlaid temperature contours and OH mass fraction distributions showing unsteady combustion process of 2H2 ++ O2 ++ 17N2 mixture;
combustion region is magni� ed after t = 94:54 ¹s.

2H2 C O2 C 17N2 due only to the slightly different thermodynamic
property of the mixture, the same initial condition described in
Table 2 is used for this simulation. Thus, the only difference of
initial condition is the mixture composition at the in� ow boundary,
and the difference of the result will only depend on the different
sensitivity of the mixture. The time-dependent result of simulation
for 2H2 C O2 C 17N2 mixture case is plotted in Fig. 5.

Becausethedilutionratio is theonlydifferencebetween thecases,
the results of unsteady-state simulation show basically the same
combustionprocess as that of the 2H2 C O2 C 12N2 mixture, as was
expected. Combustion occurs along the centerlineof the combustor
but extinguishes, and the � nal result is quite similar to the steady-
state one in Fig. 2c. The only differences observed at a glance are
the late ignition and early extinction.The OH distribution,which is
plotted on a logarithmic scale to represent all of the reactive � ow
region of small OH intensity, makes the distribution look similar to
that of the 2H2 C O2 C 12N2 mixture. However, it is readily under-
stood that the overall level of OH distribution is lower than that of
the 2H2 C O2 C 12N2 mixture by comparing the color level of both
cases. If we neglect the green colored area of small OH intensity,the
size of combustion regions along the centerline and wall boundary
is smaller than that of the 2H2 C O2 C 12N2 mixture, as shown in
the experimental images in Fig. 2.

For the quantitative comparison, the maximum value of the OH
mass fraction and the location of the � ame front along the com-
bustor centerline are plotted with respect to time in Fig. 6. Along
the distribution of the OH mass fraction, we can � nd that ignition
occurs around t D 90 ¹s. After ignition, the OH mass faction is
maintainedat levels of about 0.01 for the 2H2 C O2 C 12N2 mixture
and 0.006 for 2H2 C O2 C 17N2 . Even though a 40% difference ex-
ists between the mixtures, the location of the primary combustion
is the same for both cases. Because the combustion zone is sus-
tained aerodynamically by the Mach stem, the combustion zone is
maintained for about 30 ¹s for 2H2 C O2 C 17N2 and for 40 ¹s for

Fig. 6 Maximum value of OH mass fraction and its location along
combustorcenterline; locationxdesignatesthedistancefromthe leading
edge of the test section in centimeters.

2H2 C O2 C 12N2 . Admitting that the heat additionbehind the Mach
stem could sustain the combustionregion for a time, the combustion
region � nally extinguishesfor the present cases. After extinctionof
the primary combustion zone, the secondary combustion zone has
a maximum OH intensity. However, the secondary Mach stem is
not strong enough for � ame holding, and the combustion zone � -
nally disappears at t D 160 ¹s. The centerline � ame duration time
is 70 ¹s for the 2H2 C O2 C 12N2 mixture and is 60 ¹s for the



CHOI, JEUNG, AND YOON 543

2H2 C O2 C 17N2 mixture. In both cases, the overall test time re-
quired for � ow stabilization is estimated to be about 150 ¹s, which
seems to be a large value in comparison with the 100 » 200-¹s test
time of expansion tube experiments.22

Conclusion
Steady- and unsteady-state numerical simulations were carried

out to study the ram accelerator � ow� eld in the expansion tube fa-
cility. The present results 1) show reasonable reproduction of the
experimental images, 2) present details of the combustion mech-
anism that are known from the experiment but cannot be proved
clearly, and 3) provide solutions to the questions raised by the ex-
perimental results.

The combustion region near wall surfaces agrees with the sepa-
rated � ow regionoriginatingfromshockwave/boundary-layerinter-
action.The aerodynamicheatingin this region is consideredas a ma-
jor ignition source. It is also known from unsteady-state simulation
that this viscosity-induced combustion progresses slowly in com-
parison with the shock-inducedcombustion along the centerline.

The combustion region along the centerline of the combustor is
shown to be a highly transient phenomenon resulting from wave
interactions during the developing stage. At an early stage, a Mach
stem is formed by the intersection of strong oblique shock waves
and ignites the mixture. However, the mixture is not strong enough
to make the Mach stem a self-sustainingdetonation.Thus, the Mach
stem-induced combustion is sustained for a time but � nally extin-
guishes. The � ame duration time at the primary combustion zone is
about 30 ¹s for 2H2 C O2 C 17N2 and 40 ¹s for 2H2 C O2 C 12N2.
The overall time required for the � ow stabilization is about 150 ¹s,
and this value seems to be a long time compared with the test time
of the expansiontube experiment.Finally, stabilized� ow results are
recovered; those are similar to the steady-state result showing only
the viscosity-inducedcombustion region.
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