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The effect of a rearward-facing step on plasma ignition in supersonic flow was experimentally and numerically

investigated. In the experiment, the rearward-facing stepwas installed between a plasma jet torch and a fuel injector.

The step height was set at 4 mm and was located 14mm downstream of the plasma jet torch and 10mm upstream of

the fuel injector. The fuel jet was injected perpendicularly at sonic speed behind the step into the main flow of

M � 1:7. In the experimental results, with installation of the step, the pseudo shock wave did not travel upstream

beyond the step, and there was therefore a threshold electric power input above which a large wall-pressure increase

due to combustion appeared. However, the advantage of an installation of the rearward-facing step to the straight

duct was not apparently observed in the ignition tests. Numerical simulation showed that the reasons for this result

were a delay ofmixing of the plasma jet and the fuel jet and low temperature in the recirculation zone behind the step.

Though a drastic improvement of mixing of the fuel jet with the main flow in the recirculation zone behind the step

was demonstrated, the static temperature there was too low to incur a strong combustion reaction.

Nomenclature

d = diameter
M = Mach number
m = mass flow rate
Pin = electric power input
pt0 = total pressure
pw = wall pressure
T = temperature
Tt0 = total temperature
x, y, z = space coordinates
xi = position of fuel injector
x0 = start point of the rearward-facing step
Yj = mass fraction
�pw;ave = average wall-pressure increase
�in = boundary-layer thickness of inflow
!x = vorticity

I. Introduction

A DUAL-MODE ramjet engine has been developed in many
countries for a propulsion system in hypersonic vehicles.

Reliable ignition and flame stabilization in the scramjet mode are
important technologies for the success of the engine. A plasma jet
(PJ) torch [1–9] has been extensively investigated as a suitable igniter
in the scramjet mode. Advantages of the PJ torch are its role as a
source of radicals and its higher temperature than a combustion jet.
It is well known that the addition of radicals drastically reduces
the ignition delay time of a combustible mixture [7]. However,
quenching of the radicals via recombination reactions and a decrease
in temperature of the PJ plume rapidly occur in the low-temperature
main airflow. Strong combustion and flame spread in a wide area
after local ignition occurs only when a fuel directly collides with the
high-temperature region of the PJ core [8]. The PJ plays the role of
the flame holder in the flow in the case of fuel injection upstream
of the PJ. The phenomena of ignition by the PJ injected downstream

of the fuel jet include both features of ignition and of flame
propagation. On the other hand, it is difficult to achieve strong
combustion for the case of the fuel injection downstream of the PJ
[8]. As previously mentioned, one reason for this disadvantage of
downstream fuel injection is the rapid decay of temperature and
radical concentration in the PJ plume. The other reason is the absence
of a flame-holding mechanism in the flowfield. If some flame-
holding mechanism is installed, fuel injection downstream of the PJ
becomes promising, because the progress of diffusion of the PJ can
supply many radicals into a larger volume around the ignition site
than is possible with upstream fuel injection. In the case of the
upstream fuel injection, ignition occurs locally at very limited region
around the PJ core.

As for achievement of flame stabilization in a supersonic flow,
installation of a rearward-facing step [10–12] has been conducted by
many researchers. Formation of a recirculation zone behind the step
drastically increases the residence time of the fuel. Actually, the
combination of a PJ torch and a rearward-facing step has been
employed as an ignition system in engine tests of a subscale scramjet
[13–15], in which the downstream fuel injection behind the step
was adopted. However, there has been no report on the effect of a
rearward-facing step on plasma ignition in a supersonic flowfield. In
the present study, therefore, the authors first investigated the effect
of a rearward-facing step on the ignitability of the PJ torch by a
comparison with ignition tests in a straight duct. To elucidate the
effect of the rearward-facing step on ignition by the PJ, three-
dimensional computational fluid dynamics (CFD) analysis including
a H2=O2 detailed chemical kinetics was also conducted.

II. Experimental Setup

A. Wind Tunnel and Test Section

The experiment was conducted using an intermittent-suction-type
wind tunnel. Figure 1 shows a schematic of the test section.
Atmospheric air was inhaled and accelerated to supersonic speed
through a two-dimensional contoured nozzle. The test section of the
straight duct without the rearward-facing step had a 30 mm square
uniform cross section and was 320 mm long. The Mach number and
the characteristic length for unity Reynolds number of the main
flow at the PJ torch were 1.7 and 8:9 � 106 m�1, respectively. The
stagnation temperature and stagnation pressure were at room con-
ditions. The origin of the Cartesian coordinate system �x; y; z� was
taken at the center of the PJ torch nozzle. Streamwise, transverse,
and spanwise directions correspond to x, y, and z. Success of ignition
by the PJ was evaluated based on the wall pressure measured by a
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strain-gauge-type pressure transducer. Pressure taps were installed
at 10 mm intervals from upstream of the PJ to downstream of the
fuel injector. The signal from the transducer was amplified by a dc
amplifier and was recorded by a data recorder. The error of the
pressure measurement system was estimated as less than 1.5 kPa.

A rearward-facing step was installed in the straight duct between
the PJ igniter and the fuel injector, as shown in Fig. 1. The step starts
at x0 � 14 mm and the step height is set at 4mm. It has been reported
in [16] that this combination of the location of the fuel injector and
the step height in Fig. 1 resulted inmerging of the recirculation zones
behind of the step surface and in front of the fuel jet. The formation
of a large recirculation zone considerably increases the residence
time of the fuel.

B. Plasma Torch

The same plasma torch as that used in a series of previous studies
[7,8] was employed. The detailed structure has been reported in the
cited papers. The cathode was made of hafnium to attain high
durability when oxygenwas used as the feedstock. The anode and the
nozzle were made of O2-free copper. The PJ was perpendicularly
injected into the main stream at x� 0 mm. The diameter of the
nozzle throat was 1.5 mm.O2,N2, andN2=O2 mixtures were used as
feedstock gas and their mole flow rates were set the same at
1:1 � 10�2 mol=s. The error of the flow meter was less than 1.0%.

C. Fuel Injector

Three kinds of fuels (H2, CH4, and C2H4) at room temperature
were tested. The fuel was perpendicularly injected into the main
stream at the speed of sound from an orifice located at xi � 24 mm
on the centerline of the bottomwall. The diameters of the orificewere
1.0 and 1.8 mm for the straight duct and for the duct with the step,
respectively. The different orifice size for the duct with the step was
determined to maximize enlargement effect of recirculation zone
[14] with a requirement of the same fuel equivalence ratio for both
experiments with and without the rearward-facing step. The bulk
equivalence ratiowas set at 0.060 for all fuels and both ductswith and
without the step. The ratios of the amount of heat release via complete
combustion of H2 and C2H4 to those of CH4 were 1.22 and 1.11,
respectively. The dynamic pressure ratios of the fuel jet and the main
flow were adjusted to embody the same equivalence ratio for the all
fuels. They were 4.0 for the straight duct and 1.3 for the duct with the
step forH2, 2.7 for the straight duct and 0.84 for the duct with the step
for CH4, and 1.6 for the straight duct and 0.48 for the duct with the
step for C2H4.

III. Numerical Method

A. Governing Equations and Numerical Schemes

To clarify the detailed structure of the flowfield with the rearward-
facing step, three-dimensional numerical analysis with chemical
kinetics was conducted. The governing equations were the
Reynolds-averaged three-dimensional Navier–Stokes equations
with the k-! shear-stress-transport two-equation turbulence model
[17] and nine-species (H2,O2,H2O, O, H, OH,HO2, H2O2, andN2)
conservation equations in the generalized curvilinear coordinate.

The convective fluxes were evaluated by the SHUS scheme [18]
with the third-order MUSCL approach [19]. The viscous fluxes
were evaluated by the second-order central-difference scheme. A
modified LU-SGS implicit method [20] was used for temporal
integration. The turbulent thermal conductivity and turbulent mass
diffusivities were related to the turbulent viscosity through the
specified values of the turbulent Prandtl number and the turbulent
Schmidt number. In this study, they were assumed to be 0.9 and 0.5,
respectively. TheH2=O2 combustionmodel including 33 elementary
reactions by Stahl and Walnatz [21] was used as a kinetic model.

B. Boundary Conditions and Injection Conditions of Two Jets

The computational domain is the region framed by dotted lines in
Fig. 1. Calculations were conducted for the region between 50 mm
upstream of the PJ torch and the exit of the test section with a length
of 200 mm. The numbers of grid points were 157 � 55 � 71 for the
flowfield without the rearward-facing step and 175 � 77 � 71 for
the flowfield with the step. The smallest grid size was 20 �m near
thewall. No-slip and 290K isothermalwall conditionswere assumed
at the wall. The exit boundary was modeled as supersonic extrapo-
lation. To match the realistic conditions of the experiments, the
inflow conditions at the left boundary in the domain were obtained
from the result of calculation for the upstream part of the test section
with a length of 120 mm, the inflowMach number of which was 1.9
at Tt0 � 290 K,pt0 � 0:1 MPa, and �in � 2 mm. TheMach number
in the duct gradually decreased due to friction on the wall and it
reached to 1.7 at the same PJ torch location as in the experiment.
Hydrogen fuel was perpendicularly injected to the main stream at its
sonic speed. The injection conditions and the injector position of the
fuel were the same as those in the experiment.

The injection conditions of the PJwere calculated by assuming the
uniform thermochemical equilibrium condition. In this simulation,
oxygen was selected as the feedstock gas and the flow rate was the
same as that in the experiment. The case of Pin � 1:7 kW was
calculated as one typical condition. The input electric power was
converted to the total enthalpy increase of feedstock gas with a
specific conversion efficiency. The conversion efficiency was
assumed to be 80% for oxygen feedstock based on the measurement
by Sakuranaka et al. [22]. The static temperature, the static pressure,
and the mole fraction of the O radical at injection were 2957 K,
157.8 kPa, and 0.075, respectively.

C. Validation of Numerical Results

The wall-pressure data obtained by computation were compared
with the experiment for validation of the numerical results. The
combination ofH2 fuel andO2 PJ with relatively low-electric-power
input was selected as one example. Figures 2a and 2b show
comparisons of the wall-pressure distribution for the flowfield with
the rearward-facing step between the experiment and the CFD.
Figure 2a is the result of the upper wall and Fig. 2b is the result of the
lower wall. The rearward-facing step starts at x0 � 14 mm in Fig. 2.
The numerical results show good agreement with experimental data.
Oscillations of the wall pressure upstream of the step in the
experiment were the result of reflection of weak shockwaves formed
at the small discontinuity between inner surfaces of the nozzle and
the test section, which was not included in CFD analysis.

IV. Results and Discussion

A. Ignition Tests with and Without a Rearward-Facing Step

Wall pressure is considered to be proportional to the degree of heat
release due to combustion of the fuel in a supersonic airflow.
Therefore, establishment of ignition and strength of combustion
were examined in relation to the wall-pressure increase. The
following nondimensional averaged value of the wall-pressure
increase throughout the downstream region of the PJ (x > 0 mm)
was investigated as the parameter. The local wall-pressure increase
was estimated by subtracting the wall pressure (pw;PJ) when only the
PJ was injected from that (pw;PJ�fuel) when the PJ and the fuel jet
were injected:
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Fig. 1 Schematic of test section and computational domain.
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�pw;ave � �pw;PJ�fuel � pw;PJ�average=pt0 (1)

To clarify the effect of the installation of the rearward-facing step,
ignition tests in the straight duct and in the duct with the rearward-
facing step were conducted for three fuels. The fuels were injected
at xi � 24 mm, and O2, N2 and N2=O2 mixtures were used as the
feedstock of the PJ torch.

Throughout the experiments with andwithout the rearward-facing
step, unsteady phenomena such as strong oscillations of wall
pressure or of the location of the pseudo shock wave (PSW) [23]
were not observed. This result guaranteed the validity of using the
Reynolds-averaged Navier–Stokes model in the numerical analysis.

The wall-pressure increase was not observed for the CH4 fuel,
even when the rearward-facing step was installed and the electric
power input was large. This result was caused by a longer ignition
delay of theCH4 fuel than those of theH2 andC2H4 fuels. Ignition of
the CH4 fuel was not achieved within the test section. In the case of
fuel injection downstream of the PJ, results obtained purely reflected
ignition characteristics of each fuel [24]. It can be concluded that a
selection of the CH4 as a fuel for the scramjet combustor is not
realistic, though the CH4 is considered to be one strong candidate in
hydrocarbon fuels [4,7–9,25].

Figure 3 shows a comparison of the averaged wall-pressure
increases due to combustion of H2 fuel at different electric power
inputs for both cases with and without the rearward-facing step.
Basically, the wall-pressure increase due to combustion in the
flowfield with the rearward-facing step was smaller than that in the
straight duct at the same electric power input, though the fuel
equivalence ratios were the same for both cases. It is noted that the
threshold value of the electric power input above which strong
combustion occurred and at which a large pressure increase appeared
was clearly shown in the result for the duct with the rearward-facing
step. The threshold Pin is about 2.4 kW in Fig. 3. This tendency was
in contrast to the result for the straight duct, in which the wall-
pressure increase was in proportion to the electric power input.

Figure 4 shows the wall-pressure increase due to combustion of
C2H4 fuel for theflowfieldwith andwithout the rearward-facing step.
Though the amount of combustion was smaller than that of the H2

fuel, the same tendency as the result for the H2 fuel was seen in the

result for the C2H4 fuel. A jump of the wall-pressure increase for the
duct with the step was observed around Pin � 3:0 kW.

The wall-pressure distribution along the x axis was investigated to
elucidate the reason for the behavior of the averaged wall pressure of
the flowfield, with the rearward-facing step being different from that
in the flowfield of the straight duct that appeared in Figs. 3 and 4.
Figures 5 and 6 show wall-pressure distributions along the x axis for
the cases with and without the rearward-facing step, respectively,
when H2 was injected downstream of the N2�50%�=O2�50%� PJ.
The data of themainflowwere obtainedwhen the PJ torchwas turned
off.

There was very little dependence of the wall-pressure behavior on
the feedstock gas. This result indicates that the effects ofNOx, which
had a catalytic effect on ignition reactions of H2 and hydrocarbon
fuels under special conditions [24,26] and was long-lived in the PJ
plume [24], were not dominant for the ignition process in the
experiment in this study. The amount of combustion in the flowfield
of the straight duct strongly depended on the electric power input.
This dependence on electric power input reflects the importance of
the thermal effect of the PJ.

Figure 5 shows that the starting point of the pressure increase and
the maximum wall pressure were in proportion to the electric power
input in the straight duct. The behavior of the averaged wall pressure
in Fig. 3 can be explained by these results. A PSWwas formed when
there was large electric power input in the straight duct. Figure 7
shows a typical schlieren photograph of the PSW established in the
straight duct. The electric power input to the N2�50%�=O2�50%� PJ
was 2.99 kW. The existence of the PSW considerably enhanced the
mixing and resulted in strong combustion. In Fig. 5, the PSW reached
the entrance of the test section atPin � 3:15 kW and theflowbecame
a subsonic flow. Therefore, the location of the PSW strongly affected
the wall-pressure increase.

Fig. 2 Comparison of wall-pressure distribution between experiment
and simulation (fuel: H2 and PJ: O2).

Fig. 3 Effect of the rearward-facing step on the averagedwall-pressure
increase due to combustion (fuel:H2 and PJ: N2).

Fig. 4 Effect of the rearward-facing step on the averagedwall-pressure

increase due to combustion (fuel: C2H4, PJ: N2).
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On the other hand, as shown in Fig. 6, the wall pressure due to
combustion was not seen in the range of low-electric-power input in
the flowfield with the rearward-facing step. The reason for this low
reactivity for the flowfield with the step was considered to be the low
temperature and low pressure of the main flow after it passed the
expansion fans at the step. The existence of expansion fans radiating
from the step was also confirmed in the numerical simulation. At
the large electric power input, the wall pressure increased due to
combustion, as in the case of the flowfield without the step. The
drastic change in the wall-pressure distribution between Pin � 2:39
and 3:08 kW corresponds to the jump of the averaged wall pressure
in Fig. 4. The PSW was also formed in the flowfield with the step at
large electric power input; however, the PSW did not travel further
upstream beyond the step. The starting point of the wall-pressure
increase did not change for the electric power input larger than
3.0 kW. The existence of the rearward-facing step kept the PSW at
the step for a wide range of the electric power input.

Figure 8 show direct photographs of the PJ and the C2H4 flame in
the flowfield with the rearward-facing step. In the combination of the
N2 PJ and a hydrocarbon fuel, a strong emission from a cyan (CN)
species was detected [8]. Though the emission from the CN species
was not necessarily related to the heat-release area, it was a type of
index for a flame region. The strong emission around the fuel jet
behind the step is clearly shown in Fig. 8; therefore, the local reaction
superficially occurred at the collision area of the PJ and the fuel jet,
irrespective of the existence of the rearward-facing step, but theflame
area did not spread into the recirculation zone behind the step. The
mechanism that enhances flame spreading after local ignition at the
collision point of the PJ with the fuel jet is required to attain strong
combustion around the step.

B. Numerical Results

To analyze the results of ignition tests by the PJ, three-dimensional
CFD analysis with chemical kinetics was conducted. The com-
bination of the O2 PJ and the H2 fuel was selected as a typical case.
It was confirmed in the experiments that there was little dependence
of ignition behavior on the feedstock gas to the PJ.

Figures 9a and 9b show a typical streamline of the main flow
beyond the step corner and those of the PJ injected upstream of the
step and the fuel jet injected downstream of the step, respectively.
Various studies [10–12] on the effect of the rearward-facing step
in supersonic flow have shown that a large two-dimensional re-
circulation zone in the x–y plane is formed between the step and the
fuel jet in the flowfield without upstream PJ injection. In the present
study, when the PJ was injected upstream of the step, however, the
shape of such a recirculation zone changed and the recirculation zone
in x–y plane disappeared around the centerline. There was a strong
secondary circulation zone with low velocity toward the side wall
(z direction) behind the step, as shown in Fig. 9a. The PJ collided
with the upper part of the fuel jet after acceleration and declination to
the lower wall by passing the expansion fans at the step. The mixing
of the PJ and the fuel jet progressed downstream by the interaction of
each streamwise vortices; finally, the PJ combined with the fuel jet
further downstream, as shown in Fig. 9b.

Figures 10a and 10b show distributions of local equivalence ratios
of the H2 fuel for both cases with and without the rearward-facing
step. The fuel jet widely diffused to the span direction behind the
step. The strong secondary flows, as shown in Fig. 9a, enhanced
the mixing of the fuel jet and the main airflow, and the fuel even
reached the side wall. On the other hand, diffusion of the fuel to
the span direction was not observed in the flowfield without the step.
However, the core region in which temperature and the H2 mass

Fig. 5 Wall-pressure distributions of the flowfield without a rearward-

facing step [fuel: H2 and PJ: N2�50%�=O2�50%�].

Fig. 6 Wall-pressure distributions of the flowfield with a rearward-

facing step [fuel: H2, PJ: N2�50%�=O2�50%�].

Fig. 7 Schlieren photograph of PSW established in a straight duct

[fuel: H2, PJ: N2�50%�=O2�50%�, and Pin � 2:99 kW].

Fig. 8 Direct photographs of N2 PJ and C2H4 flame in the flowfield

with a rearward-facing step (Pin � 2:95 kW).

Fig. 9 Streamlines after passing the rearward-facing step in numerical

simulation.
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fraction were very high more quickly disappeared in the flowfield
without the step than that in the flowfield with the step. This result
indicates that the mixing of the PJ and the fuel jet was suppressed by
the installation of the rearward-facing step. The difference in the
mixing level was clear near the lower wall.

The detailed vortex structure of the two jets was investigated to
understand the preceding result. Figures 11a and 11b show
distributions of velocity vectors and vorticity in the y–z plane
(x� 28 mm), 4 mm downstream of the location of fuel injection
(xi � 24 mm). In the flowfield without the step, two streamwise
vortices of the PJ and of the fuel jet merged into one large vortex pair.
On the other hand, the two vortices were clearly separated at the
location of the fuel injection in the flowfield with the step. This
decoupling of two vortices was considered to be the reason for
the slowmixing of the PJ and the fuel jet in the region downstream of
the fuel-injection site.

The amount of combustion and the region in which reactions
occurred were compared between two flowfields with and without
the rearward-facing step. Figures 12a and 12b shows distributions of
H2Omass fraction in the two cases with the same contour level. The
H2O was formed around the fuel jet and at the inside of that in the
straight duct. On the other hand, the region in which reaction
occurred was initially formed at only the upper part of the fuel jet and
it gradually extended around the fuel jet in the flowfieldwith the step.
A small amount of the H2O was formed behind the step, though
diffusion of theH2 fuel was considerably progressed there, as shown
in Fig. 10b. The reaction level in the straight duct was clearly higher
than that in the flowfield with the step. This result agreed well with
the tendency of the experiment. Decreases in pressure and
temperature of the main flow after passing the expansion fans at the
step and suppression of mixing between the two jets were considered
to be the reasons for the low reactivity.

Fig. 10 Distributions of local equivalence ratio of fuel in the flowfield (fuel:H2, PJ:O2, Pin � 1:7 kW): a) without a rearward-facing step and b) with a

rearward-facing step.

Fig. 11 Distributions of velocity vectors and vorticity in the y–z plane downstream of the fuel-injection site (x� 28 mm).
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Figure 13 shows a distribution of static temperature in the
flowfield with the step. The high temperature of the PJ core region
quickly decayed, and therefore temperature considerably decreased
when the mixing of the PJ and the fuel jet progressed downstream.
In addition, the temperature in the recirculation zone behind the
step was about 300 K. This low temperature was the reason that
combustion reaction did not occur behind the step, in spite of the
existence of a large amount of the fuel there. After all, a very slight
effect of the installation of the rearward-facing step on enhancement
of ignition and combustion was caused by slowmixing of the fuel jet
and the PJ and low temperature in the recirculation zone behind the
step. In addition to mixing enhancement of the fuel, diffusion
enhancement of enthalpy of high-temperature PJ is required in the
flowfield with low static temperature.

The low temperature in the step region was one reason for little
enhancement effect of the step in this study. The total temperature
in the experiments was room temperature, and therefore the experi-
mental condition was considered to be the most severe case for
ignition test. Total temperatures in the actual engine condition
[27,28] or experimental conditions of the subscale-model scramjet
engine tests [13–15] were much higher than those in this study. In
such conditions, strong progress in mixing of the fuel jet in the
recirculation zone by installation of the rearward-facing step, shown
in numerical results, must contribute ignition and combustion
enhancement in a supersonic flow.

V. Conclusions

This study experimentally and numerically investigated the role of
the rearward-facing step for plasma ignition in a supersonic flow.
Results of ignition tests showed that the installation of the rearward-

facing step had an inhibition effect against themovement of the PSW
beyond the step. However, the installation of the step did not show
ignition and combustion enhancement effects. It was clearly shown
by numerical simulation with chemical kinetics that the reasons for
very slight effect of the rearward-facing step on plasma ignition were
slow mixing of the PJ and the fuel jet after passing the step and low
temperature in the recirculation zone behind the step. Though a
drastic improvement of mixing of the fuel jet with the main flow by
secondary flow toward the side wall in the recirculation zone behind
the step was demonstrated, temperature in the recirculation zone was
too low to incur a strong combustion reaction. In the flowfield with
low static temperature, a mechanism for increase in temperature is
required in addition to mixing enhancement of a fuel.
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