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Abstract: Results of numerical and experimental investigations of a high-velocity flow in a plane
channel with sudden expansion in the form of a backward-facing step, which is used for flame
stabilization in a supersonic flow, are presented. The experiments are performed in the IT-302M
high-enthalpy short-duration wind tunnel under the following test conditions: Mach number at
the combustor entrance 2.8, Reynolds number 30 · 106 m−1, and total temperature T0 = 2000 K,
i.e., close to flight conditions at M = 6. The numerical simulations are performed by solving full
unsteady Reynolds-averaged Navier–Stokes equations supplemented with the k–ω SST turbulence
model and a system of chemical kinetics including 38 forward and backward reactions of combus-
tion of a hydrogen–air mixture. Three configurations of the backward-facing step are considered:
straight step without preliminary actions on the flow, with preliminary compression, and with
preliminary expansion of the flow. It is demonstrated that the backward-facing step configuration
exerts a significant effect on the separation region size, pressure distribution, and temperature in
the channel behind the step, which are the parameters determining self-ignition of the mixture.
The computed results show that preliminary compression of the flow creates conditions for effective
ignition of the mixture. As a result, it is possible to obtain ignition of a premixed hydrogen–air
mixture and its stable combustion over the entire channel height.

Keywords: supersonic flow, turbulence, shock wave, expansion wave, combustor, premixed mix-
ture, ignition.
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INTRODUCTION

The backward-facing step is one of the most pop-
ular geometric configurations used to study flying ve-
hicles and their elements. The flows past the forward-
facing step and the backward-facing step are considered
as important examples of separated flows. The physi-
cal mechanism of separation in a supersonic flow past a
backward-facing step is rather complicated and requires
careful investigations. There are many experimental
and numerical studies in this field (see, e.g., [1–4]).
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The backward-facing step configuration is used in
various applications, first of all, as an element of the rear
part of the body, which affects the base pressure and
reduces the drag of flying vehicles designed for various
purposes [4]. The interest to the flow past a backward-
facing step has recently revived owing to studies of su-
personic combustors [5].

The main goal of the study in [6] was to deter-
mine the possibility of increasing the base pressure by
means of changing the trailing edge shape. Signifi-
cant efforts in previous years were focused on incom-
pressible flows [7, 8]. Experimental investigations of
laminar, transitional, and turbulent separated flows in
the vicinity of a two-dimensional backward-facing step
were performed in [7]. Detailed information on the flow
structure and separation zone length in a wide range of
Reynolds numbers was presented. It was demonstrated
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that the separation zone length in a laminar flow in-
creases with increasing Reynolds number, but this in-
crease is not a linear function as in axisymmetric flows
with sudden expansion. This effect was observed up
to Reynolds numbers corresponding to the transitional
flow regime.

Numerical simulations of flows in channels with
backward-facing steps were performed in [8, 9], where a
possibility of correct prediction of flow parameters and
separation zone sizes was demonstrated. However, these
data were obtained for low velocities of the flow and
cannot be used for supersonic flows where the effects
of compressibility are important. Supersonic flows in
the base region of missiles and rockets were considered
in [10, 11]. It was found that a correct choice of the
shape of the base part of the body allows considerable
reduction of the base drag [10].

The experimental and numerical data [11, 12] sig-
nificantly contribute to understanding of the specific
features of separated flows and to estimating the effi-
ciency of various numerical methods.

Parker-Lamb and Oberkampf [13] provided a de-
tailed review of experimental investigations of the base
pressure and heat transfer for supersonic ad hypersonic
flow velocities. The results obtained show that a super-
sonic flow behind a backward-facing step is character-
ized by a high level of nonuniformity and includes rapid
expansion on the sharp edge of the step, separation, and
reattachment of the boundary layer with the formation
of an extended region of the flow with a positive (ad-
verse) pressure gradient. The flow is characterized by
an increase in the Mach number of the external flow,
nonzero angle of the local flow, and variable pressure
gradient in the entire domain behind the step.

Empirical relations were developed for estimating
the base pressure and heat transfer in plane and axisym-
metric configurations. These relations are applicable in
wide ranges of Mach and Reynolds numbers for lami-
nar and turbulent flows. A comparison of flight data
and wind tunnel test results revealed that the derived
relations can be used for predicting the flow parameters.

The state of the boundary layer ahead of the step
is an important factor affecting the flow parameters be-
hind the step and the base pressure level. Based on the
generalization of available experimental and numerical
data, Aukin and Tagirov [14] developed an approximate
method of calculating the base pressure and enthalpy in
supersonic flows behind plane and axisymmetric steps.
The method is based on using the model of viscous-
inviscid interaction and allows one to determine the base
flow parameters for arbitrary thicknesses of the initial
boundary layer for free-stream Mach numbers from 1
to 6. The model takes into account the existence of an

extended region of increasing pressure in the separation
zone behind the step and the special condition of flow
reattachment.

It was demonstrated [15–17] that rapid expansion
of the flow behind the step can significantly distort
the mean characteristics and structure of the turbulent
boundary layer, which exerts a pronounced effect on the
specific features of flow separation, shear layer growth
rate, and flow reattachment [6, 17]. It was found that
the pressure and heat fluxes increased along the channel
wall and their distributions depend on the step height
and shape. It was also demonstrated that sudden ex-
pansion of the channel decreases the level of turbulence
in a compressible boundary layer.

Numerical simulations of the flow in the vicinity of
the backward-facing step is usually based on solving the
Reynolds-averaged Navier–Stokes (RANS) equations.
Correa and Warren [18] used the explicit MacCormack
scheme and the k–ε turbulence model for a numerical
analysis of sudden expansion of a supersonic flow. Yang
et al. [19] performed a detailed theoretical study of the
supersonic flow structure in the vicinity of a backward-
facing step with the use of the LU-SSOR flux vector
splitting for solving the governing equations and the al-
gebraic Baldwin–Lomax model of eddy viscosity. Com-
parisons of numerical and experimental data revealed
their good agreement.

A supersonic turbulent flow past a backward-facing
step was numerically simulated in [20] with the use of
the finite volume method and k–ε turbulence model.
It was demonstrated that the method can predict all
essential features of the flow and ensures reasonable
agreement of numerical and experimental results. Liu et
al. [5] simulated a supersonic flow past a step with the
use of the RANS approach and Large Eddy Simulation
(LES) technique. The influence of the Mach number
ahead of the step and the degree of channel expansion
was also studied. It was shown that the separation zone
length decreases with increasing Mach number and the
step height exerts a significant effect on the flow struc-
ture. The numerical and experimental data were found
to be in good agreement. The data [5] are useful for un-
derstanding the physical nature of supersonic flow sep-
aration, but the authors did not consider the influence
of the step shape and boundary layer state upstream of
the separation point on the channel flow structure.

At the moment, much attention is paid to study-
ing large-scale vortex structures developed in the mixing
layer above the separation zone and playing a key role in
mass, momentum, and energy transfer between the re-
circulation zone and external inviscid flow [21]. The ca-
pabilities of traditional turbulence models based on the
RANS approach in resolving the spectrum of vortices
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shed from the backward-facing step edge are rather lim-
ited. Implementation of vortex-resolving approaches,
such as LES or DES (hybrid RANS–LES method) is
the necessary condition for obtaining a full spectrum
of vortices [22], but significant computer resources are
needed for this purpose.

The analysis shows that it is necessary to use ap-
propriate turbulence models and high-order numerical
schemes for obtaining detailed information on the flow
structure and reaching good agreement of experimental
and numerical data.

In ramjet/scramjet technologies, the backward-
facing step is considered as a flame holder in a su-
personic combustor [23–25]. The flow behind the
backward-facing step is characterized by the presence
of a low-velocity recirculation zone, which increases the
residence time of the mixture in the high-temperature
region and forms a continuous source of mixture self-
ignition [26]. Huang et al. [27] considered the mecha-
nisms of flame stabilization in a supersonic combustor
with the use of a backward-facing step and a cavity. It
was demonstrated that vortices formed in the recircula-
tion zone assist in mixing of the fuel and air and improve
the efficiency of combustion in a supersonic flow.

Shock waves formed in the combustor duct are re-
flected from the walls and interact with each other; as
a result, a complicated wave structure is formed [28,
29]. The drag force due to skin friction in a supersonic
combustor is approximately 30% of the total drag of the
vehicle.

It should be noted that acceptable agreement be-
tween the calculated and experimental data for exter-
nal flows does not guarantee that the same numerical
methods can be applied for modeling internal flow char-
acterized by the presence of shock waves and expansion
waves. Shock waves formed in the combustor duct are
reflected from the walls and interact with each other;
as a result, a complicated wave structure is formed [28,
29]. The drag force due to skin friction in a supersonic
combustor is approximately 30% of the total drag of
the vehicle. For determining the flow structure in the
channel, which produces an appreciable effect on the
combustor parameters, one has to know the pressure
field in the entire flow region, as well as the skin fric-
tion on the channel walls and the heat flux distribution
along the channel [30].

The flows in a channel with a step and a cavity for
various Mach numbers were studied in [31, 32] for cold
(T0 = 300 K) and high-temperature (T0 = 2500 K) ex-
ternal flows. It was shown that the temperature condi-
tions can significantly affect the separation zone length
and the flow structure behind the step. The effect of the
temperature factor on the vortex structure formation in

the separation zone was considered in those studies. It
should be noted, however, that those investigations were
performed only for one step configuration.

One of the important factors preventing self-
ignition of the hydrogen–air mixture is a high veloc-
ity, which is responsible for low static parameters of
the mixture. Therefore, it is necessary to study the
flow structure, velocity field, and temperature field, and
also to determine regions where self-ignition is possible.
The physical mechanisms of a supersonic flow in a chan-
nel with a backward-facing step is rather complicated
and requires further investigations. There is a lack of
data on the effects of the Mach number, wall tempera-
ture, and degree of flow expansion, especially for high-
temperature flows. The step shape, wall temperature,
and combustion process are additional factors, which
complicate the investigation of the flow in a channel
with a step. The effects of these parameters on the
combustor flow have to be studied in more detail.

The goal of the present work is to perform a com-
prehensive experimental and numerical study of the in-
fluence of the step configuration on the following pa-
rameters: wave structure of the supersonic flow in the
channel for the Mach number M = 2.8, positions and
sizes of the separation zones on the channel walls, tem-
perature distribution and vortex structure in the flow,
ignition of the mixture, and stabilization of combustion
of the premixed hydrogen–air mixture.

EXPERIMENTAL INVESTIGATIONS

A channel with a step was tested in a model com-
bustor in the attached pipeline mode in the IT-302M
high-enthalpy hotshot wind tunnel [33]. The experi-
mental model is schematically shown in Fig. 1.

The model consists of a settling chamber, replace-
able nozzles, insulator section for flow equalization, and
working channel for modeling reacting flows in a super-
sonic combustor. Such a modular principle of model
design allows effective utilization of the wind tunnel as
a source of a high-enthalpy test gas (air). The set of
replaceable contoured nozzles ensures flow regimes with
different velocities corresponding to the Mach numbers
M = 2.5, 3, 3.5, 4, and 5. The model is equipped with
static pressure and heat flux probes on the upper and
lower walls of the channel. The side walls of the work-
ing channel have (100 × 100)-mm windows made of
heat-resistant quartz glass, which allow flow visualiza-
tion and optical measurements.

The present investigations were performed for the
following parameters: Mach number at the combustor
entrance M∞ = 2.8, stagnation pressure p0 = 3.5 MPa,
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Fig. 1. Experimental facility.

stagnation temperature T0 = 1813 K, static pressure
p∞ = 0.13MPa, and static temperature T∞ = 705 K. As
the test time was approximately 100 ms, the model wall
remained cold (Tw = 300 K), which corresponded to the
low value of the temperature factor k = Tw/T0 = 0.17.

The parameters measured in the experiment were
the total pressures in the first and second settling cham-
bers of the wind tunnel, flow rates of air and fuel, and
static pressure distributions on the model walls. Test
preparation included nozzle calibration. The maximum
deviation of the Mach number from the nominal value
was 1.2%. The root-mean-square deviation of the mean
streamwise velocity in the channel varied from 0.5 to
1.5% of the free-stream velocity in different regimes
of wind tunnel operation [34]. The velocity fluctua-
tions were 2.5–3%, and the pressure fluctuations were
within 5%.

To estimate the parameters of the boundary layer
ahead of the combustor, the measurements were per-
formed by a rake consisting of nine Pitot pressure
probes. The staggered arrangement of the probes al-
lowed us to minimize the step between the probes and
to prevent the mutual influence of shock wave aris-
ing around the Pitot probes. One of the probes was
mounted in such a way that is contacted the model sur-
face.

MATHEMATICAL MODEL,
NUMERICAL ALGORITHM,

AND BOUNDARY CONDITIONS

Numerical simulations of the flow in a channel with
a backward-facing step were performed in a steady two-
dimensional formulation on the basis of Favre-averaged
Navier–Stokes equations supplemented with the k–ω
SST (shear stress transport) model of turbulence. Ap-
plication of the two-dimensional approach is based on
static pressure measurements in the transverse direction
in three cross sections of the model, which showed that
the flow remains two-dimensional at least over the width
of 75–80% of the model span, and the change in pressure
near the wall is within 10%. For calculating reacting
flows, the mathematical model was supplemented with
species transport equations and Arrhenius-type chem-

Fig. 2. Computational domain with steps of different
configurations: (1) straight step with no preliminary
action on the flow; (2) preliminary compression of
the flow; (3) preliminary expansion of the flow.

ical kinetics including 38 forward and backward reac-
tions of hydrogen–air mixture combustion [35], which
revealed good consistency with experimental data on
the ignition delay time for hydrogen–air mixtures [36].
The calculations were performed by using the commer-
cial software package ANSYS CFD (Fluent).

Three step configurations were used in the present
study (Fig. 2): (1) straight step without preliminary
action on the flow; (2) configuration with preliminary
compression of the flow; (3) configuration with prelim-
inary expansion of the flow. The computations were
performed for the angles α1 = α2 = 8◦ and step heights
h1 = 16 mm, h2 = 22 mm, and h3 = 10 mm.

The computational domain of the problem (see
Fig. 2) is bounded by the inlet section on the left, by
the walls on the top and bottom, and by the outlet sec-
tion on the right. The computations were performed
on a structured grid with quadrangular cells, which was
refined toward the solid surfaces. The grid refinement
parameter was chosen in such a way that the dimension-
less distance from the wall at the first computational
node was y+1 ≈ 1 and the laminar sublayer contained
approximately ten nodes, which ensured a sufficiently
precise resolution of the turbulent boundary layer in
the near-wall region and made it possible to perform
computations without involving wall functions.

In modeling cold (nonreacting) flows, the channel
walls were subjected to the no-slip condition for velocity
and the cold wall condition (Tw = 300 K) for tempera-
ture corresponding to the experimental conditions. The
inlet conditions were the profiles of the Mach number,
static pressure, and static temperature obtained in pre-
liminary calculations of the flow in a constant-section
channel 800 mm long with various initial conditions for
turbulence. The results obtained were used for estimat-
ing the influence of the wind tunnel turbulence level on
the formation of the velocity profile ahead of the step.
The predicted skin friction coefficients Cf upstream of
the step for the external turbulence levels of 0.5, 1, and
3% are shown in Fig. 3a (curves 1, 2, and 3, respec-
tively). The mean velocity profiles in the coordinates
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Fig. 3. Distribution of the skin friction coefficient
for different turbulence levels (a) and mean velocity
profiles upstream of the step in the wall–wake law
variables (b): curves 1, 2, and 3 show the results for
the turbulence levels of 0.5, 1, and 3%, respectively,
and curve 4 is based on the wall–wake law; points 5
are the experimental results.

u+(y+) are plotted in Fig. 3b, where the wall–wake
law [37] (curve 4) has the form

u∗

uτ
=

1

κ

ln y+ +B +
C

κ

(
1− cos

πy

δ

)

(κ = 0.41, B = 5.1, and C = 0.58).
The data obtained show that the predicted curve

for the initial turbulence level of 3% almost coincides
with the theoretical dependence of the wall–wake law.
Some differences in the computed and experimental
data are observed only in the near-wall layer, which
may be caused by the error of pressure measurements
by the Pitot probe near the channel wall and also by the
presence of a local separation zone ahead of the probe.

The measurements performed in the study showed
that a boundary layer 10 mm thick was formed on the
channel walls, which was consistent with the computed
data. The outlet section of the computational domain
was in the supersonic flow region, except for narrow

Table 1. Computational Grid Parameters

Grid Number
of cells

Step in the y direction, m

minimum maximum

Fine 477 500 5 · 10−6 7 · 10−4

Medium 272 250 3 · 10−5 1 · 10−3

Coarse 123 300 6 · 10−5 2 · 10−3

near-wall regions. The pressure value assigned in the
outlet section guaranteed the absence of mass and en-
ergy inflow through this cross section. Variations of the
outlet section position and flow parameters did not af-
fect the results computed in the upstream region.

For studying grid convergence, configuration No. 2
was computed on three different grids whose parameters
are summarized in Table 1. A comparison showed that
the results obtained on the medium and fine grids differ
by less than 1%. Therefore, the medium grid was used
in further computations.

RESULTS AND DISCUSSION

Boundary Layer Parameters
and Velocity Profiles

Flow pre-compression or pre-expansion ahead of
the step alters the integral characteristics of the bound-
ary layer and, correspondingly, the velocity profile
ahead of the step. This factor is essential for the flow
pattern behind the step; therefore, its influence was an-
alyzed at the first stage of the study.

The integral characteristics of the boundary layer
(its thickness δ and displacement thickness δ∗) pre-
sented in Table 2 for different temperature conditions
reflect the changes in the boundary layer properties
depending on the preliminary action type. After in-
teraction of the boundary layer with the compression
wave (configuration No. 2), the flow is additionally com-
pressed and the boundary layer thickness decreases. Af-
ter interaction of the boundary layer with the expansion
wave (configuration No. 3), the boundary layer thick-
ness increases. Under the adiabatic wall condition, the
boundary layer is thinner for all step configurations.

Wave Structure of the Channel Flow

Figure 4 shows the Mach number fields for three
configurations of the step. The flow structure formed
in the supersonic flow past the backward-facing step of
the basic configuration (Fig. 4a) includes the expansion
fan (EF) at the corner point of the step, a recirculation
zone (RZ), and a tail shock (TS) in the flow reattach-
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Table 2. Boundary Layer Thickness ahead of the Step

Configuration
number

Tw = 300 K Adiabatic
wall

δ, mm δ∗, mm δ, mm δ∗, mm

1 10.7 2.77 9.04 2.88

2 8.5 2.3 6.9 2.4

3 14.3 4.65 12.3 4.52

ment region. The slope of the first characteristic of the
expansion fan is determined by the free-stream Mach
number. The slope of the last characteristic and the TS
intensity are related to the separation zone size, which,
in turn, depends on the free-stream Mach number, ini-
tial thickness of the boundary layer, and wall tempera-
ture [31]. A local separation zone (SZ) is formed owing
to TS interaction with the boundary layer on the up-
per wall.

In the flow past the step with configuration No. 2
(Fig. 4b), the shock wave 1 formed in the compression
corner leads to flow separation on the upper wall (2) and
then is reflected from the upper wall as a shock wave 3 .
The reflected wave is incident onto the wall and leads
to boundary layer separation (4) and a corresponding
increase in static pressure in the region x = 0.15 m
(Fig. 4b). The repeatedly reflected shock wave 5 merges
with the tail shock. As a result, an intense shock wave
is formed, which is incident onto the upper wall and
forms the separation zone 6. The large-size SZ reduces
the effective cross section of the channel; as a result, the
pressure in the channel increases and the Mach number
averaged over the cross section decreases.

The flow past the step with configuration No. 3 is
accompanied by the formation of a preliminary expan-
sion wave, leading to an increase in the Mach number
and a decrease in pressure in the cross section ahead of
the step (Fig. 4c). Owing to the change in the wall slope
near the step, the angle of flow turning in the expansion
corner (x = 0) decreases, resulting in significant reduc-
tion of the RZ size behind the step. For this reason, the
wave structure related to the tail shock is shifted up-
stream as compared to the basic configuration (No. 1).
A comparison of the Mach number flow fields shows that
the flow in a channel with a step is decelerated to the
greatest extent in the case of flow pre-compression, and
the highest velocity is observed for configuration No. 3
with preliminary expansion of the flow.

The experimental Schlieren picture of the flow
(Fig. 5) obtained in the high-enthalpy wind tunnel at
M∞ = 2.8 and Tw = 300 K for the step configuration
No. 1 agrees well with the predicted result (see Fig. 4a).

Fig. 4. Computed Mach number fields for the step
configuration Nos. 1 (a), 2 (b), and 3 (c): EF is the
expansion fan, RZ is the recirculation zone, TS is
the tail shock, SZ is the local separation zone, and
SW is the shock wave; in Fig. 2b, 1 is the shock
wave, 2 is the flow separation on the upper wall, 3 is
the reflected shock wave, 4 is the boundary layer sep-
aration, 5 is the repeatedly reflected shock wave, and
6 is the separation zone.

Fig. 5. Experimental schlieren picture of the flow in
the channel with the step configuration No. 1.

The quantitative data on the static pressure dis-
tributions on the lower and upper walls of the channel
and in the core flow are shown in Fig. 6. A comparison
of the numerical and experimental data confirms their
good quantitative agreement for all step configurations
considered. The data in Fig. 6a testify that the base
pressure depends on the step configuration. Sudden ex-



Effect of the Wave Structure of the Flow in a Supersonic Combustor on Ignition 635

Fig. 6. Static pressure distributions on the lower wall
of the channel (a) and upper wall of the channel (b)
and in the core flow (c) for the steps with configura-
tion Nos. 1–3 (curves 1–3, respectively); the points
refer to the experimental data.

pansion of the channel leads to a decrease in pressure
to a level of 0.2–0.3 of the pressure value ahead of the
step. The maximum pressure in the base region was ob-
tained for configuration No. 3, which is consistent with
the data for the external flow around constricting rear
parts of the vehicles [6, 13]. The use of the step with

flow pre-compression (configuration No. 2) leads to a
significant increase in the pressure in the channel and
to a decrease in the base pressure owing to an increase
in the angle of flow turning around the corner point.

Behind the tail shock, the normalized static pres-
sure on the lower wall of the channel is recovered to val-
ues close to unity (see Fig. 6a). Further downstream,
the pressure behavior is significantly different, depend-
ing on the presence or absence of flow pre-compression
or pre-expansion.

For configuration Nos. 1 and 3, a monotonic de-
crease in the pressure on the lower wall at x > 0.2 m
is observed owing to the action of the expansion fan
formed near the step and arriving on the lower wall af-
ter reflection from the upper wall of the channel. For
configuration No. 2, an appreciable increase in pressure
is observed at x = 0.15 m, which is due to the inci-
dence of the shock wave 3 (see Fig. 4b), and then the
pressure monotonically decreases until the end of the
computational domain.

A typical feature of the pressure distribution on the
upper wall for configuration No. 2 (Fig. 6b) is the pres-
sure peak caused by the shock wave 1 (see Fig. 4b), for-
mation of a pressure plateau in the separation zone 6 ,
and further increase in pressure behind the reattach-
ment shock.

It is seen from the static pressure distribution in
the core flow (Fig. 6c) that the presence of an addi-
tional compression corner leads to the formation of an
intense shock wave ahead of the step and significant
enhancement of the shock wave closing the separation
zone behind the step. As it will be shown below, shock
wave enhancement gives rise to large local separation
zones on the channel walls.

A change in the step configuration alters the wave
structure of the flow; therefore, it is necessary to eval-
uate the total pressure loss for each step configuration.
The total pressure recovery coefficients were calculated
as the ratio of the mean total pressure on the inlet
and outlet boundaries. The computations predicted the
values of the total pressure recovery coefficients equal
to 0.794, 0.653, and 0.877 for the step configuration
Nos. 1–3, respectively. The maximum total pressure
loss is observed for configuration No. 2 because a greater
number of shock waves and boundary layer separation
zones on the channel walls are formed in this case.

Flow Separation

The data in Table 2 show that the boundary layer
parameters ahead of the step can be significantly differ-
ent, depending on the preliminary action on the flow.
Therefore, analyzing the computed results and deter-
mining the RZ length, one should take into account the



636 Goldfeld et al.

Fig. 7. Computed distributions of the skin friction
coefficient on the lower (a) and upper (b) walls of
the channel for the steps with configuration Nos. 1–3
(curves 1–3, respectively).

state of the boundary layer in the channel upstream of
the channel expansion [3, 4]. The distribution of the
skin friction coefficient along the channel walls (Fig. 7)
allows one to identify the separation zones on the chan-
nel walls as the regions where the friction coefficient
takes negative values. The data obtained give grounds
to conclude that the minimum length of the separation
zone behind the step is provided by using the step with
flow pre-expansion (configuration No. 3). The maxi-
mum SZ length is obtained for the step with flow pre-
compression (configuration No. 2), which is consistent
with the Schlieren visualization results. In this case,
separation zones 2 and 6 are formed on the upper wall
due to the incidence of the shock waves 1 and 5 (see
Fig. 4b), and the separation zone 4 is formed on the
lower wall in the region of incidence of the shock wave 3 .

The influence of the wall temperature on the SZ
length behind the step was numerically studied earlier
in [38, 39] for all step configurations. The computations
were performed for cold (Tw = 300 and 800 K) and adi-
abatic temperature conditions on the wall. Figure 8

Fig. 8. Normalized separation zone length versus the
channel wall temperature for the steps with configu-
ration Nos. 1–3 (curves 1–3, respectively).

shows the summary data, which illustrate the changes
in the SZ length L normalized to the step height h for
each configuration as a function of the wall temperature.
The data obtained show that the wall temperature and
step configuration are independent factors that affect
the SZ length. Reduction of the wall temperature de-
creases the SZ length for all three step configurations,
and the minimum normalized SZ length is observed for
configuration No. 2.

Effect of the Flow Temperature

An important characteristic of the flow in the com-
bustor is the flow temperature, which significantly af-
fects self-ignition of the mixture. The analysis per-
formed in [31, 39] revealed the influence of the channel
wall temperature on the base pressure, SZ length be-
hind the step, and vortex structure in the separation
zone.

The static temperature in the supersonic core flow
ahead of the interaction zone is 700 K, and the tem-
perature near the walls increases owing to viscous dis-
sipation. The presence of a low-velocity and, hence,
high-temperature recirculation zone behind the step is
expected to facilitate ignition. Under adiabatic condi-
tions on the wall, the temperature in the separation
zone reaches high values, which are close to the stagna-
tion temperature. However, the cold wall conditions sig-
nificantly decrease the temperature in the recirculation
zone, which may prevent ignition of the mixture [39].

The temperature distribution in the channel is sig-
nificantly affected by the step configuration. Figure 9
shows the temperature fields and streamlines for differ-
ent step configurations.
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Fig. 9. Static temperature fields and streamlines for the step with configuration Nos. 1 (a), 2 (b),
and 3 (c): clockwise-rotating primary vortex for T ≈ 800 K (1), counterclockwise-rotating secondary
vortices for T ≈ 650–700 K (2 and 3), and clockwise-rotating secondary vortex for T ≈ 300 K (4).

For configuration No. 1 (Fig. 9a), the static tem-
perature above the separation zone decreases to 400 K
because of flow expansion. The maximum temperature
of 1100 K is reached at the flow reattachment point
xR = 43 mm. A four-vortex structure with a clockwise-
rotating primary vortex 1 is formed in the separation
zone behind the step; the temperature inside this vortex
reaches 800 K. There are also secondary vortices 2 and 3,
which rotate in the counterclockwise direction; the tem-

perature in these vortices is 650–700 K. The magnified
image also reveals the existence of a clockwise-rotating
secondary vortex 4 with the temperature close to the
wall temperature (300 K). The formation of the sec-
ondary vortices is caused by the fact that the minimum
static pressure is reached at the primary vortex center.
When moving from the separation point inward the SZ,
the low-velocity near-wall layer passes through the flow
region with a negative pressure gradient, which leads to
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relaminarization of this layer. Passing under the vor-
tex center, the layer directed toward the vertical face of
the step interacts with the flow region with a positive
pressure gradient, inducing secondary separation and
formation of an additional vortex 3 . A similar situation
is observed near the vertical wall. The flow reattached
at the face center moves upward, and the static pres-
sure slightly increases. Nevertheless, even this small
adverse pressure gradient can separate the low-velocity
near-wall layer, resulting in the formation of the vor-
tex 2 .

For the step configuration No. 2 (Fig. 9b), the SZ
size increases owing to flow deflection by a greater angle;
hence, the size of the external vortex 1 increases. Flow
reattachment occurs at xR = 50 mm. An increase in
the SZ length leads to an increase in the sizes of the
secondary vortices 2–4 . The temperature in the core
flow increases to 1100 K behind the shock wave and
then decreases to 500 K in the expansion wave.

For the step configuration No. 3 (Fig. 9c), sig-
nificant reduction of temperature above the separa-
tion region typical for configuration Nos. 1 and 2 is
not observed because of smoother expansion of the
flow. The flow temperature above the mixing layer
is approximately 600 K. Flow reattachment occurs at
xR = 28 mm. In this case, the minimum RZ length
and, correspondingly, the minimum size of the primary
vortex 1 are reached. The secondary vortex 2 is formed
near the upper edge of the step; the size of this vortex
is appreciably smaller than that for two other configu-
rations. The temperature inside the recirculation zone
is homogeneous and approximately equal to 800 K.

The quantitative behavior of the temperature in
the channel is illustrated in Fig. 10, which shows
the static temperature distribution on the line passing
through the mid-height of the corresponding step, i.e.,
at a distance y = 8, 11, and 5 mm from the lower
wall. The temperature near the vertical face of the
step rapidly increases from the values determined by the
cold wall conditions (300 K) to sufficiently higher values
(900–1000 K) owing to the low velocities of the flow in
this region. The temperature decreases again to 500–
600 K at the primary vortex center in the separation
zone and then drastically increases behind the reattach-
ment shock. After that, the flow pattern qualitatively
resembles that described above in analyzing the pres-
sure behavior. The static temperature increases mono-
tonically up to the region where the expansion waves ar-
rive. Configuration No. 2 ensures the greatest SZ length
and a drastic increase in temperature in the region of
incidence of the shock wave 3 (see Fig. 4b). The lowest
temperature at the end of the channel is observed for
configuration No. 1.

Fig. 10. Calculated temperature distributions along
the line passing through the middle of the step with
configuration Nos. 1–3 (curves 1–3, respectively).

Ignition and Flame Stabilization

Numerical simulations of the influence of the step
configuration on ignition of the mixture and flame prop-
agation in the channel were performed as a preliminary
stage of investigations of the burning flow by an ex-
ample of ignition of a stoichiometric hydrogen–air mix-
ture. The premixed mixture was chosen to separate the
effects of the step shape (flow pre-compression or pre-
expansion) and flow structure from the effects of fuel
injection and mixing level on ignition and flame stabi-
lization.

The process of ignition of the mixture and flame
propagation was calculated for the same flow parame-
ters for which the non-reacting channel flow was previ-
ously analyzed; the wall temperature was Tw = 800 K,
which was close to the wall temperature in a real com-
bustor. The premixed mixture was injected into the
combustor in the cross section x = −0.1 m ahead
of the step.

Figure 11 demonstrates the changes in the calcu-
lated normalized static pressure in the channel with the
step configuration Nos. 2 and 3 with and without al-
lowance for chemical reactions of hydrogen combustion.
It is seen that combustion, which is identified on the ba-
sis of the increase in the static pressure above its level in
the nonreacting flow, begins immediately behind the re-
gion of mixing layer reattachment behind the step. For
configuration No. 2, the high value of pressure near the
outlet section (x = 0.28 m) testifies that the combus-
tion zone extends up to the end of the computational
domain.

This is also confirmed by the computed field of
the concentration of the reaction product (water) in
the channel with the step configuration No. 2 shown
in Fig. 12.
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Fig. 11. Static pressure distributions along the lower
wall of the channel for the steps with configuration No. 2
(curves 1 and 2) and No. 3 (curves 3 and 4) with
the chemical reactions of hydrogen combustion being ig-
nored (1 and 3) and taken into account (2 and 4).

Fig. 12. Calculated field of the mass concentration of
water in the channel with the step configuration No. 2.

The combustion zone begins behind the step, which
serves as a flame holder. Intense combustion propagates
over the entire height of the combustor at a distance
of 0.2 m from the step, which is associated with the
existence of a vast region of boundary layer separation
on the upper wall owing to the action of the shock wave,
as described above. It is in the separation zones that
the most intense combustion occurs, which is evidenced
by the high values of the water concentration.

The use of the step with flow pre-expansion leads
to reduction of the heat release intensity, which is con-
firmed by the static pressure distribution in the channel
(curves 3 and 4 in Fig. 11). The increase in pressure
begins immediately behind the SZ (behind the step),
and it is noticeably smaller than that in the previous
case. The increase in pressure in the channel due to
combustion does not exceed 30% as compared to the
pressure without combustion, whereas the pressure in
the case of flow pre-compression increases almost by a
factor of 3 (curves 1 and 2 in Fig. 11). The analysis of
the calculated fields of the water concentration shows

that combustion is not extended over the entire com-
bustor volume: it is confined to the flow region near the
lower wall. These changes in the combustion behavior
in the channel with flow pre-expansion are caused by
the decrease in the step height and the RZ size behind
the step. Simultaneously, the flow velocity increases and
the density decreases; these are unfavorable factors for
mixing and heat release intensification.

As it could be expected, the case without flow pre-
compression or pre-expansion occupies an intermediate
position, which was confirmed by the calculated result.

CONCLUSIONS

The processes of ignition and flame stabilization for
a hydrogen-based fuel in a model combustor at super-
sonic flow velocities were studied numerically and ex-
perimentally. The influence of the configuration of the
backward-facing step on the separation zone length, on
the wave structure of the flow, and also on the process
of ignition in the channel at the Mach number of 2.8
was considered. Based on the present investigations,
the following conclusions can be drawn:

• A change in the backward-facing step configuration
does not lead to qualitative changes in the vortex
structure of the flow behind the step, but the scales
of the vortices become different;

• A decrease in the wall temperature (cooling) leads
to significant reduction of the separation zone
length behind the step;

• The separation zone length depends on the char-
acter of the preliminary action on the flow (step
configuration); the minimum normalized SZ length
is observed for the step configuration with flow pre-
compression;

• Flow pre-compression forms the wave structure of
the channel flow that increases the static pressure
and temperature behind the step and facilitates
self-ignition of the hydrogen–air mixture and flame
stabilization.

The ignition of the premixed mixture was calcu-
lated as a preliminary stage of investigations to sepa-
rate the effects of the step shape (flow pre-compression
or pre-expansion) and flow structure from the effects
of fuel injection and mixing level on ignition and flame
stabilization. Further calculations will be performed for
conditions with distributed injection of the fuel with one
of the goals being determination of the influence of the
injection scheme on the combustion efficiency.

This work was supported by the Russian Founda-
tion for Basic Research (Grant No. 17-08-01158a).
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