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The results of numerical modelling and experimental investigations of high-enthalpy turbulent flows in
the neighborhood of 90-degree backward-facing steps at the Mach numbers M.. = 2—4 are presented. The ex-
periments were conducted in the hot-shot wind tunnel IT-302M of ITAM SB RAS. The computations were
carried out on the basis of the full Favres-averaged Navier — Stokes equations augmented by the Wilcox tur-
bulence model. The temperature factor influence on the flow structure in the separated zone and temperature
distributions was investigated numerically for different Mach numbers. The wall temperature is shown to affect
significantly the quantity and sizes of recirculation vortices as well as the temperature distribution in the zone
of flow separation and reattachment. The computational results are compared with experimental data on the
pressure distribution on the model surface and the wave structure of the flow.
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INTRODUCTION

The scramjet is the key element of promising high-velocity flying vehicles. The ef-
ficiency of the engine and of the entire flying vehicle is affected substantially by the fuel
ignition processes in combustor. The hypersonic (M > 5) flow of air decelerates at its
passage through the inlet and isolator and, as a rule, has moderately supersonic velocities
(M = 2-3) at the combustor inlet. At such flow velocities, the typical times of the mix-
ture stay in combustor are small, and, hence, the gas must have a fairly high temperature
for ignition and stable combustion in fuel supply regions.

A diverging duct (the duct with a backward-facing step/cavity) is a conventional
geometric configuration for the arrangement of subsonic recirculation zones used for
combustion stabilization in supersonic flow [1]. It is assumed that the necessary static
temperature of the flow in the ignition zone can be ensured by high values of the total
temperature 7, > 1500 K. As the investigations, however, show, the temperature fields of
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high-enthalpy flows in the neighborhood of the duct expansion are very nonuniform.
Expansion waves, cold duct walls, the cold fuel injection or thermal protection of the
walls with the aid of cold jets may lead to the formation of local relatively cold and hot
zones in the flow. The ignition efficiency depends on how the fuel supply is arranged.

During the last decades, numerous analytic, numerical, and experimental inves-
tigations of supersonic flows behind the backward-facing steps [1-6] were carried out.
Detailed studies of the wall temperature influence on the parameters of separated flows
near the compression corner [4], behind the cylinder and sphere are also known [7]. At
the same time, the data on the temperature factor influence on the parameters of flows
behind a backward-facing step are very limited. These results are of especial importance
at the investigations of high-enthalpy flows in the facilities of short-time operation for
which the relative wall temperature variation in a wide range during one experiment is
typical. The flows near forward-facing steps were studied in [8, 9] for the conditions of
the cold (7, = 300 K) and high-enthalpy (7}, = 2500 K) external flow at M_, = 3 and 4. It
was shown that the temperature conditions may affect significantly the temperature dis-
tribution and flow structure behind the backward-facing step. It was shown, in particular,
that the vortex structure of the separated zone depends on the temperature factor. The
present paper presents some results of the works [8, 9], for example, for M_ = 4.
Previous studies were limited to the region of moderately cold values of the wall tem-
perature. The present work continues the investigation of the temperature factor influ-
ence in a wide range as well as for other Mach numbers and flow parameters.

The study of the structure of planar supersonic turbulent flows behind the back-
ward-facing step at different Mach numbers M_, = 2—4 is the main purpose of the present
work. The problem is investigated by the mathematical modelling methods based on the
Favres-averaged Navier — Stokes equations augmented by the Wilcox k—@ model of
turbulence. The computations were carried out for the conditions of the wind tunnel
IT-302M of ITAM SB RAS. The flow patterns are obtained for several values of the
temperature factor, and the pressure and skin-friction distributions are determined along
the model surface. The profiles in different sections are also obtained. The flow patterns
are compared with the experimental shadow photographs. The computed and experimen-
tal data on the static pressure distribution along the wall are compared.

CONDITIONS OF EXPERIMENTS

Experimental investigations were carried out in the hot-shot setup IT-302M of
ITAM SB RAS [10], which enables the investigations in the attached pipeline regime in
a wide range of the Mach numbers M = 2-12 at the maximum total pressure
P,=40 MPa, total temperature 7;,= 2500 K, and the duration of the regime up to 200 ms.
The exchangeable profiled nozzles enable the obtaining at the duct inlet of a flow with
the Mach numbers from 2 to 5 [11]. The experimental model (Fig. 1) represents a duct
consisting of an interval of constant cross section of the width d = 50 mm, length
L =300 mm, and the diverging part. A backward-facing step of height / lies on the up-
per wall. At the execution of experiments, a Pitot pressure rake was installed to control
the supersonic flow uniformity in the constant section of isolator. The strain gage trans-
ducers of static pressure with the nominal values of 1.6, 4, and 10 bars were mounted
along the model length. The executed assessment of the accuracy of measurements in the
hot-shot wind tunnel showed that the pressure was measured with the root-mean-square
error of 1-1.5 %. A shadow visualization of the flow was also carried out in experiment.
To obtain the shadow photographs of the flows the device IAB-451 was used with a con-
stant source of light. The rapid measuring system operated in its coordination with
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Fig. 1. Experimental model schematic and computational region.

the aerophysical multi-user experimental database “ARROW?” [12] for the information
acquisition, processing, and representation.

Table 1 presents the parameters of the flows investigated in the present paper. Here
M., is the Mach number ahead of the backward-facing step, P, and 7, are the pressure
and stagnation temperature, & is the backward-facing step height, and Re, is the Rey-
nolds number computed from the reference size h, P and T, are the freestream static

pressure and temperature, T, ,4 is the wall adiabatic temperature for the given condi-

tions.

MATHEMATICAL MODEL, BOUNDARY CONDITIONS,
NUMERICAL METHOD, AND THE GRID

The computations of planar flows for the parameters indicated in Table 1 were car-
ried out with the aid of the in-house code for solving the full unsteady Favres-averaged Na-
vier — Stokes equations augmented by the Wilcox two-parameter turbulence model with a
correction for the compressibility effect [13]. An implicit first-order scheme was used for
the temporal approximation of equations, which was implemented with the aid of the frac-
tional-step method [14]. The steady solutions were computed by the steadying method. The

numerical solution was assumed steady upon reaching the condition max (8,0 / a;) ij <107
ij

Spatial derivatives were approximated by using the “conservation law” form of the equa-
tions, which ensured the satisfaction of conservation laws in the problems under study.
Convective terms of the equation were approximated with the aid of a third-order TVD
scheme, and the viscous terms were approximated by the second-order central finite dif-
ferences.

The above program package was previously used successfully for the computations
of supersonic turbulent separated flows in the neighborhood of the steps/backward-facing
steps with different angles of the windward/leeward face [15], an oblique shock imping-
ing onto the plate [16], the inlets [17], and other configurations [18, 19].

The computational region of the problem shown in Fig. 1 by the dashed line includes
only part of the physical model, which directly adheres to the backward-facing step, rather

Table 1
Parameters of investigated flows

M, h,mm | P x 10°, Pa T, K Reyx 10" | P,x10%Pa | T.K | T,,.K
2.0 16 1.5 1200 5.1 0.192 667 1141
2.33 16 1.8 1400 4.1 0.138 690 1361
2.8 16 3.0 2000 7.6 1.55 778.8 1963
3.5 25 13.0 3000 9.4 0.172 869 2766
4.0 25 30 2500 19.3 0.197 595.2 2290
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than the entire model, and is bounded by the inlet (1) and outlet (2) sections on the left and
on the right, by the model surface (3) at the top, and by the free surface (4) at the bottom.

The computations of the flow were carried out within the framework of the bound-
ary layer model from the nozzle critical section and the entire isolator section to obtain
the profiles of gasdynamic and turbulent parameters in the inlet section (1) for different
values of the temperature factor. The pressure gradient in the nozzle diverging part was
obtained from the quasi-one-dimensional gasdynamic theory under the assumption of the
gas flow rate equality. The computations within the framework of the boundary layer
with an external pressure gradient showed that under the given conditions, the inlet sec-
tion of the computational region lies in the region of a developed turbulent boundary
layer. Since the measurement of profiles is impossible under the conditions of the hot-
shot wind tunnel, the comparisons with experiments were conducted in terms of the
Mach number, which is affected by the boundary-layer thickness on the duct walls.

The “soft” conditions of extrapolation were set in the outlet section (2). Since
a bounded region in the neighborhood of the backward-facing step was the research sub-
ject, the influence of the model lower wall was not considered. The lower boundary (4) of
the computational region was assumed free, and the non-reflecting conditions of the simple
wave type were set on it. The no-slip conditions for the velocity were used on the model
surface (3), and the conditions for temperature on this surface were of two kinds: the adia-
batic temperature conditions 07/ Bn|wall =0 or the conditions of the temperature constancy
Ty
to the adiabatic wall condition. The temperature factor value K; was computed as the

, =T, The T, value was varied in the range from 300 K to the values corresponding

ratio of the wall temperature T, to the total temperature T, for the given Mach number.
The computational region was turned for convenience in the vertical direction by 180°.

A regular rectangular grid with a clustering of nodes in the direction of solid sur-
faces was generated in the computational region. In most computations, the grid con-
tained 200-300 nodes in the y direction and 300-500 nodes in the x direction. The mini-
mum size of the difference grid step near the model surface was chosen in such a way
that y; ~ 1 for the chosen freestream conditions. About five computational nodes got
into the laminar sublayer y+ < 12, which ensured its sufficient resolution. The grid step
stretching parameter at the motion from the surface did not exceed 1.1, which also
agreed with the recommendations accepted in the literature and our experience in com-
putation of turbulent separated flows [14—19].

Because of high temperature and, consequently, density gradients the minimum
steps along the normal to the surfaces were of the order of 107 (in dimensionless vari-
ables), which resulted in a very severe condition on the time step. Under these conditions,
a further grid refinement became technically impossible, and the grid “worsening” was
used for convergence investigation, that is the grid was restructured inside the boundary
layer by increasing y,” up to the value of 10 and altering the clustering law near the sur-
face. This resulted in no changes in the pressure distributions as well as in the fields of
gasdynamic parameters, and the coefficients of the skin friction and heat fluxes changed
by no more than 10 %, which confirmed the convergence on the grid.

COMPUTATIONAL RESULTS

In computations at Mach number M_ = 2, the adiabatic temperature conditions and
the cold wall conditions were used, which are presented in Table 2 together with the in-
tegral thicknesses of the turbulent boundary layer as well as the base pressure values P,
obtained in computations.
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Table 2

Parameters of computations

M, T, K 5,x10” mm 8 x10~ mm P,IP, olh
300 5.1 6.1 0.45 0.32

20 500 49 7.3 0.37 0.30
900 4.7 8.3 0.34 0.29

adiabat. 4.2 9.7 0.33 0.26

2.33 300 5.6 8.3 0.26 0.35
2.8 300 5.9 11.6 0.16 0.37
300 9.02 4.9 0.35 0.36

35 700 8.54 4.6 0.20 0.34
1500 7.96 11.3 0.22 0.32

adiabat. 7.34 9.3 0.25 0.29

Figure 2 shows the static pressure and the skin-friction coefficient distributions
along the model surface. The point x/i = 0 corresponds to the external, and x/h = 1 to the
internal angle of the configuration. The pressure and the skin friction were nondimen-
sionalized by the corresponding values ahead of the backward-facing step. For a cold
temperature of the wall at 7, = 300 K (see Fig. 2, a, curve /) in the base region, the ob-
served pressure level was by the factor of 1.5 higher in comparison with the adiabatic
conditions and higher T,,. When increasing T, from 300 to 500 K the pressure level in
the base region drops, and the pressure recovery occurs faster, which is related to a re-
duction of the separated zone sizes (see Fig. 2, a). The skin-friction coefficient distribu-
tion confirms the variation of separated zone sizes at the wall temperature increase (see
Fig. 2, b). A nonmonotonous behavior of the skin-friction coefficient inside the sepa-
rated zone at 1 < x/h < 3 and the appearance of extra points with a zero surface friction
points to the presence of the secondary flow separation at the reverse flow motion from
the divergence point to the configuration internal corner. A flow overexpansion is ob-
served near the external corner of the backward-facing step, which can be identified by a
peak (the local minimum) in the pressure distribution. The existence of a lip shock,
which was fixed in computations, is related to this peculiarity of the flow. The lip shock
strength was insignificant at the considered flow parameters, and the shock did not affect
significantly the flows in the investigated zone.
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-1 1 3 5 xth -1 1 3 5 7 xth

Fig. 2. Distributions of the pressure (a) and surface friction (b) along the model surface at M_ = 2.
T,, =300 (1), 500 (2), 900 (3) K, the adiabatic wall (4).

359



A local maximum related to a restructuring of the flow profiles is also observed on
the skin-friction distribution near the external corner. The existence of the above peak in
the skin-friction distribution agrees with the analytic investigations of [6]. The value of the
skin-friction coefficient along the vertical leeward face of the backward-facing step is by
two orders of magnitude lower than in other regions, which is due to low values of the
velocity gradients in the direction along a normal to the wall. This leads to that the val-
ues of the skin-friction coefficient are close to zero on the graphs, which does not en-
able the identification of the internal structure of the separated zone.

To analyse the influence of the temperature factor K; on the vortex structure of the
flow in the recirculation zone the temperature fields and the streamlines were plotted
(Fig. 3). The wall temperature T, variation affects significantly the flow vortex structure
and the temperature fields. A high temperature was obtained for all considered values of
the temperature factor in the region of flow reattachment, and the temperature of the
mixing layer is close to the external flow temperature. A clockwise rotating vortex,
which transfers a hot gas inside the separated zone, adheres to the mixing layer. Near the
butt end of the backward-facing step, there exists a vortex of the opposite direction the
size of which changes at the wall temperature reduction. Under the adiabatic conditions,
the vortices have about the same sizes, and the third clockwise vortex is observed in the
internal corner of the configuration (see Fig. 3, a). At a wall temperature drop, the exter-
nal vortex size grows, and the butt-end vortex size decreases, and the internal vortex
disappears (see Fig. 3, b, ¢). A further drop of the wall temperature down to 7., = 300 K
leads to the fact that the three-vortex structure is restored (see Fig. 3, d). The gas tem-
perature in the separated zone is much lower than that under the adiabatic temperature
conditions. The expansion waves whose source is a low pressure at the external vortex
center propagate from the separated zone to the external flow (see Fig. 3, d). This

| [ [ |

300 347 395 442 489 337 584 632 679 726 774 821 868 916 963 1011 1058 1105 1153 1200
a b

1 2 3 4 xth 1 2 3 4 xh

Fig. 3. Temperature fields and streamlines at M_ = 2 for the conditions of the adiabatic (o) and
cold (b, d) walls at T, = 900 (b), 500 (c), 300 (d) K.
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Fig. 4. Distributions of the pressure (a) and skin friction (b) along the surface at M_ = 2.33 for
T, =300 K.

1— experiment, 2 — computation.

pressure drop manifests itself in the pressure distribution (see Fig. 2, a) in the range
2.5>x/h>3.5.

At M_, = 2.33, the numerical investigations were carried out for the conditions of
experiments in the IT-302M (row 2, see Table 1). Figure 4 shows the static pressure and
surface friction distributions for the cold wall conditions (7, = 300 K). Symbols show
experimental data. A comparison of numerical results with experimental data on the
pressure distribution on the wall (see Fig. 4, a) shows that the computation predicts cor-
rectly the separated zone length. A discrepancy of numerical and experimental data in the
base pressure level may be attributed to a possible discrepancy in numerical and experi-
mental parameters of the boundary layer ahead of the backward-facing step. As was noted
above, no profiles were measured ahead of the backward-facing step. The profiles of all
parameters in the inlet section were computed from the boundary layer model.

At the Mach number M_ = 2.8, the computations were carried out for the conditions
presented in Table 1. A comparison of the computed and experimental data on the pres-
sure distribution on the cold wall (7, = 300 K), which is illustrated in Fig. 5. a, shows
their good agreement in the base region and downstream from the reattachment point.
The separated zone length obtained in computation agrees well with experimental results
(see Fig. 5, b). The density gradients obtained in computation (a) and the experimental
shadow flow pattern (b) are compared in Fig. 6 for the case M_ = 2.8, T,, = 300 K. The
comparison shows that the computation reproduces correctly the slopes of the first and
last characteristics of the expansion wave fan (EF) as well as the recirculation zone (RZ)
length and the tail shock (TS) location.

The computed results are further presented for the Mach number M.. = 3.5 and the
total temperature 7, = 3000 K. Figure 7 shows the distributions of the pressure and skin
friction for a few values of T,,. One should note a considerable increase in the separated
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-2 0 2 4 6 8 xh -2 0 2 4 6 8 x/h
Fig. 5. Distributions of the pressure (a) and skin friction (b) along the surface at M_ = 2.8 for
T, =300 K.

I— experiment, 2 — computation.
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Fig. 6. Computed density field (a)
and the experimental flow pattern (b)
for M_ =2.8.

zone length for the case T,,= 300 K
(see Fig. 7, b, curve I). This ap-
pears to be related to a low value
of the temperature factor and a
large jump between the adiabatic
(T,g = 2800 K) and static (T =
=870 K) temperatures. An in-
crease in the wall temperature up
to 700 K (curve 2) leads to an
abrupt shortening of the sepa-
rated region. However, at 7, = 1500 K and under the adiabatic conditions (curves 3
and 4), the separated zone length increases.

Under the adiabatic and moderately cold temperature conditions, the pressure
growth behind the reattachment point occurs nonuniformly. The possible reasons for
such a nonuniformity of the pressure behavior at the flow over the backward-facing steps
were discussed in [18]. It was shown in this work that the secondary compression waves
moving towards the wall arise at the tail shock passage through the mixing layer. Right
this gives rise to the second region with a higher pressure gradient. The static pressure
field for the case M_ = 3.5 and T, = 700 K is presented in Fig. 8, which shows
50 contours in the range 2-10*-2:10° Pa. One can see in the figure the expansion fan, the
tail shock, and the above-described secondary compression waves, which come to the
lower surface of the backward-facing step at 6 < x/h < 7 and further reflect from it
and catch up the tail shock.

Figure 9 shows the static pressure distribution at M_ = 4 for different temperature
factors. Curve I corresponds to the cold flow conditions (7, = 500 K) under the adiabatic
conditions on the wall, curves 2, 3, and 4 are the numerical results obtained for the con-
ditions of a high-enthalpy setup under the adiabatic (curve 2) and cold (curve 3 at
T, = 1832 K, curve 4 at T,, = 1145 K) conditions on the wall. It is seen in the figure that
at a reduction of the wall temperature down to moderately cold values (7, = 1145 K) one
observes a reduction of the separated zone length and an insignificant drop of the base
pressure. No computations were carried out in this case for lower wall temperatures.

For a quantitative estimation of the variation of flow parameters depending on the
value of the temperature factor K, at M_, = 3.5, the profiles were plotted in three cross
sections S1-S3 located ahead of the backward-facing step, in the recirculation zone, and
near the flow reattachment point (see Fig. 8).
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1.0 —% 1.0 4
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0.2 4 -0.5
0 T T T T T 1 _]-0 T T T T T 1
2 0 2 4 6 8 xih -2 0 2 4 6 8 xh

Fig. 7. Distribution of the pressure (a) and skin friction (b) for M_ = 3.5.
T,, =300 (1), 700 (2), 1500 (3) K, the adiabatic wall (4)
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Fig. 8. Static pressure contours for M_ = 3.5 at T,, = 700.

PP
Fig. 9. Pressure distributions for M_ = 4. I
1 — “cold flow” under the adiabatic conditions on 1.0
the wall, 2 — the “hot flow” with the adiabatic wall, 0.8 - 32
3 — the “hot flow; T, = 1832 (3), 1145 (4) K. 0.6 - fl
0.4 1
Figures 10-12 show the profiles of 0.2+

the temperature, density, velocity, and 0 T T T T 1
turbulent kinetic energy (TKE). Digits - ] 3 3 T
1—4 mark in the figures the numerical results obtained at T, = 300, 700, and 1500 K
and under the adiabatic conditions, respectively.

In section S1 lying ahead of the interaction zone, the variation of the temperature
factor K; leads to a substantial alteration of the profiles of all parameters (see Fig. 10).
Under the adiabatic conditions, the flow has a high temperature gradient near the sur-
face, which gives rise to high density gradients. At a wall temperature reduction down to
the value T,, = 1500 K, the profiles of the temperature and, consequently, density near
the surface are nonmonotonous. The temperature has a local minimum on the wall, then
it grows in a fairly narrow zone near the surface because of the viscous dissipation ef-
fect, which results in the local maximum formation. The temperature further drops mo-
notonously to the freestream temperature 7., = 711 K (see Fig. 10, a). The temperature
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Fig. 10. Profiles of the temperature (a), density (), velocity (¢), and TKE (d) for M_ = 3.5 in sec-

tion S1.

T,,=300 (1), 700 (2), 1500 (3) K, the adiabatic wall (4).
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Fig. 11. Profiles of the temperature (a), density (b), velocity (c), and TKE (d) for M_ = 3.5
in section S2.
T,, =300 (1), 700 (2), 1500 (3) K, the adiabatic wall (4).

and density profiles are more uniform at a moderately cold temperature of the wall
T,, = 700 K, which is close to the freestream temperature. However, by virtue of the vis-
cous dissipation near the wall, the temperature profile remains nonmonotonous. Under the
conditions of the coldest wall T, = 300 K, the static temperature of the flow grows up to
1080 K, and then it drops down to 7.

The next section S2 lies in the middle part of the separated zone, which is evi-
denced by the negative values on the mean velocity profiles (see Fig. 11, ¢). The
graphs show a weak influence of the temperature factor on the mean velocity profiles in

/h ] a /h
® EF # 5 EF
1.5 4 1.5
1.0 4 1.0 4
ML ML
0.5 - ¢ 0.5
3 RZ N2 ! RZ
1) 2 3 . . : . .
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-0.2 0.2 0.6 Uiy, 0 0.005 0.010 0.015 0.020 KU?
Fig. 12. Profiles of the temperature (a), density (), velocity (¢), and TKE (d) for M_ = 3.5 in sec-
tion S3.

T,, =300 (1), 700 (2), 1500 (3) K, the adiabatic wall (4).
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the mixing layer (ML) located at 0.5 > y/h > 0.9. Note that for T, = 300 K, the mixing
layer lies higher than for other values of T,. The expansion fan (EF), which is passed by
the section x = const in the “reverse” direction, that is from the region of a lower pres-
sure to the region of a higher pressure, lies above the mixing layer. One observes inside
the recirculation zone (RZ) a significant difference in the temperature and density pro-
files, and for T, = 300, the density near the wall is close to the freestream density (see
Fig. 11, b). The temperature and density profiles for different T, differ significantly in
the separated zone and in the mixing layer. The TKE graphs (see Fig. 11, d) have three
local maximums, the first of which lies in the reverse flow region, and the second
lies in the inflection line in the mean velocity profiles, and the third lies in the central
part of the mixing layer.

Section S3 lies near the reattachment point in the zone of compression waves. The
expansion wave approaches closer the body surface — 2.0 > y/h > 1.1, the recirculation
zone is fairly narrow — 0.3 > y/h > 0, and in the case of T, = 300 K, the transverse size
of the recirculation zone is much larger than for other values of T, (see Fig. 12, ¢). For
the adiabatic and moderately cold values of T, on the boundary of the mixing layer and
the recirculation zone, high temperature gradients exist, and in the case of 7,, = 300 K,
the temperature distribution is more uniform (see Fig. 12, a). One sees in the TKE
graphs two local maximums, the lower one, more appreciable, corresponds to the inflec-
tion line of the velocities, and the upper one corresponds to the mixing layer.

CONCLUSIONS

The numerical investigations of the temperature factor influence on the structure of
supersonic high-enthalpy turbulent flows in the neighborhood of the backward-facing
steps were carried out at M_ = 2—4 and at the wall temperature variation from the adia-
batic values up to T, = 300 K. The temperature conditions on the wall were shown to
affect all the flow parameters in the interaction zone. At a reduction of the wall tempera-
ture T, the separated zone size and the base pressure vary nonmonotonously.

A comparison of computational results with experimental data on the pressure dis-
tribution on the wall, the flow structure and the separated zone length showed a satisfac-
tory agreement. The estimation of vortex structure, the fields of temperature and pres-
sures in the recirculation zone may be used at the execution of experimental investiga-
tions of the ignition and combustion processes in short-duration wind tunnels for choos-
ing the location of fuel supply to the zone with an optimal temperature level for fuel
ignition.
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