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The wall-temperature effects on the behavior of a shock-induced separation at Mach number 2.3 are experimentally
investigated. Schlieren visualizations, velocity measurements with particle image velocimetry, and time-resolved hot-
wire measurements are used to describe how the wall temperature influences the length and timescales of the interaction.
It is shown that heating has a large influence on the size and on the low-frequency unsteadiness of the interaction, but
influences only slightly the onset of the separation. Models, initially proposed to describe adiabatic shock-wave/
boundary-layer interaction, are shown to be effective to obtain similarities for the length and timescales between the
heated and adiabatic interactions considered at the same external conditions, as long as the heating effects on the friction
coefficient are taken into account. Comparisons with cooled interactions at similar external conditions are also given.

Nomenclature
a = sound velocity
Cy = friction coefficient
g(r,s) = corrective function for the Strouhal number
g3(6,p) = normalizing function for L
L = interaction length
M. = convective Mach number
q. = dynamic pressure
R = specific gas constant
r = velocity ratio across the mixing layer
S. = separation criterion based on external parameters
Srp. = Strouhal number
Sry = weighted Strouhal number
s = density ratio across the mixing layer
T = static temperature
T, = recovery temperature
T, = wall temperature
Uy = external velocity
U, = flow velocity downstream of the incident shock
Xo = mean position of the reflected shock
p = shock angle
Y = ratio of specific heat
o* = boundary-layer displacement thickness
S = upstream boundary-layer thickness
0 = flow deviation
®(M,.) = normalized spreading rate of the compressible

mixing layers

I. Introduction

N MANY aeronautical applications, unsteady events can create
strong and local loads that can affect the behavior of the system
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and even be harmful for the mechanical structure. In supersonic flow,
such unsteadiness is found, for example, when a shock wave
impinges on a boundary layer and makes it separate. This interaction
produces strong low-frequency aerodynamic loads that are felt along
the whole flow downstream of the shock wave. The interaction with
an incident shock and the compression ramp has been the two most
documented cases (see Délery and Marvin [1]). A recent review of the
main properties of these flows can be found in Dolling [2]. The origin
of the low frequencies is not totally understood, and several models
have been suggested to explain their development.

On the one hand, some authors propose to relate the low-frequency
movements to instantaneous behavior of the upstream turbulent
boundary layer [3—-6]. They conjectured that some motions of the
shock in a M = 5 compression corner could be related to the low-
frequency events of the upstream boundary layer. On the other hand,
strong links have been observed between the low-frequency shock
oscillations and the dynamics of the separated region that develops
downstream [7,8]. Finally, some authors propose to describe the
interaction as an equivalent low-pass filter applied on the large band
fluctuations of the upstream boundary layer [9].

Dupontetal. [10] underlined the existence of a mixing layer within
the separation region of a M = 2.3 shock-induced interaction. They
also showed that Kelvin/Helmholtz-like structures are created in this
mixing layer. Recently, Piponniau et al. [11] proposed a model to link
the unsteady behavior of the shock motion to these structures
evolving in the mixing layer of the separated region. By taking into
account compressibility effects, they obtained a collapse of non-
dimensional frequencies, or Strouhal number, of the separated-region
motions from subsonic cases up to M = 5. Finally, Souverein [12]
and Souverein et al. [13] obtained recently a convincing collapse of
interaction length using a displacement-thickness normalization and
a separation criterion based on the upstream inviscid properties of the
flow, which is consistent with the free-interaction concept.

‘When nonadiabatic wall conditions are considered, these different
results on the time- and length scales of the interaction have to be
reconsidered. Indeed, the timescales of velocity and temperature
fluctuations in the upstream boundary layer may depend on the wall
heating flux as well as the size of the interaction.

The aim of this study was to provide experimental information on
the effects of wall heating on both the length and timescales of the
interaction. It is shown in this paper that the normalization of the
length of the interaction, as proposed by Souverein et al. [13], is still
relevant to explain the heating effects on the interaction length, but
that a slightly modified separation criterion has to be considered.
Moreover, Piponniau et al. [11] argued that compressibility and
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density effects have a direct influence on the interaction timescales.
Such effects can be controlled by heating the wall, and we propose
to verify that the observed changes in the low-frequency timescales
of the interaction are in agreement with the model of Piponniau
etal. [11].

The experimental setup is described in Sec. II. In Sec. IIL.A, we
examine the heating effects on the interaction length, which is used in
the Strouhal number used to qualify the frequency unsteadiness.
Then, the low-frequency shock unsteadiness of the adiabatic and
heated cases is described in Sec. IIL.D, and the parametric depen-
dencies given by [11] are discussed for the heated case.

II. Experimental Setup

The experiment was performed in S8, the Mach 2.3 supersonic
wind tunnel at the Institut Universitaire des Syst¢émes Thermiques
Industriels. This is a continuous facility with a closed-loop circuit; its
test section is 120 mm high and 170 mm wide. The nominal
conditions are presented in the following. The incoming boundary
layer is turbulent, fully developed, and has a thickness of
60(0.99x Ujy) ~ 11 mm. In the external flow, the stagnation
pressure is set to 0.5 X 10° Pa, and the total temperature is 300 K.

An oblique shock wave is produced using a shock generator made
of a sharp-edged plate. The shock generator is located in the
freestream on the top of the test section, and spans the entire width of
the test section. Its angle with respect to the external flow € can be set
from 3 up to 10 deg. These flow deviations correspond, respectively,
to attached and massively separated cases.

The origin of the longitudinal coordinate x is chosen at the mean
position of the reflected shock at the wall X,,. The length of interac-
tion L is defined as the distance between X, and the extrapolation to
the wall of the incident shock. The floor of the S8 nozzle is equipped
with a heated section, which allows the ratio of wall to recovery
temperature 7,,/7, to be modified from adiabatic conditions
(T,/T,=1)to T,/T,=1.9. This model is the same used in
previous studies [14—16]. The heated section starts downstream of the

M=2.3
— Interaction
/ region
| =
Upstream L
Heated wall

boundary layer
Fig.1 Schematic diagram of the heating apparatus.

contoured nozzle with a length of 500 mm =~ 50 X &,. The strong
thermal stresses forced to design a block heater that does not span the
whole test section. Therefore, the heating part is 130 mm wide and is
centered with respect to the wind-tunnel axis. A sketch of the heating
apparatus is given in Fig. 1. A proportional-integral—derivative con-
troller is used to control the wall temperature during the measurements.
This provides variations of wall temperature of less 2% of T, /T ,..

The heating block is equipped with type-K thermocouples
mounted flush with the floor along the centerline of the nozzle to
control the wall-temperature distribution in the streamwise direction.
The spanwise temperature distribution is measured by sensors
symmetrically placed with respect to the longitudinal axis at two
different stations. A typical wall-temperature distribution is reported
in Fig. 2a for T,,/T, = 1.9. As the reader can notice, the wall
temperature is reasonably uniform in streamwise and transverse
directions within variations of less 2% of T, /T ,.

In previous adiabatic experiments [8,11], unsteady wall-pressure
measurements were used to document the different timescales along
the interaction. In the present experiments, it was not possible to
implement such sensors in the heated wall. Therefore, hot-wire mea-
surements are achieved with a StreamLine system from Dantec
Dynamics. The anemometer is used in a symmetric bridge configu-
ration, and is operated at an overheat ratio of 0.6. The wire has a
diameter of 5 um with an aspect ratio of about 200. The bandwidth of
the system is about 100 kHz. Signals are digitized with a PXI-6133
National Instruments fast digitizer at a sampling frequency of
200 kHz with respect to the Nyquist criterion. Spectral analysis was
derived from 2 - 10° point samples corresponding to 10 s of
acquisition.

A particle-image-velocimetry (PIV) investigation is carried out
using a Dantec Dynamics system equipped with a 14 bits and 11
megapixels Hisense camera. The acquired field of view is 100 mm
long and 60 mm high, providing measurements in the whole
interaction, including a portion of the incoming boundary layer. This
leads to a 38 pixels/mm resolution minimizing the peak-locking
phenomenon. The light sheets are generated by a double-pulse Nd:
YAG laser New Wave Solo I1, which delivers 30 mJ/pulse, separated
in time by 1 us. The measurements are made in a vertical plane, along
the longitudinal axis of the test section.

The boundary layer of the flow is seeded with incense smoke
particles. The particles are injected from the wall, upstream of the
sonic section, using three holes placed symmetrically with respect to
the wind-tunnel axis.

The velocity vectors are obtained from an adaptive correlation
algorithm. Attention has been paid to the choice of the interrogation-
window size. Indeed, such windows have to be large enough to make
possible the calculation of correlations, and sufficiently small to
discretize the boundary layer. That is the reason why the image
correlations are calculated using an initial rectangular interrogation
of 64 x 32 pixels during the first pass, and a smallest one of 32 X 16
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pixels for the last pass. It leads to a physical cell size of about
0.8 x 0.4 mm representing 0.075, X 0.0356,, which gives a sufficient
discretization of the domain. The interrogation cells are weighted by
Gaussian function to avoid Fourier-transform windowing effects, as
well as effects of particles entering or going out of the interrogation
area. This allows the use of an overlap of 75% between two interroga-
tion areas. The data are then filtered using a 6 rms limiter.

Figures 3a and 3b present, respectively, the mean and second-order
moments of velocity fluctuations in the upstream boundary layer.

In previous studies, the velocity and density profiles were derived
from pitot tube and thermocouple or hot-wire measurements (see
Debieve et al. [17] for more details). The velocity profiles are
compared with the present results in Fig. 3a. As it can be observed, a
very good agreement is obtained for both experiments, showing that
the experiment is highly repeatable. As for the mean velocity, the
second-order moments of velocity fluctuations (see Fig. 3b) do not
show a significant difference between the adiabatic and heated
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a) Streamwise velocity

cases. From the velocity and density profiles, the boundary-layer
displacement thickness 6* was derived in the upstream section of the
interaction. An increase of about 15% was obtained for the heated case
with respect to the adiabatic thickness (respectively, 3.5 and 4.1 mm).
In previous works [14,16], the friction coefficients were estimated for
adiabatic and heated interactions, and a similar reduction of about 15%
was observed (respectively, 2 x 1073 and 1.7 x 1073). Thus, the
heating effects on the incoming boundary layer may be fully accounted
through changes in the temperature (i.e., density) profile.

III. Effects of Heating on the Interaction
A. Characteristic Length of the Interaction

The overall organization of the shock-wave/boundary-layer
interaction (SWBLI) obtained by schlieren visualization is presented
in Fig. 4, in the case = 8 deg, for the adiabatic and heated cases.
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Fig. 3 Mean profiles for the adiabatic and heated incoming boundary layer.
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Fig.4 Schlieren visualization of the interaction for various wall temperatures, flow deviations of = 8 deg.
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For this flow deviation, the adverse pressure gradient is strong
enough to make the boundary layer separate.

PIV measurements have also been achieved for the 8 deg case for
the adiabatic and heated cases. We present the longitudinal-velocity
standard-deviation maps in Fig. 5. This quantity highlights the devel-
opment of a highly turbulent shear layer downstream the reflected
shock (see [11]). Although the spatial extent of the interaction is
strongly increased when the wall is heated, it is clear that the spatial
organization, as well as the turbulence intensities, is similar between
the adiabatic and heated cases.

An evaluation of the length of the interaction has been derived from
schlieren pictures by extrapolation of the inviscid shock waves to the
wall (see Fig. 4). The absolute uncertainty on the interaction length,
determined with this method, has been evaluated to be less than
2 mm. Therefore, the relative uncertainties on the interaction length
range between 7%, for the smallest interaction, and 2% for the largest
one. It is relevant to emphasize that those uncertainties are small
compared to the variations of the phenomenon being studied, giving a
great confidence in the results.

For both the adiabatic and heated cases, a wide range of flow
deviations has been documented: from 3.5 to 9.5 deg. These flow
deviations correspond to interactions ranging from attached to largely
separated cases. A comparison of the interaction length L of the
adiabatic and heated cases is given in Fig. 6a. Both curves exhibit
linear behavior, with a slope change when increasing 6. This can be
interpreted as the change in flow regime when the pressure rise
through the incident shock wave becomes strong enough to make the

boundary layer separate. Note that this behavior is preserved when
the wall is heated, but with a slight shift, toward smaller flow
deviations, of the point where the change in slope occurs. This point
will be addressed further. For all angles, L increases significantly
when the wall temperature is set to 7, /T, = 1.9.

Using mass-conservation properties along the interaction,
Souverein [12] and Souverein et al. [13] proposed to normalize the
length of the interaction L by the displacement thickness of the
upstream boundary layer 6* and a function g5, taking into account the
imposed flow deviation and the Mach number. From this model, the
dimensionless length of interaction is given by

L
LY =——— 1
5 45(5.0) M
with
_sin(f-0)
83(B.0) = m 2

in which 6 and g represent the deviation and shock angles,
respectively.

Using the normalized length of interaction L* and a separation
criterion §,, it was possible to represent a large compilation of the
SWBLI’s interaction length on a single curve, with limited dis-
persion. In Souverein [12] and Souverein et al. [13], the separation
criterion was defined as S, = AP/APg,, in which AP is the
imposed pressure jump, and AP, is the necessary pressure jump
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Fig. 5 Isocontours of the longitudinal-velocity standard deviations for the adiabatic and heated cases.
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to make the boundary layer separate. In other words, S, <1
corresponds to the attached cases, S, ~ 1 corresponds to the incipient
interactions, and S, > 1 represents the separated interactions.

The estimation of the pressure AP, was based on the inviscid
properties of the upstream boundary layer, and was estimated as
APy, = (1/k)q,,in which g, = (1/2)p, U2 is the dynamic pressure
and k a constant to adjust. This constant has been shown to be
independent on the Mach number, and to depend only slightly on the
Reynolds number: no significant dependency was observed for large
Reynolds numbers (3 X 10° > Rey > 1 x 10%), and a value of 2.5
can be used for this range of flows. In low-Reynolds-number flows
(Rey ~ 5 x 10%), alarger value has been derived: k = 3.0. This value
has been used in the present study.

This criterion was found to collapse correctly the separation state
of several SWBLIs in the adiabatic cases. For the Reynolds number
considered in our case, the separation criterion was finally given by

AP
s =220 3)
9e

As the external conditions remain constant for the adiabatic and
heated cases, the separation criterion S, depends only on the imposed
pressure step; otherwise, on the imposed flow deviation 6. This is
illustrated in Fig. 7, in which the flow deviation 6 is plotted vs S, in
which AP is evaluated from shock relations. The best-fit power law
(pS%, with p = 7 and n = 0.85) is also reported in the figure for the
Mach 2.3 case. From the figure, it can be observed that, up to Mach 3,
the exponent of the power law (n = 0.85) depends weakly on the
Mach number. On the other hand, the coefficient p depends on the
Mach number considered.
From Fig. 7, we can write

AP\
0 =pSe = P(3 q_) C))

e

As n = 0.85 ~ 1, Eq. (4) indicates that the angles of deviation are
valid representations for the separation criterion S,, at least for a
given Mach number, as the constant p depends on this parameter. The
normalized interaction length L* is plotted against the deviation
angle @ in Fig. 6b. The displacement thickness 6*, used in the
computation of L*, is an integral quantity, which can therefore be
calculated accurately. In our case, 6* has been determined with an
uncertainty of less than 3%; and therefore, those uncertainties are
smaller than the variations the phenomenon studied in this paper.
Here, the function g3 is not essential, as the external parameters are
constant for the adiabatic and heated cases. It is clear that most of the
heating effects on the length of interaction are taken into account by
the changes in incoming conditions, through the mixing-layer
displacement thickness 6* . Nevertheless, a horizontal sift (about one-

— power law px" (p=7, n=0.85) :
M=23
10] R R R I LD I CT TR ~
> M=3
M=1.4
0 : ;
10 - )
10 10
3AP/qC

Fig. 7 Flow deviation angle and separation criterion S, correspon-
dence.

half degree) can still be observed between the adiabatic and heated
interactions, whatever the imposed flow deviation.

These results show that this representation is not accurate enough
in the heated case, to correctly describe the interaction-length scale.
In the following, we will try to explain the shift observed in Fig. 6b by
a difference between the separation states for the adiabatic and
heated cases.

B. Separation State of the Interaction

For the adiabatic case, the change in the slope of the length of
interaction occurs in the vicinity of a flow deviation of 7 deg. From
previous adiabatic experiments [11,18], this angle corresponds to the
development of a separated region, and is in accordance with §, = 1,
the estimation of the separation threshold given by Eq. (3). Moreover,
the change in the slope of the dimensionless length of interaction
is observed near L/(6*g3) ~ 1.5—2. This value was shown to
correspond to the onset of the separations for various SWBLIs [13].

From Fig. 6b, one can argue that the heated case will separate for a
slightly smaller flow deviation than the adiabatic case (typically 1 deg
or less). This is illustrated in Fig. 8, in which the mean longitudinal-
velocity profiles, for the same flow deviation (0 = 8.0 deg), are
reported for the adiabatic and heated configurations. In both cases,
profiles with maximum reverse flow have been selected. It is clear
that the heated case presents the significantly larger reverse flow
(=50 ms~! compared to 20 ms~! for the adiabatic case).

Moreover, as the separation criterion derived by Souverein [12]
and Souverein et al. [13] solely depends on external flow parameters,
the adiabatic and heated interactions having similar length should
show similar separation state. In Fig. 8 are also reported the velocity
profiles for the 9.5 deg adiabatic case, which has a similar separation
length than the 8 deg heated case (cf. Fig. 6a). It is obvious that the
9.5 deg adiabatic interaction shows a stronger reverse flow than the
8 deg adiabatic one. Consequently, a comparison of the different
interactions (adiabatic or heated wall) at constant length of interac-
tion does not lead to compare flows in similar separation states.

From the results shown in Fig. 8, it seems that the separation
criterion defined by 3 has to be refined to take into account the heating
effects. It is necessary to evaluate more precisely the minimum
pressure jump through the interaction needed to make the flow
separate AP.,. From Fig. 6b, the correction to apply has to be of the
order of a half-degree of deviation; it means that the onset of
separation will be about 7 deg for the adiabatic case and about 6.5 deg
for the heated case. If the angle for which separation is observed is
noted 6, using relation 4, we have

APsep n
Hsep =P kT ()

ep?

and from Eqs. (4) and (5), itis possible to derive the following relation
between the separation criterion and the deviation angles:

20
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Fig.8 Meanlongitudinal velocity in the section of maximum reverse flow.
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0 AP \"
= (6)
esep (APsep)

in which the exponent n = 0.85, for Mach number up to 3.

Previous results show that, if the separation onset is qualitatively
predicted from the inviscid criterion S, based on the external
parameters of the flow, some limited corrections between the heated
and adiabatic configurations have to be applied. A dimensionless
analysis, as proposed by Morgan et al. [19], suggests that the
following parameters have to be considered: Reynolds number Re,
T,/T,, Cs, and C,. Nevertheless, some well-known aerodynamic
relations exist between these parameters, allowing the reduction of
the number of variables to be considered.

This suggests that some wall scales have also to be considered. As
the heating modifies mainly the near-wall properties of the flow
through density variations due to the large temperature increase near
the wall, it can be expected that the reduction of the separation
threshold, in respect with the adiabatic case, is mainly due to the
modifications of the near-wall properties of the boundary layer. We
have shown that the onset of separation is reduced by about 7%, when
the friction coefficient is reduced by 15% (see Sec. II): this suggests a
square-root dependence on the friction coefficient.

In the classical free-interaction concept [20,21], Chapman et al. [20],
using classical aerodynamic properties, proposed a normalized
pressure distribution depending on parameters as the Mach number
and the upstream skin friction Cpy. From this dependency, some
characteristic points, such as pressure at separation P, pressure in
the plateau region P,

psep>

ols and so on, can be expressed as

Ppscp_PO(xPpl_PO 2C_/‘O

qe de (Mg - 1)1/2

)

The proportionality coefficient depends on the point considered
(separation or plateau), as well as on the state of the incoming boundary
layer (laminar or turbulent boundary layer). To make the flow separate,
the pressure jump through the whole interaction should reach at least
the plateau pressure. From these considerations, we assume that the
pressure jump through the interaction necessary to make the boundary
layer separate (APg,), is also proportional to these parameters, it
means

2Cf0

-7 ®

APsep X {ge

Here, we are considering flows with constant external parameters, and
q. and M, are considered as constant. From the previous relation, we
can write

1
d(log AP,) = 0(5 log Cfo)

with log as the logarithmic function and d() being a differential
operator for constant external parameters, it means at the same external
Mach and Reynolds number. The logarithmic derivative d(log C/)
represents the relative variation of the friction coefficient to the
adiabatic case (Cr/C gy, — 1), in which Cyy, is the friction coefficient
of the adiabatic flow with the same external parameters. Therefore, this
derivative depends only on the heating parameter [22], and no more on
the Reynolds number.
From Eq. (6), we obtain

4 AP
(3(10g(9 ) = na(log AP )
sep sep

Developing the previous relations and using relation 4, we have

n

d(log Oyp) = 6(2 log Cfo) )

with n = 0.85. Therefore, from Eq. (9), it is possible to predict
the change in separation angle 0, from the variation in Cgy. To
apply Eq. (9), Cjy has to be estimated. Several different techniques
can be used to determine this quantity, all of them leading to an
important uncertainty in the computed value. We retained the
technique used in Debieve et al. [16]), leading to an uncertainty of
about 10% in C . Nevertheless, because we are analyzing variations
in ratios of Cyy, the uncertainties in Cy, have a low impact in the
results presented here.

Applied to the present case, relation 9 predicts a reduction of the
separation angle of 0.4 deg for the heated case compared to the
adiabatic case. This is coherent with the previous estimation based on
experimental observations (a reduction of 0.5 deg).

The influence of heating on the separation threshold of the
boundary layer seems to be correctly estimated from Eq. (9).
Therefore, it is of interest to consider the opposite case, in which the
wall is cooled. Unfortunately, to the best of our knowledge, there is no
shock-wave reflection with cooled wall, in which the onset of
separation and the length of interaction are discussed. Nevertheless,
as the dimensionless length-scale model given by Eq. (1) does not
depend on the geometry of the interaction [13], Spaid and Frishett’s
experiments have been considered [23].

The authors considered a Mach 2.9 compression corner at similar
Reynolds number (3.9 x 10*) with adiabatic conditions and ratio of
wall temperature to recovery temperature of 0.47. They obtained an
increase of the friction coefficient of 46% (from 1.94 x 1073 to
2.85 x 1073). The authors evaluated the length of interaction of their
compression corner from schlieren visualizations, as well as from
static-pressure data. In both cases, as in the present results, the
variation of the slope of the length of interaction when plotted vs the
imposed flow deviation is observed (see fig. 9 of their paper). These
slope variations occur at 13 and 16 deg, respectively, for the adiabatic
and cooled conditions. The flow deviation of 13 deg was found
to correspond to the onset of separation for the adiabatic case.
Applying relation 9 to the Spaid and Frishett’s [23] results would lead
to a variation of 20% of 0; it means a separation occurring for an
angle of 15.6 deg, very similar to the angle derived from the slope
change of the length of interaction curve. These results are
summarized in Fig. 9, in which the different normalized lengths of
interaction are represented vs the imposed flow deviation 6. (The
flow deviation was divided by 2 for the compression corner, to
compare with the reflection case.) The variations of the square-root
friction coefficient between, respectively, the adiabatic and
nonadiabatic conditions are reported by horizontal arrows in the
figure. In both cases (Mach 2.3 heated shock reflection and Mach 2.9
cooled compression corner), the influence of the heat transfer on the
separation threshold of the boundary layer seems to be correctly
estimated from Eq. (9).

6 T T T T
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Fig. 9 Interaction length similarity between adiabatic, cooled, and
heated cases using adabatic S,.
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C. Similarity for the Length of Interaction Including Heat Transfer
Effects

The results presented in the previous section suggest that the
normalized length of interaction defined by relation 1 effectively
compares various SWBLIs, including heating effects, as long as the
separation criterion defined by S, = AP/AP, is correctly evalu-
ated. The estimate S, derived from adiabatic compilations [see
Eq. (3)] is not accurate enough when heating effects are considered,
despite similar Reynolds numbers with the adiabatic cases.

The variation of the flow deviation necessary to make the flow
separate for the heated cases, in comparison with the adiabatic
configurations, has been found described accurately by the classical
relation proposed by Chapman et al. to evaluate the pressure at the
separation point or the plateau region [20].

This relation suggests that the pressure step necessary to obtain
separation (AP.;) should be compared to the dynamic pressure gy,
as an estimate for S, but with a weighting function depending on the
square root of the friction coefficient and the Mach number. Such
correction cannot be expected to be relevant for the various turbulent
adiabatic SWBLI cases considered in Souverein et al. [13]. Indeed,
only a limited dependency on the Reynolds number was observed,
despite the wide range of flow considered (3 x 103 < Rey < 3 x 10%),
in accordance with other classical separation criteria [24—26]. This
suggests that the constant of proportionality in Eq. (8) may depend
itself on the Reynolds number.

As the present and Spaid and Frishett’s [23] experiments involve
similar Reynolds number for their adiabatic configuration, we tested
relation 8 to evaluate the quantity AP, The constant of propor-
tionality has been derived from our adiabatic experiment, in which
the separation was obtained for an imposed flow deviation of 7 deg. A
constant of 7.14 has been obtained and used for all the other cases
(heated reflection and adiabatic or cooled compression corner).

We represent in Fig. 10 the normalized interaction length L* vs
AP /AP, with AP, estimated from Eq. (8) with a constant of 7.14. It
is clear that this representation leads to a very good collapse of the
adiabatic and heated interactions for the whole range of flow
deviations: from the attached to largely separated cases. Moreover,
the Mach 2.9 compression corner, adiabatic and cooled, collapse well
with the present experiments, despite the geometry difference and the
initial incertitude on the length of interaction derived from schlieren
visualizations or from static-pressure measurements.

In conclusion, the heat-flux effects on the mean properties of the
interactions can be summarized as 1) an increase of the boundary-
layer displacement thickness of the upstream boundary layer due to
the lower density in the near-wall region when the wall is heated, and
2) a dependence on the heating flux of the flow-deviation angle
necessary to make the flow separate. This reduction has been related
to variations of the skin-friction coefficient with the wall heating flux.
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Fig. 10 Similarity for the length of interaction between adiabatic and
heated cases.

Therefore, it seems that the evolution proposed by relation 8 is
correct when flows with adiabatic conditions correspond to similar
Reynolds numbers. This confirms that the constant of proportionality
may depend on the Reynolds number, even for the turbulent cases.
Relation 8 also applies a direct Mach-number correction through the
term (M? — 1)~'/%, Unfortunately, this term varies only by 13%
between the reflection and the compression-corner cases. Therefore,
to generalize the present similarity, it would be necessary to consider
the SWBLI at larger Mach numbers, keeping the Reynolds number in
the range here under consideration.

In the following, the heating effects on the unsteadiness inside
the interaction will be considered. Only the @ = 8 deg case will be
discussed: this angle of flow deviation is chosen to be sure that the
boundary layer separates in both the adiabatic and heated interac-
tions, and because it is small enough to avoid any blockage issue.

D. Unsteadiness of the Heated Interaction

As mentioned in the Introduction, the SWBLI is well known to have
an unsteady behavior, leading to low-frequency pressure fluctuations
inside the recirculation area. These low-frequency pressure fluctua-
tions are related to the unsteady behavior of the reflected shock. For the
adiabatic SWBLI at Mach number larger than 2, a typical Strouhal
number Sr; associated with these low frequencies was proposed [27].
It was defined as Sr; = fL/U;, in which U, is the velocity
downstream of the incident shock. For a wide range of configurations,
Sr; =~ 0.03. Thus, assuming that this Strouhal number is also valid for
the heated interaction, one can expect a change in frequency of order of
about 50%, as well as the interaction length.

Therefore, the unsteadiness of the reflected shock is investigated
by means of hot-wire measurements in the external flow. The spectra
of hot-wire signals taken at the mean reflected shock position are
given in Fig. 11a. The fluctuations are produced by the unsteady
shock moving back and forth around the probe. As expected, the
premultiplied spectra are dominated by low frequencies for both the
adiabatic and heated interactions. It is obvious that lower frequencies
are present in the heated interaction than in the adiabatic one.

Considering the equilibrium between the mass of fluid in the
separated bubble and the mass-entrainment rate through the shear
layer, which develops downstream the separation point, Piponniau
etal. [11] propose to take into account the compressibility and density
effects on the spreading rate of the shear layer to weigh the Strouhal
number Sr;. They propose the weighted Strouhal number defined as

Sp
Y R R— 10
LT oM, x (. 5) (10
with
XL
SrL = U

in which M. is the convective Mach number, r is the velocity ratio,
and s is the density ratio across the mixing layer, and ®(M,) is the
normalized spreading rate for the mixing layers (see [28]).
Equation (10) suggests that the wall heating can influence the
characteristic low-frequency unsteadiness of the interaction through
three effects: 1) the variation of the length of interaction L (see
Fig. 6a), 2) the velocity and density ratio across the shear layer, and
3) the compressibility effects, depending on the variation of the
convective Mach number.

These different effects are now evaluated. The premultiplied power
spectral densities (PSDs) for the 8 = 8.0 deg case, are plotted
against the Strouhal number Sr; in Fig. 11b. It is clear that this
representation overpredicts the influence of heating on the
characteristic frequency. Now, we take into account the effect of
heating on the functions ® (M) and g(r, s). As shown in the previous
section, the velocity ratio between the adiabatic and heated
interactions will change only slightly (see Fig. 8). Conversely,
heating will change dramatically the density ratio: typically reduced
by afactor 2. Nevertheless, as shown in [11], the function g(r, s) does
not significantly change with the parameter s. This is illustrated in
Fig. 12a: a reduction of only 15% of g(r, s) can be expected for the
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heated case in respect with the adiabatic conditions. Moreover, this
reduction will increase the difference observed in Fig. 11b.

On the other hand, the density variation will also influence the
convective Mach number through the change in sound velocity near
the wall. Indeed, the convective Mach number can be expressed by

AU
M, =27
ag +a2

with a; = /yRT;, in which T is the static temperature of the fluid.
Therefore, the convective Mach number will be reduced through the
wall heating and the increase of the sound velocity on the low-
velocity side of the mixing layer. Reducing the convective Mach
number, the function ®(M ) will increase (see Fig. 12b adapted from
Smits and Dussauge [29]) and the normalized Strouhal number Sr}
will decrease.

In Fig. 13, we report the normalized spectra for both the heated and
adiabatic interactions. An excellent agreement is obtained for the
location of the low-frequency peak, indicating that the normalization
of the Strouhal number of Eq. (10) is correct for the present results.
This confirms that the low-frequency unsteadiness of the interaction
has to be related with the development of the mixing layer, which
develops downstream the reflected shock. The reader may notice that
the spectra of the adiabatic interaction show a secondary peak at
Srj = 200, which is not present for the heated case. This is due to the
fact that the measurements were carried out at the same distance from

the wall for both interactions. Therefore, because the size of the
interaction increases with heating, the adiabatic-case measurement
was carried out at a higher distance from the interaction. As shown by
Agostini et al. [30], at higher distances from the wall, the shock
motion is not only altered by the low-frequency unsteadiness of the
separation bubble, but also by the medium-frequency perturbations
coming from the underneath developing mixing layer.

N
T T T T T

0 L L
0 1 2 3

10 10 SL 10 10

Fig. 13 Premultiplied and normalized spectra vs weighted Strouhal

number.
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IV. Conclusions

An investigation of the impact of wall temperature on a M = 2.3
shock-induced boundary-layer separation has been carried out
experimentally. This study highlighted that the interaction length
significantly increases when the wall temperature is elevated. The
results obtained seem to imply that this increase is mainly a
consequence of changes in the wall incoming conditions, which can
be taken into account through the changes on the displacement
thickness and friction coefficient of the upstream boundary layer. The
interaction-length increase can then be accurately described using a
model based on mass conservation across the interaction. Another
effect of heating is a slight modification of the separation state.
Classical dependencies, inferred from the free-interaction theory,
seem relevant to describe this influence of the wall conditions, for
constant external parameters (Mach and Reynolds numbers).
Combining both models, a full similarity between the adiabatic and
heated interactions has been obtained, from the attached to separated
cases. Moreover, the same model has also been applied with success
to cooled-wall interaction.

From the present results, it seems that low frequencies of the
reflected shock motion can also be related to the same definition of
Strouhal number as in the adiabatic case. The proposal of Piponniau
et al. [11] for normalizing the shock beating frequency has been
evaluated and discussed for nonadiabatic cases, and the method
succeeds in collapsing the characteristic low-frequency unsteadiness
of the reflected shock for the heated interaction.

These results confirm that the overall spatiotemporal organization
of the heated-wall interaction can be effectively compared to a
previous analysis achieved in the adiabatic cases, and suggest similar
results for the cooled-wall cases.
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