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Transition mechanism in a shock wave boundary layer interaction
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ABSTRACT

The spatial development of a transitional Oblique Shock Wave
Interaction at Mach 1.68 is documented thanks to high resolution
Laser Doppler Anemometer (LDA) and Hot Wire Anemometer
(HWA) measurements. The amplifications of the velocity fluctu-
ations along the transitional separated shear layer is found to follow
an exponential growing. The time properties of these unsteadiness
are characterized with external hot wire measurements.

1 Introduction

Since its first appearance in the 40s, shock-wave boundary
layer interactions (SWBLI) have been widely studied numerically
and experimentally, both with laminar or turbulent boundary layer.

SWBLI is a physical phenomenon that appears in supersonic en-

gines, such as at the extrados of a supersonic air-plane, in supersonic

intakes or in over-expanded nozzles. Itis known to generate thermal
and aerodynamic loads that can be harmful for system, Eelein
(2013). It is also known to cause boundary layer separation when
its intensity is high enough. Depending on whether the boundary
layer is separated or not, the upstream state is laminar or turbulent,
the topology of SWBLI can be very different.

A large part of SWBLI studies considered a turbulent boundary
layer, and were realized using several geometries configuration, in-
cluding compression ram Wu & Martin (2008)), oblique shock
wave(Dupontet al. (2006) ; Touber & Sandham (2009) ) andr-

mal shock wavé Pirozzoliet al. (2009)). While pioneers investi-
gations were mainly focused on spatial and pressure description,
what have permitted a good understanding of flow organisation,
nowadays, thanks to the improvement of metrology technique and
the increase of computing capacity, authors focus their research on

drag. A solution may consist of the use of laminar profile at high
altitude where favorables conditions (low Reynolds numbers) allow
the boundary layer to stay laminar a long distance downstream of
the leading edge, reducing dramatically the skin friction. Unfortu-
nately, the boundary can separate easier than a turbulent boundary
layer, when it sustains an adverse pressure gradient, and this causes
worsening of aerodynamic performances. Furthermore, it is well
established that such separated interactions exhibit low frequency
unsteadiness (Sansiefal. (2016)) as do turbulent separated inter-
actions. In addition, we know that laminar transition to turbulence is
promoted when the boundary layer is separated (Giepman (2016)).
Although, this allows the boundary layer to reattach, laminar tran-
sition to turbulent may contribute to increase more performances
losses by increasing the drag.

Here, a transitional SWBLI at nominal Mach numbe6&.is con-
sidered. The unitary Reynolds numberRg, = 5.7 x 10°. The

flow is documented using Hot Wire Anemometer and high resolu-
tion Laser Doppler Anemometer. Thes paper is organized as follow.
In section 2, we present the experimental set-up . Section 3 is de-
voted to the presentation of the LDA set-up. Then, we describe the
time scales developing along the interaction in section 4, and finally
a discussion about the transitional mechanism along the interaction
is made section 5.

2 Experimental Set Up

Experiments are carried out in the hypo-turbulent supersonic
wind tunnel of the IUSTI laboratory, at the Aix-Marseille Univer-
sity, France. This is a continuous facility with a closed-loop circuit.
The nominal Mach number of the test sectioiVis= 1.68, and the
total pressure is of .@ x 10°Pa. The turbulence intensity of the

the source of the low frequency unsteadiness in separated turbulent pressure fluctuations in the potential flow are as low as 0.4% at this
SWBLI (Ganapathisubramaat al.(2007); Piponniaet al.(2009); stagnation pressure. The reflection of an oblique shock wave on a
Touber & Sandham (2008)). These studies have confirmed the exis- laminar supersonic boundary layer developing over a flat plate is
tence of low frequency unsteadiness of the separated SWBLI, with considered. The model is composed of a flat plate of 175mm long.
a characteristic frequency of two order of magnitude lower than the A sharp-edged shock generator is installed at 72mm downstream of
characteristics frequencies of the incoming boundary layer. This the leading edge of the flat plate and at 30mm distance from the
low frequency is described to be potentially dangerous for engines wall of the plate. The shock generator and the flat plate spans are as
since it can excites their eigen modes. large as the wind tunnel test section. The origin of the absgigsa
Compared to turbulent SWBLI, laminar ones have been less inves- taken at the leading edge of the flat plate. The flow deviafiovas
tigated. Nevertheless, they have recently gained interest since aero- fixed to 5. A sketch of the experimental set-up is shown Figure 1.
nautical industries are confronted to the challenging reduction of The boundary layer which is developing along the flat plate
air-plane impact on the environment. In fact, reduction of green- has been controlled to be laminar Diag al. (2016). For a
house gaze can be achieved, in particular, by reducing air-plane theoretical laminar boundary, velocity profiles are self-similar:
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U/Ue= f(y\/Ra,/x), whereRg, is the unitary Reynolds num-
ber. Indeed, the boundary layer thickness evolve® &% +/x/Rea,.
Figure 2 represents the mean velocity profiles obtained from LDA
measurements, for positions ranging from 80mm to 160mm and for
stagnation pressure from4atm to 08atm, it means for Reynolds
numbersRe, from 0,448 x 10° to 0.919x 10°. As seen on the
figure, boundary layer profiles are in a good agreement with the
compressible Blasius profile obtained from StarCCM+ computa-
tion. The impingement location of the incident shock wafap

is at 1073mm from the leading edge. At this location, the undis-
turbed boundary layer thicknessggp = 0.9mm and the displace-
ment thickness i§,,, = 0.4mm. The upstream influence of the in-
teractionXg has been defined as the extrapolation down to the wall
of the inflection point of the pressure rise across the compression
waves (derived from Pitot measurements at 5mm from the wall, Fig-
ure 9). This position can be seen as the mean position of the sepa-
ration point. At this location, the undisturbed boundary layer thick-
ness iy = 0.7mm and the displacement thicknesgjs= 0.3mm.

The length of the interactiob, defined as the distance betweén
andXimp, is 437mm. The non-dimensional longitudinal coordinate
is X* = (X = Ximp)/L. The position of the incident shock at the
wall is thenX* = 0 and the compression waves are centered around
X*=-1.

3 High resolution LDA measurements
The LDA probe volume diametab used for results presented
Figure 2 is 7%m, Diopet al.(2016). It has to be compared with the

Test section with model

Figure 1.

o Rex=4.48e+05 Pgen=0.40 atm X=80.0 mm
0 Rex=5.60e+05 Pgen=0.40 atm X=100.0 mm —
© Rex=7.41e+05 Pgen=0.40 atm X=130.0 mm

o <0 Rex=9.19e+05 Pgen=0.50 atm X=130.0 mm
N — Blasius profile
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Figure 2. Velocity profiles in normalized representation - LDA
meaurements. From Diogt al. (2016)
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thickness of the boundary layer at the secfi@grwhich is as small

as 70um. Therefore, the velocity gradient across the diameter of
the probe volume cannot be neglected. Based on classical models
to take into account the velocity gradient inside the probe volume
Durstet al. (1976), an analytical expression of the bias measure-
ments was derived.

We consider a measurement volume of a diametep @iside the
boundary layer at a positiopnfrom the wall. Thanks to the small
size of the the measurement volume, we can assume with little bias
that the velocity distribution inside the probe volume is linear :

U(€)=Uy+aé (€H)]

whereUy denotes the mean velocity measured at the center of the
probe volume—~®/2 < & < 4+®/2 anda is the slope of the linear
velocity profile inside the probe. We assume that seeding particles
passing through the probe volume are equally distributed inside de
volume such that the probability density of a particle to pass at a
positioné inside the volume is given by :

p(&) @)

1 +®/2
— with =1
gt [, (e

With these assumptions we can evaluate the artificial variahce
velocity introduced by the velocity gradient inside the measurement
volume. Considering) (¢) as a random variable, its variance can
be expressed using the definition of the expectdfgy) through :

var(U) = EU?) - (E(U))? 3)

Values ofE(U?) and (E(U))? are obtained like :

/ /
EU) = [ o UEPEE = [y ad) ) =y

—0/2
(@)
2 +P/2 9 B +0/2 )
EU?) = [ oy VEPEIGE = / o Uyt a8PREIE )

CDZ
2_ 112 2y _112 2
(E(U))c = Uy and E(U )—Uy +a 1 (6)
Then, the RMS velocity fluctuations is:
P2 u o o
uU=yVarU)=1/a2—-and — = —= 7
) 12 Ue 2v3Ue 0

In laminar boundary layer, the slopeis constant in the vicinity of

the wall up toU /Ue = 0.6, see Figure 2, but inside the separated
interaction, the slope is no longer constant due to reverse flow, and
has to be evaluated. We can estimatas followed, with subscript
designating the current position of the measurement volum&and
the velocity at this positian

(
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Figure 3. MeanT) and turbulence intensity () measured in the
upstream boundary layer vs modelling of the probe volume integra-
tion effects ), 75um probe volume

The apparent intensity of velocity fluctuations is then

( )

The equation 9 is compared to the intensity of velocity fluctua-
tions derived from the LDA measurements in the initial part of the
laminar boundary layer (see Figure 3). It describes accurately the
present measurements in the upstream laminar boundary layer for
the 75um probe volume diameter used for the mean velocity mea-
surements .

Equation 9 shows that a reduction of the measurement volume di-
ameter of the LDA entails a diminishing of the apparent intensity
of velocity fluctuations. We undertake a reduction of the volume
diameter from 75m to 38um. The volume diameter of the probe
volume and the fringes wavelength are given by :

i’ o 1

= —— % —
Ue 2v3 2

Ui—Ui_1
Yi —VYi-1
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‘Ui+1*Ui
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ds ) A
®= cog0/2) ' O T 2sin(8/2) (10)
whered; = % is the beam waist anfl the angle between the two

beams;f is the focal length) the wave length of the emitted beam,

d, is the beam waist upstream of the front lens éndesignates the
beam-expansion factor. Reduction of the probe volume diameter is
realized by increasing the beam expansion fa@&owhich is done

by connecting in series two beam-expanders such that the resulting
beam-expansion factor 3% = 3.92.

Nevertheless, the set up of the LDA system, particularly when
defining the probe diameter need to take into account the cut-off
frequency of the photomultiplier which is about 180MHz. The
maximum Doppler frequency has to be fixed to a much lower
value than 180MHz in order to avoid signal attenuation. In flows
with separation, a Bragg cell is used to resolve negatives ve-
locities. It introduces a shift frequencygragg = 40 Mhz) that
increases the Doppler frequency. If we limit the Doppler fre-
quency value afpmax= 100— 120 MHz, as the external velocity is

Ue = 450ms 1, the shortest inter-fringe which can be used should
beds,,, = Ue/(fDnax — fBragg) = 5.6 — 7.5um.

Table 1. LDA characteristics

O [um] | Beam Beam | Fringe | Fmnax
spacing | ex [mm]| spacing | [MHZz]
[mm] pander [um]
ratio
75 19.2 1.98 19 | 6.70 110
38 11 3.92 0.66| 5.97 117

Figure 4. 3@ m probe volume LDA set-up

downstream of the beam-expanderid3mm. The converging lens

is of 500 mm. Main parameters of the 7 and 3&:m LDA set-
tings are reported Table 1. The fringe spacing is nearly constant
for both set-ups, and is abouuih. This correspond to maximum
Doppler frequency of about 110MHz. Notice that the number of
fringes is then reduced between the measurement volumeush 75
and that of 3@m. The uncertainty on the Doppler frequency evalu-
ation depends on the number of fring&§ (nside the probe volume
Pfeifer (1976),p1-8:

Afp V21

T (11)

m N

This uncertainty in the frequency evaluation introduces an addi-
tional bias error to the apparent intensity of velocity fluctuations,
since the Doppler frequency is linked to the velocity through-

¢ (fo — fBragg)-

Only one beam expander is used for the receiving optic. Thus, the
pin-hole is quite larger than the probe volume, and, since we are in
an off-axis configuration, the probe volume has an apparent length
long enough to optimize the reception data rate. Then38DA
installation is shown Figure 4.

This new LDA set up is used to achieved measurement of the
longitudinal velocity fluctuations along the interaction. For the sta-
tions downstream from the separation pot ¢ —1), RMS values
become significantly larger than the apparent turbulence and accu-
rate measurements can be derived if the measurements are corrected
from the artificial turbulence. RMS profiles measured along the in-
teraction are shown Figure 5. The maxima of the RMS of the veloc-
ity fluctuations are increasing along the interaction: their location
and amplitudes are reported on the figure (cyan and magenta lines
respectively).

The distance between beams upstream of the beam-expander has The longitudinal evolution of the maxima RMS longitudinal ve-
been fixed at 11 mm. The resulting distance between the two beams locity fluctuations are reported Figure 6. Their amplitude is found
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Figure 5. Turbulent longitudinal velocity LDA measurements
along the interaction with the 38n probe volume.
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Figure 6. Longitudinal evolution of the maxima of RMS along the
interaction.

to increase along the interaction: it varies from about 1% of the
external velocityUe (which is the noise level of these LDA mea-
surements) to a saturation level of aboutWe near the incident
shock impingement location. In the initial part of the interaction
(—1 < X* < —0.5), the amplitude of the velocity of fluctuations are
too low to be resolved from the present LDA measurements. The
velocity profiles measured downstream from the interaction show
that the boundary layer is no longer laminar. The incompressible
form factor for a laminar boundary layer is of.62). In this section

it is of 1.62, similar to turbulent profiles. Nevertheless, no clearly
defined log-law region has been observed: the boundary layer is
still in a transitional state. In this downstream region, large veloc-
ity fluctuations are observed, higher than expected for a classical
turbulent profiles: at this position (about 30 displacement thickness
o, downstream from the impingement location), the flow is still

imp
relaxing.

4 Time scales developed along the interaction

LDA measurements provides new results on the velocity fluc-
tuations inside the separated shear layer. Unfortunately, the data-
rates were not high enough (typically around 1 to 5kHz) to resolve
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Figure 7. Qualitative comparison between the LDA measuresnent
and HW measurements performed at 5mm from the wall.

x 10~

Figure 8. Longitudinal evolution of PSD of the pressure ratlat
fluctuations (hot wire measurements) .

accurately their time properties. Therefore, hot wire measurements
have been achieved in order to derive the Power Spectral Densi-
ties of the momentum fluctuations. As measurements inside the
separated shear layer were of limited accuracy (probe vibrations,
transonic effects, recirculating flows), we measured over the shear
layer §/ = 5mm) the radiated pressure perturbations (Smits & Dus-
sauge (2006), pp25-32 et p125, Agosthial. (2012), Jaunett al.
(2014)). The locations of HWA measurement positions are sketched
figure 9. The measured intensity of voltage fluctuations along the
interaction is compared to the longitudinal evolution of the max-
ima RMS velocity fluctuations figure 7. On this figure, the location
of the hot wire measurements were corrected from the angle of the
characteristics for a Mach number of 1.68 to match with LDA mea-
surement positions. Similar evolution are obtained, with a large
increase of the radiated fluctuations in the second part of the inter-
action (0.5 < X*) as for the LDA measurements. HWA measure-
ments are used to characterize the times scales developing along the
interaction.

The pre-multiplied PSD are plotted vs the Strouhal number
S = fL/Ue along the interaction Figure 8. Curves are colored with
respect to measurement positions as on Figure 9.  Results pre-
sented Figure 8 highlight the unsteadiness of the compression waves
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Figure 9. Sketch of the transition development along the aater
tion.

and allow to identify their mean characteristic frequency which is
around§ = 0.12 f = 1.5kHz. Downstream from the compres-
sion waves, a global amplification of perturbations is observed for
Strouhal number ranging fromDto 3. These scales are ampli-
fied all along the interaction, with a maximum of amplitude around
S =148 f = 15kHz. Another characteristic amplified Strouhal
number can be observed on the figure : intermediated frequencies
around§ = 0.5, f = 5kHz. In our transitional interaction case,
the Reynolds number at separation poinRig, = 365000. Hot

wire measurements inside the upstream laminar boundary layer ex-
hibit so low level that growing of any characteristics times scales of
the boundary layer was above measurement uncertainty. Neverthe-
less, for higher Reynolds numbBg, > 900000, Power Spectrum
Density of laminar boundary layer perturbations highlights am-
plification of bandwidth frequency arourdl = 1.48 f = 15kHz.

This suggest that the amplified modes in the interaction, around
S = 1.48, have to be related to the unsteady modes of upstream
laminar boundary layer.

5 Transitional mechanism along the interaction

A global overview of the transition process along the interac-
tion can be inferred from the present measurements. It is reported
Figure 9. The upstream flow is a laminar boundary layer. At the
separation point(* = —1), compression waves are developing and
the decelerated shear layer is growing down to the apex location
(aroundX* = —0.2). The flow deviation at the separation point has
been derived from mean external pressure measurements. Using

the pressure jump through the compression waves and the upstream

external Mach number, we deduce the wedge angle producing the
same pressure jump. A deviation ofvas evaluated: the initial
flow deviation is less than the half of the imposed flow deviation.
These results suggest that the pressure field in vicinity of the sep-
aration depends only on the upstream conditions. Such behavior
was proposed in the Free Interaction Theory Chapetah (1957),
where the initial pressure rise is given by:

2Cty

1/2

pxX)—p1 1
Mz 1)

P2 (2

yMZ x F(X)

p1, My, Cy, being respectively the pressure, the Mach number and
the skin friction coefficient measured at the beginning of the inter-

action. The universal functioR (X) depend only on the initial state

of the upstream boundary layer and is equal to 1.5 downstream of
the separation point for upstream laminar flow. This relations leads
to an equivalent flow deviation of°2 for the present experimental
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conditions, in very good agreement with the experimental value.

In the upstream laminar boundary layer, unsteady modes are de-
veloping, with very low amplitude for such Reynolds number
(Rex, = 365000). These modes correspond to high frequencies
(about 15kHz,§ = 1.5 in our case). They are strongly amplified
along the separated shear layer, with an exponential growth, up to a
saturation level which corresponds to transitional-turbulent values.
This increase dramatically the momentum transfer across the shear
layer and the flow is reattaching. The large scales developed along
the interaction are shed downstream from the reattachment. This is
similar to results of Sansiaat al.(2016) who forced a separated in-
teraction with unstable modes of the separated bubble obtained by
Linear Stability Theory (LST) and found these unstable modes to
experience a weak growth along the attached boundary layer and a
strong growth inside the bubble that may lead to a non-linear inter-
action and then to turbulence break-down. Therefore, it seems that,
for this range of frequencies, the transitional SWBLI can be consid-
ered as a noise amplifier.

The downstream boundary layer is out of equilibrium, with max-
ima of velocity fluctuations far from the wall in the middle of the
layer. This is very similar to what is observed in separated turbulent
shock wave boundary layer interactions, despite significant differ-
ences between the Strouhal number ( 0.5 and 1.5 respectively for
the turbulent and transitional cases).

Over imposed on these high frequency unsteadiness, very low fre-
quencies are observed all along the interaction. They correspond to
dimensionless frequencies aroRd= 0.12 and are clearly associ-
ated with low frequency motions of the initial compression waves.
This value differs significantly from the dimensionless low frequen-
cies associated to separated shock of turbulent interactions, which
is aroundS. = 0.03. In Piponniatet al. (2009), it was suggested
that the low frequency unsteadiness in SWBLI should vary as the
aspect ratid_/h of the interaction. The aspect ratio of transitional
and turbulent SWBLI can be approximated from the flow devia-
tion Bsep at the separation point:/h ~ 1/tan(Bsep). In our tran-
sitional interaction configuration, a flow deviation angle 6ftas
been obtained, against around fl@w deviation angle for turbulent
SWBLI (Green (1970)). Then a ratio of abaiit/h)r /(L/h)turb =
tan(10)/tan(2) can be expected between the low frequency transi-
tional and turbulent Strouhal numbers. Thus, the dimensionless low
frequency of SWBLI for turbulent and laminar cases should be re-
lated as(S )ir = tan(10)/tan(2) x (S )wurb = 0.15. The expected
Strouhal number is approximatively equal to the one found in our
configuration. Therefore, present measurements seem to confirm
the low frequency dependence on the aspect ratio of the interaction.
Otherwise, perturbations through the interaction exhibit a medium
frequency aroun@_ = 0.5, f = 5kHz which is amplified along the
interaction. The same Strouhal number have been found in turbu-
lent SWBLI, and has been related to convective structures develop-
ing along the shear layer with convective velocityl&f/Ue ~ 0.3

and characteristic wavelengthsagL ~ 0.6, Dupontet al. (2006).
Nevertheless, the very large aspect ratios in transitional cases sug-
gest that such assumption is not more relevant, as such unsteadiness
would involve wavelength of about 100 initial boundary layer dis-
placement thickness. Additional elements, as phase velocity, are
clearly required to analyze these intermediate time scales.

6 Conclusion

We considered a transitional SWBLI at free Mach number 1.68
and stagnation pressupe= 0.4atm. A LDA set-up, corresponding
to a probe volume diameter of B&, has been defined. It allows
to reduce the apparent velocity fluctuations. Perturbations along the
separated shear layer are found to evolve exponentially, and may be
responsible for laminar-turbulent transition that takes place inside



the bubble. Hot wire measurements of the pressure fluctuat@ens Touber, E. & Sandham, N. D. 2008 Oblique shock impinging on
diated from the shear layer show that this transition process results  a turbulent boundary layer: low-frequency mechanismS8iin
from the contribution of several bandwidth frequencies. The high AlAA Fluid Dynamics Conference, Seattle, Washington, USA
frequencies correspond to a strong amplification along the separated Touber, E. & Sandham, N. D. 2009 Comparison of three large—
shear layer of the upstream perturbations which are developing in  eddy simulations of shock—induced turbulent separation bubbles.
the upstream laminar boundary layer. They are amplified uptoasat-  Shock Wave$9 (6), 469-478.

uration level which defines the transition to turbulence of the flow: Wu, M. & Martin, M. P. 2008 Analysis of shock motion in shock-
at this station, the flow is reattaching. For this range of frequencies, wave and turbulent boundary layer interaction using direct nu-
the interaction can be considered as a noise amplifier. merical simulation datalournal of Fluid Mechanic§94, 71-83.
Superimposed are low and intermediate frequencies. The low

ones can be compared with classical results in turbulent separated

SWBLI if the differences between transitional and turbulent aspect

ratio are considered. Intermediate frequencies are still to be de-

scribe and need further analysis
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