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Abstract

Large field-of-view (FoV) particle image velocimetry (Pl€xperiments are conducted to examine velocity
fields in a vicinity of a shock wave boundary layer interact{®8WBLI) at Mach 2. The current FoV
covers up to 30 boundary layer thicknesses, comprising sfre@m and downstream regions relative to
the SWBLI, thereby allowing the turbulent boundary layeattees and instantaneous shock locations to be
simultaneously captured. The relationship between thedhary layer features and the shock location is
directly quantified, with the aim of better understanding thechanisms responsible for oscillation of the
reflected shock. The results show that the reflected shoekidwcis clearly influenced by the instantaneous
state of the incoming boundary layer. It is found that a pges# lowhigh momentum very-large-scale
turbulent feature through the SWBLI region causes the reftbshock to move upstreddownstream of the
mean location. The results are confirmed by measureing trengpe characteristics of the shock locations
and their influences on the boundary layer features.

1 Introduction

The presence of shock and a turbulent boundary layer in teityi of the wall in a supersonic flow results
in an interaction region where the two meet. The interadgads to an extensive modification of the bound-
ary layer immediately downstream of the shock, resultinthexboundary layer to be in a non-equilibrium
state where strong gradients exist in the streamwise @irecbuch interactions occur on a number of ex-
ternal and internal flow in aerospace applications, andrleesls to be carefully considered when designing
components such as airframes and turbomachinery.

In the current work, an interaction between the shock andhthary layer features in a shock reflec-
tion configuration is examined (see figute The shock reflection configuration occurs commonly when
supersonic flow travels through a duct with opposing siddsyahd is typically accompanied by multiple
subsequent reflections as the reflected shock from one waithges on the opposing wall to form a shock
train. The duct flows are ubiquitous in engineering applices, and therefore the ability to accurately
predict the resulting shock wave boundary layer interac{l®WBLI) has enormous practical relevance.
Despite the high practical relevance, past studies hawesémcon SWBLI for a compression ramp config-
uration, with only a few researchers examining the shockce&fin configuration, which the current study
aims to redress.

One of the notable features of SWBLI is the oscillatory nataf the shock generated in the vicinity
of the wall (see figurd). The shock in the extreme cases can oscillate several boytader thicknesses
about the mean positioTflomas et aJ.1994. This can lead to an elevated surface pressure fluctuation
level and instantaneous shock structures that are vagtretit from the time-averaged structuhduck
et al, 1985. The resulting unsteadiness, if strong enough, may leadcctastrophic failure, e.g. structural
damage in a supersonic vehicle. While there is a consenstigearlation between the shock oscillation
and the expansion and contraction of the separation bulbdiédrms downstream of the interaction region,
the community still remain largely divided on the mechanexplaining the low-frequency unsteadiness,
despite multiple investigations on the oscillatory natfrehocks (e.gHumble et al.2009 Piponniau et aJ.
2009. A possible source of discrepancy, at least from the erpantal point of view, is that the majority
of the past works are based on a single point measurementatfitygpressure or shadowgragbhlieren
visualization. Hence, the limited nature of these techesgmay have led to contrasting conclusions from



Mo U oo JW@UZ  p To
(ms?) (kgm3) (%) (kPa)  (K)
2.0 520 0.495 0.7 200 296

Table 1: Experiment freestream parameters.
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Figure 1: A sketch of the experimental setup. The dashed limdicate the location of the incident and
reflected shock waves, while the blue shaded region showstheined view from eight cameras (the FoV
from each camera is denoted with a red bgx)andBg correspond to the angle of the incident and reflected
shock relative to the streamwise direction.

different researchers. The current study utilises PIV to capha shock and the surrounding velocity field
simultaneously, thereby allowing the relevant flow physicke directly quantified.

2 Experimental setup

The experiments are performed in the Trisonic Wind tunnehidin (TWM) at the Bundeswehr University
Munich. This is a blow-down type wind tunnel with a test sestineasuring 1800 mmx 300 mmx 675 mm
along the length, width and height, respectively. An indéégd system consisting of an adjustable Laval noz-
zle and difuser allows for a stable operation across subsonic, trémaod supersonic regime, with Mach
number ranging from 0.3 to 3.0. Moreover, the freestreatmtence intensity varies from 1.9% to 0.45%
(a decrease in the turbulence level occurs with an incrgadisxch number) within the operating range of
the wind tunnel §charnowski et al2019. The facility has two holding tanks that can be pressurigetb

2 MPa above ambient pressure, holding a combined volume6xi85f dry air. This enables measurement
times in the order of 100 seconds for a typical experiment Tine facility is designed to allow the Reynolds
number to be independently controlled from the Mach numpehanging the stagnation pressypg, The
freestream fluid parameters for the current study are @adtlin tablel. Here,M,,, U, andp., correspond
to the Mach number, mean streamwise velocity and densityeofitid in the freestream region upstream of
the shock, whilel, denote the stagnation temperature.

A flat plate, suspended at the middle of the test section, esl s examine the boundary layer that
forms in the vicinity of the plate surface. The incident shiggenerated by a shock wave generator in
the form of a two-dimensional wedge fixed to the upper wallh& wind tunnel that creates an°141°
wedge angle with respect to the streamwise direction, astifited in figurel. The passage of supersonic
flow around the wedge leads to an oblique shock that impingeth® boundary layer developing along
the flat plate at a downstream location, and the location efitisident shock foot is denoted herelas
The current setup fiers from past works where the incident shock is generatésing a two-dimensional
obstacle placed in the freestream region (&gpont et al. 2000, leading to a relatively fixed incident



shock. For the current configuration, the incoming flow to sheck generator is unsteady and contains
a wide range of turbulent scales from the boundary layerldpirgg on the roof, therefore resulting in an
oscillating incident shock. Oscillating incident shockcocin many practical applications, when multiple
shock reflections are generated from two opposing wallgliggo an oscillating reflected shock from one
side of the wall to impinge on the opposing wall and acts asaitént shock. Herd) indicate the mean
streamwise velocity, whilg, y andz denote the streamwise, spanwise and wall-normal dirextiBarther,
tilde operator indicates instantaneous variables, whileel case denotes fluctuations about the mean value.

Moreover,x, denotes the mean streamwise coordinate of the incidenk$bot; while s, = 14.0 mm Bross

et al, 2019 corresponds to the wall distancexatwhere the mean velocity is equal to 99 % of the incoming
freestream velocityJ,,, for the reference case of zero-pressure gradient coniplessundary layer at a
matched Mach number (i.e. without the presence of an incielenreflected shock).

3 Wall-normal PIVV

The flow upstream and downstream of the incident shock faaition, x;, is captured using planar PIV. In
order to facilitate a large field of view (FoV), while still pauring suficient details of the flow, a multi-
camera configuration with eight Imager sCMOS is used, astilited in figurel. This resulted in a
combined FoV with dimensions of 0.42m0.05m (corresponding to 3Px 46)) in the streamwise and
wall-normal directions, respectively, while still maiitang a scaling of 2fm pixelt. Furthermore, to
allow convergence of conditional mean quantities, abo@D4statistically independent velocity fields are
acquired. It should be noted that the illumination for thenar PIV is limited to approximately 1 mm in
the spanwise direction, thus the captured instantaneaak $bcations are well defined (see figdesince
only a minuscule variation in the shock location occurs dkerilluminated spanwise distance for the PIV
images. To enable PIV, the flow is illuminated by a doublespdllaser sheet generated utilising a Quantel
EverGreen laser head, rated at 200 mJ ptlde addition, Di-Ethyl-Hexyl-Sebacat (DEHS) tracer peleis
with a mean diameter of approximatelyfin (Kahler et al, 2002 are released into the flow upstream of the
settling chamber. The timeiset between the double images is setjas Iresulting in a mean particle image
shift of 21 pixels in the incoming freestream region. Notatth large pixel shift is important in reducing
the relative uncertainty of the PIV measurements, and te&oim Scharnowski et a(2019 suggest that a
mean shift of 20 pixels or more is desirable. The PIV imagesaocessed using Davis 8.3 software from
LaVision GMbH, where multi-pass image deformation and Garswindow weighting are enabled. The
initial and final window sizes corresponding to 22828 and 16« 16, respectively, with a 50 % overlap
between the windows are used for the PIV evaluation. To nig@megions of high-intensity pixels in the
vicinity of the wall, the aluminium wall surface within theW is polished to reduce the light scatter and the
cameras positioned to be at a similar height as the Wailhler et al, 2012).

Figure2 shows an exemplary instantaneous streamwise velocitydiglined from the combined FoV
for the wall-normal PIV. The large streamwise extent alldie recovery of the modified boundary layer

after the shock to be quantified, while capturingl 2egion of freestream allows the instantaneous shock
locations to be determined (shown in fig@d@s the dashed lines). In addition to the instantaneous shock
location, turbulent features within the boundary layersineultaneously captured, thus providing a unique
dataset where interaction between the turbulent featunethee shock can be analysed directly.

Figure 3 show the mean streamwise velocity field in the vicinity of 8/BLI region. As noted in
the introduction, one of the striking features of SWBLI i® thiariation in the shock location due to its
oscillation, as illustrated in figuré where the reflected shock is located upstream and downsingtim
respect to the mean shock location. Thus, the gradient®imtan field are much more gradual compared
to the instantaneous fields as it gets smeared across tloa tegi shock oscillates. Note that the black and
grey dashed lines denote the instantaneous and the medalsbaiions through out this paper.

To further assess the relation between the state of the ingopoundary layer and the reflected shock
location, a subset of the data where the incident shock éiegden+0.25° of the mean position (correspond-
ing to 15 % of the total dataset), and therefore remainsivelgtfixed, is used for the subsequent analysis
presented in this section.

3.1 Detection of instantaneous shock locations and boundatayer thicknesses

The shock locations are determined from the local minimaaahe location in the instantaneo@/ax
fields, as illustrated in figurg(a) Note that figurés(a)corresponds to the streamwise gradient ofheeld
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Figure 2: Streamwise—wall-normal view of shock wave boupdayer interaction in a shock reflection
configuration. The flow is from left to right, while the cologontours show an instantaneous streamwise
velocity field.
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Figure 3: Mean streamwise velocity field, where the colountcors are as in figur2. The horizontal lines
indicate the location of the wall-parallel PIV plar@3 and®), atz/ s, ~ 0.4 and 17, respectively.

shown in figure4(a) From figure5(a), it is evident that thé@U /dx assassinated with the the shocks are at
a same order of magnitude as near-wall turbulent contohatand therefore hamper the detection of shock
locations within the boundary layer. Hence, a linear retais fitted through the local minima that lie in the

freestream region outside the influence of the boundary l@yé, > 1.4) and extrapolated to the wall.

One parameter that can be used to characterise the state bbtimdary layer is the local boundary
layer thickness. Locations with low boundary layer thickses have fuller velocity profiles compared to
locations with high boundary layer thicknesses and theeedwe associated with high-momentum events.
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Figure 4: Instantaneous streamwise velocities when thectefl shock is located (a) upstream and (b)

downstream of the mean locatiddg, indicated by the dashed line. The colour contours are agime®,

while the solid line denotes tHg = 0 contour; and the flow is from left to right.
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Figure 5: (a) Streamwise gradient of instantaneous strésenvelocity,dU /dx, and (b) local turbulent
kinetic energykiec. In (a), the black dashed lines correspond to the instantemshock locations, while
the mean location of the reflected shock is shown in grey ftseantaneous and mean locations of the
incident shock coincide at this instance). In (b), the sélid), dotted ¢ --) and dot-dashed ¢ -) lines
denote the unadjusted TNTI, adjusted TNTI and TNTI uppeetvlocations (following steps 4, 5 and 6),
respectively.

The instantaneous boundary between the turbulent flowmiitte boundary layer and the non-turbulent flow
in the freestram region is called the turbulent non-turbuileterface (TNTI), and number of techniques have
been purposed to find this interface location in free-shedmall-bounded flows. Here, we follow a method

where a threshold based on a local kinetic energy level id.uBee local kinetic energ¥, is defined as
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Note that the summations are confined within a rectangutgomecontainingNy andN, velocity vectors in
the x andz directions, respectively. Furthermord) {s a generalised form of the formulation proposed by
Reuther and Kéahlef2018 and contains an additional contribution from the wallmat velocity. Hence,
kioc is @ measure of fluctuation in velocity within the specifieckasgular region. That i% is near zero in
freestream region where the flow behaves like a inviscid flwidile k > 0 in the turbulent region within
the boundary layer. The threshold used here correspondk.toveherek,, corresponds to the median
value obtained for the/¢, > 1.4 region. This covers3 standard deviationsy(ki,c < 3VK.) and hence
corresponds to a 99.7 % certainty level in detecting thestream region assuming a Gaussian distribution.
To extract a TNTI location following steps are performed:

1. kioc is calculated withNy = N, = 9 following Reuther and Kahlg2018.

2. ThAe mean kinetic energy contribution from the shock i®deined by averaging. in the region
z/ 6, > 1.4. The averaging is performed in the direction parallel witistantaneous shock.

3. The mean kinetic contribution from the shock is subtmdtem k. at eachz location along the
instantaneous shock location to mitigate kg contribution from the shocks.

4. Thersholding is applied to the modifigg. from step 3 to determine the TNTI.

5. Instances when the detected TNTI has been distorted byflnence of the shock are found. For
these cases, the regiorfBated by the shock are removed and replaced with a third padgnomial.

6. The upper envelope of the modified TNTI from step 5 is found.
In step 6, enveloping is undertaken to ensure a one-to-omespmndence between tidocation and the

boundary layer height, and the upper envelop is chosen hrere the contributions from the largescaled
turbulent features are warranted in the current analysis.
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Figure 6: Two-point correlation cdigcient between local boundary layer thickness and refledtedks
location. Three choices for the measure of local boundaygrishickness are shown¢: upper TNTI

envelopea: z7s, i.e. zlocations wherdJ = 0.75U,, ando: instantaneous displacement thickness.

Figure5(b) shows the local kinetic energy for thefield shown in figured(a), while the location of the
TNTI following step 4 is shown as the dotted ¢) line. The dot-dashed line ¢ -) show the upper envelope
following step 6 (step 5 was not required for this particufestance). The inset shows an instance when
the presence of the shock leads to an incorrect TNTI dete¢sialid line), and the adjusted TNTI location
(dotted line) following step 5.

3.2 Influences of the incoming boundary layer

Figure 6 shows the correlation cfiecient between the upper envelope of TNTI and the reflectedksho
location at various locations (indicated as diamonds). The results suggesstitbaeflected shock location
is well correlated|Ry| > 0.4) with the instantaneous boundary layer thickness imnielgiapstream of the
shock. In addition, the instantaneous boundary layer tt@sk is influenced by the presence ofdrsxaled
structures. Hence, the passage of/ligh momentum large-scale turbulent features throughritegaction
region leads to the reflected shock to move upstfdamnstream of the mean position, respectively. Note
that, an alternate definitions for the boundary layer théde®s such as tlzdocations where the velocity is
75 % of the incoming freestream velocity and the instantaselisplacement thickness, do not alter e
behaviour in the vicinity of the interaction region (see §ais A ando in figure6, respectively).

4 Wall-parallel PIV

In addition to the wall-normal PIV plane, wall-parallel nse@ements are undertakerzab, ~ 0.4 and 1.7,
as illustrated in figur®. Both wall-parallel planes are intersected by the inciderd reflected shock, and
the planes are configured so that the plane closer to the @gdlas within the boundary layer developing
over the flat wall, while the plane away from the wall is at theektream region. The combined FoV of
0.07mx 0.16 m (corresponding tos4 x 116,) in the streamwise and wall-normal direction, respecyivel
with a scaling of 40um pixel™ is obtained using two Imager SCMOS cameras. The lasertpactcles
and the PIV software used are the same as that for the watlald?IV. The initial and final window sizes
are set to 64 64 pixels and 24 24 pixel, respectively, with an initial constant windowfsld account for
the mean velocity along the plaredftel et al, 2018. In addition, the time fiset between double images is
set at 2us resulting in a mean particle image shift of 26 and 30 pix@iste two wall-parallel planes, while
all other settings are kept the same. Unlike the wall-nonpfehe PIV, a mirror-like surface is undesirable
for the wall-parallel plane P1V, in terms of minimising theadtered light captured by the camera, and hence,
the wall surface is painted matt black.

Figure7 shows instantaneous examples of wall-parallel velocitgidian the outer region of the boundary

layer atz/5, ~ 0.4 (3) and in the freestream region 5, ~ 1.7 (b). For (a) and(b), the instansteneous
streamwise velocity field and its streamwise gradient aogvgtfor the regiong > 0 andy < 0, respectively.

The presence of the shock leads to a sharp change Bnd in the freestream region the location of the
shock can be identified based 8W/0x minima as illustrated in figur@(b). However, as with the wall-

normal plane, the change i due to the shock within the boundary layer is morgidilt to identify as
its magnitude is within the order of the turbulanfiuctuations (see figuréa), even though there is a clear



X=X (M) X=X (m)
-0.04 -002 0 Q02 -004 -0.02 0 Q02
i N ‘ - ~<0.08 Tl 5 0.8
5,' i (‘) :’
4l | . -0.06 1-0.9 to6
G
3 1 - -0.04 1408 104
\ “Cr
27 T 4 '.
] ! -0.02 107 {0.2
1 1 '
(S o - - 1 4 : 0E fos o
> " L - - |I ! >
. s I !
-".‘( 5 . / -—002 405 1-02
—Z’I .'- 1 ‘: )\
g A -] \ -004 f04 |-04
. A v iy
—4 P~ ’b . i ,' :
- L ‘ S --0.06 f03 0.6
<" € ,' B
-5 - e < N \
S ! 1008 102 --0.8
-2 -1 0 -2 -1 0 1 g o0 5I
(X—X|)/(5| (X_ Xl)/5| U_OO ax U

Figure 7: Instantaneous wall-parallel plane of the stres@welocity and its streamwise gradient. The
flow is from left to right and (a) and (b) correspondztocations in the outer region of the boundary layer

(z/ 8, ~ 0.4) and the freestream regiory §, ~ 1.7), respectively. In (a) and (b), the streamwise velocity an
its gradient are shown for the> 0 andy < O regions, respectively.

influence from the shock on the mean field at this wall heightri=figure7(b), it is evident that the shock
fronts undulate as a function of spanwise location, leatbragrippling pattern on a wall-parallel plane.

Figure8(a)shows the pre-multiplied spanwmespectrak ®uw, as a function of streamwise displacement
relative to the shock locations. Helg,and, correspond to the spanwise wavenumber and wavelength,
respectively (i.edy = 2r/ky). Upstream of the shock, in regi@, theu-spectra is close tg-invariant as the
growth in the boundary layer with respecttds minimal. Within the interaction region, regi@, strongu
fluctuations that are energetic over a wide range of scatemtatoduced by the shocks. Downstream of the
interaction region, the flow recovers towards a canoni¢ate eind the excessivdluctuations are dissipated
and a neak-invariantu-spectra is observed at the most downstream location wiibif indicated as region
. Figure8(b) shows the streamwise-averaged spectra over red@p3 as a function ofty. Notably, the

dominant spanwise mode remains¥b,) for regions@®—®), which coincides with the dominant spanwise

length-scale of large and very-large scale motions prasewmall-bounded flowsKim and Adrian 1999.
Figure 9(a) show the pre-multplied spanwise spectra of the inciden{ @nd reflected-(- -) shock

locations. It should be noted that the incident and reflestemtk locationsx; and x;, respectively, are

based on wall-parallel PIV conductedzi®, ~ 1.7. Also shown overlaid is tha-spectra of the incoming
boundary layer in the outer region of the boundary layer), From the figure, itis evident that the spanwise
scales of the reflected shock location become increasimgdygetic at wider spanwise length-scales when

A /5. > 4, while the energetia motion of the incoming boundary layer remains approxinyatehstant at

these Iength -scales. Hence, the increase in the energetient ofx; at these spanwise scales is unlikely to
originate from the incoming boundary layer. In contrashkeu-spectra an increased energetic contribution
at a wider spanwise scale, similar to that observed for tfieated shock location, is also observed for the
incident shock location. Thus, the data suggests that ttreasing energetic contribution at a very-wide
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as a function ofx, where the vertical dashed lines denote the location ofrtbielént and reflected shocks
based on the meau field. (b) Spatially-averaged one dimensional spectra theestreamwise domai@®,

@ and® as indicated in (a).
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Figure 9: (a) Pre-multiplied spanwise spectra of the sti@iamshock location captured on the plané, ~
1.7. The solid {—) and dashed-(. -) lines correspond to the incident and reflected shock lonatk; and
X5, respectively. Also shown in (a) as a dotted «) line is the pre-multiplieds-spectra for the incoming

boundary layer at/o ~0.4 (i.e.u-spectra corresponding to regi@ from figure8b). (b) Linear coherence
spectra of incident and reflected shock locations.

spanwise scalelQ/a > 4) for the reflected shock is due to influence of increasinggate content for the
incident shock at these scales. FigAfe) show the linear coherence spectra of the incident and reflect
shock location. Here, the linear coherence spegfra, . is defined as
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where gy corresponds to cross-spectrum of the incident and reflesttedk locations whiléy . and
Px:x, denote the spectra of the incident and reflected shock testrespectively, and the vertical barg (

designate modulus. By definitioni)yf’xrx; <1, and here may be interpreted as a square of scale-specific
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correlation co#ficient Bendat and Piersp201Q Baars et al.2017). Hence, although the very-wide scales
in x; are influenced by, the relation is not linear in nature.

5 Summary and conclusions

Experimental investigation of shock wave boundary layeraction (SWBLI) for a reflection shock con-
figuration at Mach 2 is presented. For the current configumatn oblique incident shock impinges on a
canonical compressible boundary layer, leading to a fdonaif a reflected shock upstream of the incident
shock foot (see figur8). A particle image velocimetry (PIV) technique is used tammine velocities on a
plane that extends several boundary thicknesses upstredmioavnstream of the shock. Furthermore, to
ensure a good spatial resolution to capture the small-seddalent features, a multi-camera approach is
used where the field of view is constructed by combining theges from eight cameras.

One of the striking features of SWBLI is the oscillation oétbhock front, which can lead to a large dy-
namic pressure loading and a modification to the heat trarisferder to examine the mechanisms respon-
sible for the shock oscillations, the current experimenésdesigned to simultaneously capture the shock
location and the turbulent features residing within thermtary layer, as illustrated in figude Our anal-
ysis shows that the instantaneous location of the reflettedksis dependent on the on the local boundary
thickness of the incoming boundary layer (see figi)reSince the instantaneous boundary layer thickness is
influenced by the presence of thescaled structures, a passage of/lagh momentum very-large-scale tur-
bulent feature through the SWBLI region leads to a changkéridcal boundary layer thickness, resulting
in the reflected shock to move upstrgdownstream of the mean location.

Wall-parallel PIV is used to investigate the spanwise cttaréstics of the shock and its interaction with
the boundary layer and the large scale structures thereliiie\ttie shocks can be instantaneously identified
in the freestream region, the streamwise velocity fluctuesti{s) in the outer region of the boundary layer
(at a wall height equal to 0.4 boundary layer thickness) amidated by turbulent fluctuations, making
detection of instantaneowscontribution from the shock flicult, even though there is a clear influence on
the mearU field. In addition, the shocks introducdluctuations across a wide range of spanwise scales.

The spanwise spectra of the reflected shock, shown in fi@uredicates a large energetic contribution
beyond the dominant spanwise scales in the velocity fluictasof the incoming boundary layer. For the
present experiment, the incident shock itself oscillaiesike in the past investigations, to mimic a common
scenario in an engineering application. Thus, these seatethought to be energised by influence from
the oscillating incident shock where it also exhibits a ¢éaegergetic contribution at these spanwise scales.
However, the influence of the incident shock is found to be-lmar in nature due to the presence of
turbulence.
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