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Abstract

Single-component LDV velocity measurements were
obtained in separated and unseparated 2D thin lami-
nar boundary layers for Tow- and high speed flow
conditions. The low speed case was that of flow over
an elliptic cylinder of axis ratio 4:1; the high
speed case was that of an incident shock wave lami-
nar boundary layer interaction. For the latter flow,
the Mach number was 2.20 and the Reynolds number
1.10%. In both cases, the flow was laminar and was
proved nominally 2D. Velocity measurements were ob-
tained within 0.1 mm from the wall both at high and
low speed in unseparated and separated regions, and
showed evidence of reverse flow.

An implicit scheme to solve the compressible
Navier-Stokes equations was coded to predict the
shock wave/boundary layer interaction. Comparison
with the experimental data shows excellent agreement
in terms of pressure distributions, position of se-
paration and reattachment and velocity profiles.
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Introduction

The rapid develonment of computational methods
for solving the Navier-Stokes equations has stimul-
ated a renewed interest in laminar separated flows
at high Reynolds numbers. Indeed, for the purpose
of evaluating the qualities of the various computa-
tional schemes, laminar test cases are preferable to
turbulent cases because of the uncertainty associat-

Copyright © 1984 by ICAS and ATAA. All rights reserved.

ed with turbulence modeling. Unfortunately, laminar
separated flows are often unstable and only very few
data sets are available [1,2]. Three dimensional flow
data are particularly Tacking.

The von Karman Institute has undertaken a pro-
gram of studies to provide a complete data set on a
3D skewed shock wave laminar boundary layer inter-
action (Fig. 1). A necessary ingredient of the data
set is the velocity distribution in the interaction,
together with existing surface flow data [3,4]. Ob-
taining these velocity measurements represents a ma-
Jjor experimental challenge because of the combination
of high speed, three dimensionality, the need for
high spatial resolution, and the proximity of solid
surfaces.

The experimental technique selected to perform
these measurements is Laser Doppler Velocimetry (LDV)
whereby fluid velocities are measured by observing
the doppler shift in the frequency of laser light
scattered by small particles moving with the fluid.
The main advantage of LDV over other common techni-
ques for measuring velocities (pressure probes or
hot wire anemometry) is that no probe needs be in-
serted in the flow. This factor is particularly at-
tractive for measurements in separated and/or com-
pressible flows. Furthermore, LDV does not require
calibration. Therelation between the doppler frequen-
cy and particle velocity is exact and linear, in
contrast with the non linearity of the hot wire ane-
mometer. On the other hand, the measured velocity is
that of the scattering particles, not the fluid it-
self. For the measurements to be representative of
the fluid velocity field, it must be ensured that
the slip velocity of the particles is zero or at
least small with respect to the measured velocity
even in strong acceleration regions.

A step-by-step approach to the high speed 3D
problem was chosen. In the first step, velocity mea-
surements were performed in the low speed flow over
an elliptic cylinder. The flow conditions provided
thin laminar boundary tayers separating to form a
laminar bubble downstream of the cylinder. The pro-
blems addressed by this step were the need of high
spatial resolution and the proximity of solid sur-
faces. A second step is given by the study of the 2D
incident shock wave laminar boundary layer interac-
tion, which adds the complication of high speed to
the previous step. Despite it now being a classical
flow, very few velocity data exist because of the
Timitations of the classical measurement techniques.
The third step will add the third dimension to the
problem.The results of the two first steps will be
presented in this paper.

Simultaneously with the experimental program, a
computer code was developed to solve the compressi-
ble Navier-Stokes equations based on an implicit ap-
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proximate factorization scheme [5]. Its purpose is
to provide numerical results for comparison with the
experimental data, particularly for the 3D geometry
(Fig.1). Preliminary results obtained on a coarse
mesh [6] are encouraging. They qualitatively repro-
duce all features of the flow field. In this paper,
comparisons of experimental data with numerical re-
sults obtained using this code are presented for the
2D incident shock wave laminar boundary layer inter-
action. In addition, the Tow speed velocity data are
compared with results of a boundary layer computa-
tion using the scheme presented in [7] for the at-
tached region of the flow.

To summarize, the aim of the study presented
here was twofold. First, the possibility of perform-
ing velocity measurements in 2D separated laminar
boundary layers was to be demonstrated, both in a
low and in a high speed flow. Secondly, the ability
of a Navier-Stokes code to predict an interactive
separated flow was to be assessed.

Experimental program

The detailed experimental program upon which
this paper is based, is fully described in [8] for
the low speed experiment and in [9] for the high
speed experiment. The present description is thus
appropriately abbreviated.

Low speed experiments

Wind tunnel and test condifuration. The expe-
riments were carried out in a small blowdown wind
tunnel having a contraction ratio of 4:1 to ensure
uniformity of the flow. Account was taken of the
boundary layer growth along the tunnel walls to des-
ign the test section so that its effective size was
12 cmx12 cm. By adjusting the supply pressure, the
flow velocity could be varied from a few centimeters
per second to 5 ms™". Uniformity of the flow was
checked over that range. The facility, together with
the experimental setup, is shown in Fig.2.

The model consisted of an elliptic cylinder
having a major axis of 4 cm and a minor axis of 1 cm
(4:1) which spanned the test section. These dimen-
sions rot only provided thin laminar boundary layers
but also kept the blockage ratio within an accept-
able value (2.53). Two dimensionality of the flow
over this model was carefully checked. Two flow con-
ditions were studied : u,=1 ms=' and 2 ms-' yielding
Reynolds numbers based on the minor axis of 625 and
1350 respectively. This ensured that the flow re-
mained Taminar over the entire Tength of the ellipse
and in the separation bubble. For the highest Rey-
nolds number, an estimate of the boundary layer
thickness at the trailing edge of the ellipse is 2.7
mm, which is comparable to the boundary layer thick-
ness in the high speed experiment.

Measurement technique. The velocity measurements
were performed with a single velocity component dual
beam (fringe mode) laser doppler velocimeter using a
15 mW helium/neon laser. The setup is shown in Fig.2.
and its parameters are listed in table 1. The com-
plete instrument (optics and electronics) is describ-
ed in [8]. The LDV system was installed on a micro-
computer controlled traversing mechanism having a
precision of 0.02 mm in each direction. Seeding was
produced by a Norgen microfog lubricator which uti-
lized mineral oil to generate sub-micron particles
of liquid [10].

High speed experiment

Wind tunnel and test configuration. The experi-
ments were carried out in the S-1 wind tunnel of the
von Karman Institute. It is a continuous, closed cir-
cuit, Ackeret type tunnel with a 40 cmx40 cm cross

section. The range of stagnation pressure is from 0.1
to 0.3 bar. The Mach number 2.25 nozzle was selected
to perform the experiments. This_gives unit Reynolds
numbers in the range 10° to 3-10° m-!. It is equipped
with shadow and schlieren systems which were used for
qualitative analysis of the flow field.

A schematic of the experimental configuration
is shown in Fig.3. The incident shock wave was gener-
ated by a sting mounted wedge, which had a span of
36 cm and a length of 27.5 cm. The flat plate has a
span of 32 cm, a length of 23.5 cm and a sharp lead-
ing edge with a thickness of less than 0.1 mm. The
wedge, located 90 mm above the plate, was positioned
so that the distance between the incident shock loca-
tion on the plate boundary layer to the plate lead-
ing edge (xsp) was 80 mm.

Side plates could be fixed at several spanwise
distances from the plate centerline in order to make
a systematic study of the two dimensionality of the
flow field. The experiments were carried out with a
stagnation pressure of 0.1 ber giving a Reynolds num-
ber based on xgp of 10°. The total temperature was
always around 20°C, thus the models were at near adia-
batic wall temperatures for all tests.

Surface pressure measurements. The flat plate
was instrumented with a row of 31 pressure taps at
the centerline. In addition, there were some pressure
taps off center to check the uniformity of the pres-
sure distrutions. The pressure tappings were sampled
using 12 port scanivalves equipped with a .5 psi
Statham transducer.

Velocity measurements. The setup for the high
speed velocity measurements was very similar to that
for the low speed experiment. Laser system parameters
were changed. A 4 watt argon-ion laser was used as
light source and forward scattering was used exclu-
sively. The parameters of the LDV setup are shown in
table 1 together with the parameters for the Tow
speed experiment. As can be observed the probe volume
is larger for the high speed experiment to maintain
an acceptable number of fringes and output frequency
(not above say 90 MHz). It is, however, still small
enough to ensure appropriate spatial resoluticn.
Details concerning the setup and instrumentation can
be found in [9]. To minimize reflection problems from
the surface, the plane containing the incoming laser
beams was set at an incidence of 4.5°, receiving op-
tic was placed 10° off-axis and the surfaces of the
plate and wedge were painted flat black.

Laminarity of the flow. For a proper comparison
with numerical results, the laminarity of the flow
should be ensured. Ginoux [12] proposed a criterion
hased on the difference of variation of upstream in-
fluence with Reynolds number for laminar and transi-
tional flows. Upstream influence increases with in-
creasing Reynolds number for laminar flows; whereas
the opposite is true for turbulent flows. Burgio [11]
showed that for conditions identical to those chosen
for the present experiments, the flow was fully la-
minar.

Computational method

The theoretical prediction of the high speed
flow was obtained by numerically solving the time-
dependent Navier-Stokes equations for the 2D flow of
a compressible fluid. The hypotheses used in connec-
tion with the equations include the perfect gas as-
sumption, constant specific heats and Prandtl number,
the Sutherland viscosity law and Stokes' assumption
(no bulk viscosity). To account for arbitrary geo-
metries and enhance numerical accuracy andefficiency,
coordinate mappings are used which bring all body
surfaces into coordinate surfaces and cluster grid
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points near the walls. The Navier-Stokes equations
then have to be transformed to an arbitrary curvi-

linear space ¢,n,t defined by the coordinate mapping.

Performing this transformation while retaining the
conservation form [13] yields the following equa-
tions, which are not much more complicated than the
original cartesian set. It should be noted that the
equations are in non dimensional form, the normaliz-
ing quantities being o, for density, c. for velocity,
¢Z for total energy, p. for pressure, Te for temper-
ature a characteristic length L for distances and
L/ for time. For the present computation, the ¢
characteristic length was the shock impingement dis-

tance Xsh :
_E_)_g_ af L 3g_ 1 |ao 20
3t aa an " Re [a‘é’L ﬁ} (1)
where

e f=g,a+(e Frz G)

X Ty
~ pu 2
g =14 oV ~ ~ J > > (2)
= +. G
‘pE g = ngqtd(n,Fn 6)

L
and J is the Jacobian of the inverse transformation,

(XY
J-ﬁg—#.

pu oV 1

P. + puz puv
> Y >
F = ouv G=|p + pVz (3)

Y
P p)
+ iy _—
u[pE Yl v[pE + YJ

The viscous flow vectors ¢ and 8 are given in
Appendix A. These vectors can be split into various
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A single step temporal scheme for advancing the so-
Tution of Eq.(1) is [14] :
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Similarly, the viscous terms can be linearized as :

(7)
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and this equation is then factorized to yield the
final form of the computational algorithm :
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Fourth order conservative damping terms [15] are ap-
pended to the right-hand side of (9) to damp short
wWavelengths that are not dissipated by the implicit
scheme [14].

The computation was performed on a rectangular
mesh of 50x36 points. It was uniform in the stream-
wise direction with ax=0.05 and stretched exponent-
ially normal to the wall over the first 30 points,
then uniform. The first point in the normal diameter
was located at y=9 10™* which corresponds to a phy-
sical value of 0.072 mm (~§/20). The computational
domain is shown in Fig.4.

The upstream boundary conditions (boundary I)
were prescribed as their uniform free stream values
since the upstream flow was supersonic. The outer
boundary conditions (boundary II) were also prescrib-
ed as being their values in the inviscid field given
by oblique shock wave theory. The outgoing boundary
(boundary II1) was positioned far enough downstream
(x/xsp=2.3) to set all streamwise gradients to zero.
Boundary IV was treated in two ways : upstream of
the plate, symmetry conditions were applied whereas
on the plate, the usual no slip conditions were im-
posed together with the conditions of no normal tem-
perature gradient (adiabatic wall) and no normal
pressure gradient. The latter condition .is a simpli-
fied expression of the local normal momentum equa-
tion valid for high Reynolds number flows as indi-
cated by Peyret & Viviand [13].

On a Digital Equipment Corporation VAX 11 com-
puter 30 s per time step were required and less than
200 iterations were needed to obtain convergence
starting from an initially uniform flow field.

Results and discussion

Low speed experiment-ellipse

The experiments were conducted in two series.

In the first series, no Bragg cells were used, which
did not allow the resolution of the flow direction.

In this series of measurements, only the problem of
the resolution of the measurements was addressed un-
der various model conditions and LDV operating modes.
In all cases, only time averaged velocity measurements
were performed.

First, the velocities were measured using the
forward scatter mode with various model/tunnel con-
ditions. In particular, the effects of painting the
surfaces with a matt black paint to avoid reflections
and covering the tunnel walls to avoid external light
were studied. Figure 5 shows results obtained under
these various conditions. As can be observed, the
same velocity values were recorded in all measurement
cases. It was observed that painting the model result-
ed in a marked reduction of reflections from the



surface and as associated improvement in the signal-
to-noise ratio near the surface.

Figure 5 shows a velocity distribution at a
station close to the ellipse leading edge (x=3.24mm)
where the boundary layer thickness is small (less
than 1 mm). It exemplifies one of the problems in
the measurements : determining the zero vertical lo-
cation. Indeed, there obviously exists a zero shift
in the vertical scale of the figure since at the
wall, the velocity must be zero tc satisfy the no
slip condition. Fortunately, Taminar velocity profi-
Tes display a large nearly Tinear region and it is
therefore easy to find the wall position by extra-
polation of the velocity profiles.Once this has been
done at one point, the coordinates of any point in
the field can be known within the accuracy of the
traversing mechanism (admittedly, slight hysteresis
can occur). In Fig.6, the results of the measurements
performed in the backscatter mode are compared with
measurements performed in the forward scatter mode.
As can be seen, they are nearly identical proving
that the backscatter technique may also be used to
perform measurements close tc a solid surface. The
first measurement point lies at 0.08 mm from the wall
for both forward and backscatter modes.

In a second series of measurements, Bragg cells
were used to resolve the flow direction and evaluate
the measurement problems in the separated region. The
Bragg cell frequency was 1.3 MHz. Figure 7 shows a
velocity profile measured in these conditions at a
location close to the ellipse trailing edge where the
reverse flow region is extended. Again, measurements
could be performed within 0.05 mm from the wall. The
reverse flow region thickness is here 0.65 mm. Meas-
urements were also performed in the wake 10 and 15mm
downstream of the trailing edge. The velocity profile
shape 15 mm from the trailing edge (Fig.8) suggests
that the flow is still laminar, the reverse flow
region being 2 mm thick.

To compare the low speed velocity measurements
with a boundary layer computation, attention was res-
tricted to the attached flow stations. Since the sec-
ond series of measurements had shown that the flow
was already separated at the ellipse mid chord, only
stations 1-5 are shown in Fig.9. The boundary layer
computations used the ccde developed by Arina et al.
[71. The outer velocity distribution was giver by po-
tential flow theory. As can be seen, the agreement
is good except near the leading edge. In this region,
as discussed by Peyret & Viviand [131, the viscous
inviscid coupling is strong at this intermediate Rey-
nolds number (1300). It may appear surprising that
separation takes place upstream of the mid chord whe-
reas the boundary layer computation yields Sgep/L'=
0.823 (value confirmed in [16] ssep/L'=0.84). ?his
discrepancy is due to the viscous/inviscid interac-
tion. A similar behaviour was observed by Schubauer
[17,18] with an elliptic cylinder of ratio 2.95:1.

High speed experiment - Shock wave boundary
Tayer interaction

Schlieren visualization. A visualization of the

flow field studied is shown in Fig.10. The whole struc-

ture of the flow can be observed : first the compres-
sion wave causedby the viscous/inviscid leading edge
interaction, then the compression waves caused by the
thickening of the boundary layer which eventually se-
parates. At the impingement point, the shock is re-
flected as an expansion wave by the shear layer to
ensure pressure continuity. Downstream, reattachment
of the boundary layer together with the associated
compression waves can be observed.

Pressure distributicn - Two dimensionality
The two dimensionality of the flow was evaluated in

the first part of the high speed experiment. In many
experimental studies, it is assumed that transversal
uniformity of the flow properties over a certain re-
gion ensures two dimensionality. Although this is 2
necessary condition, it appears not to be sufficient
[19]. The accepted sufficient condition is that chan-
ges in spanwise extremities of the model (e.g. intro-
ducing side-plates) do not affect the flow properties
in the centerline; therefore, pressure distributions
were measured with thin, triangular side plates being
systematically introduced at vardous distances from
the centerline (Fig.11). The work was modelled after
Lewis' work with a compression corner [20]. In each
instance the aspect ratio (AR) is defined by the ra-
tio of the span between side plates with the shock
impingement distance xsh. It was observed that pres-
sure distributions are nearly identical for AR's of
2.5 and greater, thereby satisfying the above two
dimensionality criterion. Removing the side plates at
AR=4 produces a slightly different pressure distri-
bution, however, since the basic character of the
distribution had not changed, the flow could still be
considered nominally 2D. Side plate removal was neces-
sary to facilitate the LDV measurements. Let us final-
1y notice that for the compression corner geometry
[20] the 2D limit is achieved for much small AR's (~1)
which supports the belief that the situations with in-
cident oblique shock are more susceptible to finite
span effects.

Velocity measurements. Velocity measurementd were
performed slightly (20 mm) off-centerline because the
seeding generator produced a higher particle density
along that Tine. Since the flow was laminar, only ave-
rage velocity measurements were performed. The Bragg
cell frequency was set to 6 MHz allowing an entire
profile to be measured at one time. Figure 12 shows
the experimental velocity profiles at three stations
across the interaction from upstream of its start te
downstream of reattachment.

The figure shows that velocity measurements could
be performed within 0.1 mm from the plate both in the
attached and separated flow regions. Both up- and
downstream of the interaction, velocity profiles exhi-
bit the characteristic Blasius shape. The positions of
the points of separation and reattachment can be esti-
mated from the schlieren visualization. The values
(xsep/*sh=0-775, Xpeatt/Xsh=1.250) are reported in
Fig.1l and they match profile data [9].

In the separated region, negative velocities are
measured indicating the presence of reverse flow.
These negative velocities are always small with the
maximum measured value (-22 ms‘l) recorded at X/xsh=
1.000. This maximum negative velocity value represents
only 4.1% of the free stream velocity.

It can be noticed that a kinkappears in the ve-
locity distribution of the separated profiles &t u/u,
=.05. This kink was also observed in the recent work
of Baroth and Holt [2] and it may be the results of
local flow unsteadiness.

Computations and comparison with experimental results

The computer code was first validated by computing
the incident shock wave boundary layer interaction
studies of [1] for which a number of reference compu-
tations exist. Figure 13 shows the skin friction dis-
tribution over the plate compared with the experimental
values and McCormack's computation [21]. The skin
friction coefficient was chosen as the test variable
because it is most sensitive.

The code was then used with the studied experi-
mental conditions, i.e., M,=2.15, Re,=10%, Tw=149°K
and an overall pressure rise of pf/p.=1.55. It can be
noticed that the Mach number value is slightly lower
than the free stream value (2.20) because of a slight

290



misalignement of the flat plate. The agreement be-
tween computed and measured distributions is shown
to be very good especially in the fore part of the
interaction. Downstream of the shock impingement
point, the predicted oressure rise is steeper than
the measured one. This was also noticed in other
Navier-Stokes computations [21, 22].

Figure 12 shows very good agreement between com-
puted and measured velocity profiles in the separa-
tion region and downstream. The discrepancy upstream
may reflect the difficulty of obtaining measurements
in this region of high gradient and close surface
proximity. A .15 mm zero shift of the laser table
would improve agreement, suggesting a partial expla-
nation of the discrepancy (Fig.12a). Finally, Fig.14
shows the distribution of skin friction coefficients
in the interaction. The computed separation and re-
attachment points are seen to be in close agreement
with the experimental results. They are also report-
ed in Fig.1l for comparison.

Conglusions

An experimental and computational study of low
speed and high speed 2D separated laminar flows has
been performed. The problems were the feasability of
performing velocity measurements with a sufficient
resolution close to a solid surface in attached and
separated flow regions, and the ability of predict-
“ng the high speed flow with an implicit Navier-
Stokes code based on the algorithm of [5].

It was shown that velocity measurements could
be performed with very small probe volumes to with-
in 0.08 from the wall in the low speed case and 0.1
mm from the wall in the high speed case, thus enabl-
ing an accurate description of velocity profiles
across thin laminar boundary layers.

Separation of the low speed flow over an ellip-
tic cylinder was recorded upstream of the mid chord.

The incident shock wave Jaminar boundary layer
interaction was shown to be nominally 2D, exhibiting
.an extended separation region (from x/xgh=0.775 to
x/xsh=1.250). The maximum negative velocity was
-22°ms=t, d.e., 0.041 u.

The Navier-Stokes code proved to accurately
predict the flow field in terms of pressure distri-
butions, velocity profiles and locations of separa-
tion and reattachment.
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APPENDIX A
The viscous flux vectors of equation (1) are

0
1 >
(ve vg)ug+ g gx(vg.vg)
(8) . 1 v
ud (Vg vg)vg+ ; gy(vg Vg)
(9590 T/ (r=1)Prav/ay o (Teve) (re-0)

N
(Vé'vn)un+(nxvg-2/3ngn? v,

N

(vE-9n)(T/(y-1)Pr+vi/2) + [ (Vevn)ve-2/3(V.ve)vn] - v

0

N
(vn-vg)ug+(ngn-2/3nxvg) . Vg
v

S ——

(é:) = UJ (Vn.vg)v +(§ Vn—2/3nyV§)

g Y
N - -
(VD‘VE)(T/(Y“I)W+V2/2)g+[(V'VE)VH'2/3(V'VH)V€] . vg)
0
(VneVn)u_+ 1 n (Vn'g )
n 3 X n
(n) L v
= Un-vn) Vv + = -V
pd | (9n-9n) "t ny(Vn o)
(Vn-7n)(T/ (x-1)Prev2/2) + 2 (Tewn) (vn-V )
. i 3 !
APPENDIX B
The E and G matrices of equation (&) are [ 15]
kg k, k, 0
su(kpurkyv) - (y2)kgu ~(v-1)k,v (v-1)k,
tkio? +ko+tk utk,v +k,u
~v{kjutk,v) kv ={y-2)k,v (yv-1)k,
+ko9? =(y-1)kou +ko+kiu+ko
(kyu+kyv) [vE-921 k4 [YE-92Tk, y{kiutkav)
(-vE+292) -(y-1) (uky+vka)u -(v-1) (uk+vky )V +ko
97 = (v-1) V272
for F kO = Eta kl = EX’ kZ = gy; and for G kO = nt’ kl = nx,
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APPENDIX C

The § and T matrices of equation (7) are, if we neglect any dependence of u on a

o 0 0 0 0 0 0 0
1 1 1) 1)
s, o ]l
: | o e o) ) Py P,
=y (C1) T =ud €2
(1] (1 (1) 1 (ee)
$31 ap l;‘ a3 'r 0 t31 Oy ’:‘i Gy = 0
#] Kp)g WPJ, S
Su1 Suz Sy3 Sy tyr tuo tys tuy
with
s21 = -ay(u/e) map(v/e), tor = moa (U/p)n-az(v/e),
S3; = —az(u/S)g~u3(V/5)g t31 = ~a2(u/p)n-a3(V/p)n

£ toy = oy (=E/p+V2/8) -ay(u?/0)
n n

“20, (uv/3) mas(VE/5),

Su1 = ay (=E/8+V2/5) -y (u?/5)

-2a2(uv/g)g-u3(vz/6)

£
Sup = “<>‘L;(U/;’5\)(z - S2) toz = -ew(U/5) -tay
Sus = ~au(V/p) ~s3) tyg = ‘aq(V/;)n‘tsl
suw = au(1/5), tiy = al(1/6),
oy = £2/3+(ve)’ oy = nl/3+(vn)’
ay = Exéy/3 ay = nxny/3
2 .
ay = gy2/3+(v5) a = ny2/3+ivn)2
ay = Y/Pr~(V£)2 ay, = y/Pr(vn)?
|
' Low speed High speed
Beam separation, d A 0.6329 um 0.5145 um
Focal Tength, f d 35 mm 50 mm
Beam diameter, D D 2.49 mm 3.40 mm
e-2 e-2 ’
Laser wavelength, i f 200 mm 750 mm
Angle of intersection, 2¢ ¢ = arctan{d/2f) ¢ 5.0° 1.9°
Interfringe distance, df df = A/2sin¢ df 3.63 um 7.72 um
Beam waist, de—Z de o F 4Af/ﬂDe_2 de-Z 64.7 um 144 um
Width of probe volume, dm dm = e_2/cos¢ dm 65.0 um 144 um
Length of probe volume, - 2o = e_2/31n¢ L 0.743 mm 4,33 mm
: _ ~ A4d
Number of fringes, Nfr Nf dm/df = }ﬁ;tg Nep 17.9 18.7

TABLE 1 - LASER DOPPLER VELOCIMETRY PARAMETERS AND EQUATIONS
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FIG. 3 - SCHEMATIC OF 2D INCIDENT SHOCK WAVE
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FIG. 11 - PRESSURE DISTRIBUTION IN SHOCK WAVE/BOUNDARY LAYER INTERACTION
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FIG. 12 - VELOCITY PROFILES IN SHOCK WAVE/BOUNDARY LAYER INTERACTION
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