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SUMLRY

Ain experimental study has been made at Mach numbers from 4.6 to 2.0 of
the interactlion between the turbulent boundary layer on a side wall of a wand
tunnel and the shock wave produced by a plate mounted on the wall, Under
these conditions the shock wave/boundary layer interaction was three
dimensional at least over the region investigated (up to 10 boundary layer
thicknesses from the plate). It was found that the boundary layer was separ-

ated by a shock wave of strength pz/p1 ¥ 149, Lie, a flow deflection between

7.50 and 8°, Interactions of this type occur on the sades of fuselages at
the wing/fuselage junction and may therefore be important with regard to the

design of wailsted shagpes,
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1 INTRGDUCTION

T+ has been shown' that the boundary layer on the side of a fuselage
may separate as the flow approaches the wing. At subsonic speeds this 1s
caused by the adverse pressure gradient in the flow up to the stagnation
point at the roct. At supersonic speeds 1t 1s dependent on the pressure
rise through the bow shock wave of the winz; 1f the shock is attached to the
wing, and the flon deflection angle (arising from wing thickness and incadence)
is small, separation does not occur; while .f the flow deflection angle is
large separation does occur., This type of shock-induced separation is investi-
gated further in the present Note. It 1s a problem which 1s of importance an
the design of waistanp for wing-fuselage jJunctions,and cn the side walls cf
rectanguldar intake diffuserys,

Al though considerable work has been dene on the interaction of sheck
waves with boundary layers, most of it has been dcne in cases whore the change

in flow dircection through the shock wave in in a pleane normgl to the surface,
Here we are concerncd with the case where the basic flov deflection through

the shock wave lies un a plane parallel to the surface on which the boundary
layer intcraction is being studied. This onse is referred to here as a
"glancing” interactien between a sheck wave and a Boundary layer,

The present investigotion was undertaken to provide information on the
shock strength suffacient to cause separation, and to study the type of fiow
which occurs in these condations,

2 EXPERINENTAL DETAILS

The tests were made 1n 8 4 1nch x 4 inch tunn912 at nominal Mach numbers
of 1.6, 1.8 and 2.0 at Reynolds numbers of 0,37 % 106, C.35 x 109, and
0.3% x 106 per inch, respeciively.

The shock-producing plate, which was mounted normel to the sidewall
turntable, is shown in Fag.t. The leading edge angle was chosen to ensure
an attached shock wave on the wedge surface when the flat surface was in
line with the stream at M = 1.6. WNineteen static pressure holes were pro-
vided in the surfaces of the wall and plate (Fag.1) to show fine details of
the flow near the Junction, such as the vortices of Ref.t. The pressures
wers messursd on multitube mercury mancmeters.

The nature of flow on the sidewzll in the presence of the shock wave
was observed by means of a surface o1l fluw technique?, using tatenium
dioxade as pigment. The resulting patterns were photographed through the
window during tunnel running, The o1l used was fairly fluid with little
tendency to evaporate (Shell Limea 931, see Hef.%) and it was found to be
possible to obtein more than one {low pattern during a run (st least as far
as the behaviour of the boundary lsyer at the shock wave was concerned).
This aspect of the toechnique is discussed in the appendix, All except one
of the flov patterns used in the report to illustrate the types of flow were
cbtained as the fairst pattern in a run, 1.e. they could not have been affected
by patterns produced earlier in the run.

Transition of tihe boundary laycr on the walls of the tumnel was fized,
throughout the tests, by means of threads upstream of the throst. Pitot
pressure traverses through the boundary lzyer showed 1t to have approximately
1/5-power-law velocity profile and thickness 0.14 inch,

5 PRESENIATION OF TUE RESULTS
Pressure distributions on the wall and the plate and a seleclion of

photographs of the oil {low patterns obtained are presented ain Figs.2 and 3
for M = 1.6, Figs.h and 5 for K = 4,8, and Figs.6 and 7 for i = 2,0,
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The pressure distributions were obtained at even values of the flow
deflection angle togetler with some additicnal readings at odd values near
the flow deflection angle at which the boundary layer began to separate
from the bottom wall., To facilitate visual interpretation of the variation
with deflection angle the pressure distrabutions at odd values of the
defleotion angles are drawn as broken lines, The theoretical pressurs rises
through shock waves for the deflection sngles are also shown in Figs.2, &
and 6, together with the theoretical positions of the shock waves and of the
Mach waves from the root leadang edge, and the actual positions of separation
obtained from the oil flow petterns (see section 4).

The photographs were taken with the optical axis of the camers slightly
below the plane of the shock-producing plate so they show a perspective view
of the undersurface of the plate with a reflection, in it, of the oil f{low
on the lower half of the wall., The tip section may be seen, slightly out-
of~-focus, just above the junction of the plate and the wall in the photographs.
The o1l flow lines have & wavy form because the photographs were taken at a
relotively early stage in their development., Thas 15 discussed further in
the Appendix. The theoretical positions of the shock waves are indicated on
esch photograph by means of lines extended outside the photographs (see Fig.3),
Deflection angles are quoted both for the shock on the flat lower surface of
the plate (5L§ and for the shock on the wedge upper surface of the plate (6u).

These deflections are relative to the nominal stream direction since no
measurements have been made of the flow inclination in the tunmel, A study
of the rosults from the upper and lower surfaces in the present tests suggest
that this flow inclination is very small,

b DISCUSSION OF THE KESULTS

Before discussing the present results 1t is useful to recall the
mechanism of the two-dimensional interaction which occurs when the change
in flow darection through tne shock wave is in & plane normal to the surfsce,
This 15 described by Holder, et alia, in Ref.4 and illustrated in Fig.S8.

If the incident shock 1s of only moderate strength, with a deflection
angle of less than about 6%, flow separation does not occur., There is then
a very steep rise of pressure (Fig.8(a}) at the point where the shock strikes
the boundary leyer aod conditions are similar to those for regular reflection
of a shock at a plane wall.

With stronger shocks, separation occurs (somewhat upstream of the point
where the shock strikes the boundary layer) and the pressure daistribution at
the wall is similar to that shown in Fig.8(b), The pressurc rises steecply up
to the separation point after which ihe pressure gradient falls (since the
rapidly thickening dead~-zir region cannot withstand a large adverse pressure
gradient), Downstream of the point where the shock wave strikes the boundary
layer the pressure gradient incresses, but i} decreases again after reattach-
ment, which occurs close to the peak pressure position.

L two dimensional shock wave/boundary layer interaction of one or other
of these forms occurred on the bottom wall of the tunnel throughout the tests
(Figs.3,5,7). ALt small deflection angles the effect on the pressure measure-
ments is negligible but at large deflection angles the separations become
sufficiently large to affect the measured pressure distribution. This may be
observed beginning at 6L = 79 in Fig,2 {for M = 1,6), at 6L = 119 in Fig.h

(for ¥ = 1.8), and at 5 = 139 in Fig.,6 (for ¥ = 2.0). At these angles and

above it is difficult to distinguish side wall effects from bottom wall
effects in the pressure distributions.



Examination of the oil flow patterns (Figs.3,5 and 7) obtained in the
present investigation shows that the surface flow is affected some distanco
ahead of the shock wave, this distance increasing with dastance from the
shock-producing plaie. Thus the shock wave/boundary layer interaction is
essentially three-dimensional in this case, at least over the limited region
investigated {(about 10 boundary layer thicknesscs from ihe plate). It 1s
likely that en asymptotic condition would be reached at much greater dis-
tances from the plate, The wall pressure holes, being in a plane perpendicular
to the shock-producing plate and some distance downstream of 1ts leading edge,
cross the shock wave (at an angle) between a quarter and a third of the dis-
tance from the piate to the bottom wall of the tunnel. The measured distribu-
tions therefore give a gualitative indication of the streamwise prsssure
distrbution.

The present results follow & pattern similar to that of the two-
dimensional interaction. .t small deflection angles (see, {or instance,

6L = 6° at M = 2.0 in Fig.7(a)) the shock wave is not strong enough to

seperate the boundary layer and the oil flow lines are merely turned through

a greater angle than the streamlines oulside the houndary layer by the
transverse pressure gradient., However, in contrast with the two-dimensional
case, therc s significant upstrean influence; the pressure begins to rise

and the oil flow 1s def'lected well upstream of the shock., A4s already noted
the upstream effect increases with distance from the plate and it commences

at & line which i3 well in advance of the shock fronbt. Thrs could he explzined
by a form of spanwise iafluence, the effects of the presence of the shock wove
being propageted along the rearward facing local liach coaes which, in a sub-
stantial part of the total boundary layer thickness, have angles greater than
the shock wave angle., Thus, the effects would be spread more near the bobtom
wall, where Mach waves are received {rom all parts of the shock wave/boundary
layer intersection, than neer the plate, where none are received, 4 similar
process would occur within the subsonic part of the boundary layer. A4t still
greater distances from ihe plate (in the alsence of the bottom wall) it is
expected that the interaction would assume & c¢ylindrical form as variation

of the spanwise i1nflucnce decreasss.

At much larger deflection angles (see, for instance, 6L =12°% at M = 2,0

in F1g.7(d)) the occurrence of separation associated with the presence of the
shock wave is obvious. Ths "ancident" oil flow lines are deflected towards

& line origimating at the root leading edge and lying well upstream of the
shock wave., Further downstream the il flows downwards [rom behind the shock
vave towards this same line, It would appear that the boundary layer
separates at this line aad rolls up to form 2 vorbex which trails downstream,
The presence of a vortex is consistent with slighi suction peeks in the
pressure distribution on both wall and plate (a2t about C.4 and 0.2 inch Lrom
the junction, respectively) and scouring action of & vortex would produce
downward flow away from the plate.

RBetween these two cases 1t 1s dafficult to assign a particular deflection
angle as the value al which separation begins. This has, in fact, been chosen
fairly arbitrarily as the angle at which the o1l flow line from the root leadang
edge 1s swept ot the same angle as the shock wave, This dofinition ensures
that in the separated case there 1s "upstream" flow normsl to the shock wave
while in the attached case there is not.

The oil flow pattcrns have been analysed on thas basis and the results
axre shown in Figs.9 and 10 as boundaries, of deflection angle and corres-
ponding theoretical overall pressure ratio zgainst Mach nurtber, for which
the boundary layer begins fo separate., The pressurc at seporation varies
with deflection angle at each Mach number (sce Figs.2,4,6). The ratio of
the lowest value of the pressure at separation te the free stream static
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pressure 15 also shown xn Fig,10 for ¥ = 1,8 and 2.0 {at ¥ = 1.6 the
corresponding pressure distribution appears to have been affected by the
bottom wall interaction). It will be scen that separation first occours for
deflections of 7.5° to 8° (parallel to the surface) and overall pressure
ratics of about 1.5, at local pressure ratios of 1.32,

Comparison with the value of pressure ratio at separation in two
dimensional flowh (2lso shown in Fig,10) shows that separation occurs at
much lower pressure ratios in the present case,

5  CONGLUSIONS

It has been found that a turbulent boundary layer on the side wall of
a wind tunnel will be separated by 2 glancing shock wave of strength pa/p1 T 1.5
at Mach numbers from 1.6 to 2,0, This pressure ratio corresponds to a flow

deflection of between 7.5° and 8O,

Within the reogion investigated, 1.e. up to 10 boundary layer thicknesses
from the shock producing plote, the interaction is of marked three-dimensional
chargcter., At greater dastances from the plate the interaction would be
expected to approach asymptotically a cylindrical form.

LIST OF SYMBOLS

H total pressure

M Mach number

P static pressure

Py static pressure upstream of shock wave

Py static pressure downstream of shock wave
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Bu deflection angle on upper surface of wedge
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APPENDIX 1

OBSERVATIONS OF OIL FLOW PATTERNS IN MORE THAN ONE CONDITION
DURING 4 SINGLE TUNNEL RUN

By the use of a fairly fluid, non-evaporating oil it was found to be
possible to obtazin o1l flow patterns ot more then one flow deflection angle
during a single run., The particular point of interest in the present
investigation was, of course, the occurrence of separation due to the presence
of the shock wave. Consequently, the indavidual poatterns were allowed to
develop only to the point at which the 4ype of flow at the shock wave could
be determined., This was found to requirv about six minutes,

4L typical set of photographs is shown on the left of Fig.11. The first
c1l flow pattern of the run was that shown in Fig.7(d). The second, third
and fourth patterns obtained werc these shown an Fig.11. The third pattern
was obtained at SL = 10% and on the right hand side of Fig,11 1s shown 2

pattern obtained at the beginrmang of & seperate run, Comparison of these

two photographs shows qualitatively the same type of flow with the separation
line in the szme position. There are some differences in the patterns on the
downstream side of the separation line, In the left hend picture this region
had been previously scoured by the vortex flows asscciated with the separa-~
tions at 6L = 12% and 14°, MNost of the oil would have been removed from this

region and it would consequently take much longer to alter the o1l flow
pattern there, This effect may also be seen in the lowest photograph, taken
at a deflection angle 2t which separetion does not ogecur. In this photograph
the streamwise o1l flow lines cut across the feint pattern produced earlier
in the rum,

It is obvious, thercfore, that this use of the oil flow technigue is
acceptable for the limited object of determining whether or not separation
(or any other clearly definable aspect) ooccurs in a particular region. The
technique was found to be most satisfactory when alternate patterns showed
separcted and attached flows, i.e. when the differences betwecn consecutive
patterns was large.

Four consecutive patierns shewn in Fig.12 indicate a tendency for the
0il filaments to have 2 wavy form in the early stages of formation. (While
rotation of the turntable altered the deflection of the plate and, hence,
the o1l {low pattern on the turntable, the basic flow upstream of the turn-
table remaincd unaltered.)
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