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An experimental study has been made at Xach numbers from 1.6 to 2.0 of 

the interaction between the turbulent boundary layer on e side wall of a zind 

tunnel and the shook 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 sepnr- 

ated by a shock flav& of strength p2/p, + 1.5, i.e. a flow deflection betrieen 

7.5' and a". Interactions of this type occur on the sides of fuselages at 

the win$fuselage junction and may therefore be important with regard to the 

design of waisted shapes. 
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1 INTRODUCTION --m-m 

It has been shown' that the boundary layer on the side of a fuselage 
may separate as the flow approaches the ;ring. At subsonac speeds thas is 
caused by the adverse pressure gradient in the flow up to the stagnation 
point at the root. kt supersonic speeds it is dependent on the pressure 
rise through the bow shock wave of the wing; if the shock is attached to the 
wing, and the flor; deflection angle (arising from sing thickness and ~nclaence) 
is small, separation does not occur; while if the flow deflection angle is 
large separation does occur. This tne of shock-induced separation is investi- 
gated further sn the present Note. It is a problem which is UI' importance in 
the design of uaisting for Icing-fuselage Junctions,and on the side uKLls of 
rectan@sr intake diffusers. 

Although ccnsx?crable wcrk has been done on the interaction of shcck 
waves with bour&.ry layers, most of it has been acne in oases whore the chango 
in flow direction thrcugh the shock wwo in in a plane normsl to the surface. 
Here we are conoerncd with the case trhere the basso fix deflection through 
the shock wave lies 1.n a phne parallel to the surface on which the boundary 
layer interaction is being studied. This case is referred to here as a 
"glancing" interaction b&:een a shock M~VC end a boundary layer. 

The present investigation wa s undertaken to provide information on the 
shock strength sufficient to cause separation, and to study the type of flo# 
which occurs in these conditions. 

2 EXPEW.MENTAL DETAILS --_-.-_ -- --. _ -- 

The tests were made in a 4 inch x 4 inch tunne~2 at nornina 
of 1.6, Ii8 and 2.0 at Reynolds numbers of 0.37 x IO , 0.35 x 10 i 

kach numbers 
, and 

0.33 x 10 per Inch, respectively. 

The shock-producing plate, which was mounted normal to the sidewall 
turntable, is shown in Fig.1. The leading edge angle xas chosen to ensure 
an attached shock .xave on tne :itdge surface when the flat surface was in 
line with the stream at &I = 1.6. Nineteen static pressure holes were pro- 
vided in the surfaces of the mall and plate (Fig.1) to shw fine details of 
the flow near the Junction, such as the vortices of Ref.?. The pressures 
were measured on multitube mercury manometers. 

The nature of flow on the sidewall in the presence of the shock wave 
was observed by means of a surface oil flow technique3, using titanium 
dloxlde as pl@ent. The resulting patterns were photographed through the 
window during tunnel running. The 011 used was fairly fluad with lattle 
tendency to evaporate (Shell Limea 931, see Ref.3) and it was found to be 
possible to obtain more than one flow pattern during a run (at least as far 
as the behaviour of the boundary layer a t the shock xave was concerned). 
This aspect of the technique IS d~.scussed in the Appendix. All except one 
of the flwf patterns used in the report to illustrate the types of flow were 
obtained as the first pattern in a run, 1.e. they could not have been affected 
by patterns produced earlier in the run. 

Transition of the boundary layer on the walls of the tunnel was fixed, 
throughout the tests, by mtans of threads upstream of the throat. Pitot 
pressure traverses through the boundary layer showed it to have approximately 
l/+power-lam velocity profile and thxkness 0.14 inch. 

3 PRESEKTATIOI~ OF TIIE ESIJLTS ___ -.--.. _ __.._. __ _-.-___, 

Pressure distributions on the wall and the plate and a selection of 
photographs of the oil i'iovf patterns obtained are presented in Figs.2 and 3 
for IV! = 1.6, Figs.4 and 5 for M = 1.8, and Figs.6 and 7 for EI = 2.0. 
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The pressure distributions were obtained at even values of the flow 
deflection angle togetLer with some additional readings at odd values near 
the flow deflection angie at which the boundary layer began to separate 
from the bottom ivall. To facilitate visual interpretation of the variation 
with deflection angle the pressure distributions at odd values of the 
defleotion angles are drawn as broken lines. The theoretical pressure rises 
through shock waves for the deflection engles are also shavn in Flgs.2, 4 
and 6, together with the theoretical positions of the shock waves and of the 
Mach waves from the root leading edge, and the actual positions of separation 
obtained from the oil flail patterns (see section 4). 

The photographs were taken with the optical axis of the camera slightly ' 
below the plane of the shock-producing plate so they shobr a perspective view 
of the undersurface of the plate with a reflection, in it, of the oil flow 
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 #all in the photographs. 
The oil flow lines have a wavy form because the photographs were taken at a 
relatively early stage in their development. This is discussed further in 
the Appendix. The theoretical positions of the shook waves are indicated on 
each photograph by means of lines extended outside the photographs (see Fig.3). 
Deflection an les are quoted both for the shock on the flat lafer surface of 
the plate (6L 7 and for the shock on the wedge upper surface of the plate (bu). 

These deflections are relative to the nominal stream direction since no 
measurements have been made of the flow inclination in the tunnel. A study 
of the results from the upper and lower surfaces in the present tests suggest 
that this f'lo~ inclination is very small. 

4 DISCUSSION OF 'ME RESULTS _- ---_-.-- - _ ---- 

Before discussing the present results it is useful to recall the 
mechanism of the two-dimensional interaction which occurs when the change 
in flow direction through tile shock wave is in a plane normal to the surface. 
This is described by Holder, et alla , in Ref.4 and illustrated in Fig.8. 

If the incident shock is of only moderate strength, with a dofiection 
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 layer and conditions are similar to those for regular reflection 
of a shock at a plane wall. 

'Alth stronger shocks, separation occurs (somewhat upstream of the point 
where the shock strikes the boundary layer) and the pressure distribution at 
the wall is similar to that shown in Fig.8(b). The pressure rises steeply up 
to the separation point after nhich the pressure gradient falls (since the 
rapidly thiclcening dead-air region cannot withstand a large adverse pressure 
gradient). Downstream of the point *here the shock wave strikes the boundary 
layer the pressure gradient increeses, but it decreases again after reattach- 
ment, which occurs close to the peek pressure position. 

A two dimensional shock rYave/bo\mndary layer interaction of one or other 
of these forms occurred on the bottom wall of the tunnel throughout the tests 
(Figs.3,5,7). ht 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 = 70 in Fig.2 (for M = 1.6), at SL = II0 in F1g.4 

(for M = 1.8), and at 6L = 13~ in Fig.6 (for M = 2.0). At these angles and 

above it is difficult to distinguish side wall effects from bottom wall 
effects in the pressure distributions. 
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Examination of the oil flcv patterns (Xgs.5,5 and 7) obtained in the 
present investigation shows that the surface flow is affected some distance 
ahead of the shock wave, this distance increasing vrith dlstanoe from the 
shock-producing plate. 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 thicknesses from the plate). It is 
likely that an 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 &stance daWnstream of Its leading edge, 
cross the shock wave (at an angle) bctiieen a quarter and a third of the dis- 
tance from the plate to the bottom wall of the tunnel. The measured distribu- 
tions therefore give a qualitative indication of the stream$gise pressure 
distribution. 

The present results follow a pattern slnilar to that of the two- 
dimensional interaction. At small deflection angles (see, for instance, 
bL = 6O at I8 = 2.0 in Pig.T(a)) the shock Vrave is not strong eno@ to 

separate the boundary layer and the oil flow lines are merely turned through 
a greater angle than the streamlines outside the boundary layer by the 
transverse pressure gradient. however, in contrast Gth the tco-dimensional 
case, there is significant upstream influence; tie pressure begins to rise 
and. tine oil flow is deflected well upstream of the shock. As already noted 
the upstream effect increases. with distance from the plate and it commences 
at a line which is well in advance of the shock front. Thrs could be expla;ned 
by a form of spanwise influence, the effects of the presence of the shock wcvc 
beo.ng propagated along the rearward facing local Rach cones ;rhich, in a sub- 

1 stantial psrt of the total boundary layer thickness, have angles greater than 
the shock wave angle. Thus, the effects would be spread more near the bottom 
wall, where Mach waves are received from all part s of the shook tiave/boundary 
layer intersection, than near the plate, where none are received. A similar 
process would occur :iithin the subsonic part of the boundary layer. kt still 
greater distances from the plate (in the absence of the bottom wall) it is 
expected that tne LnteractLon would assume a cyluxlrical form as variation 
of the span&se lnflucnce decreases. 

At much larger deflection angles (see, for instance, SL = 12~ at M = 2.0 

in l?ag.T(d)) the occurrence of separation associated ,*iith the presence of the 
shock wave is obvious. The "mcldent" oil flc~ lmes are aeflected towards 
a line originating at the root leading edge and lying well upstream of the 
shock Nave. firther downstream the oil flows dcwniards from behind the shock 
mve towards this same line. It would appear that the boundary layer 
separates at this line and rolls up to form a vortex which trails downstream. 
The presence of a vortex is consistent with slight suction pcnks in the 
pressure distribution on both wall and plate (at about 0.4 and 0.2 inch from 
the junction, respectively) and sccur~~ng action of a vortex would produce 
downward flow away from the plate. 

Between these two cases it is dc.fficult to assign a particular deflection 
angle as the value at which separation begins. This has, in fact, been chosen 
fairly arbitrarily as the angle at which the 011 flow line from the root leadlng 
edge 1s swept at the same angle as the shock wave. This definition ensures 
that An the separated case there is "upstream ' flow normal to the shock brave 
while in the attsched case there is not. 

The oil flow psttcrns have been analysed on this basis and the results 
are shown in Figs.9 and 10 as boundarzes, of deflection angle and corres- 
ponding theoretical overall pressure ratio against Liach number, for which 
the boundary layer begLns to separate. The pressure at separatron varies 
with deflection angle at each Each number (see ~ig~.2,4,6). The ratio of 
the lowest velue of the pressure at separation to the free stream static 
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pressure 1s also shown an Fig.lO for EI = 1.8 and 2.0 (at M = 1.6 the 
corresponding pressure distro.bution appears to have been affected by the 
bottom wall interactxon). It will be seen that separation first occurs for 
deflections of 7.5O to 8O (parallel to the surface) and overall pressure 
ratios of about 1.5, at local pressure rst~os of 1.32. 

Comparison with the value of Pressure ratio at separation in tmo 
dImensiona flo& (also shown in Fig.10) shows that separation occurs at 
much lower pressure ratios in the present case. 

5 CcNcLusIoNs - _ ----- 

It has been found that a turbulent boundary layer on the sxde wall of 
a wind tunnel will be separated by a glancing shock wave of strength pdp, C 1.5 

at Mach numbers from 1.6 to 2.0. This pressure ratio corresponds to a flow 
deflection of between 7.50 and 80. 

Within the region investigated, i.e. up to 10 boundary layer thicknesses 
from the shock producing plate, the interaction is of marked three-dimensional 
character. At greater distances from the plate the interaction would be 
eqected to approach asymptotically a cylindrical form. 
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APPENDIX 1 --m--e 

OBSERVZI'IONS OF OIL FLOW PATTERNS IN MORE THAN ONE CONDITIO_N - --.s---.--- ----__ --A----P 
DLKING k SINGLE TUNNEL RUN --.e..--.".._- _-s-m--. 

By the use of a fairly fluid, non-evaporating oil it was found to be 
possible to obtain oil flw patterns irt more the.11 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. ConsequentQ, the individual patterns uere allowed to 
develop only to the point at which the type of flow st the shook wave could 
be determined. This ~3s found to requnu about six minutes, 

k typical set of photographs is shown on the left of Fig.11. The first 
011 flow pattern of the run was that shown in Fig.T(d). The second, third 
and fourth patterns obtained wez‘c those shown zm Pig.11. The third pattern 
was obtained et 6 L = IO0 ‘and on the right hand side of Fig.11 is shown 8 

pattern obtained at the beginning of c seperate run. Comparison of these 
two photographs shows qualitatively the same type of flow 4th the separation 
line in the s2me position. There are some differences in the patterns on the 
dainstream side of the separation line. In the left bend picture this region 
hsd been prevzously scoured by the vortex flows associated with the separa- 
tions at ?jL = lZ" end 14O. Most of the oil would have been removed from this 

region end it would consequently take much longer to alter the oil flow 
pattern there. This effect may also be seen in the lowest photograph, taken 
at a deflection angle at which separation doos not occur. In this photograph 
the streamwise oil floe lines cut across the feint pattern produced earlier 
in the run. 

It is obvious, therefore, that this use of the oil flow technique is 
acceptable for the limited object of determining ifhether or not separation 
(or any other clearly definable aspect) occurs in R particular region. The 
technique was found to be most satssfactory &en alternate patterns showed 
separated and attached flows, i.e. vuhen the differences between consecutive 
patterns was large. 

Four COnSeCUtive patterns show2 in Fig.12 indicate a tendency for the 
oil filsments to have 3 wavy form in the early stages of formation. (While 
rotation of the turntable altered the deflection of the plate and, hence, 
the 011 flow pattern on the turntable, 
table remained altered.) 

the basic floiv upstream of the turn- 
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