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SUMMARY

The effects of convex surface curvature on boundary layer
separation in supersonic flow have been investigated experimeatally and
theoretically, The radius of curvature used in the experiments was about
3 vimes the disvance from the leading edge of the surface on which the
boundary layer was formed to the separation point. In accordance with
vheory, the surface curvature greatly reduced the separation pressure
coefficient for laminar layers, but for turbulent layers (for which
no theory of the effects of curveture has yet been developed) there wes
Little effect.

1e Introduction and Description of Apparatus

A considerable amount of information is available1 concerning
boundary layer separation from flat surfaces in supersonic flow under
conditions in which separation tekes place well upsiream of the shock
wave or other agency provoking it, so thet the process is governed by
the equilibrium between the rate of growth of the boundary layer and the
local pressure distribution. The present investigation is concerned
with separation under similar conditions from curved convex surfaces
whoae generators are at right angles to the flow, This is of interest
in conmnection with the flow pest aerofoils.

Surface curvature affects separation in two different ways.
On the one hand, the pressure gradients associated with the curvature
well upstream of the separation region alfect the upstream boundary
layer velocity profiles and hence indirectly arfect separation. On
the other hand, there is also a direct effect of curvature arising from
the curving away of the wall from underneath the separating boundary
layer. In the present paper we are largely concerned with cases where the
wall is flat upsiream ol the region of pressure increase which irmediately
precedes separation. In these circumsitances only the second, direct,
effect of ocurvature is operative.

It would be expected that surface curveture would have little
direct effect on separation if, over the length of the compression region
upstream of the separation point, the change of slope of the wall were small
corpared with the extvernal-flow deflection caused by the thickening of the
boundary layer. The latter deflection is roughly 2° for leminar layers
at Reynolds numbers in the range 10° to 10° , and 10° for turbulent ones at
21l Reynolds numbers 152, e length of the compression region up to
separation is of the order of ien boundary layer thicknesses for laminar
layers and one for turbulent layers, Hence with turbulent layers the
flat-plate separation data should be approximetely applicable for
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curvatures much sharper in terms of boundary layer thickness than with
laminar leyers, and the present experiment confirms these expectations.

The experimental arrangement was as follows: Two plates, one
with a curved portion and the other, for comparison, flat, as shown in
Fig.t, were used ag the surfaces on which the test boundary layers were
formed, In terms of boundary layer thickness the curvature of the
curved plate is of the same order as thet over the rear half of a 10%
thick biconvex aerofoils Thus the plate has a rather sharper effective
curvature than the thin serofoils which are used 2% transonic and
supersonic speeds. The curved and flat plates were supported in the
2.6" x 1.5" blow-down wind tunnel in the same way as the flat plate in
thie experiments reported in Ref.2, the tunnel wall boundary layer being
ducted underneath. The experiment was performed at free stream Mach
nurbers of 2 and 3, It was not possible to use a lower Mach number
because of the blockage of the plates, but it was considersd that rough
extrapolation of the resultvs to the region of M = 1.4, (the sort of
Mach nurber which typically occurs locally in transonic flow past
aerofoils,) should be permizsible. Separation was provoked at various
positions on the upper surfaces of the plaves either by means of a
shock wave generated by a wedge held in the mainstream<, or by spoilers
attached to the surface. TFigs. 2 to L are typical schlieren photographs
of the flow showing these arrangements for causing sevaration. There were
pressure tappings along the plates so that the pressure distributions over
the surfaces could be determined.

The results for laminar and turbulent layers are now discussed
separately.

24 Results for Laminar Lavers

Figse 5 and 6 show pressure distributions for the curved and
flat plate respectively with various separation-provoking arrangements at
a Mach nunber of 3. The gbagnation pressure was fairly low
{1.67 atmospheres) so that the flow was laminar at separation, and the
curves show vhe characteristic "laminar foot"2, The lowest curves of
Figse 5 and 6 represent the empty tunnel distributions. These differ from
the theoretical inviscid flow distributions, sketched in Fig.t, partly
because of experimentel imperfections but principally because of the
presence of the boundary layer. Thus for the curved plate the corner
formed at the dovmstream end of the curved part itself causes an upstream
laminar separation, so thet the minimum pressure occurs about 1.8"
dovmstream of hole 1, and notv at the corner, which is about 2,."
dovmstream of hole 1. Also, the pressures at hole 1 and for a2 short
distance downstream are increased due to the efflect, transmitted through
the laminar boundary layer, of the relatively high pressures on the
upstream inclined portions of the test surfaces. (See Fig.1)

It is possible to define a foot pressure ratio pm/pp, wWhere
po is the pressure at the point where the pressure begins To rise or =t
the pressure minimum, and p,. is the pressure at the "top" of the foot,
defined as the pressure maxiffum position or the point of inflexion in the
distribution, as in Fig. 7. The ratio pn/p, is greater than Ps/bos
where pg is the pressure at the separation point, because separation
occurs somevhere on the relatively steep upstream part of the foot. With
convex surface curvature the dead~air region near the wall dovmstream of
separation thickens more rapidly than with a flat wall, so that the
pressure gradient would be expected to fall off more sharplyz, and
Pp =~ Ps should be reduced. However, as shown in the Appendix, theory
suggests that an analogous effect also operates upstream of separation.
Accordingly one might expect both pT/bo and ps/'p0 to be reduced by
curvature in roughly the same proportion. In other words, if pm/py
is found experimentally to decrease markedly, it is reasonable to

infer/



-3 -

infer a similer varastion in p./b,+ Thus the foot pressure ratio

p7/Po, Which can easily be determined experimentally, can be taken as a
rough meosure of the separation pressure retio ps/bo, whose precise
experimental devermination is very difficult. In Fige. 3 the foot
pressure rotio is plotted against the posivion of 0, the point where
the pressure is pge It can be seen that the flat plate results decrease
slightly and quite smoothly with distance from the leading edge: this is
an effect ol the increasing Reynolds wamber!» 2, The values for the
curved plate, by convrast, are much less than those for the flat plate
when the pressurc rise in the vicinity of separation at the upstream end
of the laminar foot takes place entirely on the curved part of the surface.
Where it takes place entirely on the upstream flat part the resulis agree
with those for the fat plate, as would be expected., There is an
intermediate region where some of the sharp pressure rise atv the upstream
end of the laminar foot is on the curved portion of the surface and some
is on the flas,

Similar resvlts were obtained at a2 Mach nmuber of 2, ss can be
seen from Figs, 9 and 10. No results for the flat plate at this Mach
nunber are presented ss they were made diffacult to interpret by certain
experimental imperfections. If these had been absent, however, there
can be no doubt that the results would have been similar to those
obtained at M = 3. (Sce also Ref.2)

These results agree with the theory presented in vhe Appendax.
Thas predicts that the curving away of the surface from underneath the
boundary layecr upsets the equilibrium betweea the layer and the exvernal
flow in such a way thet, compared with the flat surface case, the pressure
gradients in the vicinity of separation arc slightly increased and the
pressure coelficients at separation, (proporiional to ps/po -1, and
probably roughly propertionsl to pnyDy -~ 1,) are considerably reduced.
The predicted reduction as about 500 2t Mach mubers of 2 and 3 with the
configuration of the present experiments, and this agrees ressonsbly with
the experimental resulis, The minimum separation pressure coeffircient
should occur when the point 0 coincides with the junction J of the
flat and curved parts of the surface, When O 4is downstream of J the
favourahle pressure gradients between J and O should, due to their
effects on the boundary layer velocity profiles and also to the dincrease
of Mach nunber, lead to some increase in the ratio pT/bo, but it is
difficult to estimate the megnitude of this eflect. However the
experimental results of Migs. 8 and 10 show that it must be small.

3e Results for Turbulent Lavsrs

Figse. 11 and 12 show pressure distributions for the curved
and flat plate respectively with various separation~provoking
arrangements at a Mach number of 3., They correspond to Figs. 5 and 6
which are for laminer layers. TFor the distributions of Figs. 11 and 12 the
boundary layer flow was turbulent because the stagnation pressure wes high
(7.8 atmospheres) and also transition-promoting strips were attached to
the surface in the neighbourhood of hole 1. The pressure distributions
all show a "kink" between an initial region of sharoly rising pressure
and a region of reduced pressure gradients. This kink always occurs with
turbulent layers when there is a considersble exient of separated f'low 2,
and e kink pressure pg mey then be defined as the intersection of the
maximum and minimm slope tangents, as in IMigs 13. The reduced pressure
gradients downstream of separation, giving rise to the kink, are due to the
thickeaning of the dead-air region near the well, With convex surface
curvature the dead-air region must thicken more rapidly than with a flat
wall, so that the pressure gredients should diminmish more sharply dovmstream
of separation. However, the kink is so olose in position to the separation
point that pg/pg (whach is only a little greater than 1) will probably
not be greatly alfected by surface curvature. Hence may be taken
as a convenient measure of Dgs which iz more difficult to measure
experimentally. As in the lafinar cases, & posit.on O can be defined
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as the point where the pressure begins to rise or where the pressure is

a minimum. In Fig. 14, the kink pressure ratio pK/bO, where p, is

the pressure at 0, is plotted againat the position of 0. There is
considersble experimental scatter but there ore no obvious systematic
differences between the results for the flat and curved plates. This

is true 2lso at & Mech number of 2, as can be seen from Figs. 15, 16 and
17. The Mach nunber M, at O increnses as separation is mede to ocour
further downstream on the curved part of the curved surface, and one would
expect this increase to result in an incresse in pg/P,, since on a flat
surface /Do increases with Mach number, especially at the lower Mach
nurbers, (c.fe Refs. 1 and 2.) Thus the scatter of results in Figs. 14
and 17 may possibly be concealing a tendency for separation to occur at a
slightly lower pressure ratio ps/bo on the curved surface than it would
occur on a flat surface with the some upstream Mach number M,. However,
the variation in M_ is between about 3.1 and 3.6 in Fig.1t and 2 and 2.25
in Fige1h, and such variations in I, would, on a flat surface, produce
variations of PK/bo no greater than the scatter of the results of
Figal.l and 17. Accordingly, the suggestion that the curvature may, on
the average, be reducing py/Do should be treated with caution,

The noteworthy conclusion to be drawn from FPigs. 14 and 17 is that with
turbulent flow, in contrast with lemnar flow, surface curvature of the
emount used in the experiments has at the most only e smell effect on

the pressure coefficient at separation. This is undersitandable since, as
was pointed out in the Introduction, the flat-plate separavion data would
be expected to be applicable for much sharper curvatures with turbulent
then with laminar layers. It is, however, quite possible that, with
turbulent layers, effects gualitatively similar to those obgerved with
laminar separations would be produced if the curvature were made
sulficiently sharp.

Lo Conclusions

The experimental resulis for laminar layers confirm the
theoretical prediction of the Appendix that convex surface curvature
reduces the separation pressure ratios. Comparison with the theory shows
that for Reynolds nmunmbers in the range 10° 1o 10° and Mach mumbers
in the range 1.5 to 4 appreciable differences from the flat plate results
should occur if the radius of curvature of the surface is less than
about 20 times the distance frouw the leading edge of the boundary layer.
In the present experiments the radius of curvature was only about 3 <imes
the distance from the leading edge of the boundary layer, and the effects
on laminar separation were accordingly large. However this order of
curvature has been found to have small effects on turbulent layers at
Mach nurbers of 2 and 3, and this is probably true also at lower Mach
mumbers, Hence it is ressonable to infer that with turbulent boundary
layers on aerofoils, the flav plate data for separation should be roughly
applicable both in transonic and supersonic flow so long as the radius of
ocurvature of the surface under the shock wave exceeds zbout 3 times the
distance from the leading edge to the shock (and even sharper curvatures
might well be permissible). In actual experiments on aerofoils in
transonic flow?, 1t is found that the kink pressure ratio p./p, Gepends
to some extent on the aerofoil shape as well as on the local upstream
Mach mumber M,. However the results camnot be correlated in any simple
way with the local surface curvature, and furthermore, the variations in
PR/Do for any given M, are quitve small - no bigger than the
experimental scatter of the resuits of the present investigation shown
in Figse 14 and 17.
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APPENDIX

Theoretical Analysis of the Direct Effect of
Surface Curvature on Laminar Separation

It is assumed that, s in Fig.18, the surface is fl=t up to
the position O where the pressure begins to incresse. Hence the
boundary layer profile at O is the same as on a flat plate, and only
the direct effect of curvature on sepsration arises. (o.f, Introduction.)
For samplicaty, the curvature is assumed to be constent downstresm of O.

The enslysis proceeds exactly as in Ref.) as far as equation (1L).
In place, however, of assuming that the inclination o of the external
flow at s to its direction at 0 dis given by

Az
4 = =
X
2Az
we must wraite Q4 = e—— e X
X

where m 1is a constant depending on the curavture.

Hence 1
20, BBy Iy(y - 1)C s]=MEO 2mX

Also es before

1]

]
¢
and “W(ZZ) 0,332 -§9-E§9
%8

Wo

From these equations and the assumption that viscosity is proporticnal to
sbsolute temperature it can be shown that

3
2 0.75
Cog |1+ 63 ( ---) --9-?1?.?.-- Z ameemem————
(3, - 1) r(Mm”)Ro]I
X Ty : 3
and —— = 31,3 (-—-) c’s
X TEO

In the present experiments the surface is not flat all the way
upstream of ¢, However when O coincides with the junction J between
the flat and curved portions of the surface the boundary layer profiles at
0 should be close to the flat plate form, and we can assume the effective

values Ro & 2.6 x 10° at Mpo = 3, Ry % O x 10° at Mgy = 2, end
mx Z L .7 Hence the curvature should reduce Cpg from about C. 016 to
Q. OOB at Mgy = 3, and from about 0.023 to sbout 0,011 at N = 2,

Tn both cases thers is thus about a 50% reduction in Gp in quite good
agreement with the observed reductions in (PT - po)/bo.
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