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1. Inbroduction '

¥henever boundary layer separation occurs in two-dimensional
supersonic flow there is a fairly sharp increase of pressure belore
separation. It is found that the ratio of the pressure at the
separation point S +o the pressure at the position O Just upstream
of the sharp pressure rise, as in Fig. 1, usually depends primarily on
the external-flow Moch number and state of the boundary layer at O,
and is not greotly affected by the nature of the particular ogency
provoking separation. This is in marked contrast to the state of
affairs in subsonic flow, and in fact in this respect conditions in
supersonic flov are much simpler than those at low speeds. The
reason {or this simmlification is es follows:-

The pressure rise jJjust before separation is usually
sufficiently stecp for the slope of the wall ot S not to differ
appreciably from that at 0 even though the wall moy be curved.

Hence unless compression waves generated by some upstream source strike
the boundary layer between O and S, the compression between these
two positions must crise from within the boundary layer, from the
external flow being deflected due to the thickening of the boundary
layer. This thickening, however, is in turn dus to the compression.
There must therefore be an equili'brium between the thickening and the
compression, and this equilibrium condition ensures that the pressure
distribution between 0 and & is primrily dependent only on
conditions at 0. Of course the position of 0 will depend on the
particular ageney used to proveke separation. Thus il separation is
couscd by a step in the wall, as in Fig, 2, the distance of secparation
upstream of the step will depend on the step height. But if steps of
different heights arc used and adjusted in position along the wall so
that the position of 0O remains the same (conditions upstream of O
being unaltcred) then ihe pressure distribution between O and S
will remain approximately unaltered.  There uay be small variations in
it because the boundery conditions® imposed dovnstream by tho particular
step provoking separation probably affect not only the position of
seporation, but also to o subsidiary extent the shapes of the velocily
profiles at scparation. However these latbter effects are small
especially when separation occuro well upstream of the particular agency
which causes it.
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Examples of possible causcs of separation arc (a) 2 step in
the wall, as already mentioned, (b) a wedgo on the wall, (c) an
externally~-generated oblique shock, or (gﬁ a neer-normal shock, as in
Pigs. 2-5. With types (b) and (03 the overall pressure increase
imposed on the boundary layer must be greater than some minimum if
separation is to occur at an upstream position where the equilibrium
conditions discussed above apply. With ncar-normal shocks Just
strong enough to cause seperation (at lov upstream Mech numbers) the
base of tho shock becomes curved and is “"softened" into 2 band of
compression waves.  Stronger normol shocks (at higher upstream Mach
nunbers ) become bifurcated at the base, with an inclined fromt limb of
compression vaves arising from the separation region, as in Fig. 5.

In both ceses the compression waves in the region of separation conform
to the boundary layer thickening and to the pressure gradient the
boundary layer can stand. Probably the sepzration pressurc is a2gain
dependent on the particular conditions dowmstream to o slight extent,
but not very much so.

Hence in most cases in supersonic flow it is possible to
treat the ratio of the pressure st separation to the "undisturbed"
pressure just upstreem as o function only of the upstream boundary
layer condition and external-flow Mach nuvber. The boundary layer
condition depends primarily on wheother the flow is laminar or
turbulent, on Reynolds number, and on whether or not there is heat
transfer between the woll nnd the boundsxy layeri,2, (The data
discussed below refer $o the zero heat transfer condition.) If
favourable pressure gradients act on the boundary layer well upstream
of scparation, as is usunlly the case with an aerofoil, they will have
some effect on the seporation conditions, but probably not = very large
one.

2. Results for lominar Iayers

When, say, an oblique shock strikes a boundary layer which
in the absence of the shock is laminar, a flow pattern end pressure
distribution as in Fig. l. is often observed. Tell ahead of the shock
there is a "foot" on the pressure distribution curve. The pressure
rises steeply Jjust upstreom of separation and downstream of separation
the pressure gradients becowe much smaller. They increese agein when
transition occurs which, with fairly strong shocks, is often upstream
of the shocks In these circumstances the equilibrium conditions
discussed above apply to the whole of the laminor foot¥*, It iz easy
to determine from the pressurc distribution (or, less accurately, from
the angle of the low ot the edge of the separated laminor layer, as
shovm in a Schlicren photogroph) the pressure at the "top" T of the
foot. This position can be token as the second point of inflexion
in the pressure distribution, as shown in Fig. 4. The pressure 2% T
is a function primrily of the boundary layer conditions at O, and
is insensitive to shock strength because of the equilibrium conditions.
Thus in Fig., 6 experimental results3,k obtained at a free-stream Ma.c(:h \

2{pr - P
nurber of 2 for the pressure coefficient C (dcfined as C —--I-)?----e-
pT pT yit® g

where N and pg 'are the free-stream Mach number and the pressure et
0) are plotted against the Reynolds number R, based on the distance
froa 0 %o the leading edge of the plate on which the boundary-layer
was forred., It is seen that the results for a wide range of shock
strengths lie on a single curve.
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*However curvature of the wnll may be o relevant factor since the slope
of the waell my chonge appreciably over the whole length of the foot,
which is much greater than the short length OS5,
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Fressure distributions containing a laminar "foot" are also
obtained wunen different agencics are used to provoke separation. In
Fig. 7 experimental results from all ovailable sources are plotted
against R,*. 1t can be secn thot C,p deercases vrith inereasing
Mach number and a2lso rith increasing Reynolds nunber, the latter
veriation being between Rys and RgZ. Most of the inconsistencics
between the differcent experimental data are genuine effects due,
probably, to d.lfcrences in the frec-strcam turbulonce conditions in
different wind twmnels. As indicated above, the ¢nd of the laminar
"foot" occurs at the transition position, and this ocours a2t a lower
Reynolds number hen the tummel turbulence is high., This reduction
in the length of thc laminar "foot" is accompanied by a fall in the
pressurc pp at the top of the "foot" so that the values of CpT are
low in tunnels with high turbulence levels.

Since separation occurs in the region of relatively steep
pressure gradient at the upstream end of the laminar "foot", the
pressure coefficicent at seporation is lower than the coefficient at the
top of the foot. Morcover, for the reasons described above, the
pressure cogfficient at separation should be independent of the position
of transition dovmstream so that good corrclaiion would be expected
between the results obtained in different wind tumnels. lHowever, the
position of separation is very difficult to determine experimentally
and this lcads to inconsistoncies. The mecsurements reported in
Ref. 4 gave values of pg/po of 1414, 1.1k, and 1,33 at M =2, 3 and ),
respectively (the corrcsponding values of Cps  ore 0.050, 0,022 and
0.029). The Reynolds number R, varied in the experiments betieen
2x107 to 4 x 10° and over this rangc appeared to heve no effect on
Ps/pPo. This may appear to be inconsistent with the variation of
Pr/po with Ry (sce Fig. 7), but tlis is not so since wvyp/p, would be
cxpected to decrease wath increasing Ry, even for constan ps/po
because the laminar "foot" becomes shorter as R, I1s ranised. However,
in view of the difficulties associated with the accurate measurement of
Pe it is possidblo that there is some variation with Reynolds muber
which has passed undetected. The theorics of Ritter and Kuo? and
Gedd!0 predjet that the pressurc iacrease at scparation pg - po Should
vary as Rg¥. Donzldson and Lenge!?!, using a simplc dimensional
argunent, suggested that pg -~ po is proportionsl to BREZ.
Stewartson! 2 who assuricd (ini the authors! view incorrectly) that the
pressure distribution scting on the boundary layer upstream of
separation is the samc as the theoreticel pressure distribution through
g_ gﬁlsock wave with the same prossure incrcesc, predicted a variation as

O L]

As rcgards the magnaitude of the pressure rise at separation
Gadd prodicted?O that pg/po for M = 2, 3 and L ond

Ry = 2,5 x 10° should be 1.10, 1,18 and 1.27 respectively, whilst

Ritter and Kuo found? that pg/p, = 1,10 for M = 2 and

R, = 5 x 10°, It is seon that these values are of the same order

as the experimental velues given above.

It is worth nobing thot according to Cadd's theory the.pressure
ratio at separation is roughly equal at all Meach nurbers in the range
2=l to the muximum pressurce ratio produced by the reflexion of a shock
of 1° deflexion angle, or by a 2° wedge on the wall,
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*When the boundary-layer was not formed on z Tlat plate in the
experimonts, Rg is the effective flat plate Reynolds nuriber defined as
follows. Consider a flat plate in a stream with the same external flow
velocity, kinemntic viscosily and Mhch nunber as at 0. At sore
position P on the plate the boundary-layer thickness will be the same
as the¢ boundary~layer thackness ot 0. Then Ry i1s defined as the
Raynolds nurber bascd on the distance from P to ihe leading edge of
the flat platc.
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3« Results for Turbulent Layers

When, say, a strong oblique shock strakes a turbulent boundary
layer, 2 flow pattern and pressure distribution as in Pig. 8 is often
observed. In thesc circumstances, separation occurs well shesd of the
shock. There is a corresponding kink in the pressure distribution at
the wall becouse the pressure gradient is very steep upstream of
separation bul becomes much less stecp where the boundary layer is well
separated. It is possible to define a kink pressure pg 285 the
intersection of the maximum and minimum slope tangents, as in Fig. 8.

A kink pressure can also be determined in interactions with normal

shocks and wedges on the wall if thesc are such as to cause a considerable
extent of scparated flow. The equilibrium conditions discussed above
then apply to the flow in the kink region, so that pg/p, and the
corresponding pressure coefficient K are mainly dependent only on
conditions at 0. The pressure pg ~at the separation position, which
cen be determined by surface tube measurements, is near to pg.

In interactions between a step and a turbulent boundary layer
it is less easy to define 2 kink pressure because the pressure
distribution is then rounded over, 28 in Fig. 2. However if the step
is sufficiently high there is 2 well defined pesk P in the pressure
distribution ahead of the step. The pressure pp at the peak can
easily be determined from the pressure distributions or less accurately
from the angle of the £low at the edge of the boundary layer in a
schlieren photograph. The ratio pp/py and the corresponding pressure
coefficient P arc agein meinly dependent on conditions at 0, and
are insensitive to step height for sufficiently large step heights.

The peak pressure is, as indiceted in TFig. 2, appreciably higher thon
the pressure at separation.

In Fig, 9 all the available data on the kink pressure and the
separation pressure are presented, The kink pressure coefficient
Cpk  end the separation pressure coefficient Cpg are pletted against
Reynolds number Rt boscd on the distance from 0 to the effective
leading edge of the turbulent boundary-layer, Although there is a
tendency for and O, to decrease with incressing Fy, the
results are too few and scattered for the mgnitude of the decrease to
be relicbly estimeted. The decreasc is, however, evidently quite small
and in Fig. 10, where the pressure coefficients are plobted ageinst
Mach nuriber, mean curves are drmvm which take no account of {the variation
with Reynolds number. Most of the experimcontal velues of Cps 1n
Figas. 9 and 10 were obtained from surfacc~tube measurements. = However,
the data in Fig. 10 at the lowest Mach number were obtained from tests on
agrofoils at transonic speeds, and here the onset of separation wes
deduced from Schlieren photographs and from the way in which the kink
pressure pr varies with pe when the free-stream Mach number is 16
gradually increased through the region in which separation first occurs .

It is useful to note that, according to the curve in Fig. 10,
the pressure ratio at separation is roughly equal at 2ll Mach numbers
greater than 1.5 to the maxinum pressure ratio produced by the regular
reflection of a shock of § deg. deflection angle or by a 10 deg. wedge
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Comparison is possible between the experirental results
described sbove and the prodictions of scveral theorics. Gadd!®
considers the pressurc at scparation, and finds that it is indepcendent
o Reynolds nuriber and related to the Mach nuriber as shovm in Fig. 10,
The curve shoun corrcsponds to a different choice of empirical constant
to that made in Ref. 10, The theory of Tylor and Shapiro?0 is concerned
with the poak pressure, and it predicts a small cffect of Reynolds number
in the oppesite scnse to that found by cexperiment. However, as can be
seon from Fig. 12 the predicted values of Cup are of the same order as
those measured, and the trend of wariation with Mach number is of the
right sign. Crocco and Probstein2! are also concerned with the peak
pressure coefficicnt >,  Their resulis are independent of Reynolds
number and as can be seen in Fig. 12 agree quite well with experiment
if a suitsble choice of empirical constant is made.

L. The Conditions Leoading to RBoundary-laver Scparation

Separation does not necessarily occur whencver the boundary
layor is subjecied to o pressure inercasc greater than thot
corresponding to the separation pressure ratio discussed in the
preceeding secetions.  This 1s because in some types of interaction
the equilibrium conditions apply only after cxtensive scporation has
occurred, and the scporation point has moved well upstreom of the
ageney used to impose the pressure rise. The conditions leading to
the first occurrence of scparation then depend not only on the
frec-stream Mach number and the charncteristics of the undisturbed
boundary-layer, but also on the nature of the agency used to produce
the pressure rise. For example; in interactions with oblique shock
waves generaled by an extermal wedge or a wedge attached to the wall,
whether separation is present or not, jpresentl a considerable part oft 7
the pressure risec ocours downstrecm of the point where the shock
strikes the boundary-layer or ihe wedge spex position. Separation
docs not then occur immediately the total pressure rise cxcceds the
pressure rise to scparation considercd ebove, beccause the appropriate
equilibrium conditions do not apply. Especially at high Mach
munbers o considerably grecter pressurce rise is in fact required
before any appreeiable extent “of separcted flow is formed.

In other cases it is possible thot sceparation will occur when
the overall preassure rise is less than the pressure rise to soparation
considered above., Thus in the flow up o step, separation rust occour
however small the step height, but the overall pressure increase
produced by the step will presummbly fall smoothly to zero as the step
height is reduced to zcro.  For smoll step heights the cquilibrium
conditions discusscd above will not apply since the local cffects of
the step will become confused with the effeoets due to boundary-loyer
thickening. This is only truc for very smell step hoights, however,
and for turbulent boundary-layers the equilibrium conditions appear to
apply ot scparation, provided that the step height excecds about half
a boundary-layer thickness.

For normal shock waves, the pressure increasc becomes very
large at hagh upstream Mach nurbers, and scparation alwoys occurs.
On two-dimensional acrofoils in tronsonic flow with turbulent
boundary-laycrs, scparation is found to occur 6,22 when the local Mach
number immediately upstreom of the shock cxceceds approximalely 1.23.
The corrcsponding pressurc coofficicnt across the shock is found to be
about 0.38 which is in good agreement (sce Fig. 10) with the pressure
coelficicnt for separation under cquilibrium conditions. It should be
noted, however, that the pressurc rotio across the shock is considerably
less thon that calculated for the upstream Moch nurmber by means of the
normal-ghock equotions, This means thot the shock wmgt be followed
closely by an exponsion although, ot the wall, a continuous increasc of

pressure/
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pressure occurs because the boundary-layer smooths out ihe local pressure
peak. This expsnsion arises partly because the thickening of the
boundary~layer at the shock reduces the stream-tube arcas in the subsonie
flow downstream, and partly/ because of the pressure gradient in the
limited region of supersonic rflow., Thus, the Mach mumber just ahead of
the shcck veries from a maxirum near the wall to unity at the outer edge
of the supersonic region so that the pressure immediately behind the
shock must be preater near the wall ithan further out in the flow, To
enable the flow to follow the convex surface of the aerofoil, the pressure
mist fall as the wall is approached and suitable expansions must occur to
make this possible.

The conclusions which emerge from the foregoing evidence are
that vhenever any appreciable extent of separated flow occurs the pressure
ratio at separation is approximately as discussed in sections 2 and 3,
but it is seldom possible to formulate simple rules as to what conditions
are necessary for separation to occur with any particular configuration.
However it is certainly safe to say that if the usual separation pressure
ratio is not exceeded, scparation, if it occurs at all, will bec very
limited in extent.

List of Symbols

Xp distance from leading-edge to O.

Rg Reynolds nurber based on length xo and free-stream values
of velocity and kincmatie viscosity.

Xt distance from effective leading edge of turbulent
boundary-laycr to O,

Ry Reynolds number based on length xt and free-stream valucs
of velocity and kinemntic viscosity.

M free-stream Mach mumber (just outside boundary layer at 0).

iy static pressure

Po p in frec-strcam or at point 0O Just upstream of rcgion
of interaction

Pk p at "kink" in pressure distribution at well with separated
turbulent boundary-layers (sec Fig. 8).

Pmax peak voalue of p attained a2t wall in region of interaction.

Ps p at wall at separation point.

P p at "top" (point of inflexion) of laminer foot (see Fig, 4).

Pp p at the pezk in the pressure distribution ahead of a step
(see Pig. 2).

2 /D
Cp pressure coefficient ~-- (-—— - 1> , where y = 1.k
YM© Np,

suffices corresponding to p.
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