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Separation of turbulent boundary layer at a curved wall
with normal shock

R. BOHNING and J. ZIEREP (KARLSRUHE)

THE SHOCK-BOUNDARY layer interference very often causes flow separation. The question at which
pressure gradient or at what Mach number separation starts to develop is of interest for both
theory and applications. Our report will be about a simple criterium that relates the dependency
of a turbulent boundary layer to the Mach number and the Reynolds number. The starting
point is an analytical solution of the shock boundary layer problem given by BounING and
Z1ereP [1]. By using a three layer model we get analytical expressions for the pressure and veloc-
ity distributions along a curved wall. Employing these results it is easy to find a criterium for
vanishing wall shear stress. In general there exists an expansion immediately behind the shock.
This after-expansion is dependent on the wall curvature and on the outer flow. It diminishes the
tendency towards separation. This effect is bounded by two limits that are given by the condi-
tions for which the boundary layer may separate and for which the boundary layer must separate.

Interferencja uderzeniowej warstwy przyéciennej bardzo czesto powoduje odrywanie sig strug gazu.
Pytanie, przy jakim gradiencie ci$nienia lub przy jakiej liczbie Reynoldsa rozpoczyna sie proces
odrywania strug, jest interesujace zaréwno z punktu widzenia teorii jak i zastosowan. W niniej-
szej pracy podano proste kryterium, ktore wiaze turbulencyjng warstwe przyScienna z liczbg
Macha i liczba Reynoldsa. Punktem wyjscia jdst rozwiazanie analityczne problemu uderzeniowej
warstwy przy$ciennej podane przez BOHNINGA i ZIEREPA [1]. Stosujgc tréjwymiarowy model
warstwy, otrzymaliémy analityczne wyrazenia na rozklady cisnienia i predkosci wzdluz zakrzy-
wionej Scianki. Wykorzystujac te wyniki latwo juz znaleZ¢ kryterium znikania naprezenia stycz-
nego na $ciance. Na ogoét ekspansja nastepuje bezpoérednio za falg uderzeniowa. Zalezy ona od
krzywizny $cianki, przeplywu zewngtrznego oraz zmniejsza tendencj¢ do odrywania si¢ strug.
Efekt ten ograniczony jest dwoma warto$ciami granicznymi okre$lonymi odpowiednio przez
warunki, przy ktérych warstwa przy$cienna moze si¢ odrywac i musi si¢ odrywac.

Hurepdepenuna yaapHOro NOrPaHHYHOTO CJIOSA OYeHb YACTO BBISLIBAET OTPLIB CTPYi rasa.
Bonpoc npu KakoMm rpajgueHTe OABJICHHS WIH IOPH Kakom uucie PeiiHonbAca HaumHaeTca
NpoLeCcC OTPLIBA CTPYH, HHTEPECEH TAK C TOYKH 3PEHHMA TEOPHH, KaK M IpHUMeHeHHH. B na-
crosuieil paboTe MaeTcA MPOCTBI KPHTEPHii, KOTOPLIH CBA3LIBaeT TypOyJIeHTHBIN MorpaHHY-
HBIii cnoii ¢ wiciiom Maxa u uncnom Peitnonbaca. MexomHoil Toukoit ABIAETCA aHATHTHYECKOE
pelieHne mpoGiemMbl YAaPHOrO MOrPAHMYHOrO CJIOA, npuBefeHHoe Bomwurom u 3umepom
[1]. TIpumeHss TPEXMEPHYIO MOMIETIBb CJIOH , ITOJIYUEHO aHAIMTHYECKOE BBIPAYKEHHE /IS pacmpe-
JleJIeHH [aBJIeHHA M CKOpPOCTell BJIOJIb MCKPMBIIeHHOM cTeHku. Mcnosnesysa sTH pesynbTaThl,
JIEFKO Y)Keé MOMKHO HAlTH KDHTeDHil MCUEe3HOBEHHA KACATEJILHOTO HAMPAM(EHMA Ha CTEHKE.
Booflie pacluMpeHrHe HACTYIAeT HETIOCPE[CTBEHHO 3a yAapHOH BoaHo#H. OHO 3aBHCHT OT
KPMBM3HBLI CTEHKH, BHELIHEr0 TEUEHWS M YMEHBLIAET CTPeMJICHHE K OTPBIBY CTpyi. ITOT
ateKT orpaHHyYeH ABYMA NMpeNeNbHbIMH 3HAUCHHAMM ONpe/ie/leHHbIMH COOTBETCTBEHHO Yepes
YCJIOBHMA, NPH KOTOPLIX IOIPaHHYHBIN CJIOH MOY<eT OTOPBAaTHCA M JO/IMKEH OTOPBATHCH.

THE INTERACTION between shock waves and boundary layers often causes separation. The
question as to what pressure gradient (or Mach number) and given Reynolds number
separation starts is important both for theory and for applications. Our final result is a dia-
gram that gives the Mach number and Reynolds number dependence for the separation
of a compressible turbulent boundary layer due to a normal shock at a curved wall.
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The starting point is an analytical solution due to the authors [1] in the domain of the
interaction of the shock wave and the boundary layer. Figure 1 shows the model used.
The turbulent boundary layer at a curved wall in transsonic slightly supersonic flow
(Fig. 1, left) is disturbed by a weak normal shock (Fig 1, middle). With a three-layer model
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FiG. 1. Three-layer model used for calculation of the normal shotk boundary layer interaction.
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F1G. 2. Pressure distributions in the boundary layer for different wall distances. « is the exponent of the
undisturbed velocity profile in the boundary layer.
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(Fig. 1, right)— originally due to Lighthill —we get expressions in a closed form for pres-
sure and velocity in the boundary layer. Figure 2 shows the pressure distribution for dif-
ferent wall distances. In front of the shock we get an upstream influence, at the outer edge
of the boundary layer we have, in this general case as well, the singular after-expansion
found by OswATITSCH and ZIerEP [2] in the inviscous case. This behaviour was first discus-
sed in the experiments of ACKERET, FELDMANN and RotT [3].
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Fi1G. 3. Lines of constant Mach number in the boundary layer.
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Fi1G. 4. Definition of sublayer thickness.
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The structure of the flow field is given in Fig. 3 by drawing the lines of a constant Mach
number. In front of the shock we have the upstream influence ranging about some boundary
layer thicknesses. Behind the shock in the neighbourhood of the wall the shear stress di-
minishes, the boundary layer thickness increases. At the outer edge of the boundary layer
we have the after-expansion. Both regimes are separated from one another by a saddle
point.

Figure 4 illustrates the definition of the sublayer thickness d,/6 = yo. We calculate
a characteristic quantity — for instance dz,/dx — for different sublayer thicknesses.
The abscissa y, where dt,/dx has an extremum is preferred because in the neighbour-
hood of this value we have no dependence of 87, /dx from y,. An increasing Reynolds
number leads to a decreasing sublayer thickness (Fig. 5).

With the explicit solution of the authors it is possible to calculate the wall shear stress.
Figure 6 shows the local friction coefficient at a constant Mach number and a constant
wall curvature for different Reynolds numbers with (— — —) and without ( ) after
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Fi1G. 5. Reynolds number dependence of sublayer thickness.
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FiG. 6. Wall shear stress with (— — —) and without (: ) after expansion.
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expansion. We immediately recognize that the after-expansion reduces the tendency -for
separation. The effect is such as if to reduce the shock strength. The difference may be
considerable and can be in the magnitude of 20—30%,. Figure 7 gives the final result. For
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Fig. 7. Mach number versus Reynolds number that lead to separation. Influence of wall curvagure.

a given radius of wall curvature R/é we get the dependency of the Mach number and
Reynolds number that leads to separation. Again we get different curves with after-expan-
sion (— — —) and without ( ). The interpretation is as follows. Below the solid
curve we have no separation at all, above the interrupted curves — belonging to different
wall curvatures — the fluid flow must separate. The influence of the wall curvature is
such that increasing curvature lifts the interrupted curves, this means that increasing cur-
vature reduces the tendency for separafion. We immediately see that the transsonic fluid
flow (M, < 1.3) will separate only in the domain of a relatively low Reynolds number and
low curvature. .

The consequence and others which issue from our results are in good agreement with
available measurements.

Two additional remarks are of interest. If we calculate with our explicit solution the
boundary layer parameter H,, (= ratio of energy displacement thickness to that of mo-
mentum) we get in the case of separation 1.65 instead of the value 1.58 known from in-
tegral methods of the boundary layer theory. The difference may be looked upon as an
error estimation of the integral methods.

The solid curve in Fig. 7 which belongs to the vanishing wall shear stress z,, = 0 ful-
fills a simple similarity law. If we apply the Prandtl-Glauert rule to the external flow field,

we have

%. VM3 —1 = const,
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4/1 stands for the dimensionless vertical coordinate in the flow field, that means for the
thickness parameter of the boundary layer. If we expiress d/l by the Reynolds number,
we get a simple relation M; = f(Re,;) which approximates extremely well the law for the
solid curve in Fig. 7.
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