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NOMENCLATURE

Cf local skin friction

p
1

S,p
1 
(1 • 1, 2, 3)

H1 Fourier transform of h1

k wave number In Fourier Transform

I. sublayer thickness (see • Eq. (6)

p statIc pressure

Q unit function defined in Eq. (4)

Re Reynolds number based on L

u, v x- and y- velocity components

x, y coordinates parallel and perpendicular to

freestream

a CM2 
- l)~~

2 or (1 - M2)1”2

y ratio of specific heats

6BL boundary layer thickness

basic static pressure jump across shock

n displaced interface location

¶ 1~~ ef t~ ~~~ff1~ 1ent
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Fourier Transform of pressure disturbance function

p density

w exponent for power law viscosity law (~ ‘~ T’~)

Superscripts

( ) e  disturbance quantity

Subscripts

• freestream properties upstream of shock at boundary

layer edge

o denotes undisturbed (not stagnation) flow property

I length to undisturbed shock location

w .  property at wall value

I I — 1, 2,3, denotes region of variable

LS based on Llghthlll sublayer
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ABSTRACT

The titled affects , which are usually neglected in contemporary theories of

viscous-inviscid interaction , are here examined in detail for the unseparated

transonic turbulent case . They are found to be significant in many respects.

In particular , our results suggest that neglect of shock penetration becomes

very inaccurate in the supersonic separated flow regim e, leading to sub-

stantial underestimates of the local interact strength and its overall stream-

wise extent.
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SHOCK WAVE PEN ETRATION AND LATERAL PRFSSUR E

GRADI EN T EFFECTS ON TRANSONIC NORMAL SHOCK -

TURBUL ENT BOUN DARY LAYER INTFRACTIONS~

G .R .  Inger *

DFVLR - AVA

Gattirigen , West Germany

INTRODUCTION

Basic studies of shock wave-turbulent boundary layer interaction find signi-

ficant practical application in various aerodynamic and propulsion system

flow prob lem s. In existing theories the impinging shock is imposed as a

outer disturbance boundary condition at the boundary layer edge but the

local details of its subsequent penetration into the layer neglected in ob-

taining the interactive flow field solution. Moreover , the attendant simpli-

fication of neglecting the lateral interaction-pressure gradient across the

boundary Layer is often made . These approximations are usually justified

a priori on the grounds that the resulting errors in the important large scale

features of the flow are insignificant for engineering purposes . Indeed , up

to moderate supersonic speeds this has been found true in laminar flows

because of their well-spread out response to even weak shocks and the small .

attendent lateral pressure variations across the boundary layer . However ,

for turbulent flows at finite Reynolds numbers of practical interest (10 6 
~ Re ~

10 ) the interaction is much more violent and short range (± 2 - 4 6) and

+
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hence the shock penetration and lateral pressure gradient effects may be-

com e important. Werle and Bertke2 have recently given strong evidence

that this is the case: detailed comparisons show that their interacting

supersonic boundary layer model. solutions (which have otherwise given

consistant ly good results in laminar flows) severely misrepresent both ex-

periental. data and exact Navier-Stokes solutions 3 for a M~~ = 3 separating

ReL 
= 1O 7 turbulent flow regardless of the eddy viscosity model employed.

They concluded that the failure of the model is due to its lack of account for

the shock penetration into the boundary layer; moreover , neglected lateral.

pressure gradient terms may also play a significant role in such cases.

The pres ent paper deals with these aspects of the interaction problem for

the case of transonic normal shocks interacting with non-separating turbu-

lent boundary Layers . A lthough acknowledged to be in a lower speed range

without separation the results nevertheless shed valuable light on the nature

and parametric dependence of the shock penetration and ~p/~ y effects which

proves usefu l in other situations . The approach is based on an extension of

a recently-developed approximate theory4 of this transonic interaction

problem .

THEORETICAL MODEL

The flow is taken to consist of a known unseparated turbulent boundary layer

profile M0 (y) subjected to small. transonic disturbances due to an impinging

weak normal. shock (M 1 <1 . 3). Our original theoretical. model of this inter-

action was an approximate simplification of the disturbance flow structure

emerging fr om an asymptotic analysis of the compressible Navier-Stokes

equations at high R eynolds numbers , giving a linearized boundary vaLue

problem surrounding the nonlinear shock discontinuity and underlaid by a

thin Lighthitl. viscous disturbance subtayer (Fig. 1). Provided the incident

shock is weak enough to avoid a separated lambda-shock interaction pattern5

white M1 is not so close to unity that the viscous structure within the m ci-

dent shock must be considered , this flow model represents all the essential

.t



global features of the mixed transonic character of the non-separating nor-

mal shock-boundary layer interaction problem 6 including lateral. pressure

gradient effects . Moreover , the Linearized theory involved is am enable to

analytical treatment by obtaining solutions in each of the three regions

shown in Fig. 1 and m atching them along the boundary layer edge interface

by continuity of pressure and stream line shlope. The details , carried out

by operational m ethods , are g iven elsewhere4 . The results include inter-

action pressure and stream line deflection along the boundary layer edge and

both the wall pressure and shear distributions over a wide range of M 1 and

ReL values for an arbitrary incoming turbulent  boundary layer profile ,

whether adiabatic or not 7 .

As orignally formulated , the aforem entioned theory not on ly assumes that

the incident shock and its extension down to the sonic line are simple

Rankine-Hugoniot discontinuities , but also neglects ( fo l lowing Lighthills

treatm ent 8 of obli que shock interaction) the detailed shock penetration into

the boundary layer by imposing the shock jump conditions only at the outer

edge; since the correct shock pressure jum p at the edge is account ed for

while below the sonic level. in the boundary layer no discontinuity can exist ,

the shock decay across the supersonic non-uniform flow region is in fact

roughly simulated by this approximation . The ul t imate result is a small wall.

pressure discontinuity under the shock (Fig. 2) whose ef fect can be easily

eliminat ed by an equivalent cont inuous redist ribut ion of th e jum p over the

entire interaction 9. Nevertheless , since it is of fundamental and pract ical

interest to improve on this approximation , a modifica tion of the theory to

account for the shock penetration effect was sought.

An earlier preliminary study9 has shown that except very near the sonic

level y5,the shock in a turbulent boundary layer remains essentially normal

and simply decays in strength inward as the local Mach number drops. But

since the penetration region 60 S y ~ y5 lies in the outer “velocity-defect”

portion of the turbulent profile where the Mach number gradient is very

weak , this strengh decay is also small except when y—~y5 (see Fig. 3).

For practical high Reynolds number interactions , these facts suggest that

a first approximation (and indeed an upper limit) to the shock penetration

3 
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effect can be obtained by continuing the full.  incident shock unchanged acrcss

the supersonic region. However , to the same order of approximation , the

effect of this is equivalent to a “ non-penetrated ” interaction solution for an

incoming boundary layer having the sam e skin friction (wall slope) but a

smaller thickness 6~ ’ = y5. In other words the shock penetration ef f e c t  in

the leading approximation is simply equivalent to a di stortion (primarily in

thickness) of the boundary Layer profile. This idea is easily applied by run-

ning the existing program twice: the first run establishes 
~~~~~

, ?7~ = y5/80, Cf
etc. and the associated “unpenetrated” interaction field solution , while in 0

the second the programmed equation for 60 is mult i p li ed by ?7~ (as are all

values of Re 6 where ever they appear in calculating the Mach number pro-

file, Lighthitl sublayer properties , etc .)  taking care not to change Cf
the results give the interaction field with shock penetration.

DISCUSSION OF RESUL TS

Lateral Pressure Gradient_Effects

Typical interaction solutions are illustrated in Fig. 4 , where both the boun-

dary Layer edge and wall pressure distributions are shown. It is seen that

the shock-induced lateral. pressure gradients are significant within a region

of several boundary layer thicknesses upstream and downstream of the

shock foot , the wall pressure being higher then the edge ahead of the shock

and tower behind it . Further upstream where the watt  and edge pressure

equalize they decay exponentially with distance. Along the boundary layer

edge, a local pressure jump occurs across the shock at x = 0 followed by a

small region of subsonic post-shock expansion and subsequent recompres-,

sion, in qualitative agreement with experimental observations 5. 10 Far

downstream , the wall and edge pressures again equalize and rise monoto-

nically to the final post-shock Level. Like l/x .

It is emphasized that the local shock jump at the boundary Layer edge and

its rapid Lateral. smoothing across the underly ing subsonic flow region that

yields a continuous wall pressure distribution are important physical

4 
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features that cannot be accounted for wi thout  the lateral. pressure gradient

effect . Indeed , con sideration of the former provides one means of checking

against other theories and experiment; for example Fig. 5 compares the

predicted local in t ’~raction-pressure ju mp as a function of shock strength

against a variety of observed values 11
. Within the validity of the theory

(unseparated flow , M1 < 1. 3)  our results agree well  with the data and show

the qualitatively-correct trend of approaching the ful l  inviscid Rarikine-

Hugoniot result with increasing 
~~i 

or Reynolds number .

The inclusion of lateral. pressure gradients captures anoth er interesting

featur e , the existence of a subsonic post-shock expansion region at the

boundary layer edg e (here due t o sign change across the norm al shock 12 of

the up stream compression waves from the interaction-induced boundary

layer thickening, see Fig. 1) . Not only is this qualitatively confirmed by

experiment and detailed numerical, solu tions 13 bu t also its behaviour with

respect to Mach number:  as predicted in Fig. 4 , Ackeret , Feldman and

Rott 5 hav e observed that the degree of expansion and the extent of its in-

fl uence into the boundary layer gradually disappear with increasing Mach

number . Moreover , this phenom ena plus the aform entioned rap id lat eral

pressure variations are clearly evident in their detailed pressure surveys

of the interaction region (see Fig. 6): outside the boundary layer there is

a noticeable overshoot immediately behind the shock of the magnitude shown

in Fig. 4.

The influence of Reynolds number on the lateral pressure gradient effect is

also significant as shown in Fig. 7 . The local shock jump and post-shock

expansion increase and decrease , respectively, with increasing ReL and

at sufficiently high values the post-shock expansion region is very small

and weak and henc e difficult to detect experim entally. An account of this

expansion feature is of practical interest not only in understanding the

physics of the flow but also in sorting out various theories. For example,

mixed transonic flow past a curved wal l  exhibits post shock pressure dip

but for a completely different reason (e . g . ,  as a result of the purely

inviscid disturbance flow logarithmic singularity associated with convex

surface curvature 14 .)  To properly differentiate between this effect and other

influence requires consideration of bp /b y.
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Shock Penetration Effects

The effect on the interaction pressure field as calculated from our appro-

ximate model is shown in Fig. 8; the corresponding boundary layer thicke-

fli ng and skin fr ict ion are shown in Figs. 9 and 10 . I t is seen that for the

weak er shock cases ( M 1 < 1. 15) the intera ction contracts and thins out

sli ghtly with increased skin fr i c t ion , whereas for stronger shocks the re-

ver se becomes t rue  and shock penetration strengthens the interaction by

spreading out the strearnwise scale , thickening the boundary layer and re-

ducin g the local skin fr ic t ion.  The reason for this trend reversal. is that

shock penetration introduces two effects of opposite sign: for weak shocks

the added shock segm ent acts as an equivalently stronger shock at a slightly

higher Mach numbe r , which tends to reduce the spread and strength of the

interact ion , whereas at higher shock Mach numbers  it strengthens the inter-

action through increased upstream inf luence and thickening p lus haste ning

of incipie nt separation , these rapidly becoming  the dominant effects .

A para metr ic  study of Reynolds number  inf luence  was also carried out; the

resul ts are summarized  in Figures 11 - 14 showing respectively the relative

cha nges in non-dim ensional upstream inf luence distance (here defined as

where p ’ = 0 . 05 ~ P),  wal t  p res su re , ski n fr ict ion and displacem ent thick-

ness growth at the shock foot . These curves fur ther  i l lus trate the intensifi-

cation of the interaction that occurs  with increasing shock strength and also

its sens i t iv i ty  to Reynolds nu m b e r  when R C L < 1o8. For exam ple , whi le  the

upstream inf luence  of a M 1 
= 1. 20 shock is increased only 6% by the shock

penetration effect at ReL 
= io 6 , th is  increase  becomes 34 % at only a

slightly lower value ReL 
3 x 10~ (the corresponding thickening under the

shock goes from negligable to 40 %).

A Lthough the present analysis pertains to transonic unseparated flow , its

pa ram etric trends clearly predict that the shock penet ration effect increases

with both shock strength , Mach number and the onset of separation (equivalent

qualitatively to a lower ReL ). This is borne out by W er le and Ber tke ’s

finding 2 (reproduced here in Fig. 15) that omission of this effect in the

turbulent case significantly underestimates the strength of the interaction

6
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and its streaniwise extent . The present results support their contention
that shock penetration is an important feature of interacting high speed

turbulent boundary Layers. Moreover , to treat it properly the lateral pres-
sure variations must  also be included.
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