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L.

ABSTRACT

This final report summarizes the research results obtained by a two-faceted

basic theoretical investigation involving (1) fundamental analyses of three-

dimensional viscous-inviscid interaction effects within high speed turbulent

boundary layers and (2) study of the influence of streamwise vortex arrays

on the skin friction within attached or separated laminar layer flows. The

work described was carried out from September 1985 to May 31, 1988.



1. INTRODUCTION

The overall objective of this research was the basic theoretical investigation

of three-dimensional pressure, skin friction, and flow field disturbances

in both laminar and turbulent boundary layer flows including viscous-inviscid

interaction effects, separation and reattachment. A sound understanding

of these phenomena is required in modern aerodynamic design analyses of high-speed

flight vehicles. Indeed, the interest in and need for such research appears

to be even stronger now than when the current investigation was first begun.

Broadly speaking, the primary emphasis in our studies has been to seek

a basic physical understanding of the underlying fluid behavior by means

of analytically-oriented methods; in this way, the results can be used to

guide and interpret concurrent experimental and computationally oriented

investigations. Specifically, our inquiry has focused on two parallel paths

of investigations: (1) three-dimensional viscous-inviscid interaction phenomena

within turbulent boundary layers in supersonic flow due to impinging swept

shock and/or 3-D surface deflections; and (2) streamwise vortex-disturbance

mechanisms within boundary layers that are either separated or attached.

The project has proven very successful both in solving a number of the target

flow problems and in developing new ideas and'tools; this report summarizes

these results.
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2. SUMMHARY OF ACCOMPLISHMENTS

2.1. Studies of Boundary Layer Vortex Effects

A major phase of the streamwise vortex investigation culminated in applying

our previously-developed theory1 -5 of disturbance vortex-pair formation in

separating boundary layer flows to the analysis of streamwise vortex structure

in the near wake of stalling wings operating at low Reynolds numbers (see

Fig. 1). A paper on this work was presented to the Royal Aeronautical Society

at its October 1986 meeting on Low Reynolds Number Aerodynamics in London

and has been published in the Proceedings of the Meeting.
6

A second achievement was the completion of a detailed analytical study

of spanwise, periodic 3-D disturbances (representative of an array of counter-rotating

pairs of streamwise vortices) within an entire family of host pressure-gradient

laminar boundary layer flows, namely the self-similar incompressible Faulkner-Skan

flows along a wedge (Figure 2). In addition to correcting and explaining

several key features of Fannelop's earlier study of the flat plate limit

of this problem,7 our new results significantly extend the basic understanding

of how streamwise vortices alter the flow, skin friction, and incipient separation

behavior of nominally 2-D boundary layer flows. This work was documented

by the M.S. thesis of Mr. M. Konno and has been submitted for publication

(an abstract of this paper is included as Appendix A of this report).

The aforementioned work was subsequently extended to treat the situation

where the streamwise vortices are generated at the wall by small spanwise

ripples in its surface that grow linearly in amplitude in the downstram direction.

The results were presented in a paper at the Summer 1986 U.S. National Fluid

Mechanics Conference, a copy of which is attached as Appendix B.
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2.2 Theoretica. Investigation of Three-Dimensional Turbulent Interactions

This aspect of our research had three major goals:

* Apply modern asymptotic methods (high-Re) to elucidate the basic flow

field physics of 3-D interactions, especially near the surface;

9 Extract the fundamental similtude laws governing swept interactions

within the framework of "Law of the Wall/Wake" concepts that characterize

the incoming turbulent boundary layer;

e Assess the validity of the "Independence Principle" approximation

for some representative compressible turbulent interactive flows.

In general support of these studies we first completed a basic theoretical

study of nonisotropic turbulence model effects on the Law of the Wall region

of nonseparating three-dimensional turbulent boundary layers (this work was

subsequently factored into our analyses of swept shock/turbulent boundary

layer interaction8'9 ). A paper on this work was prepared for the January

1987 AIAA Aerospace Sciences Meeting (Fig. 3).

Next, a major emphasis was placed in recent years on further refinement

of our original swept-shock interaction theory8 for cylindrically-symmetric

flows (Fig. 4). Our approach is based on the 3-D extension of our previously

successful nonasymptotic triple-deck interaction theory (Fig. 5), combined

with the aforementioned nonisotropic 3-D viscosity model. A paper on the

application of this theory to the swept compression ramp problem was presented

in July 1985 to the AIAA 18th Fluid and Plasma Dynamics Conference 9 and

subsequently in September 1985 to the IUTAM Symposium on Turbulent Shear

Layer/Shock Wave Interactions held in Paris, being published in the proceedings

of the latter.10 Among the many new analytical results obtained were (a)

relationships governing the generation of significant secondary flow vorticity

by the lateral pressure gradient and boundary layer cross flow effects
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(Fig. 6); (b) assessment of the validity of the independence principle and

the influence of deviations from it due to compressibility and cross-flow

turbulence effects as a function of sweep angle, yielding predictions in

good agreement with experiment (Fig. 7); (c) examination of the 3-D skin

friction line behavior and approach to separation (Fig. 8), including a satisfactory

prediction of the enhanced incipient separation due to shock sweep (Fig.

9); and (d) a new universal solution for the inner viscous/turbulent shear

disturbance deck that accounts exactly for the cross-flow to streamwise eddy

viscosity ratio effect over the entire range of sweep angles. The similtude

properties of these swept interactions as regards Mach Number and Reynolds

Number Effects were also investigated, reported on at a 1986 AIAA Meeting

and documented in AIAA Paper 86-0395 (Ref. 11).

Our investigation was next broadened to consider the case of conically-symmetric

shock interactions (Fig. 10). Since it is an important experimental question

and of basic theoretical significance as well, we particularly addressed

the problem of the so-called "inception distance" in such interactions (see

Figure 11). A fundamental analysis of the governing viscous-inviscid interaction

equations in an appropriate shock-oriented spherical coordinate system revealed

a number of important physical features concerning the radial and far-field

behavior of such interactions. Moreover, this analysis served to derive

an experimentally verified prediction of the inception-length dependence

on the upstream influence scale normal to the shock and the sweep angle.

A paper on this work was presented at the 1986 USAF/FRG D.E.A. meeting at

Dayton, Ohio and the 10th U.S. National Applied Mechanics Congress at the

University of Texas (both in June 1986) and subsequently published in early

1987 by the AIAA Journal.1
2
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The aforementioned study of the outboard radial-inception length problem

for swept shocks has been accompanied by an analytical study focused on the

inboard, highly-nonconical (or noncylindrically-symmetric) interactive region

near the shock generator in order to gain a basic understanding of its interactive

physics and the resulting inception distance phenomena: as shown clearly

by our far field analysis, only detailed study of this region can reveal

the specific quantative dependence of zincept on Mach Number, Reynolds Number,

and shape of the incoming boundary layer profile. To fix ideas, this study

addressed the specific problem of the corner region formed by a thin fin

on a wall (Figure 12) for a supersonic, adiabatic laminar unseparated interaction.

The study was being carried out as the Ph.D. dissertation work of Mr. S. Ahmed

using a 3-D triple-deck and double Fourier-transform method of approach.

At the time of contractual termination, the entire spectrum of the solution

in the Fourier Plane had been completed and was undergoing inversion to obtain

the streamwise and lateral physics including the upstream influence characteristics

and skin friction lines.

Further understanding of the underlying physical trends governing swept

shock-boundary layer interactions was obtained by working out a direct comparison

of our turbulent triple deck theory with the M, - 2.85 small compression

corner interaction 2-D flow data of Settles.13 As shown in Figure 13, the

theory is in excellent agreement with experiment over a wide range of large

Reynolds Numbers. Also in evidence in this Figure is the fact that such

comparisons are sensitive to the shape of the incoming turbulent boundary

layer profile. Accordingly, we have also made a detailed study of this question

by recasting our entire theory in terms of Law of the Wall/Law of the Wake

Parameters and then examining the influence of the Outer Wake Function and

Inner Deck Turbulence Modeling, respectively, on the predicted interaction
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properties. Typical results taken from the documenting AIAA Paper (attached

as Appendix C), are illustrated here in Figures 14 and 15 for the upstream

influence distance of 2-D interactions; these results clearly indicate that

the wake function in particular must be accurately known to affect meaningful

experimental/theoretical comparisons in high Reynolds Number flows. This

work has had a significant impact on the planning of future experimental

and CFD studies of shock/boundary layer interactions (see Appendix 0).

The aforementioned Law of the Wall/Wake similtude version of our turbulent

triple deck theory was subsequently extended to 3-D swept interactions with

either cylindrical or conical symmetry. Typical results from this work,

which was documented in Ref. 14, are given in Figures 16 and 17 to illustrate

the influence of Mach number and shape factor, respectively, over the sweepback

effect on interactive upstream influence distance.

2.3 Complementary Activities

As an outgrowth of an earlier AFOSR-sponsored two-month visit in 1984

by Dr. Nandanan (a previous collaborator), in which we devised a new theoretical

approach for predicting interaction-zone siot suction effects on supercritical

airfoils, a joint paper was prepared on our work and subsequently presented

to the May 1986 AIAA/ASME Fluid Mechanics and Plasma Dynamics Meeting in

Atlanta (Figure 18). Dr. Nandanan was also invited to present the work at

the Summer of 1986 Asian Fluid Mechanics Meeting in Tokyo. This exploratory

research could prove a significant guide to future studies of the use of

localized suction control of 3-D interactions.

Another auxiliary investigation completed under the partial auspices

of this contract was an extension of the triple deck theory to treat moderately

hypersonic shock/laminar boundary layer interactions. The results, which
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were presented to an AIAA meeting and documented in Paper 88-0603 (Figure 19),

will serve to guide subsequent studies of hypersonic turbulent 3-D interactions.

Finally, it is important to mention a significant and unique aspect

of this research throughout its execution: the AFOSR-encouraged cooperation

with selected other investigators working in parallel on the problem, namely

Professors G. Settles, D. Dolling and S. Bogdonoff (experimental studies)

and Dr. C. M. Horstman and Prof. D. Knight (CFD studies). This further resulted

in a newly-formed AIAA Ad-hoc Hirh Speed Flow Panel that meets twice a year

at the Summer and Winter AIAA Meetings, and also in two successive two-day

summer 3-D Shock/Turbulent Boundary Layer Interaction Workshops at Penn State

(1987) and Princeton University (1988).
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3.SUMARY AND CONCLUSION

The triple-deck approach embodied in this interaction study part of

this project has enabled the successful analysis of non-separating 3-D SBLI's

including the basic features of:

* Turbulence modeling in the middle deck (wake function effect);

* TurbulE;,ce modeling in the inner deck (Law of the Wall aspects, including

non-isotropy effects and the influence of the cross-flow turbulence);

* Streamwise vorticity generation and skin friction line geometry

predictior;

0 Determination of the similtude laws for z u16o & CPis =

FNS(A, Re, Mel and ,1) over a wide range of conditions.

In particular, our results have yielded fundamental understanding of sweep

effects, showing that: (a) upstream influence increases rapidly with sweepback,

a major contributor to this being the cross-flow interactive turbulence effect;

(b) significant deviations from independence principle-predictions can occur

for A > 300, due to a combination of compressibility effects on ',ariable

fluid properties and the interactive cross-flow turbulence effect; (c) a

pronounced decrease in incipient separation pressure (i.e. "earlier" separation)

with sweep is predicted in good agreement with experiment.
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APPENDIX A

ABSTRACT

"THEORY OF STEADY SPANWISE-PERIODIC
DISTURBANCES IN FALKNER-SKAN BOUNDARY LAYERS"

G. R. Inger and M. Konno*

Iowa State University
Ames, Iowa 50011

United States of America

This work describes a theoretical investigation of the effect of weak

spanwise-periodic cross flow disturbances in the freestream above a high

Reynolds number laminar boundary layer on a wedge-shaped body. Our emphasis

is on a careful treatment of the spanwise-gradient viscous effects in the

perturbation field for arbitrary values of the spanwise wavelength. In

addition to explaining and eliminating a heretofore-puzzling singularity

encountered in previous studies of this flow problem, we also bring out

how the host flow pressure gradient influences the 3-D disturbance effect

on such properties as the skin friction and displacement thickness distributions.

Glenn Murphy Distinguished Professor and Graduate Research Assistant,
respectively, Dept. of Aerospace Engineering.



EXTENDED SUMMARY

"THEORY OF STEADY SPANWISE-PERIODIC

DISTURBANCES IN FALKNER-SKAN BOUNDARY LAYERS"

1. Introduction

Thorough understanding of 3-D disturbance effects on a laminar boundary-
layer is an important problem in fluid mechanics. In particular, it is
of interest in the aerodynamic design of both aircraft and turbomachinery
to formulate an analytical model of streamwise vorticity effects on the
properties of an underlying boundary layer.

Crow [1] investigated a weak periodic transverse flow effect on a
flat-plate boundary layer using a perturbation expansion of the full Navier-Stokes
equations for steady, incompressible, viscous flow. Fannelop [2] then
simplified the governing equations for this problem by a boundary-layer
type approximation (i.e., k Oand,&2 /dX4 = 0 ) and obtained an equivalent
result as Crow. In both works, the spanwise viscous derivatives and the
perturbation pressure were neglected, and the resulting predictions of
three-dimensional effects were shown to grow unbounded downstream, suggesting
a breakdown of their analysis.

The present work analyzes the effects of a weak steady periodic transverse
flow on the incompressible laminar Falkner-Skan boundary layer along a
wedge [Fig. 1]. We formulate the problem by also adopting a high Reynolds

number boundary layer approach and introducing a small perturbation expansion
in the simplified governing equations. However, in our approach we retain

y5

Z

Figure 1: Sketch of the flow model and

coordinate system.
-- a I I



and carefully treat the pressure perturbation and the viscous z-derivative

effects for arbitrary spanwise wave lengths, since the downstream disturbance

development strongly depends on these effects as shown later.

We first re-investigate the limiting case of flatplate flow to explain

and eliminate the solution singularity. Correct numerical solutions are

obtained using an iterative outward shooting method developed by Nachtsheim

and Swigert [3]. Qualitative behavior of the resulting key boundary layer

properties including the skin friction and three-dimensional displacement

boundary layer thickness are then presented. The work is then further

generalized to study the host flow pressure gradient effect on the disturbed

boundary layer properties. Well-behaved solutions are obtained, and the

disturbance velocities and shear stresses under both favorable or adverse

pressure gradient of different intensities are presented and discussed.

2. Formulation of the Analysis

The following analysis considers a nominally two-dimensional incompressibL.b

laminar boundary layer flow over a wedge (i.e., Falkner-Skan flow) which

is subjected to a weak free stream disturbance. The disturbance is spanwise-

periodic, extends indefinitely far downstream, and has a spanwise wavelength

that is constant but arbitrary. The governing equations are formulated

in the orthogonal coordinate system shown in Figure I with the origin at

the leading edge. We introduce the spanwise-sinusoidal disturbance as

a small perturbation on a basic 2-D host flow U , V as follows:
0 0

U(x,y,z) = U0 (x,y) + E Ul(X,y) CS(2-rz) + (

v(x,y,z) = v0 (x,y) + e Vl(X,y) COS( ) +X

w(x,y,z) =e w(x,y) sin(2- -Z) + .3.

p(x,z) = P0 (X) + e P1 (X) CoS(-- -) + ...

where E4<1. Substituting equation (3) into the 3-D governing Navier-St§

flow equations, neglecting terms of second order and higher (i.e., assuming

a weak disturbance field), and implementing the aforementioned assumptions,
the first order perturbation e':ations for the U1, V1, and W are:

1
-2- - W = 0S OF AW =0

-2-



a1  aul au U0 + I dpl=J 2U /2 rU- + v 0 - + Ul!_ox- + VigY _ 1 -- = 2 - 26
UOOX O Ty- dX Y P TX- LX uj (6)

1w +VOawl 2 ir P1 P__2 -i (2 ir)(7

u0 + v -= V ay 2  lJ

subject to the boundary conditions

U1 = v w = 0 Y= 0 (8)

U1  0, w = We  Y = (9)

Similarly, the perturbation shear must vanish at the boundary layer edge:

uI  awl a2 u1  a 2 w1

-y- .. . 0_ _2 y (10)f a- y2  ay2

Notice that the outer-boundary conditions (9) further imply that (u I/x) = 0

in the inviscid flow.

We next restrict our attention to the case where Ue takes a power

law form Ue = c(x/L)m and consequently the host flow is of self-similar
type (Falkner-Skan flow). Now this well-known solution is a self-similar
one in terms of the stretched coordinate = yX(m+l)L /VX

with stream function and velocity components

u 0 = Ue(X) f 0 (17) (1

1 VUe 1-m t (13)
V0 = - I (i-") -C--] [f0U() - i-; f0()]

in which fo(n) is governed he following ordinary differential equation
split boundary value problem:

fo - _ -m(-fo ) = 0 (-&)

-3-



fO(O) = fO(O) = 0 ; f 0 (-) 1 ((+1) (14)

As suggested by the foregoing plus some preliminary study, we postulate

the solution for disturbance velocity components in the following series

expansion form:

U! -1)-) - -

= i=1 IA We-

UJhere S 27TX/ is a rescaled non-dimensional streamwise distance. Then

substituting equation (15) in (7) and setting the net coefficient of each

power of T eq4Cl to zero, we obtain the following ordinary

differential equations for the cross flow functions GI, G 2 ... etc:

JI, I of

G1 + f0 G1 = 0

1-(1

G2 + fOG2 + I-m(-1 £ l-r-m)fG2

rIII 1 ' 1 -mn

G3 + Z. 0 G3 - m G2 = 2(l+M)fOG3 (

subject to the boundary condifions

Gi(0) = G'(0) = 0 (i=i,2,3,...) (1>

I I

O ( -) 1 ; G ( ) - 0 (j=2,3,4,...)
J

Likewise from (6) and (16) the s:reamwise functions Fl, F2 , etc. are governed

-4-



S 1 +3-1 1 19a)
F 1  + 7[f 0 Fi+ (m)f0Fl ] + (-TI) f 0 G1 = f 0 Fj (19a)

41 1 ' 5-3m '1 1 it 1 2 1
F 2  + Z[f 0 F 2 + (jM-)fcF2] + (T+M) f0G2 -j-Fj = ±-mfOF2 (19b)

1 " 7-5m ' + 11 .1 3-m
F 3  + Z[f 0 F 3 + (j+M-)f 0 F 3

] + (-+m) f0G3-T-mF2 = f- f 0 F 3  (19c)

with the boundary conditions
I I

Fi(0) = Fi(0) = 0 ; Fi(-) 1 0 (i1,2,3,...)

These disturbance equations together with the host flow (14) have been
simultaneously integrated numerically by the Runge-Kutta method [3). Figures
2 and 3 show the typical results for the streamwise and cross-flow disturbance
velocity functions FI'( ) and G.'(1) respectively, with different values
of m. Additional overall properties of these solutions are summarized
in Figure 4.

3. Discussion of Results

We observe from these results that the disturbance velocity functions
and the corresponding wall shears are strongly amplified by an increasingly
adverse pressure gradient. Furthermore, we expect that the first few terms
of the series suffi- to give numerical solutions with desired accuracy
because with the in- 2asing order (i) of the functions Fi, Gi, Fi, and
Gi, their signs are alternating while the magnitudes of their peak amplitudes
are decreasing for all values of m. Thus we see that an increasingly favorable
pressure gradient decreases the sensitivity of the boundary layer properties
to the 3-D disturbances whereas an adverse pressure gradient dramatically
amplifies the disturbances. Moreover, from Figure 4 and the attendant
skin friction relations (derived from the above analysis)

C_ 2Ue[lm0 0] 0 1-M 2-zl

x elmRx Fi(0)] cos(- )} (I

=Ue _-I (i-l)(1-m) 12-z

C [ S(0)] sin(*---) (22
-i=l

-5-
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Fig. 4: HostC flow pressure gradient effect
on flow properties
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we see that an increasingly adverse pressure gradient decreases the basic
term f0 (O) of Cf and, at the same time, increases its disturbance component
F 0) and so may cause Cfx--o0 at spanwise stations z =,A[(2n-l)/2, n=1,2, 3 ,.. .

At these values oZ z, Cf also vanishes. Therefore, we expect a spanwise-periodi

pattern of incipient separation as we intensify the adverse pressure gradient.
In the full paper, the corresponding 3-D displacement thickness distribution
will also be examined in detail.

Further study of our solution reveals that Fannelop's singularity

in which the 3-D effect on u grows downstream without bound is, in fact,
due to his neglect of the perturbation pressure and viscous z-derivative
effects, whereas the complete solution including these terms takesa form

of infinite series with Fannelop's solution as only the leading term.

Thus, the perturbation pressure and the viscous z-derivatives correct and
bound the leading term approximation which is otherwise singular. Furthermore,
it is seen that these terms become more important for problems with smaller
wavelength disturbances.
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"A THEORY OF SPANWISE-PERIODIC VORTEX
ARRAYS GENERATED IN THE BOUNDARY

LAYER ALONG A RIPPLED PLATE"

G.R. Inger" and M. Konno"

Iowa State University
Ames, Iowa

ABSTRACT 1. INTRODUCTION
The generation of streamwise vorticity within the The significant effect of streamwise-vortex arrays on

laminar boundary layer along a spanwise-rippled plate a host boundary layer is well known. In particular, the
is theoretically investigated for the case where the rip- resulting enhanced mixing rate of the combined flow
pie amplitude is small and grows linearly in the stream- ("vortex-generator" effect) is of great practical inter-
wise direction. Analytical solutions are obtained for the est in conjunction with both external aerodynamic flow
vortex-induced disturbance flow for arbitrary values of fields and those within turbomachinery devices.
the spanwise wavelength to boundary layer thickness Recently, Werle and his co-workers ' have drawn at-
ratio. These are then used to examine the associated tention to the favorable effects occurring from the use
behavior of the 3-D skin friction and displacement thik- of a spanwise-periodic surface pattern on an airfoil to
ness distributions, generate such vortex arrays and have reported on ex-

perimental observations of the resulting enhanced mix-
NOMENCLATURE ing and separation effects in the wake downstream of

the airfoil. In the present paper, we give a theoret-
a(z) = peak amplitude of ripples ical analysis of such an array for the simplified case
C,., C1. = component net skin friction coefficients of attached incompressible laminar boundary layer flow
A = streamwise similarity variables along a slightly spanwise rippled flat plate (see Fig.
9i = cross-flow similarity variables I). Our main focus is to illuminate the physics of the
L = characteristic length streamwise vortex generation and its three-dimensional

p =e static pressure influence on the flow within the highly viscous regionR.., I&A = Reynolds numbers bsed on a ad A near the surface.
U, , = boundary layer velocity components
U, V W = outer inviscid flow velocity components 2. FORMULATION OF THE ANALYSIS
zyz = stremwise, normal and cross-flow coordinates Our theoretical treatment rests on the following as-51, 6.1 = component displacement thicknessess sumptions:

6.v = -D displacement thickness
= small expansion parameter Small-amplitude surface ripples that grow linearly

4,4,C = net vorticity components with streamwise distance: yi. = ea sin (q) with
= similarity coordinate a = a and e a given non-dimensional small param-

A = wavelength of ripples eter.
p = coefficient of viscosity
IV = kinetic viscosity coefficient * Arbitrary given spanwise wavelength A

= nondimensional streamwise coordinate e High Reynolds number laminar flow
p = density
r = sher stress * Steady incompressible flow
* - harmonic potential

- amplitude oft a e Resulting disturbance vortices extend infinitely far
= stream function downstream.

subscripts The analytical approach is a perturbation method,
9 = poroperties at the boundary layer edge analogous to that used by the Junior author in a similar

w = properties at the wan study of freestream vortex-array effects , wherein the
cc = freestream quantities flow properties are expressed as small spanwise- periodic

0 = undisturbed flow properties disturbances upon the basic Blasius boundary-layer:
I = perturbed low properties
ins = wavy wall inviscid disturbance solution p(a,z) ip, sPa) -in (1)

*Glen Murphy Distinguished Professor, Dept. of
.erospace Engineering. Associate Fellow AIAA. / z)

'*Graduate Student, Dept. of Aerospace Engineeing. u(Z-,v, ) = uo(z, y) + ei&(, Y)sin -)+.. (2

"Copyright .,1968 by the American Institute of Aero- q(z, V, ) -vo(z, Y) +- f,(c, Y)sin +- (3)
nautics and Astronautics, Inc. All rights Reseved.A



A ... ( h ( 0) as" -u
whene u and we belong to the Blasius flow. Substitu-
tion into the basic governing Navier-Stokes equations
under the high Raysd number conditions of negligi- 2.2 Viscous Boundary Layer Disturbance Field
ble Op/w andgs (* / a X2) effects within the boundary The perturbation functions ut,vt and wl of Eqs. (1)-
layer, retaining only the leading order c approximation (4) within the boundary layer are governed by the fol.
for the wavyness-induced disturbances, and then sub- lowing set of equations:
tracting out the basic undisturbed flow relations yield Out
appropriate sets of differential equations governing the - + - t = 0 (11)
disturbance distribution functions jsl, u1 , vi, and wu, (see Oz O
2.2 below). These are to be solved subject to the outer 8u, Ou=, Ou_ 8, 1Oph
boundary conditions that u and w at the boundary layer .l= .- + Vo + t U- 8
edge approach values given by their near-wall inviscid 8 at P ex
solution counterparts to the same rippled wail problem, ta Lr2

while along the impermeable surface they are subject to = - (12),

the no slip condition, giving to order e that

vt(,O) WO (5) owl &tv, 2jrp, 8w22\

ut(zO) =- -a (,0) (6) These equations are to be solved subject to the wall
boundary conditions given by Eqs. (5)-(7) with a non-

ms(z,0) 0 (7) zero %(s,O) = r=,//s, plus the outer inviscid Row
Matching conditions that

2.1 Invjisid Disturbance Solution
[rrotational inviscid (potential) flow past the rippled- - a) 0 (14)

type of plate shown in Fig. I exhibits in itself a non-
trivial disturbance solution. This is necessarily gov- Wt(z, Y - 00) = W 0..(zO) = -0 (15)
erned, in general, by a harmonic disturbance potential corresponding to the vanishing disturbance (as well as
#(,u,s) such that u - Us = B/8,v and to = 8#1/8z basic) flow shear stress conditions
vanish in the uniform mainstream U far from the plate
while on the surface satisfying the inviscid imperme- (z, y- co) = -(z, y -" co) = 0 (16)
ability condition that V(z,O) = -Us. In view of Eqs. ey OJ
(1)-(4), A1 is further postulated to have the spanwise- The attendant pressure perturbation is determined by
periodic form A1 = eU.*(z,y)sin (IF) whereupon 4 i observing, from conditions (14)-(16) plus Eq. (13), that
governed by the Helmholts equation the disturbance pressure is directly associated with the

24 8X# /2\ 2  cross tow viscous shear term - /(82v/8z') and equal
A (8) to the x independent constant non-dimensional value

subject to the conditions that # vanish for larpe (z3 -V) ( A = (17)
while \('0) .PU.

Now some preliminary study reveals that a solu- This value is seen to be very small for high Reynolds
tion of Eq. (8), having the desired property that %I number flows except with small scale surface ripple wave-
(and hence Ot/&) vanish for an assumed infinite down- lengths. In any case, it does not contribute to the z -
stream length of ripples, is given by the separation of momentum Eq. (12) because Op/Os a 0.

variables foe= Since the basic host flow is a self-similar one (the
Blasius solution), it proves convenient to reformulate

* - -- I--21 (9) the foregoing disturbance flow problem in terms of the
2sr LO, appropriate similarity coordinate q = y(Uo,/&z) 1; '. The

From this, we then obtain the inviscid sidewash distur- basic flow stream function i0 (such that se = Ovo/'t,
bance velocity at the wall of the present problem (which % a -&#0/0) can then be expressed in the form 1o =
is the outer boundary value for the underlying boundary (v&o.z)'/f0(,y) where .0 is governed by Blasius's well-
layer behavior) as known ordinary differential equation,

g+1 f.

'This solution clud a small ssamwis loading +d r(o1)
a 5 (1/2r) t"a Is als is luded by our nqect of ,i,ow z- where ' = do/dq and /6 satisfies the split boundary
d""tial compredtmolthemof a-&isative in the uerlying conditions fo(O) = fo(0) = 0, fJ(oo) - I with f, - 0.
bouadary Jayw iis.

2



Now, some preliminary study reveals that the corre- The corresponding boundary conditions derive from Eqs.

sponding perturbation velocities in the present problem (5)-(7) and (14)-(15) and yield:

must behave for small a as as - zl/2F(q), w, - G(q)

where F and G wre functions of I only; accordingly, to g (0) = '(0) = 0 (32)

cover the entire reup of a we postulate solutions in the

form of the following series: 
0 (33)

and

= - [ '/2(') _ fe_'f('7)i (19) f()=-()(34)
S= f-,(0) = fi.,(o) = 0 (35)

W1 = -u0. E -i'l(0) (20) MOO) = 0 (36)
iat where = ,2,3....

where z = z.:L is a resealed streamwise distance in The foregoing equations constitute a system of cou-
terms of a conveniently-chose characteristic length L, pled linear ordinary differential equations with split bound-
specified below, and fij(q) and gx(u) are governed by Mty conditions that can be readily solved numerically
suitable ordinary differential equations. Further, we in- by a standard shooting technique combined with the
troduce a 3-D disturbance stream function 01 such that Runge-Kutta integration method3 . Before proceeding

I 00, (21) to a presentation and discussion of the results, an im-

"- portant general feature of Eqs. (24)-(27) governing the

2 - cros flow should be noted: the non-homogeneous terms
S (22) on the right hand sides derive entirely from the viscousT p(jar, W/8s') effect and its associated small pressure

(thereby satisfying Eq. (11)) and postulate for it the disturbance (Eq. 17), and would otherwise be zero if

form these effects were neglected a priori. Since the boundary

-/ AiI (17), + ' i,,,) 23' conditions on gi for; i2 2 are completely homogeneous,
,. (0..)j, R ,rIt + , - ) this in turn means that all the g(q) would necessarily

be identically zero as well. Thus, all the terms in se-
Then substituting expressions ( f9)-( a) into Equtios ties (20) that involve a non-sero power of ( physically
(12) and (13) sater transformation from (ein) to (ea)w , represent the entire cumulative downstream influence
equatng to sn the net coeicients of re power of an of this small viscous cross flow effect. Likewise, all the
and chon g l (/2w)Vgm0.. in order to obtain a streamwise disturbance functions f/(q) for i ! 3 fi.e, the
un;versl form of the equations, we ultimately arrive at right hand sides of Eqs. (30) and beyond] derive solely

the following set of Equations governing the g. and , from including the effects of the p(01u/80') term and
respectively: would otherwise be sero if this effect were neglected.

,+ og, 0 (24) In this later case, only the firsttw terms of the series

(19) would remain; these express the leading approx-

.9" + lf,020 - J =.q - 01 - 1 (25) imation to the dual physical effects of (a) the stream-
2 awise velocity disturbance due to the surface ripple effect

.93 + 1fo03 - 2fj# = g (2) via the no-slip condition at the wall [this being - 41/2
2 and hence the most dominant effect], followed by (b)

the disturbance within the boundary layer caused by

the overlying inviai cross-flow perturbation induced
+ fog. - (i - )41. - g.-, (27) by the ripples, growing like ( and hence taking effect

and 
further downstream.

A" + file' + 11.f* 0 (28) 3. RESULTS AND DISCUSSION

3.1 Disturbance Velocities and Skin Friction
+ (I.4 - 34,)- f +/- - 0 (N) Numerical results for the first four (i = 1,2,3 and

1 4) disturbance velocity functions j(,7) and ',(q) across
1 (fJf + 3 fn s) - 2 - - (30) the boundary layer ae pre-ted in Figures 2 and 3, re-

spectively; the corresponding sher stress distributions

s(.) and A'(97) are illustrated in Figs. 4 and 5. Be-
yond i = 2, it is seen that the ma-dium value of these

perturbations decreases in augnitude and alternates in

A, + f1efm + (2i- l)4fPI -(i_1)f sip with increasing i, implying that the higher order

terms in f contribute to the series solutions (19) and
42 , - (31) (20) in only a small and cancelling way at larger down-

stream distances. It should be noted that it becomes

3



increasingly difficult to compute the decreasing values Focusing on the later streamwise component as the one
of the functions at larger i because even a small round of primary interest here, we thus get from Eqs. (4) and
off error growis relatively large with respect to the very (20) that
Small target value. r/ 1

The special value. /p:(0) and 1j(0), related to the fJY co Aw (9
streamwise and croseshear disturbances on the surface, .

are tabulated in Table I up to i = 4. From these, the In view of the properties of the functions #.(q) shown in
physical skin friction components can be reconstructed Fig. 4, Eq. (39) predicts as expected that the streamwise
from the present similarity series solution, as follows. worticity generated by the surface ripples is a maximum
For the streamwise skin friction coefficient, we have at the wail. Consistent with our original assumption

C1 NjA/v./p~ which via the similarity trans- that the inviscid velocity disturbance field caused by the
formation and Eq. (19) leads to the final expression ripples is irrotational, this equation also correctly yields

vanishing vorticity outside the boundary layer since all

CI = 2fo'(0) fclI:,[113(0) the g.(0) - 0 as #I - c. Finally, we note that since the
2w g,(0) are positive for i :5 2, the present theory predicts

+ rt,()Isin (37 in the leading approximation that the largest stream-
si wise vortiaity generation occurs at the latera stations

whom/4'0) .331 prtans t th unistub,4eatof maximum spanwise slope and cross-flow shear stress

plate boundary layer. The corresponding spanwise skin(Fg )aonwulexctnphsalrud.

friction component C1. a 245(w/8y).I(pU.2) likewise 3.3 Displacement Thickness Distribution
comes out to be The three dimnensional perturbation field due to the

r2. . f~z panwise ripples also alters the displacement thickness
Cf -c jLC g1y(O)] coojj (38) distribution along the plate and hence the effective body

I seen by the invisaid flow. Since this property may be of
Several intereting conclusions emerge from an inspec- interest in subsequent studies of high speed boundary
tion of Eqs. (37) and (38). First, since f, (0) is sero layers, we conclude by examing it in the present prob-
while gl(0) is not (Table 1), it is seen that the leading- lem to obtain some insight as to the interactive "vortex-
term approxiation for the rippled wall effect at small generator effect" on the inviscid flow.
f does =Ij contribut, to the streamwise shear stress Cf, Now the general 3-1D displacement thickness distri-
but only to the cme flow component; the a term bution 6;0(z, z) is defined by the first order partial dif-
(i - 2) associate with the inaid cross Rlow distur. ferential equation'
bance produced by the ripples, however, does iflee
C1. . Second, we can inlar froain Eq. (37) that the ripples (U.(I60 - 8.*)J + - (W.(I6j - r.)) = 0 (40)
will hasten the onset of streamwise separation Cy. 0ans
at those spanwise stations where the perturbation con. where S5 and 85 are the streamswise and cross-flow dia-
t lribution on the right hand side has a maxdimum nega, placement thicknesses defined by
tive value. Sine J'"(0), gj(0) and #;(0) are all positive n(- d, -41

(Table 1), this will occur in the leading approximation r. dy4  - d) (41)
at stations where (2irz/A) = 3r/2,Tw/2,...;, by Eq. (38) ..

and Fig. 6, these correspond to spanwise locations that and
ane troughs in the ripples ad where also the cross flow (1-2-y=f (I--- v (2
shear exactly vanishes. '. Jl ~ ~ W .' (2

3.3 Streawise Vorticlty Generation Upon substituting the expresioans for w, i and 16. from
* One of the important features of the present theory the above analysis, expanding the lower limits of Eqs.

is the prediction from Amrs principles of how streamwiae (4l)-(42) in a Taylor series about y - 0, retaining only
vorticity C4 is Vinerate by the spanwiss ripple effect the order a 3-1D effects, and expressing results in terms
acting deep within the viscous boundary layer. This dour similarity variable formulation, we obtain the fol-
can be determined from the foregoing analysis by devel. lowing expressions*
oping the.basic relationship for C. in toerm of the above (r5/z)P~ = 3 0 - (sin (,
similarity-series solutions. A -'R~

Now it can be shown froms an examination of the Sen. x rJJm[(//( + + Jt)(43)
eral Navier-Stokes equations that, consistent with the jB [Ii ins.~~()
high Reynolds anmber boundary layer model equations
adopted in the Present Study (specifically, Eqs. 11-13),(5/ '=a +lc
we should also employ the following boundary laer (6:/z) R,3a i i
aPProxtimations to the correponding vortiaty compo. /2i (44)
nents: G = 6n/i, C. =- -bt/es and 4. = -Om/ft. +eR in )
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where the various numerical values of the constants oo a 4. CONCLUDING ILEMARKS
lim, . - fo(q)j, aj -rn. [q - g,(q)I, gi(oo) The present study has shown that it is possible to
and fr(zo) are given in Table I. construct a basic analysis of how small amplitude spanwise-

Now consistent with the perturbation approach of periodic ripples on a surface generate streamwise vor-
the present analysis, the solution of Eq. (40) takes the ticity in an overlying laminar boundary layer flow. The
form 6;0 = 6;(z)--d(z) sin(2-rz.."A); after some elemen. results should prove usefull as an intreptive guide, and
tary calculus, the following results are obtained from perhaps also as an upstream starting solutions, in the
Eqs. (43) and (44): numerical treatment of the more general nonlinear prob-

(45) lem associated with larger amplitude disturbances.
The compressible-flow counterpart of the present prob-

lem. including especially the 3-D heat transfer distur-
R."= -R" - R, 1 2  (,7) bances associated with these streamwise vortices, would

be of considerable practical interest as a follow-on inves-

+ Lim [1,t)/(i()+_. .(48) tigation.

ACKNOWLEDGEMENT
It is interesting to note that the g term, although con. TACaNrED ErEs T

tributing to 41, does n2 ultimately appear in the 6f This work was carried out under the support of Grant

expression; this is because the lim -9.....[ -9i(17)] is can- 85-035TA from the U.S. Air Force Office of Scientific Re-

celed in Eq. (40) by the lim,,..., - f0(q) term in 68 starch.

(see Table I). It can be seen from Eq. (46) that the per- REFERENCES
turbation of the viscous displacement effect due to the
surface ripples (in the leading approximation) is 18V 'Werle, M.J., Paterson, R.W. and Press, R.M., "Flow
out of phase with the wall ripples and so causes a local Structure in a Periodic Axial Vortex Array," AIAA Pa-
increase in 6" in the surface valleys, while a correspond- per 8T-0610, 1987.
ing thinning of the boundary layer occurs in the same 'Konno, M. "A Theoretical Study of Spanwise-Periodic
ripple pattern location as does the minimum streamwise Disturbances in Falkner-Skan Boundary-Layer Flows,"
skin friction. M.S. Thesis, Iowa State University, 1987.

,Nachtsheim, P.R. and Swigert, P. "Statisfaction of
Asymptotic Boundary Conditions in Numerical Solu-
tion of Systems of Nonlinear Equations of Boundary-
Layer Type," NASA TN D-3004, 1965.

'Moore, F.K. "Three-Dimensional Boundary Layer
Theory," Advances in Applied Mechanics, vol 4, 1956.

TABLE I: Numerical Results of Key Properties

i Af (0) A.(0) li ,(A0) Uu ,(, A7)
1 0.0000 0.3321 -0.9954 -

2 0.1681 0.8758 0.8492 1.090
3 0.6028 -0.3327 1.558 -0.5782
4 -0.2343 0.1374 -0.8598 0.08261
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"1iI soLt OF LAW OF TIE WALL/WAE MODELING IN

VALIDATING SOCE-BOUNDAKY LAYER INTERACTION PREDICTIONS"

G. R. lager*
Department of Aerospace Engineering

love State University

ABSTRACT uv ordinary and kinematic coefficients
of viscosity, respectively

The treatment of turbulence effects on super- Vt turbulent kinematic eddy viscosity

sonic shock/turbulent boundary layer interaction ? viscositytepeture dependence

is addressed within the context of a triple exponent ( *%-J
deck approach valid for arbitrary practical 0 density

Reynolds numbers 103 Re 1 0 OlO. The modeling 9* boundary layer momentum thickneo
of the eddy viscosity and basic turbulent boundary TV shear stress

profile effects in each deck is examined in detail T interactive perturbation of shear stress

using Lay of the WIall/La of the Wake concepts as Subscripts
the foundation. esults of parametric studies are -

then given, showing how each of these turbulence AD adiabatic wall conditions
model aspects influences the important interaction 1 undisturbed inviscid values ahead of
zone property of upstream influence. incident shock

Nomenclature I conditions at the boundary layer edge
inv inviscid disturbance solution value

a speed of sound 0 value pertaining to the undisturbed
incoming boundary layer profile

A Van Driest wall turbulence damping conditions at the surface ("Wall")
parameter

Cf skin friction coefficient (2 koU •2) 1. INTRODUCTION

H,N shape factor S*/#*, incompressibls
shape factor Shock/Boundary Layer Interaction isa signifi-

(T) interactive turbulence effect on cant feature of the flow fields around control

inner deck thickness surfaces and vwithin air-breathLng engine inlets

L upstream influence distance om supersonic/hypersonic aerodynamic vehicles.
u Ixperimental validation of CYD i!odas designed

N Mach number to accurately predict the essential properties
pp, static pressure, static pressure of such interactions is therefore of practical

perturbation (p - p t) importance. In particular, it is very desirable

At pressure jump across undisturbed to know the sensitivity of these properties

incident shock to the basic parameters that govern the turbulent
structure of the incoming turbulent boundary

R.1 ,1a 4  Reynolds numbers based on lenesh layer (upon which the subsequent interaction
end boundary layer thickness, depends). While the Influence of various turbulence

S(M) interactive turbulent effect on models on different types of aerodynamic flow
skin friction perturbation field calculations has been extensively studied,

T absolute temperature especially under separated flow conditions (see,

T basic interactive wall-turbulence e.., IRef. 1), there remains the need for a

parameter systematic study of the shock/boundary layer

ul'tv streamwise and vertical interactive interaction problem per *e within the context

istrbrean veloctconentie of the Law of the Wall/Wake concept that is

disturbence velocity couponants widely employed by experimentalists to characterize
aundistured incoming boudary layer the turbulent boundary layer. The present paper

profile addresses this question for the case of two-
x,y 8sremeviso and vertical coordinates, dimensional supersonic non-separating shock

respecively or compression corner-generated interactions
ywff effective wall shift (displacement on adiabatic walls.

height of inner deck) seen by
interactive invtscid flow Since it has boon clearly shown by the

0 late R.T. Davis and others that all successftil
A - CFD treatments of such interactions m=st recognize

y specific heat ratio the inherent triple-deck structure of the inter-
boundary layer thickness action zone (Pig. 1), our approach is formulated

in terms of this structure using eddy viscosity
* * boundary layer displacement thickness concepts. Because It has proven applicable

i nner dock sublayer thickness to a very wide range of Reynolds numbers and
SL iadaptable to practical flow field calcuation

schemes, we employ for this purpose the non-
*Glenn Nurphy Distinguished Professor, Depsrtment asymptotic version of this triple-deck theory
of Aerospace 9gineerLa. Associate Fellow, ALAA. due to Inger. 2 The modeling of the eddy viscosity

and mean velocity profile effects in each deck
"Copyright 6 1988 by the American Institute of is then examined using the Law of the Wall/Wake

Aeronautics and Astronautics, All Lights Reserved." framwork as the foundation.



2. RATIONALS OF TII T1IPLE DECK A~pIDACl pressure gradient and so-called "streamline diver-
gence" effects on the middle deck; however,

Since it is the foundational framework used to physical considerations plus experimental obeer-

address the various turbulence-modeling issues, vations and recent comparative numerical studies

a brief outline of the triple-dock approach and the suggest chat these effects are in fact slgnifi-

advantages of its nm-asymptotic version will first cant at practical Reynolds numbers and should

be given. We consider small disturbances of an not be neglected. Of course, second order

arbitrary incoming turbulent boundary layer due to asymptotic corrections can be devised to redress

a weak external shock and examine the detailed per- 
this difficulty but, as Neyfeh and Regab 3

turbation field within the layer. At high Reynolds have show, run the risk of breaking down even

numbers it has been established that the local worse when extrapolated to ordinary Reynolds

interaction disturbance field in the neighborhood numbers. In the present work, we avoid these

problems by using a deliberately nonasymptocic
of the impcilnay shock organises itself into triple-deck model appropriate to realistic
three basic laye-re ons or "docks" (iure ) Reynolds numbers that includes the inner deck1 ) an o u te r re g io n o f po te n t ia l in v i sc id flo wp r s u e g a i n r a l s th m d l e o cabove the boundary layer, which containe the pressure g]radient terms plus the middle deck
abovete soundy laerawichv wesys te! p/I. and streamline divergence effects,
incident shock and interactive wave systems; along with som simplifying approximation that
2) an intermediate deck of rotational-inviscid render the resulting theory tractible from
disturbance flow occupying the outer 90% or n engieeing standpoint.
more of the incoming boundary layer thickness;

3) an inner sublayer adjacent to the wall contain- 3. TURULENCE MODELZNG ACIDSS TER INTERACTION

in& both turbulent and laminar shear stress

disturbances, which accounts for the interactive 3.1) The Outer Deck Flow
skin friction perturbations and hence any possible
incipient separation plus most of the upstream Excluding any freestream turbulence, there

influence of the interaction. The "forcing is no explicit modeling needed in this upper
fvction" of the problem here is thus impressed region of potential inviscid motion; the influence

by the outer deck upon the boundary layer; of the turbulent nature of the flow is felt
the middle deck couples this to the response only indirectly through the displacement effect
of the inner deck but in so doing can itself from the underlying decks. The latter is introduced

modify the disturbance field to some extent, by the physical coupling conditions that both
while the slow viscous flow in the thin inner vIN, and p' be continuous with their middle
deck reacts very strongly to the pressure gradient vecoanderparts Ions wit t r d

disturbances imposed by these overlying decks.
This general triple deck structure is supported 3.2) Turbulence Zffncts in the Middle Deck
by a larje body of experimental and theoretical

studies. Frozen Turbulence ApVoximation

Concerning the importance of the inner shear Our analysis of this layer rests on the
disturbance deck and the accuracy of doliberately key simplifying assumption that for non-separating
using a non-asymptotLc treatment of the details interactions the turbulent Reynolds shear stress

within the boundary layer, we note that while changes are small and have a negligible back

asymptotic ( % - -) theory predicts an effect on the mean flow properties along the

exponentially-small thickness and displacement interaction zone; hence thic stress can be
effect contribution of the inner deck, this taken to be "frozen" aloneach streamline

is not apparently true at ordinary Reynolds te ito pproprte value in the undistured
numbers, where many analytic and experimental Incmis boundary layer. This eppoxit ion,

studies have firmly established that this deck, lieine adopted by a use r of earlie inveti -

iglhouh indeed very thin, still ontributes tors with good results, is supported not only
sianificansly to the overlyin interaction by asymptotic analysis but especially by the
and its displacemnt thickness growth.

2  
Thug results of lose's detailed experimental studies 4

we take the point of view here that the inner of a non-separating shock turbulent boundary
deck is in fact significant at Reynolds numbers layer interaction which showed that, over the
of practical interest. Moreover, it contains shyer Interaction legth orer the

eltl of the skin friction and incipient eparation shock, the pressure gradient and inertial forces
sufects in the interoetion, which in ere outside a thin layer near the wall are at least
sufficient reasons to examine it In detail. an order of magnitude larger than the corresponding
It is further pointed out that application changes in Reynolds stress. Furthermore, there
of asymptotic theory results (no matter how is a substantial body of related experimiental

rigorous in this limit) to ordinary Reynolds results on turbulent boundary layer response

numbers is itself an approximation which may to various kinds of sudden perturbations and
be mo more accurate (indeed perhaps less so) rapid pressure gradients which also strongly
than a physically well-constructed non-asymptotic support this view

2
. These studies unanimously

theory. Direct extrspolaced-asymptotic versus confirm that, at least for non-separating flows,

non-asymptotic theory comparisons definitely significant local Reynolds shear stress disturbancec

show this to be the case for laminar flows aye essentially confined to a thin sublayer
(especially as regards the skin friction aspect) within the Law of the Wall region (see below)

and the situation can be even worse in turbulent where the turbulence rapidly adjusts to the
flow. For example, the asymptotic first order local pressure gradient, while outside this

theory formally excludes bech the stresmsise region where the Law of the Wake prevails the

interactive pressure gradient effect on the turbulent stresses respond very slowly and

shear disturbance deck and both the normal remain nearly frozen et their initial values

2



far out of the local equilibrium with the wall stress. T to C1 o and Re 0o*

Confining attention, then, to the ahort folTW\
range local shock interaction zone where the afore- 2 + .215 4 tn(l+t ) - (5)

mentioned "frosen 
turbulence" approximation

is applicable, the disturbance field caused Eqs. (4) and (5) have the following desirable

by a weak shock is one of small rotational properties, (a) for i >.10, Uo/U e is dominated

inviscid perturbation of the incoming non-uniform by a Law of the Wake behavior which correctly

turbulent boundary layer profile He(y) governed satisfies both the outer limit conditions Uo/U e

by the equations and dUo/dy . 0 as r, - 11 (h) for very small

S 2( 
values, U o assumes a Law of 

the Wall-type behavior

'(x l-M Cy) I p'/pconsisting of a logarithmic term that is exponen-

T " -U .() tially damped out into a linear laminar sublayer
y UMO r (Y) ix profile U/Ue - R, as n - 01 (c) Eq. (4) may

be differentiated w.r.t.n to yield an analytical

dU expression for dUo/dy also, which proves adventa-

u_ .Sp' /ax 0 V geous in solving the middle and inner deck

x o0 y) U0(Y) dy U0  (2) interaction problems.lt is evident fromthese that

as Mi* I, the outer (wake) part of the profile

2 inviscid-like) profile except for a very thin

3Y2 " o dy ay 0 U j 0 x sublayer adjacent to the vail.

The defining integral relations for di
and 0 ie yields the following relationship

that links the wake parameter to the resultingas a result of the combined particle-isentropic compressible shape factor Mj = (6i*/ei*),

continuity. x-momentum and energy 
conservation

statements. It is noted that, consistent with rT) + .f5

the assumed short range character of the inter- 1 2.. W 1+.5. + .75 2ol~

action, the stresamise variation of the undisturbed "- .41 T a 2 1 + .(6)

turbulent boundary layer properties that would

occur over this range are neglected, taking Equations (4)-(6) provide a very general and

Up(y), po(y) and Mo(y) to be arbitrary functions accurate model of the profile in terms of three

of y only with 6o , 60* and Tw as constants. important physical quantitiest the shock strength

Note that Eq. (3) is a general'iiation of Light- (Mel), the displacement thickness Reynolds

hill's vell-known presure perturbation equation number Not, and the Wake functions that reflects

for non-uniform flows which includes a non-linear the prior upstream history of the incoming

correction tern for possible transonic effects boundary layer Lncluding possible nonequilibrium

within the boundary layer including the diffracted pressure gradient and surface mes transfer

impinging shock above the sonic level of the effects. The resulting relationship of the

incoming boundary layer profile. Eqs. ()-(3) incompressible shape factor Ri to the Wake

apply to a wide range of incoming boundary Function as a function of Raynolds number for

layer profiles and provide an account of lateral a typical HI - 2.0 flow is illustrated

pressure gradients across the interactive boundary in Fig. 2. It is seen from this Figure that

layer. Vi, approaches a limiting value of unity as

R~Iunda r file 
s  

o- but that this approach is very gradual,

ncominLTubulent I .y_.._yr_ _ especially for wake function values larger

than zero (slightly favorable and adverse pressure
The incoming undisturbed turbulent boundary gradient upstream flow histories).

layer is assumed to be two-dimensional in the

x-direction and to possess the classical Law With these parameters prescribed, the afore-

of the Wall/Lav of the Wake structure. It mentioned equations may be solved simultaneously

is modeled by We&s6s composite analytical for the attendant skin friction Cf, the value

expression for the resulting velocity profile of R and, if desired, the Hi appropriate to

combined %ith an adiabatic well reference tempera- these flow conditions. Using the adiabatic

ture method correction for compressibility , temperature velocity relationship

allowing arbitrary non-equilibrLum values of (Te-T
its shape factor Mi . Thus if we let w be Coles' To(y) - T, + W,ATo - T7
(incompressible) Wake Function, q I y/60 and oe

denote for convenience At .4o1 As */( )

(TW/Te)
I
+'

d 
with m - .76 and Y - 1.4 for a the associated Mach number profile

perfect gas, then the compressible form of 1o(y) a U(YRTo)-' and its derivative that

Wal's composite profile my be writtens are needed for the middle deck interaction

solution may then be determined.

0 w R 2 3.3) Turbulent Shear Stress Disturbances Alon,.

741 - ) 6;- n2 (1-n) - 2 v+ 2w the Inner Deck
aThis very thin layer lies well within the

t + Rn -3R 
(
4
)  Law of the Wall region of the incoming turbulent

(3-2n) + -- (.215+.655R)e 
J  

boundary laye profile. The original work
of LLghthillytreated it by further neglecting

subject to the following condition linking the turbulent stresses altogether and considering

only the laminar sublayer effecti while this

3



greatly simplifies the problem and yields an where a. and %o are evaluated at the adiabatic
eleSIGnt an4lyCical solution, the results can vail recovery temperature and where it should
be significantly in error at high Kynolds be noted that the kinematic eddy viscosity

numbers -nd cannot explaim (and indeed conflict perturbation c7 is being taken into account.
with) the ultimate asymptotic behavior pertaining The corresponding undisturbed turbulent boundary

to the RA6. limit. IM present theory remedies layer Law of the Hall profile Us(y) is governed

this by extending Ibthill's approach to include by dU
the entire Law of the all region turbulent * ( (Y) d(y)I -

strese-effectas the resulting general shear- o(Y) - const. " 1W ( 0  W o o y (10)
disturbance aublayer theory provides a non- o o

asymptotic treatment which encompasses the
complete range of Reynolds numbers. It is where according to the van Driet-Cebeci eddy

important to note in this connection that our viscosity model with Y+ 0 (yirw0 1Pw 0 )/vwo
consideration of the entire Law of the Wall -y+/. 2 Su (11)
combined with the use of the effective inviscid €T - (.41v (1, 77
wall concept to treat the inner deck displacement 0
effect eliminates the need for the "blending
layer" that is otherwise required to match which yields for nonoseparating flow disturbances

the disturbance field in the laminar sublayer that
region with the middle inviscid decks except *Y/A 2
for higher order derivative aspects of asymptotic C T (12)

matching, our inner solution effectively includes o
this blending function since it imposes a boundary
condition of vanishing total (laminar plus turbu- -p u/.._1C (13)
lent) shear disturbance at the outer edge of T dU/dy To
the deck.

Here, A is the so-called Van Driest damping
To facilitate a tractible theory, we introduce "constant;" we use the cmonly-accepted value

the following simplifying assumptions. (a) The A a 26 although it is understood that a larger
incoming boundary layer Law of the Wall region value may improve the experimental agreement
is characterized by a constant total (laminar in regions of shock-boundary layer interaction.
plus turbulent eddy) shear stress and Van Driest- Substituting (13) into (9) we thus have the
Cebeci type of damped eddy viscosity model. disturbance momentum equation
This model is known to be a good one for a dU
wide range of upstream non-separating boundary 0u' v 0 -1) W-
layer flow histories. (b) For weak incident U x dy ax
shock strengths. the sublayer disturbance flow (14)

is assumed to be a small perturbation upon aL ( 2 - cT-
-
I

the incoming boundary layer; in the resulting 3Y We
linearized disturbance equations, however, all the
physically-imsportant effects of streamtse from which we have seen that inclusiop of the
pressure gradient, streemvise and vertical eddy viscosity perturbation has exactly doubled

acceleration, and both laminar and turbulent the turbulent shear stress disturbance term.
disturbances stresses are retaineds (c) For
adiabatic flows the undisturbed and perturbation He solve these Equations subject to the wall

flow Mach numbers are both quite small within boundary conditions Us(O) - u (x,o) - v (x, o) - 0
the shear disturbance sublayer; consequently, plus an initial condition u (-.,y) - 0 requiring

the density perturbations in the sublayer disburb- that all interactive disturbances vanish far

ance flow may be neglected while the corresponding upstream of the impinging shock. Futhermore,
modest compressibility effect on the Law of at some distance 

4 SL sufficiently far from
the Vall portion of the undtsturbed profile the wall, u' must pass over to the inviscid
is quite adequately treated by the Eckert reference solution Ui'nv along the bottom of the middle

temperature method wherein incompressible relations deck, as governed by
are used based on well recovery temperature proper-
ties (this is equivalent in accuracy to, but 3LUinv dU -1l d1_
easier than, the me of Van Driest's compressible Us - v' ---- " 0 (15)
Law of the aill profile 7). d) The turbulent a v d ( dx

fluctuations and the small interactive disturbances
are assumed ucorrelated in both the lower With 6SL defined as the height where the total
and middle decks. (e) The thinness of the inner shear disturbance (proportional to 1u'03y) of
deck allows the boundary layer-type approximettion the inner solution vanishes to a desired accuracy.
of neglecting its lateral pressure gradient.

4. SOLUTION METhODOLOGY AND RESULTS
The disturbance field is thus governed by

the following continuity and momentum equations, The solution to the foregoing triple deck

3ul JrU problem is achieved for small linearized disturb-

- 0 ancee ahead of, behind and below the local
shock jump, which gives reasonably accurate

dUo  d1 predictions for all the properties of engineering

0 dy + v. I\  interest. The resulting equations can be solved by

.n.. dU a Fourier transform method to yield the viscous

+ T,.+ ,o. interaction field physics for non-



separatLng flows including the upstream influence. \l/3
the lateral pressure gradient near the shock Y. - .776 0 KM (19)
and the onset of Incipient separation (see Yveff
Refs. 2 and 12 for the details of this aslution).
Numerous detailed comparisons with experiment'
have shown that it Sives a sood account of all where the eddy viscosity effect-function K(T)
the important featsm of the interaction over is given in Figure 5. The simultaneous solution
a wide range of Hoemb-ftsolde number conditions, of gqs. (17)-(19) for Lu and Yveff implements

the matching of the inner and middle decks.
4.1) Fourier Transformation hethod The resulting values of the inner deck height

expressed as a fraction of the incoming undisturbed
We only briefly outline here the steps involve4 boundary layer thickness are plotted versus

since full details can be found elsewhere. Follow- Reynolds number with v as a parameter in Figure 6 j
ing Fourier Transformation v.r.t.x . the resulting also shown for comparison are the corresponding
middle deck pressure problem from Eq. 3 is an sonic height ratio values. It is clearly seen
ordinary differential equation in y that can how rapidly ywoff/6o decreases with increasing Re
be solved numerically quite efficiently for the reaching exceedingly small values indeed, relative
input turbulent boundary layer profile Mo(y) to the much more gradual decrease in ysonic/6o.
of Section 3.2. In particular, for the upstream It is also interesting to note here, as one
interactive pressure rise we find from the would expect on physical grounds, that while

appropriate Fourier inversion process using the inner deck thickness is hardly affected
the calculus of residues that by w, the sonic height (which lies within the

I •  Ax/Lu (16) wake region) is significantly influenced andincreases with the value of the Wake function.

where A? is the overall shock pressure Jump
while Lu is the characteristic upstream distance Finally, we note the companion result for
liven by the upstream skin friction that

o p, I I 1 1/3K~l IN 2'" 5 =11(7) -ww--7 ,W S(T) 2a

where

in terms of the following profile-dependent •2[ tU(PV ) 3 / 2  2/3
intgrs evaluated by the aforementioned turbulent fp(x) 3 3/2(. (20b)

Law of the Vall/Law of the Wake models : p)1dx

0 Ir )I 2  
and S() is another interactive-turbulence

o  J [ - M2 (0A (s)s (1 effect function, also plotted in figure 5.0o (17h)

Yweff Figure 5 is a central result of the present
general turbulent shear-disturbance inner deck

1 2(s)ds] .(17c) treatmenti it gives a unified account of the
inner interactive physics over the entire Reynolds

o number range from quasi-laminar behavior at
The parameter ywaff here is the effective inviscid T cc I (lower Reynolds numbers) to the opposite
wall shift gIven by the displacement thickness extreme of wall turbulence-dominated behavior
of the underlying Inner deck. at 3) I pertaining to asymptotic theory at

very large Reynolds numbers where the inner
The corresponding Fourier transformation deck thickness and its disturbance field become

of the inner dock problem of Section 3.3, followed vaniehingly small.
by the introduction of new inner deck variables and
y-scaling defined by InSet2 , yields a set of 4.2) Predictive Results Showing the Role
ordinary differential equation boundary value of the Turbulence Hodeling Parameters
problems in a "usiversal" form that can be solved
and tabulated one* and for all. An example of this A computer program has been constructed
is illustrated in Fit. 3. which shows the resulting to carry out the foregoing solution mthod;
inner deck streamotse velocity profiles Is term it involves the middle-deck disturbance pressure
of the eddy viscostisty effect as expressed by the solution coupled to the inner deck by means
authors' Interactive Turbulence Parameter

2  of the effective wall shift combined with an

/ 2 \2/3 upstream influence solution subroutine (the
(.41)2 Dow (Ueui (Is) corresponding local total interactive displacement

Vi -1W/ thickness growth and skin friction are also
obtained). This provides a very general fundamen-

The typical Reynolds number and wake tal description of the boundary layer in terms
function-dpendence of this parameter is illustrated of three arbitrary parameters. preshock Mach
in Figure 4, where it is seen that it grovs to largs numer, boundary layer displacement thickness
values with increasing Reg, as well as increasing Reynolds number, and either the wake function
with . wor the Incompressible shape factor Mi1 .

we turtner obtain the following result for Dosed on the aforementioned program, an

the deck's displacement thicknesso extensive parametric study has been carried

S
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of practical Reynolds numbers.

8. lager, G.L, "The Modular Application of
In Figure 9, we conclude by illustrating a 8hock/Boundary Layer Interaction Solution

the excellent agreement of the present predictions to Suprcritical Viscous Inviscid Flor Field
of Lu/6o with experiment wheS one properly Analysis," in Computational Methods in Viscous
accounts for the important effect of the incoming Flows 3, Pineridge Press, U.K., 1984, pp.
boundary layer shape factor (or wake function). 75-512.
Clearly, the experimental validation of any
theoretical prediction will require a rather
careful determination of the wake component
aspects of the incoming turbulent boundary layer.
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Fig. 1. Triple-Deck Structure of the
Interaction Zone
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SUMMARY

RESEARCH NEEDS IN 3-0 SHOCK-WAVE/

TURBULENT BOUNDARY LAYERS INTERACTIONS

After considerable discussion, thirteen separate topics were identified as
requiring immediate research attention. They are (in no particular order):as

1. Analytical treatments of near-wall boundary layer behavior to develop
efficient wall-functions for computation.

2. Experimental (and computational) studies to determine the effect of
modifying the upstream boundary layer using pressure gradients, blowing
and roughness.

3. Measurements of skin friction and heat transfer distributions.

4. Studies to identify where turbulence models are important for the
accuracy of the computations (in large regions of the interaction,
turbulence may not be playing a significant role).

5. Extension of calculations and experiments to higher Mach numbers
( > 6 ).

6. Extension of calculations and experiments to more complex interactions
(for example, shock/shock interactions, interactions with floor and
sidewall boundary layers, more complicated shock-generator geometry).

7. More detailed flowfield investigations for carefully selected
interactions. These measurements should have enough detail to give
the flowfield structure, unsteady characteristics, turbulence behavior,
skin friction and heat transfer distributions.

8. Studies of the downstream boundary layer relaxation (very important for

inlet design).

9. Alteration and control applied within the interaction zone using, for
example, bleeding, blowing, flow guides.

10. Exploratory calculation of non-adiabatic interactions.

11. Full characterization of incoming flow conditions, including freestream,
turbulence, spanwise inhomogeneities (3-D effects in nominally 2-D
flows), changes in boundary layer turbulence due to Mach number effects
(especially M > 6).


