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1. INTRODUCTION

Shock-boundary layer interaction can significantly influence the transonic
flow and aerodynamics of missiles, wings and turbine blades. This influence is

not only local but can also extend significantly downstream within the boundary

layer and thereby alter the global properties of 1ift and drag. Some of the
important effects that these interactions may exert even in the non-separating !
case are: (a) the interactive-thickening slightly alters the large-scale local

inviscid pressure and both the shock location and obliquity; (b) the inter-

action zone itself does not scale with the local boundary layer thickness, there-
by introducing a kind of "unit Reynolds number" effect; (c) possible incipient
local separation at the shock foot if the local shock strength is strong enough
(and/or Reynolds number is low), which then drastically changes the entire nature
and extent of the interaction to a larger scale one involving a bifurcated -
shock interaction pattern; (d) an overall increase of the boundary layer dis-

placement and momentum thicknesses downstream; (e) additional downstream dis-

! tortion for some considerable distance of the more detailed boundary layer
properties such as the shape factor and skin friction.

In view of these effects, it is important that shock-boundary layer inter-
actions and their Reynolds and Mach number scaling be fundamentally understood
and appropriate theoretical tools be developed for their prediction in engine-
ering applications. Accordingly, in 1972 the author and his colleagues em-
barked on a basic research program toward these goals; this report summarizes

' the results achieved by this effort for the case of non-separating 2-D turbu-

lent flow, and their implications as regards further research and applications.

2. LOCAL INTERACTION THEORY i

2.1) Basic Interactive Flow Model

It is well-known experimentally that when separation occurs, the disturbance
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flow pattern associated with normal shock-boundary layer interaction is a very
1,2

complicated one involving a bifurcated shock pattern ’", whereas the un-
separated case pertaining to turbulent boundary Tayers up to M] < 1.3 has in-
stead a much simpler type of interaction pattern which is more amenable to
analytical treatment (see Fig. 1). With some judicious simplifications, it is
possible to construct a fundamentally-based approximate analytical theory of
the problem in this latter case. For the sake of orientation and completeness,
a brief summary of this theory will now be given (full details can be found in
Refs. 3 & 4).

The flow consists of a known incoming isobaric turbulent boundary layer
profile Mo(y) subjected to small transonic perturbations due to an impinging
weak normal shock. In the practical Reynolds number range of interest here

6

[ReL ~ 107 to 108] we purposely employ a non-asymptotic disturbance flow model

in the turbulent boundary layer patterned after the Lighthill-Stratford-Honda

5-8

double-deck approach that has proven highly successful in treating a variety

of other problems involving turbulent boundary layer response to strong rapid

5-12

adverse pressure gradients, and which is supported by a large body of tran-

sonic and supersonic interaction data plus a general theoretical study13. The
resulting flow model (Fig. 2) consists of an inviscid boundary value problem
surrounding a shock discontinuity and underlaid by a thin viscous disturbance
sublayer that contains the upstream influence and skin friction perturbation.
An approximate analytic solution is further achieved by assuming small linear-
ized disturbances ahead of and behind the nonlinear shock jump plus neglect of
the detailed shock structure within the boundary layer, which give accurate

predictions for all the properties of engineering interest when M] - 1.05. The

resulting equations can be solved by operational methods yielding the inter-

active pressure rise and displacement thickness growth plus a r‘ecent:]y-ext:endeda’]3




skin friction solution downstream as well as upstream of the shock foot con-

taining non-linear incipient-separation effects. The solution contains all
the essential global features of the mixed transonic viscous interaction flow,

| . and detailed comparisons with experimenta’m’]5

have shown that it gives a

very good account of all the important engineering features of the interaction

over a wide range of Mach-Reynolds number conditions. Consequently, it is be-

lieved that this theory provides a good account of the interaction region for

: the purposes of practical transonic flow field analyses on wings or projectiles.
It is noted that the foregoing solution may be used with an incoming tur-

bulent boundary layer profile model input from either experimental data or any

theoretical prediction method. In our earlier studies we employed an accurate

7 and especially convenient composite Law of the Wall - Law of the Wake profile

model for equilibrium turbulent f]ows]G; more recently we have generalized it

to include a nonequilibrium upstream flow history characterized by the three

arbitrary parameters preshock Mach number, boundary layer displacement thick-

ness Reynolds number and the value of the incompressible shape factor H]i'
Typical results of the theory are shown in Figs. 3-6. The predicted in-

fluence of Reynolds number on the pressure field is shown in Fig. 3; the extent

e '.\‘v._w:ﬁ"ffﬂ'ﬁw's EL T

of the interaction upstream and downstream decreases with increasing Re, , tend-

L’
ing toward a simple step pressure rise in agreement with both experimental ob-
17-19

servations and Navier-Stokes numerical simulation of turbulent interactions.

The upstream influence distance xup ahead of the shock (where the interactive

. pressure rise 1s only 5%) at various shock strengths as a function of Reynolds
number is shown in Fig. 4 plotted in ratio to 8y These results agree with
several detailed correlation studies of upstream influence data on interacting

3 turbulent boundary layers that directly verify the present non-asymptotic triple

].20‘22

deck flow mode The corresponding displacement thickness growth (Fig. 5)
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is also of practical interest since this often has a significant back-effect on
the inviscid flow and shock position on airfoils or in channel flows. It is
seen that the predicted displacement growth decreases significantly with in-
creasing Reynolds number. Note also that the overall streamwise extent of the
interaction does not scale proportionally to the boundary layer thickness 8g
even in the non-separating case. The interactive skin friction distribution
(Fig. 6) shows the typical decrease toward the shock owing to the adverse pres-
sure gradient disturbance induced by the interaction; increasing shock Mach
number enhances this owing to the stronger local interaction pressure gradient
involved. When the interaction is strong enough, the present theory predicts
vanishing skin friction and a very short separation bubble slightly behind the
shock foot, as confirmed by detailed studies of transonic turbulent boundary

23,24

layer interactions The relative effect of the interaction at a given M]

decreases at higher ReL, incipient separation occurring more readily at lower

Reynolds number as observed experimenta]]y.]’25'27

28 on two unseparated airfoil flows

Direct comparisons with available data
are shown in Fig. 7. The theory predicts the upstream influence well whereas
it overestimates the pressure recovery downstream. This is typical of such
airfoil tests and is caused by the fact that the actual shock occurring in air-
foil experiments is usually oblique (albeit still with subsonic post-shock flow)
owing to the interactive displacement thickness back-effect on the surrounding
inviscid flow; this lowers the actual pressure rise 20-30% below the normal
shock value. As illustrated by the good comparison with some DFVLR-Gottingen

24 on a supercritical wing section shown in Fig. 8, when this

29

interaction data
obliquity is incorporated™” the present theory gives a satisfactory account of
the interaction downstream as well as upstream of the shock. Finally, we show

here (Fig. 9) some additional favorable comparisons of our theory with data from
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the classical interaction experiments of Ackeret, Feldmann and Rott.

2.2) Further Refinements and Extensions of the Theory

The fundamental soundness and adaptibility of the foregoing flow model
has permitted several useful extensions. These include consideration of pres-

30, the influence

sure gradient affects in the background (non-interacted) flow
of wall curvature3], and allowance for moderate blowing or suction effects normal
to the waH.4 Moreover, the presence of channel walls was studied32 and a method
developed]4 for applying the above theory to the case of channel or tube flows;
this proves very important in the interpretation of interaction experiments
carried out in such flows.

Some additional interesting extensions have also been made in response to
questions about transonic flow behavior and simulation under the unusual con-
ditions pertaining to cryogenic wind tunnels. Thus the influence of both non-

)33’34 and low temperature real gas effects34’35

adiabatic walls (heat transfer
on various features of shock-turbulent boundary layer interactions was studied

by appropriate generalization of our basic interaction model.

3. GLOBAL INTERACTION EFFECTS

3.1) Downstream Effects of Interactions on Boundary Layers

In addition to the increased displacement thickness on the body, the fore-
going discussion shows that the skin friction level following the interaction
is significantly reduced; combined with the attendant distortion of the profile
shape, these facts suggest that the subsequent downstream boundary layer de-
velopment may retain a "memory" of the interaction effects for a considerable
distance (over and above a simple thickening), particularly as regards possible

incipient separation in the adverse pressure gradient region on the aft portion

of the body. This "after-effect" question was therefore subjected to detailed




study by the author and one of his students,36 using the two-layer turbulent

boundary layer program of Moses37

as a model of the downstream viscous flow; the
program is initialized behind the interaction so as to account either fully,
partially (&* - effect only) or not at all for the preceeding interaction. Cal-
culations were then made of the subsequent downstream turbulent boundary layer
behavior (H, Cf, e*, &*) in typical airfoil post-shock adverse pressure grad-
ients for different assumed local interactive shock strengths and positions or
Reynolds numbers.

Some typical results are illustrated in Fig. 10. They clearly show
that the behavior of the boundary layer and incipient separation in the trailing
edge region for a given downstream adverse pressure gradient field depends
strongly on the "competition” between this field and the after-effect of the
highly-non equilibrium profile distortion due to the interaction. Roughly
speaking, this after-effect extends 20 to 30% chord downstream and increases
with shock strength and decreasing Reynods number. If the trailing edge
region lies within this range of the shock, it is thus seen that a simple thick-
ening effect alone is not sufficient to account for the interaction and would
result in an inaccurate prediction of the rearward boundary layer shape factor,
skin friction and incipient separation properties including their scaling. Es-
pecially notable is the interaction - induced hastening of separation down-
stream (Cf + 0). These theoretical predictions are further supported by data
obtained in Gottingen24 on a supercritical airfoil boundary layer flow through
a moderately-strong non-separating shock interaction region; as shown in Fig. 11,
comparison with the observed downstream behavior of both H and Cf shows poor
agreement when only the ¢* - effect of the interaction is accounted for but
good agreement when additional effect of the interactive skin friction reduction

is also included.

sy




The aforementioned downstream effects are deemed of practical importance

for two major reasons: (1) in regions of sustained adverse pressure gradient

4 that often follow the short-scale interaction zone, the shape of the velocity

profile and streamwise shear stress distribution (as well as thickness) are of

considerable importance to the aerodynamic design of an airfoil or wing;38 (2)
: , the altered boundary layer properties (especially possible incipient separation)
near the trailing edge and into the wake can further exert a powerful effect on

39 and on

the overall aerodynamics via their influence on the Kutta condition
possible buffet onset.

3.2) Global Analysis of Supercritical Airfoil Flow

See Appendix A.

4. FUTURE DIRECTIONS FOR RESEARCH AND APPLICATION
On the basis of the foregoing successful basic research and the construc-
tion of a fully-operational computer program version of the resulting inter-

action theory40

, it is felt that it is now possible to provide a correctly-
modeled account of shock-boundary layer interaction within supercritical airfoil

design and analyses codes. In particular, we have seen the imbedding of our

interaction solution as a local "interactive module" within a combined inviscid
flow - boundary layer computer program so as to enable an improved study of the
important trailing edge region in aft-loaded airfoils that now includes the
upstream presence of shock interaction effects, as well as the possible onset

of incipient separation beneath or downstream of the shock.

As regards recommended further work, there are four areas of great prac-
tical interest. (1) Extension and application of the present interaction theory d
to the unsteady case (examining first the validity of the quasi-steady approxi-

mation) in order to study unsteady air loads due to flutter at transonic speeds.




(2) Adaptation of the interaction analysis to three dimensional flow fields
. on finite-span wings, at least outside wing/fuselage juncture or tip - influence
regions; this now appears feasible to study and is clearly of great practical
interest. Once again the goal would be to imbed this extended interaction theory
in a global flow field analysis program. (3) Given our progress in adapting
the interaction theory to the presence of channel walls, one may now study in
more detail the effects of shock-boundary layer interactions on transonic
internal flows within engine inlets and ducts and turbomachinery blade passages
and cascades. The influence of these interactions on the resulting losses and

downstream effects, especially with incipient separation, is important to under-

stand and predict in practice. (4) Extension of our basic work to study the ;
!

- interaction of shocks with flows containing significant streamwise vorticity,
which occurs in certain types of aerodynamic configurations and/or in connec-

; tion with the presence of vortex generators upstream.

et o




10.

11.

12.

13.

14.

e ——

REFERENCES

Ackeret, J., F. Feldman, and N. Rott, "Investigations of Compression Shocks
and Boundary Layers in Gases Moving at High Speed," NACA TM-1113, Jan.
1947.

Inger, G. R., "On Transonic Shock Wave - Boundary Layer Interaction Flow
Patterns," VPI&SU Report Aero-018, Blacksburg, Aug. 1974.

Inger, G. R. and W. H. Mason, "Analytical Theory of Transonic Normal Shock-
Boundary Layer Interaction," AIAA Journal 14, pp. 1266-72, Sept. 1976.
(also see AIAA Paper 75-831, June 1975).

Inger, G. R., "Transonic Shock-Turbulent Boundary Layer Interactlion with
Suction or Blowing," AIAA Paper 79-0005, New Orleans, Jan. 1979. (also
see Jour. of Aircraft 15, Nov. 1978, pp. 750-754).

Lighthill, M. J., "On Boundary Layers and Upstream Influence; I1. Super-
sonic Flow Without Separation," Proc. Royal Soc. A 217, 1953, pp. 478-507.

Stratford, B. S., "The Prediction of Separation of the Turbulent Boundary
Layer," Jour. Fluid Mech. 5, pp. 1-16, 1959.

Honda, M., "A Theoretical Investigation of the Interaction Between Shock
Waves and Boundary Layers," Jour. Aero/Space Sci. 25, Nov. 1958, pp. 667-
677.

Rose, W. C., J. D. Murphy and E. C. Watson, "Interaction of an Oblique
Shock Wave with a Turbulent Boundary Layer," AIAA Jour. 6, Oct. 1968, pp.
1792-93.

Hahn, M., P. Ruppert and A. Mahal, "Evaluation of Separation Criteria and
Their Application to Separated Flows," AFFDL TR-72-145, Jan. 1973.

Cebeci, T., G. Moskiniis and A. M. 0. Smith, "Calculation of Separation
Points in Incompressible Turbulent Flow," Jour. of Aircraft 9, Sept.
1972, pp. 618-620.

Elfstrom, G., "Turbulent Separation in Hypersonic Flow," Imperial College
(London) Rep. Aero-71-16, Sept. 1971.

H. McDonald, "A Study of the Turbulent Separated Flow Region Occurring at
a Compression Corner in Supersonic Flow," Jour. Fluid Mech. 22, pt. 3,
1965, pp. 481-505.

Inger, G. R., "Upstream Influence in Interacting Non-Separated Turbulent
Boundary Layers," in Proc. Workshop on Viscous Interaction and Boundary
Layer S?paration, Ohio State Univ., Columbus, Aug. 17, 1976 (AD-A044
423-25T).

Inger, G. R., "Analysis of Transonic Normal Shock-Boundary Layer Inter-
action and Comparisons with Experiment," AIAA Paper 76-331, July 1976
(VPI&SU Report Aero-053, Blacksburg, VA, Aug. 1976).

et evaa e

P T T




15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Inger, G. R., "Theoretical Study of Reynolds Number and Mass Transfer
Effects on Normal Shock - Turbulent Boundary Layer Interaction," Zeit.

fur Flugwiss. und Weltraum Forschung, Band 2, Heft 5, pp. 312-320, 1978.

Inger, G. R., and E. P. Williams, "Subsonic and Supersonic Boundary-Layer
Flow Past a Wavy Wall," AIAA J. Vol. 10, pp. 636-642, May 1972.

Deiwert G. S., "Numerical Simulation of High Reynolds Number Transonic
Flows," AIAA J. 13, pp. 1354-1359, Oct. 1975.

Mateer, G. G., A. Brosli, and J. R. Viegas, "A Normal Shock Wave-Turbulent
Boundary Layer Interaction at Transonic Speeds," AiAA Paper 76-161,
Wash., D. C., Jan. 1976.

C. C. Horstmann, G. Settles, I. Vas, S. Bogdanoff and C. Hung, "Reynolds
Number Effects on Shock-Wave-Turbulent Boundary Layer Interactions,"
AIAA Jour. 15, Aug. 1977, pp. 1152-58.

Stalker, R. J., "Sweepback Effects in Turbulent Boundary Layer-Shock Wave
Interaction," Jour. Aero. Sci. 27, May, 1960, pp. 348-356.

Gai, S. L., "On the Upstream Influence Associated with the Critical Pressure
Rise in Shock-Boundary Layer Interactions," Zeit. Flugwiss, 18, Heft 1,
1970, pp. 8-11.

Ray, A. K., Correlation of Shock-Boundary Layer Interactions," Zeit. Flugwiss

10, Heft 6, 1962.

Vidal, R. J., C. E. Whitliff, P. A. Catlin, and B. H. Sheen, "Reynolds
Number Effects on the Shock Wave-Turbulent Boundary Layer Interaction at
Transonic Speeds," AIAA Paper 73-661, Palm Springs, Calif., July 1973.

Sobieczky, H. and E. Stanewsky, "The Design of Transonic Airfoil under
Consideration of Shock Wave-Boundary Layer Interaction, ICAS Paper 76-14,
Ottawa, Sept. 1976.

R. D. Tyler and A. Shapiro, "Pressure Rise Required for Separation in
Interaction Between Turbulent Boundary Layers and Shock Waves," Jour. Aero.
Sci. 20, Dec. 1953, pp. 858-860.

Bogdanoff, S. M. and C. Kepler, "Separation of a Supersonic Turbulent
Boundary Layer," Jour. Aero. Sci. 22, June 1955, pp. 414.

Inger, G. R., "Similitude Properties of High Speed Laminar and Turbulent
Boundary Layer Incipient Separation," AIAA Jour. 15, pp. 619-623, May
1977.

Ohman, L. M., J. J. Kacprizynski and D. Broun, "Some Results from Tests in
the NAE High Reynolds Number Two-Dimensional Test Facility on “Shockless'
and other Airfoils," 8th ICAS Paper 72-33, Amsterdam, Sept. 1972.

10




29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Inger, G. R. and H. Sobieczky, "Shock Obliquity Effect on Transonic Shock-
Boundary Layer Interaction," ZAMM 58, pp. 55-66, 1978.

Panaras, A. G., and G. R. Inger, "Normal Shock-Boundary Layer Interaction
in Transonic Speed in the Presence of Streamwise Pressure Gradient,"

ASME Paper 77-GT-34, International Gas Turbine Conf., Phil., PA, April
1977.

Inger, G. R. and H. Sobieczky, "Normal Shock Interaction with a Turbulent
Boundary Layer on a Curved Wall," VPI&SU Report Aero-088, Blacksburg,
Oct. 1978.

A. Kluwick and G. R. Inger, "On Transonic Shock-Nonseparating Turbulent
Boundary Layer Interaction in Two-Dimensional Channels,” VPI&SU Report
Aero-047, July 1976.

Inger, G. R., "Analysis of Transonic Shock Interaction with Nonadiabatic
Turbulent Boundary Layers," AIAA Paper 76-463, San Diego, July 1976.

Inger, G. R., "Transonic Shock-Boundary Layer Interactions in Cryogenic
Wind Tunnels," Jour. of Aircraft 16, April 1979, p. 284-287.

Inger, G. R., "Real Gas Effects on Laminar and Turbulent Shock-Boundary
Layer Interactions," paper presented at Open Forum Session, AIAA 12th
Fluid and Plasma Dynamics Conf., Williamsburg, July 1979.

Inger, G. R. and J. C. Cantrell, "Application of Shock-Turbulent Boundary
Layer Interaction Theory to Transonic Aerodynamics," Proc. 1979 U.S.A.F.-
Fed. Republic of Germany D. E. A. Meeting, April 1979 (also see J. C.
Cantrell, M. S. Thesis in Aero. Eng., VPI&SU, Blacksburg, June 1979).

Moses, H. L., "A Strip-Integral Method for Predicting the Behavior of
Turbulent Boundary Layers," Proc. Computation of Turbulent Boundary
Layers - 1968 AFOSR-IFP-Stanford Conf., Vol. 1, (S. Kline et. al., Ed.)
Stanford U. Press, Aug. 1968, pp. 76-82.

Green, J. E., "Interactions Between Shock Waves and Boundary Layers," in
Progress of Aero. Sci., Vol. 11, Pergamon, N. Y., 1965, pp. 321.

Melnik, R. E., R. Chow and H. R. Mead, "Theory of Viscous Transonic Flow
Over Airfoils at High Reynolds Number," AIAA Paper 77-680, June, 1977.

Inger, G. R., "Users Guide for Computer Program TRIWAL: An Analysis of
Transonic Normal Shock-Turbulent Boundary Layer Interaction on Flat and
Curved Walls," VPI&SU Report Aero-081, Blacksburg, May 1978.

n




g

e

- - e

(a) Fully-
Separated

(b) No Separation
(M,#1.3)

Fig. 1 Effect of Separation on Interaction Flow
=== Pattern

p/AP .

".31.1

Hall =w—
2 Edge ——

Fig. 3 Reynolds Number Influence on Interaction
Pressure Field

AR, 5

-4 -3 -2 -\ ]

~
o
>
W

x/5,
Fig. § Scale €ffect on Interactive Displacement

Thickness Growth
12

- o oy mr——e = . ©

NORMAL SHOCK
"t @ @
LINEARIZED
3 LINEARIZED
, _ __DISPLACED EDGE
LA T8,
Moy} ROTATIOMAL OrSTURBANCE FLow ‘f
TONAL OISTUR
ume ®n~c£ FLow &

VISCOUS SUBLAYER

Fig. 2 Theoretical Model of Mon-Separating Inter-
action (Schematic)

F'Ig. 4 Upstream Influence vs. Mach and Reynolds

Number

CelCe
' [0

Fig. 6 Reynolds Number Influence on Interactive

Skin Friction Distribution




NAE
INVISCIO CALC.

/ NAE EXPERIMENT

\
/

b | . : — — : . X/c

A. Comparison of Predicted Local | nteraction Pressures with

NAE Experiments for a Supercritical NACA 6 4A410 Airfoil:

Mg = .70, Recw = 8x10°

Fig. 7

Comparison of Theory with NAE Super-
critical Airfoil Data

12} N

N
3
H

1!

10

v FLIGHT TEST
\

NACA

PRESENT THEORY

R Comparison of Predicted and Experimental Pressures for
the NACA 64A4I0 Airfoil: Mg = .75I, Rece = 35x 10°

o o Eszperiment
¢ e Theory Outer Flow

w= == Theory inferaction
(Ref 11)

x/¢c

09

08

5%¢
i 0.004

0.003

0.002

o

—— X/C

0.7

Comparison of Present Theory with DFVLR-
Ggttingen Flow Measurements on Super-
critical Wing Section




M- 132
o Re‘ -uno‘
"ml ast - - - i . ‘
@ (a) Typical P |
; YOI e a) Typical Pressure Date i
. “\ ‘
. L L] \\' '
: » . :
- ‘ wo ..\
ooi» \ -
o R . . !
® o i 1_
™ ‘ ;
APz e ‘ 1
[l L R N R (XY : 1
] '«:-"-u' : .. [ 3K ) ‘._ ~ ’ 1
| [ ., - -H{.‘-, i
LU O ) %Dl \
LY 'UN + \'—\ ’D’ '
B Pl pr'/ " {b) Wa)l and Bonudary
PA e e e : Layer tdye Pressure ;
3e e e e ) ' Comparisont. i
— ub, v LOny H
o 9," . [} o
/nﬂ':“:“ ~~- kB <0 (heAT wai L)
T —i"l Low
= i gl . | ) . ;
L] 3 2 ‘i‘ ¢ 2 3 L) L) [
S XN
./80
T - T A A 1 1 1 t 1
| e,
[ [ v - !
r 3::'.‘,j:j::',f:::§: . o g t—aq () ll:lte;'active
' 3, = 00&3 ; g ® i g\§p acement
} ip © ' Thicknesses
+ 10 PRESTNT THEDRY -
1 1M, 41.30, Re, + 2% 10%) '
b
1 - Y 1 " i
2 3 . L] [
i
Fig. 9. Comparison with Wind Tunnel Data :
of Ackeret, Feldmann and Rott :
14 ;
i
e e ALl Ly o e e -~ o




"(401 = 78y “3o0ys jo0 40320y adeys -
peaye 21 9w <a7° 10 1204s) BOed o0els 9
judwdo|aAaaq Auepunog Juainqun) M
wead3sumoq uo $309443-4933y o = = w - =’ o .I

uoL3deudju] 403 s3|nsay [ed1dky gL "6y

-
UOLIdtd4 uL ) .
132144 ULys —— ]..«y.vnlhu‘l.!

=
0! % o5 R U\m-. (7] o lu.hﬂ.,Al =g -Ep lH...”I.:I..uLo.»nSI ~» “1r
-~ ' -1 - TheeeT T8t oun |3

RN =

399443 Uoj300423uU] | |4

' w ;
199443 uoL3oe4alu] {1N4 ¢ — w
h .
N ||lv\|\ \ ) | - ﬁ“ w t j
N . \ 193443 o . e e e b
NS ¢ N\ Wi on sjuaipedy w :
. 3UNSSaUdd ISAIAPY N0YS-3S04 ‘® . |
i “
» VI U O T B I i o el S i
- 3 ; H d 1 T “‘
] NG @l. i oh...lxy .w !
&) IR m
LS AELANGE XNNL P D T Pt
: u : _ % FER . N N
® /o
DM mvein mnﬂﬁé :
. 0ty Wivwvars . | e
iy




T

o

*LLOJLY (©DO13L4D420NG B Uo
eleg uol3des3aju]-3sod 99-y¥TA40
y31m Aaody) 30 uosiueduo)

o "Ll b4

vive 29 .
ot -
T R Y ) %| n_e_ .
- ; .
NQ\X U r\l/
/ \ X oo & LT R
w 45 o 3
- |
pa3123boN uordeudq U] N
©
alx
o1 P (/) QNGQG-.
ﬁl“HWm 0
lllbrARLmJTWHH
f ~~vo00 &
Juoutaadx3 [josdpy 199]3] 424005 —9oov
ol x 4&
° R
o < pun -.#i“ dw . !
o | Yot 313140 | H 9Ol T= -uwt J
C AW DM o Lo "W ®
" i ettt
.a:us:»w.w&m“ X ® ¢-0 §
e e ASVO WY bt —— "1
T.
° 5

’ Ps v il g . 2
lEIFiL., < TS —————— —— ——
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N COMPUTATIONAY PROCEDURE FOR
TRANSONIC AIRFOLL FLOW INCLUDING A SPECIAL SOLUTION
FOR SHOCK DBOUNDARY LAYER INTERACTION

The influence of a shock-boundary layer interaction on a
supercritical airfoil flow field is significant, because it
governs the way the boundary layer responds to the subsequent
adverse pressure gradients and hence influences the flow
conditions at the trailing edge. It is, therefore, important
to incorporate a detailed treatment of the interaction region
in the overall flow field analysis.

Existing treatments of shock-~-boundary layer interaction regions
within such analysis codes have, unfortunately, relied on such
simplistic treatments as artificial smearing of the pressure
gradient for an ordinary boundary layer code or the use of a
viscous ramp model; neither of the treatments can correctly
account for the effects of the shock on the boundary layer
properties needed downstream. The present work gives the
results of incorporating a correct detailed accounting for

the shock boundary layer interaction within a state-of-the-art
viscous-invicid computation method. The soundness of the
approach is demonstrated by comparison with experimental data
for the pressure distribution, the displacement thickness and
the skin friction coefficient.

The present approach consists of imbedding a solution for the
local interaction as a module within the boundary layer-inviscid

flow computation code. The method is comprised of the following
components:

Invicid flow theory: The solution of the inviscid equations are

obtained with the relaxation technique of Jameson (1] for

the full potantial equation which provides a fully conservative
rotated scheme as well as a standard.non-conservative formu-
tation. The calculations are carried out in a computational
plane obtained by conformally mapping the airfoil to a circle.
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The solution is obtained in a “2quence of decreasing mesh size.
Jamesons accelerated itcrative method is used to speed up

convergence.,

Boundary layer thcory: llere Rotta's integral method [2) is used.
This method is based on simultaneously integrating the van

Kdrman momentum equation and the energy equation to obtain the
displacement thickness. In order to solve the above equations
additional relations for the shape factor, the skin friction
coefficent and the dissipation coefficents are employed. The
computation starts at a point X4 close to the stagnation point,
using for the laminar boundary layer between the stagnation point
and X, similar solutions based on the Falkner-Skan equation.

Shock wave-boundary layer interaction theory: For non-scpara-
ting interactions (local Mach number M,< 1.3 in the Reynolds
number range Re~106

- 108) a non asymptotic triple deck distri-
bution flow model of normal shock turbulent boundary layer inter-
action is employed (3, 4). The model consists of an inviscid
region surrounding a shock discontinuity and an underlying thin
viscous disturbance sublayer that contains the upstream influ-
ence and skin friction perturbation. An approximate analytic
solution is achieved by assuming small linearized-disturbance
ahead of and behind the non-linear shock-jump, with a simplified
treatment of the detailed shock structure within the boundary
layer down to the sonic level.

Coupling procedure: A coupling procedure has been carefully
worked out. A representation is given in Fig. 1. (It should

be noted that the experimental pressure distribution in Regions
(:) and (:) is in general given by the inviscid computation.)
The boundary layer theory is used in Regions (:) and (g) » the
shock wave boundary layer interaction theory in region(i}.

The input required for Region(:), viz. the shock upstream Mach
number, the Reynolds number based on the displacement thickness
and the shape factor is directly obtained from Region (:). The
interacting module then computes the pressure distribution and
the distribution of boundary layer parameters within the inter-
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action region. To initiate thc boundary layer computation in
Region (é) the required input, viz. the momentum thickness
and the energy thickness, are computed from the parameters
supplied by Region () .

The inviscid computation is iteratively carried out for the
airfoil plus displacement thickness. The computation is started
with an assumed displacement thickness, which is updated in

subsequent steps by the method described above.

The inclusion of a special solution for the shock boundary layer
interaction into a viscous/inviscid computation method and its
application to transonic airfoil flow analysis is considered a
contribution to the state-of-the-art in this field.

Experimental Study: Boundary layer and flow field measurements
were carried out at the DFVLR on two supercritical airfoils

having different characteristics in the pressure distribution.
The free stream conditions were such that the local shock-
upstream Mach Number varied between 1.2 and 1.4 for Reynolds
Numbers between 2 x 106 and 4 x 106. In addition, the initial
boundary layer condition was varied by changing the tripping
device location. On one of the airfoils additional pressure
distribution and wake measurements were carried out in the
Lockheed CFWT at Reynolds Numbers between 4 x 106 and 30 x 106.
Results of these experiments are compared with results of the
aforementioned theory.

Representative results: Figure 1 shows a comparison between
experimental results and results from the boundary layer /

shock boundary layer intcraction theory for a given experimental

pressure distribution. The agreement in displacement thickness
upstream and downstream as well as in the interacting region is
excellent. It will be shown that the’' good agreement in the
downstream region is due to the proper representation of the
shock boundary layer interaction. Agreement in skin friction
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coefficient is not as good; ho'ever, the interaction theory
seems to predict the minimum giite accurately. Note, that the
skin friction doecs not enter the overall computation but can
be used to predict separation onset.

A comparison of the results of the complete method with
experiment is given in Figure 2. Particularly good agreement
is obtained in the shock location and the pressure rise across
the shock. Additional such comparative examples for various
parametric conditions as well as a critical assessment of the
method will be given in the full paper.

Concluding remarks: The present investigation shows that it is
important to include a correct treatment of shock boundary layer
interaction into a viscous/inviscid transonic airfoil flow
computation in order to obtain the correct boundary layer para-
meters immediately downstream of the interaction as input for
the boundary layer computation downstream. It is also shown

that details of the interaction, e.g., the local shape of the

displacemen surface, can be ignored in the inviscid computation.

A coupling of the interaction theory with a viscous/inviscid

method for transonic projectile flow is described in [5].

References:

{1] JAMESON, A, Numecrical Computation of Transonic Flow
with Shock Waves

Symposium Transsonicum 1I, Springer-
Verlag, New York, 1975

[2) ROTTA, J.-C. FOURTAN IV - Computer Programm for
Boundary Layers in Compressible Two-
dimensional and Axisymmetric Flow

Deutsche Luft- und Raumfahrt,
FB 71-51, 1971

21

Sl i o




. - 5 -
{3] 1INGER, G.R. Analy' ical Thecory of Transonic Shock
MASON, W.H. Turbu'ent Boundary Layer Interaction

AIAA .ournal 14, Sept. 1976, pp. 1266-72

{4) PANARAS, A.G. Transonic Normal Shock-Turbulent
Boundary Layer Interaction in Pressure
INGER, G.R. Gradient Flow

ASME Paper 77-GT-34, 1977

{5} RECLIS, R.P. Boundary Layer Flows on Transonic

DANBERG, J.E. Projectiles

AIAA 12th Fluid and Plasma Dynamics
Conference, July 23-25, 1979,
Williamsburg, Va., Paper 79-1551

INGER, G.R.




Juawiadx3 Yyim A10ay) uonopiaiy; 12k A iopunog %00ys /1340 Amopunog 40 uosupduiod | ainbig

2/ X
ol 890 90 70 20 0
. — h 00
4 100Q Ot
uonIsuDJy
R ffzoogoz
. ]
N - J‘o @
S P
A I 20 -
(o]
5 N P ! boodo
® uoibay -0~ .w,,,,/. 1D _. %0 Lo -
(opj0y) A108y] Jako AmDpUnog /,,// O wibay 7 05
(86u] ) K108y] UOODIBUI TGOS —+ NE . / lso-
Jawuadxy --o-o-- 1 h M.Mc
399Gl :UOHISUDY ] / T
q0l ¥Z = 8y (© co_mmm:\\mﬂ/.,, ds \m «9 tgo-
0z=6p| MPOW BumDBu” N 6EZ1=N e d
° // »h.,. / o‘\0 o)
N u.lnw.ou,qownonénnoulax.\|. e e - ot-

8LO="W)
<voQ/Z-01 1SV liojy

,_
w

. uabil




===—]Present Method
o Experiment

/Jumeson,mesh size 128 x 32
-~

\
\
Jameson,mesh size 256 x 64

—e—e— |nteraction Theory

X X Airfoil CASI 1U-2/U0 A2
>§< Moo= 0764
X x Re =298-106; Transition at 8%
X Theory  :a=07° C| =0520
CL=0.521

Experiment: a=08°

' +1 o
L Z %

002 /

»

BOUNDARY LAYER DISPLACEMENT ‘ *|Upper
0015 [ + x Boundary Layer Theory/Interaction Theory 'x' Surface
Approximation to"x”", added to airfoil /
001 f for inviscid calculation > /
Computation stops when best /" »
0005} @ possible agreement is reached; x* Lower i
- AR A
0 'M? T - —v "‘ Y T T Y Sufuce 1
0 02 04 06 08 X/C 10

.
.

Fig 2:520mpqrison of Results of Complete Method with Experiment
24




APPENDIX B

List of Publications Generated by Contract Research

During the contractural period 1972 - 1979, the following technical

publications have been generated, or are under preparation.

1.

10.

1.

Inger, G. R., "On Transonic Shock Wave - Boundary Layer Interaction Flow
Patterns," VPI&SU Report Aero 018, Blacksburg, Aug. 1974.

Inger, G. R. and W. H. Mason, "Analytical Theory of Transonic Normal Shock-
Boundary Layer Interaction," AIAA Journal 14, pp. 1266-72, Sept. 1976.
(also see AIAA Paper 75-831, June 1975). W. H. Mason Ph.D. Thesis.

Inger, G. R., "Analysis of Transonic Normal Shock-Boundary Layer Inter-
action and Comparisons with Experiment,” AIAA Paper 76-331, July 1976
(VPI&SU Report Aero-053, Blacksburg, Va. Aug. 1976.)

A. Kluwick and G. R. Inger, "On Transonic Shock-Nonseparating Turbulent
Boundary Layer Interaction in Two-Dimensional Channels," VPI&SU Report
Aero-047, July 1976.

Panaras, A. G., and G. R. Inger, "Normal Shock-Boundary Layer Interaction
in Transonic Speed in the Presence of Streamwise Pressure Gradient,"

ASME Paper 77-GT-34, International Gas Turbine Conf., Phil., PA, April
1977. A. G. Panaras Ph.D. Thesis.

Inger, G. R., "Shock Wave Penetration and Lateral Pressure Gradient Effects
on Transonic Normal Shock-Turbulent Boundary Layer Interactions," AIAA

J. 15, Aug. 1977, pp. 1179.

Inger, G. R., "Analysis of Transonic Shock Interaction with Nonadiabatic
Turbulent Boundary Layers,” AIAA Paper 76-463, San Diego, July 1976.

Inger, G. R. and H. Sobieczky, "Shock Obliquity Effect on Transonic Shock-
Boundary Layer Interaction," ZAMM 58, pp. 55-66, 1978.

Inger, G. R., "Users Guide for Computer Program TRIWAL: An Analysis of
Transonic Normal Shock-Turbulent Boundary Layer Interaction on Flat and
Curved Walls," VPI&SU Report Aero-081, Blacksburg, May 1978.

Inger, G. R., "Upstream Influence in Interacting Non-Separated Turbulent
Boundary Layers," in Proc. Workshop on Viscous Interaction and Boundary
Layer Sﬁparation, Ohio State Univ., Columbus, Aug. 17, 1976 (AD-A044
423-2ST).

Inger, G. R., "Theoretical Study of Reynolds Number and Mass Transfer
Effects on Normal Shock - Turbulent Boundary Layer Interaction," Zeit.
fur Flugwiss. und Weltraum Forschung, Band 2, Heft 5, pp. 312-320, 1978.

25




12.

13.

14.

15.

16.

17.

Inger, G. R. and H. Sobieczky, "Normal Shock Interaction with a Turbulent
Boundary Layer on a Curved Wall," VPI&SU Report Aero-088, Blacksburg,
Oct. 1978.

Inger, G. R., "Transonic Shock-Turbulent Boundary Layer Interaction with
Suction or Blowing," AIAA Paper 79-0005, New Orleans, Jan. 1979. (also
see Jour. of Aircraft 15, Nov. 1978, pp. 750-754).

Inger, G. R., "Transonic Shock-Boundary Layer Interactions in Cryogenic
Wind Tunnels," Jour. of Aircraft 16, April 1979, p. 284-287.

Inger, G. R. and J. C. Cantrell, "Application of Shock-Turbulent Boundary
Layer Interaction Theory to Transonic Aerodynamics," Proc. 1979 U.S.A.F. -
Fed. Republic of Germany D. E. A. Meeting, April 1979 (also see J. C.
Cantreil, M. S. Thesis in Aero. Eng., VPI&SU, Blacksburg, June 1979).

Inger, G. R., "Real Gas Effects on Laminar and Turbulent Shock-Boundary
Layer Interactions," paper presented at Open Forum Session, AIAA 12th
Fluid and Plasma Dynamics Conf., Williamsburg, July 1979.

Nandanan, M., E. Stanewsky and G. R. Inger, "A Computational Procedure

for Transonic Airfoil Flow Including a Special Solution for Shock Boundary
Layer Interaction," paper submitted to AIAA 13th Fluid and Plasma Dynamics
Conf., Snowmass, Col. July 1980.

26




