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TRANSONIC SHOCK INTERACTION WITH A
TANGENTIALLY - INJECTED TURBULENT BOUNDARY LAYER

-
G. R. Inger and . Deane
west Virginia University, Morgantown, w. Ya.

A non-asymptotic tripls dec< theory ol tran-
sonic shovx turbulent boundary lavcer i1nreraction
15 described which takes into ccoint the Influence
ot stream tangential injection on oa curved wall.,
In widition to Rerpolds numeer and the shoeox
strenith, the thoore 15 parametoruod irnitrary
valaes of the incomin:y boundary laver shape f-csor,
wall jJet raximur velocity rati and the non-
dirensional height of this ratio; resalts or o
corprehensive par imetric study are then presented.
it 1 shown that thn wall jJet effects significantly
redace toth the reamwise scale and A1
thic<eniny of the inter.action zone, 1le
1ncreasing the upstream ind downstream 3<1n fric-
tion levels, these etfects also r-iuce the rinimurm
interactive Jtoand thus hasten the onset of
incirient separation at the ahock foot.

MreTint

Momenclature

A in Driest-Cebect wall turbulence {amping
prarameter N
<L sxin friction coefticient, I e R -
o o
Ot skin friction increnent due o wal¥ jet
C“ arassure coetficient, 2 p! . tp -
¢ - B
O Tater+l sorending factor of will 10t
HY houndary layer shape factor, ¢ %
”1 incompressible shape tactor
K curvature of will 1n 1nteraction reaion
~ Mach number
R statlic pressure
! interactive nrossure perturbation, p-pl
R prossure jump across inctident shock
Re , Ret  Reynolds numbers based on length ¢« and
' bountiry layer thickaess, reaspectively
R non=Jdimensional wall shear function of
- wall jet
' ibsolute temper.ature

basic interactive wall-turbulence

parameter

streamwise and normal interactive distur-

ince velocity components, respectively

N wall et component of total velocity
nrofile
undisturbed incoming boundary layer
velocity in x-direction

X, streamwise and normal distance coordin-
ates (oriain at the inviscid shock 1n-
tersection with the wall)

Y effective wiall shift seen by interactive

of f inviscid tlow

Locati.n of AU
max

+
trofessor wnd Associate Chairman, Dept, of

‘*“nchanical and Aerospace Engineering
Graduate student.

Copyright < American Institute of Aeronsutics and
Astronautics, Inc., 1984, All rights reserved.

e e s e - s e ARSI 5 sy -

s

specitic heat ratio
: poundary layer thickness
. % pounduary layer dasplacement thickness
I will jet mixing3 thickness
T inner deck sublayer thickness
k1nematic turbulent eddy viscosity
interactive perturtation of turbulent
eddy viscosity

- FEY

‘o0 ..
- u)[dln‘ll"/ coelficient of '»'ISCOSIC;‘

PN

- viscoslty-terperature dependence expor-
ent, u-T

N density

a* houndary layer mormentum thickness

M total shear stress

v! interactive perturhation of tatal shear

stress

AD wdiabatic wall

1 undisturbed inviscid values ahead of
incident shock

e conditions at the boundary laver edge

1nc incompressible value

iy inviscid disturbance solution value

max velocitv profile maximum due to wall jet

) undisturbed incoming boundary laver pro-
perties

1. Introduction

The use of tangential slot-injection to influ-
ence and control turbulent boundary layer behavior
has heen extensively studied in various tvpes of
lowspeed external and internal aerodynamic flow
fields (e. g., on circulation-controlled airfoils,
slotted slaps, in film cooling applications and
for separation control in inlets and diffusers).

.n recent years, many applications of such injec-
tion have arisen in supercritical transonic flow
fields where local shock wave is present; however,
little is presently available to provide a basic
understanding of how the resulting shock-boundary
interaction ("SBLI") alters the influence of
tangential injection. Conversely, in such super-
critical flows it may be of interest to know how
the effects of SBLI may be altered by the use of
injection. The present paper addresses these
questions for the case of steady non-separating 2-D
turbulent boundary layers on adiabatic surfaces of
small-to-moderate longitudinal curvature. |

The primary objectives of our work are to
develop a fundamental theory of a transonic SBLI
region occurring downstream of a tangentially-
injected turbulent boundary layer on a curved wall
(Fig. 1) and then to present the results of a
parametric study of this theory showing the




relationship between the domlnant physical parave-
ters, the injection and the physics of the SBLI
zone. In Section 2, we briefly outline the non-
asymptotic triple deck theory of u SBLI zone on a
curved surfuce without tanjentiual i1njection, Then
by taking the SBLI zone sutficiently far down-
strean of the injection slut for mixing of the
wall jet and overlying turtalent boundary layer to
have produced a1 well-defined “"jet-hulged" boundary
layer profile, the interactive perturba-
tion fiel? «ased b porral shock interaction with
this wrofile 1= 3nalyzed in Section 3 Ly an exter-
sion of the aforementioned SBL! theory. This i=
followed in Section 4 by presentation and discuz-
sion of the results of a parametric study of this
extended sclution for the inteructive pressure,
displacerent thickness ind skin friction effects.

2. PBrief Nutline of the Basic SBLI Theory

2.1, The Trigle-Deck Model

It 135 well-known experimentally that when
separation occurs, the disturbance flow pattern
associ -*ed with normal shock-boundary layer inter-
action is a very complicated one involving a
Lifurcated shock natternl, whereas the unieparated
cise pertilnini to turbilent boundary layers up to
M 1.3 has instead a much cimpler type of inter-
action poattern which ic more amenable to analytical
trextrent (Fly. 2). The flow consists of =+ known
incomint isohboric turbulent noundary lavyer profile
Mo(y} zablected to s~ .1l transonic perturbations
dde to an 1moainging weak normal shock. In the
practic -1 Peynnlds number rane  of interest here
(Re 157 v 10%) we porposely egploy a non-
asyrptutic trivle-deck flow model 2 in the turbu-
lent boundary layer patterned after the Ligrerall-
Stratford-Hond . apnroich that has proven Lighly
successful 1n trecting 1 variety of other problers
involving turhbulent boandary layer response to
strong ragid adverse pressure gradients and which
1s supported by a large body of transonic and
supersonic interaction data. The resulting {low
mriel, Fig. 2, consists of an 1nviscid boundary
value probler surrounding a shock discontinuity
and underlaid by a thin shear stress-disturbance
sublayer that contains the upstream influence and
skin friction perturbations. An approximate
analytic solution is further achieved by assuming
small linearized disturhbances ahead of and hehind
the nonlinear shock jump plus neglect of the
detailed shock structure within the boundary layer,
which give accurate predictions for all the pro-
pertiles of engineering interest when M ~» 1.0%. The
resulting equations can be solved by operational
methods yielding the interactive pressure rise,
displacement thickness growth and the skin friction
beh svinr upstrean and downstreim of the shock
foot. This solution contains all the es~entia)
glohal features of the mixed transonic viscous
interactinn flow and detailed comparisons with
exveriment 3.4 and MNavier-Stokes numerical
solutions have shown that 1t gives a very Jnod
account of all the important enqgineerring features
of non-separating interactions over a wirde range
of Mach-Reynolds number conditions.

An important and unigue feature of this inter-~
actinon theory is that it employs for the incoming
turbulent boundary iayer velocity profile a very
general Composite Law of the Wall-Law of the Wake

profile model due to ﬂalzs, which is characterized

not only by the shock Mach numbe. Mg and the houn-
dary laver thickness Reynclds number Rege but zlso
Ly urbitrary noneuuilibrium values of the incom=~
prescible shupe factor #Hy,. The resulting predic-
tions, such as typically Illustrated in Fig. 2,
show that H{, has a very large effect on the loc.l
and Jownstreir interactive properties that is
important to account for in practical applications,
By therehy accomodating o wide range of poccible
upstrearn historiesz of pressure gradient, heat and
mass transfer, the theory has found wide-spreud
5uccess as an interactive module in glohal compos-
ite viscous-inviscid flow field anulysis programs
on supercritical ailr.oils and projectiles, while
1lso proving adaptable to the accomodation of new
effects.

2.2) wall Curvature and Shock Obliguity Effects

Since SHBLI with tangential injectinn often
arises in flows on curved surfuces, it 1o desire-
able to account for wall curvature effects in the
foreqgoing inter:ction thenry., For the srall to
moder ate curvatures usually encountaed (KL < 02,
details analy:xsso{ the transonic small d1€turance
flow in the cuter deck shows that while the
explicit new curvatire terms in the perturbation
equations are of the nesligible order L the
1nterzactive visoous dizplacerent cffect Tror the
underlying decks elirinates the well-known
invicerd shocr cangalurity while clightly alterans
the chock intw un ohligue econfilguration,  DbDetailed
exarinition of the raddle-deck reqion shows ot

4ny new terms in the anvicold rotationsl dictar-
bancr equations are of the neqligqable order B
only the curvature offect on the undistugoed
Loundaryp-layer veloucity and eddy viscosity profile
are of possible significance.  Here again, the
explicit Kiu teres 1in the governing equations of
this 1ncoming flow are 41l neqligible; however,
curvature cun moderately influence (10-206¢; the
eddy viscousity terms, with a concerquent of foct on
the bouandary-layoer profile an the form of L
friction reduction and shape {actor increasc o
Adescrited spproximately by the relationshaps

| 1,

C 1 = 4 iC
1 jN) 4 ()).(.{ flut

o 18]

. AL ; <
”"1 1 K u,[{"l'flut (4t

where to thic order of accuracy the corresponding
oftect on[} 12 neyliqibly small.,  Note, for

oxample, that the typical value K& - 0,01 yicld:
2 reduction and increase in CfO and Hey of 10 und
5¢, respectively.  ite gaze of TEqs. (1) and (2)

with the wWalz velocity profile model and K4 az an
additional i1nput parameter provides a good gnqin—
eering account of the modorate curvature effects
on the middle-deck intrraction solution. Within
the very thin inner disturbance shear stress deck
it 15 found yet again that the explicit curvature
effects on the various inertia, pressure gradient,
and laminat viscous terms 1n the disturbance flow
cquations are altogether neqgligible,  Moreover,
because of the cxtrome jnner-deck thinness, the
rddy viscosity curvature nf!ect’therein can also be
safely neglected for the high Reynulds number con-
ditions typifying most practical external aero-
dynamic {lows.
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Predictive results for the typical influence prartice.*
of Ksu on SBLI properties, which airee with exper-
irental oovservations, may e Yoand in Ret 6, While pocoessing s opoandary layer profile

ely shape that van be analytically modeled in a manner
e Ldverze Gpbronriate o the SBLI colation {see helow), thic
permits o simplified treatment of the
viscostity aspects of the interactive decks in
poundary layer, s follows., Experimental

they show that the curvature etftect ol
spreads out the interaction, weasenin

t!
vressuare oradient along the wiall, due srimarily to
ea shave factor. Since the irec.rare

hely redaces the incomrnag sround cry-layer

velocity vrofile tullness and spreslds out whe studtest2 ¥y vn shown thut tre usual Law of the \
Interaction, it further acts tu tnlcken the Jdowne~ wall cehavior und its sssociated mixing length
Poundiry laver while sligntly incressing addy viscosity model apwlies to the lower portion ¥
;1 7. arouand the shock tonr owind to the relow the jet maximum when the injection effect ic f

f
interactive vressare ar eilent.

the slight ahock cellguit; ut
the interactive

retards smill-to-moader ste (2u x Yo > 1.,80). Since the

. X T ~
thin distursance-sneatr streécs inner deck o! the
well within this Law of the wall

LI reqicn lies

o deraiied invasties Baw asturlyned reaion, while there are no eddy viscosity-associ-

cham Lo corresteonds wikh oL too XA atlon ot ated perturnation terms In the overlyina midile

condrtron of N1 lorlection.  Henoo tho tres- deex owing to the inviscid frozen-turbulence H
Sare riae to INOCK it natare of 1ts disturepance flow, helqgrt, it can be

wwn o that the form of L4ll the pasic triple~deck
iations in the aturermenticned SBLI theory can e

sfrective

. ﬁl = Mos1n 9% - 3 -1 i3 catrled over to the present rroclem provideld that
et f one fully © tor the wall jet effects on the
thereny allowing the onli andizvarteld :kin {riceion C{o, dizplacenent
ol dateld in the pr Tt Reynolds nunler Re , and (especially
21s reaaiele spe facter B as well as the pro-

!
tirle diotritution rtselr,

. Extension to Incluade in,ection

cropriate analvtical model ot the incor-

We recsll that the ntioned Interaction ins Lijer protfile was developed which
theory veds a.on o XNown shock 2t ndoan eroognts Cor che essential new wall-jet foutures
1ssumed incoting turvulent velocity 1le madel ol the flow wiiile also being well-suited to the

, T Lithtnill sressure distarbance eguation that is
1nvolved 1n the middle deck solution. It is
constructed ag the sum of a wall-~jet component and

characterized by the overall parumeter.

1
and Re .- In the problem at hand we nve 3 new
anigue "shape of wvelocity profile that eoxists Jdue to " i " .
. . . o "anbplown” component, where to be consistent
tangential blowing. In this section we will ve
L [N N with earlier work the latrer 135 represented by
concerned wich modeling such o protile and 1ts R ' R " B A
) . s . Wil Law o the wall Law of the Wake composite
assceciated wall-realon eddy viscosity behavior oy
profile crnaracterized by the three parameters Re |

a cenvenient cet of parameters that cnaractetize i’
_ A 4 i mdHy see Appendix A). Thus if v denotes
the essential new vhysical feataures and vet are o 1 : Tmax
Tlexible enoruh to uccomodate later specitic data the heprtht of the maximurm velocity u with o
: T Tmax max
ind to alluw paranetric sensitivity studies, ) . .
denoting the corresponding difference between qux

Md the untlown veloctity Jue to the wall et

when alr 15 tangentially injected throaan a

1ot of heigat nointo an overlying rouniiry layer afeo ee Fige v, the total profile is expressed
1t forms a4 Jet which 1s ontrainad by the surround- -

ing tlow (Fig, 5a0. Lnaediately downstre o of the ) .

slat, strong mixiag of these tlows ocours in <4 ' J‘.v}lz(.’" R (4

3 complicated aanner which = not e validly treated

‘ by Foandiry laver theory; in any event, the result-
ing composite velocity profile assuames @ ouni.gue
coaracter with o maximum and oy miniman (Fia. by,
As the flow procesds farther downstroam, experi-

where the will jet component lui{v) varies from

cera at oy = 0 {no slip) to its moximum value

iu at oy o=y and then decays outwardly
TaX TaX

towdrds rero, bécoming neglivible beyond some

g2 ) \ . characteristic jet-spread heiaht & . above vy
cental studies®have shown that the minimum is c mix ‘max
. . o i {we presume *  + vy «< &), Above y , we
rapidly eliminated by turther mixing o that when mix max max
X > h, the prosile attatns .« fully-developed have followed the experimentally-based work of
"wr-bulaed” shape (Frg. ¢ composed of an unblown- Carrjerre et at Yund represented Au by a modified
tvpe of turiulent boundary layer profile plus o sech”™ function whose slope at y a equals
- w11l 3ot comnponont contaning o velocity maximum - (du 1 dy such that the @oﬁal composite
walz v ———

near the wall. A5 this tully=-developed shape con-
vects Jdownstrea s, further mixing gradually de-
creases and spreals out the yet maximum (Pig. Hdd

3

\ .
prrofile cnrrnikfy has 4 maximum at Yma :

X

unt il the boundary layer ultimately tends toward gl ¥ ymdx N
N . . . SECH (¢ b+ ]
i oordiniry monotone profile shape in which the \ N 4
all MmN mix
. ret compoenent has been completely oliminated by T > (5)
- ]
entratnment.  In the present study of weak tran- e Yo SECH™$
sonte nors el shoox interaction with the boundary
: Twer downstream ot a tunaential injection slot, *The reaions upstream of the slot and very far
g we will Jdeal with the case where the shock inter-~ Jownstream where the profile maximum has dis-
‘ ’ acts with A get-bulgyea  type of profile (Fig. 50); appeared can ot course be handled by the existing

this i the aost interesting encountered in "unhlown" version of the present SBLI theory.
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where

Cx Cx
doeslind =5 - Ind - )] (58)
is a phasing factor insuring the maximum in total
velocity 1t Ymax and

C . (5 . /AU ) [3bu eyl

X mix max max
1s a4 laters! spreading constant (typically = .15
to avold secondary profile maxima above ymax)'
Below y  , on the other hand, we require a func-

tion~.l representation that gives a reasonable
monotonic shape and matches smoothly to Ey. (5) at
. Furthermore, we desire some control over
tgo wall slope in order to represent injection
eftects on the local skin friction 4&Cf . The
specific constraints on this functional choice are
(a) only one maximum in the total composite profile

at y = Y ax (b) a match with the value and slope

of the upper du(y) function at y , and (c) posi=~
tive values of the non-dimensional: slope

R d (4u.'uve)
“w ol duy Yo 1

leiding to nhysically reasonable skin friction
increments

=)

~_ =8 u 8.4 Repd U ; 6
b e Ree ) U Y hax (6

How condition (a) so severely restricts the class
of monotone functions it admits that no general
solution can be generated to accommodate a com-
pletely arbitrary combination of conditions (b)
and (c); whit can be found, however, are functions
which allow either un arbitrary choice of all

three parameters S , AU Y within a restric-
w max max

tive ranje or the choice of a wide range of values
for the two key parameters AU ith S

then cons e;uently determined Tgut "% fl within an
interesting range of resulting values). One such
tfunction which has proven quite satisfactory for
the purpuses of this investigation is

M X ¢ lexpc, ;1——) - 13

max max
Yy < ¥Yoax! (78

where the aforementioned matching conditions are
fulfilled if the constantsC satisfy the three

simultaneous relations 1.2,3
Cl - C3 (exp C2 -1 = LI (7B)
C - Cy,exnCy = -y (7C)
C1 - C3 = Sw (7D)

This trio is readily solved numerically during the
implementation of the velocity profile model by
using a standard non-linear simultaneous root-
finder subroutine.

The aforementioned provides a smooth,
piecewise-continuous and physically realistic
analytical model of a fully-turbulent boundary

layer downstrear of 4 tangential injection slot;

it captures the velocity overshoot and negative
vorticity region features unigue to this kind of
flow (F1g. &) while containing sufficient basic
parameterization to permit sensitivity studiec of
how the jet-bulge effect influences the SBLI zone,
Moreover, it has the advantage of allowing current
and later experimental data on turbulent wall-jet
boundary layer behuvior to e incorporated into the
interaction study without tying the present
research down to the much more difficult and
lengthy effort ot such experimental studies., The
weak houndary layer compressibility effects on

this profile tor sdiabatic transonic flow are

guite satisfactorily accounted for by the reference
temperature method.

3.2) Implementuatior of the Extended Theory

The foregoilng approach may be implemented by
several straightforward modifications to the
existing computer program for the zero~blowing
SBLI theory, as foullows. To include small-to-
moderate wall curvature effects (K& < ,01), we
add K¢ _ as an independent inpat variable and
accordingly wmodify the input values of Hi and CfO

according to Eqs. (1) and (2); furthermoré, we
eliminate the inviscid curvature singularity,
altering the normal shock to a slightly obligue
one at the boundary layer edge, by modifying the
input effective normal shock Mach number according
to Eq. (3). The influence cf tangential injection
is accomodated by introducing the two new input

parameters AU “U and y /% , characterizing
max e max o

the magnitude and height, respectively, of the
wall jet component effect; in addition, values of
the auxillary parameters C and S c¢an be set
within certain restricted ranqea. The projram
subroutine which evaluates the Walz turbulent
boundary layer velocity profile model is modified
to add the matched upper and lower wall jet-com-
ponent increm=nts pertaining to these inputs
(Egs. 4-7), using a Reference Temperature-Method
compressibility correction of the appropriate
parameters. Figure 7 illustrates some typical
boundary layer velocity profiles containing these
tangential injection effects. Using the adiabatic
temperture-velocity relationship

2.2
T*Ty,ant Te ™ Tu,ap! V70 (8)

the associated Mach number profile M (y) and its
derivative dM /4y (which are bhoth negded in the
subsequent SBEI solution routine) are calculated,
the corresponding mass floW and momentum defect

distributions 1 - and (1 - ————) L are also
oele pelUe’ ue

integrated across the boundary layer to obtain the
values of §*/6 and 0*/§, respectively, associated
with the wall jet effect. The resulting values of
the displacement thickness and shape factor are
shown in Figs. 8A and 8B, to illustrate how the
mass and momentum addition to the boundary layer
from the wall jet substantially decreases §* and
produces a greater profile "fullness" reflected in
a significantly reduced shape factor. Increasing

t 1 is formally possible to obtain negative
&* and o* for sufficiently large injection rates

(AUmax' say); consistent with our other assumptios,

however, we exclude such cases from this study.




the height of the jet maximum is seen to have a
similar effect, because this enhances the effective
strength of the injection effect on the boundaty
layer profile. Awareness of these overall integral
property effects proves helpful in interpreting the
predicted interaction properties yiven below.

Implementation of these wall jet-modifications
is quite straightforward, except to note that feed-
back of the aforementioned modified integral pro-
perties into the solution sequence must be properly
phased: since the wall jet eftect on the incoming
boundary layer profile shape is already included in
the M_(y) distribution used in solving the Light-
hiil interactive pressure eqguation, the feedback
must be Jone after this pressure disturbance
solution is carried out. Subseguent use of the
jet-altered values of §* and Cf, then further
influences the local interactive displuacement
thickening and skin friction solution results, To
illustrate the imvortance of this proper feedback
of the jet-influenced profile inteyral properties
a typical set of interactive pressure, Jdisplacement
thickness and skin friction distributions predicted
by the aforeme ticned extended theory are presented
in Fig. 9, showini the various relative effects of
tangential injection compared to the zero blowing
case. It Is seen that thre increased houndary
layer profile fullness and shape factor reduction
due to injection causes a significant stremwise
contraction of the inteructive pressure rise; this
18 in agreement with experimental observations
(see, @,4,, Fig. 116, p. 1323 ot Ret.l7 ). Accom-
oanying this contraction of the interaction zone,
the two main effects of injection on the ratio
a8*'§ * are seen to act with opposite and nearly
equal influence: while the profile shape-fuactor
effect of injection reduces 85*, the corresponding
reduction of S4* is approximately of the same mag-
nitude so that the averall change in a5*/8,* is
small. This implies that the net injection effect
on A§* scales apwvroximately with the correspond-
ing effect on o *. Turning to the interactive
skin friction behavior typified in Fig. 9c, it can
be seen that the increased Cf level due to the
wall jet effect dominates most of the interaction
zone both fore and aft of the shock except in the
vicinity of the shock foot; in this foot region,
the Cf reduction due to the steepened interactive
pressure gradient caused by injection becomes the
dominant effect and the local value of Cf_. is
actually reduced. sStated another way, the "SBLI
offoct adversely counteracts the otherwise favor-
able Cf increase Adue to injection.

The »forementioned tangential injection
effects on SBLI muay be readily understood from the
overall shape factor and displacement thickness
effects shown in Fig., 8: the reduced H and §&*
imply a thinner incoming turbulent boundary layer
with a somewhat higher Mach number deep in the
layer and a fuller profile shape typical of a
favorable upstream pressure gradient history, which
in view of the demonstrated sensitivity of SBLI to
the shape factor (#iy. 3} have the etfect of
reducing the streimwise scale and interactive
thickening while increasing the corresponding local
pressure ‘'radient.

3.3) Imbedded Reyions of Negative Vorticity and
Supersonic Flow in the Boundary Layer

It has been seen that the wall jet effect

results in a strata of negative vorticity flow
above the maximum deep down in the incoming boun-
dary layer profile (Fig. 6). Now, some earlier
basic studies of shock interaction with idealized
shear flows (simple velocity discontinuities) sug-
gest that such a strata of vorticity sign reversal
might signiticuntly alter the character of the
shock transmission and reflection across it, in
turn implying possible difficulty with the numeri-
cal solution acruss this strata of the Lighthllﬂa
interactive pressure disturbance equation in the
present SBLI theory (which involves a term

~ 3p)ay + AU /dy). We therefore examined this
point carefully, with the following reassuring
conclusion: provided that reasonable care is taken
to insure high numerical accuracy with an appro-
priately smaller step size Ay, the Lighthill equa~
tion solution is guite regular for any smooth
albeit rapid variation in sign (dMy,/dy) dcross the
strata. Hence the overall interaction solution is
modified, but not fundamentally altered, by the
presence of the negative vorticity due to the wall
jet effect and this is straightforwardly accounted
for by our modified velocity profile model in the
Lighthill equation and by the associated change of
the inteyral parameters. The underlying reason
for this lack of difficulty with rapid local vari-
ations in either magnitude or sign of dM, dy may
be found from an analysis of the large scale
features of Lighthill's eguation, which reveals
that its solution essentially depends only on
integrals, rather than on local details, of the

My ly) distribution across the boundary layer.

The presence of a local velocity maximum deep
within the boundary layer also raises another
possible ditticulty, when the wall jet effect is
sufficiently large, associated with the existence
of a strata of locally supersonic flow astride the
velocity maximum (Fig. 10). When this occurs, it
is seen that there are two special cases where
dM,/dy vanishes at a sonic point within the boun-
dary layer and where a local transonic sinqularity
in the Lighthill pressure equation solution there~
fore will occur: (a) at a tangential injection
rate where Up,y just goes sonic, and (b) at a
slichtly higher rate where the local minimum U goes
sonic higher up in the bcundary layer., In these
two isolated cases, there is a local breakdown of
the linearization underlying the Lighthill equation
and the resulting transonic singularity
which causes fundamental difficulties with the
numerical solution of this equation that can only
be cured by restoring {(at least locally) the appro-
priate non-linear transonic correction term, For
all other maximum wall jet velocities (including,
interestingly enough, the so-called "overblown™"
cases where Mpa,, > M,), the boundary layer con-
tains only one local sonic point that is well-
removed from dMy/dy = 0 (for subsonic
Unax it lies above y... while for supersonic Up,y
it liec below). 1In such normal cases, no funda-
mental difficulties were discerned,

4. Discussion of Parametric Study Results

The present theory has been used to carry
out a systematic study of how the key tangential
injection parameters influence the essential pro-
perties of a subsequent SBLI! zone. We now present
and discuss the results,

L
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4.11  Interactive Pressure and Displacement Thick-

ening

Typical pressure distributions, showing the
strong systematic contraction of the streamwise
interactive scale with increasing strength of the
wall jet component-effect, are illustrated in
Figure 11, A comprehensive summary of such
results showing the upstream and downstrear intlua-
ence distances (the distance ahead and benind the
shock where the pressure rise is 5% and 93¢,
respectively, of the overall shock jurp value) are
presented in Figures 12 and 13 as a function of
both the magnitude and location of the jet wvelncity
maximum for a typical supercritical flow of M, =
1.20. Additional plots showing the intluesnce of
thie 1ncoming (unblown) shape [actor, shook
strength and Reynolds number on the wall jet
effects are presented in Fiaures 14-17, Taxken
overall, these results show that tangentil
injection can significantly reduce the over 1!
upstream influence, and strongly reduce the down-
stream streamwise scale of the Interaction to o
degree comparable to, or greater than, the unblown
shane factor andsor Mach number eftects. ‘When
non-divensionalized in terms of 4 , the results
are not very sensitive to Reynolds number.

The corresponding systematic influence of
injection on the relative interactive displacement
thickness distribution 33*(x)/4,* is illustrated
in Fiyure 18, where we sce that the effect on
33+ (x} and 3p* largely cancel over a wide range of
wall jet strengths when presented in this ratioed
manner. iHowever, there is a significant injection
effect on the streamwise zlope of A*(x) at the
shock foot, which relates to the effective "vis-
cous wedge" angle sensed by the outer inviscid
flow; this effect is illustrated in Fig. 19, where
the stron increase of this slope with wall jet
strength may he clearly seen.

4.2) Incipient Separation

The present theory, although it breaks down at
separation, does yield a useful indication of
inciplent separation where Cf . 0, owing to the
particular attention paid to Tﬁg treatment of the
local interactive skin friction behavior. Since
this indication i1s of great practical interest, a
parametric study of incipient separation conditions
inherent in the preseont theory was carried ouot,

As a basis for comparison, the results for
flow without any tangential injection are shown in
Fig. 202 where the shock Mach number above which
incipient separation nccurs 1s plotted as a func~
tion of the Reynolds number with the shape factor
as a parameter; also shown in the figure is the
approximate experivental boundary determined by a
careful examination of a large number of
transonic interaction tests, besides Nussdorfer's'9

M ~ 1.30 criterion for turbulent flow. It is
sern that the theoretical prediction of a gradual
incrc s.. in the incipient separation Mach number
value with Revnolds number is in agreement with
the trend of this data. The theoretical predic-
tion of only a small influence of shape factor on
the incipient separation conditions is also borne
out by more recent datd as indicated in Fig. 20b.
Wwe note here that the absolute values of the
incipient separation Mach number predicted on the
basis of a normal shock are consistently under-

preclicted slghtly (faag. 2%a): when the shock
obliguity effect 3o modeled as described above, it
12 seen that tie present theory and experiment are
in jooud yreerent over 4 Wide range of Reynolds
narbers,

Tarning to the otfect of injection, we firct
note tror the tyiacal nehavior of the inteructive
Cf distriration around the shock foot isee, e.y.,
Fig. 90, that the net effect is expected tn de-
creane :{“xn (notwithstanding the overall upstreun
and downotrear increase in Cf otherwise due to
injection) .  As shown in Fig, 21, this is indeed
tound tes be the case: the wall jet effect of
increasin: the local interactive pressure gradient
15 ceen to husten the onset of incipient separation
at the shock foot for a gilven Reynolds number flow;
in the senze that separation occurs at a slightly
lower shock number as meax/ue is increased. This
1o of course in sharp contrast to the well-known!7
favorab.le effect of iniection in delaying separua-
tion observed for purely subsonic2l  flows with a
prescrined adverse pressure gradient, and is due to
the fact that the interaictive pressure gradient
enhancement effect of tangential injection in
locally reducing €t 15 ahzent in the latter flows.

4.3) Downstre . Vffecte

The SELI Q!!ﬂc} hi: heen shown in several com-
prehensive studies? 2 of supercritical airfoil
flow fields to have an appreciable influence on
both shock location and downstream boundary layer
tehavior, and hence 4 siqgnificant qglobal aerody-
namic influence, when the shock occurs downstream
2f 65-70% chord (Fig. 22). Therefore, the pre-
dicted influence of tangential injection on the
post-interactive boundary layer properties would
he of interest, az would the extent to which SBLI
slters the injected boundary layer behavior that
otherwise exicts downstream,

Now, we have seen above that tangential
injection reduces the SBLI displacement thicknoeso
gqrowth while ircreasing the downstream post-inter-
active Cf (Fig. 9¢). Alternativel,, we may view
SBLI as increasing the Jownstream &+, and hence
counteracting the thinning effect otherwise
obtained by the wall jet, while reducing the
injection-produced Cf enhancement; both these SBLI
effects makc the Loundary layer less resistant teo
separation in any subs. juent adverse pressure
gradient region it may encounter, and hence dimin-
ish the effectiveness of injection in otherwise
deluyingy downstream separation. Regarding the
skin friction, these conclusions are summarized 1n
Fig. 23, where there is shown the typical influ-
ence of increasing wall jet strength on the post-
interactive Cf: 1t is seen that while weak injec-
tion at first increases it slightly Aue to the
corresponding increase in Cf,, stronger injection
rates have the npposite etfect of lowering it (as
well as Cfpiy) because of the intensified adverse
pressure gradient effect.

5. Concluding Remarks

Viewed overall, the present study has shown
that the usual favorable tangential injection
effects of thinning out and delaying the separa-
tion of turbulent boundary layers in subsonic
flow can be significantly compromised by transonic
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shocx, houndary layer interaction.  Conversely, sach
injection was ween to appreciatly reduacs the
streamwise extent of an SBLI zone ilbeit with the
alliled consequence of intensifyving the local inter-
wtive adverse pressure gyradient and onset of
shock foot ser=r,tion., It nas further peen estab-
lished that a fundamentally-vased triple-deck
theory of SBLI with iInjection is rnow available to
treat these eftfects Iin elther external or internal
sapercrilticul flow tfield:: moreuver, this theory
has been constructed to serve as a locally insert-
avle interactive module istride the i1nviscid shock
Locativn, driven vy the sttendant local boandary
ver properties inclading an arbitrary non-
saallivriur shape factor.  Jonseguently it would
te vossinle to investigate in the future interest-
1na vrovler f olowlng In supercritical flow
t1elds, 1ncluiing the use of tanaencial injection
so rodify the inflaence of SBLI upon the viscous '
ed o ortect of supercritical airfoils==’-
the 1nciasy n of SBLI effects in viscousn-
n 1d flow rrelld analyvels programs for oircula-
ten-controlinzg alrfoils and winas flying at
vorcritice:l rliahe

i
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Appendix
Recaase of ito convenient analytical forew,
arite olended rerresentation of the
i the Wall = Law of the Wiake behavior and
renerality, we have adopted wWalz's model” for the
neorinyg tart clent Poundary laver upstreas of the
intersection,  Por

lined

low MMach n. er rmill heat

sonditions aproiriate to transonic inter-

1t o e satintactorily corrected Tor
siii1lls the Hoxkert Reference

Crature ander thes

coeoan tact, oothadable 1 oaccurady
517 ler to ueplezent than, the an

presstbhilit, translorration approach.

Let - be Coles' (incompressible) Waxke tunction
v ¢ and denote for convenience R .41 Re*
il T L T wieh o 76 and oy - 1.4 For a

. W ﬁ A . L .
cerfect gas; then the compressible form of wala's
ostte profile may he written

9 1 2 2
— = . —_— e B RS R T s R -2
= 1 1 e ( + (3-2n)
e .
R- R ~3R~
. ;ntir‘, - (L2105 4+ U8AoR-Ie 1 (=11

subrject to the following condition linking T to

a1
Cf T
[e] W»
T T

C ind Redi*
{ ]
e

Jeoe W21 s ingleky o= (A=2)

Eas. (A-1) and (A-2) have the following desirable
properties: (a} for n > .10 or 30 Uy Ue is domin-

ated by 4 Law of the Wake behaviour which correctly
satisfied both the outer limit conditions U U =+ 1
and dU . dy + 0 as n » 1; (b) on the other hand? for
very small 72 values, U  ussumes a Law of the wall -
type behavior consisting of a logarithmic term thuat
is exponentially damped out extremely close to the
wdll into a linear laminar sublayer profile

U= Reoas o+ 05 () Eg. (A=) may be differen-
tiafed w.r.t. n to yield an analytical expressirn
for dU dy also, which groves advantajeous in sclv-
iny the middle and inner deck interaction vroblernc
(see texti where dM |, dy must be known ard vanish at
the boundary layer gdgc.

The use of the Incurpressible forr of kg, (A1)
in the defining integral relations for * * and &_°*
vields the following relationship that links the
wake paramneter to the resulting i1ncompressible chape

tactor i LA - T I

1] 1 i1

) (h=3y

fiys. (A-2) uand (A-3) toygether with the defining
relation tfor R enable a rather general and conven-
ient parameterization of the profile {(and hence the
interaction that depends on (t! 1n terms of three
important physical gquantities: the cshock strength
(Me, !, the displacement thickness Reynolds number
Resl, the wall temperature ratio T..T_and tne
shape factor My that reflects the“prlor upstream
history of the incoming boundary layer including
possible precscure gradient and curface
fer effects, Wwith these parameters prescribed, the
aforementioned three equations may be solved simul-
taneously for the attendant skin friction Cfo, the

value of R oand, if desired, the - value appropriate
to these flow conditions,

references

1. Ackeret, .J. I, Feldman and N. Rott, "Invertiqa-
tion of Jompression Shocks and Boundary Layers
1n Gases Moving at High Speed," NACA TN-1113,
1947,

2. Inger, G. R.,, "Upstream Intluence and S$kin
Friction in Non-Separating Shock Turbulent
Boundary Layer Interactions," AIAA Paper
gd-1411, Snowmass, Colo., July 1980.

3, Inger, G. R.,, "Some Features of a Shock-Turbu-
lent Boundary Layer Interaction Theory in
Transonic Flow Field," AGARD CP-291, Symposium
on Computation of Viscous-Inviscid Interac-
tions, Colorado Springs, Colo., Sept. 1980,
pp. 18-1 to 18-66.

4. Inger, G. R., "Application of a Shock-Turbu-
lent Boundary Layer Interaction Theory in
Transonic Flowfield Analysis", Ch. 17 of
Transonic Aecrodynamics, Vol. 81, Progress in
Astronautics and Aeronautics, AIAA, 1982,

. Walz, A., "Boundary Layers of Flow and Temper-
ature,” M.I,T. Press, Cambridge, Mass., 1969,
pp. 113.

6. Inger, G. R., "Transonic Shock-Turbulent Boun-
dary layer Interaction and Incipient Separa-
tion on Curved Surfaces," AIAA Paper B1-1244,
Palo Alto, June, 1981. Jour. of Aircraft 20,
June 19831, pp. 571-74. -

7. Oswatitsch, K., and J. Zierep, "Das Problem




At i o e . .

19,

11.

14.

des senkrechten Stosses an einer Jekrummten
wand, * ™M 40, 1960, pp. 143-147.

Bradshaw, P., "Effects of Streamline Curvi-
ture on Turbulent Flow," Agardograph 169,
Auz. 1973,

Ceteci, T. "wWall Curvature and Transition
Eftfects in Turbulent Boundary Lavyers™, AIAA
Jour. 9, Sept. 1971, 18638-1870.

Inger, G. R., and H. Sobieczky, "Shock Obli-
quity Effect on Transonic Shock=-Boundary
Layer Interaction," ZAMM 58T, 1978,

Nandanan, M., Stanewsky, BE. and Inger, G. K.,
"A Computational Procedure for Truansonic Air-
foil Flow Including a Special Solution for
shock-Boundary Laver Interaction,™ ATAA Paper
H0-1389, Snowmass, Jolo,, July 198J. ALAA J.
Dec. '81, January 1932,

M. P. Escudier, W. B. Nicoll, D. B, Spalding,
and J. M. Whitelaw, "Decay of a Velocity
Maximum in a Turvulent Boundary Layer," Aero
luart. Vol. XVIIL, vt. 2, May 1967, pp. 121-
132.

Dvorak, £. A., "Calculation of Turbulent
Boundary Layers and Wall Jets Uver Curved
surfaces,™ AIAA Jour. 11, April 1973, Po.
517-22, -

Hubbartt, J. E. and D. H. Neale, "wall Laver
of Plane Turbulent Wall Jets Without Pressure
Gradients", J. of Aircraft 9, March 1972,

pp. 195-196. -

Carriere, P., E. Eichelbrenner and ph.
Poisson-Quinton, "Contribution Theoretijqus et
Experimentale a L'Etude du Controle de 13
Couche Limite par Souftlange," in Advances in
Aeronautical Sciences, Vol, 2, Porgamon Pr
1959,

16,

24,

Burg:r«f, .. W., "Tne Corprescibality Trans-
tourmation anl the Turbulent Boundary Layer
Eqastion,” Jour, of the Aeraspace Sci,
1992, L. 434-439.

Chany , P, Control ol [low Separation, per-

gunon Press, N.Y. 1972; p. 330-37%, plas 1323,

Lightnill, M, J., "on Bounldary Layers und

Uwstrew Influence, 11, Superconle Flow with

Separation,” Proceedings of the Poyal Society
oy, Vol, 217, 1953, po. 478=507.

Hu sdorfer, T. J., “"Some Observations of Shock
Imluced Turhbulent Separastion on Supersonic
Dittasors," NACKA RM ESLLZA, Muay 1956,

Sirieix, M., J. Delery und E, Staneswiy,

"High Revnol-ds Number Boundary Layer=5hock
vave Interaiction in Tranconic Flow", Lecture
Notes in rhysics, Sprinjer-Verlag, 1952,
Burley, ¥, k., and D. P. Huung, “"Experiment.l

nad Anslyticsl Results of Tangential Blowing
Applicd to a Sutsonic VSTOL Inlet," ATAA
Paper 52-1084, June 1982.

Leknuadyi:, S. S., G, K. Tnger and M, Khan,
"Comppdt ation ob the ‘llscous Transonic Flow
Around Alrtorlo witt “arling Fdage Effect:
ind roper Treotme: . the shock=~Boundury
AL Paper 82-398%, ut,

Layer Interactior
Louis, June, 19#C
Melnick, R, F., ! tied and H. P. Mead,

“Theory of Visco ansonic Flow Over ~Air-

fo1ls at Hith Re teotlumber " ATAA D
Juni- 197
nt, BB analent Bouniary Layers

in Compresable Plurds,” tour. o

nudt. Ser. 1+, Mareh 1atl,

NON~INTERACTED -
BOUNDARY LAYER

-
INJECTION /

SLOT

Fig. 1 Interaction problem
Configuration




-
‘]
3 NORMAL SHOCK
s - M..'
LINEARIZED LINEARIZED
SUPERSONIC SUBSONIC
DISPLACED EDGE
; INCOMING PROFILE Y —
| . X 4
; LY ——rp — e o = = - — — e
! Mo'r! sonc ROTATIONAL INVISCID FLOW WITH
: ¥ | Iine FROZEN TOTAL SHEAR STRESS
1 =
{ ’Z:(y) = TWa ”J:"‘ s olaambous Lntoameb neaslennt” SiiNg
? T M leo M AT y A/ A
. THIN SHEAR-DISTURBANCE SUBLAYER
- Ly oot 1 N [
92,4
1. . L
M =120 |
Rers = 3.5xl0*
></c{°
! 4 3 4
< . 3 Shiopae el ot Bresoee
’ o dnteractave Cropost e
3 s Wall Presrure
: ! DEoploavnient Thack. s
Skin Practyoan
k _ a2, S
k- f}_’:@i{’:{;ﬁ"l TRy p My=1233  —o0— EXPERIMENT
8. L P M .
9"&7“- ‘ “ B! i IR o l === = INTERACTION THEORY WITH
4 i © HUGONIOT SHOCK JUMP
| RELATIONS
F -08|- ol
i :\ e x- - INTERACTION THEORY WITH
; f SHOCK JUMP RELATIONS FOR
- -06|—f -} - - {} MAXIMUM STREAM DEFLECTION
o
- -0¢ e ' S S
I : D.o
}
Lo Bty Dbert I I s Bt B A\ )
to Vs Dtfecta
0 L)J

n2 03 04 O0OS 06 x/c07 08




e —

WALL
X JET

Schematic of Turbulont
doundary Laver Develoomen

o s Prr—- > s .

Dowrstrear OF aoh ol et

INCIDENT SHOCK

u» M, >

NURSCNIC

SUPFRSONIC

—Y

N E—

MOGel tor the Wall et
Eitect on the Turbulent

———— SINIC Bound iy Layer Velocity

Proggle

b
Ctyoavis
{’ T
7y r—,'vv—rvv - -
E)
A
g
I:'
iyl 7

Popsical Turbulent DBoandary
faver Proliles with
[njection

' M,= 1,20, Reg, = 3.5x10*
Hi, = 1.40 (unBLowN)

10




[ —— -
L
1 - {a) Jisplucement Thickness (t) Shape =actor
3
b &o"/d, H,
; 2.0
| 18 ~ _
: My= 1,20
; R&’d& = 3-;)“0*
' ke __l'kl]vo P,Loww? "74_'0‘7
s ——
:
(K .05
i ‘me/d:, =.20
2 A i s — e — R S i
’20 A 2 3 + y £ ” 2
Almax/ Ue Alunys e
Frij. 8 #lowing Ittect on Integr sl Properties of the boun e o Lo
i s renoure
M,=120
Reje= 3sei0t
_ Hi vopios Mi AUmix/lle =5
ymxld.o =.08 .
AC g0 = +S /0
o= ’:Y . o R . -
A
SHOCK
' A * Jt
f Ad¥ WITY BOTH PROFLE SWAPE Anp CA¥- EFFects
| st oF BLowWING it
Yy e
-~
e binplacerent Thickne o ST
- “Fo BLowns

'/ -
/(;;ome SWAPE EFFECT or
: -£rreet)

Browne oY (No dp*

\j
x
\

[~

Fig,. 9 Typical Blowing Effects on
Interactive Property Distributions

' 11




ALL BLOWING EFFECTS,
INcLUdING ACEK=4.5¢10

SKin Friction

WirW PROFILE
SHAPE AND oh"-
EFFECTS oF BlLowiNG
ONLY

s

rig. 3 (Continuea)

Fig. 10

sonic and Supersonic
Reygions within a Blown
Boundary layer (Schematic)

1,40 (UNBL/IN)

Fig. 11

Pacametric Study of wall
Jet-Effect on Interaction

Pressure bistribution




!!11 = 1,40 (Unblown)

/( DowN / O(o'

B e I I e ‘/mr/é
.28

———t
b .08 S0 o5 .20

Frg. 12 Slowing BEftect on
Upstrewr Int luence. 2

? Distance
‘
i
e _\. e - - ywn/cc
[ 05 A0 s 20 25
Prae b3 B owgn mttect oon Ivean
itreesr Intlaence Drotoance
¥ s
max
[
1 Ly 16,
TN i
'“L = l.a e lown)
4
3.5xJ0
S
(3
— — |0
TaX e
= 1.15
Py, 14
Reynold: and Mach Number g \
fftects on Blown N
N
: pstream Influence Dist anee N
=
\\\
0 Jwa‘o——-—-—»-. e et =P .3['m1 "
0 .2 .4 .6 .t T
1
{

Fig. 15 Reynolds and Mach Numpher Effects on Blown

Downstream Influence Distance

2.




A ERPASOND, P i £ 2 2«

AN s 4 NI s ¢ — vt Fo

Looun/ S

i1y {Unt-Lown=1.4%

Y

¥
+ + +
N . N
¥
shape hctor fttect an
Blown fpetre o0 In AT

[
S
.

it

shape Pactor
Blown Downst
Int luence

Fig. 16 .rametric gJtudy of wall
Jet- rffect on
Interactive Displacement
Thickness vistribution

SHOCK

Fig. 19 Injection Effect on
Viscous wWedye Angle

Hooo - 1.
{

tan 3 (tan ,‘i\.‘w B (v

h

x.x‘L

17

Eftect
ream

d0anelown

n

14




TNCI. skp WITH SHOUK OBLIQUITY CORRECT I
1.50 T “"‘J e o
ALL AVATLABLE DALA
1.40 - S SN ”;; < 1500 604
Nusadorfer
—_— - 170 _
A 1.30 4 gﬁ"ﬂ“‘"’r I
oS Sumber ELLect 1.70 l PRESENT TKTLKACTION THLORY
e e ‘ 1.20 TOWITH SORIAL SHOCH)
140 ‘
1.10 e —L—» - ——
|
1.00 t e s 1
10° 108 10’ 10 10
.
[SS NN
14t N SEPARATED
ONERA DATA
13t zzmb
PRESENT L —
THEORY
‘-20 R 07) Shape tactor Toet
( Bey= UMSEFARATED
11+
3 e 4 ‘l
10 ‘ + ' P
12 13 14 15 16
Plaec 20 Muen sinmbeer ton Thedorent Seporation ot Shoek oot
Cfm’w/c)f)
4 \
Allwy _
sl Ue
L[]
.10
/25
04 B /50
/.70
.30 ‘JMX ='05-J° 4
Rego=3.510 Fia.
He mosiow =140
‘2.. . ——— Blowing Dl foct on
Predicted Incrpaent
Soeparat ron
A1
. 04—t * + — + —~+— M‘
1.00 .10 Lo \\\Y 130
Wy
‘ 2
. 1%
i




. ——e— T e o S I . . 1. o poy
—— . R
STRONG INTERACTION REGIONS
SENSITIVE TO INCOMING
. 47" BOUNDARY LAYER
@ SHOCK-DISTORTED DOWNSTREAM
BOUNDARY LAYER
iy, 22 Schematic of Global
Viscous-1Inviscii
Interaction Problem on
Supercritical Airfoils
¢oox 10
|
o
f
s+ __/ O
/ ﬂ/
-
J/ ;.;1 l.in,Re = 300 x 12
BLOWING EFFECT OF [NCRUASED Hip o= Lode i downn
INTERACTIVE dp dX DOMINATES
[ AR J bom s
frme - S — co— — — <
—— down
\\
-~ c o, -~
min =~
0 J_____..———O————~——o———4—-——+———~—--——+—ﬂ‘- Mix e
0 2 .4 N oo
.
Fig. 23 Blowing Effects on
Downstream Skin Friction .
level
16
’






