
REPORT DOCUMENTATION PAGE Pb" Aovoo.
OMS8 No. 7od-O15

of T0 to Isd j ta 4 to S~ It w DOW q r mvw ' 00 'es o Wm .-a L 1361." 1-0oc o fu w

I. A694C U&MV(** Ak .REPORT DATE 3. REPORT TYPE AND DATE$ COVERED
1.~~~~ AJENn US1983(~vb~f Final (I Dec 81- 30 Nov 92In 1LTITL AND LNITTLA5. 041'?v4NG NUMRS

N THREE-DIIMENSlONAL INTERACTION EFFECTS IN HIGH SPEED
BOUNDARY LAYER FLOWS" 611021F

L AUTHO"$ 2307/K I

G.R. Inger

7. P111FONNG OSGANIZATION NAME() AND ADORESS(ES) 11. PtIFOOIING ORGANIZATICOW
University of Colorado REOR NUMBER
Dept of Aerospace Engineering ~~'
Boulder, CO 80309

9. SPONSORM/ONITORING AGENCY NAM(S) AND ADOOMSS41S) 10. SPONSORING /MOWTfORMG
A4ENCY REPORT NUAMIR

AFOSR
BLDG 410
BAFB DC 20332-6448AFS-205

ii. S4JPPLMWARY NOTES

12a. DiSTEUUTIONI AVAILAWUTY STATEMENT 1&DSRIINCD

.*. ASSTUACT (MAmm w20? wJ

DTICS~~ DbC 1989

14. SUAJECT TERMS IS. NUMSER Of PAGE!
7

IL. PRICE CODE

17 SECURITY CLASSIFICATION 18. SECURITY CLASSIFICATION 12. SECURITY CLASSIFICATION 20. UITATION OF ABSTRACT
OF REPORT OF TIlS PAGE OF A&STRACT

unclassified I unclassified I I_______I___

NSN 7540-O1-2W0SS0O Standard Form 298 (890104 Oraft)OK 112IAid.Il



a a I

Final Report on the First Year Effort

AFOSR * 82-0056

Three-Dimensional Interaction Effects in High
Speed Boundary Layer Flows

Dr. G.R. Inger

University of Colorado at Boulder

Jan. 3 , 1983

I -.



1. Introduction

The objective of this research is the basic theoretical investigation of

three-dimensional pressure, skin friction and heat transfer 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.

The aforementioned need has led to a systematic basic research effort

treating in parallel the twin problems of (1) viscous-inviscid interaction

with flow separation and/or atuachment and (2) three-dimcnsional effects

(including those due to strea=wise vortices) in high-speed laminar and tur-

bui=nL boyaaary layer flows. Such a study was initiated October 1, 1971 and

has continued under AFOSR support. To date, it has been very successful both

in solving a nuzber of the tar er f!:w orcoiems and in developing new ideas and

tools 1- 5. 'aricular hre-diensional extension of success-

ful non-as:::::f: trple ezk :e r fzcr zwc-dimensional shock - turbulent

bc-ndary -- in:eractions -was iedn cc!laboration with the Princeton
Grou 's ... ....... . s udi s -

Gr.c's _stu .... 1-. ineracticn ,hencmena illustrated

in Fig. 1 s rnort su.ar...S :..r e .oress during the past year.

first Year's Prnor:::

T- - .initiated in 1931 was un-erstcod to be a long range multi-year

eff:-t; i-.. . fa year at t"- "Lniversty cf Colorado, we therefore con-

cent:: Strength.ening and extending certain key aspects of our analv:-

ical tri ' model approach in two-dimensional flow to expedite its sub-

sequent aD 1 -cation to the more general three-dimensional case. These activities

have gone vey well.



As part of a substantial involvement in the detailed research, the

principal investigator familiarized himself with the Fast Fourier Transform

("FFT") technique and its operational mathematical content, since this may

well be an important component in t.he actual solution techniques of the 3-D

problem. Moreover, we have succeeded in extending Lighthill's 9 classical

interaction theory (as well as Inger's generalization to turbulent flow 6 )

to include wall suction or blowing effects; the results, which are in the

process of final completion, provide for the first time a really fundamentally-

based analytic theory for understanding and calculating these important effects

in a variety of specific supersonic SELI problems in either external aero-

dynamic or internal inlet flows. Comparisons will be made with available ex-

perimental studies such as those carried out at Ca~rbridge, NASA-Lewis and

(especially) at the University of Poitiers by LeBlanc, with whom the author

has establisaez :ollaboration unCer ne aegis of an earlier NATO travel grant.

We intend t::r=- several _a- : :.zf!aiers on this work for future

technical - -. 3 7resenta'n n -. publicacion.

.. rtunat a aaiproximate but accurate closed-

fort sc-- - e triple- .. the turbulent case

whih az esorz -:: I the major h:.::zi features of the interaction zone (see

Fi;. 2); s " achieved cy inn a small (but NOT negligible) lateral

.- --.. rcxmaticn vaieds a verys elegant and revealing analyt-

ica! ,'----..--en bectr, this a7croximation appears adatable to the 3-D case

we E:_, z cu_ considerablv s ~ncliy. its more formidable numerical as-

pects w:------- ng the 3-D interactive physics involved. Furthermore,

we carried adetailed study of' the available turbulence eddy-viscosity

modeis suit_-e t the Law of the Wall region in three-dimensional turbulent

-2-



boundary lavers (this is very important to the inner deck part of our 3-D

triple deck approach). One consequence of this was the formulation of a

new 3-D Law of the Wall theory for incipiently-separating conditions, which

is the appropriate generalization of the Stratford 10wall velocity profile

model at incipient separation in 2-D flow. A parametric study of the re-

culting universal non-dimensional profile solutions as a function of the

basic spanwise-streamwise pressure gradient ratio parameter involve"- was

completed.

During this activity, we mraintained a good technical collaboration with

Dr. Settles of Princeton including a day-long visit to his Laboratory in

April. We are making our theorezical developments available to assist, for

example, interpretation of his 3-D upstream influence rneasurements on the

swept ramp problem while he in zurn. has ketus up to date on the experi-

As 7-=--: :1nzs researcze:c: ::ia liaison has also been main-

oa~-e~ ~ - - rele ,.- --- -- r -n 'Westera Europe with whom mutual

1-=t~ ~~2hs '- the p)ast (e.g., Professor Klaus

Ce_-- _n cf 7.uhr Unvri~ ~~:-and Dr. H. Stanewskv of the D'FVLR-

D~,.rs. La u Ar rzoneau. of the CEAT in Po-tiers,

-nsso, xeor :r Sir M.j. Lichthill of the Uriiver-

a.Valuabl1e t- sc- f al aS usior. o f vi Scous- invis cid inter-

yore~eacvaz' the e:71-"e durir.7 a= trip to Europe last

r ar- cct=c -. as es:'-i se. .:i. Dr. Ray Stalker (Univer-

s--,-Tv*.m is apioneer orr nthe 3-D interaction problem.
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