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ANALYTICAL MODELING OF CIRCUIT AERODYNAMICS IN THE NEW NASA LEWIS ALTITUDE WIND TUNNEL 

Charles E. Towne, LOU1S A. Povlnelll, Wllllam G. Kunlk, 
Kenneth K. Muramoto, and Chrlstopher E. Hughes 
Natlonal Aeronautlcs and Space Admlnlstratlon 

Lewls Research Center 
Cleveland, OhlO 44135 

and 

Ralph Levy 
SClentlflc Research Assoclates 
Glastonbury, Connectlcut 06033 

Abstract 

An extenslve analytlcal and experlmental mod
ellng effort lS underway at NASA LeW1S Research 
Center as part of the program to rehabllltate and 
extend the capablllty of the Altltude Wlnd Tunnel 
(AWT). The analytlcal modellng program lnvolves 
the use of advanced aXlsymmetrlC and three
dlmenslonal V1SCOUS analyses to compute the flow 
through the varlOUS AWT components. In thlS 
paper, results obtalned to date are presented for 
the analytlcal modellng of the hlgh speed leg 
aerodynamlcs. These lnclude an evaluatlon of the 
flow quallty at the entrance to the test sectlon, 
an lnvestlgatlon of the effects of test sectlon 
bleed for dlfferent model blockages, and an exam
lnatlon of three-dlmenslonal effects ln the dlf
fuser due to reentry flow and due to the change 
ln cross-sectlonal shape of the exhaust scoop. 

I ntroduct lOn 

An effort lS currently underway at the NASA 
Lewls Research Center to rehabllltate the Altltude 
Wlnd Tunnel (AWT) ln order to provlde a unlque 
natlonal subsonlc propulslon, lClng, and aero
acoustlC faclllty. Modlflcatlons to be made to 
the eXlstlng tunnel lnclude (1) a new drlve motor 
system, lncreaslng the maXlmum test sectlon Mach 
number from around 0.6 to nearly 1.0, (2) the 
addltlon of lClng and acoustlc testlng capablll
tles, (3) a new octagonal test sectlon wlth longl
tudlnally slotted walls and reentry flaps for 
boundary layer and model blockage control, (4) an 
lndependently powered plenum evacuatlon system 
(PES), (5) a new, shorter contractlon sectlon, 
(6) a new tunnel heat exchanger, (7) a new englne 
exhaust removal scoop, and (8) new turnlng vanes. 
An descrlptlon of the capabllltles of the new tun
nel lS presented by Chamberlln and Mlller,l and 
detalls on ltS use for lClng research are pre
sented by Blaha and Shaw. 2 

As part of thlS effort, lntenslve experlmental 
and analytlcal modellng programs have begun at 
NASA Lewls. The purpose of the modellng work lS 
to assess the performance of the new AWT deslgn, 
study the lnevltable problems that wlll arlse, and 
lnvestlgate proposed deslgn changes. The experl
mental program wlll prlmarlly utlllze 1/10 scale 
component and complete loop models. These models 
wlll be falthful representatlons of the full-scale 
faclllty, lncludlng features such as slotted 
walls, reentry flaps, and a plenum evacuatlon sys
tem. An overVlew of the entlre modellng effort lS 
presented by Abbott, et al. 3 
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The present paper concentrates on the analyt
lcal modellng of the aerodynamlcs In the hlgh 
speed leg. ThlS effort lnvolves the use of 
recently developed aXlsymmetrlc and three
dlmenslonal analyses to compute and evaluate the 
flow through the varlOUS AWT components. 

Wlnd Tunnel Descrlptlon 

The new Altltude Wlnd Tunnel lS shown ln 
Flg. 1, and compared wlth the eXlstlng tunnel ln 
Flg. 2. The new tunnel dlffers from the eXlstlng 
tunnel ln several respects, especlally ln the hlgh 
speed and back legs. 

In the settllng chamber upstream of the con
tractlon sectlon elther a water spray system or a 
honeycomb/screen comblnatlon wlll be present, 
dependlng on whether or not an lClng test lS belng 
run. The contours of the contractlon sectlon 
ltself have been modlfled to shorten lt and ellm
lnate the sharp corner at the lnlet. The cross 
sectlon of the contractlon tranSltlons from a 
clrcle 51 ft ln dlameter at the entrance to an 
octagon wlth an equlvalent dlameter of 20 ft at 
the eXlt. The contractlon ratlo lS thus 6.5. 

The test sectlon has been lengthened from 40 
to 55 ft, and the cross sectlon has been changed 
from clrcular to octagonal. Although the nomlnal 
equlvalent dlameter of the test sectlon lS 20 ft, 
four of the elght sldes dlverge Sllghtly to allow 
for boundary layer growth. Longltudlnal bleed 
slots at the vertlces of the octagon are used for 
boundary layer and model blockage control. Remov
able lnserts allow the poroslty to vary from 0.0 
to 20.0 percent. The test sectlon lS surrounded 
by a 40 ft dlameter plenum. Flow bled off from 
the test sectlon may thus reenter the tunnel 
through the downstream end of the slots, or 
through a set of elght reentry flaps at the 
entrance to the hlgh speed dlffuser. Addltlonal 
bleed capaclty lS provlded by an lndependently 
powered plenum evacuatlon system (PES). Flow bled 
off through the PES reenters the tunnel downstream 
of the fan ln the back leg. Wlth the PES, the 
maXlmum bleed capaclty lS about 12 percent of the 
total tunnel mass flow. The operatlng envelope 
for the test sectlon lS shown ln Flg. 3. 

The entrance to the hlgh speed dlffuser has 
been modlfled to accommodate the reentry flaps, 
and to change the cross sectlon from octagonal to 
clrcular. At the entrance the equlvalent radlus 
lS 10.0537 ft, and at the eXlt the radlus lS 
13.5 ft. A new nonremovable englne exhaust scoop 
has been added to allow testlng wlth an operatlng 
englne. A closed scoop tlP wlll be added for non-
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propuls1on tests. The cross sect10n of the open 
t1pped scoop trans1t1ons from a 2.5 ft outs1de 
d1ameter c1rcle at the entrance to a 6.67 by 
12.67 ft ell1pse at the d1ffuser eX1t stat1on. 
The scoop then cont1nues w1th a constant cross 
sect10n stra1ght through the turn1ng vanes and 
the wall 1n corner one. Tak1ng the scoop 1nto 
account, the d1ffuser area rat10 lS thus 1.59. 

New turn1ng vanes have been des1gned for all 
four corners. In corners one and two, downstream 
of the h1gh speed d1ffuser, a new low-loss des1gn 
lS be1ng used. In corners three and four, where 
the veloc1t1es w1ll be much lower, a slmple 
c1rcular-arc des1gn lS used. The slde legs 1n the 
new AWT are 1dent1cal to those 1n the or1g1nal 
tunnel. 

The back leg has been completely redes1gned. 
A new dr1ve system 1ncreases the maX1mum test sec
t10n Mach number from 0.6 to nearly 1.0. Makeup 
a1r and the PES a1r are re1nJected 1nto the tunnel 
1n the back leg downstream of the fan. A new 
"bl1ster" cooler concept has been 1ncorporated 
1nto the back leg to accommodate the greater cool-
1ng capac1ty needed 1n the new tunnel. Immed1-
ately downstream of the cooler lS an acoust1c 
sllencer. For acoust1C test1ng, treatment lS also 
used 1n the test sect1on, and on the turn1ng vanes 
1n corners three and four. 

Analyt1cal Model1ng Approach 

Because the state-of-the-art 1n computat1onal 
flu1d mechan1cs has advanced slgn1f1cantly 1n the 
last few years, more SOph1st1cated analyses are 
ava1lable for model1ng the AWT than were ava1lable 
for earl1er w1nd tunnels. In the AWT model1ng, 
emphas1s has been placed on aX1symmetr1c and 
three-d1mens1onal V1SCOUS analyses. In Table 1 
the computer codes used for the var10US AWT com
ponents are 11sted, along w1th br1ef 40mments 
about the ~low be1ng computed. VISTA ,5, ADD6, 
and PAN PER are bas1cally aX1symmetr1c fully 
V1SCOUS "parabol1zed" Nav1er-Stokes analyses, 
although all 1nclude sW1rl. In add1t1on, ADD can 
1nclude the effects of struts. PANPER lS actually 
a verS10n of the ADD code that 1ncludes the 
effects of a rotat1ng propeller by 1ncorpor~t1ng 
a llft1ng llne analys1s. NApS and DENTON9,10 
are, respect1vely, aX1symmetr1c and three
d1mens1onal 1nv1sc1d Euler analyses. PEPSIGll-13 
and PEPSIM14 are three-d1mens1onal fully V1SCOUS 
"parabol1zed" Nav1er-Stokes analyses. The capa
b1l1t1es of all of these codes have been prev1-
ously ver1f1ed and documented by compar1son w1th 
a var1ety of benchmark exper1mental data, so that 
a h1gh degree of conf1dence eX1sts 1n the1r use. 

Note that eX1st1ng computer codes are be1ng 
used where poss1ble. However, several mod1f1ca
t10ns to eX1st1ng codes are also be1ng made to 
address spec1f1c AWT features. In part1cular, the 
PEPSIG code lS be1ng mod1f1ed, under contract w1th 
SC1ent1f1c Research Assoc1ates, to exam1ne the 
c1rcular-to-octagonal trans1t1on 1n the contrac
t10n sect1on, the slotted wall test sect1on, and 
the nonax1symmetr1c exhaust scoop 1n the h1gh
speed d1ffuser. 
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Computed Results 

Contract1on Sect10n 

One of the f1rst AWT components to be 1nves
t1gated was the contract1on sect1on. The most 
1mportant cr1ter1a 1n assess1ng contract1on sec
t10n performance lS the qual1ty of the flow 1t 
del1vers to the test sect1on. To quant1fy th1S, 
a d1stort1on parameter was def1ned as the d1ffer
ence between the maX1mum and m1n1mum streamW1se 
veloc1t1es (outs1de the boundary layer), nond1men
slonal1zed by the area-we1ghted average veloc1ty. 
For the M ; O.S cond1t1on, a d1stort1on level less 
than 2.5 percent was des1red. The d1stort1on 
levels computed uS1ng the VISTA code are plotted 
as a funct10n of nom1nal test sect10n Mach number 
1n F1g. 4. (Because the mod1f1cat1ons to the 
PEPSIG code needed for the c1rcular-to-octagonal 
trans1t1on are not yet complete, only aX1symmetr1c 
results are presented here). Values between 1.0 
to 1.5 percent are pred1cted at the contract1on 
sect10n eX1t, fall1ng to below 0.1 percent 10 ft 
downstream. These values appear to be 1ndependent 
of tunnel pressure alt1tude. Also shown 1n F1g. 4 
are the values at the Mach O.S cond1t1on computed 
as part of the prel1m1nary eng1neer1ng study by 
Sverdrup Technology, Inc. 15 , uS1ng the method 
of Reference 16 1n an 1nv1sc1d mode. These values 
are Sllghtly h1gher, generally between 1.5 to 2.0 
percent at the contract1on sect10n eX1t, but also 
fall1ng to below 0.1 percent 10 ft downstream. 

In the preced1ng results, the 1n1t1al boundary 
layer th1ckness was two ft. Slnce the actual 
value may be d1fferent, add1t1onal cases were run 
at the Mach O.S and 32 000 ft cond1t1on to deter
m1ne the effect of the 1n1t1al boundary layer 
th1ckness on the d1stort1on level. The results 
are shown 1n F1g. 5. Over the range stud1ed, the 
d1stort1on level lS essent1ally constant. 

Another flow qual1ty factor lS the boundary 
layer th1ckness 1n the test sect1on. In F1g. 6, 
boundary layer th1ckness lS plotted as a funct10n 
of test sect10n Mach number. The alt1tude cond1-
t10ns along the total temperature llm1t llne 1n 
F1g. 3 were used for all Mach numbers. In add1-
t10n two other alt1tude cond1t1ons were run at the 
Mach 0.2 and O.S cond1t1ons. The boundary layer 
has th1nned from 2.0 ft at the contract1on sect10n 
entrance to 0.20 to 0.25 ft at the eX1t, then 
1ncreases to 0.35 to 0.40 ft 10 ft downstream. 
The results are only weak funct10ns of alt1tude 
and Mach number. The effect of the 1n1t1al bound
ary layer th1ckness on the f1nal boundary layer 
th1ckness 1S shown 1n F1g. 7. These results are 
for the Mach O.S, 32 000 ft alt1tude cond1t1on. 
As w1th the d1stort1on, the f1nal boundary layer 
th1ckness 1S essent1ally constant. 

The above results for d1stort1on and boundary 
layer th1ckness 1nd1cate that the redes1gned con
tract10n sect10n meets the mean flow qual1ty 
requ1rements for the new AWT. However, another 
1tem of concern lS the poss1b1l1ty of flow separa
t10n near the 1nlet to the contract1on sect1on. 
The streamw1se veloc1ty prof1les computed by the 
VISTA code for the Mach O.S, 32 000 ft alt1tude 
cond1t1on are presented 1n F1g. S. Although 1t 
can't be seen 1n the f1gure, the flow 1S close to 
separat10n near the bellmouth entrance. The pro
f1les downstream are not affected, however, and 



the boundary layer becomes much thlnner as the 
flow accelerates. 

It lS expected that the flow near the contrac
tlon lnlet wlll be lnfluenced by the posltlon of 
the honeycomb/screen comblnatlon In the settllng 
chamber. To lnvestlgate thlS, the VISTA code was 
run startlng at dlfferent aXlal statlons upstream 
of the contractlon sectlon. These cases were run 
at the Mach 0.8, 32 000 ft altltude condltlon, 
wlth a 2 ft thlCk 1n1t1al boundary layer. The 
computed skln frlctlon coeff1clents are plotted 
as a functlon of aXlal d1stance 1n Flg. 9. 
Although no separatlon was seen In any of these 
results, the skln fr1ct1on coefflclent does drop 
to nearly zero. The furthest downstream startlng 
locatlon gave the hlghest skln frlctlon value, 
probably because the local adverse pressure grad1-
ent In thlS reglon had less tlme to lnfluence the 
boundary layer. Th1S reglon wlll be studled more 
closely durlng the physlcal modellng tests. 

Test Sectlon 

In the AWT test sect1on, elght longltudlnal 
bleed slots w111 be used to control the tunnel 
wall boundary layer and model blockage effects. 
The goal lS to provlde an envlronment for the 
model 1n the wlnd tunnel that lS the same as In 
free fl1ght. Modlf1cat1ons currently belng made 
to the PEPSIG code w111 allow a deta1led three
dlmens10nal analysls of thlS flow. In thlS analy
SlS, a pressure boundary condltlon wlll be used 
at the slot locat1ons, and the local bleed rate 
wlll be computed. These modlflcatlons are not yet 
complete, however, so the aXlsymmetrlc VISTA code 
lS belng used In the lnltlal modellng work. Wlth 
thlS code, the local bleed rate lS spec1fled 
dlrectly. 

Three slmple bodles of revolutlon were used 
In the analysls to slmulate model blockages of 1, 
3, and 6 percent. All were 35 ft long w1th 
tapered leadlng and tralllng edges. The VISTA 
code was f1rst used for each model In an external 
flow mode, w1th the outer boundary far from the 
body and wlth approprlate free stream boundary 
condlt1ons. The flow cond1tlons corresponded to 
the Mach 0.8, 32 000 ft altltude pOlnt of Flg. 3. 
ThlS determlned the deslred free fllght enVlron
ment for each model. Calculat10ns were then made 
for each model In the AWT test sectlon wlth varl
ous bleed rates. Slnce the analys1s lS aXlsym
metrlc, the slots could not be modeled three
dlmenslonally. Instead, porous wall bleed was 
used, unlformly dlstr1buted In the c1rcumferent1al 
dlrectlon. For slmpllclty, the bleed was also 
assumed un1form In the aXlal dlrectlon, although 
thlS lS not requlred by the analys1s, and was 
appl1ed over the entlre length of the test 
sectlon. 

In Flg. 10 the 6 percent blockage model lS 
shown 1n the test sect1on, along w1th the veloc1ty 
proflles computed for 6 percent total bleed. The 
results of the bleed study for all three blockage 
models are summarlzed In FlgS. 11 to 13. Here 
both statlc pressure and skln frlctlon coeff1clent 
along the centerbody surface are plotted as func
tlons of aXlal dlstance for varlOUS total bleed 
rates, and compared wlth the deslred external flow 
result. The skln fr1ct1on coeff1c1ent appears to 
be relatlvely lnsensltlve to the bleed rate, but 
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the statlc pressure lS not. The statlc pressure 
1n the tunnel matches the external flow results 
most closely when the total bleed rate matches the 
centerbody blockage. The match 1S closer, how
ever, over the front half of the body than the 
back half. Better agreement wlth the external 
flow results could probably be obtalned w1th a 
proper nonunlform bleed d1strlbutlon In the aXlal 
d1rectlon. These results do lnd1cate, however, 
that bleed can be used to help slmulate free 
fl1ght cond1t1ons 1n the w1nd tunnel. Th1S prob
lem w111 be studled further uS1ng the modlfled 
PEPSIG code, as well as 1n the physlcal modellng 
tests. 

One of the 1mportant uses of the new Altltude 
Wlnd Tunnel wlll be testlng of hlgh speed turbo
props. A tYPlcal example of an advanced turboprop 
conf1guratlon lS shown In F1g. 14. The PANPER 
code was used to perform a bleed study slm1lar to 
the one done wlth the VISTA code, but 1ncludlng 
the effects of a rotat1ng propeller. The propel
ler 1S modeled uSlng a llftlng 11ne analysls and, 
Slnce the code lS aX1symmetr1c, averag1ng the 
results 1n the clrcumferentlal dlrect1on. The 
conf1guratlon actually modeled In thlS study 
lncluded the propeller and the nacelle as far 
downstream as the support1ng strut shown 1n Flg. 
14. Blockages of 0.86, 2.0, 4.0, and 6.0 percent 
were used, correspondlng to propeller d1ameters 
of 5.22, 7.96, 11.28, and 13.80 ft, respect1vely. 
The Mach 0.8, 32 000 ft altltude condlt1on was 
agaln used as the operatlng pOlnt. 

For the turboprop model, the apparent effl
clency of the propeller was used as the cr1terlon 
for determln1ng when free stream condltlons were 
belng properly slmulated 1n the w1nd tunnel. In 
th1S study, the d1fferent blockage models were 
geometr1cally slmllar, and therefore the computed 
free stream efflclency was the same for each 
model, about 0.78. The results of the bleed study 
are shown In Flg. 15, where the computed apparent 
efflclency lS plotted as a functlon of bleed rate 
for the four dlfferent blockages and for external 
flow. As 1n the bleed study uS1ng VISTA, the 
bleed was appl1ed unlformly In both the C1rcum
ferent1al and aXlal dlrect1ons, and over the 
entlre length of the test sectlon. As shown 1n 
the flgure, the two lower blockages reach the free 
stream efflc1ency level wlth about 4.0 and 6.5 
percent bleed, respectlvely. For the two h1gher 
blockages the efflclency also lncreases w1th bleed 
rate. However, results are shown only up to 8.0 
percent bleed because of dlfflcultles encountered 
In runnlng the code at hlgher bleed rates. Note 
that the bleed rates needed to slmulate free 
stream propeller eff1clency In thlS study are con
slderably hlgher than those needed to slmulate 
free stream pressure levels along a slmple center
body model In the study uSlng the VISTA code. As 
1n that study, however, these results do 1nd1cate 
that bleed can be used to help Slmulate free 
stream cond1tlons 1n the wlnd tunnel. The actual 
amount and dlstr1butlon of bleed that w111 be 
needed w111 be studled further 1n the physlcal 
modellng tests, and 1n the cal1brat1on of the 
tunnel ltself. 

Hlgh Speed Dlffuser 

When bleed 1S used 1n the AWT test sect1on, 
at least some of the flow bled off wlll reenter 



the tunnel through a set of elght reentry flaps at 
the entrance to the hlgh speed dlffuser. Thus the 
lnlet flow to the dlffuser wlll be dlstorted In 
the clrcumferentlal dlrectlon. The PEPS 1M code 
was used to examlne the effect of thlS lnlet dlS
tortl0n on the flow downstream. Although the 
PEPSIM code computes three-dlmenslonal flow, the 
geometry must be aXlsymmetrlc. The exhaust scoop, 
WhlCh actually transltlons from a clrcular to 
elllptlcal cross sectlon, was therefore treated 
as an aXlsymmetrlc centerbody wlth the proper area 
varlatl0n. The octagonal to clrcular transltl0n 
of the outer wall was also not modeled. 

The flow at the dlffuser lnlet lS shown In 
Flg. 16(a) In the form of streamwlse veloclty con
tours and secondary veloclty vectors. The flow 
condltlons correspond to the Mach 0.8, 32 000 ft 
altltude condltl0n In the test sectlon. Thln 
boundary layers were speclfled on the outer wall, 
because of bleed In the test sectlon, and on the 
centerbody, because ltS leadlng edge lS near the 
dlffuser lnlet. Low veloclty pockets were placed 
at the locatlons of the reentry flaps. The Slze 
of these pockets was estlmated from the reentry 
flap geometry, and lnltlal veloclty proflles were 
speclfled uSlng the data of Reference 17 as a 
gUlde. The computed results at the dlffuser eXlt 
are presented In Flg. 16(b). Although the baslc 
dlstortlon pattern lS stlll eVldent, the gradlents 
have lessened due to dlffusl0n and V1SCOUS mlxlng. 

In Flg. 17, the PEPSIM results are shown for 
a slmllar case wlth sWlrl. The secondary veloclty 
pattern at the lnltlal statlon represents that 
produced by a 13 ft dlameter propeller In the test 
sectlon. The sWlrl veloclty was 16 percent of the 
aXlal veloclty. As shown In Flg. 17(b), the prl
mary effect of sWlrl lS a Shlft In the dlstortl0n 
pattern In the clrcumferentlal dlrectlon. The 
clrcumferentlal gradlent of the streamwlse veloc
lty steepens on one slde of the low veloclty 
regl0ns and lessens on the other. These two cal
culatlons lndlcate that the dlstortlon at the dlf
fuser lnlet caused by flow through the reentry 
flaps does not cause slgnlflcant problems down
stream. However, the lnltlal flow proflles were 
estlmates only. Further analysls may be done 
after these proflles are measured In the physlcal 
modellng tests. 

Another ltem of concern In the hlgh speed dlf
fuser lS the cross sectlon transltl0nlng of the 
exhaust scoop from clrcular to elllptlcal. The 
PEPSIG code, modlfled to compute the three
dlmenslonal flow through ducts wlth thlS type 
centerbody, was used to lnvestlgate thlS problem. 
In thlS study, the transltl0n ot the outer wall 
from octagonal to clrcular was not modeled. 

In Flg. 18 the flow development through the 
dlffuser lS presented In the form of aXlal veloc
lty contours at SlX statlons through the duct. 
The results at the eXlt statl0n are shown at a 
larger scale In Flg. 19, where the contour values 
are normallzed by the nomlnal free stream veloclty 
at the dlffuser lnlet. The flow condltl0ns used 
In thlS calculatlon correspond to the Mach 0.8, 
32 000 ft altltude condltl0n In the test sectlon. 
At the flrst three statlons the scoop lS clrcular, 
and the flow lS essentlally aXlsymmetrlc. The 
boundary layers grow thlcker along both surfaces. 
About halfway through the duct the scoop cross 
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sectlon starts to transltlon to an elllpse. The 
scoop boundary layer becomes thlnner on the sldes, 
and thlcker on the top and bottom. The three
dlmensl0nal effects are prlmarlly conflned to the 
scoop boundary layer, wlth the outer wall boundary 
layer remalnlng nearly aXlsymmetrlc. No separa
tlon lS predlcted In thlS calculatlon. However, 
lt'S posslble that separatl0n could occur along 
the top and bottom of the scoop, or on the outer 
wall, when the relatlvely low energy boundary 
layer hltS the local adverse pressure grad lent 
near the leadlng edge of the corner turnlng vanes. 
ThlS area wlll' be examlned In the physlcal model
lng tests. 

Concludlng Remarks 

An extenslve analytlcal modellng program lS 
underway at NASA Lewls Research Center, In WhlCh 
advanced aXlsymmetrlc and three-dlmensl0nal V1S
cous analyses are belng used to evaluate the 
deslgn of the new Altltude Wlnd Tunnel. Based on 
the results obtalned to date, the followlng con
cluslons may be drawn. 

1. The quallty of the flow at the test sectl0n 
entrance lS good, wlth dlstortl0n levels below 
2.0 percent at the contractl0n eXlt and below 0.1 
percent 10 ft downstream. The boundary layer 
thlckness at the contractlon eXlt lS less than 
3.0 In, lncreaslng to about 4.5 In (wlthout bleed) 
10 ft downstream. 

2. The flow lS close to separatl0n at the 
lnlet to the contractlon sectlon. If In reallty 
the flow does separate, the separatlon regl0n 
should be small. 

3. Bleed can be used to help slmulate free 
fllght condltl0ns In the wlnd tunnel. The amount 
of bleed requlred lS a functl0n of model blockage. 

4. The dlstortl0n at the hlgh speed dlffuser 
entrance, produced by low veloclty flow through 
the reentry flaps, causes no slgnlflcant problems 
downstream. 

5. The three-dlmensl0nal effects generated by 
the exhaust scoop transltlon from clrcular to 
elllptlcal are prlmarlly conflned to the scoop 
boundary layer. The dlffuser ltself does not 
separate (at least at Mach 0.8 and 32 000 ft). 
However, the boundary layers on the top and bottom 
of the scoop, and on the dlffuser outer wall, are 
such that the posslblllty of separatl0n eXlsts 
near the leadlng edge of the corner turnlng vanes. 

The analytlcal modellng work on AWT at NASA 
Lewls lS contlnulng. Areas stlll to be examlned 
lnclude the three-dlmensl0nal effects of the long
ltudlnal slots In the test sectl0n, the clrcular 
to octagonal transltlon In the contractlon sec
tlon, total pressure losses through the varl0US 
AWT components, and loads on the surfaces. 
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TABLE 1 - ANALYTICAL MODELING OF AWT CIRCUIT AERODYNAMICS 

Component 
Contract lOn 

Test Sectlon 

Hlgh-speed dlffuser 

Back leg 

Slde legs 

Code 
VISTA, ADD 

PEPSIG 

VISTA, ADD 

PANPER 

DENTON 

PEPSIG 

VISTA, ADD 

NAP 

PEPSIM 

PEPSIG 

VISTA, ADD 

PEPS 1M 

VISTA, ADD 

PEPSIG 

Comments 
AXlsymmetrlc flow 

Three-dlmenslonal, transltlon to octagon 

AXlsymmetrlc flow, unlform bleed 

AXlsymmetrlc flow, unlform bleed, 
effects of rotatlng propeller 

Three-dlmenslonal lnvlscld flow, clrcular 
cross sectlon, rotatlng propeller 

Three-dlmenslonal, clrcular cross sectlon, 
slotted walls 

AXlsymmetrlc flow, sWlrl 

AXlsymmetrlc lnV1SCld flow, effects of 
acoustlC choke 

Three-dlmenslonal, clrcular cross sectlon, 
dlstortlon due to reentry flaps 

Three-dlmenslonal, nonaxlsymmetrlc 
centerbody 

AXlsymmetrlc flow, sWlrl 

Three-dlmenslonal, clrcular cross sectlon, 
dlstortlon due to PES reentry 

AXlsymmetrlc flow 

Three-dlmenslonal, dlstorted lnlet proflle 

6 



ENGINE 
EXHAUST 
SCOOP ---, 

/ 
/ 

/ ~ 
/ 

/ 
L.pLENUM 

EVACUATION 
SYSTEM 

20'D TEST SECTION---1 

r- STEAM HEATED 
/1 TURNING VANES 

I r- ENGINE EXHAUST 

I 
/ MAKE-UP AIR 

/r-TUNNEL 
HEAT 
EXCHANGER 

-REMOVEABLE 
FLOW 
CONDITIONERS 

REMOVEABLE 
WATER SPRAY 
SYSTEM 

Figure 1. m The new NASA Lewis altitude wind tunnel (AWTl. 



,DRIVE MOTOR 

\ r DRIVE FAN COOLING COILS, 

I / 
I 

Ci ) - ------+---~.Jo.... 

LTURNING 
VANES 

FAN SHAFT 
FAIRING-. 

SCOOP 
FAIR
ING--, , 

\ 

\ 
\ 
'-- ENGINE EXHAUST 

REMOVAL SCOOP 

(a) EXisting tunnel. 

,PES RE-ENTRY AIR 

/ 
'-.j 

/ 

C ONTRACTlON--, 

,COOLER 

-IT--' CORNER 31 

, 

'4-r-r+----J,l-- I 

" I-I \_--~V 
L CORNER 1 / I L PLENUM \ "'-L.J,\-I'-_-.J-_..:>J' 

EXHAUST SCOOp-1 : TEST \ ROLL-OUT \ '-t HONEY· 

ALTERNATE OPEN SCOOP ~ SECTlON...l ~6g~iION J COMB 

(b) New tunnel. 

Figure 2. - Comparison of existing and new NASA Lewis altitude wind tunnel 
configurations. 



50 000 

55 000 ft 

COOLER 
LIMIT --_ 

~ 

;:= 40 000 
MATCHED-TEMPER
ATURE ENVELOPE """"' c.. 

N 

u...i 
" 32 000 ft " 

§ 30 000 POWER LIMIT ~ 
I-

!:i 
« 
w 

Tt = -200 F LIMIT"""', 
o 

§5 20 000 / 
Vl 
Vl 
w 
e:::: 
a. 

0. 8367 1 
0.800 

10 000 
o 

I 

o 

500 
Or-~~~~~-+--~~~~L-~~--~ 

o .1 .2 .3 .4 .5 .6 .7 .8 .9 1.0 
VELOCITY, kniMACH NUMBER 

Figure 3. - Operating envelope for AWT test section • 

. 1 .2 .3 .4 .5 .6 .7 .8 
NOMINAL TEST SECTION MACH NUMBER 

Figure 4. - Effect of test section Mach number on distortion. 



c 
E 
~ 
I 

~ .010 
E= 
~ > 
- ra 
z~ 
o ;:: .005 
0::: 
o 
l
V) 

o 

...... -
V) 
V) 
L.1.J z 
~ 
U 
:J: 
I-

0::: 
L.1.J 
>-
:5 
>-
0::: 
<l:: 
0 
z 
~ 
0 
co 

• 45 

.40 

.35 

.30 

.25 

.20 

.15 

.10 

o 
---0--

CONTRACTION EXIT 
10 ft DOWNSTREAM 

2 4 6 8 10 
INITIAL BOUNDARY LAYER THICKNESS, ft 

12 

Figure 5. - Effect of contraction inlet boundary layer thickness 
on test section distortion • 

0 

13-_ 
o --s ......... 
o " 

5-_ --

o CONTRACTION EXIT 
--0-- 10 ft DOWNSTREAM 

-e___ D 
"'13_ -B-_ 

--13 

.1 .2 .3 .4 .5 .6 .7 .8 
NOMINAL TEST SECTION MACH NUMBER 

Figure 6. - Effect of test section Mach number on test section 
boundary layer th ickness. 



;:::: .40 

VI 
VI 

~ .35 
__ -8__ /' 

___ 8-- ---s/ 

~ --~-'-' ,.....0- _-a 

:r:: B- ff ---
I- .30 
a::: 
L..LJ 
>-:s . 25 
>
a::: « 
o .20 
z 
=> o 
~ .15 
« z 

a 
---0---

CONTRACTION EXIT 
10 ft DOWNSTREAM 

/' 
/' 

..-.D 

u... .10L-____ L-____ L-____ L-____ L-____ ~ __ ~ 

2 4 6 8 10 12 

L..LJ-

u 
z « 
I-
VI a::: 
- ---I 
0-
---1>-
« 
0 
« a::: 

o 
INITIAL BOUNDARY LAYER THICKNESS, ft 

Figure 7. - Effect of contractIOn Inlet boundary layer thickness 
on test section boundary layer thickness. 

1. 00 

· 75 

· 50 

· 25 

0 
-. 75 -.25 . 25 . 75 1. 25 1. 75 2. 25 

AXIAL DISTANCE, X/LR 

Figure 8. - Computed streamwlse velocity profiles In 
AWT contraction section. 



.005 

I 
l- .004 z 
LJ.J 

U 
u.. 
u.. 
LJ.J .003 0 
u 
z 
0 
i= 
u .002 
e:::: 
u.. \ --z "-"'...., , 

-..;:: 
'<::~ :::.:::: 

V) .001 

LJ.J 
U 
z 
c::x:: 
l-
V) e:::: 
- -I 
0-
-1>-
c::x:: 
0 
c::x:: 
e:::: 

OL----L----~ __ ~ ____ J_ __ ~L_ __ _L __ ~ 

-1.2 -1. 0 ~8 ~6 ~4 ~2 o .2 

2.0 

1.5 

1.0 

.5 

o 

AXIAL DISTANCE, X/LR 

Figure 9. - Effect of starting location on skin friction distribution 
near contraction inlet. 

r--

t-

\\~~\\ 
I 

f-

W I I 
4 5 6 7 8 9 10 

AXIAL DISTANCE, X/LR 

Figure 10. - Computed streamwise velocity profiles in AWT test 
section. Blockage, 6 percent. 



~ 
c... -c... 

1.4 

u.i 1.3 
~ 
:::J 
Vl 
Vl 
LJ.J 

g: 1.2 
>
Cl 
o 
c:a 
ffi 1.1 
I
z 
LJ.J 
U 

BLEED, 
PERCENT 

a 
0.5 
1.0 
1.5 

EXTERNAL FLOW 

1.0 L-__ ~ ____ -L ____ -L ____ ~ ____ ~ ____ ~ __ ~ 

I
Z 
!:!::! 

. 004 

~ .003 
L1-
LJ.J 
o 
u 
5 .002 
i= 
u 
~ 
L1-

z .001 

(a) static pressure . 

a ~ __ ~ ____ ~ ____ ~ ____ -L ____ -L ____ -L ____ ~ 

6.0 6.5 7. a 7.5 8. a 8. 5 9. a 9.5 
AXIAL DISTANCE, XILR 

(b) Skin friction coefficient. 

Figure 11. - Effect of mass flow removal in AWT test section for 
1% blockage, Mach 0. 8, 32 000 ft. 



1.5 

c:::: 
a... 1.4 
a... 
UJ 
c:::: 
~ 

1.3 V) 
V) 
UJ 
c:::: 
a... 
>- 1.2 Q 

0 
co 
c:::: 
UJ 
f-z 

1.1 UJ 
u 

BLEED, 
PERCENT 

o 
1.5 
3.0 
4.5 

~~, 'j 
, , ' " '\ --- EXTERNAL FLOW 

/ /-',''\', 'I' /, -
/' \ ~, ' /" \ , - - - - - 'I' /, // 

\\~, ' ~ - -. -' /;'; 

\ \ ~ -' /,' - - - - - - ,,"'- /' ;/ 
\ ,--------..' -' / 
\''-- /' ,,; 
\ / , / 
_/ '--

1.0L----L----L----L----L----L ____ L-__ ~ 

f-
Z 
UJ 

. 004 

u .003 
u.. 
u.. 
UJ 
o 
u 

6 .002 
f
U 
c:::: 
u.. 

z .001 

(a) static pressure . 

a ~ __ ~ ____ -L ____ ~ ____ ~ ____ L-__ ~L-__ ~ 

6. a 6. 5 7. a 7. 5 8. a 8. 5 9.0 9.5 
AXIAL DISTANCE, X/LR 

(b) Skin friction coefficient. 

FIgure 12. - Effect of mass flow removal in AWT test section for 
3% blockage, Mach O. 8, 32 000 ft. 



~ 
c... 
c... 

u..i 
~ 
::J 
VI 
VI 
UJ 
~ 
c... 
>-
Cl 
0 
co 
~ 
UJ 
I-
Z 
UJ 
u 

I-z 
UJ 

u 
u: 
u. 
UJ 
0 
u 
z 
0 
I-
u 
~ 
u. 
z 
::,.::: 
VI 

BLEED, 
1.5 PERCENT 

/" 
--- 6.0 , /~,> --- 9.0 

1.4 /1 \'\ / I 

I \ EXTERNAL FLOW ' / 
\' / / 
\\ , / 
\' / / 1.3 \\ / 

' / \ ' --- '\ / / 
\ \ 
\ , I 

---~ --' / 
1.2 .-- - / \ \ / / \ \. 

~ "-
f/ -......./ 

r; 
Ij 

1.1 ,-?' 

1.0 
(a) Static pressure, 

.004 

.003 

/'~ 

/ /' - ,,\ 
"- . =-:-~ / ~ 

.002 J ~ 
~ 

! ~ I \ 
f '\ .001 

I \ 
" 

o ~ ____ ~ __ ~ ____ ~ ____ ~ ____ -L ____ ~ ____ ~ 

6.0 6.5 7.0 7.5 8.0 8.5 
AXIAL DISTANCE, X/LR 

(b) Skin friction coefficient. 

9.0 9.5 

Figure 13. - Effect of mass flow removal in AWT test section for 
6% blockage, Mach 0.8, 32 000 ft. 



Figure 14. - Typical advanced turboprop propulsion system. 
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Figure 16. - Effect of inlet distortion due to re-entry flaps on flow in high speed diffuser, Mach 0.8, 
32 000 ft, no swirl. 
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Figure 17. - Effect of inlet distortion due to re-entry flaps on flow in high speed diffuser, Mach 0.8, 32 000 ft, 
16% swirl. 



Figure 18. - Effect of change in exhaust scoop shape on axial velocity 
contours in AWl diffuser. 
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Figure 19. - Axial velocity contours at exit of AWT high speed diffuser. 
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