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ABSTRACT 

The SSME f u e l  turbopump hot  gas manifold has been i d e n t i f i e d  as a 
source o f  loss and f low d i s to r t i on  which s i g n i f i c a n t l y  a f fec ts  the 
performance and d u r a b i l i t y  o f  both the dr ive turb ine and the LOX $119- 
j ec to r  area o f  the main combustion chamber. The turnaround duct  is 
the axisynvnetric par t  o f  the manifold a t  the e x i t  o f  the Lurbioie, me 
geometry i s  characterized by high wal l  curvature i n  the 180 degree 
turnaround region and the f low i s  essent ia l ly  incompressible wdth a 
9.37 degree sw i r l  component out o f  the turbine. The fundamental flow 
phenomena i n  t h i s  duct have been investigated using the ADD code, an 
ax i  symnetri c, viscous, marching code developed under contract by UmC 
f o r  LeRC. 

Two current SSME geometries were studied, the Full  Pomr Level 
(FPL) -and the F i r s t  Manned Orbi ta l  F l  i ght (FMOF) conf iguration., Md j  - 
t i o n a l  studies were conducted f o r  the effects o f  turnaround duet gem- 
e t r y  on f low losses and distort ions, by varying wa l l  curvature and 
f low area var ia t ion  i n  the 1800 turnaround region. The effects of 
the duct i n l e t  f low phenomena such as the rad ia l  distortSon of the 
i n l e t  f low and i n l e t  sw i r l  level  on turnaround duct performance were 
also investigated, Results show tha t  of the two current geowtries, 
the FMOF conf igurat ion had lower pressure losses and genera2:ed less 
f low d is tor t ion,  but  had a small f low separation bubble a t  the 18@ 
turnaround ex i t ,  The study o f  the geometry e f fec ts  has shown that by 
opt imizing wal l  curvature and f low d i f f us ion  i n  the turnaround, lm- 
proved duct performance can be achieved. 
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INTRODUCTION 

The SSME fuel  turbopump hot gas mani fo ld has 
been i d e n t i f i e d  as a source o f  loss and f l ow d i s -  
t o r t i o n  which s i g n i f i c a n t l y  a f f e c t s  the p e r f o r -  
mance and d u r a b i l i t y  o f  both the d r i v e  tu rb ine  and 
the LOX i n j e c t o r  area o f  the main combustion cham- 
ber. The turnaround duct i s  the axisymmetric p a r t  
o f  the manifold a t  the e x i t  of the turbine.  The 
geometry .i s characterized by h igh wa l l  curvature 
in the 180 degree turnaround region and the f l o w  
i s  e s s e n t i a l l y  incompressible w i t h  a 9.37 degree 
s w i r l  component out  o f  the turbine.  The fundamen- 
t a l  f low phenomena i n  t h i s  duct are being i n v e s t i -  
gated using the ADD code, an axisymmetric, v i s -  
cous, marching code developed under cont rac t  by 
UTRC f o r  LeRC. 

Two cur rent  SSME geometries were studied, the 
F u l l  Power Level (FPL) and the F i r s t  Manned Orbi- 
t a l  F l  i g h t  (FMOF) conf igurat ion.  Addi t ional  stu-  
d ies were conducted f o r  the e f fec ts  o f  turnaround 
duct  geometry on f l ow losses and d is tor t ions,  by 
varying wa l l  curvature and f l ow area v a r i a t i o n  i n  
the 1800 turnaround region. The e f f e c t s  o f  the 
duct i n l e t  flow phenomena such as the r a d i a l  d i s -  
t o r t i o n  of the i n l e t  f low and i n l e t  s w i r l  l e v e l  on 
turnaround duct performance were a lso invest igated.  

ADD CODE DESCRIPTION 

The viscous duct code used, A.D.D. code, 
handles tu rbu len t  s w i r l i n g  compressible f l o w  i n  
axisymmetri c  duct configurations. Flow separation 
can be predicted, .but  r e s u l t s  cannot be computed 
past  a p o i n t  o f  separation i f  t h i s  separation i s  a 
s i g n i f i c a n t  p a r t  o f  the  f l o w  passage. At t h e  h igh 
Reynold's numbers i n  a i r ,  cons is tent  w i t h  SSME 
f l o w  condit ions, the so lu t ion  i s  n e u t r a l l y  s tab le  
i n  the h igh curvature region o f  the TAD. The 
i nstabi  1 i t y  and numerical e r ro rs  were 1 ocal i zed  t o  
the  inner  w a l l  o f  the turnaround where wa l l  curva- 
t u r e  i s  h igh and the boundary laye r  i s  gross ly  
modi f ied by the  pressure gradients i n  the duct. 
The duct geometries were modeled from f u e l  tu rb ine  
e x i t  t o  the entrance o f  the middle t rans fe r  duct 
(i.e., the axisymmetsic reg ion o f  the  e x i t  duct) .  
Two i n l e t  f l ow  p r o f i l e s  were used. The f i r s t  i s  a 
uni form i n l e t  w i t h  t h i n  wa l l  boundary layers, and 
the second i s  a r a d i a l l y  d i s t o r t e d  f low based on 
three-dimensional Euler code ca lcu la t ions through 
the f u e l  turbine. 



TURNAROUND DUCT GEOMETRIES 

The A.D.D. code mesh setup was developed t o  
p rov ide  acceptable s t a b i  1 i t y  and computation t imes 
w h i l e  cap tu r i ng  the  physics o f  t he  f low.  The 
meshes shown were standardized t o  be 100 stream- 
1 i ne  and 90 p o t e n t i a l  l i n e s  f o r  9x104 t o t a l  g r i d  
po in ts .  The mesh d i s t o r t i o n  of model t h e  w a l l  
boundary l a y e r s  was chosen t o  i e l d  t h e  f i r s t  mesh 
p o i n t  o f f  t h e  w a l l  a t  a Y Y  of 1.0. Typ ica l  
A.D.D. code runs on the  CRAY-1s were 3 t o  3.5 cpu 
minutes. 

TAD DESIGN INLET CONDITIONS 

This study w k s  done w i t h  a i r  as the  working 
f l u i d .  The design i n l e t  temperature and s w i r l  
were used and the  f l o w  and i n l e t  pressure were 
ad jus ted t o  match design i n l e t  Reynold's number 
and rnach number. 

RESULTS FOR UNIFORM INLET 

The r e s u l t s  f o r  the un i fo rm i n l e t  i n d i c a t e  
t h a t  t h e  m a j o r i t y  o f  t h e  duc t  l o s s  i s  generated on 
t h e  i n n e r  w a l l  o f  t he  turnaround which has h i g h  
sur face curva ture  and h igher  mach numbers. Prob- 
lems w i t h  numerical i n s t a b i  1 i t y  are a l so  greates t  
i n  t h i s  region. The r a p i d  f l o w  acce le ra t i on  on 
the  i nne r  w a l l  causes the  boundary l aye r  t o  be 
reduced and shear s t resses  t o  become 1 arge. 

The FPL TAD r e s u l t s  are shown f o r  t he  mach 
number p r o f i l e s  through t h e  duc t  a t  each p o t e n t i a l  
l i n e .  The f i g u r e  shows the  v e l o c i t y  peaking near 
t h e  i n n e r  w a l l  o f  t he  turnaround sec t i on  and a 
r e s u l t i n g  v e l o c i t y  d e f i c i t  near t h a t  w a l l  i s  shown 
a t  t h e  duc t  e x i t  i n d i c a t i n g  the  h igh  l o s s  region.  
No f l o w  separat ion o r  p o t e n t i a l  separat ion was 
i n d i c a t e d  by t h e  r e s u l t s  f o r  t h e  FPL duct.  



Tne FMOF TAD mach number profiles are also 
shown for  uniform in le t  flow. The FMOF geometry 
d i f fers  from the FPL in that the inner wall of the 
t u r n  has a smaller radius resulting in higher 
inner wall curvature and a s l ight  area increase 
from turnaround in le t  t o  turnaround exit .  Velo- 
c i ty  peaks similar t o  those in the FPL are seen 
near the inner wall of the turnaround section and 
the velocity def ic i t  region a t  TAD exit  i s  also 
similar t o  the FPL duct. However, a t  the t u r n -  
around section exi t  on the inner wall the shear 
s t ress  goes t o  zero indicating possible flow sepa- 
ration, although the calculated separation was 
only a small region of the flow for  about 10 po- 
tent ial  lines. 

The calculated total  pressure 1 osses, based on 
the difference in mass averaged values of total  
pressure r a t io  t o  the in le t  dynamic pressure, were 
significantly different for  the two ducts. Thg 
losses were 0.096 and 0,069 f o r  FPL and FMOF con- 
f igurations, respectively. The larger FPL loss 
can be attributed t o  the higher wall shear 
stresses on both walls from 90 t o  1800 in the 
turnaround region. These high stresses are proba- 
bly due t o  higher velocities in th is  region as 
there i s  an area contraction of 23 percent through 
the 1800 turnaround for  the FPL configuration. 

TAD WALL SHEAR STRESSES 

The variations in wall shear stresses are 
shown in the figure on hub and t i p  walls for  FPL 
and FMOF ducts for the uniform inlet  flow case, 
The turnaround region begins and ends a t  the 
X/LREF value of 0.225 for  both ducts. This region 
on the t i p  wall shows the high wall shear stresses 
and numerical instabi 1 i t i e s  on the high curvature 
inner wall of the turnaround for  both duct geome- 
t r i e s .  Comparison between FPL and FMOF results in 
th i s  region show that  the higher curvature of the 
FMOF yields higher shear stresses on the t i p  wal l 
for the f i r s t  90 degrees of the turnaround, b u t  
diffusion of the flow by the FMOF geometry results  
in significantly lower shear stresses from 900 
t o  turnaround exi t  where stresses go to  zero. The 
h u b  wall shear stresses are also lower for FMOF 
from 900 through turnaround to  the exit  due t o  
1 ower velocity l eve I .  



RESULTS FOR DISTORTED INLET 

The regions of high loss identified f o r  the 
case of uniform in le t  flow were not changed by the 
dis tor ted in l e t  profiles f o r  e i ther  the FPL or the 
FMOF duct. The comments above are s t i l l  valid. 
The dis tor ted in l e t  flow profiles are, however, 
somewhat mixed out passing through the TAD~geome- 
t r i e s ,  

The variation of Mach number profi les  through 
the two TAD geometries i s  shown in the figure f o r  
the dis tor ted in l e t  flow. The in l e t  dis tor t ions 
in mach number are mixed out and eliminated a f t e r  
entering the turnaround region f o r  both ducts, 
Subsequent flow patterns downstream are s i n i l i a r  
t o  those with uniform i n l e t  conditions, 

W comparison of to ta l  pressure losses between 
uniform i n l e t  and distorted i n l e t  indicates an 
increase in loss  occurred f o r  both TAD configura- 
t ions.  The losses were 0.105 and 0.086 fo r  FPL 
and FMOF ducts, respective1 y. These increases i n  
loss,  based on percent of loss  w i t h  uniform t n l e t  
were 9 and 25 percent f o r  FPL and FMOF ducts, 
respectively. The FMOF geometry i s  apparently 
more sensitfve t o  i n l e t  flow distortion. 

TOTAL TEMPERATURE VARIATION FOR DISTORTED INLET 

A s ignif icant  gradient i n  total  temperature 
e x i s t s  a t  fuel turbine e x i t ,  based on Denton code 
resul ts .  The radial  dis t r ibut ion in to ta l  temper- 
ature a t  each potential l ine  through the d u c t  is  
shown. Only the FMOF i-esul ts are shown since they 
are very s imilar  t o  the FPL resul ts ,  While the 
maximum difference in to ta l  temperature across the 
duct passage has been reduced f r o m  inle"teo e x i t  
of the ducts, s ignif icant  radial dis tor t ion s t i l l  
exi s t s .  



GEOMETRY STUDY RESULTS 

The study of the two available SSbIE-TAD geme- 
t r i e s  has shown where the majority of losses are 
generated in the turnaround region. The resu l t s  
indicate a sens i t iv i ty  t o  turnaround wall curva- 
ture  and flow diffusion ( s t r eamise  area varia- 
t ion) .  Therefore, t o  check the sens i t iv i ty  of 
loss  t o  these parameters, a ser ies  of modified 
geometries were r u n  on the ADD code using the 
uniform i n l e t  flow profile. The basic premise was 
t o  minimize turnaround wall curvature within the 
radi i  envelope of the FPL and FMOF geometries and 
then t o  vary the area dis t r ibut ion through the 
turnaround so as to  minimize the wall shear 
s t resses  i n  this region. 

The overall resu l t s  o f  this l  imited parametric 
study are  shown. The parameter chosen t o  identify 
goodness was the TAD total  pressure loss. The 
f igure shows the variation of loss with the axial 
location of the center of the h u b  wall arc of the 
turnaround. For th i s  ser ies  of cases the i n l e t  
area and e x i t  area of the turnaround are equal, 
w i t h  the area being increased i n  the turnaround 
region by moving the h u b  arc center along the axis 
of rotation. Peak velocities are thereby lowered 
in the turnaround and wall shear s t resses  will be 
reduced i n  some areas. The trend shown in the 
figure indicates that  loss i s  reduced as the cen- 
t e r  i s  moved out along the axis o f  rotation which 
increases the diffusion in the turnaround. No 
m i m i m u m  loss i s  calculated, instead flow separa- 
t ion on the h u b  wall i s  encountered. Calculations 
could not proceed past t h i s  point due t o  code 
1 imitation of no gross flow separation, However, 
simi l i a r  improvements can be obtained within a 
smaller envelope, i e ,  reduced axial position of 
hub  arc  center,  by ~ntroducing an overall area 
increase from turnaround i n l e t  t o  exi t .  The t , i p  
wall radius in the turnaround was reduced incre- 
mentally b u t  the in l e t  area was held constant, 



thereby increasing the area a t  turnaround ex i t .  
The f i g u r e  shows the t rend i n  loss w i t h  t i p  arc 
radius. A minimum loss value o f  0.067 obtained a t  
an hub arc center ax i a l  pos i t i on  o f  1.45 inches 
and a t i p  arc radius o f  0.60 inches. 

The mach number p r o f i l e s  through the modi f ied 
TAD are shown i n  the next  f igure.  While the peak 
v e l o c i t y  region on the t i p  arc and d e f i c i t  i n  
v e l o c i t y  a t  the e x i t  are s t i l l  present the ove ra l l  
d i s t o r t i o n  was reduced. It should be noted t h a t  
the i n l e t  sect ion upsteam o f  the turnaround accel- 
erates the f low somewhat t o  a l low a la rger  t i p  arc 
rad ius and therefore  reduced wa l l  curvature i n  the 
turnaround. The shear stresses are shown i n  the 
f i g u r e  f o r  hub and t i p  wal ls. Again the l oca t i on  
o f  the t i p  arc center i s  about 0.225 wh i le  the hub 
arc center i s  about 01261(X/LREF). The shear 
stresses i n  the turnaround are s i g n i f i c a n t l y  r e -  
duced i n  comparison t o  the FPL geometry on both 
hub and t i p  wal ls. Comparison w i t h  the FMOF geo- 
metry i s  no t  q u i t e  as dramatic, bu t  the f l ow 
separation bubble has been el iminated and peak 
shear stresses are less  f o r  the MOD TAD i n  the 
turnaround region. 

TAD FLOW AREA DISTRIBUTIONS 

The f l ow  area d i s t r i bu t i ons  f o r  three TAD 
geometries, (FPL, FMOF, and MOD) are shown i n  the 
f igu re .  As can be seen, the area d i s t r i b u t i o n s  i n  
the 1800 turnaround' cover the range o f  poss ib i l -  
i t y  w i  t h  area decrease (FPL), near ly  constant area 
(RUIOF) and area increase (MOD). Note t h a t  the 
i n l e t  and e x i t  f low areas are the same f o r  the 
three ducts w i t h  an e x i t - t o - i n l e t  area r a t i o  o f  
1 .I28 overa l l .  



REFERENCES 

1. Anderson, 0. L., and Edwards, D. E., "Exten- 
s ions  t o  an Analys is  o f  Turbulent S w i r l i n g  
Compressible Flow i n  A x i s p e t r i c  Ducts," 
UTRC Report R81-914720-18, NASA Contract  
NAS3-21853, L. J. Bober, P ro jec t  Manager. 

2. Anderson, 0. L., Hankins, G. B:, and Edwards, 
D. E., "Extensions t o  an Analysis o f  Turbulent  
S w i r l i n g  Compressible Flow f o r  App l i ca t i on  t o  
Axisymmetric Small Gas Turbine Ducts," NASA 
CR-165597, 1982. 

3. Anderson, 0, L., Hankins, G. B., and Edwards, 
D. E., "Users Manual f o r  Axisymmetric D i f f u s e r  
Duct (ADD) Code, Vol. 1 - General ADD Code 
Descr ipt ion,  Vol. 2 - Deta i led  ADD Code Des- 
c r i p t i o n ,  and Vol. 3 - ADD Code Coordinate 
Generator," NASA CR-165598, 1982. 

4. McLal l in ,  K. L., Kofskey, M. G., and 
Civinskas, K. C., "Ef fects o f  In ters tage D i f -  
f u s e r  Flow D i s t o r t i o n  on the  Performance o f  a 
15.41-Centimeter T ip  Diameter Ax ia l  Power 
Turbine," NASA TM-83359 and AIAA 83-1179, 1983. 



TAD SWIRL STUDY 

The sensitivity of the FPL and FMOF geometries 
to inlet swirl angle were studied. The inlet 
swirl angle was varied from 0 to 500 in 100 
increments. The .ADD code results are shown in the 
figure in terms of total pressure loss. Inlet 
values of total pressure, total temperature, and 
boundary 1 ayer displ acement thickness, as we1 1 as 
axial mach number were held constant for this 
study (uniform inlet conditions). Therefore, the 
1 eve1 of absolute inlet mach number increases with 
increasing swirl angle. This inlet mach number 
never exceeds 0.3. 

The results indicate that losses decrease with 
increasing swirl levels until a minimum loss is 
reached. Contirrued increases in swirl angle then 
result in increasing losses. The mimimum loss 
swirl angles were approximately 450 and 300 
for FPL and FMOF ducts, respectively. While the 
FMOF configuration has lower losses over the en- 
tire swirl range investigated, the FPL configura- 
tion exhibited more sensitivity to inlet swirl. 
The reductions in loss from zero swirl to minimum 
loss swirl were 12.3 and 3.8 percent for FPL and 
FMOF ducts, respectively. 



ADD CODE DESCRIPTION 

@ STRUTS AND GUIDE VANES USING  CORRELATE^ AIRFOIL DATA 
@ COOLING SLOTS AND BLEED ON MALLS 

e GAS TURBINE INTERSTAGE DIFFUSER - AXIAL FLOW 
@  DIAL TURBINE INLET DUCT AND EXHAUST DIFFUSER 
o SSME TURNAROUND ~ U C T  FUEL TURBINE EXIT 



TURNAROUND DUCT GEOMETRIES 
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R E S U L T S  FOR UNIFORM INLET 
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RESULTS FOR DISTORTED INLET 
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G E O M E T R Y  STUDY RESULTS 
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CONCLUDING REMARKS 

1. U s e f u l  C o d e  f o r  Des ign  

a n d  A n a l y s i s  o f  TAD G e o m e t r i e s  

2 .  R e s u l t s  h a v e  I n d i c a t e d  G e o m e t r i c  

a n d  F low  V a r i a b l e s  t h a t  I n f l u e n c e  

TAD l o s s e s  

3. Sho r t comings  o f  C o d e  f o r  SSME 

F l o w s  I d e n t i f i e d  

a. S t r u t  l o s s  mode l ing  

b. Rea l  Fluid e f f e c t s  

c. F r e e s t r e a m  Turbu lence  m o d e l i n g  

a n d  s t r e a m l i n e  c u r v a t u r e  




