
N89 -201 3 8 
PRECEDING PAGE BLANK NOT FILMED 

ASSESSMENT, DEVELOPMENT, AND APPLICATION OF COMBUSTOR 
AEROTHERMAL MODELS 

J. D. Holdeman 
National Aeronautics and Space Administration 

Lewis Research Center 
Cleveland, Ohio 

H. C. Mongia 
Allison Gas Turbine Division 
General Motors Corporation 

Indianapolis, Indiana 

E. J. Mularz 
Propulsion Directorate 

US. Army Aviation and Technology Activity - AVSCOM 
NASA Lewis Research Center 

Cleveland, Ohio 

ABSTRACT 

The gas t u r b i n e  combustion system des ign  and 
development e f f o r t  i s  an e n g i n e e r i n g  e x e r c i s e  t o  o b t a i n  
an accep tab le  s o l u t i o n  t o  t h e  c o n f l i c t i n g  des ign  t rade -  
o f f s  between: combustion e f f i c i e n c y ,  gaseous emis- 
s i o n s ,  smoke, i g n i t i o n ,  r e s t a r t ,  l ean  b lowou t ,  bu rne r  
e x i t  temperature q u a l i t y ,  s t r u c t u r a l  d u r a b i l i t y ,  and 
l i f e  c y c l e  c o s t .  For many yea rs ,  these combustor 
des ign  t r a d e - o f f s  have been c a r r i e d  o u t  w i t h  t h e  h e l p  
o f  fundamental reason ing  and e x t e n s i v e  component and 
bench t e s t i n g ,  backed by  e m p i r i c a l  and exper ience 
c o r r e l a t i o n s .  

Recent advances i n  t h e  c a p a b i l i t y  o f  compu ta t i ona l  
f l u i d  dynamics (CFD) codes have l e d  t o  t h e i r  a p p l i c a -  
t i on  t o  complex three-d imensional  f l o w s  such as those 
i n  the  gas t u r b i n e  combustor. A number o f  U . S .  Govern- 
ment and i n d u s t r y  sponsored programs have made s i g n i f i -  
c a n t  c o n t r i b u t i o n s  t o  t h e  f o r m u l a t i o n ,  development, 
and v e r i f i c a t i o n  o f  an a n a l y t i c a l  combustor des ign  
methodology which w i l l  b e t t e r  d e f i n e  t h e  aerothermal  
loads i n  a combustor, and be a v a l u a b l e  tool  for des ign  
o f  f u t u r e  combustion systems. The c o n t r i b u t i o n s  made 
b y  NASA Hot S e c t i o n  Technology (HOST) sponsored Aero- 
thermal  Model ing and s u p p o r t i n g  programs a r e  d e s c r i b e d  
i n  t h i s  paper .  

INTRODUCTION 

The goa l  o f  gas t u r b i n e  combustion system des ign  
and development i s  t o  o b t a i n  an accep tab le  s o l u t i o n  t o  
t h e  c o n f l i c t i n g  des ign  t r a d e - o f f s  between combustion 
e f f i c i e n c y ,  gaseous emiss ions,  smoke, i g n i t i o n ,  
r e s t a r t ,  l e a n  b lowout ,  bu rne r  e x i t  temperature q u a l i t y ,  
s t r u c t u r a l  d u r a b i l i t y ,  and l i f e  c y c l e  c o s t .  For  many 
yea rs ,  these combustor des ign  t r a d e - o f f s  have been car-  
r i e d  out w i t h  t h e  h e l p  o f  fundamental reason ing  and 
e x t e n s i v e  component and bench t e s t i n g ,  backed b y  empir -  
i c a l  and exper ience c o r r e l a t i o n s .  The u l t i m a t e  goa l  
has been t o  develop a r e l i a b l e  combustor des ign  system 
t h a t  can p r o v i d e  q u a n t i t a t i v e l y  accu ra te  p r e d i c t i o n s  
o f  t h e  complex combustion f low f i e l d  c h a r a c t e r i s t i c s  
( F i g .  1)  so t h a t  an optimum combustion system des ign  
can be achieved w i t h i n  reasonable c o s t  and schedule 
c o n s t r a i n t s .  

E m p i r i c a l l y  based procedures have l e d  t o  success- 
f u l  e v o l u t i o n a r y  combustor improvements. However, as 
these methods a r e  experience-based, they  a r e  n o t  we1 1 
s u i t e d  when combustor d e s i g n  requ i remen t  a r e  s i g n i f -  
i c a n t l y  d i f f e r e n t  from t h a t  o f  c u r r e n t  t echno logy  
engines.  The r a p i d l y  d e v e l o p i n g  CFD (Computat ional  
F l u i d  Dynamics) c a p a b i l i t y  i s  p r o v i d i n g  an a d d i t i o n a l  
tool i n  t h e  des ign  process wnich can have a power fu l  
p o s i t i v e  i n f l u e n c e  on  f u t u r e  des ign  c a p a b i l i t y .  I n  
these codes, combustion system subcomponents i n c l u d i n g  
d i f f u s e r s ,  f u e l  i n j e c t o r s ,  and combustor l i n e r s ,  i n  
a d d i t i o n  t o  t h e  complex i n t e r n a l  flow, need to  be accu- 
r a t e l y  model led.  To ach ieve  t h i s ,  p h y s i c a l  sub-models 
and accu ra te  numer ica l  schemes must be developed t o  
d e s c r i b e  t h e  v a r i o u s  aerothermochemical processes 
o c c u r r i n g  w i t h i n  the  combustion chamber. 

programs have made s i g n i f i c a n t  c o n t r i b u t i o n s  t o  t h e  
f o r m u l a t i o n ,  development, and v e r i f i c a t i o n  o f  an 
a n a l y t i c a l  combustor des ign  methodology. These have 
inc luded :  U.S.  Army Combustor Design C r i t e r i a  Va l i da -  
t i on  (Bruce e t  a l . ,  1979; Mongia e t  a l . ,  1979, Mongia 
and Reynolds, 1979). NASA S w i r l i n g  R e c i r c u l a t i n g  Flow 
( S r i n i v a s a n  and Mongia, 1980). NASA Soot and NOx Emis- 
s ions  P r e d i c t i o n  ( S r i v a t s a ,  1980), NASA Pr imary  Zone 
Study ( S u l l i v a n  e t  a l . ,  1983), NASA Mass and Momentum 
T r a n s f e r  (Johnson and Bennet t ,  1981; Roback and 
Johnson, 1983; Johnson e t  a l . ,  1984). NASA L a t e r a l  J e t  
I n j e c t i o n  ( L i l l e y ,  1986; F e r r e l l  and L i l l e y ,  1985; 
McMurray and L i l l e y ,  1986; Ong and L i l l e y ,  1986), NASA 
D i l u t i o n  J e t  M i x i n g  ( S r i n i v a s a n  e t  a l . ,  1982, 1984, 
1985; S r i n i v a s a n  and White, 1986; Holdeman e t  a l . ,  
1984; Holdeman and S r i n i v a s a n ,  1986; Holdeman e t  a ] . ,  
1987a). NASA T r a n s i t i o n  M i x i n g  S tudy  (Reynolds and 
Whi te ,  1986; Holdeman e t  a l . ,  1987b). NASA HOST Aero- 
thermal  Mode l i ng  (Kenworthy e t  a l . ,  1983; Sturgess,  
1983; S r i n i v a s a n  e t  a l . ,  1983a, 1983b). NASA Error 
Reduct ion (Syed e t  a l . .  1985). i n d u s t r y  I R  & D pro-  
grams, and advanced combustor development programs. 

The NASA Hot  S e c t i o n  Technology (HOST) Combustion 
Program has suppor ted seve ra l  o f  these programs. The 
o v e r a l l  o b j e c t i v e  o f  t h e  HOST Combustion P r o j e c t  i S  t o  
develop and v e r i f y  advanced a n a l y t i c a l  methods to 
improve t h e  c a p a b i l i t y  t o  des ign  combustion systems 

A number o f  U . S .  Government and company sponsored 
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for advanced aircraft gas turbine engines. This objec- 
tive is being approached both computationally and 
experimentally. 

assess and evaluate the capabilities of tktsting 
aerothermal models (circa 1982). Based on the results 
of these assessments and other studies in the liter- 
ature, HOST supported several studies to develop new 
and improved numerical methods for the analysis of tur- 
bulent viscous recirculating flows, with emphasis on 
accuracy and speed of solution. 

The objectives of HOST sponsored experimental 
studies were to improve understanding of the flow phys- 
ics and chemistry in constituent flows, and to obtain 
fully-specified, benchmark-quality experimental data 
suitable for the assessment of the capabilities of 
advanced computational codes. 

state-of-the-art in combustor aerothermal modeling, 
while highlighting the programs supported by the HOST 
Project (Turbine Engine Hot Section Technology, 1982, 
1983, 1984, 1985, 1986, 1987). Due to length limita- 
tions not all programs that received HOST support are 
included, and, for completeness, some programs that 
made a significant contribution, but which did not 
draw their primary support from HOST are discussed. 

AEROTHERMAL MODELING ASSESSMENT 

Computationally, HOST first sponsored studies to 

This paper reviews the advances in the 

Gas turbine combustion models include submodels 
of turbulence, chemical kinetics, turbulencelchemistry 
interaction, spray dynamics, evaporation/combustion, 
radiation, and soot formation and oxidation. A very 
extensive assessment of numerics, physical submodels, 
and the suitability of the available data was made by 
three contractors under Phase 1 of the HOST Aerothermal 
Modeling program (Kenworthy et al., 1983; Sturgess, 
1983; Srinivasan et al., 1983a, 1983b). These investi- 
gations surveyed and assessed current models and iden- 
tified model deficiencies through comparison between 
calculated and measured quantities. Results of the 
assessment by Srinivasan et al., (1983a, 1983b) are 
summarized by Mongia et al. (1986). The constituent 
flows examined included: (1) simple flows with no 
streamline curvature, ( 2 )  complex flows without swirl, 
and (3) complex flows with swirl. Geometries for 
several test cases from each of these categories are 
shown in Fig. 2. 

k--E Turbulence Model 

that is suitable for recirculating flow calculations. 
This model achieves closure by using a gradient trans- 
port model for Reynolds stress with an isotropic eddy 
viscosity. For flows where the isotropic eddy vis- 
cosity assumption is not valid, the k--E model may be 
either modified (e.g. low Reynolds number correction, 
Richardson number correction) or replaced with an alge- 
braic or differential Reynolds stress model. 

Assessment of the k--E model(s) of turbulence 

The k--E model is the simplest turbulence model 

showed that these models: 
( 1 )  require low Reynolds Number correction 

predicting wall shear flows, and stream1 
curvature modifications for accurately 
predicting curved boundary layers 

(2) give quantitatively good correlation H 
data for simple flows and non-recirculat 
swirling flows 

(3) give quantitatively reasonable results 
nonswirling recirculating flows 

for 
ne 

th 
ng 

for 

(4) give quantitatively unsatisfactory 

( 5 )  give quantitatively unsatisfactory 

correlation with data for complex swirling 
flows with recirculation zones 

correlation, but predict trends correctly, for 
complex three-dimensional flows. 

Algebraic Stress Model and Its Modifications 

the data as well as the k--E model results, therefore 
the conclusions above also apply to this model. 
addition, the Algebraic Stress Model gives reasonable 
predictions for the Reynolds stress components, con- 
sistent with the strengths and limitations of the k-& 
models (Mongia et al., 1986). 

ferential Reynolds stress turbulence models, have been 
compared in several continuing assessment studies. An 
example comparison (Mongia, 1987) of data and calcula- 
tions using a hybridlSIMPLE numerical scheme is shown 
in Fig. 3. This flow is that of co-annular turbulent 
jets flowing into an axisymmetric sudden expansion 
(Roback and Johnson, 1983). In this figure, velocity 
profiles are shown at downstream, distance from 0.11 
to 2.5 pipe diameters from the expansion. 

Mean flow predictions with this model agreed with 

In 

The results of standard k--E and algebraic and dif- 

Scalar Transport Model 

with specified Prandtl number oredicts scalar fluxeq 
Mongia et al.. (1986) reported that the k--E model 

reasonably well for flow where' the gradient diffusion 
approximation is valid. 
scalar transport model, has the CaDabilitv to immove 

An alternative, the algebraic 

predictions over the k-e approach,'but fu;ther work I - -  is 
needed to establish its validity for swirling recircu- 
lating flows. 

Turbulence/Chemistry Interaction Models 
It was also concluded bv Monaia et al.. (1986) 

that both 2- and 4-step reaciion ;themes showed prom- 
ise for application in gas turbine combustors, but 
need to be further validated against data from simple 
flames. The modified eddy breakup model predlcted 
trends well, and it was recommended that it should be 
pursued because this approach could be easily extended 
to multistep kinetic schemes. 

Numerical Accuracy 
A significant deficiency identified in the assess- ments was that for many flows of interest the accuracy ~ ~ . . .  

of the calculation was limited by the numerical approx- 
imations, wherein the false diffusion is of the same 
order of magnitude as the turbulent diffusion. This 
masked the differences between turbulence models such 
that very different models gave essentially the same 
result. and sometimes resulted in undeservedly good 
agreement between data and predictions. 

tion obtained for any given flow depends on the grid 
density and distribution. An example of the compari- 
sons made in the assessment program is given by the 
comparison in Figs. 4 and 5 between measured and calcu- 
lated temperature distributions downstream from a row 
of jets entering a confined crossflow. 
constituent flow in most gas turbine combustors, and 
has been treated extensively in the literature, includ- 
ing the recently completed NASA Dllution Jet Mixing 
program, from which data were compared with three- 
dimensional calculations in the Phase I assessment 
study by Srinivasan et al., (1983). 

If false diffusion is present, the numerical solu- 

This flow is a 

24 



ORIGINAL PAGE W' 
6F POOR QUALtTY 

The c a l c u l a t e d  and exper imenta l  r e s u l t s  shown a r e  
for  a s i n g l e  row o f  j e t s  w i t h  an o r i f i c e  spac ing  t o  
d iameter  r a t i o ,  S I D ,  = 2 i n j e c t e d  i n t o  a duc ted  main- 
stream w i t h  a duc t  h e i g h t  t o  o r i f i c e  d iameter  r a t i o  
H/D, = 8.  The je t - to -mains t ream momentum f l u x  r a t i o ,  
J ,  for  t h i s  t e s t  was 25.32. C a l c u l a t i o n s  for  t h i s  
case made w i t h  4 5 x 2 6 ~ 1 7  (19890) nodes, a r e  shown i n  
F i g .  4. The parameter p l o t t e d  i n  these f i g u r e s  i s  the  
d imens ion less  mean tempera ture  d i f f e r e n c e  r a t i o ,  THETA, 
where THETA = (Tm - T ) / ( T m  - T j ) .  
p e n e t r a t i o n  and m i x i n g  a r e  l e s s  than t h a t  shown by the  
data.  

s imu la te  each j e t .  I t  i s  g e n e r a l l y  n o t  p o s s i b l e  t o  use 
t h i s  many g r i d  p o i n t s  i n  such a smal l  reg ion ;  as f e w  
as f o u r  may be used i n  p r a c t i c e  f o r  each j e t .  To simu- 
l a t e  t h e  accuracy  o f  t h i s  approx imat ion ,  c a l c u l a t i o n s  
were performed for  the  same f l o w  and geomet r ic  cond i -  
t i o n s ,  b u t  w i t h  a 2 7 x 2 6 ~ 8  (5615) g r i d .  These coarse- 
g r i d  c a l c u l a t i o n s  ( F i g .  5) a re  i n  much b e t t e r  agreement 
w i t h  the  d a t a  than the  f i n e - g r i d  c a l c u l a t i o n s .  These 
and o t h e r  c a l c u l a t i o n s  i n  S r i n i v a s a n  e t  a l . ,  (1983b) 
c l e a r l y  demonstrated t h a t  t he  th ree-d imens iona l  ca l cu -  
l a t i o n s  were n o t  g r i d  independent.  

Conc lus ions  from t h e  Assessments 
The major conc lus ion  i n  the  HOST Aerothermal 

Mode l ing  Phase I assessment s t u d i e s  by Kenworthy 
e t  a l .  (1983),  S turgess  (1983),  and S r i n i v a s a n  e t  a l .  
(1983a, 1983b) was t h a t  t h e  a v a i l a b l e  computa t iona l  
f l u i d  dynamics (CFD) codes p rov ided  a u s e f u l  combustor 
des ign  tool. A l though s i g n i f i c a n t  advances have been 
made i n  the  development and v a l i d a t i o n  o f  mu l t id imen-  
s i o n a l  gas t u r b i n e  combust ion c a l c u l a t i o n  procedures,  
t he  codes assessed were o n l y  q u a l i t a t i v e l y  accu ra te ,  
e s p e c i a l l y  fo r  complex th ree-d imens iona l  f l o w s ,  and 
f u r t h e r  work was needed. I t  was concluded t h a t  b o t h  a 
s i g n i f i c a n t l y  improved numer ica l  scheme and f u l l y -  
s p e c i f i e d  exper imenta l  d a t a  ( i . e .  b o t h  mean and tu rbu -  
lence f l o w f i e l d  q u a n t i t i e s ,  w i t h  measured boundary 
c o n d i t i o n s )  for  complex non- reac t i ng  and r e a c t i n g  
c o n s t i t u e n t  flows were needed be fo re  va r ious  emerging 
p h y s i c a l  sub-models of tu rbu lence ,  chemis t ry ,  sprays,  
t u r b u l e n c e l c h e m i s t r y  i n t e r a c t i o n s ,  s o o t  f o r m a t i o n /  
o x i d a t i o n ,  r a d i a t i o n ,  and hea t  t r a n s f e r  cou ld  be prop- 
e r l y  assessed. 

The p r e d i c t e d  j e t  

The c a l c u l a t i o n  shown i n  F i g .  4 used 49 nodes to 

A SECOND GENERATION MODEL 

The f i r s t  genera t i on  combustor des ign  procedure 
o u t l i n e d  by Mongia and Smith (1978) has been ve ry  use- 
f u l  fo r  deve lop ing  severa l  combustors (Mongia e t  a l . ,  
1986) t h a t  e x h i b i t e d  s i g n i f i c a n t  techno logy  advances. 
However, i n  a d d i t i o n  t o  the  model d e f i c i e n c i e s  i d e n t i -  
f i e d  i n  t h e  assessments, t h e r e  were severa l  parameters 
o f  impor tance i n  gas t u r b i n e  combustor des ign  t h a t  t h e  
a n a l y t i c a l  models cou ld  n o t  p r e d i c t ;  e . g .  gaseous emis- 
s ions ,  soo t  f o r m a t i o n ,  f lame blow-out l i m i t s ,  combus- 
t o r  p a t t e r n  f a c t o r ,  and l i n e r  hea t  t r a n s f e r .  These 
parameters were, however, s u c c e s s f u l l y  p r e d i c t e d  by 
w e l l - e s t a b l i s h e d  semi -ana ly t i ca l  c o r r e l a t i o n s  developed 
by P lee  and M e l l o r  (1980).  Lebfevre  (1985). and t h e i r  
assoc ia tes .  There fore ,  a combustor des ign  procedure 
t h a t  c o u l d  be a p p l i e d  t o  c u r r e n t  and f u t u r e  gas t u r b i n e  
eng ines  was implemented t h a t  makes use o f  e m p i r i c a l  
des ign  concepts and employs a n a l y t i c a l  mode l ing  t o o l s  
t o  r e p r e s e n t  va r ious  combustion processes ( R i z k  and 
Mongia, 1986; Mongia, 1987). 

Th i s  method makes use o f  mu l t i d imens iona l  models 
t o  e s t a b l i s h  l i n e r  f l o w f i e l d  f e a t u r e s  and combustion 
c h a r a c t e r i s t i c s .  The a n a l y t i c a l  r e s u l t s  a re  then 
i n t e g r a t e d  w i t h  semi -empi r i ca l  c o r r e l a t i o n s  f o r  

perfoPmance parameters o f  i n t e r e s t .  That i s ,  f l o w  
f i e l d  and geomet r ic  parameters t h a t  a r e  needed i n  the  
e m p i r i c a l  equat ions ,  such as combustion volume and t h e  
f r a c t i o n  of a i r  p a r t i c i p a t i n g  i n  the  p r i m a r y  combustion 
r e a c t i o n ,  a r e  p rov ided  by the  a n a l y t i c a l  c a l c u l a t i o n s .  

S a t i s f a c t o r y  agreement w i t h  exper imenta l  d a t a  has 
been shown (R izk  and Mongia, 1986) for  emissions, per -  
formance and hea t  t r a n s f e r .  The combustor f o r  which 
da ta  w e r e  a v a i l a b l e ,  and f o r  which c a l c u l a t i o n s  were 
performed, i s  shown s c h e m a t i c a l l y  i n  F i g .  6 .  A t y p i -  
c a l  comparison between d a t a  and p r e d i c t i o n s  f o r  CO, 
unburned hydrocarbons, NOx, soo t  emiss ions ,  combustion 
e f f i c i e n c y ,  p a t t e r n  f a c t o r ,  and lean  b lowout  a r e  shown 
i n  F i g s .  7 (a )  t o  ( g )  r e s p e c t i v e l y .  The model i s  i n  
good agreement w i t h  the  d a t a  over  the  e n t i r e  sea- leve l  
engine o p e r a t i n g  range. C a l c u l a t e d  l i n e r  w a l l  tempera- 
t u r e s  f o r  b o t h  the  i n n e r  and o u t e r  w a l l s  o f  t h i s  com- 
b u s t o r  a r e  shown i n  F i g .  8 f o r  t h r e e  t y p i c a l  z-planes 
a long k = 5, 14, and 23. Here k denotes nodal  
p lanes  a long  t h e  combustor c i r c u m f e r e n t i a l  d i r e c t i o n .  
A l though no d i r e c t  comparison w i t h  l i n e r  w a l l  tempera- 
t u r e  da ta  was made, the  p r e d i c t i o n s  look reasonab le .  

AEROTHERMAL MODELING PHASE I 1  

Based on the  recommendations o f  t h e  Phase I 
assessment s tud ies ,  a c t i v i t i e s  i n  Phase I 1  of t h e  HOST 
Aerothermal Mode l ing  program concent ra ted  on deve lop ing  
improved numer ica l  schemes, and c o l l e c t i n g  comple te ly -  
s p e c i f i e d  d a t a  f o r  non reac t i ng  s i n g l e  and two-phase 
s w i r l i n g  and n o n s w i r l i n g  f l o w s .  The programs i n i t i a t e d  
were: Improved Numerical  Methods; Flow I n t e r a c t i o n  
Exper iment;  and Fuel  I n j e c t o r j A i r  S w i r l  Charac te r i za -  
t i o n .  The f i r s t  of these i s  a p r e r e q u i s i t e  t o  f u r t h e r  
model development, and the  d a t a  ob ta ined  i n  t h e  l a t t e r  
two s t u d i e s  w i l l  be used t o  v a l i d a t e  advanced models 
be ing  developed independen t l y .  

Improved Numerical  Methods 
The h y b r i d  f i n i t e  d i f f e r e n c i n g  scheme employed i n  

g e n e r a l l y  a v a i l a b l e  combustor codes g i v e s  excess ive  
numerical  d i f f u s i o n  e r r o r s  which p rec lude  accu ra te  
q u a n t i t a t i v e  c a l c u l a t i o n s .  I n  response t o  t h i s  d e f i -  
c iency ,  HOST supported t h r e e  programs w i t h  t h e  p r i m a r y  
o b j e c t i v e  t o  i d e n t i f y ,  assess, and implement improved 
s o l u t i o n  a l g o r i t h m s  a p p l i c a b l e  t o  a n a l y s i s  o f  t u rbu -  
l e n t  v iscous  r e c i r c u l a t i n g  f l o w s .  Both s o l u t i o n  accu- 
racy  and s o l u t i o n  e f f i c i e n c y  were addressed (Tu rb ine  
Engine Hot Sec t ion  Technology, 1985, 1986, 1987; Turan 
and VanDoormal, 1987). 

enc ing  scheme would be i d e a l l y  s u i t e d  i f  i t  were 
u n c o n d i t i o n a l l y  s t a b l e .  Cen t ra l  d i f f e r e n c i n g  i s  a 
s imp le  second-order scheme which i s  easy and s t r a i g h t -  
f o rward  to implement. However, f o r  g r i d  P e c l e t  num- 
bers  l a r g e r  than 2 ,  c e n t r a l  d i f f e r e n c i n g  can lead  t o  
over -  and under-shoots and i s  uns tab le .  
( cen t ra l / upw ind )  scheme i s  s t a b l e  f o r  a l l  P e c l e t  num- 
bers ,  b u t  su f fe rs  from excess ive  f a l s e  d i f f u s i o n .  An 
a l t e r n a t i v e  scheme, named CONDIF ( C o n t r o l l e d  Numerical  
D i f f u s i o n  w i t h  I n t e r n a l  Feedback) (Runchal e t  a1 . , 
1986) has u n c o n d i t i o n a l l y  p o s i t i v e  c o e f f i c i e n t s  and 
s t i l l  ma in ta ins  the  e s s e n t i a l  f ea tu res  o f  c e n t r a l  d i f -  
f e r e n c i n g  and i t s  second-order accuracy.  

Where Pe > 2 and t h e  dependent v a r i a b l e  v a r i e s  monoton- 
i c a l l y ,  a m o d i f i e d  c e n t r a l  d i f f e r e n c i n g  scheme i s  
used, o the rw ise  upwind d i f f e r e n c i n g  i s  used. CONDIF 
employs j u s t  enough numer ica l  d i f f u s i o n  t o  ensure s ta -  
b i l i t y  based i n t e r n a l l y  on the  f i e l d  d i s t r i b u t i o n  o f  

For most p r a c t i c a l  problems, a c e n t r a l  d i f f e r -  

The h y b r i d  

CONDIF uses c e n t r a l  d i f f e r e n c i n g  when Pe < 2. 
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the variable, rather than switching to upwind differ- 
encing whenever Pe exceeds 2 .  Since upwinding is done 
at relatively few grid points, CONDIF essentially main- 
tains the second-order accuracy of central differen- 
cing. and false diffusion is substantially reduced. 

Another advanced numerical scheme, called flux- 
soline (Patankar et al., 1987). i s  based on a linear 
variation of total flux (convection + diffusion 
between two grid points. This is an improvement over 

the assumption of uniform flux used in hybrid schemes, 
and leads to reduced numerical diffusion. 

30th of these schemes have been used to solve a 
variety of analytical, two-dimensional laminar and tur- 
bulent flows (Runchal et al., 1987; Patankar et al., 
1987). As an example, results for a laminar flow 
(Re = 400) in a square driven cavity are shown in 
Fig. 9. This flow, shown schematically in part a). is 
characterized by a strong recirculation zone typical 
of many physical situations. The problem was solved 
with both CONDIF and flux-spine schemes on a uniform 
22x22 grid and compared with the exact analytical solu- 
tion and a hybrid solution on an extremely fine 82x82 
grid. Velocity profiles at the midsection of the cav- 
ity are shown in Fig. 9(b). Both advanced schemes 
show improvement over the hybrid calculation. 

spline schemes is that their extension to three dimen- 
sions is relatively straight-forward. The resulting 
linear differential equations involve only seven points 
as opposed to 27 points needed in many skewed-upwind 

In addition to the need for improved numerical 

An attractive feature of both CONDIF and flux- 

I schemes (Syed et al., 1985). 

accuracy, there i s  a need for improved computational 
efficiency for a given level of accuracy. Typically 
the continuity and momentum equations are solved sepa- 
rately, and then linked through iteration of the 
pressure term; e.g. SIMPLE (Semi-lmpllcit Method for 
- Pressure Linked Equations). Modifications, such as 
SIMPLER and PISO, have been shown to improve computa- 

Engine Hot Section Technology, 1985, 1986, 1987; Vanka. 
1987). such as block correction techniques and direct 
solution of the coupled equations have been proposed. 
Calculations with the latter coupled with the flux- 
spine technique have shown a speed increase by a fac- 
tor of 15 for a calculation of turbulent flow over a 
backward-facing step (Mongia, 1987). 

Gas Phase Experiments 

the combustor and diffuser systems (Srinivasan and 
Thorp, 1987) is in progress to: 

I tional efficiency. Other advanced schemes (Turbine 

An experimental study of the interactions between 

(1) Identify the mechanisms and magnitude of 
aerodynamic losses in various sections of an 
annular combustor-diffuser system 

( 2 )  Determine the effects of geometric changes in 
the prediffuser, dome, and shroud on these 
losses 

(3) Obtain a data base to assess current and 
advanced aerodynamic computer models for 
predicting these complex flowfields 

experimental data 

verify the accuracy of the upgraded analytical 
mode 1 

Another study in progress will obtain comprehen- 
sive mean and turbulence measurements of velocity and 
species concentration in a three-dimensional flow mode1 
of the primary zone of gas turbine combustion chambers 
(Turbine Engine Hot Section Technology, 1985, 1986, 

( 4 )  Upgrade the analytical models based on the 
I ( 5 )  Design and test advanced diffuser systems to 
I 

0r98?p0~ew&!&1 o f  i n tere s t i s the i n terac t i on 
between swirling flow and lateral jets in a rectan- 
gular channel (Fig. 10). The mainstreams flow enters 
through 5 swirlers with the transverse jets injected 
from both the top and bottom duct walls with either 2 
or 4 jets per swirler at 1/2 or 1 channel height down- 
stream from the swirler. 

These experiments are being conducted on both air 
and water multiple-swirler rigs, as well as single 
swirler and swirling jet rigs. Fifteen cases (combina- 
tions of swirl and jet strength and location) are under 
test using laser sheet light and dye water flow visual- 
ization, and detailed velocity and scalar mean and tur- 
bulence LDV measurements are being made in the air rig. 

A key feature of this program is comparison of 
model calculations against the data obtained to ensure 
that the data are complete and consistent, and satisfy 
the boundary condition input requirements of current 
three-dimensional codes. Calculations were performed 
using a three-dimensional code (Srivasta, 1980) for all 
test cases before the experiments were begun. Data and 
both previous and advanced model calculations are being 
compared as data are obtained. 

Fuel-InJectorIAir-Swirl Characterization 
The objective of this studv is to obtain fullv- 

specified mean and turbulence measurements of both-gas 
and droplet phases downstream of a fuel injector and 
air swirler typical of those used in gas turbine com- 
bustion chambers. 

The flowfield of interest is an axisymmetric 
particle-laden jet flow with and without confinement 
and co-annular swirling air flow. Approximately 30 
cases are under test with both glass-bead particle- 
laden jets and liquid sprays, with various combination 
of swirl strengths and confinement (Turbine Engine Hot 
Section Technology, 1985, 1986, 1987). Measurements 
of mean and turbulence quantities, for both gas and 
solid phazes are being made using a 2-component Phase/ 
Doppler LDV particle analyzer (McDonel1 et al., 1987). 

Calculations were performed for all test cases 
with a two-dimensional TEACH-type nonreacting turbulent 
viscous two-phase flow code before the experiments were 
begun. Data and both previous and advanced model 
calculations are being compared as data are obtained 
(Mostafa et al., 1987, 1988; Nikjooy et al., 1988). 

In the first series of tests, the developing 
regions of unconfined single and two-phase flows, with 
105 pm glass beads, have been examined experimentally 
and analytically for particle-to-gas mass loadings of 
0.2 and 1.0. Data and calculations for the latter are 
shown in fig. 1 1 .  A two-component Phase/Doppler sys- 
tem was used to map the flowfield, including particle 
number density, and two orthogonal components of veloc- 
ity for both phases. 

stochastic treatments of the particles, using a two- 
phase k-E model. Both treatments of the particles 
give the same gas-phase axial velocity profiles, how- 
ever, the stochastic approach, which attempts to model 
particle/gas phase interactions, gives better agree- 
ment for particle quantities than the deterministic 
approach which ignores turbulence interactions. 

Another experimental program was conducted to 
obtain information on the characteristics of the spray 
produced by a gas turbine fuel injector (McVey et al., 
1988a, 1988b). The objective of this study was to 
obtain spatially-resolved information on both the 
liquid and gaseous phases of the spray flow field under 
conditions of high-flow, high velocity, and high swirl 
that are typical of engine operation. Measurements 

Calculations are shown for both deterministic and 
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were made w i t h  a h i g h - r e s o l u t i o n  spray  p a t t e r n a t o r ,  a 
two-component l a s e r  ve loc ime te r ,  and a single-component 
Phase/Doppler p a r t i c l e  ana lyze r .  

The comprehensive exper imenta l  d a t a  generated i n  
these programs w i l l  be used t o  v a l i d a t e  advanced models 
o f  t u rbu lence ,  s c a l a r ,  and spray  t r a n s p o r t ,  i n c l u d i n g  
two-equat ion tu rbu lence  models, a l g e b r a i c  and d i f f e r e n -  
t i a l  Reynolds s t r e s s  models, s c a l a r  and s c a l a r - v e l o c i t y  
t r a n s p o r t  models, and E u l e r i a n  and Lagrangian de termin-  
i s t i c  and s t o c h a s t i c  spray models. 

SUMMARY 

A l though s i g n i f i c a n t  p rogress  has been made i n  
I t he  development o f  th ree-d imens iona l  a n a l y t i c a l  CFD 

codes and t h e i r  a p p l i c a t i o n  i n  f u t u r e  gas t u r b i n e  com- 
b u s t o r  des ign ,  these codes a r e  n e i t h e r  s u f f i c i e n t l y  
comprehensive no r  q u a n t i t a t i v e l y  accu ra te  enough t o  
p e r m i t  a complete des ign  a lone .  They are ,  however, a 
va luab le  component i n  an e v o l v i n g  combustor des ign  
methodology i n  which t h e i r  c a p a b i l i t y  i s  i n t e g r a t e d  
w i t h  the  s u b s t a n t i a l  base of e m p i r i c a l  exper ience and 
one-dimensional  flow model ing.  

CONCLUDING REMARKS 

The NASA HOST sponsored Aerothermal Mode l ing  
Phase I1 programs w i l l  l e a d  t o  s i g n i f i c a n t  improve- 
ments i n  o u r  t e c h n i c a l  a b i l i t y  t o  p r e d i c t  non reac t i ng  
gas t u r b i n e  combustor flow f i e l d s  w i t h  and w i t h o u t  
spray i n j e c t i o n .  S i g n i f i c a n t l y  enhanced c a p a b i l i t i e s  
for  a c c u r a t e l y  p r e d i c t i n g  combustor aerothermal per -  
formance and w a l l  tempera ture  l e v e l s  and g r a d i e n t s  
w i l l  r e q u i r e  f u r t h e r  improvements i n  numer ica l  schemes 
and p h y s i c a l  submodels. I t  i s  e q u a l l y  impor tan t  to 
c o l l e c t  f u l l y - s p e c i f i e d  r e a c t i n g  f low data ,  s i m i l a r  t o  
what i s  be ing  done f o r  non reac t i ng  f l o w s  under HOST 
Phase 11, f o r  b o t h  complex c o n s t i t u e n t  f l o w s ,  and 
gener i c  gas t u r b i n e  combustors.  

I n  p a r a l l e l ,  work shou ld  con t inue  i n  the  fo rmula-  
t i o n  and sys temat ic  v a l i d a t i o n  o f  t u r b u l e n t  combustion 
models for  r e a c t i n g  sprays and mu l t i d imens iona l  hea t  
t r a n s f e r  models. These c a p a b i l i t i e s  w i l l  p r o v i d e  the  
t o o l s  needed to  a n a l y t i c a l l y  conduct t h e  combustion 
t r a d e - o f f  s t u d i e s  so t h a t  optimum f u t u r e  combustion 
systems can be designed, f a b r i c a t e d ,  and developed 
w i t h i n  accep tab le  c o s t  and schedule c o n s t r a i n t s .  
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