
COMBUSTOR TURBULENCE 

C. John Marek 
Nat iona l  Aeronaut ics and Space Admin i s t ra t i on  

Lewis Research Center 
Cleveland, Ohio 44135 

The tu rbu lence en te r i ng  t h e  t u r b i n e  i s  produced i n  t h e  combustor. High 
tu rbu lence l e v e l s  from t h e  combustor can a l t e r  t h e  l o c a t i o n  o f  t h e  t r a n s i t i o n  
p o i n t  on t h e  t u r b i n e  vane. The dynamics o f  tu rbu lence and t h e  progress being 
made i n  computing t h e  f l o w  are  discussed. 

The c o n t r a c t i o n  between a  combustor ( f i g .  1 )  and a  t u r b i n e  i n l e t  can be 
anywhere from 50 percent  on advanced engines t o  75 percent  (25-percent open 
area) on o l d e r  engines. E f f e c t i v e  blockages o f  t h e  combustor a re  about 
75 percent .  Combustors operate a t  re fe rence v e l o c i t i e s  o f  30 m/sec w i t h  
incoming d i l u t i o n  j e t  v e l o c i t i e s  o f  120 m/sec. 

Only a  few measurements have been made o f  combustor turbulence,  and these 
have u s u a l l y  been a t  t h e  combustor e x i t .  I n  1979 tu rbu lence was measured a t  
t h e  e x i t  o f  a  T-63 combustor ( r e f .  1) w i t h  75-percent c o n t r a c t i o n  ( f i g .  2).  
With combustion and a t  isothermal  cond i t ions ,  t y p i c a l  tu rbu lence l e v e l s  were 6 
t o  10 percent .  These data were taken w i t h  a  l a s e r  Doppler ve loc imet ry  (LDV) 
system, and t h e  v e l o c i t y  p r o b a b i l i t y  d i s t r i b u t i o n  was f i t t e d  t o  a  Gaussian 
( f i g .  3 ) .  The tu rbu lence i n t e n s i t y  i s  t h e  standard d e v i a t i o n  o f  t h e  sample. 
A t  f l i g h t  i d l e  cond i t ions  t h e  tu rbu lence l e v e l  was 7  percent .  The p r o b a b i l i t y  
d i s t r i b u t i o n  tended t o  be Gaussian over  a wide range o f  v e l o c i t y .  Therefore 
t h e  p r o b a b i l i t y  o f  an event o r  o f  a  g iven  v e l o c i t y  being d i f f e r e n t  f rom t h e  
mean cou ld  be determined. 

Data presented a t  a  recent  meeting on ho t -sec t ion  technology (HOST) 
( f i g .  4 )  show LDV measurements taken a t  t h e  e x i t  o f  a  combustor i n  a  f r e e  j e t  
( f i g .  5 ) .  Again, t h e  combustor had 75-percent c o n t r a c t i o n  ( o r  25-percent open 
area).  The nozzle was 50 mm i n  diameter, and t h e  measurements were taken 
60 mm, o r  1.2 j e t  diameters, downstream. I n  c o l d  f l o w  t h e  tu rbu lence i n t e n s i t y  
was 8 percent  on t h e  c e n t e r l i n e  and 50 percent  a t  t h e  edge. The h ighe r  values 
show t h e  i n f l u e n c e  o f  t h e  mix ing  wake on turbulence.  I n  h o t  f l o w  t h e  tu rbu -  
lence i n t e n s i t y  was 9  percent  i n  t h e  core  region,  so i t  d i d  n o t  inc rease much 
w i t h  combustion. The exhaust v e l o c i t y ,  o f  course, went f rom 60 m/sec i n  c o l d  
f l o w  t o  220 m/sec w i t h  combustion. 

For a  simple round j e t  t he  tu rbu lence i n t e n s i t y  was normal ized w i t h  t h e  
c e n t e r l i n e  v e l o c i t y ,  w i t h  peak values o f  20 percent  and dropping o f f  toward t h e  
edge ( f i g .  6 ( a ) ) .  The a x i a l  d i s t r i b u t i o n  o f  t h e  maximum turbu lence i n t e n s i t y  
( f i g .  6 ( b ) )  showed lower values below Z/D = 10, represent ing  t h e  p o t e n t i a l  
core. 

The tu rbu lence i n t e n s i t i e s  f o r  a  combustor exhaust a re  about 10 percent  
f o r  75-percent con t rac t i on .  Future engines w i l l  probably  be designed w i t h  
c l ose  t o  50-percent con t rac t i on .  Turbulence increases w i t h  decreasing contrac-  
t i o n .  For  10-percent tu rbu lence i n  t h e  exhaust t he  combustor turbulence would 
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be 40 percent;  so engines w i t h  50-percent con t rac t i on  would have a  t u r b i n e  
i n l e t  turbulence o f  20 percent.  

A motion p i c t u r e  o f  t h e  dynamics o f  combustor turbulence was taken a t  t he  
U n i v e r s i t y  o f  C a l i f o r n i a ,  Berkeley. The motion p i c t u r e  (C-315) i s  a v a i l a b l e  
on loan from the  NASA Lewis Research Center by sending i n  t h e  request card a t  
t h e  end of t h i s  document. Some s t i  11 photographs from t h e  motion p i c t u r e  
( f i g .  7) show large-scale s t ruc tu res .  The premixed propane-air  f lowed a t  
20 m/sec through a  two-dimensional nozzle over a  rearward-facing step. The 
s tep  was 2.5 cm h igh  and 17.8 cm deep. As t he  f u e l - a i r  r a t i o  o f  t h e  mix ture  
was increased, t h e  f lame speed increased. I n s t a b i l i t y  occurred and t h e  flame 
f lashed over t he  l i p .  The boundary l a y e r  on t h e  nozzle l i p  went through t r a n -  
s i t i o n ,  probably caused by t h e  f l o w  i n s t a b i l i t y  a r i s i n g  f rom t h e  dynamics o f  
t h e  combustion process. The dynamics o f  t h e  f l o w  i s  ev ident  i n  t h e  motion 
p i c t u r e .  I n  t h e  nex t  sequence ( f i g .  7 (b ) )  an a d d i t i o n a l  s tep was placed i n  t h e  
exhaust t o  determine the  e f f e c t  o f  con t rac t i on  on t h e  tu rbu lence l eav ing  the  
combustor. The step produced a  50-percent con t rac t i on .  Amazingly, t h e  tu rbu-  
lence unwound and went s t r a i g h t  i n t o  the  con t rac t i on .  The s i z e  o f  t h e  tu rbu-  
lence s t r u c t u r e s  was t a i l o r e d  by the  duc t  t o  t h e  s i z e  o f  t h e  a v a i l a b l e  duc t  
he igh t .  Flashback occurred a t  a  d i f f e r e n t  f u e l - a i r  r a t i o  than i t  d i d  w i thou t  
t h e  downstream step. The s t r u c t u r e  o f  t he  f lame f r o n t  and t h i s  p a r t i c u l a r  wave 
were q u i t e  d i f f e r e n t  f rom t h e  f l o w  w i thou t  t he  downstream step. The term 
uwavell i s  used because o f  t he  i n f l uence  o f  t h e  downstream step on t h e  flow, 
which was a t  the  same v e l o c i t y  as i n  t he  sequence w i t h  t h e  s i n g l e  s tep.  Color  
sch l i e ren  photography a t  6000 frames/sec was used, and frame d u p l i c a t i o n  was 
used t o  slow down an event. The sch l i e ren  system i s  s e n s i t i v e  t o  smal l  tem- 
pera ture  grad ien ts .  I n  t he  motion p i c t u r e  t h e  combustion zone i s  t h e  b lack 
reg ion  and t h e  regions o f  unburned gas and the  reacted gas underneath t h e  step 
appear b lue.  

The f i n a l  sequences o f  t h e  motion p i c t u r e  present  random vortexes calcu-  
l a t e d  by t h e  method o f  Chorin. The turbulence i s  q u i t e  dynamic. It i s  hard 
t o  p r e d i c t  t h e  f lashback cond i t i on .  By us ing the  Chorin technique t u r b u l e n t  
f l o w  can be computed w i t h  and w i thou t  combustion. 

Without combustion large-scale turbulence s t ruc tu res  as w e l l  as much f i n e r  
tu rbu lence scales were present  ( f i g .  8) .  As t h e  Reynolds number increased, t h e  
sca le  o f  turbulence became f i n e r .  Turbulence would be expected t o  increase 
w i t h  combustion. However, as t h e  temperature rose from 600 t o  1600 K t h e  v i s -  
c o s i t y  went up by a  f a c t o r  o f  10, so t h e  Reynolds number a c t u a l l y  went down. 
You might  then expect t h a t  turbulence would decrease. 

I n  a  frequency spectrum taken w i t h  a  high-response pressure t ransducer  
j u s t  downstream o f  a  t y p i c a l  s w i r l  can combustor, most o f  t h e  frequencies were 
below 2000 Hz ( f i g .  9 ) .  Few in tense peaks occurred. As t h e  pressure was 
increased from 700 t o  1420 kPa (7  t o  14 atm), t he  Reynolds number and t h e  
energy i n  t h e  h igher  frequencies increased. I n  an engine t h e  combustor veloc- 
i t y  remains nea r l y  constant  and the  mass f l o w  increases w i t h  pressure. How- 
ever, w i t h  a l l  o f  t h e  dynamics the  turbulence d i d  n o t  change s i g n i f i c a n t l y .  

The progress being made toward computing turbulence i s  discussed i n  d e t a i l  
i n  references 3 and 4. Reference 3  g ives the  t h e o r e t i c a l  background and 
reference 4  presents the  computer program MIMOC used t o  compute t h e  two- 
dimensional unsteady f low.  



I n  t h e  MIMOC method two types o f  f i n i t e  vor tex  elements a re  in t roduced 
( f i g .  10) .  A vor tex  sheet i s  a  l i n e  vor tex .  Sheets a re  in t roduced a t  t h e  w a l l  
t o  s a t i s f y  t h e  n o - s l i p  boundary c o n d i t i o n  and t o  s imulate t h e  generat ion o f  
tu rbu lence a t  t h e  w a l l .  When a  sheet moves o u t  o f  a  boundary l a y e r  o f  t h i c k -  
ness dS, i t  becomes a  vor tex  b lob  and i t s  image. The v o r t i c e s  a re  moved 
w i t h  a  p a r t i c u l a r  var iance. The var iance o f  t h e  Gaussian d i s t r i b u t i o n  i s  pro-  
p o r t i o n a l  t o  t h e  t ime  s tep  and i n v e r s e l y  p ropo r t i ona l  t o  t h e  Reynolds number. 
The v o r t i c e s  move a  d is tance AZ, which i s  t h e  sum o f  t h e  convected d is tance 
and t h e  random motion. A reduced-time coord ina te  system i s  used. The reduced 
t ime  T i s  t h e  t ime t m u l t i p l i e d  by t h e  i n l e t  channel v e l o c i t y  Uo and 
d i v i d e d  by t h e  duc t  he igh t  H. The Reynolds number i s  a l s o  de f ined  i n  terms 
o f  H. The mot ion o f  each vo r tex  b lob  ( f i g .  11) i s  computed f rom t h e  l o c a l  
v e l o c i t y  created by a l l  o f  t h e  o t h e r  elements p lus  t h e  Gaussian random walk.  

Comparing t h e  experimental  data and t h e  random vor tex  method shows good 
agreement f o r  t h e  mean v e l o c i t i e s  ( f i g .  12) b u t  poorer  agreement f o r  t h e  t u r -  
bulence i n t e n s i t i e s  normal ized by t h e  i n l e t  v e l o c i t y  ( f i g .  13).  Remember t h a t  
these computations i nc lude  no tu rbu lence constants b u t  on l y  t h e  tu rbu lence gen- 
e ra ted  by t h e  fundamental equat ions. I n t e n s i t y  peaks a t  about 20 t o  30 percent  
i n  t h e  shear l a y e r  f o r  bo th  t h e  nonreact ing and r e a c t i n g  f lows.  The Reynolds 
number i n  t h i s  comparison i s  22 000. For r e a c t i n g  f l o w  t h e  peak i n  i n t e n s i t y  
s h i f t e d  down i n t o  t h e  r e c i r c u l a t i o n  reg ion  and t h e  r e c i r c u l a t i o n  reg ion  shor t -  
ened w i t h  reac t i on .  

The t ime h i s t o r y  o f  t h e  ca l cu la ted  v e l o c i t y  a t  a  p o i n t  i n  t h e  f l o w  
( f i g .  14) looks r e a l i s t i c ,  l i k e  t h e  s igna l  f rom a  ho t  w i re .  A h is togram was 
made o f  these p o i n t s  ( f i g .  15) ;  t h e  d i s t r i b u t i o n  looks Gaussian. 

When t h e  r e s u l t s  were analyzed w i t h  a  f a s t  Fou r ie r  t rans form (FFT), t h e  
frequency spectrum could be p l o t t e d  ( f i g .  16) .  The r e s u l t s  a re  presented i n  
reduced frequency, which i s  t h e  duc t  he igh t  d i v i d e d  by t h e  i n l e t  v e l o c i t y .  The 
power i s  h igh  below 200 Hz, w i t h  peaks. Some o f  t h e  peaks may be caused by t h e  
l ack  o f  r e s o l u t i o n  i n  t h e  c a l c u l a t i o n .  The frequency spectrum r o l l s  o f f  as t h e  
experimental  data. A power spec t ra l  d i s t r i b u t i o n  ( f i g .  17) shows most of t h e  
power (75 percent )  below a  reduced frequency o f  1. 

The t u r b u l e n t  c h a r a c t e r i s t i c s  o f  t h e  f l o w  need t o  be q u a n t i f i e d  i n  o rder  
t o  be ab le  t o  p r e d i c t  t r a n s i t i o n  i n  t u rb ines .  Chor in ls  method i s  use fu l  f o r  
understanding and p red i , c t i ng  vor tex  f lows.  
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Figure 1. - Canbustion flow phenomena. 
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Figure 2. - LDV measurements o f  turbulence intensity. (From ref .  1 .) 
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Figure 3. - Determination of turbulence intensity fran probability distribution. Flight-idle 
r = 7.10 mn; l~ = 79.0 m/s; u = 5.50 m/s; u/p = 6.96 percent; Uupper = 94.0 W S ;  
Ulower = 64.0 m/s; <U> = 79.0 m/s; s = 5.61 m/s; s/<o = 7.10 percent; N = 820. (Fran ref. 
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Figure 4. - Canbustor exhaust measurements. Axial position downstream, 60 mn. 
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Figure 5 .  - Laboratory combustor. 
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(a) Turbulence intensity distribution a t  z/D = 20. 
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Figure 6. - Turbulence intensity distributions. 
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Figure 7. - Still photographs of color schlieren motion pictures. (Flee from right to left.)
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(a) Isothermal ; Q = 0.  
(b) With c d u s t i o n ;  velocity. 13 mfsec. 

(c) With c d u s t i o n  a t  varicus velocities. 

Figure 8. - Sunnary o f  turbulence characteristics. 
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Figure 9. - Frequency spectrum downstream o f  swirl can combustor. Temperature, 550 K .  
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Figure 10. - Modeling interface motion of  canbustion by Chorin's random vortex method. 



Figure 11. - Motion of vortex blobs computed by ~horin's method. Reynolds number, 10 000. 
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Figure 12. - Comparison of experimental and numerical data for mean velocity. 
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Figure 13. - Comparison of experimental and numerical data for turbulence intensity. (Same configuration 
as fig. 12.) 
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Figure 14. - Instantaneous time history of calculated velocity. x/H = 1.8; Reynolds number, 10 000. 



Figure 

.05 - 
0, I I 1 
-.30 -.24 -.18 - .12 -.06 0 .06 .12 .18 .24  .30 

ac am~litude (instantaneous) 

15. - Computed probability distribution. x/H = 

Reduced frequency, Hz 

Figure 16. - Computed power spectrum. x/H = 1.8. 
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Figure 17. - Power spectral distribution. x/H = 3.6. 




