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SUMMAKY 

A computer s i m u l a t i o n  which models engine per formance o f  D i r e c t  I n j e c t i o n  
S t r a t i f i e d  Charge (DISC) r o t a r y  engines has been used t o  s tudy  t h e  e f f e c t  o f  
v a r i a t i o n s  i n  engine des ign  and opera t i ng  parameters on engine performance and 
e f f i c i e n c y  o f  an exper imenta l  Outboard Mar ine Corpo ra t i on  (OMC) r o t a r y  combus- 
t i o n  eng ine .  Lng ine  pressure  da ta  have been used 'in a heat  r e l e a s e  a n a l y s i s  
t o  s tudy  t h e  e f f e c t s  o f  heat  t r a n s f e r ,  leakage and c r e v i c e  f l o w s .  P r e d i c t e d  

speeds and loads .  An examinat ion o f  methods t o  improve t h e  performance o f  t h e  
r o t a r y  engine u s i n g  advanced heat  engine concepts such as f a s t e r  combustion, 
reduced leakage and tu rbocharg ing  i s  a l s o  presented .  
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w eng ine  da ta  i s  compared w i t h  exper imenta l  t e s t  da ta  over  a range o f  engine 

I N ?  RODUCT LON 

The d i r e c t - i n j e c t i o n  s t r a t l f i e d - c h a r g e  (DISC) Wankel r o t a r y  engine i s  
c u r r e n t l y  be ing  eva lua ted  by NASA as a f u t u r e  advanced powerp lan t  f o r  l i g h t  
commercial and s i m i l a r  a p p l i c a t i o n s .  The Wankel r o t a r y  engine o f f e r s  a t t r a c -  
t i v e  advantages over  t h e  r e c i p r o c a t i n g  engines f o r  use i n  smal l  a i r c r a f t .  
These advantages i n c l u d e  h ighe r  power t o  we igh t  r a t i o ,  s i m p l e r  and more compact 
shape, fewer moving p a r t s ,  lower  no ise l e v e l s  and l e s s  v i b r a t i o n .  I n  a d d i t i o n ,  
u s i n g  d i r e c t - i n j e c t i o n  s t r a t i f i e d - c h a r g e  opera t i on ,  t h e  r o t a r y  engine can be 
des igned f o r  o p e r a t i o n  w i t h  j e t - f u e l  o r  m u l t i - f u e l  c a p a b i l i t y  ( r e f s .  1 and 2 ) .  

The purpose o f  t h i s  s tudy  i s  t o  examine t h e  combustion r a t e  and per fo rm-  
ance l o s s  mechanisms o f  an exper imenta l  Outboard Mar ine Corpo ra t i on  (OMC) D I S C  
Wankel r o t a r y  engine.  The t e s t  program was conducted u s i n g  an OMC s i n g l e  r o t o r  
exper imen ta l  engine a t  NASA Lewis Research Center t o  o b t a i n  eng ine  performance 
da ta  and t o  i n v e s t i g a t e  t h e  s t r a t i f i e d - - c h a r g e  concept .  l o  suppor t  these t e s t -  
i n g  a c t i v i t i e s ,  numer ica l  s imu la t i ons  were used t o  examine heat  r e l e a s e  and 
heat  l o s s  mechanisms (such as heat  t r a n s f e r ,  c r e v i c e  volumes and gas l eakage) .  
These s i m u l a t i o n s  w e r e  a l s o  used t o  i n v e s t i g a t e  how D I S C  Wankel engine per fo rm-  
ance v a r i e s  w i t h  changes i n  engine des ign and o p e r a t i n g  c o n d i t i o n s .  E x p e r i -  
menta l  p ressu re  da ta  ob ta ined  f rom the  OMC r o t a r y  t e s t  engine were used w i t h  
t h e  heat  r e l e a s e  r a t e  computer model t o  compute t h e  f u e l  b u r n i n g  r a t e  and l o s s  
mechanisms. Performance p r e d i c t i o n s  of t h e  OMC engine were compared w i t h  
exper imen ta l  da ta .  The performance improvements o f  t h e  D I S C  Wankel r o t a r y  
engine were a l s o  i n v e s t i g a t e d .  



M O U t l  3 DC.SCHlPI I O N  H C V I t W  

I w o  thermodynamic s i m u l a t i o n  models were used t o  p r e d i c t  t h e  performance 
o f  D I S C  Wankel r o t a r y  engines.  These models were developed by researchers  a t  
Sloan Automot ive Labora to ry ,  Massachusetts I n s t i t u t e  o f  Technology ( r e f .  3 ) .  
l h e  f i r s t  t y p e  o f  computer model may be used t o  de termine t h e  combustion heat  
r e l e a s e  r a t e  f r o m  measured chamber p ressu re  u s i n g  a heat  r e l e a s e  a n a l y s i s  based 
on a f i r s t - l a w  thermodynamic a n a l y s i s  on t h e  con ten ts  o f  t h e  engine combustion 
chamber. The combustion chamber i s  t r e a t e d  as an open thermodynamic system, 
and i t s  con ten ts  a r e  e f f e c t i v e l y  modeled as u n i f o r m  and homogeneous. Thermo 
dynamic p r o p e r t i e s  o f  t h e  chamber con ten ts  a r e  represented  by a s imp le  l i n e a r  
f u n c t i o n  o f  temperature f o r  t h e  r a t i o  o f  s p e c i f i c  heats  y ( r e f .  4 ) .  The f u e l  
chemical energy re leased i n s i d e  t h e  combustion chamber i s  accounted f o r  by a l l  
the  major  energy and mass t r a n s p o r t  mechanisms: hea t  t r a n s f e r ,  leakage and 
c r e v i c e  volume e f f e c t s .  I n  pe r fo rm ing  t h e  heat  t r a n s f e r  c a l c u l a t i o n ,  t h e  con- 
v e c t i v e  heat  t r a n s f e r  t o  combustion chamber w a l l s  i s  c a l c u l a t e d  i n  a d d i t l o n  t o  
t h e  heat  t r a n s f e r s  assoc ia ted  w i t h  f l o w  i n t o  and o u t  o f  c r e v i c e s .  Heat t r a n s -  
f e r  due t o  f l ows  th rough leakage pa ths  i s  a l s o  s imu la ted .  The fo rced  convec- 
t i v e  heat  t r a n s f e r  i s  based on t h e  form proposed by Woschni ( r e f .  5 ) .  The heat  
t r a n s f e r  c o e f f i c i e n t  appear ing  i n  t h e  Woschni equa t ion  takes  t h e  f o l l o w i n g  
form: 

-0.2 p0.8 -0.53 0.8 h = 131.0 R T W 

where R i s  t he  r o t o r  r a d i u s ,  P i s  t h e  chamber p ressure ,  T i s  t h e  chamber 
average temperature, and W i s  t h e  c h a r a c t e r i s t i c  speed g i v e n  by: 

(!!a '3) ( >TFiim) P - P  T I  pc 
W = 2.28C U + 0.324 C 

v I P C  1 R  

U R  i s  t h e  mean r o t o r  speed, V i s  t he  chamber volume, t h e  s u b s c r i p t  I P C  
r e f e r s  t o  c o n d i t i o n s  a t  i n t a k e  p o r t  c l o s i n g ,  p f  and Pm a r e  f i r i n g  and 
m o t o r i n g  pressures,  r e s p e c t i v e l y ,  and Vdlsp i s  t h e  d isp lacement  volume. 
C1 and C2 a re  s c a l i n g  c o e f f i c l e n t s  and a r e  a d j u s t e d  acco rd ing  t o  t h e  
c a l i b r a t i o n  procedure desc r ibed  i n  t h e  f o l l o w i n g  s e c t i o n .  C rev i ce  and leakage 
phenomena a r e  combined, i . e . ,  t h e  leakage f l o w  p a t h  t o  an ad jacen t  chamber i s  
assumed t o  occur v i a  a c r e v i c e  r e g i o n .  

l o  a s s i s t  i n  f o r m u l a t i n g  t h e  combustion model, a s i n g l e  e m p i r i c a l  model 
which d e f i n e s  the r a t e  o f  heat  r e l e a s e  f o r  a range o f  speeds and loads  was used 
( r e f .  3 ) .  From the s t a r t  o f  combustion a t  c rank  a n g l e  es,  t h e  hea t  
r e l e a s e  r a t e  r i s e s  l i n e a r l y  t o  (dQ/de),, t h e  peak r a t e  o f  heat  r e l e a s e ,  which 
occurs a t  em, the crank ang le  p o s i t i o n  a t  peak r a t e  o f  heat  r e l e a s e .  The heat  
r e l e a s e  r a t e  then decays e x p o n e n t i a l l y  w i t h  a t i m e  cons tan t ,  T, u n t i l  t h e  
exhaust p o r t  begins t o  open. An i n t e g r a l  c o n s t r a i n t  d e f i n e s  t h e  sum o f  t h e  
i n t e g r a t e d  heat  re lease  r a t e s  between t h e  i n t e r v a l s  e, t o  em, and 0, t o  
exhaust p o r t  opening, as t h e  combustion e f f i c i e n c y ,  ncomb, t imes t h e  energy 
o f  t h e  i n j e c t e d  f u e l .  Th i s  i n t e g r a l  c o n s t r a i n t  was used t o  a i d  i n  computing 
t h e  f o u r  parameters appear ing  i n  t h e  heat  r e l e a s e  e m p i r i c a l  model. l h e r e f o r e ,  
o n l y  t h r e e  o f  the f o u r  model parameters need be s p e c i f i e d  w i t h  t h e  f o u r t h  be ing  
determined by the c o n s t r a i n t .  From 0, t o  e,,,, t h e  r a t e  o f  hea t  r e l e a s e  i s  
g i  ven by : 
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For a crank ang le  g r e a t e r  t han  t h e  peak r a t e  l o c a t i o n  
r e l e a s e  i s  g i v e n  by: 

em, t h e  r a t e  o f  heat  

w i t h ,  T, as t h e  f o u r t h  va lue  g i v e n  by t h e  i n t e g r a l  c o n s t r a i n t :  

l h e  above heat  r e l e a s e  model can p r o v i d e  b o t h  a u s e f u l  check on t h e  qua l -  
i t y  o f  measured chamber p ressu re  data, and an a c c u r a t e  method f o r  p r e d i c t i n g  
combust ion r a t e s  f r o m  measured chamber p ressu re  da ta .  

The second numer ica l  s i m u l a t i o n  model has been used t o  p r e d i c t  t h e  deve l -  
opment o f  t h e  chamber p ressu re  w i t h  t ime,  and the reby  t h e  eng ine  performance, 
f r o m  a p r e s p e c i f i e d  combustion r a t e .  l h e  engine s i r n u l a t i o n  model d i v i d e s  t h e  
complete engine c y c l e  i n t o  t h e  f o l l o w i n g  p e r i o d s :  i n t a k e ,  compression, combus- 
t i o n  (and expans lon) ,  and exhaust .  The engine s i m u l a t i o n  i s  based on a f i r s t -  
law thermodynamics a n a l y s i s  o f  t h e  engine combust ion chamber w i t h  t h e  f o l l o w i n g  
major  assumptions: 

(1 )  Quas i  steady one-dimensional compress ib le  f l o w  equat ions  a r e  used t o  
c a l c u l a t e  t h e  mass f l o w s  th rough the p o r t s .  

( 2 )  The i n t a k e  and exhaust  man i fo lds  a r e  t r e a t e d  as i n f i n i t e  plenums w i t h  
s p e c i f i e d  p ressu re  and tempera ture  h i s t o r i e s .  

( 3 )  A one-zone combustion model i n  which t h e  combust ion r a t e  i s  s p e c i f i e d  
by a h e a t  r e l e a s e  r a t e  e q u a t i o n  i s  used. Th is  one-zone model desc r ibes  t h e  
chamber con ten ts  by a t i m e - v a r y i n g  average o v e r a l l  equ iva lence  r a t i o  and tem- 
p e r a t u r e .  

( 4 )  Heat t r a n s f e r  t o  r o t o r  and housings i s  modeled as t u r b u l e n t  convec t i on  
over  a f l a t  p l a t e  where t h e  corresponding Nussel t - -Reynolds number c o r r e l a t i o n  
i s  used. A lso,  heat  t r a n s f e r  t o  c r e v i c e  w a l l s  i s  based on c r e v i c e  gas proper- .  
t i e s  eva lua ted  a t  t h e  c r e v i c e  w a l l  temperature. R a d i a t i v e  heat  t r a n s f e r  i s  
neg 1 ec t e d  . 

( 5 )  Crev ices  a r e  modeled as c o n t a i n i n g  gas a t  chamber p ressu re  and w a l l  
tempera ture .  

( 6 )  Leakage occurs f rom a c r e v i c e  r e g i o n  t o  an ad jacen t  chamber ( a t  lower  
p r e s s u r e ) .  One-dimensional quasi -s teady compress ib le  f l o w  equat ions  a r e  used 
t o  model leakage f l o w s .  

( 7 )  Thermodynamic p r o p e r t i e s  (en tha lpy  and d e n s i t y )  o f  t h e  chamber con- 
t e n t s  
equ iva lence  r a t i o .  The i d e a l  gas l a w  I s  obeyed th roughou t  t h e  c y c l e .  

a r e  s p e c i f i e d  as f u n c t i o n s  o f  chamber tempera ture ,  p ressu re  and average 
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The heat  re lease  r a t e  and t h e  engine s i m u l a t i o n  programs can be used as 
d i a g n o s t i c  t o o l s  t o  p r e d i c t  t h e  performance o f  D I S C  Wankel engines when changes 
i n  t h e  engine design and o p e r a t i n g  c o n d i t i o n s  a r e  made. 

M O D t L  C A L l B R A l  I O N  AND V A L I D A l I O N  MElHODOLOGIES 

P r i o r  t o  c a l i b r a t i o n  and v a l i d a t i o n  o f  t h e  programs, a t e s t  o f  t h e  heat  
r e l e a s e  program was c a r r i e d  o u t .  The engine s i m u l a t i o n  program was used t o  
o b t a i n  t h e  chamber p ressu re  d u r i n g  a complete engine c y c l e .  For t h i s  s imu la -  
t i o n  t h e  average speed o f  t h e  engine was 3200 rpm and t h e  equ iva lence r a t i o ,  
0 = 0.39. D e t a i l s  o f  t h e  eng ine  geometry and o p e r a t i n g  c o n d i t i o n s  a r e  g i v e n  i n  
t h e  n e x t  s e c t i o n .  The heat  r e l e a s e  r a t e  p r o f i l e  used as i n p u t  f o r  t h i s  s imu la -  
t i o n  i s  shown i n  f l g u r e  l ( b ) .  A s  desc r ibed  i n  t h e  p rev ious  s e c t i o n ,  t h i s  heat  
r e l e a s e  r a t e  model r i s e s  l i n e a r l y  f rom t h e  s t a r t  of combustion, a t  e,, t o  
t h e  peak r a t e  o f  heat  r e l e a s e ,  (dQ/de),, which occurs a t  8,. The hea t  
r e l e a s e  r a t e  then decays e x p o n e n t i a l l y ,  w i t h  t i m e  cons tan t ,  T. The chosen 
model parameter values were: 8, = 25.0" B I C ,  8, = 0" T D C ,  (dQ/de), = 0.0381 
( l / d e g ) ,  and T = 38.464". The p ressu re  cu rve  generated f rom t h e  engine 
s i m u l a t i o n  shown i n  f j g u r e  l ( a )  was then used as i n p u t  t o  t h e  heat  r e l e a s e  
program. Both the eng ine  s i m u l a t i o n  and heat  r e l e a s e  r a t e  programs use s l m i l a r  
va lues  f o r  w a l l  temperatures and f o r  t h e  parameters i n  t h e  submodels f o r  heat  
t r a n s f e r ,  and c r e v i c e  volume and leakage area .  The r a t e  o f  heat  r e l e a s e  was 
then  p r e d i c t e d  f r o m  t h e  heat  r e l e a s e  a n a l y s i s  and i s  compared t o  t h e  o r i g i n a l  
hea t  r e l e a s e  r a t e  model i n  f i g u r e  l ( b ) .  The heat  r e l e a s e  r a t e  p r o f i l e s  a r e  
i d e n t i c a l  except  f o r  a smal l  d i f f e r e n c e  i n  t h e  exponen t ia l  decay. I t  was t h e r e -  
f o r e  dec ided t h a t  t h e  heat  r e l e a s e  program was f u n c t i o n i n g  p r o p e r l y .  

l h e  c a l i b r a t i o n  and v a l i d a t i o n  s t r a t e g l e s  o f  t h e  heat  r e l e a s e  and eng ine  
s i m u l a t i o n  programs a re  d iscussed n e x t .  The heat  r e l e a s e  program and t h e  
eng ine  c y c l e  simulation i n v o l v e  a number o f  submodels c o n t a i n i n g  e m p i r i c a l  con- 
s t a n t s  which r e q u i r e  c a l j b r a t i o n  a g a i n s t  exper jmenta l  da ta .  For example, t h e  
f o l l o w i n g  va lues  o f  e m p i r i c a l  cons tan ts  i n  v a r i o u s  submodels must be s p e c i f i e d :  
t h e  two s c a l i n g  f a c t o r s  i n  t h e  heat  t r a n s f e r  model, t h e  va lues  f o r  t h e  c r e v i c e  
volume and t h e  leakage area,  t h e  w a l l  temperature,  t h e  r a t i o  o f  s p e c i f i c  heats ,  
and t h e  va lues of  t h e  d i scha rge  c o e f f i c i e n t s .  Exper imenta l  da ta  ob ta ined  from 
t h e  m o t o r i n g  and f i r i n g  OMC engine were used i n  t h e  c a l i b r a t i o n  and v a l i d a t i o n  
procedures .  The c a l i b r a t i o n  and v a l i d a t i o n  procedures were t h e  f o l l o w i n g :  

( 1 )  Exper imenta l  ensembled p ressu re  t r a c e s  versus c rank  ang le  da ta  were 
used as i n p u t  t o  the  heat  r e l e a s e  program. A s  a s t a r t i n g  p o i n t ,  es t ima tes  f o r  
t h e  va lues o f  the heat  t r a n s f e r  cons tan ts ,  c r e v i c e  volume, leakage area ,  and 
d i scha rge  c o e f f i c i e n t s  were used. Computations o f  t h e  i n d i v i d u a l  hea t  r e l e a s e  
r a t e s  and t h e  i n t e g r a t e d  heat  r e l e a s e  (g ross  heat  r e l e a s e )  r a t e s  were p e r -  
formed. The gross heat  r e l e a s e  should be zero b e f o r e  s t a r t  o f  combust ion.  A t  
t h e  end o f  cornbustion, t h e  cu rve  should be n e a r l y  f l a t  w i t h  a va lue  ve ry  c l o s e  
t o  t h e  f u e l  energy (mass o f  f u e l  t i m e s  i t s  lower  h e a t i n g  va lue  per  u n i t  mass). 
l h e r e f o r e ,  t h e  gross heat  r e l e a s e  curves p r o v i d e  u s e f u l  checks f o r  t h e  heat  
r e l e a s e  model. 

. 

( 2 )  k r o m  the  i n d i v i d u a l  heat  r e l e a s e  r a t e s  computed a t  v a r y i n g  speed and 
load p o i n t s ,  an average heat  r e l e a s e  r a t e  was c a l c u l a t e d .  
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( 3 )  The e m p i r i c a l  heat  r e l e a s e  r a t e  model was then  f i t t e d  t o  t h e  average 
c a l c u l a t e d  heat  r e l e a s e  r a t e .  
(dy/de),, Om, and T) was ob ta ined .  

A set  o f  f o u r  b e s t - f i t t e d  parameters ( e s ,  

( 4 )  Ihe  heat  r e l e a s e  r a t e  obta ined i n  t h e  p rev ious  s t e p  was used as i n p u t  
t o  t h e  engine s i m u l a t i o n  program. l h e  p r e d i c t e d  p ressu re  t r a c e s  were then com- 
pared a g a i n s t  exper imenta l  ensemble averaged p ressu re  t r a c e s .  Th is  i t e r a t i o n  
scheme was repeated  u n t i l  convergence between t h e  computed and exper imenta l  
ensembled p ressu re  t r a c e s  was ob ta ined.  T h i s  s tudy  was t h e  b a s e l i n e  case where 
a l l  t h e  heat  l o s s  mechanisms were considered.  

HEAT R€L€ASk PARAMkIRIC ANALYSIS 

I n  o rde r  t o  i n v e s t i g a t e  t h e  e f f e c t s  o f  heat  t r a n s f e r ,  c r e v i c e  volume and 
leakage area  on heat  r e l e a s e  and englne performance t h e  f o l l o w i n g  pa ramet r i c  
s tudy  was per formed.  

( 1 )  The f i t t e d  heat  r e l e a s e  r a t e  f rom t h e  b a s e l i n e  case was used as i n p u t  
t o  t h e  engine s i m u l a t i o n .  Heat t r a n s f e r  was neg lec ted .  A cor respond ing  p res -  
sure  versus crank ang le  curve  was ob ta ined.  

( 2 )  The p ressu re  da ta  ob ta ined  i n  t h e  p rev ious  s t e p  was used t o  c a l c u l a t e  
t h e  cor respond ing  heat  r e l e a s e  r a t e  profile. Th is  heat  r e l e a s e  r a t e  p r o f i l e  
was used i n  t h e  f i t t l n g  procedure t o  o b t a i n  f o u r  new b e s t - f i t t e d  parameters i n  
t h e  e m p i r i c a l  heat  r e l e a s e  r a t e  model. Th i s  heat  r e l e a s e  r a t e  model was then 
used i n  t h e  engine s i m u l a t i o n  t o  compute a new p ressu re  t r a c e  versus c rank-  
a n g l e .  Th is  new pressure  t r a c e  was used as i n p u t  t o  t h e  heat  r e l e a s e  r a t e  p r o -  
gram t o  c a l c u l a t e  t h e  new heat  re lease r a t e  p r o f i l e .  T h i s  i t e r a t i o n  scheme was 
repeated  u n t i l  cons is tency  was achieved. 

Steps 1 and 2 were repeated f o r  a d d i t i o n a l  cases where c r e v i c e  volumes and 
leakage area  were s e l e c t i v e l y  neg lec ted .  

S ince  leakage area has a s u b s t a n t i a l  e f f e c t  on m o t o r i n g  p ressu re  da ta  a t  
low speed, t h e  es t imated  leakage area can be checked by r u n n i n g  t h e  engine 
s i m u l a t i o n  under mo to r ing  c o n d i t i o n s .  The computed m o t o r i n g  p ressu re  t r a c e s  
were then  compared t o  the  exper imenta l  p ressu re  t r a c e s .  Th is  procedure was 
f o l l o w e d  and the  es t imated  leakage area was a d j u s t e d  u n t i l  agreement between 
the  c a l c u l a t e d  and exper imenta l  motor ing  p ressu re  t r a c e s  was ach ieved.  

R O T A R Y  LNGINk 1kS1 R I G  AND INSTHUMkNTATION 

F i g u r e  2 shows t h e  t e s t  r i g  which was c o n s t r u c t e d  around a s i n g l e  r o t o r ,  
39.6 i n . 3  (0 .648 l i t e r )  d isp lacement ,  r o t a r y  engine b u i l t  by the  Outboard 
Mar ine  Corpo ra t i on  (OMC). The engine i s  n a t u r a l l y  a s p i r a t e d  and i n c o r p o r a t e s  
d i r e c t  f u e l  i n j e c t i o n  combined w i t h  spark i g n i t i o n  t o  c r e a t e  a s t r a t i f l e d -  
charge env i ronment  f o r  combustion. 

One f u e l  i n j e c t o r  and one spark p l u g  were used. I n t a k e  a i r  i s  passed 
th rough  t h e  r o t o r  t o  e l i m i n a t e  t h e  need f o r  an o i l  c o o l i n g  system. L i q u i d  
cooJant  i s  d l r e c t e d  p e r i p h e r a l l y  around t h e  h o t  s i d e  o f  t h e  r o t o r  hous ing  t o  
s i m p l i f y  t h e  r o t o r  and t h e  s i d e  housing geometry. F i g u r e  3 shows t h e  p a t h  o f  
t he  c o o l a n t  th rough t h e  engine.  
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l h e  engine was des igned t o  opera te  under a s t r a t i f i e d - c h a r g e ,  o v e r a l l  
f u e l l e a n  c o n d i t i o n  s i m i l a r  t o  a d i r e c t - i n j e c t i o n  d i e s e l  engine.  A i r  f l o w  t o  
the  engine was not  c o n s t r i c t e d  o r  t h r o t t l e d .  The f l o w p a t h  a long  w i t h  t h e  h e a t -  
i n g  e f f e c t  assoc ia ted  w i t h  c o o l i n g  t h e  r o t o r  were found t o  adve rse l y  a f f e c t  t h e  
v o l u m e t r i c  e f f i c i e n c y .  

The f u e l  system c o n s i s t e d  o f  a d i s t r i b u t o r  t y p e  i n j e c t i o n  pump (Stanadyne 
Model No. DB-2) and a f o u r  h o l e  p e n c i l  i n j e c t o r  (Stanadyne Model No. XNM-1753) 
which was loca ted  near  t h e  minor  a x i s  o f  t h e  t r o c h o i d  housing.  The f u e l  used 
was an A S l M  d i e s e l  check f u e l  w i t h  a ce tane number o f  53.7. 

A s i n g l e  spark p l u g  l o c a t e d  on t h e  minor  a x i s  o f  t h e  t r o c h o i d  hous ing  was 
used t o  i n i t i a t e  combust ion.  A s i n g l e  spark pe r  power s t r o k e  was generated by 
a c a p a c i t i v e  d ischarge t ype  i g n i t i o n  system. 

L u b r i c a t i o n  f o r  t h e  main bear ings ,  r o t o r  bea r ings ,  and t h e  r o t o r  sea ls  was 
p rov ided  by two s o l e n o i d - o p e r a t e d  m e t e r i n g  pumps. The l u b r l c a t l n g  o i l  was a 
s y n t h e t i c ,  two-cyc le  o i l  which was n o t  r e c i r c u l a t e d ,  b u t  was consumed i n  t h e  
combustion process. The heat  o f  combustion o f  t h e  o i l  was n e g l i g i b l e  i n  com- 
p a r i s o n  t o  t h e  t o t a l  heat  o f  combustion o f  t h e  f u e l .  

The remainder o f  t h e  t e s t  r i g  c o n s i s t e d  p r i m a r i l y  o f  an eddy c u r r e n t  dyna- 
mometer and an e l e c t r i c  motor .  The motor was capab le  o f  mo to r ing  t h e  engine 
up t o  speeds o f  3200 rpm, w h i l e  t h e  dynamometer c o u l d  absorb engine to rques  up 
t o  50 f t - l b ,  a t  speeds t o  6000 rpm. 

l h e  f l o w  o f  a i r  i n t o  t h e  engine was measured u s i n g  a l am ina r  f l o w  element 
(Meriam Model No. 25 M C 2 ) .  l h e  f l o w  element was separated f rom the  engine by 
a plenum chamber which dampened p u l s a t i o n s  f rom t h e  i n t a k e  s t rokes  of t h e  
engine s o  t h a t  a i r  f l o w  th rough t h e  laminar  element would be r e l a t i v e l y  s teady .  

Fuel  f l o w  was measured by a F l o t r o n  p o s i t i v e  d isp lacement  t y p e  f l o w  meter -  
i n g  system. 

The engine c o o l a n t  was a one- to -one  volume s o l u t i o n  o f  e t h y l e n e  g l y c o l  and 
water .  l h e  coo lan t  f l o w  was measured by a t u r b i n e  Flowmeter. Both t h e  i n l e t  
and o u t l e t  coo lan t  temperatures a long  w i t h  exhaust  tempera ture  and hous ing  tem-  
p e r a t u r e  were mon i to red .  These were used t o  de termine  t h e  es tab l i shmen t  o f  
steady s t a t e  ope ra t i on  a t  a p rede f ined  engine speed. 

Pressures i n  t h e  combustion chamber o f  t h e  eng ine  were measured by a 
s e r i e s  o f  f o u r  water coo led ,  A V L  p i e z o e l e c t r i c  p ressu re  t ransducers .  These 
t ransducers  w e r e  mounted i n  t h e  midplane o f  t h e  t r o c h o i d  hous ing  i n  such a way 
t h a t  t h e  pressure  i n  a chamber o f  i n t e r e s t  would c o n s t a n t l y  be mon i to red  
( f i g .  4 ) .  Pressure m o n i t o r i n g  th roughout  t h e  f o u r - s t r o k e  c y c l e  was made pos- 
s i b l e  th rough  t h e  use o f  a NASA developed e l e c t r o n i c  s w i t c h i n g  and c o r r e l a t i n g  
system c a l l e d  t h e  Modular Equipment Ins t rumen t  System (MELS)  ( r e f .  6 ) .  The 
M E I S  c o r r e l a t e s  t h e  i n d i v i d u a l  p ressure  s i g n a l s  i n t o  one composi te  cu rve  o f  
p ressu re  as a f u n c t i o n  o f  engine crank ang le  f o r  each complete f o u r - s t r o k e  
engine c y c l e .  The c r a n k s h a f t  p o s i t i o n  was p r o v i d e d  t o  t h e  M E I S  by an o p t i c a l  
encoder (Renco Corp. Model No. 30HDALN8) w i t h  a r e s o l u t i o n  o f  0 .53" .  

Th i s  composite p ressu re  curve ,  which i s  a r e a l - t i m e  measurement, was 
recorded on a d i g i t a l  waveform r e c o r d e r .  ?he waveform reco rde r  i n c o r p o r a t e d  a 
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s e r i e s  o f  i n d i v i d u a l  ana log  t o - d i g i t a l  (A -D)  c o n v e r t e r s  wh ich  p e r m i t t e d  a 
number o f  i n d i v i d u a l  s i g n a l s  t o  be recorded s imu l taneous ly  ( f i g .  5 ) .  The com- 
m e r c i a l l y  a v a i l a b l e  wave fo rm recorder  (Gould 9000 S e r i e s )  was m o d i f i e d  such 
t h a t  i t  c o u l d  be t r i g g e r e d  e x t e r n a l l y  w i t h  sampl ing a l s o  c o n t r o l l e d  e x t e r n a l l y .  
The r e c o r d e r  was t r i g g e r e d  manua l ly  when a s teady s t a t e  c o n d i t i o n  was reached 
w i t h  t h e  engine.  
opposed t o  a t ime-base r e f e r e n c e  frame. The e x t e r n a l  c l o c k  s i g n a l  and t r i g g e r  
were produced by a NASA des igned MEIS/waveform r e c o r d e r  i n t e r f a c e  module. 

The r e c o r d i n g  was done i n  a crank a n g l e  r e f e r e n c e  frame as 

The i n d i v i d u a l  composi te  pressure curves s t o r e d  1080" o f  c r a n k s h a f t  r o t a -  
t i o n  i n  1024 address l o c a t i o n s .  There were 256 b (2128 b )  o f  v e r t i c a l  r e s o l u -  
t i o n  per  channel .  T h i s  p resented  some problems i n  a c c u r a t e  d a t a  c o l l e c t i o n  and 
i n  f u r t h e r  a n a l y s i s  where smal l  p ressure  changes y i e l d e d  poor  d a t a  r e s o l u t i o n .  
Each A-D c o n v e r t e r  had 32 KB o f  memory assoc ia ted  w i t h  i t , which  t r a n s l a t e s  
i n t o  32 composite p ressu re  curves.  For each d a t a  p o i n t  taken,  32 consecu t i ve  
composi te  curves were recorded and a u t o m a t i c a l l y  down loaded t o  a microcomputer 
hav ing  ha rd -d i sk  memory c a p a b i l i t y .  These 32 composi te  curves  were ensemble- 
averaged I n  pos t - run  t i m e  t o  fo rm one average composi te  p ressu re  cu rve  rep re -  
s e n t a t i v e  o f  t h e  eng ine  c o n d i t i o n s  a t  t h e  t i m e  d a t a  was taken.  

RESULTS AND DISCUSSION 

Resu l t s  o f  Heat Release Ana lys i s  

F i g u r e  6 shows t h e  comparison o f  seve ra l  computed and exper imen ta l  p res -  
sure  p r o f i l e s  cor respond ing  t o  d i f f e r e n t  va lues  o f  eng ine  speeds and loads .  
Agreements between t h e  p r e d l c t e d  and exper imenta l  ensembled p ressu re  p r o f i l e s ,  
peak pressures ,  and c rank  angles a t  peak p ressu re  a r e  good. 

R e s u l t s  f o r  t h e  combustion heat  r e l e a s e  r a t e s  a t  b rake  mean e f f e c t i v e  
p ressures  (BMEP's) o f  138.5, 137.3, 142.9, 139.3, 164.0, 163.5, 113.3, and 
102.4 kPa a r e  presented  i n  f i g u r e  7 .  
p l o t t e d  a g a i n s t  c rank  ang le  f o r  severa l  speed and load  c o n d i t i o n s .  Each cu rve  
i s  c a l c u l a t e d  u s i n g  an average o f  32 consecu t i ve  c y c l e s  o f  t h e  exper imenta l  
p r e s s u r e  da ta .  The genera l  t r e n d  o f  t hese  f i g u r e s  shows an i n c r e a s e  i n  t h e  
v a l u e  o f  t h e  peak r a t e ,  hence an improvement i n  t h e  combust ion e f f i c i e n c y ,  as 
BMEP inc reases  a t  each engine speed. The o s c i l l a t i o n s  observed a t  t h e  peak 
r a t e  o f  heat  r e l e a s e  a t  137.3 kPa BMEP i n d i c a t e  t h a t  t h e  accu rac ies  o f  t h e  hea t  
r e l e a s e  a n a l y s i s  r e l y  on t h e  accurac ies  o f  t h e  exper imen ta l  p ressu re  da ta .  The 
hea t  r e l e a s e  a n a l y s i s  uses t h e  d e r i v a t i v e  o f  t h e  chamber p ressure ,  hence smooth 
and h i g h l y  r e s o l v e d  p ressu re  da ta  are necessary t o  o b t a i n  a c c u r a t e  heat  r e l e a s e  
r a t e  r e s u l t s .  Exper imenta l  p ressu re  d a t a  analyzed w i t h  t h e  hea t  r e l e a s e  r a t e  
program shou ld  a l s o  be ensemble averaged over  a l a r g e  number o f  c a r e f u l l y  meas- 
u red  s i n g l e  c y c l e  p ressu re  da ta  so t h a t  t h e  e f f e c t s  o f  c y c l e  t o  c y c l e  v a r l a -  
t i o n s  a r e  n o t  o v e r l y  weighted.  

The r a t e  o f  combustion hea t  r e l e a s e  was 

A l l  t h e  hea t  r e l e a s e  r a t e  curves e x h i b i t  two s tages o f  combustion. The 
f i r s t  s tage  o f  combustion s t a r t s  a t  about 525 and ends a t  app rox ima te l y  560 
c rank  a n g l e  degrees a f t e r  BDC o r  minlmum volume on t h e  c o o l  s i d e  o f  t h e  eng lne .  
The second s tage s t a r t s  a t  t h e  end o f  t h e  f i r s t  s tage and proceeds i n t o  t h e  
expans ion  s t r o k e .  I t  should be noted t h a t  t h e  heat  r e l e a s e  r a t e  r e s u l t s  d u r i n g  
t h e  second s tage a r e  s e n s i t i v e  t o  the i n a c c u r a c i e s  i n  t h e  p ressu re  da ta .  As  
ment ioned i n  t h e  p rev ious  s e c t i o n ,  the p ressu re  d a t a  d i g i t i z e d  by t h e  8 b A - D  
c o n v e r t e r  does n o t  have adequate r e s o l u t i o n  I n  t h e  lower  p ressu re  range. For 
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example, if t h e  maximum p ressu re  I n  t h e  chamber i s  500 p s i ,  then t h e  incremen 
t a l  p ressure  change i s  500 p ~ 1 / ( 2 ~ / 2 )  = 3.91 p s i .  A t  peak p ressu re  t h e  e r r o r  
i s  3 .91/500 = 0.8 p e r c e n t ,  b u t  near t h e  i n t a k e  and exhaust  t h e  e r r o r  i s  
3 . 9 1 / 1 4 . 7  26.6 p e r c e n t .  l h u s  f o r  t h e  b e t t e r  p ressu re  r e s o l u t i o n ,  a 10 b o r  
h i g h e r  A D c o n v e r t o r  would be more s u i t a b l e .  A prob lem i s  a l s o  c r e a t e d  by t h e  
d i g i t a l  r e c o r d e r  when t h e  heat  r e l e a s e  r a t e ,  dQ/de, i s  d e r i v e d  f r o m  t h e  
e m p i r i c a l  p ressure  c u r v e .  A t  r e g i o n s  i n  t h e  eng ine  c y c l e  where t h e  r a t e  o f  
p ressure  change i s  r e l a t i v e l y  slow, t h e  d i g i t a l  equipment cannot  r e c o r d  a c u r v e  
t h a t  i s  d i f f e r e n t i a b l e .  

A complete unders tand ing  o f  t h e  combust ion process would r e q u i r e  d e t a i l e d  
model ing o f  t h e  compress ib le  v iscous  a i r  mot ion ,  f u e l  spray  p e n e t r a t i o n ,  d rop-  
l e t  b reak-up  and evapora t i on ,  a i r  en t ra inment  i n t o  t h e  spray,  t u r b u l e n t  d i f f u -  
s i o n ,  combust ion k i n e t i c s ,  and so on. The d e s c r i p t i o n  by Watson e t  a1 ( r e f .  7 )  
o f  d i f f e r e n t  stages o f  D i e s e l  combust ion may be used h e r e  t o  e x p l a i n  t h e  two 
stages o f  combustion observed i n  D I S C  Wankel engines.  Watson e t  a1 proposed 
t h a t  t h e  apparent  f u e l  b u r n i n g  r a t e  i n  D i e s e l  engines c o u l d  be expressed as t h e  
sum o f  two components, one r e l a t i n g  t o  premixed (S tage 1 )  and t h e  o t h e r  t o  
d i f f u s i o n - c o n t r o l l e d  b u r n i n g  (S tage 2 ) .  I n  Stage 1, combust ion o f  t h e  f u e l  
which has a l r e a d y  mixed w i t h  a i r  t o  w i t h i n  t h e  f l a m m a b i l i t y  l i m i t s  occurs 
f a i r l y  r a p i d l y .  Once t h e  premixed f u e l  and a i r  m i x t u r e  has been consumed, corn 
b u s t i o n  i n  s tage two i s  c o n t r o l l e d  by t h e  lower  r a t e  a t  wh ich  t h e  f u e l  a i r  m i x -  
t u r e  becomes a v a i l a b l e  f o r  d i f f u s i o n  b u r n i n g .  l h e  second s tage o f  combust ion 
c o n t i n u e  w e l l  i n t o  t h e  expansion s t r o k e  and e v e n t u a l l y  would a s y m p t o t i c a l l y  
approach zero .  

A t y p i c a l  i n t e g r a t e d  heat  r e l e a s e  r a t e  i s  p resented  i n  f i g u r e  8 .  l h e  
i n t e g r a t e d  h e a t  re lease r a t e  i n d i c a t e s  t h a t  r o u g h l y  h a l f  o f  t h e  f u e l  i s  burned 
i n  t h e  f i r s t  stage. The m a j o r i t y  o f  t h e  remain ing  f u e l  I s  burned i n  t h e  second 
stage.  Less than 5 p e r c e n t  o f  t h e  f u e l  c o n s i s t s  o f  unburned hydrocarbons wh ich  
a r e  swept through t h e  exhaust system. Performance l o s s  mechanisms a r e  shown i n  
t h e  i n t e g r a t e d  heat r e l e a s e  r a t e  p resented  i n  f i g u r e  8 .  The lowest ,  c u r v e  1 ,  
i s  t h e  n e t  h e a t  re lease;  i t  rep resen ts  t h e  n e t  thermal  e f f i c i e n c y  and t h e  sen- 
s i b l e  i n t e r n a l  energy changes o f  t h e  charge.  The n e x t ,  c u r v e  2, shows t h e  
e f f e c t  o f  add ing  heat  t r a n s f e r  t o  eng ine  s t r u c t u r e s .  The n e x t ,  c u r v e  3, shows 
t h e  gross h e a t  re lease wh ich  combines t h e  e f f e c t s  o f  add ing  heat  t r a n s f e r ,  
c r e v i c e  volume and leakage area .  T h i s  i s  t h e  computed gross  heat  r e l e a s e  c u r v e  
which rep resen ts  t h e  amount o f  chemical  energy wh ich  i s  r e l e a s e d  as thermal  
energy by combust ion.  The s t r a i g h t  l i n e  a l o n g  t h e  t o p  o f  f i g u r e  8 rep resen ts  
t h e  f u e l  chemical  energy w i t h i n  t h e  chamber, i . e . ,  t h e  mass o f  f u e l  i n  t h e  
chamber t imes the  lower  h e a t i n g  v a l u e  p e r  u n i t  mass. The d i f f e r e n c e  between 
t h i s  s t r a i g h t  l i n e  and t h e  gross heat  r e l e a s e  c u r v e  g i v e s  a rough e s t i m a t e  o f  
t h e  combust ion i n e f f i c i e n c y .  The breakdown o f  these l o s s  mechanisms a t  v a r i o u s  
speeds and loads  f o r  t h e  OMC r o t a r y  t e s t  eng ine  i s  g i v e n  i n  t a b l e  11. 

To complete t h e  f o r m u l a t i o n  o f  t h e  cornbustion model, a s i n g l e  h e a t  r e l e a s e  
r a t e  c u r v e  ( f i g .  9 )  was generated by ave rag ing  t h e  r a t e s  shown on f i g u r e  7 .  
I t  was dec ided t o  exc lude t h e  r a t e  d a t a  a t  low speed ( 2 2 0 0  rpm) s i n c e  poor corn 
b u s t i o n  e f f i c i e n c y  was demonstrated a t  these o p e r a t i n g  p o i n t s  ( l o w  peak va lues 
o f  heat  r e l e a s e  r a t e s  a t  2200 rpm as shown on f i g .  7 ) .  A s  a f i r s t  a t t e m p t ,  t h e  
e m p i r i c a l  model descr ibed i n  t h e  p r e v i o u s  s e c t i o n  was used t o  r e p r e s e n t  t h e  
r a t e  o f  heat  r e l e a s e  i n  t h e  engine s i m u l a t i o n .  F i g u r e  9 shows t h e  comparison 
o f  t h e  average heat r e l e a s e  r a t e  w i t h  r e s u l t s  f r o m  t h e  b e s t - f i t t e d  e m p i r i c a l  
mode:. Model  ..-1 . I - -  f v a i u e b  l o r  t h e  r e s u l t s  s h o w  iii f i g u r e  9 were: 
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es = i z o  B I C  

8, =6.5" A 1 C  

(dQ/de), = 0.028 ( l / d e g )  

T = 26.10'1" 

l h e  c a l i b r a t i o n  o f  t h e  submodels o f  hea t  r e l e a s e ,  hea t  t r a n s f e r ,  leakage, 
c r e v i c e  e f f e c t s ,  e t c .  a l s o  r e s u l t e d  i n  t h e  v a l u e  o f  o t h e r  parameters i n  t h e  OMC 
r o t a r y  t e s t  engine s i m u l a t i o n  model as f o l l o w s :  

Heat t r a n s f e r  c o n s t a n t s :  C 1  = 0.0625; C2 = 0.163 
Leakage area p e r  apex: 
C rev i ce  volume: 0.875 cm3 
Discharge c o e f f i c i e n t s :  0.6 ( i n t a k e ) ,  0.6 (exhaus t )  

0.02 crn2 

Est imated temperatures o f  t h e  r o t o r  f a c e  and measured temperatures o f  t h e  
s i d e  and r o t o r  hous ing  su r faces  a t  va r ious  o p e r a t i n g  c o n d i t i o n s  were used i n  
t h e  s i m u l a t i o n .  The e f f e c t s  o f  var ious o p e r a t i o n a l  parameters on t h e  pe r fo rm-  
ance o f  t h e  OMC engine were analyzed by t h e  D I S C  Wankel s i m u l a t i o n  model and 
i t s  p r e d i c t e d  r e s u l t s  a r e  discussed n e x t .  

Engine Performance R e s u l t s  

C a l c u l a t i o n s  were c a r r i e d  o u t  f o r  t h e  engine over  a speed range f r o m  
2200 t o  3200 rpm a t  mid and l i g h t  load. The s i m u l a t i o n  o u t p u t  was checked 
a g a i n s t  performance t e s t  d a t a .  The v a r i o u s  c a l c u l a t e d  parameters,  i . e . ,  v o l u -  
m e t r i c  e f f i c i e n c y ,  power o u t p u t ,  i n d i c a t e d  s p e c i f i c  f u e l  consumption (1Sf.C) and 
exhaust  temperature a r e  presented i n  f i g u r e s  10 and 11. Only i n d i c a t e d  p e r -  
formance o f  t h e  OMC Wankel engine was p r e d i c t e d  s i n c e  t h e  D I S C  Wankel s imu la -  
t i o n  model i n c l u d e s  no f r i c t i o n .  

F i g u r e  10 shows t h e  comparison o f  t h e  i n d i c a t e d  va lues  o f  t h e  power o u t p u t  
and s p e c i f i c  f u e l  consumption p r e d i c t e d  by t h e  s i m u l a t i o n  w i t h  exper imen ta l  
va lues  o f  t h e  b rake  horsepower and brake s p e c i f i c  f u e l  consumption, respec-  
t i v e l y ,  a t  v a r y i n g  speeds. There i s  good agreement i n  t h e  t r e n d  o f  i n d i c a t e d  
power o u t p u t  f r o m  t h e  s i m u l a t i o n  and t h e  b rake  horsepower f r o m  t h e  engine da ta .  
I -he b rake  horsepower t e s t  da ta  values a r e  about  20 p e r c e n t  lower than  t h e  i n d i -  
ca ted  horsepower va lues f r o m  t h e  s i m u l a t i o n .  Reasonable agreement a l s o  e x i s t s  
i n  t h e  t r e n d  o f  t h e  i n d i c a t e d  s p e c i f i c  f u e l  consumption f r o m  t h e  s i m u l a t i o n  and 
t h e  t e s t  d a t a  b rake  s p e c i f i c  f u e l  consumption over  t h e  speed range w i t h  t h e  
e x c e p t i o n  of t h e  d a t a  a t  t h e  speed o f  3200 rpm. The p r e d i c t e d  i n d i c a t e d  s p e c i -  
f i c  f u e l  consumption va lues f a l l  about 1 .5  t imes below t h e  exper imen ta l  b rake  
s p e c i f i c  f u e l  consumption. Over the speed and load  range s tud ied ,  t h e  p r e -  
d i c t e d  maximum i n d i c a t e d  power output  developed a t  7.14 hp a t  3200 rpm and 
0 = 0 .39.  The p r e d i c t e d  minimum I S F C  o f  294 g/kW-hr was a l s o  ob ta ined  a t  t h e  
same speed and l o a d  c o n d i t i o n .  

F i g u r e  11 shows t h e  comparison o f  t h e  v o l u m e t r i c  e f f i c i e n c y  and exhaust 
temperature va lues p r e d i c t e d  by the  s i m u l a t i o n  w i t h  t h e  engine da ta .  Compari- 
son o f  t h e  va lues f o r  v o l u m e t r i c  e f f i c i e n c y  show d i f f e r e n c e s  v a r y i n g  f r o m  0 t o  
18 p e r c e n t .  l h e  t rends  i n  t h e  p r e d i c t e d  exhaust t empera tu re  va lues c l o s e l y  
match t h e  exper imen ta l  t r e n d s .  I t  should be no ted  t h a t  t h e  lower exhaust tem- 
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p e r a t u r e  va lues  f rom eng ine  da ta  i s  due t o  c o o l a n t  c i r c u l a t i n g  around t h e  
exhaust  p o r t  o f  t he  t e s t  engine.  

l h e  e f f e c t s  o f  changes i n  t h e  combust ion r a t e ,  t u rbocharg ing  and leakage 
area on performance c h a r a c t e r i s t i c s  o f  t h e  OMC r o t a r y  t e s t  eng ine  were s t u d i e d  
by t h e  D I S C  Wankel s i m u l a t i o n  model and t h e  r e s u l t s  a r e  d iscussed n e x t .  Tes ts  
were c a r r i e d  ou t  f o r  t h e  f o l l o w i n g  r e f e r e n c e  c o n d i t i o n :  
To make these paramet r ic  s t u d i e s ,  one parameter was changed a t  a t i m e  w h i l e  t h e  
o t h e r  parameters were k e p t  a t  t h e  re fe rence  c o n d i t i o n .  

3200 rpm, 0 = 0.39. 

. 
The E f f e c t  o f  Combustion Rate 

Understanding t h e  combust ion process p l a y s  an i m p o r t a n t  r o l e  i n  t h e  o p t i -  
m i z a t i o n  o f  engine performance and e f f i c i e n c y .  To change t h e  combust ion r a t e  
i n  t h e  OMC engine s i m u l a t i o n ,  t h e  combust ion d u r a t i o n  was a d j u s t e d .  The com- 
b u s t i o n  d u r a t i o n  i s  d e f i n e d  as t h e  c rank  ang le  i n t e r v a l  f rom 10 pe rcen t  mass 
f r a c t i o n  burned t o  90 pe rcen t  mass f r a c t i o n  burned. The c rank  ang le  i n t e r v a l  
between t h e  ac tua l  spark t i m i n g  and 10 pe rcen t  mass f r a c t i o n  burned d e f i n e s  t h e  
i g n i t i o n  d e l a y  pe r iod .  Thus a change i n  the  combust ion d u r a t i o n  was induced by 
a change i n  t h e  spark t i m i n g ,  which i s  s p e c i f i e d  as an i n p u t .  

The s i m u l a t i o n  model p r e d i c t s  a s i g n i f i c a n t  improvement i n  t h e  OMC r o t a r y  
eng ine  performance w i t h  an i n c r e a s e  i n  t h e  combust ion r a t e .  F igu res  12(a)  
t o  ( d )  p r e s e n t  the e f f e c t  o f  combust ion d u r a t i o n  on t h e  mass f r a c t i o n  burned 
p r o f i l e ,  chamber p ressure  and tempera ture  p r o f i l e s ,  and power o u t p u t  f o r  t h e  
n a t u r a l l y  a s p i r a t e d  OMC eng ine  (3200 rpm, compression r a t i o  C R  = 12.94) .  The 
va lue  o f  t h e  spark t i m i n g  was v a r i e d  f rom -22"  t o  6" BTC. The normal ized  mass 
f r a c t i o n s  burned a t  t h r e e  d i f f e r e n t  bu rn  d u r a t i o n s  ( 5 4 ,  61 and 67" crank ang le )  
a r e  shown i n  f i g u r e  1 2 ( a ) .  l h e  cu rve  i n d i c a t e s  an improvement i n  t h e  shape o f  
burned f r a c t i o n  a t  t h e  s h o r t e r  combust ion d u r a t i o n s  because more o f  t h e  f u e l  i s  
burned e a r l i e r  i n  t h e  c y c l e .  The s i m u l a t i o n  model a l s o  p r e d i c t s  a s i g n i f i c a n t  
i n c r e a s e  i n  t h e  peak p ressu re  w i t h  f a s t e r  cornbustion. The chamber tempera ture  
near  top-dead-center  i s  a l s o  seen t o  i n c r e a s e  f o r  54"  and 61" c rank  ang le  bu rn  
d u r a t i o n .  The t o t a l  work o u t p u t  pe r  c y c l e  f rom t h e  P-V d iagrams shown i n  
f i g u r e  12 inc reases  w i t h  f a s t e r  combust ion.  

F i g u r e  13 presents  t h e  e f f e c t  o f  combust ion d u r a t i o n  on t h e  power ou tpu t ,  
i n d i c a t e d  mean e f f e c t i v e  p ressu re  ( lMkP) ,  I S F C  and exhaust  tempera ture  f o r  t h e  
OMC eng ine  (3200 rpm, C R  = 12.94) .  l h e  model p r e d i c t s  a s i g n i f i c a n t  i n c r e a s e  
i n  power o u t p u t  and I M E P  w i t h  f a s t e r  combust ion.  The model a l s o  p r e d i c t s  a 
s i g n i f i c a n t  decrease i n  I S F C  and exhaust  tempera ture  w i t h  f a s t e r  combust ion.  

l h e  E f f e c t  o f  Leakage Area 

Leakage past t h e  apex and s i d e  sea ls  i s  an i m p o r t a n t  source o f  per formance 
l o s s  i n  t h e  Wankel r o t a r y  engine.  Eberbe and Klomp ( r e f .  8 )  p r e d i c t e d  t h a t  a 
r e d u c t i o n  i n  the leakage area  o f  5 p e r c e n t  a t  2000 rpm w i l l  reduce I S F C  by 
6.5 pe rcen t .  l h e  s i d e  sea l  s p r i n g  m o d j f i c a t i o n s  made by Yamamoto and Murok i  
( r e f .  9 )  reduce brake s p e c i f i c  f u e l  consumption by 3 .5  p e r c e n t  a t  1500 rpm over  
a l oad  range o f  1 .5  t o  4 kg/cm2 BMEP. 

l h e  model used i n  t h i s  s tudy  combSnes apex and s i d e  sea l  leakage i n t o  
t h r e e  apex sea l  leakage areas.  F i g u r e  1 4  shows t h e  e f f e c t  o f  reduced leakage 
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area on t h e  I S F C ,  exhaust temperature, power o u t p u t  and v o l u m e t r i c  e f f i c i e n c y  
f o r  t h e  OMC r o t a r y  engine (3200 rpm, C R  = 12 .94) .  The model p r e d i c t s  a s i g n i f -  
i c a n t  improvement i n  the  OMC r o t a r y  engine per formance w i t h  reduced leakage.  
A s  t h e  leakage area  i s  reduced f r o m  0.02 t o  0.005 cm2 pe r  apex, t h e  f o l l o w i n g  
improvements a r e  observed: power i s  inc reased by 40 pe rcen t ,  exhaust tempera- 
t u r e  i s  i nc reased  by 6.4 pe rcen t ,  vo lumet r i c  e f f i c i e n c y  i s  i nc reased  by 
11 p e r c e n t  and I S F C  i s  decreased by 45 pe rcen t .  A l though a 7 5  pe rcen t  decrease 
i n  leakage i s  n o t  e a s i l y  accomplished, even modest r e d u c t i o n s  i n  leakage w i l l  
r e s u l t  i n  s i g n i f i c a n t  performance improvements. 

The E f f e c t  o f  Turbocharg ing  

F i g u r e  15 shows t h e  e f f e c t  o f  t u rbocharg ing  t h e  OMC r o t a r y  engine a t  
3200 rpm and CR = 12.94. These r e s u l t s  i n d i c a t e  a s i g n i f i c a n t  improvement I n  
performance over  t h e  n a t u r a l l y  a s p i r a t e d  engine.  An i n c r e a s e  i n  power o u t p u t  
o f  78.5 pe rcen t  i s  observed as the  i n t a k e  p ressu re  i s  i nc reased  by 31 p e r c e n t .  
An i n c r e a s e  i n  t h e  i n t a k e  pressure  by t h e  same amount a l s o  inc reases  t h e  
exhaust  tempera ture  by 32.5 percent .  S i g n i f i c a n t  i nc reases  i n  I M E P ,  peak pres-  
sure  and v o l u m e t r i c  e f f i c i e n c y  a r e  a l s o  observed as t h e  i n take /exhaus t  p ressu re  
r a t i o  i s  inc reased.  

CONCLUSIONS 

7he Outboard Mar ine Corpora t ion  ( O M C )  s i n g l e  r o t o r  t e s t  engine has been 
s e t  up a t  NASA Lewis t o  c a r r y  o u t  exper imenta l  i n v e s t i g a t i o n s  on t h e  
s t r a t i f i e d - c h a r g e  concept .  Computer models o f  t h e  heat  r e l e a s e  r a t e  and eng ine  
s i m u l a t i o n  o f  t h e  D I S C  Wankel engine system have been used t o  s tudy  the  eng ine  
per formance l o s s  mechanisms and t o  i n v e s t i g a t e  how t h e  performance o f  t h e  D I S C  
Wankel engine v a r i e s  w i t h  changes i n  engine des ign  and o p e r a t i n g  c o n d i t i o n s .  
Comparison o f  c a l c u l a t i o n  r e s u l t s  w i t h  exper imen ta l  d a t a  was p rov ided  and t h e  
ma jo r  conc lus ions  wh ich  have been drawn f rom t h i s  s tudy  a re :  

1. Combustion i n  t h e  OMC engine d i s p l a y s  two s tages.  Stage one o f  combus- 
t i o n  occurs r a p i d l y .  Th i s  r a p i d ,  premixed combustion p e r i o d  begins about 525 
and ends approx imate ly  560 c rank  angle degrees a f t e r  BDC. The premixed combus- 
t i o n  process i s  then f o l l o w e d  by the second s tage ( d i f f u s i o n  b u r n i n g )  wh ich  
occurs  more s l o w l y  and con t inues  w e l l  i n t o  t h e  expansion s t r o k e .  

2. C a r e f u l l y  measured pressure d a t a  t h a t  a r e  ensemble averaged over  a 
l a r g e  number o f  s i n g l e  c y c l e s  a r e  r e q u i r e d  f o r  an accu ra te  heat  r e l e a s e  
ana l  y s i  s .  

3. Good agreement i n  chamber p ressure  p r o f i l e s  and performance r e s u l t s  
over  t h e  range o f  speeds and loads examined i n d i c a t e s  t h a t  t h e  combina t ion  of 
heat  r e l e a s e  r a t e  and eng ine  s i m u l a t i o n  models p r o v i d e  an e f f e c t i v e  means o f  
p r e d i c t i n g  engine per formance and l o s s  mechanisms. Thus, t h e  heat  r e l e a s e  ana- 
l y s i s  and engine s i m u l a t i o n  model p r o v i d e  f a s t  and s imp le  y e t  power fu l  and 
p r a c t i c a l  approaches t o  a s s i s t  i n  unders tand ing  t h e  s t r a t i f i e d  charge combus 
t l o n  process.  I n  a d d i t i o n ,  by s i m u l a t i n g  changes i n  engine des ign  and o p e r a t -  
i n g  c o n d i t i o n s  t h e  eng ine  s i rnu la t ion  model can a c c u r a t e l y  p r e d i c t  t h e  per fo rm-  
ance o f  a D I S C  Wankel eng ine .  
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4. The engine s i m u l a t i o n  model p r e d i c t s  a s i g n i f i c a n t  improvement i n  t h e  
performance o f  t h e  Wankel engine performance w i t h  f a s t e r  combustion, reduced 
leakage and tu rbocharg ing .  The need f o r  f a s t e r  combustion, reduced leakage and 
tu rbocharg ing  i s  q u i t e  apparent  f rom these r e s u l t s .  
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Displacement  . . . . . . . . . . .  648 c c  (39.6 cu.  i n . ) / r o t o r  f a c e  
Compression r a t i o  . . . . . . . . . . . . . . . . . . . . . .  12.94 
E c c e n t r i c i t y  ( e )  . . . . . . . . . . . . . . . .  15.0  mm ( .5906 i n . )  
G e n e r a t i n g  r a d i u s  (R)  . . . . . . . . . . . .  103.5 mm (4.0748 i n . )  
O v e r s i z e  ( a )  . . . . . . . . . . . . . . . . . .  1 .5  mm (0.0591 i n . )  
l r o c h o j d  w i d t h  (W) . . . . . . . . . . . . . . .  79.2 mm (3.118 i n . )  
P o r t  t i m i n g s  (degree)  
Exhaust p o r t  opens a t  . . . . . . . . . . . . . . . . . . . .  -630 
Exhaust p o r t  c loses  a t  . . . . . . . . . . . . . . . . . . . .  -226 
I n t a k e  p o r t  opens a t  . . . . . . . . . . . . . . . . . . . . .  196 
I n t a k e  p o r t  c l o s e s  a t  . . . . . . . . . . . . . . . . . . . .  585 

~ Fue l :  
ASTM D i e s e l  H igh  Cetane Check Fue l  

~ Cetane No. . . . . . . . . . . . . . . . . . . . . . . . . .  53.7 
1 Gross heat  va lue  . . . . . . . . . .  19,655 B t u / l b  (45,723 k j / k g )  

Percent  thermal 
e f f i c i e n c y  plus 

p e r c e n t  change i n  
s e n s i b l e  i n t e r n a l  

energy 

TABLE 11. - RESULlS OF H E A l  RELEASL ANALYSIS OF OMC WANKFL 

R O l A R Y  ENGINL A1 V A R I O U S  SPEEDS AND LOADS 

Percent  Percent  heat  
h e a t  t r a n s f e r  l o s s  t o  c r e v i c e  
t o  s t r u c t u r e s  volume and 

leakage area  

(Expressed as Percent  o f  I n t r o d u c e d  Fue l  Chemical Energy.a]  

3200 rpm 

3200 rpm 

2800 rprn 

2800 rpm 

2500 rpm 

2500 rpm 

2200 rpm 

2200 rpm 

0 = 0.39 

0 =0.34 

0 = 0 .410 

0 = 0.34 

0 = 0.43 

0 = 0.41 

0 = 0.37 

0 = 0.34 

61 

60 

52.5 

58 

50.5 

45 

36 

58.5 

34.0 

36.2 

39.5 

35.0 

40.7 

47.2 

55.8 

33.2 

3.0 

2.7 

4.8 

4.2 

5.4 

5.4 

5.3 

5.3 

a I n  each case, t h e  unaccounted p e r c e n t  f u e l  energy i s  a rough 
e s t i m a t e  o f  t h e  combustion i n e f f i c i e n c y .  
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FIGURE 1. - PREDICTED CYLINDER PRESSURE FROM 
ENGINE SIMULATION USED TO TEST HEAT RE- 
LEASE RATE PROGRAM. AND COMBUSTION HEAT RE- 
LEASE RATES FOR OMC WANKEL ROTARY ENGINE. 
SPEED, 3200 RPM: EQUIVALENCE RATIO. 0.39. 

F IGURE 2. - INSTRUMENTED OMC WANKEL ROTARY ENGINE.  

FIGURE 3. - COOLANT FLOW THROUGH ENGINE, 
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FIGURE 4. - PRESSURE TRANSDUCER LOCATIONS. 

F l G U R t  5.  - A-D REAL T I M E  DATA RECORDING SYSTEM. 
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( A )  SPEED, 3 2 0 0  RPM: (B) SPEED, 2 8 0 0  RPM: 

EQUIVALENCE RATIO, 0.39. EQUIVALENCE, 0.41. 
( B )  SPEED, 2500 RPM: ( D )  SPEED, 2 2 0 0  RPM: 

EQUIVALENCE RATIO, 0 . 4 2 7 .  EQUIVALENCE RATIO, 0.37. 

FIGURE 6. - MEASURED AND PREDUCTED CYLINDER PRESSURES FOR 
OMC WANKEL ROTARY ENGINE AT VARIOUS SPEEDS AND LOADS. 
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(A) SPEED, 3200 RPM; EQUIVALENCE RATIO, 0.39; 

(B) SPEED, 3200 RPM; EQUIVALENCE RATIO. 0.34; 

(C) SPEED, 2800 RPM; EQUIVALENCE RATIO, 0.338; 

(D) SPEED. 2800 RPM; EQUIVALENCE RATIO, 0.41: 

ENEP. 138.5 KPA. 

BHEP. 137.3 KPA. 

BHEP. 142.9 KPA. 

BHEP. 139.3 KPA. 
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(E) SPEED, 2500 RPM; EQUIVALENCE RATIO, 0.41; 
ENEP. 164.0. 

E P .  163.5. 

BHEP, 113.3. 

BHEP, 102.4 KPA. 

(F) SPEED, 2500 RPM; EQUIVALENCE RATIO. 0.427; 

( G I  SPEED, 2200 RPM; EQUIVALENCE RATIO. 0.37; 

(D) SPEED, 2200 RPM; EQUIVALANCE RATIO, 0.39; 

FIGURE 7. - CONCLUDED. 
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FIGURE 7. - COMBUSTION HEAT RELEASE RATE FOR OMC WANKEL 
ROTARY ENGINE AS FUNCTION OF CRANK ANGLE AT VARIOUS 
SPEEDS, LOADS, AND BRAKE MEAN EFFECTIVE PRESSURE 
(ENEP), EFFECTIVE PRESSURE, 113.3 KPA. 

FIGURE 8. - INTEGRATED COMBUSTION HEAT RELEASE FOR O K  
WANKEL ROTARY ENGINE AS FUNCTION OF CRANK ANGLE. 
SPEED, 2200 RPM; EQUIVALENCE RATIO, 0.34; BRAKE MEAN 
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FIGURE 9. - AVERAGE HEAT RELEASE RATE AND EMPIRICAL 
HEAT RELEASE RATE MODEL AS FUNCTIONS OF CRANK ANGLE. 

0 

0 

5 I o  0 MEASURED BRAKE VALUES 

a 
I- 3 
0 

0 COMPUTED INDICATED VALUES 

4.4 t 
0 

3.2 I I 

0 
0 

0 I 
25 z 

21 25 29 33 
SPEED, RPM 

FIGURE 10. - INDICATED VALUES OF OUTPUT POWER 
AND SPECIFIC FUEL CONSUMPTION FOR OMC WANKLE 
ROTARY ENG I N t  PRED ICTED BY SIMULATION WITH 
THEIR RESPECTIVE EXPERIMENTAL VALUES. 
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FIGURE 1 1. - MEASURED AND PREDICTED EXHAUST TEMPERATURE 
AND VOLUMETRIC EFFIC IENCY FOR OMC WANKEL ROTARY ENGINE 
AT VARYING SPEEDS AND EQUIVALENCE R A T I O  (0. THE OPERATING 
POINTS LABELED ON X - A X I S  ARE 1 = (2200 RPM, (o=  0.34). 
2 = (2200 RPM, 0.37). 3 = (2500 RPM, ( 0 =  0.43), 
4 = (2500 RPM, c p =  0.41), 5 = (2800 RPM, ( 0 =  0.41), 
6 = (3200 RPM, (0 = 0.34), 7 = (2800 RPM, ( 0 =  0.341, 
8 = (3200 RPM, cp = 0.39). 
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TEMPERATURE, AND POWER OUTPUT OF OMC WANKEL ROTARY ENGINE AS 
FUNCTIONS OF BURN DURATION. 
RATIO, 0.39. 

FIGURE 12. - MASS BURNED FRACTION, CYLINDER PRESSURE, CYLINDER 

SPEED, 3200 RPM: EQUIVALENCE 
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