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The project i s  aimed a t  understanding wall quenching and other processes 
responsible fo r  surface generated hydrocarbons in combustion under engine-like 
conditions. The study concerns the e f fec ts  of turbulence on the evolution 
of hydrocarbons. A t  the conclusion of the program, s igni f icant  new experimental 
inform~t ion  will have been generated and an analytical model of the f lu id  mechan- 
ics  andlsome ,aspects of the chemistry of quenching will be formulated. 

The work i s  divided in to  three tasks: ( I )  combustion bomb experiments a t  Ford 
to  measure the e f fec t  of turbulence on the chemical species near the cold sur- 
face,  ( I  I )  combus t i  on bomb experiments a t  U . of M . ,  using a simi 1 a r  turbulence 
generating device, to fu l ly  characterize the flow and turbulence in the v ic in i ty  
of the quenching surface,  and (111) an analytical study, a lso a t  U. of M . ,  to 
characterize f lu id  mechanical scales of in t e re s t  in  the boundary layer and t o  
find an analytical solution to  describe the evolution of the layer.  

This report  covers the work performed from January t o  April 1980 and wi.'ll 
include a' discussion of current technical s t a tus ,  and plans for  the f inal  
reporting period, May-July 1980. 

TECHNICAL STATUS 

Significant areas of progress during the reporting period are :  ( i )  the sampling 
valve data obtained previously in  the Ford spherical bomb under quiescent f i r ing  
conditions have been' analyzed and in terpre ted ,  ( i  i  ) the solenoi d-operated charg- 

. . ing system has been s e t  u p  to generate turbulence in the bomb, and the i n l e t  
flow has been.characterized.in terms of pressure, veloci ty ,  turbulence, and 
temperature his tor ies . ,  and ( i i i )  an analysis leading to  a simplified model fo r  
the turbulent quench layer has been obtained. 

A detailed discussion of these items follows: 

Task I - Chemical Composition Probing of the Hydrocarbon Quench La.yer (Ford.) 
I 

The f e a s i b i l i t y  of using an electrohydraul i c  sampling valve on a s ingle  shot 
' 

basis to  withdraw quench-layer material has been completed in the Ford spherical 
combustion bomb. ' In  these experiments, the bomb was f i l l e d  with premixed propane 
and .a i r  through a low crevice volume i n l e t  and exhaust valve to  a pressure of 
250 kPa, allowed to s i t  until  the mixture was quiescent ( %  3 min.), and f i r ed .  

. . A t  preset times a f t e r  the,  igni t i  on, small -volume gas samples on the order of 
1 .5  std cm3 were then dynamically extracted from the wall. region (within % 3mm 

. of the wall ) of the combustion bomb. These samples were dTrectly injected into 
. . . a gas chromatograph and analyzed for  CHq, C2H4, C 2 H 6 ,  C3H6, C3H8,, CO, C02, 

N2 and 02. The Ford spherical combustion bomb was used for  th i s  portion of the 
study, since the Ford cyl indrical bomb, which will be used for  the reiliairrder 
of the project,  was a t  the University of Michigan being used to  charac ter ize '  
the incoming flow genera.ted by the dynamic charging system -- presented in the 
section on Task 11. 



Figure I f  shows a typical reactor pressure t race f o r  the spherical bomb, a 
fuel molecule (propane) concentration t race  and an intermediate species 
molecule (acetylene) concentration t race ,  both as a function of time a f t e r  
igni t ion.  Also shown in Figure 1 a re  the concentrations of these two species 
which are  determined by a .bulk gas sample withdr.awn .from .the reaction 5 minutes 
a f t e r  f i r ing .  These concentrations are  indicated by the l ines  marked "exhaust 
level" i n  Figure 1 .  

. . 

As seen in ' f igure 1 ,  before the flame arr ives  a t  approximately 70 ms a f t e r  
igni t ion,  the concentration of the material extracted from near the reactor . . 

wall into the sampling' valve i s  identical to  the i n i t i a l  composition of pre- 
mixed fue l ,  oxidizer and di luent .  A t  the time of flame a r r i v a l ,  the propane 
concentration drops from i t s  i n i t i a l  value to  approximately 1 ppm within 3 ms 
of the arr ival  time. After reaching t h i s  minimum value, the propane level 
increases until  i t  reaches an exhaust concentration of 20 ppmt 

We in terpre t  the rapid decrease in propane level and subsequent slow r i s e  to 
the exhaust level as indicative of a two-stage process. The f i r s t  stage . . 
(flame quenching) reduces the propane level to  1 ppm while the second stage 
(crevice outgassing) ra i ses  the propane level t o  the exhaust value on a 
time scale of approximately 1 sec. 

. . 

In these s tudies ,  the intermediate species (propylene,. acetylene, ethane, 
ethylene) al'l peaked a t  the time of flame a r r iva l .  Before flame arr ival  
and within 150 msec a f t e r  the.flame arr ival  time, these specie concentration 
levels were below' the detectable 1 imi t s  of the gas chromatograph used i n  the 
analysis.  . .. 

To date ,  a l l  sampling va1ve.measurements have been performed under quiescent 
i n i t i a l  conditions with a laminar flame propagating through .the reactor .  
The valve has operated as designed wi t h  extremely low levels of leakage .. 

due to  the high sealing fo.rces. Presently, the dynamic charging system i s  
bei ng cal i  bra ted and sampl i  ng val ve measurements of f  1 anies quenchi ng under. 

, . turbulent conditions wi 11 follow. 

Task I1 - Characterization of. the Turbulent Flow Field (University o f .  ~ i c h i g a n )  
. .. 

As reported in our Technjcal Progress Report for  September-December 1579, we . . 
. . 

have chosen to  generate turbulence in the bomb by introducing the flow into 
the bomb as a pulsed, high speed j e t .  The f lu id  motion and turbulence in tens i ty  
decays as a function of time a f t e r  the i n l e t  valve i s  closed. The .con~bustion 
bomb i s  then f i red  when the turbulence in tens i ty  decays to  t h e  desiredturbulence 
l e v e l . .  I n  addition, the turbulence level i s  fur ther  augmented, i f  desired, 

. . by the insertion of a turbulence gr id.  
. . 

The experimental. setup shown in Fig. 2 consis ts  of the cylindrical combustion 
bomb designed a t  Ford (8.255 cm inside diameter), a directional swirl producing . . 
nozzle through which the propane-ai r  charge i s  injected,  a,removable. turb:ulence 
producing gr id,  and the gas i n l e t  system. An identical i n l e t  setup i s  being 

. . assembled a t  Ford, and will provide fo r  uniform t e s t  condit.i.ons: and flow . - .  

patterns a t  U.  of M .  and a t  Ford. Thus, gas concentration measurements' obtained 
a t  Ford can .be correlated with velocity and turbulence measurements made a t  the 
.The University. of Michigan. . . 



The gas i i i l e t  system shown i n  F i g u r e  2  c o n s i s t s  o f  p ressure  tanks,  a  s o l e n o i d  
val've, a 'check va lve ,  and an i n t a k e  nozz le .  The s o l e n o i d  v a l v e  was chosen 
t o  have as l a r g e  an o r i f i c e  as possib1.e and t h e  sh .o r tes t  open-c lose t imes  
c o n s i s t e n t  w i t h  r a p i d  commercial a v a i l a b i l i t y .  The check v a l v e  i s  a l s o  
commerc ia l l y  a v a i l a b l e  and i s  employed t o  p r o t e c t  t h e  s o l e n o i d  v a l v e  and 
premixed cha rg ing  tank from t h e  combust ion p ressure .  Design o f  t h e  nozz le  
took  i n t o  account  two i m p o r t a n t  f a c t o r s .  F i r s t ,  t h e  nozz le  produces t h e  
d e s i r e d  s w i r l i n g  f l o w  p a t t e r n  and i s  f l u s h  mounted, i .e. t h e r e  a r e  no p h y s i c a l  
p r o j e c t i o n s  i n t o  t h e  f l o w  caus ing  l o c a l  r e c i r c u l a t i o n  o r  o t h e r  d i s t u rbances .  
I n i t i a l l y ,  i t  was p lanned t o  cons ide r  t h e  "no s w i r l "  case f i r s t ,  b u t  i t  was 
dec ided l  t h a t  . the  a d d i t i o n  o f  s w i r l  would b e n e f i t  t h e  a n a l y t i c a l  model 1  i n g  
s tudy  s i n c e  t h e  w a l l  r e g i o n  c o u l d  then  be mode l led  as a  t u r b u l e n t  boundary 
l a y e r  i n  which t h e  behav io r  o f  t h e  t u rbu lence  i s  f a i r l y  w e l l  known. The 
second f a c t o r  i n  t h e  nozz le  des ign  was t h e  q u e s t i o n  o f  whether t o  use a  two- 

' 

d imensional  s l o t  i n  o r d e r  t o  i n j e c t  t h e  f l o w  i n  a  two-d imensional  p a t t e r n ,  
o r  t o  use a  c i r c u l a r  nozz le  which i n t r o d u c e s  th ree-d imens iona l  f l o w .  The 
c i r c u l a r  nozz le  was chosen f o r  manufactur ing simp1ici t .y and a l s o  i n  an 
a t t e m p t .  t o  m in im ize  c r e v i c e  volumes i n  t h e  bomb which would i n t e r f e r e  w i t h  
HC c o n c e n t r a t i o n  measurements. 

For t h e  t e s t s  conducted a t  The U n i v e r s i t y  o f  M i c h i g a n , , t h e  Ford bomb has 
been ins t rumented  w i t h  a  .p ressure  t ransducer ,  a  h o t  f i l m  anemometer, a  
s c h l i e r e n  f low v i s u a l i z a t i o n  system and a  m i n i a t u r e  thermocouple probe. 
The p i e z o e l e c t r i c  p ressu re  t ransducer  has been used t o  o b t a i n  t h e  p ressu re  
t i m e  h i s t o r y ,  i n  t h e  combust ion bomb, a l l o w i n g  us t o  de te rmine  t h e  e f f e c t s  
o f  cha rg ing  p ressure  and v a l v e  opening t i m e  on t h e  cha rg ing  r a t e .  The h o t  
f i l m  anemometer ( S I  1210-20) i s  a  rugged .015 cm d iameter  probe used t o  measure 
ins tan taneous  v e l o c i , t y ,  mean v e l o c i t y  and RIIS v e l o c i t y  f l u c t u a t i o n s  a t  v a r i o u s  
r a d i a l  l o c a t i o n s .  To da te ,  e f f o r t s  have been concen t ra ted  on c h a r a c t e r i z i n g  
o n l y  t h e  v e l o c i t y  and t u r b u l e n c e  l e v e l s  p r i o r  t o  combust ion. 

Run parameters used a re :  cha rg ing  p ressu re  i n  t h e  " cons tan t  p ressure  t ank "  
shown i n  F i g .  2  i s  0.6 MPa (90  p s i a ) ;  i n i t i a l  bomb pressgre  i s  0.1 MPa 

. . 
(14.7 p s i a ) .  The s o l e n o i d  v a l v e  i s  opened and then  c l osed  by s u p p l y i n g  
a  c u r r e n t  p u l s e  o f  80 msec f rom a  v a r i a b l e  p u l s e , g e n e r a t o r .  Flow th rough 
t he  0.8 cm d i r e c t i o n a l  nozz le  i s  t u r b u l e n t  s i n c e  t h e  cor respond ing  Reynolds 
number o f  t h e  i n l e t  j e t  when t h e  v a l v e  i s  f i r s t  opened i s  200,000. 

The p ressure  and v e l o c i t y  da ta  were recorded  d i g i t a l l y  on a  f l o p p y  d i s k  
which was i n s e r t e d  i n  a  N i c o l e t  d i g i t a l  o s c i l l o s c o p e .  The h o t  f i l m  anemometer 
s i g n a l  was processed by a  1  i n e a r i z e r  c i r c u i t  s e t  f o r  t h e  c a l i b r a t i o n  c o n d i t i o n s  
of  1  atmosphere p ressure  and 290 '~ .  S ince  t h e  p ressure  and temperature i n  
t h e  bomb a r e  d i f f e r e n t  i n  genera l  f r om t h e  c a l i b r a t i o n  c o n d i t i o n s ,  t h e  raw 
da ta '  must  be a d j u s t e d  t o  o b t a i n  t r u e ,  v e l o c i t y  r ead ings .  The h o t  f i l m  c o r r e c t i o n  
f a c t o r  i s  g i v e n  by t h e  f o l l o w i n g  r e l a t i o n :  

. . 

T .  u ( t )  =, c o n s t a n t  2 . v ( t )  
(Tp - Tg)2 P 

where u ( t )  i s  t h e  t r u e ' v e l o c i t y ,  v  i s  v o l t a g e  o u t p u t  f r om t h e  h o t  f i l m  
l i n e a r i z e r ,  P i s ,  t h e  gss p ressure ,  Tg i s -  gas tempera tu re  and Tp i s  t h e  

.. . p r e s e t  probe temperature.  The cons tan t  i s  determined from c o l d  f l o w  
c a l  i b r a t i o ~ ~ ,  Tp i s  known f o r  a  p r e s e t  probe o p e r a t i n g  r e s i s t a n c e  and 
p ( t )  and T g ( t )  were measured as d iscussed  below. T h i s  e q u a t i o n  i s  d e r i v e d  1 

by s e t t i  ng t h e  Nussel t nurnber f o r  a  c o n v e c t i v e l y  coo led  c y l  i n d e r  p r o p o r t i o n a l  
.. .. . . . . . .  . . 
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t o  t h e  squ'are r o o t  of  t h e  Reynolds number I n  o r d e r  t o  m in im ize  t h e  
e f f e c t  o f  t h e  c o r r e c t i b n  f a c t o r  (Tp - ~ ~ ) i ,  we r a i s e d  t h e  p r o b e  temperature 
T  t o  590 K.  so t h a t  f o r  t h e  observed 23 K v a r i a t i o n s  i n  Tg, t h e  f a c t o r  
(Yp - T ~ ) Z  v a r i e d  by o n l y  15% f f r o m  i t s  c o l d  f l ow  c a l i b r a t i o n  v a l u e .  The 
f a c t o r  ' Tg v a r i e s  by o n l y  .8% between c a l  i b r a t i o n  and r u n  c o n d i t i o n s  . There- 
fo re ,  t he .  o n l y  ma jo r  c o r r e c t i o n  t o  t h e  h o t  f i l m  da ta  i s  t h e  1/P f a c t o r  i n  t h e  
above equat ion .  

The pressures,  mean v e l o c i t i e s ,  and temperatures measured i n  t h e  combust ion '  
bomb a r e  shown i n  Figs.. 3, 4, and 5. The v e l o c i t y  p r o f i  l e s  i n  F i g .  .4 
f o l l o w  a  genera l  t r e n d  s i m i l a r  t o  1  i n e a r  s o l i d  r o t a t i o n  p r o f i l e s ;  however,. 
t h e  mean v e l o c i t i e s  near  t h e  c e n t e r l i n e  ( r / R  = 1 )  do n o t  approach zero .  ' . .  

Th i s  can be e x p l a i n e d  by t h e  f a c t  t h a t  t h e  c e n t e r  o f  f l o w  r o t a t i o n  does n o t  
O c o i n c i d e  w i t h  t h e  geomet r i c  c e n t e r l i n e ,  as observed i n  p rev ious  s c h l i e r e n  

photographs. 

The temperatures i n  t h e  combust ion bomb were ob ta i ned  w i t h  a  .005 cm ( .002 i . 

i n .  ) d iameter  BLH m i c r o m i n i a t u r e  ch.rome1 -cons tan tan  ther i r~ocouple probe.    he 
m a n u f a c t u r e r ' s  s p e c i f i e d  t ime  response o f  t h e  probe i s  13 msec. As can . .  

be seen i n  F i g .  5, t h e  gas tempera tu re  was observed t o  i n c r e a s e  d u r i n g  t h e  
f i r s t  150 msec due t o  compressive hea t i ng ,  f o l l o w e d  by hea t  t r a n s f e r  i n  t h e  
r a d i a l  d i i - e c t i o n  and t o  t h e  w a l l  s  d u r i n g  t h e  n e x t  t h r e e  seconds. The. sharp 
peak n o t i c e d  i n  t h e  e a r l i e s t  tempera tu re  p r o f i l e  a t  50 msec a f t e r  v a l v e  
opening i s  b e l i e v e d  t o  be due t o  t h e  e f f e c t s ' o f  t h e  i n l e t  j e t .  The maximum 
measured v a r i a t i o n  i n  gas temperature i s  seen t o  be 8.3%, which i s .  c o n s i d e r a b l y  
l e s s  ' t han  t h e  .21% t h e o r e t i c a l  i ncrease p r e d i c t e d  f o r  i d e a l  i zed a d i a b a t i c  conipres- 
s i o n  o f  a i r  from 1 t o  2.4 attii, which i s  a  f u r t h e r  i n d i c a t i o n  t h a t  ' t h e  i n l e t  
f l o w  process i s  n o t  . a d i a b a t i c .  

Another  q u a n t i t y  of i n t e r e s t  i s  t h e  t u r b u l e n t  v e l o c i t y  f l u c t u a t i o n  l e v e l ,  
which can be determined f rom t h e  d i g - i t i zed  h o t  f i l m  data. '  V e l o c i t y  f1uctua'-  
t i o n  l e v e l s  cor respond ing  ' t o  t h e  da ta  o f  F i gs .  3, 4, and 5  have n o t  y e t  been 
deduced, however, typ! c a l  raw v o l  tage  da ta  f o r  s l  i gh t l y .  d i f f e r e n t  r u n  c o n d i t i o n s  
a r e  shown i n  F i g .  6. . I n  o r d e r  t o  o b t a i n  t h e  RMS v o l t a g e  f l u c t u a t i o n s ,  each 
h o t  f i l m  v o l t a g e  t i m e  h i s t o r y  was f i t  w i t h  a  mean v o l t a g e  cu'rve, and t h e  
v o l t a g e  f l u c t u a t i o n s  f r om t h i s  mean v o l t a g e  c u r v e  were t hen  squared and 
summed. The root-mean-squared (RMS) v o l  tage  f l u c t u a t i o n  i s  t h e  square r o o t  . . 
o f  t h i s  number .' \dhen a d d i t i o n a l  f u t u r e  da ta  becomes ava i  1  ab le ,  t h e  v o l t a g e  . . 

t ime  h i s t o r y  wi 11 be d i v i d e d  i n t o  d i s c r e t e  r e g i o n s  so t h a t  a  t i m e  h i s t o r y  
o f  t h e  RMS f l u c t u a t i n g  l e v e l  can be deduced. 

Methods 'a re  now be ing  s t u d i e d  t o  c o r r e c t  t h e  h o t  w i r e  da ta  f o r  p ressu re  
and temperature e f f e c t s  on t h e  RblS v e l o c i t y  f l u c t u a t i o n s .  From Eq. . ( I  ) 
i t  can be shown t h a t :  . . 

--. , . . . . 

A d d i t i o n a l  c o r r e l a t i o n  terms,  a1 so can appear '  i n '  Eq. ( 2 ) .  " tlowever, s i n c e  
t h e  p h y s i c a l  mechanisms d r i v i n g  t h e  v e l o c i t y ,  temperature and p ressu re  .. 

' g rad ien t s .  a r e  d i f f e r e q t ,  i t  can be assu~ned t h a t  such c o r r e l a t i o n s  a r e  . . 
n e g l i g i b l e ,  as; i s  r o u t i n e l y  done i n  superson ic  f l ows .  Fur thermore,  ' i t  

. . . . . . . ,  . . . . .  . . . .  . .  . . . . . 



i 
i s 1  b e l i e v e d  t h a t  t h e  l a s t  te rm i n  Eq. ( 2 )  i s  n e g l i g i b l e  s i n c e  i t  i s  p r o -  
po'r t iona' l  t o  t h e  square o f  t h e  mean temperature g r a d i e n t ,  wh ich  i s  much 
s m a l l e r  than  v e l o c i t y  o r  p ressure  g r a d i e n t s .  Methods t o  uncouple t h e  
v e l o c i t y  and p ressure  e f f ec t s  on t h e  h o t  w i r e  a r e  now b e i n g  s t u d i e d .  

F i n a l  l y ,  t h e  e f f e c t s  o f  i n s e r t - i  rty a  t u r b u l  ence-producing g r i d  i n t o  t h e  bomb 
were s t u d i e d .  As seen i n  F,ig. 7, t h e  g r i d  a p p a r e n t l y  c o n v e r t s  t h e  d i r e c t e d  
f l o w  v e l o c i t y  i n t o  t u r b u l e n t  k i n e t i c  energy, caus ing  a  f o u r - f o l  d  decrease 
i n  mean f l o w  v e l o c i t y  and a  f o u r - f o l d  i nc rease  i n  t h e  v o l t a g e  f l u c t u a t i o n  
l e v e l s . V 1 ~ ~ s / V . .  However, s i n c e  t h e  t u rbu lence  thus  produced i s  somewhat 
p e r i o d i c ,  wi  t h  f l  u c t u a t i  on peaks o c c u r r i  ng once every  f l  ow rev01 u t i  on, 
i t  was dec ided t o  d i s c o n t i n u e  t h e  use o f  t h e  g r i d .  

Task I I I A n a l y t i c a l  Study ( U n i v e r s i t y  of M ich igan)  

The analys is8 '  l e a d i n g  t o  a  simp1 i f i e d  model f o r  t h e  t u r b u l e n t  quench l a y e r  has 
been completed. I n  t h i s  model, no d e t a i l e d  r e a c t i o n  mechanisms a r e  employed; 
r a t h e r ,  i t' i s  assumed t h a t  as t h e  f lame passes ove r  t h e  w a l l  , t h e r e  i s  a  
r e g i o n  o f  combus t ib le  m i x t u r e  which does n o t  r e a c t  because t h e  hea t  t r a n s f e r  
a t  t h e  w a l l  has reduced t h e  temperature below t h e  i g n i t i o n  temperature.  A 
schematic o f  t h e  f l o w  geometry i s  shown i n  F i g u r e  8 .  The case where s w i r l  
e x i s t s  i n  t h e  combust ion chamber. i s  cons idered,  such t h a t  a f u l l y  developed 
t u r b u l e n t  boundary l a y e r  e x i s t s  a l ong  t h e  w a l l .  The t h i c k n e s s  o f  t h e  boundary 
l a y e r  i s  assumed t o  be smal l  compared t o  t h e  r a d i u s  o f  t h e  c y l i n d e r ,  so t h a t  
t h e  p ressure  g r a d i e n t  ac ross  t h e  .boundary l a y e r  i s  negl  i g i  b l e .  I n  a d d i t i o n ,  
t h e  Mach number o f  t h e  c o r e  f low i s  smal l  enough t h a t  t h e  p ressu re  g r a d i e n t  
i n  t h e  d i r e c t i o n  o f  f l o w  i s  n e g l i g i b l e ;  t h i s  i s  e s s e n t i a l l y  e q u i v a l e n t  t o  
assuming so l  i d  body r o t a t i o n  i n  t h e  c y l i n d e r , .  w i t h  a  c h a r a c t e r i s t i c  t ime  
f o r  decay l a r g e  compared w i t h  t h e  t i m e  c h a r a c t e r i s t i c s  o f  t h e  r e a c t i o n s .  
Thus, t o  l o w e s t  o r d e r ,  t h e  f low i ' n  t h e  boundary l a y e r  i s  d e s c r i b e d  by s o l u t i o n s  
v a l i d  f o r  f l o w  over  a  f l a t  ' p l a t e .  

,A1 though t h e  f l o w  v e l o c i t y  a t  t h e  edge o f  t h e  boundary 1  a y e r  i s  sma l l  compared 
t o  t h e  speed o f  sound, t h e  temperature v a r i a t i o n  i s  enough t h a t  t h e  v a r i a t i o n  
i n  d e n s i t y  i s  . i m p o r t a n t .  The l a m i n a r  and t u r b u l e n t  P r a n d t l  numbers a r e  taken  
t o  be u n i t y  and t h e  temperature o f  t h e  w a l l  i s  c o n s t a n t .  Hence, s i n c e  t h e  
p ressure  g r a d i e n t  i s  n e g l i g i b l e ,  t h e  Crocco i n t e g r a l  i s  a  s o l u t i o n  o f  t h e  
energy equati.on which g i v e s  t h e  temperature d i s t r i b u t i o n .  i n  terms o f  v e l o c i t y  

, d i s t r i b u t i o n .  

The v e l o c i t y  d i s t r i b u t i o n .  f o r  t h e  compress ib le ,  l ow  Mach number, boundary 
l a y e r  i s  found i n  terms o f  a  cor respond ing  i ncompress ib l e  boundary l a y e r  
ve. loc i  t y  p r o f i  l e .  An asy inptot i  c  a n a l y s i s  i s  used t o  f i n d  r e l a  ti onshi  ps 
between the. co r respond ing  parameters i n  t h e  i ncompress ib l e  and compressi b l e  
f l o w s .  Thus, an equa t i on  i s  found which g i v e s  t h e  d imens ion less  f r i c t i o n  
v e l o c i t y  . i n  terms o f  t h e  dirnensi on1 ess boundary 1  aye r  t h i c k n e s s  and. ' t h e  
Reyno1,ds numzer assoc ia ted  w i t h  t h e  co re  f l o w  a t  t h e  edge o f  t h e  boundary 
1  ayer .  A momentum i n t e g r a l  equa t i on  p rov ides  ano ther  r e l a t i o n s h i p  between . 
these t h r e e  q u a n t i t i e s .  F i  na l  l y ,  aga in  from t h e  asymp to t i c  a n a l y s i s ,  one 
can f i n d  an equa t i on  f o r  6 i n  terms of 6 and t h e  Reynolds number, where 6 
i s  t h e  dimension1 ess t h i c k n e s s .  o f  t h e  w a l l  l a y e r  p a r t  o f  t h e  boundary l a y e r  
i n  t h e  same sense t h a t  6 i s  t h e  d imens ion less  t h i ckness  o f  t h e  boundary " 

l a y e r .  The r e s u l t  i s  t h a t  f o r  a  g i v e n  Reynolds number and temperature - r a t i o  
across t h e  boutldary l a y e r ,  one can c a l c u l a t e  ' 6  and 6 .  Now, i t  can be shown. 
t h a t  y+, t h e  v a r i a b l e  which c o r r e l a t e s  t h e  v e l o c i t y  i n  t h e  l aw  o f  t h e  w a l l  

. r e g i o n  o f  t h e  t u r b u l e n t  boundary l a y e r ,  i s  - 
y+ = y /$  . .  . . 

. .  ' 

' ' .' 
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wh'ere y ' i s  t h e  d imens ion less  p h y s i c a l  d i s t a n c e  f r om t h e  w a l l .  Thus, i t  i s  
. c l e a r  t h a t  f o r  any g i v e n  y+, t h e  cor respond ing  p h y s i c a l  d i s t ance ,  y, can be 
c a l c u l a t e d  once 6 i s  known. 

The t h i ckness ,  of t h e  q ~ ~ e n c h  l a y e r ,  i .e., tl-1;- d i s t a n c e  from t h e  w a l l  t o  t h e  
p o i n t  a t  which- t h e  g i v e n  m i x t u r e  can be i g n i t e d ,  i s  c a l c u l a t e d  as f o l l o w s :  

( 1 )  For  a  g i v e n  s w i r l  v e l o c i t y ,  m i x t u r e  o f  combust ion p roduc ts ,  and temper- 
a t u r e ,  t h e  Reynolds number i s  c a l c u l a t e d .  

! 
( 2 )  For  p r e s c r i b e d  w a l l  and combust ion temperature,  and t h e  Reynolds number 

c a l c u l a t e d  i n  s t e p  ( I ) ,  F i s  ca lcu la ted ,  

(3,) The i g n i t i o n  tempera tu re  cor respond ing  t o  t h e  g i v e n  r e a c t a n t  m i x t u r e  i s  
used i n  t h e  Crocco i n t e g r a l  t o  c a l c u l a t e  t h e  cor respond ing  v e l o c i t y  a t  
t h e  i g n i t i o n  p o i n t ,  u i g ,  and t h e  cor respond ing  i ncompress ib l e  v e l o c i t y  i s  
t hen  c a l c u l a t e d .  

( 4 )  Us ing  equat ions  wh ich  c o r r e l a t e  exper imenta l  da ta  i n  t h e  w a l l  l a y e r  
r eg ion ,  t h e  va lue  of  y+ a t  u j  , say y! , i s  c a l c u l a t e d ,  and f i n a l l y  
Y ig .  = 6 yTg i s  found. Th is ,  ?hen, i s  ?he e s t i m a t e  o f  t h e  t h i ckness  
o f  t h e  quench l a y e r .  

Typ i ca l  va lues  f o r  t h e  t h i ckness  o f  t h e  quench l a y e r ,  c a l c u l a t e d  f o r  v a r i o u s  ' 

hydrocarbon f u e l s ,  b o t h  r i c h  and l e a n  m ix tu res ,  range f rom 0.005 cm t o  0.01 
cm. P r e s e n t l y ,  exper imenta l  r e s u l t s  a r e  be ing  sought  f o r  comparison and a  

' computer program f o r  t h e  c a l c u l a t i o n  o f  y i  i s  b e i n g  w r i t t e n .  The computer 
program w i l l  a l l o w  a  r a p i d  i n v e s t i g a t i o n  o g  t h e  v a r i a t i o n  of y i g  w i t h  t h e  
v a r i o u s  parameters i n v o l v e d .  

Plans f o r  t h e  Next  Pe r i od  (May-July,  1980) 

The c y l i n d r i c a l  combust ion bomb wi 11 be assembled a t  Foyd w i t h  t h e  dynamic 
cha rg ing  system incorpora . ted  i n  t h e  apparatus.  .The t i m e  i n t e r v a l  between 
i n d u c t i o n .  o f  t h e  charge i n t o  t h e  bomb and i g n i t i o n  w i  11 be v a r i e d  t o  a1 t e r  
t h e  degree of  f . l u i d  mo t i on  i n  t h e  bomb a t  t h e  t i m e  o f  f lame quench. '  The 
Ford sanlpl i n g  v a l v e  w i l l  be mounted i n  t h i s  r e a c t o r  and gas samples w i l l  
be e x t r a c t e d  f rom t h e  w a l l  . l a y e r  as a  f u n c t i o n  o f  t i m e  a f t e r  flame a r r i v a l  
and mass i n d u c t e d  i n t o  t h e  v a l v e .  These da ta  w i l l  be used i n  c o n j u n c t i o n  
w i t h  t h e  v e l o c i t y  measurements ob ta i ned  a t  t h e  U. o f .  M. t o  de te rmine  t h e  
r e l a t i o n s h i  p  between turbulenc*e and t h e  amount o f  hydrocarbons remai n i  ng i n  
t h e  r e a c t o r  a f t e r  f i r i n g .  

A t  U. of  M. work wi l .1  c o n t i n u e  011 r e d u c t i o n  o f  h o t  f i l m  da ta  t o  o b t a i n  
v e l o c i t y  f l u c t u a t i o n  i n f o r m a t i o n  f r om t h e  v o l t a g e  t r a c e s .  S p e c i f i c a l l y ,  
methods t o  uncouple v e l o c i t y  and p ressure  e f f e c t s  on t h e  r e s u l t s  w i l l  be 
i nves t i ga ted . .  A1 so, 1  ase r  ve loc ime te r  measurements o f  l o c a l  f l o w  v e l o c i t y  
w i  11 b e g i n  and seve ra l  p o s s i b l e  exper imentVal  problem areas w i  11 be s t u d i e d  
I t  i s  expected t h a t  v e l o c i t y  da ta  w i l l  be ob ta ined ,  b u t  i t  i s  a n t i c i p a t e d  
t h a t  e x t e n s i v e  work wi 11. be r e q u i r e d  t o  o b t a i n  s u f f i c i e n t  data. r a t e s  so 
t h a t  meaningful  s t a t i s t i c a l  averages c a n .  be computed. ' . 



i 
~ u ~ i n g  tee n e x t  pe r i od ,  p r e p a r a t i o n s  w i l l  be made t o  ope ra te  t h e  bomb i n  t h e  

- .  combust ion mode, r e q u i r i n g  v a r i o u s  s a f e t y  c o n s i d e r a t i o n s  t o  be implemented. 

I n  t h e  a n a l y t i c  s t u d i e s ,  t h e  comparison of c a l c u l a t e d  and exper imenta l  
va lues  of  y i g  wi 11 be con t i nued .  I t  i s  p lanned t h a t  t h e  computer '  program 
f o r  t h e  r a p i d  c a l c u l a t i o n  o f  y i g  w i l l  be completed. 

One of t h e  p o i n t s  o f  c o n t e n t i o n  i n  u s i n g  t h e  concept  o f  a  quench l a y e r ,  i s  
. . t h e  amount of  f ue l  which d i f f uses  o u t  of  t h e  l a y e r  and t hen  r e a c t s  d u r i n g  

t h e  expansion s t r o k e  o f  an I . C .  engine.  A n  e f f o r t  t o  make a  r e l a t i v e l y  
c a r e f u l  e s t i m a t i o n  of  t h i s  mass l o s s  has begun and w j l l  be con t i nued .  I n  ' 
t h i s  regard ,  b o t h  l am ina r  and t u r b u l e n t  t r a n s p o r t  must be cons idered  and i t  
appears t h a t  thermal d i f f u s i o n  may be i m p o r t a n t  as w e l l .  A lso ,  because i n  
t h e  a c t u a l  eng.ine, t h e  process i s  unsteady, a n . a n a l y s i s  w i l l  be made t o  show 
w h e t h e r . o r  n o t  t h e  process may be cons idered  t o  be q u a s i - s t a t i c .  

i, 

i 
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M I  I FSTOIVF CHART: HC QUFNC'H l AYFR FORMATI ON IN  COMBU STION PR OCESSES 
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: 3. S I V .  MEASUREMENTS UNDER 
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BULK 
SAMPLE 

: T I M E  FROM r G N r T I O N  (MSEC.) 

F.1GURE.' 1. WALL LAYER HYDROCARBONS OBTAINED W I T H  SAMPLING 
'VALVE FOR LAMINAR COMBUSTION CONDIT IONS.  UPPER 
PART OF F IGURE SHOWS CORRESPONDING PRESSURE TRACE. 
HORIZONTAL L I N E  AT R IGHT DENOTES AVERAGE BULK G A S ,  
SAMPLE . -- 

. . . . . -- 
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Figure 3. Pressure time history in the combustion bomb 
Driving pressure 6 atm; Solcnoid pulse 80 msec . . 





~i & r e  5 .  ' 8 as Temperature Measured i n  F o r d  COmbustion Bomb 
, Bomb Radius R = 41.2 m. wbte  t h a t  i n l : e t  v a l v e .  

. . c u r r e n t  pulse.  rema ins  on u n t i l  8 0  msec.. 
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Figure bi . ~ b r b u l  en& 1ntensi ty in combustion Bomb 
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Velocities Measured w i t h  Velocities - Measured with 
Turbulence Grid No Grid 

z = .1 cm from wall z = -1 cm from wall 
x axis = 409 m sec ful l  scale x axis = 1023 m sec ful l  scale 

peak velocity 9.2 d s e c  peak velocity 42 d s e c  

driving pressure 80 psig driving pressure 80 psig 

Grid causes a decrease i n  mean velocity 
Grid causes velocities to  decay faster  
Grid causes repeatable velocity peaks 

4 kh 
: $4 - 

Figure 7. Effect of Turbulence Grid 
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Figure 8. Schematic of wall quenching model 

(a)  General arrangement showing swirling, burned gas 
and residual material on wall 

(b) Idealized picture of flow-wall interaction showing 
profiles of velocity, temperature and unburned material 




