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ABSTRACÏ

Th ispaper  p roposes  a  nevú  mechan ism tha t  exp ìa ins  the  o r ig ins  o f

sp ray  combus t ion  ' i ns tab i ì i t y  in  a  chamber .  The  mechan ism re la tes  the
or ig ins  o f  osc ' i l  l a t ions  to  the  f requency  o f  d rop ìe t  f ree  osc . i ì  ìa t ion
and to  d rop ìe t  s ize .  A  tubu la r  combust ' ion  charber  and an  a lcoho l  a tomizer
were  cons t ruc ted  and  used  in  exper iments  tha t  checked  the  va ì ìd i t y

o f  the  mode l .  By  va ry ing  the  a lcoho l  and  the  p r imary  a i r  f ìow ra tes ,
' i t  was  poss ib ìe  to  change  the  average  s ize  o f  the  d rop le ts  and ,

consequen t ìy ,  the i r  f requency  o f  f ree  osc i l l a t ion .  I t  was

found  tha t  acous t i c  ins tab i l i t j es  occur red  on ly  when  the  spray

con ta ined  d rop le ts  tha t  osc i l l a ted  in  one  o f  the  na tu ra l  f requenc . ies

o f  the  combus t ion  enc losure .
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I  NTRODUCT I ON

The bas ic  pr inc ip ìe  that  determines the cond i t ' ion  for  occur rence

of  a  combust ion dr iven acoust ìc  osc i Ì la t ion ' in  a  chamber  is  known as

the RayÌe igh cr i te r ion (Lord  Ray ' le igh,  1945) .  I t  s ta tes  that  ' i f  heat

ì  s  per jod icaì  ly  t ransfer red to  an acoust jca ì  ly  osc ì  ì  I  a tory  mass o f  a

8â5,  the ampì i tude o f  osc i ì ìa t ion  wi Ì l  increase i f  the  heat  add i t ion

takes p ìace dur ing compress ion.  The same wi ì l  occur  i f  heat  is

removed dur ing rare fac t ion.  Putnam and Dennis  (1954)  proposed a

mathemat ica l  fo rmuìat ion for  the cr i te r ion which proved to  be usefu l

ìn  a  number  o f  cases.  The Ray le igh cr i te r ion is  a  necessary  but  not

suf f ic ient  cond i t ion  s ince i t  does not  revea l  the or ig ins  o f

osc i l la t ions in  a  chamber .

Severa l  mechanisms have been proposed to  exp ' la in  how

osc j l la t ions are  generated.  Pf laum (Feìdman,1968) ,  in  ì909,  s ta ted

that  the or ig ' ins  o f  the sound were re ìa ted to  f r ic t ion  tones such as

those occur r ing when wind b lows across a  wi re .  I f  osc i l ìa t ions were

caused onìy  by  f r ic t ion ,  the sound in tens i ty  wouÌd  increase as  the

gas f ìow ve loc ì ty  a ìong a  combust jon chamber  increased and the heat

source would  have prac t ica l1y  no e f fec t  on ' ins tab i  ì  i t y .

In  the case o f  premixed f ìames,  severaì  invest ' iga tors  agree

that  the osc i l ìa tory  heat  re lease occurs  by  e i ther  a  var ia t ion  o f

the f lame area or  a  var ia t ion  o f  normal  burn ing veìoc i ty ,  o r  both

(Jost ,  ì946;  Lewis  and von t ìbe,  195ì ;  B lackshear ,  ì952) .  Tau-Yi

e t  a ì i i  (1965)  showed ev idence that  Toì lmien-Schì ich t ing waves

(Sch l ich t ing,  1960)  were the cause o f  osc i ì ìa t ions ' in  chambers .  The

or ig ins of  ins tab ' i l i ty  are rEarded by Jones (1977 )  as be ing l inked to

the f lame in ter io r  dynamics  and by  Po l 'sh in  (1982)  as  be ing

assoc ia ted wi th 'a  re ìaxat ' ion  mechanism.  In  most  re ferences on the

sub jec t ,  the  researchers  expìa in  how the v ibra t ions occur  in  a
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combust ion chamber  enc losure  butdo not  show conc lus ive ly  the i r
pr ìmary  or ig ins .

ïh is  paper  proposes a  new mechanism that  can exp la in  the
or ig ins  o f  acoust ic  osc i l la t ions in  a  combust ion chamber  in  wh ich
atomized l iqu id  fue l  is  burned.  The mechanism is  suppor ted by
exper imenta l  resu l ts  obta ined wi th  a  R i jke  tube (Lord  Rayìe igh,
1945)  in  wh ich the heat  source was an e thy l  a lcoho l  burner .  i t  i s
shown that  the or ig ins  o f  osc i l la t ions are  re la ted to  the f requency
of  f ree dropìe t  osc i l la t ion  o f  the spray drop le ts .

I 12
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PROPOSED MICHANISM

The droplets of  l iquid fuet  do not  at  once assume and reta in a
spher ica ì  geomet ry  as  they  are  separa ted  f rom a  je t .  Ins tead,  they

execu te  a  se r ies  o f  v ib ra t ìons ,  be ing  a ì te rna te ìy  compressed  and
eìongated  in  re la t jon  to  the i r  axes  o f  synr rne t ry .  The f requency  o f
f ree  osc i ì l a t ion  o f  a  ì i qu id  d rop le t  i n  a i r  was  f i r s t  de r : i ved  by
Lord  Ray ìe ìgh  (1945)  as  be ing

2n (n- l  )  (n+2)  o

where n  is  an in teger ,  o  the sur face tens ion,  p  the

the dropìe t  d iameter .  The f i rs t  mode o f  osc i l ìa t ion

and the corresponding f requency js

( ì  )pD '
,=1t

(21, =1f#]'"

11 /2

l
densi ty ,  and D

occurs  for  n=2

Th ' is  fo rmuìa agreed wel ì  w i th  resu l ts  o f  exper iments  w i th  f ree
f r l l ing  drop le ts  (Da imon and K imura,  lgBZ) .  For  exper iments  w i th  a

ie t ,  however ,  probabìy  due to  the occurrence of  excess ive

ampì ì tudes,  the f requency o f  dropìe t  osc i l ìa t ion .was observed to  be
20" /  ìower  than that  pred ic ted by  the formura (Lord  Rayìe igh,  ì945) .

In  the case o f  sprays,  there  wì r ì  be dropìe ts  in  a  broad range
of  s izes osc i ì la t ing  in  a  broad range o f  f requenc ies .  I t  i s  proposed
that  the combust ion chamber  ac t  as  a  tun jng e ìement  coupì ing

those f requenc ' ies  o f  dropìe t  f ree osc i ì ìa t ion  that  match wì th  a
natura ì  f requency o f  the enc losure .
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TXPERIMTNTAL APPARATUS AND PROCTDURE

Two combus t ion  chambers  were  used  fo r  the  inves t iga t ion .  The
f  i r s t ,  shown in  F igure  ì ,  was  modu la r ,  3z0cm ìong  by  20cm - in te rna ' l

d iamete r ,  w i th  a  bo t tom decoup ì ìng  chamber  to  a l low con t ro l  o f  the
secondary  a i r  f ìow ra te  w ì thou t  a ì te ra t jon  o f  the  open  end  boundary

cond i t ion  a t  the  en t rance sec t ' ion .  The second chamber  t , tas  a  Zgbcm
I  ong  by  Ì  5 .5cm ' i n te rna ì  d ' i amete r  tube  and  a l  so  possessed  a  decoup ì  ì  ng
chamber .

A  schemat jc  o f  the  e thy l  a ìcoho ì  burner  i s  shown in  F igure  2 .  The
dep th  o f  the  burner  ins jde  the  chamber  cou ld .be  var ied  by  means  o f  a
s ìmpìe  s l i d ing  rod  mechan ism.  The  a lcoho l ,  the  a tomjza t ion  o r  p r imary
a ' i r ,  and  the  secondary  a i r  f ìow ra tes  were  measured  w i th  ro tamete rs .

The arnp ' l i  tude  and f  requency  o f  acous t ic  p ressure  were  measurec l

a t  a  ha l f  and  a t  a  quar te r  leng th  f rom the  bo t tom o f  the  tube  us ìng
K is t le r  t ype  726 ì  p . iezoe lec t r i c  p ressure  t ransducers ,  K is i l e r  t ype
5006  ampì i f j e rs ,  and  an  Ana ìog  mode l  FBì00A f requency  mete r .  The
ind ica ted  measurement  pos i t j ons  co r respond ,  respec t ìve ìy ,  to  the
acous t ìc  p ressure  max in rum ampl j tude  o f  the  fundamentaJ  and  second
harmon j c  modes  od  osc i  l ' l a t ion .  ïhe  s . igna l  s  f rom the  p ressure

t ransducers  were  d isp layed  jn  a  Tek t ron ix  mode l  7633  osc i Ì l oscope

screen .An  tu romic ro  acqu is i t ' i on  sys tem was  used  to  record  and
reduce  the  exper jmenLa l  c la ta .

The  burner  was  des" igned  to  genera te  sp rays  tha t  con ta ined

drop ìe ts  ' i n  s i zes  requ i red  to  check  the  p roposed  mechan ism.  The
drop le t  s ' i ze  d is t r ibu t ion  cou ld  be  var ied  by  chang ìng  e i the r  the
pr ìmary  a i r  o r  the  a lcoho l  f row ra te .  The  a to rn iza t ion  was  no t
a f fec ted  by  t l re  secondary  a i r  f l ow ra te .
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The Sauter  Mean

Nukiyama and Tanasawa

Diameter  (SMD) was est imated by the formula of

(Lefebvre ,  l9B0)  as

t i ve  to  the  a ìcoho Ì ,  oL ,

s ion ,  dens i tY ,  dYnamic

c t ' i ve ìy ,  and  Qfn  i s  the

imum droplet  s ize,  0*u* '  v tas

each

wi  th

o.s8s I
sMD=*- \ 1Ì" -' t l ( * ) "

|  , ï  \ ì /4
53 1- l

\ouor/

vel  oc i  ty  re ì  a

o l  sur face ten

ow rate,  respe

rate.  The max

(3)

where Uo is  the Pr imarY a i r

oL,  u ,_  and Q,  are the aÌcoh

v iscos i ty  and vo lumetr ic  f ì

pr imary a ' i r  vo lumetr ic  f ìow

est imated bY

(5)

uency o f  drop le t  f ree osc i l ìa t ion  cor responding to

e spray was ca lcuìa ted accord ing to  tquat ion (2) '

n  ind icated by  Lord  Rayìe igh ( ì945) '  i 'e ' ,

.  t1 l2
lor l
l ;-Drl '
LL  J

(4)
[  =  3 .6  SMD
max

as ind icated by  S immons and Lapera ( ì969) .  Photographs were taken

check the ex is tence o f  drop ' le ts  in  the requ i red s ize .

to

The freq

dropìet  in  th

the correct ' io

3.2
ç - -
l -

ÍÍ

where D is  the droPle t  s ize .
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RESULTS AND DISCUSSION

The f i r s t  se t  o f  resu l t s  i s  p resen ted  in  F igure  3 ,  wh ich

i ì ìus t ra tes  the  t ime var ja t ion  o f  acous t i c  p ressure  measured  a t  L /4 ,

in  the  appara tus  o f  F igure  ' l  ,  
' fo r  

the  burner  loca ted  a t  (a )  L /4  and
(b )  L /8 .  The  a lcoho l  vo ìume f low ra te  was  B .86  x  r0 - 'm, /s .  The

exc i ta t ion  o f  the  f j r s t  mode o f  osc i ' l ì a t ion  was  read i ì y  ob ta ined

when the  burner  was  pos . i  t j oned  a t  L /4 .  S ìowìy

lower ing  the  burner  resu l ted  in  a  decrease  o f  the  osc i l l a t ion

ampì i tude to  near ' l y  zero  and jn  the  appearance o f  second harmon- ic

osc i ì l a t jons  whose  ampì i tude  was  max imum a t  L /8 .  In  the  case ,  the

spray  was  se t  to  con ta in  ìa rge  d rop le ts  tha t  wou ld  osc i l ìa te  in  a

f requency  cor respond ing  to  the  fundamenta l  mode o f  the  chamber .

s ince  the  spray  a lso  con ta ined  sma i le r  d rop ' le ts  w i th  s i zes

cor resp0nd ing  to  the  second  harmon ic ,  bo th  the  f j r s t  and  the  second

harmon ics  cou ìd  be  genera ted ,  depend ing  on ly  on  the  burner  pos i t j on .

Decreas ing  the  a ìcoho l  feed  ra te  to  3 .80  x  l0 - 'm ' / s  and

keep ing  the  0 /F  ra t io  cons tan t  by  decreas ing  on ly  the  secondary  a i r

f l ow ra te  resu l ted  in  no  exc i ta t ion  o f  the  f i r s t  ha rmon ic  a t  L /4 .

The  second  harmon ic  cou ' ld  s t i Ì l  be  exc i ted  a t  L /8 .  In  th i s  case ,  the

spray  was  much  f jne r  leav ing  no  poss ib i l i t y  fo r  the  appearance  o f

f i r s t  ha rmon ic  osc i  I  l a t ions .

The  p roposed  mechan ism can  be  a lso  checked  aga ins t  Tab le  I ,

wh ich  shows resuJ ts  ob ta ined  w i th  the  two  tes t  chambers  fo r  f i xed

pr imary  a i r  f l ow ra tes  and  var iab ìe  fue l  feed  ra tes .  i t  can  be  seen
tha t  the  modeÌ  i s  va l  i d  fo r  n ros t  o f  the  two  cons- ide red  ranges  o f

feedra tes .Theobservedd isc repancy fo r7 ,27x ]0 - 'm, /s 'Q .>

r r  5 .5. |  x  lo- ' ,n ! /  ,  ,
QL >  4 .50  x  l0 'm ' / s  in  the  second  happens  because  o f  the

ex is tence  o f  l a rger  than  theore t i ca l l y  p red jc ted  d rop le ts  in  the

spray .  These  d rop ìe ts  were  caused  by  a  non  symmet ry  o f  the  je t  and

t 18



t :

RTSULTS AND DISCUSSiON

The f i r s t  se t  o f  resu l t s  i s  p resen ted  in  F igure  3 ,  wh ich

i l l us t ra tes  the  t ime var ja t ion  o f  acous t i c  p ressure  measured  a t  L /4 ,
jn  the  appara tus  o f  F jgure  ì , ' f o r  the  burner  loca ted  a t  (a )  L /4  and
(b )  L /8 .  The  a ìcoho l  vo ' lume f low ra te  was  B .86  x  r0 - 'mr /s .  The

exc i ta t ion  o f  the  f i r s t  mode o f  osc ' i l ì a t ion  was  read i l y  ob ta ined

when the  burner  was  pos . i  t i oned  a t  L /4 ,  S ìowìy

lower ing  the  burner  resu l ted  in  a  decrease  o f  the  osc i l l a t jon

amp' l i tude  to  near ìy  zero  and in  the  appearance o f  second harmon- ic

osc i l l a t jons  whose  ampì i tude  was  max imum a t  L /8 .  In  the  case ,  the

spray  was  se t  to  con ta in  la rge  d rop le ts  tha t  wou ld  osc i l ìa te  in  a

f requency  cor respond ing  to  the  fundamenta l  mode o f  the  chamber .

s ince  the  spray  a lso  con ta ined  sma i le r  d rop ' le ts  w ì th  s i zes

cor respondìng  to  the  second harmon ' ic ,  bo th  the  f j rs t  and the  second

harmon ics  cou ìd  be  genera ted ,  depend ing  onry  on  the  burner  pos i t j on .

Decreas ing  the  a ìcoho l  feed  ra te  to  3 .80  x  l0 - 'mr /s  and

keep ing  the  0 /F  ra t io  cons tan t  by  decreas ing  on ly  the  secondary  a i r

f l ow ra te  resu l ted  in  no  exc i ta t ion  o f  the  f i r s t  ha rmon ic  a t  L /4 .

The  second  harmon ic  cou ìd  s t i Ì t  be  exc i ted  a t  L /8 .  In  th i s  case ,  the

spray  was  much  f jne r  leav ing  no  poss ib i l i t y  fo r  the  appearance  o f

f i r s t  ha rmon ic  osc i  ì  l a t ions .

The  p roposed  mechan ism can  be  a lso  checked  aga ins t  Tab le  I ,

wh ich  shows resu ' l t s  ob ta ined  w i th  the  two  tes t  chambers  fo r  f i xed

pr imary  a i r  f l ow ra tes  and  var iab ìe  fue l  feed  ra tes .  i t  can  be  seen
tha t  the  mode l  i s  va ì id  fo r  mos t  o f ,  the  two  cons jdered  ranges  o f

feedra tes .Theobservedd jsc repancy fo r7 ,27x l0 . .m, /s>Q.>

r r  5 .51 x lo- ' * f /  ,  ,
QL t  4 .50  x  l0 - 'm ' / s  in  the  second  happens  because  o f  the

ex ìs tence  o f  ìa rger  than  theore t i ca l l y  p red jc ted  d rop le ts  in  the

spray .  These drop ìe ts  were  caused by  a  non symmet ry  o f  the  je t  and
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they can be c ìear ly  observed in  the photograph of  F igure 4.

cases,  decreas ing the a lcohol  feed rate for  a  f ixed pr imary

ra te  resut ted in  a  decrease in  the number  o f ' la rger  dropìe ts '

The above descr ibed tendencies were aìways observed and,  ' in

terms of  f requency,  d id  not  depend on the 0/F ra t io .  The arnpì ì tude

of  the generaüed osc i ì ìa t ions,  however '  were s t rongìy  af fected by

the 0 /F ra t io ,  as  shown in  F igure  5 .  The s to ich iometr ìc  0 /F  ra t io  in

th is  case is  8 .95.  The increase o f  osc i l ìa t ion  ampì i tude as  the

excess of  a i r  increases can be expla ined by the fact  that  as more

a i r  i s  prov ided combust ion is  comple ted more rap id ly  and in  a

pos i t ion c lgser  to  the burner  which b,as loc 'a ted at  L /4 .  As

predic ted by Rayle igh cr i ter ion,  the energy fed to  f i rs t  harmonic

osc i l ìa t ions w ' i l l  decrease as  the pos i t ion  o f  heat  re ìease depar ts

f rom L/4 .

The above descr ibed resu l ts  are  in  cont ras t  w i th  those obta ined

by Z inn e t  a l i i  (1982)  w i th  a  soì id  fueìed pu lsat ing combustor  o f  the

same geometry of the combust ' ion chamber of this paper. They observed

that  maximum ampì i tude osc i ì la t ions occuned when combust ion took

pìace near  s to ich iometr ic  cond i t ions.  In  that  case '  the combust ion

bed was f ixed and the energy was ef fect ive ly  re leased near  L /4 '

In

a i r

a l l

f l  ow

The decrease  o f  osc i ì l a t ion  ampì i tude  as  the  p r imary  a i r

ra te  inc reases  fo r  the  same 0 /F  can be  expìa ined in  the  same

of  thought .  As  the  pr imary  a i r  f ìow ra te  inc reases ,  ìa rger

drop ìe ts  a re  genera ted  and the i r  compìe te  ou t  burn  occurs  jn

pos i t ion  fu r ther  f rom the  burner .

0ther  mechanisms were considered as the or ig ins of  osc i l la t ions '

The occur rer re  o f  To l lm ien  -  Scht ich t ing  waves  was no t  poss ib le  s ince

the  Reynoìds  number  o f  the  f ìow was in  a Ì l  tes ts  lower  than the

cr i t i ca ì  Reyno ìds  number  fo r  genera t ion  o f  i ns tab i l i t i es '  The

genera t ion  o f  vor t i ces  as  the  gas  f ìow passes  by  the  burner  o r  by

f l  ow

l ine

,
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FIGURE 4 The spray .
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other  par ts  o f  the  combust ion

the  o r i  g ' i ns  o f  osc i  I  I  a t ions .

genera t ion  is  dependent  on  the

occur red  fo r  a  
' la rge  

range o f

enc ' losure  cou ld  a lso  no t  be  I  i nked  to

In  th i s  case ,  the  f requency  o f  vo r tex

f low ve loc i t y  and  jns tab i  I  i t i es

f low ve loc i t i es .

Ano ther  hypo thes is  cons idered  to  exp la in  the  o r ig ins  o f
osc i l l a t ions  was  the  e f fec t  o f  f requency  o f  d rop le t  fo rmat ion .
cons ider ing  the  fuer  feed  ra tes  and  the  d rop ' re t  s i zes  invo ìved  in
the  exper iments ,  i t  was  ca lcu la ted  tha t  the  d rop le ts  were  a lways
formed a t  a  ra te  h igher  than 7000 per  second.  There fore ,  fo r  the
appara tus  o f  th i s  work ,  the  o r ig ins  o f  i ns tab i ì i t i es  cou ld  no t  be
re ìa ted  to  the  f requency  o f  d rop le t  fo rmat ion .

F Ìna l l y ,  i n  o rder  to  p rov ide  a  compar ison  be tween the
charac te r i s t ' i cs  o f  osc i l ìa t ions  caused  by  combus t ion  o f  l i qu id  and
so l id  fue l  i n  the  tube ,  an  exper iment  w i th  a  burn ing  bed  o f  wood
was per fo rmed.  Th is  suppìementary  tes t  repeated  par t  o f  the
exper ìmenta l  work  o f  ca rva Ìho  e t  a l i i  ( r989)  in  the  combus t ion
chamber  o f  th i s  paper .  In  th i s  tes t ,  the  fundamenta l  mode was
read i ì y  ob ta ined  w i th  the  bed  loca ted  a t  L /4  and  bo th  the  fundamenta l
mode and the  second harmon ic  mode were  ob ta ined a t  L /8 .  Th . is  behav io r
was  a Ìways  observed  regardJess  o f  the  a i r  and  fue l  feed  ra tes .  The
gas f low th rough the  he terogeneous pa t te rn  fo rced by  the  wood bed
genera tes  osc iJ la t ions  ìn  a  ve ry  b road  range  o f  f requenc ies  wh ich
inc ìudes  the  na tu ra l  f requenc ies  o f  the  tube .  ln  th i s  case ,  excep t
fo r  s i tua t ' i ons ' in  wh ' i ch  the  gas  f row ra tes  a re  ve ry  ìow,  the  on ìy
cond i t i on  es tab l i sh ing  the  loca t ion  o f  the  bed  to  p roduce

osc i ì Ja t ions  i s  the  Ray ìe igh  c r i te r ion .

L  l { 1



I

I

A mechanism that  exp la ins t i te  or ig ins of  spray combust ion

ins tab i l i t y  was presented and checked exper imenta l ìy  w i th  an a lcoho l

burner  in  a  tubu lar  chamber .  Acoust ic  osc i ì la t ions,  when exc i ted,

happened when the burnen was p laced in  pos i t ions pred ic ted by  the

Ray le igh cr i te r ion.  The resuì ts  ind icated that  the drop le t  f ree

osc i l la t ion  was assoc ia ted wi th  the or ig ins  o f  osc i l la t ions.

The authors  be l ieve that  the resu l ts  descr ibed in  th is  work  can

be extended to  pred ic t  the occur rence o f  osc i l la t ions in  o ther  types

of  combust ion chambers such ôS,  for  exampìe,  a  ì iqu id  rocket  chamber .

Based on the knowìwdge o f  the chamber  acoust ic  character is t ics ,  one

can des ign a  burner  or  an in jec t ion sys tem to  avo id  ins tab i l i t ies

th at or i  g ' i  nate f  rom drop l  et osc i  I  l  at i  on .

CONCLUS I ON

I
r25



ACKNOhILEDGEMENT

The authors are gratefuì

Pro je tos,  Braz i l )  for "  suppo,r t

44/55/0260/00.

FINEP (F inanc iadora  de  Es tudos  e

th is  work  under  cont rac t  number

to

of

126



REFERENCES

Bìackshear ,  P.1 . ,  J r .  ( ì952) .  Dr iv ing s tand ing waves by  heat

addi t ion.  NAzA ?N zzzz.

Da ' imon,  l . l .  and K imura,  I .  (1982) .  A s tudy o f  pressure waves and

expìos ions induced by contac t  o f  hypergoì ' i c  ì iqu id  propeì lants .

Proeeedings of the Nineteenth Symposium (InternatíonaL) on

Combus t ion .  The  Combus t ion  Ins t i t u te ,  pp .  749 -756 .

Carva ìho ,  J .4 . ,  JF . ,  Fer re i ra ,  M.A . ,  B ressan ,  C .  and  Fer re i ra ,  J .L .

G.  (1989) .  De f  in i t i on  o f  hea te r  Joca t ion  to  d r i ve  max ' imum

ampì ì tude  acous t i c  osc i l ìa t ions  in  a  tube ,  Combus t íon  and

FLame,  accepted  fo r  pub l  i ca t ì  on .

Fe ldman,  K .T . ,  J r .  (1968) .  Rev iew o f  the  ì i te ra tu re  on  R i j ke

thermoacous t i c  phenomena.  J .  Sound  V ib .  7 ( l  ) ;  83 .

Jones ,  H .  ( ì977  )  .  The  mechan ics  o f  v ib ra t ' i ng  f  
' l ames  

in  tubes  .  P t ,oc ,

R ,  Soc ,  Lond .353 ,459 .

Jost,  l { .  (1946).  Explosíons and Combust ion Processes tn Gases.

McGraw-H i ì ì ,  p .  143 .

Le febvre ,  A .H .  (1980) .  A i rb las t  a tomjza t ion .  P rog .  Energy  Combus t .

Sc i .  6 ,  233 .

Lewis ,  B .  and Von E lbe ,  G. ,  (1951) .  Combust íon ,  FLames and ErpLos íons

of  Gases .  Academic  Press ,  p .  322.

Lord  Ray ìe igh  (1945) .  The  Theory  o f  Sound . ,  vo l .  I I .  Dover ,  pp .

224-235 ,371-375 .

Po l ' sh in ,  A .V .  (1982) .  The  R i j ke  tube  as  a  source  o f  s ing le  -

f requency  acous t i c  osc i ì Ìa t ions .  sov .  Phys .  Acous t .  28 ( l ) ,61 .

Pu tnam,  A .A .  and  Denn is ,  t , l .R .  (1954) .  Burner  osc i l l a t ions  o f  the

gauze- tone  type . , / .  Acous t ,  Soe .  Am.  26 ,716 .

L'

L27



i

i i
l a

H
I t
H
l i
t l

I t

re

sch Ì ich t ing ,  H.  ( ' |960) .  Bound.any  Layer  Theony.  McGraw-Hi ì1 ,  chapters
XI  and ,  XVI .

Simmons,  H.C.  and Lapera,  K.L .  ( l969) .

for  gas turb ine fue l  nozz les.  asug
C l e u e L a n d ,  O h i o ,  M a n c h  I Z , 1 9 6 9 .

Tau-Yi ,  T . ,  sa lant ,  R.F. ,  s topford ,  ,J .M.  and Anderson,  G.y .  f i965) .
Mechanisms of  combust ion instab l t i ty .  pnoeeedings of  t ,he Tenth
symposíum (rnt 'ernatíonaL) on combustíon.ïhe Combustion Inst i tute,
pp. ì30t -1313.

Z inn '  B 'T ' ,  Mi  l  le r ,  N. ,  carvarho,  J .A. ,  J r . ,  and Danier ,  B .R.  i lg8z) .
Pu lsat ing combust ion o f  coar  in  a  Rì jke  type combustor .
Proeeedíngs of the Níneteenth Symposíun (rntennat.íonaL) on
Combus t i on .  The  Combus t i on  ï ns t j t u t e ,  pp .  l l g l - l ? . 03 .

A h igh speed spray analys is

Gaa Turbíne Confenenee,

I 28


