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$ 16 Abstr act

The object of the research was to investigate the amplification of a Reynolds number
dependent process by wave distortion and the possibility of applying the results to other
similar Reynolds number dependent processes. I he process investigated was that associated

wi th  the operation of a constant - temperature hot - - wire anemometer. The application of most
interest was investi gation of vaporization limited combustion , the type combustion typcially
associated w i th  liquid propellant rocket engines.

A series of experiments we re carried out to determine the effect of wave distortion on
a Reynolds number dependent process and to establish the analogy between the anemometer
process and the combustion process. Both analytical and experimental studies were involved ,
both having the ultimate objective of identif y ing parametric trends , recognizing behavior common
to different chambe r geometries and determining stability boundaries.

The results indicate a high degree of similarity between the two processes and the
possibility of using the anemometer system to investi gate combustion instability . The
nonlinear aspects of a Reynolds number dependent process appear to be the dominant
mechanisms controlling instability .

p

; 
~~19 

~2 ,
~3 ;

1? Key Words ( Suggested by A uthor(s)~ 18 Distribution Statement 
—

~~~~~~~~~~

______________

Combustion instability Publicly avail~j~1a— - 
~~~~~~~~~~~~~~~~~~~~~ 

i~

Liquid fuel combustion \. 
~~~~~~~~~~~~~~~~~~~~~ 

~~~~~~~~

19 Se r t i r i t y  CI ,rsc ,t u t  this repo rt ( 20 Security Classit (of this p iqel 
— j 2 1. No. cit Pages 22 Price ’

Unclassified (U) Unclassified (U)

For t~p by f~i~i Nitip i r i l  Te c h i r i c r I  ( rr f orrni t iorr  S t i v u t  Sin Irl ( ’tiI’id VI r ( ~Ir1i. r ~Jt~i

~~‘, \  ( i~~~ k’ s I t)  7’~)

A. 
~~~~~~~~ ~~~~~~~~~~~ i ~~~~ ~~~~~~~~~-‘- ,*) ~~~~~~~ —~i - ~~ ~~~~~~~~~~~~~



— ~~~~
. --- . —

~ — _______

I
FOREWORD

The r~’set rch summa rized in t h i s  report was cirried out by a number

( of ind i v i d u a l s  who function ed in va ri ou s c apaciti es . The i n i t i a l  idea

for the rese~rr c h o ri q i nate d w i t h  A l lan E . Hr ibat - , w ho wj t s  also the  f i r s t

principa l inv es tjq ator. Later , Kenrt t’th R. Purdy uid f i n a l l y M a rie B.

V entr ice served js principa l invest iqator s . There have also been several

lacu lty associates : John P . W a l l a c e , Kenneth R. Purdy . Ma ri e B. V er strice ,

and John Peddieson , Jr.. The Ph .D. level qraduate students who participated

were Marie B. V e ntric e , Jih-Ch i rt Fanq, and Kin-W ing Wonq. The mast ers

level stude nts were  Jc ’rn Borden et , J r. and Ga ry 1-1 . McDon ald and A. Gooqerd y.

The advic e , encouragement , and support of Richard J. Pri em , the techn ical

tTx)n i tur for  the t t ’search , has been very important and is gratefully acknow—

ledqed and appreci ated.

Cri t i c a l  support was provided by Tennessee Techno loqical Univ e rs i ty

( through the Department of Mechanic al En gine e ri n q . In addition , the coope-

ration of the Departm ent of Eng i neering Science and Mechanics played an

i mportant role in the research.
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In t i  si iii t ion and Bac kq round

T i~’ f r j ~‘ u u t  Iii s r ’ (5 ~ I ~. to 5 uittitt~i t . i .‘ ~ t hi’ I ‘.~‘j I i i  ,iod h1’ ‘~ u( I l  i —

I c ,m t ri ’s ii ‘i t  S ~ t t hi’ r e s e a t  h wh i h w~i s ~ II r i  eu t i L t  I t j t t d t ’ I N r ’P ,\ k t all

N GR ~~~~O~ _ O l t , t rou t J a i r u . i i y  I , 1O~~’ , t int i i  the i r t a r i t  t o t  w i lt  ioU on

P t  t ‘(‘ u ’ r 1 • 1’ - ) ’

The pur pu rs i ’ of  t tie r,.’s t ’,iI ih  w as to s t u d y  h i g h — f  I i’q uencv u~~r ’ ’ h tj c t  i on

in~~t ahi l i t y  in l i qu i d - f u e l r oc k e t  t’ r r i n e s — — i n s t a b i I i t ~ i n wt i i u i i  the  t O i i~

~it ts t ion p i’ir~~’s s i s ir rup led to  O ( u ’t I ’ , t I C  55aV ’’~ . TO do t hi s , 111w e \p i’ i m en  a I

and ana l  v t  i ~. a I to~’ Is and t e c h n i que s w e r e  dove I,Ted . Bas i i ra I ly , i t  wa ’ S

dos I r i d  t o  d i v e  lop a bet  t i’ r undi’ rs  tain t in g of  ansI 110 1 e i n s  i t ht i ti t o  t lie ‘

un i , i ’ i e n ta i  p hs ’rionr~’n5i Ossoc  i , ited w i  t i t  i r t i l l i bt is t  u r n  i n s t a b i  1 i t~ . w i  t li the

i ow hot re’s u I t s 11 t such st  uP i C ’s w o u l d  f l irt be t i ll) t ¶ iiied in .1 ‘p1 i c O t  ion

o ‘i i  q u i d —  uc I c o - b u s  t u’ r  inst oh i 1 i ty , (a Reyno his Nsj ,i ihei d,’pet ido in t pu

t o s s )  . but w~’u Id have genera l  app l c a t  i t O  t o  oth e r R~ ‘. ~~~ ds ‘Jic ’ r t’ i’r del’ i’ri dt ’nt

Pr u ’~ e s” es . The s e  o t h e r  pr . r u O s S i ’s wi - r U lu l  i t ic lu~le t hose  i s s O i r  i , i t e d  w i t h  ,il 1

ype s of  cu r ruhus or s— — so 1 i d — .is Ice ’ 1 I 5is 1 iq U d — t iie 1 rocke t enur i t ies . j e t

en iq i  no’, , an d f u r n ac e s

Co nut ius t ion i Os  tab  i 1 i t y ho’, been a p o rs  i s t O U t  pr of ’  I em i n b~rt  Ii 1 i qit ~ui~

and so l  d — fue l r i ’ c  ke t — en g i rio de ’ve ’ l~rpinteri t p I OHI ,lnrs . In 1 qu it 1 — t uo I rocket

i nes , t I l t ’ fue I .inti ~ xyd  i :e r a r1’ ill i’c t ~‘d in to t ho c t’nnhii s t urn C hoett ie

w ho re they ~ir e \‘ , l i ’ u ’ I .~od ond Cu i ii t~ L l 5 . t it ’ll t ,ikos 
~ 

,~~ ~ . liii ’ t e ’ ~u 1 t i nq hot

u)O” i ’ s u rn t i tiuo t hroiiqh (ho c hamhoi ~ tsd a r~’ d c i i ’ 1 era to P to  s upot “~‘ri c

ye lot i t es  fi~ noons of a conve I q i i q —  d i V e ’ t~~ rig tn’.’: 1 e arid t i l t  I nra Ic ’ 1 ~ 1 e,i~ e

h~’ (‘11(1 t ie .  Th I s p r oc e s s  i s n ot  surli r s it h , but has .is soc i at eu w i t Ii i t tr ,tc L—

((round OS i r  i 1 l o t ions w h i c h  ar e do t  eu t e d  as  I I ~ic t uat O tis ill  q , isulvni ,t i ’ r i C

var i,ibl~’s SLICh Os pres ” Li r i ’ , de ’ti s i t v  • t e ’ I t rpot  ,it i l l s ’ , and so t o rt h. (Th e se ’

j I I at i on s can ht’ a re’ u it o I a n untho r irl p ho lii ‘i’ieli ,1 s SIC Ii a’, I Li r hti 1 eric 0

~~~~~~~~~ 
H - - I S



or coiribust ion noise .) The cur ,nlh u ’t Ion proCe’ss and the osc I I l o t ions are

coup led . Any osi , i I I at i on i n qosdynanr i c var i ab los causes an osc I II at  irry

burnin g rate ; and th~ oscil la tory burning process serves as the energ y

source to ~u sLi in qasciyna~’ u i c  o s c i l l j t i~~ns . Undi’n c e r ta in conditions ,

when the oner~ y supp lie d by the unsteady co ,’ib u st it ir i process is suff i c i ent

to une r ir me tho energy losses in the u :a ,J ,na ,,t ic field , the couplin g is

Si ’ 1 f s u s  to I ned and the osc i I lotions can bu I Id to large anrp l i tudos • a 
¶

condit ion ref erred to ai unstable combustion . So , in port , the question

to be address ed by the research was , why and how the random osci 1 l o t ions

wh ich r ior: ~a i 1 y  occur during operation of a rocke t engine change charact er

and develop into an organized patt ern of acoust ic o s cillation s which  can

hui d in ‘lagni tude ari d very quickly destro y tho enq ’ne i f a l lowed to

coot inue .

When this research was in i t i a t e d , ou ch wo rk had a l r eady  been done

~‘\~ v- ’ r S ~ ie r l t a l lv arid jnalvt ic~~I l\ in the a re a  of combustion instabi Ii  tv ,

but -lorkod d i f f i c u l t i e s  exist ed . Dir e ct expe ri niie nt al observation of

connbus~ ion—chamber i n s  tab i 1 i t i e s wa s very costl y and the resu Its were

d i f f i c u l t  to int erpret. Experimental m odelin g techni ques were not entirely

~;ucc~’scf uI . Some things we re known , however . For exampl e , the oscil l ation s

ass ociated with unstable combustion usuall y con s i s ted of sc~ iC fun damen tal

fri’quencv os ill a t i o n  distorted by an oscillat i on at the doubled , or second

harmonic , frequency. Even i f  j o lt i al ls the i n s t a b i l i t y  was dominated bs

a single frequency osci 1 lotion , it would quickly become harmon ica l l y dis-

torted as the ins tab I Ii ty dcvi’ 1 oped . Al  sO , the osc I 1 1 at ion s wh I ch occurred

could be ‘iost closely characterized , in fr equency and form , as  the resonant

os c I II at I on s as soc i at  ~d w jth a closed — closed cv 1 i ri Jr cal chanihe r —— the fun Pa —

ment al osci l l a t  ion in un st ahlr ’ combust ion was simil a r  to the first tan gent ial

resonant r’iode of a c 1o~~’d- c lo s ed cv Ii ndr i cal chorirhe r of appropriate di moos l oris .

2 



I n  aetd i t ut ) ll , ‘,OIlIO m i  I,~I nl i t’lui i n LJlti onnrp l I tiide i r t u1,I’,J’,II , IIIl i t d i st urb ann ~ t ’

w a s  ne c e s s a r y  to os~ i t o  i inst a b i 1 i tv

A nnal s  t i cal I ‘
~ , soOt ’ ‘,uc ce ’s ’ ,i had boon ac h I e ’vod w i tin node H nq . I t

was qt’ti er~i 1 1 y accep ted  that co nd uit s ion Ins t  oh i I i t s w ,I’, pr 11.1 r i 1 ~ ‘~~‘u’, i t i t

t o  t 1 uc t ua t i t u rns iii the gas  press  ti ¶ o and t he v i ’ 1 i’c I t v i t t  t ine  f~ i~’ 1 ill op

re’ 1 at i ye ’ to  the uia ’. The pi iii ’ I e ’ u  of  pro ssu  no — soils t i y e u iri~rhu s t iOU ~U —

s t , n b i  I i t s had a l onnq h i s t o r y  of s i ic~~e’ s s t i i l ania l~~t i c a l  tr oa t l ’Ii ’nt ; but ,

bc ’ca  List ’ 0? i t s 
~i r oo t e r  oat henna t i ca l c~np l ox i t ‘ , ‘iuc ii h’ ,s we k Iia~I t’t’e’ni

doni’ w i t h ana 1 s sI of  ye I t uc it v — sons i t i ye c~’i’u f’ us io n i  iris t o f u  i I I t ~ ,

A cqu I n~n the t indo rs t j rid 1111 1 o f  i’i’~t ’u S t  i urn i n s t  at’ i I i t s l ioeJOd t 5 ’

I u uni ’iui late rational d~~s I qn pro~oJuros dope ’ui ~1e ’~I i n  t i c ,n I l~ ~‘ni the do’5 e lop

irOn t ot rca 1 I Ic ifliu uir ’ I i rig to , f u r  i gil t ’ s . atid I t  t~aS t 01,0 I d (h i  ‘, ernst t hj

t fr i s rs ’’.eo rch was boururi . I nii t ia  I Iv the  i’i’ip h.n’ 5 i i,as u’rr de ’~ e I o~u ’v1 ’ir I ot  ,nii

e’xpe’r i~’ue ’,nta I ar ralu rt i of  th e cu~iu t r us t i orn-acoLJ’ ,t ~ t s  i n t e r  i~ t i  o n. Later , ana-

1 t i co I to c fir , i gut’s were di ’ ~ ~ 1 u’~~~ ’ d , par t i a 1 1 il l s uppol t of t h’  c xp o r ‘ii ’ ii a I

Wi r k and pa n t 1 a I I s as a ~ ,n 1 110 fi 1 e s t L id S Ii i I ‘, ~‘tc ~’ I I f i t

Sevet ’,n l spe ’ c i  t’ i c  otrse ’rv.n t ions I t ~d t o  t hr ’ i r r i t i l t  IOfl ~rt  t h i s  t’s’si ’.~ t~~ fi .

F i r s t F’ r i i’m [ 1 ] Os  tab I i st ied a node I ill w h i ch ir ~r~u t ~ ii ’ . t t i l l I ‘s e’w Oe l Os

v ipir r i :at I tin — I ill  i t e ~tl f, I . ~‘ . , Os  a y e 1 un i t S — so ns  i so or Re s nol J ii s u i t - r i’

ek’pende li t p roco s ~~~ Later , H~ i dunati [ 
~
‘ , ~ shoi,ed t h a t  ,ii s t  ~‘r t e’d a~ otis t i c

Os u• i I lot  i ori s I undanieri t ,i 1 I ro~ uoric i’s c i 1 1 a t ion ~ p lii s Fr i uih ha i i’s- rn i c

‘‘di s t o r t  ion ’ ’ )  a t f ec  t the Ope l ,— loop response’ of t t i i~
, vapor  i :a t I t ’ll — 1 i ‘ii to~l

conihus t ion . The re’ s po~i se ’ s .1 ‘5’ aS t ir e’ of t he dog roe ’ of re i n  f o rc  e’I’ii’Ii t of

t he’ ,icou St I c  osc i  I lot  ions and th~’ ce~i rt ’ti ’,t ion p r o c e s s . I t  is i nnn p o rt olrt to

know how tile’ in s tant ~~ne’ou s iI.n suf\ r u, n ni i~ ,rcous t i t  f i t ’ 1 d comb i n ’ ’ 5 s’, I t ii the’

a tu u ust  Ic f i t ’ Id rosil I t  i ntl f reo n tire ’ t u r t ’ i t ru s t  lo in p r o c e s s . One’ ot  t h e ’ b et  (o r

wa s s of ro l o t i rig these ’ tw o  f i t ’ hIs i s to t i  rr~l t Ine i t ’ n no 1 ~it i oti t’e t Wi ’elu t h e ’

p re’ ss ur ~‘s o f  eac Fr . Such a con re ’ 1 at  ion Ci ’ LII d t he’rr be us ed to  LIt’ t e n  ill l ilt’ (l ie ’

L - - - - -- - - ~ ~~~~~~~~~~~~~ - - 
__________ -~~~ ~~~ ~~~~.
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c lo sed - l oop  respo nse . But no e x p l i c i t  express ion for the acous tic pres-

sure .-.. tu ich results freon a p a rticu l ar ccxrnbu stion proce’ss was avaHable;

hence , H ei d ia nn a na l y t i c a l l y  compared the exi s t in q pressure with the

burn i n i  r a t e  of the ’ co ’ibu stion process , i.e., he for med an open-loop

response .  He’ used ha rr ruonic response f a c t o r s  to i n d i c a t e ’ t he deqree of

r e i n t orce~’1en t of the ’  acoustic pressure ’ by the combustion process and

found that the response f a c t o r s  depended upon the amp l i t u d e s  of the ’ har-

non I c c c - r m ; - r t - r n i e n t s  and the phase ’ he’tween the acoustic pres sure’ and burning

rate ’ ha n’s-rn ic coinp orue nu ts . Las t  ly , Hr I bar [14] not ce ’iI the s 1 111 1 I or I ty of

t” e ope’n -le -r op responses of a liq u i d — f u e l  droplet ’ s vaporiz ation rate and

a cor,s toot— tu ’ lpr’rature hot—wire anemometer ’ s energy transfe r rate to the

S 0 ” e’ ia 5J’. 11 , 1 ’ Ic  env I ronmc ’rr

C~~’~b i n i n q the above o b s e r v a t i o n s , H r i ba r  [14] proposed the development

an analo g techni que for studying combustion i n s t a b i l i t y ,  in  w h i c h  a

cons tarn — t e-’ipt’ roture h o t — w i  no ant’Inonue ter would serve as the analog to

ion . The advantages to such a system would he many. The a n a l o g

wuuu Id o ut  involve ’ an actual caiibus t ion process so that the many prob lo ins

assoc i a t e d  w i t h  nua k inq nreosu renre nts in a hot , burn ing m ix tu re  wou ld  be

,ivoideu l . The s~- s t e m  cou ld  be more e’,i5i ly controlled; s tudies could be

t ic- r ile w ith the analog which would not be possible using an actua l combustion

s i t u a t i o n . (For example , par arureters could be varied independent ly , a

forr ur e not possib le in an actua l conrhu stion situation.) Also , the a n alo g

technhi ue ’ would be less expensive than actual experimental combustion studios.

Because of the above , the lii i t ia l  objective of the research was to

d evelop an analog system for the study of combustion in s t a b i l i t i e s  in l i qu id-

pr opellant rocke t engines , and then to use the analog to invest i gate tire

basic mechanisms governing these i n s t a b i l i t i e s . Later , the research was

expa nded to include rnathe’nratical anal ysis techn i ques , ini t i a l l y  to determine

14



whether or not u e ’ r t a i n  ef fe’cts that we nt ’ obse rved exp e rim en tal lv w i t h the

anal og ce rul d be p re d i c t e d  n,ithi ’i’ ,,t i~~ol  lv. These’ a n a l s t i c a l  studi e s re—

stilte d in im prove d ins i  i ; f n t  r r t ’’,r i t, i l v  t I c a l  node’ Ii nut tech ni ques

W hat  t~’lL ~~ m i  t h i s  report i s 0 chr u n uu u l o u i ic .i I d e scri ption of the

re search and the s iu n r i i t  i c ant ni ’ su Its . Mci ’ , t ~~f ,-,t i,, t was Ju lil e’ has been

decu’ i~’’i It ’d iFi ‘. .ini ous pape rs , the e’s , and di sse ’r a I ions , He’nrce’ , s pec I ‘ Ic

di’ I a I I ~ ot  he ros e ’ a r 5 h  ~ I 1 1 be k~’ ut  I (u 
~ ‘ii fl ‘501 Ofl t I t hi’ app rep r I ,i t e ’

re f~’ rel ict ’’, w i I 1 he ‘ion t i oned iii oh i ci i  ito re do ta I ed de ’, c r ~rt  I Oils can be’

found.

H
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Re soo n

As was s t 5 r t e ’d e’a r l  ier , the’ m i  t i a l  ,dtiec tive u t  the’ re se a rch  w a s

dos e I _ ic air ana log s’, steno for the ~ t u d v of fiie i h fre’quencv combustion

inst ab i t i t l e ’s i n  I i g u i d — p n i ui ie ’i ‘i , ni u t rock et ~,ui’ihtis t i o l l  cfl ,li’lbi ’ r s .  Be fo re

cons i t t i ’ r I fl’l t he ’ an.i I o~n , an uncle’ r s t a i d  i erg of the’ phenrc u i ’ie’n a be i niq rxid~ 1 ed

I S n e c e ’ s s a r s

Cc~i t - rus tio n Mui1fe 1. To ch ,ir ,icter i:e ’ tiii’ coi’ibust ion proct ’ss , the

0 ion node I Jut’ to P r I e’ri [ I ] , i ~ oh i cli the c en t’  us lion I s v I ~ i~e’d as

vace ur I ,‘.n t ion - I i ni t~’d , S O s  USi tI , I n  t h i s mode ’ I the’ bu mi  I rig rate is equal

to t i e ’ ‘5 - j Oe r i .‘.nt I on rote ’ ot til e’ I I gui P p ro ;u i’ Ii alit drop Ie ’ts , and t h i s  v o po —

r . at I err or burnin g ra to ~~
‘ is i i i yen as

C 1 + C Re’ 
. ( Li)

She ’ I t ’

~ PM :i
,

C~ = P in 
~~

‘

~~

‘ ( l b )

O . o  Sc~~
’ 

~~
- PM ~C

= ~~~~ - - -  ~~~~~~~~~ P In ( Ic )

and
- 

~J J l
Re = ~— ---------—- - ---~~~~ - ( i d)

here D I s the ’ ins ide d I ,ni’~~’ ton i’t  t tnt ’ c c w ’ i t u u s  t i on chamber , M - I s the nb le—

cu I or we’ I gh t ti f the ’ pne t t ’ e ’ II ae nt * 1’ 1 s the’ mel I ecu 1 or d i ffus I on ieie’ f f i c i  ent

C 1 s the co nct ’n tr ot ion ot p rope 1 lo ot  u i r c uc ’ , R I s the’ un i Vi’ rs ,r I gas con—
u -

tant , T Is the’ ul,is tempt ’ r ,a t e r r t ’  , F’ Is the ga ’~ pressure ’, P is the vapor

pros sure of the’ I Ut’ 1 S
c 

i th e ’ Su liii I cit r,utrnbe’ r , ,u Is the ’ gas dens i ty

V is  the g as ye loc i t ’, , V i s t h ’ pri ’pe ’ I lan t droplet ve’lOc I ty and u is

the d ynamic vis it ’S i t s  - [quaIl  ‘ns ( 1 ’? i i i  cOle ’ that  the vap e- r r i  :at ion r a te

i s convect ion Ii ml ted (Reyni rl Ps n il ‘fu e l di ’pt ’n ruti ’nit ) with additiona l sonSi t iv it s

to the’ i l l  sJvnr ,ri’v i c ,‘nd drop it ’ s .11 i ,rb los
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In Pr I err ’ s n it u de ’ I , the ’ tuu rn int l ma to i S s e ’ i rs i  t y e ’ I Lu t h e ’ r’I,l ~ nn I t ude’ c l

the surround I itg gas vi’ le n t I ~ w i I h re’s ‘c c t to t i e ’ drop ye Icc it s ’ , .e . , it

i S ~eni ’~ i t i s o  to a ‘‘ ro t  t 1 t i e d  r
~
e l,i t i o y e ’ )  Lit i (S. Tb iS C Oui’ ,e ’s in qhe’ r

‘i,l I ’ uiii I c roguencs  cou ’rpu-rne’ru t s ~~f t h ~ bu r n i n g  r a t e ’ to occur in response

t o  uniui , l : i~.n t j  I t ~~~~~~ ‘, po r t u r b ~it ions of t h -  ~~~~~~~~~~~ I b I d  . In ,ndJ I iOn

t o  t f i I S  ‘lO t ‘‘oP ~~f ,~i ’ ’i e ’rat li lt; hi ,lhor ha n’ u in Ic ce’’;’ o l ie n t s  O t  t I l e ’ burn i is; ra t e ,

JO~~ u i ’ii’ i’ ulUi ’f lt  Is of the’ ~i~i’ ds’ ia - - i c  sari ,ibles , iron I ine ’ar qasdsno ’ni c ef~ oc:s

~,i l l  ~ lse gt’ne ’ r a t e ’ h i~d’~’r hor” -er~ Ic co”’pone’nts t u k ~ the ’ ul osuiyn J ’ I i I c s- ,ii i Oble ’s .

.~as  - s - n t Luined oa r  I i c r  , durin g co-’;’us: ion in I I u; u I d- ;’rope I I ant rocL~

I ne’s , t i re ’ c omb us t ion p nt-ri ~‘s S ocr P the ga s i’, ‘ ion i c proces s o’, are ’ coup lt ~J

Ans osc I 1 l o t ion i n  g,isd’,-r i,i” I c v a r  I oh Ic ’s iaUse’s an o s c i  I ia t o r y  burnin g r u  t o

O ’v ~ t th ~’ u u si i I Lntu i n ’ , burn ing proces ’ ;  s e ’r st ’’~ as th t ’ energy source ’ to s L j s ~~,iin

Ps ion i c e’sc I I 1,1 t ill s . L’ nde r Co r to  in cond I t i f l n s  , when the t’ne’rpv suip 1 led

hs on u ns t e a d s  c o ’ i L ’ us t i o n  p r o c e s s  is s u f f i c i e n t  t o s o r c o m e  the e’ni ’nc\ lo sses

in t ’ l e ’ g,rsj ’ ,n,i ’ ij c  f i e l d , th~’ cu ’uL ’l i nu; Is s e l f — s u s t a i n e d  and the’ o s c i  I l o t i o n s

ca r’  :‘ ui I d to la n i l e ’ a L ’ I I t ude s , a c o r d  it I on re ‘er red to as un s t a b  It’ con-b us t i cii

Tho ” nalu ’g . The analog so Iec~~’J to ‘rode ’ I t he v,i;-roni so t  I o n — I m l  ted

c~ - r- - h u s t  ion  process w,n c a h a t — w i  re’ son~ or and t he’ assoc i a t e d  s e r i e s  ou t pu t

a con s taci t t e’mi i ,’ no lure ’ hot —u~ I re ane ioi’ue’ to m , a cM .n so c ha n~n’ or t i ‘no Jo I ov

des I cc’ • a powe’ r ~nnp I I l i e n , and  an O c O U s  t ic d r lvi ’ r . The heart of the ano I

i the .rne’moi’k’ ten wh i ch app l i e s  a vol to~ie acros s the’ hot —wi no • co us i nit; it

o lie ~n t to st-ri le’ proSe’ t to  ‘ri -ro ‘at u r e ( r es I s tan cc 1 e~ e 1 . A iv 11 ~ c wh I c h p0 ~5 c’S

Ove ’ r ( l i e ’ cv I re te’rrds to C O i ’ I it , hut the’ ,ine’”o-”e to r res ponds to cc-run to nac t

th I s by inc re,1~ in t l ti l t’ v o l t  age ,it’ ross the w i re’ . Th~’ hr i dqe’ s’~~1 tage’ of the

,liie’ ‘ro le’ Ic’ r E i s me la ted to the f l o w  os’e r the cvi no . Th I s no lot i onisli I n cain he’

e’eore” sed as
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.~ ‘re - re D i s t h e  d I ‘otor i i  the h~ i t  — ;- , I re’ , R I the ope ra t  in t~ re ’ s  I s tai l e u ’
cv

t h e ’ hu ’, - .- , i r u - , R is tire ’ re’s i st. i i r cc’ et the cable c o n n e ct i ng  the h o t — - i r e
L

onc p rt r : ’ e ’ t o  t hc ’ l i t  u ’’ C ’ t e n , R is t i e  prot- u ’ r e s i s t a n c e , R is the appr i u r i a t o
p 5

- It ’ to  r r e s i s t  a c e  , r i , A , an d B , are’ coe ft I ci cii Is wh o~~ ’ i ’xjc t value are

de It ’ r i  I rod by ca I i :i ra t Of) ~~ t t h e ’ I oP i s i dua l  r o t - w i  re ( t ’ ,  ~
u c a l  s-a I ui’s are

= 0. ~~~~~~~~ , A = 0. Y05 and B = 0. 672~ d1’ t~~ I Is on hot- I- , i me c a l l  b r a t  ion can

be found in [5], [~ ] ,  [;i, [8],  L Is  the ’ length of t n t ’ h o t — w i r e , k f is

to ’  ;Os (~~i r~ the r ’ - ~~l cui’. dcj ctb ’~ it ’ , e’~~a l u a t e d  at the Him tt ’”heraturo T~ =

[1 T .~~, I is t h ~ - gas  t c ’ :’n ’r at ur o , I I s  the  h o t- w i r e  o pe r a t i ng  t e ”-”cu ’r a-w -

ture , . I S t he ’ qjs de’ni ~, I tv o va I not  e’d a t  t ire Ii 1 m t e ’ r po rat uno . V I s the ’

c’t the ’ gas veloci t y nre u nr ’ ,nI t o  the s t a t i o n a r ’ ,  ho t - w i r e  and is

t he Ps r’a- n I c v i  scul s i t  v eva I ua ted at the l b  liii te ’ - ipe ra tu re’ . (D i  s cuss  i ens of

the desolop me ’n i t at Equ at l oris (2) are giv en in sove’ra l references b~ Purdv

Ve nt rice ’, and ran g [5, 6, 8, ~].) Equ ation s (2) indicate th at the ’ sguore’

of the a i’ e’Iru)i”e Icr output vol tage is aria Ioqous to the conve’ct ion 11 nil ted

burn ing ra t e  ~~
‘ g i von by Equa t i ons  ( I )  . To co nuip lete the ana lo gs  . a phase

change ’ or tine delay dcv i cc is used as the ’ an~r Iog  i ii the ’ p h ,rso change c’r

t i - r e  d o l o v  ~n~~ o~~i.i ted ;-iit h c~~r n hus t  ion , a pow e r amp i i f i c r  is  UsOu l  as the

ana lo g of the  one ’ mq y re ’ leased dur ing  t h e ’ burn ing 01 th~’ pr u ’pe ’ l l , r nr t , and

an O c o u i st  Ic d r i v e r  in’ used to  c o n s o r t  the ene’rujy , issu ’c lj t e ’d ~v i  l b  the ’

Or), ’ ‘,u r ’ie ’ t c r  and powe r a - i : ’  I I f i  i’i to ui,rsd y sir’r I c e ’f l e’ r u ; y
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In the analog mode l , t h e,, anemometer output is dependent upon the

magnitude of the gas velocity norma l to the hot-wire , i . e . , it is sensi-

t i ve  to a “rec tified ” rela tive sçelocity. As in combustion , th i s  ca uses

hi’jrrer harmonic frequency components of the anemometer output to occur

in response to fundamental frequency oscillations in the gas velocity 4

field . In addi tion to the nonlinearity of the analoo process resulting

i n  h i gher har monic components of the anemometer output voltage , and con-

sequen t l y of t he gasd ynainric variables , nonli near gasdynamic effects also

genera te h i gher  ha r mon i c  per t urba t ions  of the gasd y n a m i c  v a r i a b l e s .

A series of even ts , analogous to those wh i ch occur in the combustion

system , occur in the analog sys tem. Acoustic perturbation s in the gas-

dynamic field are sensed by the hot-wire . The resulting anemometer output -~~~~

s i gnal is amplified , af ter phase change or time delay , and fed to the

acous t ic  d r i v e r , wh i ch generates gasdynamic per turbation s proportional

to the si gnal to it. These new acoustic perturbations combine with the

p r e v i o u s  ones to form a new gasd ynamic field. As in combustion , in  some

situa tion s the perturbations w i l l  reinforce each other and be sustained

or increased in in tensity ; in other cases they w i l l  die out.

A comment needs to be made concerning the anemometer output si g n a l

men tioned above . The anemometer actually has two output signa ls--E , the

b r i d ge voltage and E’ , the time-dependent or fluctuatin g component of the

b r i d ge vol tage , where E = E + E’  . (The component F is the time-mean

component.) I t is E - which is analogous to the burning rate 0) and E 2

also has a time-mean and a fluc tuating component , i.e., E2 = (~~
) + (E 2)’.

(The bar ove r a property is used to indica te the time-mean component and

the p r i m e  desi gna tes the time-depen dent component.)

From the above it can be seen that E 2 = 12 + 2EE ’ + (E’)2 = (E 2) + (E 2 ) ’ .

Onl y the fluctuating component of E 2 would d rive acoustic oscillations;

9
I



-~~ 

- ___--

hence , (E”)’ would be the requir ed si g nal to be used in the ’ ana loq sy s te n n .

However , when E’  is  s n r r o l l  r e l a t i v e  t ’ u  ~ (which i s the case for the analog

sys tem) , Fang [8] has shown that  E ’  c i r u i , l e t i ’ ni / , ’s  (E ” ) ’  to a sat i s f a c t o r y

deqree wi th respect to annp l i t u di ’s , fre ’quencies , and phases. Hence , E ’

was used as the feedback si gnal in th e l oop .

I n i t i a l  Research Plan. At the outset of the research , the above des-

cri p t ion of the a n a l o g  had no t been full y conceptualized and the vali d i t y

of th e d e s c r i p tion had not been estab lished. As the research progressed ,

the abov e des c r i pt ion e v o l v ed . ‘

To ini tiate the analog studies , the f o l l o w i n g  was p roposed .

1. To anal y tically perform an open-loop response factor anal y s i s
of the a n a l o g to see i f  the sa me res u l ts wou ld  be ob ta i n e d  as
Heid nmna nn obtained for vaporization -limited combustion . For
these studies the pressure associated with an acoustic field
would be conripared with the resulting anemometer output (analogous
to the burning rate in combustion ) and a response factor ob-
tained. Various amounts and types  of distortion would be
added to determine stability predictions. This process would
establish si m i l a r i t y  be tween conrbustion and the analog.

2 . I f  the resu l ts of the above were in  agre eme nt wi th He i dma nn ,
to exp eu ri nnr en t a ll y perfornn an open-loop anal ysis of the ana-
log to determine if the ana l og would per fo rm as p r e d i c ted
by theory.

3. To operate the analog system in the closed-loop mode to
determine if the open-loop predictions of closed-loop be-
havior were valid. The above three i tenrs , if successful ,
would confirm the validity of Heidmann ’ s analy tica l technique
and the prediction that distorted acoustic waves would drive
conrbus t ion , or the a n a l o g  proce ss , to instability. Once all
of the above was accomp lished , the analog system could then
be used for further experiments desi gned to iden t i f y o ther
fac tors important to unstable connnbustion .

Anal y tical Open-Loop S tudies. The nonlinear , in-phase response fac tor

1 dev e loped and used by H c i d m a n n  i s  d e f i n ed as

,1 ’~’ (ii ’ p ’ d (w t )
R =— ‘~~_ _ _ _ _ _ _ _ _ _

~ (
~~

) d (unt)

where W ’ is the time-dependent , dimension l ess perturbation in the normalized

burning rate (0)’ 0)70)) and p ’ is the time-dependent , dimensionless

10
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,,inii ni, I not I eni ns mit ’ h~~,’mr uon I e amp 1 1 nile’ ,iind i uh ’ict ’ ang lo  won Id N ’s  ci lt i n n

in ns tab i I I t y . Tue pu r~’ ‘~ in use i ~t~i I e a c’ w Os •u 1 w o v - ~ p’ eel I e t ~ ci to be st .11) lo

More’ Pt’ t a i 1 c’d di ‘.e us’; I ens m n t  the’ ,uuu a 1s t I cal iut u i ’ nn  — I immn; ,  t t iP it ’’, corn ii, ’

fo und inn [ m ,]  [ t u ] ,  [mi ] ~nid [Il ].

L \pt ’ n i ’ r i ’ n u t . l  L I2~ !n,j,,~
’
~ ’J ’_ S t m m i i I o ’ ~ . S inn ~~t ’ t ho anal yt i c.ul open— loop

5 t h u  I t ’ ’, we’ f e ’ S ue ee ’ ’, ’~ 
$ u I , tIne ~‘t , u i’ r I iun~’ mi t  .u 1 , gue ’ i n  — I ocip st tid Ic ’ , we m i ’ c an ’ t. i ccl

out . The’ c’xpe’ ml  iron I a I t o d i n  c l i m e ’ her  do i uiq t iii 5 w,nc I m vii I veil am id I s di —

e U ”  si ’ii iii mit ~ t .u i I i n n [‘,] am id [ 1 ’  1

A s i nnj ” I i ?  i t ’  ml ,i, nt ’ m ’ n , u t  Ii it I ,um i n ’ ,n i ’ n tnt ’ t ine ’ i’\ l’ t ’ m i unrt ’r r t o  I ‘,s ’ . tcnn n t ice ’el I

shown iii F i q u m o  1 . The ’ oh joe: I was t i n e i ii re ’ 1.i I c ’ a nn c I t ’~~t r’i e’al ‘.1 gIna 1

wh i cli cva’~ p l i n t no r t lena I t i n  the I h u e  t oat  I m~ l’. I n n th 1’ pr u ’ ’ ,s U i e ’ mu tine ,ucm ’ us t I

i It ’ lii iii tir e’ vi e il l  its- en I tine ’ iu~ t —cv i n- i’ , cv i t Ii t ine ’ $ I ti c t cia t I em 5 I i i  I m e ’ ,ins’ - ’s

rue’ ton’ output vol t ago arid , I rourn t h u i s , t O  e ,~ 1 c U  l ,n t t ’ t t r i~ n o s  pmiii cc ’ f a c  I 0,’ $ i nn

t hat  par t  i e U  1 or .n ceci s t I c I’ I e’ I P . A van - i e t y mi t  ae u ‘ ii’ ; I I c I I o I et c eve ’ n i ’ tic ott

tart I r n mj cvi tin ann tinei I - , te in ’ ted t Ii’ Id .rt I’ r’ ’mjti i ’ uids ’ LI l i i i  m( n’ ,id,,ia I 1~ ,imltl I un g

to  ti n I s d i .  tort I en jI ‘ 

1T 
s in ~‘, t i m  pa i a  1 1  e’ 1 liii ’ cvo u’ L d~n nni ’ ,n nu.i I y t  I t O  I I y .

Te n m~im to in no ‘,1n onrce ’ $ j i (tin’ s Iii ‘ ‘,y’, t em I 1 lu , t n , n ted i ii tin e e ta t ,i ac’m lu I —

I t I em s ’~ ‘, t e i m  cu t Fl m J ti r m ’ 1 ev a’ , u’,t ’d . No i m n’ S t r ’cil nn c ’ nu I w,n’-. ova i I .nlm le t i n d i r  t o Is

d o te  ‘mm i i t ie ’ 0 t’OSpOi ise ’ $ .101 eu ‘.o ,n re’, ‘oIl S i ’ t , n i  t e n ’  ev.u ’~ CO l~’ci h~nt e’d $ m ’onn u (ti e ’

c l i i  re ’ 1 at  i onn cot’ t’f I c Ic’ mit R . Ami,n inn , t ie 1 .11 1 ‘. mit
. 

t in I ‘, coin b~’ t ociu nd i mi [~] O m i t 1

line’ I’e’ suIt 5 tit (ii ‘
~ ~ic pc e’ t 0 I~ ti re ’ re’ ‘.e ’ arc  in eve’ i~t~ I inipo t ’ t mii i  1 iii ‘s t oh —

I s ii i rig t h ue ’ ,urno I oil as a pete ’ mit  i ,n I r ‘ so .n r c in tine 1 . r I r t e n ?  .n 1 1 , I int ’ o ~~ e’ r i —

nuue ’In 1 ‘; ‘,ir nevt ’ii t ha t  i t w,’is ptis s lb h e ’ ( m m  ‘ .0 t ti p a I ’ m ’, ‘ , I ~ .n 1 ‘.s- s t t’,nu win I eh  don l~t

genie u’ o t o  (tn t ’  sam nr c ’ ~n cou s I e~ olnV I n ’oinunne ’ ni t for a hem ( — w i n ’  probe’ t in,n I was i n  —

vu’s t I got  i’d .nmn ,~ I y t i e,i 1 I~ - ~inid w in i oh cmi i i  1 P h o  tucm ’ d I t i dot  t ’ m’ n r m I nn c ’ t int ’ rt ’s pm n n n sc ’

o t the t ro t  —W i  r , ’ vol t ,ntt,’ to  t u. n  t c liv I m ’m m n nm nn r,’ti t . Se’ e’m n nnt i  lv , t tnt ’ t ’\ lnor’ I ur~’m n t o h

re’ s t i l t ’ ; we me’ d uo  h i t  ,i I ye’ ls- tine ’ c,unnno ,n’ . t in t ’  ,uni,u ls t I o ,u I re ’’. t u l  t ‘, — — t h e ’ Ii’ “I’i u u r’ .i ’
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en ? the s ’ ,- ’,teunn to pure sim i u s o id o l acoustic vibration cvas sma ll , even when

the niayn i tude of the m I C O U S t I C  pre’’~sUre Was large ; the response could be

I ncrea se ’ d by as m uch as an order o~ nniaqn I t wit ’ w i t h  re ’~pe’d t to the si nu—

sd da I case’ by the odd it i on i n ? d i s ‘c u r t  ion ; ,ind the anmup l i t  ud e and phas e

ot the di s tort ion comporie’n t , ro 1 a I I Vt ’ to t he funidanmen t a 1 connnponent , were

t he dot ur inant f a c t o r s  in the increas e ’ in t he’ rc ’sponise.

Sonine probl ems did e x i s t . T he d i s t o r t c ’d acous t i c  f i e l d s  could not

be total lv chjr~nct t’ ri.’e’d by t ile’ c’quat loins r e s u l t i ng  from the so lu t i on  of

the i n vi s cid line ar wave equ ati on . Viscous effects shou ld p robabl y have

been included 1 m m the anal ysis to accoun t for acoustic str e ’an i n i ng and any

other se’cir nda ry phenomena w h i c h  m i  qh t have’ been occ urr  I nq. Al scm , there

m i g ht have been somure problenn s associat e’d wi th t h e ’ o”s uninpt io n used to ob ta in

call bra t ion cons toots for the hot—wI re . The’ as sunnnp t i on was that the stead y—

state , steady—f low cal i brat ion of a hot—wi re is app 1 I cable evori when the

wire is used in an unsteady situation .

O ther d is c u s s i o n s of the experiment al open—loop inv e sti qo t io ns can be’

found in [5], [6], and [ 1 1] .

Expe’ri me’ntal Closed—Loop S t u d ie s .  Thc c l o s e d— l o o p  e’xpc’ r imnnen t o l  s t u d i os

posed many di f f i c u l t i e s .  Fi gur e 2 is a very si n m m p l i f i e ’d schen nn atic diaqr onn

of the vxpt ’rinnent ,i l system. The test section ’ s le r rqth—to—d iam n ne ter ratio

could be adjus ted to two diffe rent va l ues-—one in wh i ch twice the frequemucy

of the f I rs t tangential reson~in t unuode of vi brat ion was equal to the frequency

of the secon d tangent ia h—second long i tud i no I re ’s on o nt in ePt’ of v i  br a t ion

2f 1 T 
= ~ - T  

~~~ 
and one’ in win ich twice the frequency of the’ fi nst tangen tial

was not equmi 1 to a resonant frequency of the chanrnb er , 2 f 
T 

= ~~ Two channhers

were used to e’stei b l ish the’ effect of chamber din un c ’ n ic i ,m nr s  omi i ns t a b i l i t y .

Ref erring to Figure 2 , the q. n s — ti ll e ’eI ch,innnber could he exc i ted by mov ing

(hi swi tc i. into the’ upper posit ion so that th~’ func tion qt’ne’rotor/onnp 1 1 1 1  or

1 ? , 
4

.4
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F i t ~ i u m e ’ .‘ . S i u m n ~n 1 I $ iom i  S~~iit~~m ,it Ic 1i i .i , i n , n iin ~‘I t ht ’ l’ l t’ ’ .,’ mI L , ’m u 1’
E - ~pt’n i ’ n ~’ n nt .u h S’,s te ’nu n

,‘~ m ‘.upp 1 1 oP t in t ’ e’ ‘i t  I ( a t  I m’ i i si m lmn , u 1 t i n l i n t ’ ti n iso m I,m m pt ’ n u - -  1 m n t ml i op,’ m .11 oil

t ic ‘.c’.l ( t h i  lii i t i ’ i t ’ . hm ’evi ’ m ‘o’, i t  h u n  , ~ I~ n’ .i’mi— l tn m n1’ m ’h’ t ’l ,i t m m mi i t i c u l m i hit ’ m m t ’ t . i l m i t ’m i .

Oiit ~ C II’ lt ’ m I I’~,’ m c? t ire , i, l m n s e ’mI ’  l m m m m p I nnve ’’.t I , ja t  i t n n n s e5 , i’ ’ t o  t’m n l u l u r n  tint ’

n~ ’’ .u l t ~
, m u t  the ’ t n~m , ’nu - lm u m n ( u  e5-~n iL , I , ,‘ , , I I t in  ,‘ ‘ ,‘,‘,t , ’ m m  m s . u ’ , ‘;‘ ,‘ n .11 inn ,( Is i t  Ii ,n

tt ’ m ’t. n i nn In ,u( te ’ m n n id m i i ’ .t , ’ m t t ’mi . u t m ’c i s t  I~
- m n’ . e I  I I. u t  im ’nns , cv m n t m l m i i t  t u ,’ m m ciui t ’ cuiu ~~t ,ut ’ I~’~

lii i s I s .1 ’ , m n e nt t i n e ’ ,,m nn l s  m ntn rio i s , ’ , iucmes ’e ’’,-t ’n . Ani ot in e ’m t m t c It ’’. t I c ,  is is  t i n il I m ’\s

t int ’ ‘.c’~ len in to I tm mr c ’ t I m ili m ’s ‘m .u l v i  Pt ’ i , l n m t t ’ ill s- , mm i ,u t’ It ’ ’ , ,unn ’ .i m u ’ Let min i tnt ’ cu nnm h ’

cv $ r , u t m e n d  I t I m n nn s ir i s  t ,uh’ I I i (~ t in ’s e ’ 1 m mt d t ’m l , umn ~i t m u mit ’ t ,‘ n n n i i  nn~’ I I I t nt ’ ’.t ’ m t n nrm l I I i~ ’u u ”

e~t~ r t ~ m ,‘ n i ’ . i s t O U t  W I  tin t i imns , ’ , 1 , ’ .i ’ m I, i t t ’ m i w i t  In u ur st ,u(n I~’ ct n i i mt m cm st i~ cn ,u nnd , $ m m ii i

In i s • t ci pt ’ n $n ,I i ’s go i u u  I m u ’ , I ~$n t  in t e n  e~in\  t i r e ’’’,’ ‘ ,i i t  I c l i  1 am t m ’ nn m i  I I m ’n n ’ . cli ’’, e l  u ’p

To m it’ I i i  mu .1 he ’ t 1 e m t i n n t t t ’ m s t , i u i t i I un g ‘. n?  e 1 c ’s t ’ m i —  l e n m np dl~ e’ m .u  t i inn , t i i i ~ ‘‘5 ‘‘1 m ’Iii

i ni l t i o l  1’, enpe’ ,‘ .i It ’d U’ . i n i , ~ o 1 I int’ , u n $ t ’ t ’ m t t ’ , n m  I-,, , im ’s- I e i ’ t lit ’ out put in ? ,n

mmm i C rcn p homi e’ . Tb I ’, cv,1s 1 ~~t i’ s ’ ’ i i i  0 — s o u l ’ , i 1 i s , ’ 1 I n n t ’ ,iI ’ t e ’t’ c i h’ ,ne ’L 1 m u t o m ’’’ ’’ Ir is tt ’,nm i

1 n$ t lie’ vi’ l~ n ’. i t ’ , -  — ‘ ,~ ‘ n r ’ , i l l~ - t ’ mien I I n n , ’ ,uI $ ,‘,‘m $ t ’ .l,, L p t c n d’t ’ss  e m? t I ne ’ .nnme ’i’ mm i mum t ’I

aria Im ’ m) ss t o i l . ( I .  mi ll t in t ’ m i m i c  I m ipht iuit ’ , t i i t ’ i n. u n .1’. t e ’i 1 s t  m s  m ’i c, l m ’s t ’ ml - I m u m i lu

s y s  t ,‘ m mr he’iij y j ,n m .ut ,m s i,nm, he I n t ’m j t m t ’ u ic ’ \ m i ’ l l I,i t’e ‘.1 uP i t’ mi , um nm i , tilt l 111,1 Ii ’ I’~ •

- - - - -.,——~~~~—.-~~•. -— ~~-- ‘ - ‘.__‘_,‘.,.-• -.l- ’.-.’-) -~~ __~1 ~~~



e m iml t ’ .u I’ I soin  om nu Iml h~ nui,nelc’ in? p re’s se t cc ’ .ti n d ye’ led I’ ,- St ’Ii’. i t  I ye’ feedback

p n m n e i ’sse ’’. arid the ’ p res s ure  and ye’ l ,uc I ty  s,’nls i t  lv i  ty  of the cm u i mm h u’ , t I m u

pr mm c c ’ s S •

A , Pro s ’ .u r m ’ — Se n r s i I I Vt ’ C Ie n ’ .e ’ t? —L emop  E\ ( ’ o r  i m nme ’fi t’.

Re ’ t e n  n I rug t im  F I m i t t  no .‘ , t h e ’ m ]e ’nrc’ ra I p rm m e e ’iiu rt ’ t o 1 1 tntvt ’d was to e’xc I te’

he’ t ? i  , um’ i t m t ’ r i m l tine ’ cipt’ mu — 1 e c m ip node’ c~ I (ii Sm i ik’ p re’ cl e’ t e’ n mn n i f lO m i  s I d n a  I I’ ’, inie’arls

0 t (lie $ uric t I ,ini m lt ’ m nu.’ ro (,,mn ’ / .iiui(’ I I I i t ’ r s’ ,’. ,‘ imn . T he’ sev i t  oh was then moved

( m u its al to r m r ,r t e ’ (e’I osi’m l— l m m m~(’~ mn pe’r .ut i n r q 1m m m s i  ( io n  ,umi d the ’ s’ , ste jm n l s , i S

tmt is i’ m  c m l  0 ‘,i ’ e ’ w ho t cy oci hi 0 ~o 1 s- ,’ . Tb ne’t’ has i c n’o ‘.penisos ceu 1 P dec e ’ I op

t ine ’ ,u m o m ’ . t I m p n e ’ ’-. ‘,u re ’ I mu the e i u a munt n e ’ r i u c m Id  d i e ’ cnn t ; t ir t ’ , im ’ m m( i s  t I c p i e ’’. s o  n’ e

o d m tm I P ‘ c m I hi inn h u t  cnn ’ -, I t t e n s tie ’tn a l i ’s e I t ii at ho sty It o h hod t i n (mt’ ‘u im m ’ ,e’d

hoc k t m ’ I t s cm( ’ onr  — I m uop P°” I I I miii t i m  ,ns m~ 1 P ho n i u  I rig dm 111 t in t ’ fu~~ ’ in t i e ti n- i V e ’

o i m m c i  I t m ’n • I i n n  a I 1 , Si ~I~ii~ pe m m ? ‘. I e’ ,iml — c t a t  e ,n c o o s  t I c p m e ’ ss  u re’ I ii’ I ‘.1

m,en ul ml tie ’ a t  t ,n I m ue ’mt . I t t~ .i’. t in t ’ e m m n u d  i t  mi ll s um imle r cvii i cii tl it ’ t ii l r’d rt’’- .p m ’mise

m it c i i i i’ m1 t u . n  1 lvi ’ no’ m tm I i n n  t i n e ’s t . TIr I s m e  p n m ’ se mi It ’ P a nit ’ c ut  m a 1 t oh I 1 I (c

~- .1 t oo t ion . ttm t m m  I mi q t ine ’ e m o l m s m ’ mm ? ( I r e ’ e’\po i’ I mn n c ’ nt ’ . , so’,e ’ ra  1 p a r a ix ’ t e n s  We t’ e’

o h  te’re’P ‘.c s t t ’iiiot I e o b  I c  (m m mit ’ t t ’ r n m m i mnt ’ tho l r’ o t  t’e ’e’t on t i ne ’ e I i ’ Sm ’m i ’  lt~i~(m emh ne’i ’Ot Oil

m i t  the ’ s’, st e’ m ’ i . Th e’ “ e ’ Isi ’ nO’ tint’ d npe ’ni — I muep s gina 1 f m m ’nin th e ’ I one’ I I on qe ’n i e’ .11 m ’ m

,n m’p 1 I I I e ’ n ’ 5 st i’ Im i t em t i re ’ Pr’ I ‘,-,‘ r , t i re ’ anuue munr t em t’ t I m e ’ Pt’ I .n’, em r ,nnnneumi t cii 1 u 1u ,t s  e ’

sin i t I , (lie ’ ,inmnoui r t e m ? omum p I i i c ot  i emnu c”r’ q,i in n , ,‘lulei t iu~ 1 e’nuq Ill — ( m m— di Onile’ I c ’ u’ r .m I I

mit  I lie ’ c’h on n nh e ’ n .

Tt~c’ e m Si ’ m ’ ,r II r,’ “t ilt s 0? I hue’ 1 1 r re ’,i r t’t’t’elt mo ck s t tid s- 1st ’ no .r 1 m m 11 dmls ’s

1 . Tire’ c I m i’.t ’m l — I e~Op ‘.m ’cun i ii I’ Ie ’ 1 1 is, iS I m iel t ’pe ’nr el e ’mn t cm ?’ t ire c,, ii.i n ,i,, t t ’ i ’ m~ I

tht ’ I in i t i .i I t ’ \o i t  I unm ) scm tum n d $ io 1 P . Tine ’ ‘.,Ilmk’ c’ I cmsc ’d — 1 em e mp se m t um ii l t’ It ’ Id n’es u I t  eol

tem n’ .u Pan ’ t i c u l  an O nr ielL u rl 0$ u.n  iii arid t m ine’ d,’ 1, n’, m ’n ’ pir~~se’ C ir ,um nm (t ’ iii ti n e ’ l imo p

m lm m Im m,I t t O r what (iii’ ~ iii m ,ic It ’ r I s t  0 5  m ’$ the ’ nil t I.~1 empt ’mi — 1 c m m n 1 m sou th tm I It ’ I ci .

For ,n pa r  t ic u l  .n r ‘, m m m j m i d  $ It ’ 1 P to he si ’ 1 ? — ‘, t i s t  ,r I mie ’ ml i mu c 1 i n s e c t —  I ‘.ntmim

c, i(i~ ’ 1 , 1 1 I iOn , ti n e ’ Ie ’ost ,imnnp I I I l m O  t I m in i w.u ’. r’ e ’ qcm I red wt ie ’n’u t ilt ’ t ’ \ I c t  i rig ,umi ml

16
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fe ’oeihock se ru m nd $ Ic 1 ds we’ r~’ in ph ost ’ wit ii each ctin e ’ r . I t  t h e se ’ two f 1 ’  1 Ps

tee’ re riot I n pilO se’ tv it ii e’ o cii m l  he’ 1’ , mut e r’e’ t i n ,mn i lb 1 s inn i n n  I iiiuoi $ ‘ e ’ e ’ dba c k — I 00cr

, u : m~ ’ Ii $ i c o t  I on wa ’. req ui rod iii em rde r te n hoyt’ Se ’ I t  — sim s t e’ml ann Ce — — the’ i i co le ’ r

the’ phase’ d i f t ~ ’ m e ’nnce ’ hi,’ tw e e’nr t ire ’nui , the m n r c ’ate’r tile ’ rc’qu I re’ci f e’e ’ e i t m a ck e(.I I mu.

3 . I mr genie’ r,r I , liii ’ iii ~ihe.’ r t he mia iii , tine ’ iii glue’ r tIre ’ he ’ Vt ’ 1 cm i ’ tin e o 1 oseml —

I e)e~ i s m m m j m n m I t Ii’ I P. I $ se ’ I t — ’ , t i ’ -. t e ’flj nice’ di P l imi t  Ode OI’ ,)t ,) ~ e ’ 1 1 , 1 1  tu ( ‘$i. n’ -.t ’ di  I’ —

fi,’ i e ’ f lC e’ he’ twt’e’ni the e’ S I S t  nrc] ami P feedback I Ic ’ 1 ml , I ic re ’ ,ns lug time ’ m r ,n i n  or

05 t i mimi tii t’ ~‘lu J’-.e ’ di f fe m e ’mn ce si i t h a t  tine ’ m ut t ’ r.n 1 I piua’.t’ c harr e~e’ t iir m’ u m ~iu t h e’

1 oe’p was c i  mi s t ’ r’ to  j int ’l .o’ run ls’em u he 1 nun ake’ t ire’ sc ‘,t om ”  se ’ 1 1’ — so ’  t . u i ui  hi m )

Coe ’’s u s te ’nce’ mi t two or m ore ’ $ re ’que’rr c he ’’. wOs m m i~, s i t n  I~ ’ Is ii , ’ n u i ’ s e ’ r (lie’

Iii c~ as  m~u t f 1 0 1  OUt t o r  eoc h cml th onr to be’ s e ’ 1 1’ ” s I i ’ . t.u i n ied  , T h e ’’, we ’ re’ not

ncm r ‘ia 1 1’, I r u t  em] ra 1 no I t I p I c’S of each e m ti re ’ r

C, , Nem m re to m I re’semmi a ni t $ reeluono 05 w e ’ 0 se’ If — ‘,IIs to  lii i lie ] .

I’ . The ’ he ’ iii] th — te n — di amur e  to r ro I l  on cm l t ile ’ 0 h ,n i ’ mt ie ’ n ~i l m l lien t 0 $ t c 0  1 t I re ’

d i l ,m n o c t e ’r c it tire res u l t s .

i t  I vo C 1 m mse d Limi1i [,~~~~y mnt i i t s

Tire go nit’ r a 1 inn - mo e ’ ci L ine ’ f cml 1 cnwo ci tv, i  ‘. s I inn i 1 an’ to  t Ir ,rt m ’ I tire ’ 1 i tie’O n

e’ 5: ’ ,,’ r I i ’ m ~’ i n ( s t lr e’ ch,ni:ut ie ’t ’ wa ’. e’ \e ’ I t e d  I m u tile ’ cnpemn — I m n m u 1 n ‘Si de ’ is l t li S m ’i ie ’ pi’ o—

cie’ t o m i i m u e ’cl s iqn i o l tm’, mune ’anu s cm? ti lt ’ fun ct  Ion m’j e ’ nn e ’ ra t e mn/ , n -mp l I l i e ’r s ’ , s t e’ i i  ( s e ’e’

F i ci re’ .‘ . Tire ’ sw I tci i was t horn i :menv e’d tem I t s c’ 1 e’’-’ i,” ml — 1 ‘.me1m it i’. it  I err air~i h u e ’

s c  s t on wj s  obs~,’ rve’cl (en die’ t’ rm un lire ’ ty iimI t c’ pe ‘ ;t munuel f he he1 Is m Om I ~l e’ ‘m m ’ Is e’ .

Tire s One’ t in roe’ Li mu mi s cii ’ no ~ penn Se’ c~~oh cI do ‘ m e ’ hop t ile~ se’unr ti I’ I c’ 1 di

Om m u It1 ml i t’ out ; tire ’ st munic l f I t ’ 1 di c m iii Id  cm nn i t i niue nmls 1’, mci I 1 ml I mu i nit e r rs  I t ‘,‘ cml

it c~mu 1 ml rc’at iu sonuie’ s ead’,’ - s t O l e ’ Ope rot i nq 1 e’ s~~ I . Tire ’ ‘. ,iimi e’ on n , rm -u e ’ t or s

cou 1 P ht ’ a l  t c ’re’mI — — ti r e’ ope’ n r— I emop i’\e ’ I hit I Oh 5 1  m] r i ,r 1 , the’ I i ne’ Pt’ l ,n ’ , m n r ph~i’s e’

sh I t t , t he go i i i  • a n d  tint ’ 1 (‘Iii] (ii — t o— di  ,rnunt ’ t c’ r rot  i 0 Of ( tie’ c’ h .inunbe’ r

I t rie’e’d~ to be’ r,’ca 1 1’d lu c re th,r t tine ,rmn t ’m mx ’ m n n e ’te r  ‘ 5 re’s pm nnu s e Is nu em n i —

1 I r m e ’a r — — I is re’ 1,1 I Oil (m i ,i ‘‘ ro’ . 1 1 I’ I e’~i’ ‘ re’ l o t  I c e ~ ye’ led’ I t c  . Be’ca use’ tn t ’ lii i
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i t s  ou t ,u m mt te ’ n n m h s  to (mi,’ u le n m ui i  rat ed L~’, 0 e c i i mi u c c l l , ’ni t ,It .‘ ?  Is $ j e ’~l i’ \ u iu’ ,,’ m i t i n  0

y e ’ I m md I t  v $ Ic h e1 ~u $  f rog uem r cs I , I - e ’ . , I I (lit’ o$ iamuihe ’ r t~,us iii i t  I ,u I I ’ m e ’Sd I t oP

cv I th onr T s’.munu eh $ I ,‘ I P ot  f n~’~( i to ii % $ , t I l e ’ ,Iii e ’ ’ ie u I mm o t e’ n’ tsOu 1 ci ha vi ’ as u t s

cm li I m i t  .1 s i 
~i 

u.n  1 ~ I t hu a ‘. m Omim ~ 2 1 - T ~ t ’!’u ’onie mit

I t Is,1~ ?‘im unn ci I ho I t Ir ne’e’ (Si t’s cm $ Se’ 1 I —s ci’ , t a  I m ro m i Cili t ’ r a t  i cur l O m ’ii It1 iie C  or’

I nu t iue’ o$ u,u ‘ m I m e ’ r I on Is?i i oh ,‘ $ 
T ‘ L 

ehe ’m t’ ui m h r im] c iii t ine ’ t I ml,,’ mie ~ 1,1 ’. c nn

ptuo Si ’ ch , l n i i ~e ’ l ii t ilt’ I Oe cin ( I ) s t  c’.lm l ’ m i mu Is,)’, t’ f1 i r’i ,rnu d I e’Vt ’ 1 , h.nv in t j I rt’ —

m ( i me ’ i  0’ , Om ’ i ’ iMOiue ’u i  (S at f onud .i 1 I t “ i i i  m ( i i i ’ t  $i ,m n rmm i n r I o’. . On ” t t ’mld\ I m r

I t u r n  ~uIrel 1 1 , irov i m i~( f r’e’elut ’mr o u . Ce n nuu t m e nn ue ~nr t ~ ‘-~~~ 

~T 
a nn ml I ( 5  l r I e~he ’r’

bar “i’i  I o ~ .n’i d ~) t r.inu s I t I m ’ ii a I I nr w-,n ‘ m i S f on mu ann P I t’Ve ’ 1 iuav Ill q f ne’g uen cc-

Oc m I ’l ’m m m n e ’nr t s ~~ 
~ 

.r r iml  hr i m ~?ro m ’ i n.nr:m ~em i u i o ’ . 0? each , F i g u r e ’ i is  a

- ‘ ,i~~ , ‘ I lie ’ I Otsi ’ I’ I min i C m ’$ c) .i 1 m m Ic ’!’ so I I — ‘.11 ’ . t ,,‘n n ,in m ~~i’ ,i t s . i  Ui  ~~~ V O l  (me’s 01

I ‘ ‘i,’ ,Ic ’ 1 i ’ m  , t~ I t ii ti le ’ I’ m N’ t ut  s~m imnu ~l $ I~’ 1 P re ‘mu I t h U m )  I rid I 0.1 1 c’’.1 by C h o

I it ’ m ’ i s . The “0 n - c’ sil l t ~ c .rm u he ’ 1nar ’ I I ,n 1 I ’ m  e • \p  1 .n I n ue ’d ci ” I - il t i l e ’ n e”, im l (  s

t Il e’ 1 inca r— t e.c .J t u .i0 I. o s;’ i’ r I “ i’M Is  , in nm l ca I cu l at  h o u r s  m u I t int ’ net M $ n . n s e ’

e’ $l l :u . ;e ’ (ii i c u c m , ( t i  tile , 1 c ’m’~’ cn n ’ the ’ fim nr d.r~’’e ’i u h a l  amid ‘.e ’oc nmr d ira n ‘ ‘ m i ni  Ic f r’e’que’mrc Ii ’S

lie ’ r’e’ u I .. m u $  1,, 1~ j cii a n o  Ii ~ t O m l  iii r, th l~’ I
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0 ‘,~u nr. n mr C $ re ’dlue ’nl o i c ’s .

Whc ’ni t hem twc n ‘,m u c i u ie l  I 5 c ’ 1 Ps , he’ in i t  1,1 1 .11 t a mi d t lie’ I e ’et Ihm , nm k .r t 2 $

,. m m m iii I rue ’ • t he’ m e  su lt i rim ) mue n u mi ci I IC’ I c i e on 1,1 I ni s ho I Ii I re e l cut ’nic It ’s , l i lt ’ lim i t — w I r e ’

s,’m i s e ’s ( I r i s  muow se runic i I It’ let amid m e ’spi u n i m i mu w I I ii our AC , nu re ’ mm n e imm u e ’ I t ’ n ‘,-,n 1 t,u~r , ’

tha t Ir,r ’~ b,m h I isriel , umm n e n u t , I  .srnd ‘.“c e n i r t i Iu,n m m nn ,i m l 10  o , u m i 4 u o n u t ’ uu t  s . A t~,i I mu • I tie ’

actn eist I c ’s c m l  t h e’ e i u . si u mt i, ’r p b. i y  ar m lmus 4 i em n t  .in I m i l e ’ . Tilt ’ c’h amni t n e’m mu ,’ l i _ i 1 c m ’ I ’,

i’’~4 m m u nu t I’. ,it t ,inicl ,‘ I • whc’n the se ’ ,i r e ’ m e ’se nn a n u t  f n e ’m i ist ’ii~ It ’s • , rn i u l cieme ’’, mm ml F e ’ ’

s~it u rit I ~~t ’ I 1 t o t he’ lii ghe ’ r’ h.r r nm rtir i b e  e om nipti mrc ’mr I s mi t t lie’ I mi p u t mu iqsn,i  I . The’

mte ’ 4 u e ’nleie ’u ne i ’ i t t  the ’ oe u mi m 4 i e l nr e ’ni t s , u t  he’ ,nni e ’m m m , m i m n , ’ t e m - s i  gn uo 1 at  I ,l mn el 2 $  m ’mr lie ’

I t ’ I ,~ t I v~’ nm mot ln i t  O d e ’ i i t  the’ ,noeni j s  t Ic I I c ’ 1 ci I mu t ire ’ c luon ir b e’ r .i t $ ,rm iei 21 w,is

s h ,uw mi in n  f’ i g o n e ’ 7, i I i~i i m e ’ 7 lur c i  I ~‘ ,1 I c ’ s t t ro t  od mi I mig e ’ve ’ nn a m t ’ 1, r t  I S e ’ I’~ I

It’ V t ’ 1 j e ~uiu ., ( I I b e ’ 1 ci ,i t 21 e m mmunp. i rod ( em t h~’ I ur i t  I ii I .no m i s  st I c I It ’ lii n m ’s ci i t  s

I mu .s s I  gnu i t  I c.imi I ct m i mn ~miu nre ’nt t ut t i l t ’ f t ’e’miIn ,ic L I gmi ,s I be’ b rie ) 0 t t ire ’ I’ sniel , i m u m t ’ m t o l

$ r’e’qoe ’m lCy I

i n n  • t ile ’ nit’w I e’e’tl hac k ‘, m u c i n r m i  I Ic ’ I ci 1 s m - cLi l n e’ m I m n n 4 m e n s e ’ei c i 4 n mnni t lie’ c’”.,i 51  nr c)

sm’uncl I’ Ic ’ Id wh le Ir .11 ‘,o c ,m ru s I s t  mu c i t  t ire ’ I uuiP ,imm mc ’mi .11 ,irrcl ‘-. m ’ e’ t i i i ml ha u nire ’ni i c e tnnnm —

p e nn i e ’ni 1 s , a n d  a n~’w t’c’edb,ic k mu I qnio I I s se’n t t i n I he ’ t in  i so r . S 1 111 1 I .i r ,‘“.,i st I mu g —

fe’edb,ic k I i i t t ’ n ,lc t I on (~~ Iii “eel — 1 e mtn p ) p rend- i’s se ’s  w I 1 1 c’ our I I riot ’ a - ‘ I ,‘uig a ‘ tie’

senuuid $ Ic ’ I ci e’’s I st  mu

tin,’ abem vt’ ci i  S t t i ” s  io nu e ’’sp l.n I m is w iry .ini ,le m ’c i ’ ,t I t  I I t ’l ml li ,i ’ ,- nut ) t t ’ mi m 4 ’ i’ni, ’ ’ n t  S

.it be n t ii I ~uu t l .‘f t ’’~i m i t ’ - .  I ‘m u m  t in, - , Iuie ’i m, ’ mi i, ’ t  ,‘ n ,imi,i I,m~ “v s t’mii , lIlt’ t t s , n —  $ n t ’dlut ’ m m  S

25

- ~~~~~~ , . - -
~~~ 

- 
~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~

. 
~~~~~~~~ 

— 
~~~~~~~~~~~~~~~~~~~~~~ ‘~p~~_



— -~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ ‘ -~~~~~~~~~~~~~~~ - - —~~~~~~ - -- - - -- -- 

e,hjr Ii t , ’ n I ‘,t  I m i t . a s ’n’’~uI t cml t he  m n m i m n l  I m u c ’,iu ni. r (um- u’ mul  he I ~‘i’m1t ’ i~ k mmn u ’c i u , im n I si n

a mid t lit’ Ic ‘~ t us I I c mu , i I ( lie’ c homnnbe’ r . iii .lml iii I I ti n te l  hi’ 1 .i, t ‘ r mu tuners t I onicd .1 ti,~su ’

the ’ ,su i me ’is n u I c ml t I sine cii ’ 1 •iy t in phase m Il. sm le Ic in the I ,~~u1i I’. al ‘,ei ci i  i mm i) i, iu I ur i c  e

The mm n , ’m e’ e n d S t of  pha so I he I e’,’elin.ic’k s I d n a  I is  wit ii n o ”  ~ec I tm ~ (hO in  i t 1,1 1

m (dir ( m at  I t in I nu hi’ c Ir ,nnun iiu’ i • t he mmcm e •imp 1 I I Ic  ,i t I ,u n i wi I 1 hu’ neem leel I run ’ st ’ 1 1  —

s d i s  I u ’ n m. umm ,  e’ .rs w.ms I 1 I n ’ , i n  at  c’,i by Ii ‘iss ue

Bee’oci st’ i’ $ I he nie mni 1 I nie’o m c h.i I .nc C c ’ r m i t  t he hos t w I m e ’  nt ’ spu n so • .11 I tiw

so 1 1 ‘“ci st a I mue ’ml m l e ’’.m ’m I’ l o m m 4 u  s , i c i nn ul  $ I,’ 1 m i S  i’t  t ire m c m l — w i  m m ’ l , m m u e d —  lmum ui m eipor’~lt I m m n u

‘ ‘ mcm ’ , I e e ’ r u t , u i si tub  glue ’ m Ir on m m m i I c  Ce imu ipm m n le mu t s . I I t Ire c lm , um m u l,,’n is  riot r o . ,Ii,nn u s i s o

it t i n , ’ .~ I I r ,‘t 4 ci e ’ n m e  S , i . ,‘ , , I I 21  1 - . ri ot ,l n e’’,e ’m u, l m i t $ m - m ’q c it ’ n rc y ( ~~ m_ 1 ,u’ .e’ t o  ,n

‘ iu ,snu I I ! t ’mI Lie ’ ime ’,- , ( Iii ’ s e mrusi d I u ’ lii iv I I I lu s t- - i’ di $ I l ees 1 t y m u ’ m mug ‘.ums 101 nod

bor ic , ’ . Ills ’ ,) u ’,u ul m, ’ I n  S 01 t ius’ c Ironnu tie’ m I ‘, cn n pm I nni.i m s- I n m u l n ern t ~rne’c

Me m m m ’ 0 ~ I ens I c u ’  P i ‘.e i i ’ , ’ ’ I e i mu s c it I he e’’Spc m I menu ( .i 1 c I ,uu ,od — 1  en e Mn I nivec I g.m m oru ’~

, im u Li, ’ $ en cinud In [ 8 1  , [ 1  2 1  • (1 TI , , .in,i ( Ui

I’.o sm I\ ’ n m ~iiui I c O b  Iv I niciue t ’cl S, ’c’ m u mie l lion mmne ’ni b c  Senc imi.1 Ii , ’ I m l ’ ,

T h e ’ o I e’seei ‘- 1 ,iem 1n em ’spm ’ u I m iiem i t .11 st  uP i e ’’, I rid I c  .11 (‘ci I 1i.i t t lie’ ccc enmm e l Ira mnnnc nnu I c

sim s u m mel  I Ic ’ Id  p 1 ,lyc ’ei .ini I mni l ni u n 1,15) t m m ’  Ii’ in n I ni s t a b  i I i t y . The seee ’nm d in .u m - nunumn Ic

e ’ ’ci 1 P ,ir g b riot t ’ $ m c nsmn I we n ‘,,nej n c c ’s . I I c i’t i  be1 t ’ m ’ cii I m ’C t l y Pm’ I von h’, the  p m I —

nm r. m n V t ’rit ’ 5 m ly - ,ow m O  (em n mmn hu st limo 1,1 I o e k~~t enig i rio’.; t lit’ , l m , ’ c i ” .t Ic  e lm i 5-c ’?  ,ut I ho

a n n  log 1 nm t ’ ce ’’. m u )  ; ,‘n I t m eltS Id r’e’s ul I I m onmm nienni 1 i mne ’o m c )osei ynamii i m c’l I e e l  mu wi r It Iu

,nu m ’ .c’ m ,‘‘,e n mr .l nit ,lm ‘‘m m’ .) I t I m e’ld’-, at  ,n q i s-e ’nr I n ,‘t ) ( i e ’niC’~ t o  im iduc ’ t’ s,iiinrcl I I m ’ l e i ’-’

i t  h i  e~hi m ’ m iu,r n m nmi n mr I c  I m oquene It ’s . i n n I 1w c Im rs e ’mU loop wc m n k  I t  w,m ’. ne n ( emi t I n  el y

c I e n s  tr e ’sv m unc ie  In m,(~e e nnit l ha I snienul I c w,is Od in t u I but oil Inn,- e’,lc ii sc n e um e e’ boric,’ • on

ru n . ,‘s t  1, 1 ,1 1  I inn t’.~m~, mnm auit’ c it m i.m mu d y nm.i m n n i i , 1  I by  i ni t lc j e u’ el ‘.u ’e eil ie i han mm mt m mu i ‘- ,emund t i t ’ le t s .

The emb I m’ e I en f I lie sn ’ 0 sin ,’ m I min ors t ~ w.i mu te n d o to m m m i i nit ’ t he’ I n u t cnn mu It y amid 54’ i 1 i,n I

sf 1 s Ii I bust  I osni 1 n I I Ii,’ e), i ‘~d y u m.mmu i Ic a 1 1 y I miii mmd eel “i’m , m i d  ha n nlme m mu I e Sd~ LImi el I b e ’ 1 m l’S

lii n ~~ C 1i,lsiiht’ m 0 eifl i miss n .~ t I em fl ‘. we ’ m e  used : tm nie I s u wi i ie ’h 2 1 
iT - 

; m ’nui ’
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i n  w h i c h  2 1
’T 

t’
iT IL and osue mi w h ich  the doubled f r e qu o m i cy  was not a

iCsemflj f l t  I r e ’cluc’ncy , 21 iT ~~ T hr ee i n v e s t  i qat ion s wore c a r r i e d  ou t .

Fl s m u t , ~‘.s~~h e luasniht’ m coni f igur.it io~ was d r i v e n  .it f
1 

at  mi p a rt i cu la r sound

1 t’ s e ’ I .)niel the’ n o , u lt  ant S~~coflel ha m mcm I c~ (2’ , ) sound I I e I ci was  pre)bed ( 2 1  
iT

at I I s - c ’ d I f t c ’ r on ‘, lie s • t i n  de l e m m  I m n e ’ I he car I i t  I t in i n .mnrp I it ode ari d

pha se ’ . I hc’n , one’ I cnc ,i t I m ini was e h~n~ e’ml , ~inei t he ’ ammu ~n 1 i t  tide o I t lie iT sound t It ’ tel

wa s v ar  i t ’d and t he l eve l  of  the r i ’su l  t m g  2s  w,i ’, muueosi src’d. L a s t l y ,  the

1 enca I I em n e u ’ t he’ ci r I ye’ r was c han qc’d len Pt’ t c’ ruin brie t lie e’ I I e’c 1 of ci r I Vt’ r I tic a ( ion.

n it i ,n l ly it w,i s e’xp, - e ( e ’d t h,n , f em r th m nse’ cha nnnber ’ mu f or which f’s was a

m c ’ s on anu t f req ue ’ n ro y . t lie 1~~ winO 1 ci have the’ .rm m up I I tidt’ and p hase ’ cha r ac t or I mu t I c s

~nf t h e ’ n e ’ mu , ’n,lnr t s o c r u m$ I b e  hi. lii i mu was I m uriel ten be’ cnn 1 y p ,rrt i a1 l y tru e . The’

c’s im 1 t s 0 I the I I m mu t 0 ‘.pc ’ r I mine rs t mu t. limnw e ’cl C lue ’ q,i s mi y miamuu I e (2 t . )  sound f Ic’ 1 d mu we’ r t ’

de’pe’rue ien t cnn c ha iuibe ’ m m) oo mim t ’ t ry — — c h.int~ I nit ] the ’ 1 t - mi g  ( h o f  t he e ham nub e’ r c ha rnqc’ei I he’

“pmi t ij I ci 1 s t  n’ ibot  lu n m l ,uI the ‘.c ’co m ud harmnn t ’umn i c . Sci mm no e ’l’ I m n r t  was d i n  e’c t t ’P ,it

Oh.i rae t t’ r I .‘ I nei t Ile’ n. .m m boo ’, 2 ’ . st un rd I io lii s , The ’ cli s t  r I but i m ini mu .rppe’.l reel to

be a comb iii,i ( I on eif the’ m e ’ s, uml , m n I stic in re l I b e ’ 1 ci 0 lOst ’s I I nu I re c)cme ’nlcy to  1 
~~

p 1 us .ini add it I c ’ nn ,r I ce nnu pcrne’ul t . Tht’ ,reiel i t lona 1 c i ’i’ ipoi im ’ mr I .nppe ’a re ’ci t en he I mu

p art Ce n uiu p , us e .dl of a r,iil l al  ac oumu C Ic m n~ m cio .mnuei in p.i r C some unkn icmw mi ce sunpomne m m I

A l  se n . the’ results we’ m e’ ce,nmim ,lreci t i n  t ilt ’ amu, i lv  t ie , il 1 y Iire ’di Ic (c~el g ,isdy n u o n ni i c

sc m timid I I e’ 1 mi s emb t a l  nod by Ma mu 1 e’m n ani ci M e n e nr e ’ [16 1 . T ht’ cenniupa r I se m i I nd I cat e’ci

hc’ 2 - ~ w,l mu not emi t i rc ’ ly  Pc ’ scm - i bed by Mos I c’ni a n ld i Moen I e’ , (nut wOs e’ 1 cn mu e’ n t e n

be in q a mu unm nmm u a t I enm r cii
’ the ’ Mas I c’ri arid Mc nemn ’e’ p rt ’d Ic t I emm i • p 1 us .ini acid i I I emnm l 1

cmnrnponen t hay inn ) the ’ fclrmu n ,n I I he’ m e ’sm i nu an u I sm m unud I le l  ci c 1 cis t ’m’ t I n-i I re’qot’ncy len

f~ 5 . The’ wu.mr k Inn.-ei lv ’d  in t r y i n g  t m n obtain amm ~~l y t ic.i l e’\ 4 u i  e ’’- , m u l e m mi s w h i c h

s~) ul ci cha r .mc t o r I ,‘ e the ’ mm me ’ ,r s U reel 2s sours ci I’ It ’ 1 ci mu is’ ,i mu e’ \ I e’ni s I v c ’ when e ommm lna red

to  t he us,’ Iu i l ne ’ mu ’, cit t he’ re’s ul I mu oh t .ri noel • s in the’ so e’ ft ,u Ft  mu we’ re’ t e’ riur in u. n t e’d

lime ’ rt ’ s u l t  ~ of I he’ se’ct rn rdl 0 \pe ’ I I m n ne ’ni t mu mu hcmwc’ci t hat the 1 e’n.- e 1 c m l the ,‘‘,

w as de’ pend e ’nt ,n u i t he ’ lc ~v e~ I m i t  t he ’ I umu el ,mnnreni t ,il ,inuc i t h,it ( tm c nbt airs .m muI q uill I c .Imi t
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,I u ’m t ’ i L i n t ru t  e~ , is ,$ ’ ,  m r . s m m l e  ,il I n ,  e] t ’s i, ’ m ,i)~ ’,l se t  ,‘ p u, i  has ‘u ,’ m m  I m , ,um ’ s m n ( , ’u ,’,,’ , m m d , n ‘ ‘ m u l  m l

s,m c mmn P I I e Ic1 itt ‘ c m I e l bt ’ m t ’ q tu i u eel . Is p I c .i I u , ‘ - . c i  I I ‘. t t ‘ u lie ~‘ 1 
• 

‘ I m l

c In n -m I ’ ,’ n as t ’ ‘,Ii, ’,’, i n i n n  I i m j c u  u e ’ . ti n I mu I gc u i - ‘ l o t  mu ,- m ,u ,, - . u ,, - i n n  ,‘ u ‘, I

t ’t  t ire ’ .‘ ‘-, - ,,‘mmn m l I I c ’ ld , .1) .u l’~ 
I m~~c m l , m ’  l. ’t ,m)  i~ u mn s u n  t~~

- -  ‘ ‘ .m ‘ t ’ t ’ I  • 
) , . I

I nit e ’ t i s  m t ‘, ,‘I t Im ~’ I] s m m c s m n u I  I I~ ’ Id .Im),l i m i s t  t In, ’ u I .u i s  e m i n t  t ’’’ s I Is ~ ‘ I 0 1 I

se i i unnc l I I e ’ I~i • mt ln t ’mn ‘- ‘ip. um m l  I’  s - f ’ ,‘mut p m c ’s - - m m , , ’ , l u - , , ’ ,s, ’ m  0 t ’~~i I n ,  t , ’ 1 ,1 1 i s , ’ I n ,

s m ’m .m 1 1 .t n lo t  I e’si ’, i mu I h~’ n ,‘ - .ul s , ‘ m  t lii’ rut In, ’ m t i , ~ 
, Im ,u ‘f ,’ m r u ’  I or ,m t 1 r u m

-
- t ~ ~ i ’ I I~~~~ i ,

I

/
‘

— t i t t i t , ,  I ,,I • t , , , . ,

I gu m e ~“ , Rt ’ l , m  t i n , u ’ ‘\u i )’l i t  ciP~’ ru t l i ’  t~,m ’ ,mi n, m ,n ’ m m  “e ’c ‘m mmi fi,n n ‘mi ’ii I
Sc ’ d i n i ml  F I t ’ 1 ,1 , mmu , u I c unn e I I ,‘m n m~~t I lie -\ ‘‘

~~
‘ 1 I t t ide cml  I tie

I Limne l , n - ’ me ’ m m  t .i I Se ’d im uel I ~ ‘ Id ,n t i’ m ~‘f ’e mu I I 0 .‘ .1 t R 1 . t -i I 1 ‘ I

-
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When the 1 OCmi t ion c ut  t i-t o d r I Vt ’ r w~i S C h.nm qecl , i t  w o s  It m i i nne i I lu ,i t I t ie ’

env e ra 1 1 ammnp I I t Uci e ei I t h,’ mu e’e t imid ha rmn mc mnu I c ‘,e n i i m l c i I I e I mis we’ n e ’ cml  C hic’ s amm ie

m mmd c r cif uiaqn i t  ude’ as had O X j  s te~ prtn v i oti s 1 y . A c-ar  Ot  I emil d i d  t ic cu r inn

the spat l a l  d i s t r i b u t  cnn esI the se ’ciunm i h~~m nn m o n ic in mudlu muc ’ c .Ise ’mu . Th~’ rac ist ’

o t hi mu I s unkncmwn but I mu probm i b I y a com mm b I riot ion ii $ sove ’ ra 1 I ,mc I d im mu . Fe-t m

i n s t onc e , there’ wore’ a 1 way mu mu 1 1 qht I m r ego 1 or I t Ic ’s m i  I h~’ d r  I ‘m e ’ r st m un ie i

lie Id— — the’ f I rs C tanuqen n t la I • These’ 1 r re ’qcl lo t I t  it’ s in t ho fcsn ei,nm ime ’n m s I

var I t’ci w i t h  driven ’ 1 OCmI t I on ,imici I m c m m m m oxpe r I murenu I Ii’ e\~’e n I m mnt ’ni I . S Inc e’ t t uc ’

fundci m mien tal w.m s the e r r  i q I ni m it t ht’ e)a seiyni an im Ic ’ st’e ciii ci luo m n nm e nmu I C , st im m i c ’ ~ iu.n n ii ue ’ mu

i n  t ho s c’cm mnd ha mnncnmn I c we’re t e m be t’xpec I e’ei , Al  SC m , I he’ Pr I s- c’ m 1 m ’c .11 le n s )

u se’ci in I C Ia 1 I y was .n iioemcl 1 oca t ion for act tia 1 I y elm i s - I lid ] .1 se ’ c o m m m l h,n mmnit m s r Ic

resonant sound I l e ’ ld the l a tt ’r dr i ve r  iocat ienn i wOs  m uru t

Fur the m ciC( a i is  cml the se ’ce nni P harmm icmni Ic m u t  iud It ’s c. im i tnt’ Ic mc sn uc i I ni I l ‘1 •

[ i 8 J ,  and [191 .

The’ a bove s t  Uc i I c ’ mu enf t h e ’ q,ns dvni amu n I o.r 1 ly I ni el di ce ’ml ‘,e ’c’e m m ue i h.n n m mne mn u I c~ mu c ’ csmi c l

I b e ’ 1 d mu g ave se m m ime ’ i ri s I qh t I n te n t h~’ nat cure c m l the ’ m.e ’ mu e m i m nu el I It ’ 1 c is , tmti t d i  cl

fle) t ova l uat 0 Clue ’ coun t u’ I but i emmu of’ t lic ’st ’ som,um um i f i t ’ IPs 1c m 1 rust oh I I i ts . A

d II fe re m t type e’xps.’ r I nmnen C w.i mu r’s c’e’cl c’d for t h.i t pu rp m .. e’ . TI nt ’ t w I mu—c ir , immr t m t ’ m

i n v e s t  iq.l t ienns mu e’ rve ’cl tha t, neicd.

Twin—Cha m bers Invo sl i eia t io n s

S i mu lot  I on of ac t  ua 1 cemm iibii mu t I t nuu I mu .111 .1 I ne ’d I nu t he ’ e’ x pe’ m I mm nt ’ mu (.i l ‘s st  ,‘ m mi

by opemat m g  i nl the ’ c Ii m se ’d— l oop mn ,c nde ’——t he ’ muc . ! m si m r n ,.slie mnrd, , t o  050 1 1 b.i t i , ’nn ’.

In t h e ’ c hounber .nnd .nn e’ lee t r I e , n I cn d u tp c i t  n emucu l I s  • w h i t  Ii I s .nmm ip 1 I t  I t’ml

pha Se’ — shil l  t eel and /en r t i  mit’ d c ’ 1 ayoei , and I lie’ n c’s c ul l i nu~ s I e i n r , m I s,’mu I te n amu

ac c u ci ’, I I C d r I vo n’ m mme mi i ui t i’d Ofl t he’ c’ haninbe’ r , w hi I e’h I mu I t s  r ml ilt ’ni e’ m .11 c ’ s mu t ’w os~ I I —

5 1,1 C ions , and ‘,1m ~~~ Al  It’ r I nq the ’ v,n r I e m cu s pa mar ine It’ r’. i n  t ho 1 e m cmp • mu m mc Ii a”

,ismm p 1 I I i c,i t u cnn tin phase’ , .n I t t ’ m mu I ho m I n e. I .nI m c i  c hon nc I c’r I ~I I e’ 5 ; 1m m m t ’ \amli In I o

I h~’ c s  c I 1 l a t  I i m m i ~ no y c i i i ’ enu t 1mn ht’c i’ i m m e ’ ‘ m e~ r y lu l l 0 ri se ’ , T b I mu us u,n I 1 u, ~i~’ m c m i
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so rap id l y tha t I t  be ’cr mm nme ’’. d il l- l e o  lt  I 0 nm n ,i kt’ l, ’ t .111 i~~i sI luL l los m l  t h e

ph e n nem nmm c ’na and C lue ’ I r me ’ l o t  l en nishi ps t o  omit’ mm m l h ’r . Te n ‘ c o n ,  rum ’s ’  I inn ’s , ’

d i f f i c u l t i e s . u se’ of .1 t w i r m — c h o m m m b e m ’ -, s y s t t ’mmn w.i’, m i t  i , n l e mi,

I ,‘ r r  I nig t in  F I go m u ’’. q and 10 , I i ’m t lit ’ tw  I m i — e ’h osn r ht ’m s s t r i P  i c ’’~ • t lie ’

i r I s or  on t he’ I I r mu t 0 hua nmi be ’ r , c hamu nbe ’ r A , w as  ,ic I I s- .m t i ’ m I by a mu I d u n  a 1 m’ r i i  I —
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Figure 10. Schemat ic  Diagram of the Sys:em Used for Velocity
Sensi tive Open-Loop Simulation of Closed-Loop
Opera tion [17].

frequency compo nents of the feedback sound field we re in phase with , and

had the same or greater amp li t udes t ha n the ori g inal sound f i e l d , oscil-

la tiori s would be sustained or magnified if the system were operated

closed-loop.)

The object of the studies was to exam i ne the effect of second harmonic

conten t on the operating characteristics of the two types of system-mrs- - the

one having a linear feedback mechanism (a micro phone which responds linearl y

to pressure fluctuations) and the one having a nonlinear feedback mechanism

(the constant-temperature hot-wire anemometer which responds nonlinearl y to

ve l oc i ty fluctuations)—— , to examine the i mportance of second harmonic to

se l f-sus tained closed-loop operation and to determine the inten s ity of the

second harmonic for those si tuations for which self-sustenance was predicted.

Three sets of twin-c hambers were used— -the 2f 11 
= ~~~ 2L ’ the 2f 11 = 

~~T , ~L ’

and the 2f
~ i
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~ iT  . The’re was an ,ir’noliii t cm t  sc ’cu ’mi d
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weuci l~ i be nme ’ c m ’ - m u s m y to  have a el m- ly o n  I s s I u l  s t  bent  ii t ime ’ f s m m m u t , m m mm, ’ ’ ’ j  m l  .u s ie i

‘-,e ’cm t imi d m a  n mn noru Ic I mc ii ue’ nn e I e ’~, In m m m d c ’ n’ $ m u m  t he mu m t jm nd  $ I, ’ I c i’. i n s  c h ,nmm n bn , - n s A

and B I ii  m a t c h .  Sec nnd h , imm nnonie c o n t e n t  would b,’ nmc ’ m e ’’~s o r y  I m ’ m  “ e l  I — m u u ’- t - i im re ’d

c I e n s e ’d — t r u m p  sn i m , ’r,u ( Lnn. lii is wa’, cc nns i ’ t e ’ n t  w i t h  t im , ’ re’suI I n , cii the~ c l c imu~~d—

Icnenp in ’ - ~u ’s t  iq .n t Ien ns .

Wh a t  was not c’rn t i n m ’l y c , i mn ’ , I s t e ’nC w i t h  t he c_ l omu e’d— l oenp n e ~ u l t ’ - ;  w ,~ t h ’

pr e’d I c t 1 omr I ima I the ch am m nbe ’ r for  wh I oh 2 f 1 ~ 
was nc r t a r e ’scln u ,sn C I rcmqc ie ’nc y

coo Li be mu , ’ I f — ’ i u - , t o  in I pug . WI  tii t h1’ twi n— cha nm nber mu e’xpc’r i n muon t mu I C is pre ’el l o t  e’d

th,i t ci 21 11 
= l x  ch ,nnnm be ’r cou ld be sc ’ I I - m u u m u l , r i uu i ne i  I I  enough l e ’cc iback amn nl n l I —  I

IC,) t ion we me ova i 1 ,sb Ii’ i n n  t ime ’ loop. (A factor w h i l e  in I mien t not c’d iii the

Ii ( lure ’- , 1 s hot i t took a pp cci  xi nnm , i Cc ’ 1 y t W I  00 ci mu mm noc in pmn W c ’ r to ,lc ii I eve t he’

‘‘ m nn a t c  h~’ d ’ ’  s i  C o a t  ion I c m r t h’  21 iT = Ix c ln ,immnbe ’r ,imu i t  d e l  Icu n  c ith e’m the 2t  T 
=

I 1 
(in 

ml 
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~~~1 “ L 
c i uo s m mbc ’i ‘,,) T u e  t w i n i — c h a n m m b e ’r’, r e ’ s c u l t m u  inc i ic .r te ’

I ho C , I I I he’ c In i’m c ’ c f  — I cnop ,‘ x pe ’ r I mn nc ’nl 1 mu had h,rd a mmmci mc ’ pmnwt ’ m I u 1 as mnp 1 i f ’ I e’ r and

a n  JC o U m u t ic d m ’ i v c n  ab l’  to wi  l h s t a n n c i  tu i ’ihe’ r peiwt’ r i n p u t ,  pe’rhap mu C l O m u e’dl

1001) , 5e ’ If— mu us Ca I nod cipe ’ ra t  I on woo l ci h,ivc be’e’nn ac hi c’vab 1 c’ .

Fu r t he r  d i m u c  us’-, lonu ol C hit’ t w i m m — c i m , i m n n b e n ’’, i m i v omut i qa t ions c5in m be’ foun d

in [17 1 ami d [ 1 8 1 .
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whe r e U
L 

i s  the ve lcm e m I t y  of the l i q u i d  drops.  Wh en (9) i s  c nmnmb i nod w i t h

(6) , the result I s a single’ equat I em for -~~ . Because c nr t he n( nn—p o lynomi a I

non I Inca r I t I es in (9) , th I mu e’qoat I on ca s umi m n l  be ’ aria 1 y 75 ’d convon I e’n C I y by

t he G a l e r L i n  method . For t h i s  rease)n , o mmothe ’ m ve r mu lm nnu cm l the ’ nme t hend of

we 1 ghted re ’s 1 d u.,il s , the’ ii r C hoqenna I e’o 1 1 inCa C l e n m n  suit’ t luc id , w,i mu u m u e ’d  . The

dm~ ‘ - n i l  s of th I s met hend are cli mu c cm ’, mue d in 1 18 1 ,mcl [201 . It w.imu m ’vc ’mi t oci 1 1 y

concluded that this me t hod was unme’ l able ’ when app l it ’d to thi s type ’ of

prob l enin and was abandon ed It is be’ Ii  e ’ve ’d t h a t  I hI mu urn r o l l  ,ib i l l  I y I mu

related to the fac t  that the nomu l Ine ’ar te’m m mns in ( m i  have ’ t he’ c o r m c ’c I  I c m m m i n

on ly for nm md erat e val ucs of m m .  T h i s  c lii be’ I 1 l us t  r a t e ’d by the ’ fol low i nd

ex amp le.

Cons ide r  a non 1 I near e’ lo s t  Icc  m u y m u  I’ ’ s i u v ‘ m  mic’d by t ire’ eq ua t I onu

1 * 1 + - N  (I . I’I = 0  ( 10)

where  f I mu the di mu p 1 ,n ccnrne n C , N I mu a m mu umn 1 I ne ’o m I inc C I c n n , I ‘ 1 , ,ind a

supe rpe ns cd  dot I nd ic ,s  to’. c i l l  $ e’ ron C i  a t  ion w i t  h n c’’ .poc I Co t I nit’ . Suppose

N ( f , h = N If 4 0(  1 ( 1 1 )

The n the second s r rde ’r form t n t  (10) woul d be’

f + f + iN If 0 ( I 2 ’i
0

Th is  equa t ion  can be’ i nt e q r c i t e d  onuce to y lc ’ ld
‘mu1

le ng [ ( l  + ~N ~)/ ( l  + m N ~ ) J  - uN (f  - I - i ’ N ( f ” - I “ )/ ~ = 0 ( I f l
0 en (~i i~n (n 0

w here

1(0) = I , ~(0) = ( 1 14 )
o in

Feur u N  mu mu 1 , ( 1 3 )  can be mu i Imp liii ed ( cm

+ ~ 2 2s - N £ / 3  + 0(~~” N “ ) I “ + ~
‘ ( lh)

o en ~n
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Th i s  is consi sCt’nt with tht’ origi n al approximation l e ’ading t i m  ( 1 ? ) .  For

iN <mu 1 i t  is expected that the s o l ut i o n  of (12 )  w i l l  be’ a resona ble

approximation Co the so l u t i on  o f c ( 1 0 ) .  Equat ion ( 15 )  i n d i c a t e s  that the

so lu t i ons  are p e r i o d i c  as one c~~u ld expect  for f ree  v i b r a t i o n s  enf ann

e l a s t i c  sy s t o mnu .

Suppose t hat N is s u f f i c i e n t l y  large so tha t the i n e q u a l i t y  oN m u ’~ 1

i s  not sat i s f i e d .  Therm (12)  i s  not a rational approximm ia ti cu n to (10) amid

the solution of (12) may not have the characteristics of’ an el as tic system.

As an examn rp lo , consi d er ~N ““ 1 . Then (13) can be’ sim u iplified to

= 

~c 
exp [ 2  N 2 (f 2 — f 7 )  / 2 ]  (16 )

For f = 0 t h Is  beconines
0

f = f ex p( “ N ’  12 /2 )  ( 17)

I n th is case the solut ion is not p errodic and qroivs without bound. The’

app lication of the collocation sum etho d Co (6) produce ’s a ‘-‘e’t of nonlinea r

ordinary differential equation s governing the va l ues of 4’ at the colloc ation

Pu nt S . These equation s contai n non l incor te rmnm ’v s inmn i b r  to the l a s t  te rn ni

in ( l ’ )  . It appears that frost choices of collocation po inC s cause the Cm-

c f f i c i e ’ n t s  el some enf these ’ te ’rnmms (equivalent to m N ’ )  to becommnc sufficientl y

la rg e ’ s um th .n t the equat ienns p m c ’ ei i c t  behavior simu i l bar  to that  i n d i c a t e d  by

(17’). T h i s  happe’nu s even in the absence’ of combustion terms . It may be

t hot  n n i m m m e ’ s ucces s could be achieved by apply inq the collocation nrethod

• c l i m c ’ c c t  Iv t i n  ( !~ ) , but t h is  m a t t e r  was not pursued.

S I rm - . c t in,’ C- sn II tic,) C ion nie C bend could not be made to p i’odiuc ’ sat  1 s fac t in my

s e s u l t m u , I t  W O’ S  de’c i dcd to esnip lciy the Ga )e r k i n  me t hod . As nimemi t ioned pro—

• v iou’S ly t i n  I’, mnie’ t hod cannot be’ used in conjunct ion wi t in (9) . Thus , (9 ’i

was r ’ p  lcic~ d I s um pumc ’ b y ye1 cnc I ty  sons I t  I ye combust ion w i t  in

‘ 4 1

~ 

- - 
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(18)

where n is c a b  led thud’ i m ’u t , ’roc t ion ind ex. This is analO’tjous to the

customary tre’atnire’nt of pressure’  sens i t i v i t y  (see ’, for instanc e ’ , Powe ll [ 10 1) .

As in the case’ of pr e ssure  s e n s i t i v i t y ,  (18) can he g e n e r a l i ze d  to accoun t dl

for h i s t o r y  el fects as

w = w n Cu 2 - u ” ) ( l e i )

wher e u ( x , y ,  z , t)  = u ( x , y ,  z , t - ~) and i is ca ll e ’d the time lag .

Equa (ion (18) can be related to burning—rate lows m eant to apply to spec l a b

types of comumbust ion processes such as (9 ) .  For ann e ’x asnnp le of this , see

Wong [20 , 2 1 ] .  W i t h  the ’ use of (19) , it was possible to achieve s i g n i f i c a n t

progress .

Pedd ieson , Won g, and ‘Jen trice ¶19) discussed the ’ a pp li c , nti cmim of (6’)

and (ifl ) to transv e’rse’ wave nnio t ion in a c y l i n d r i c a l  combustion chamber.

An a p p r o x i m a t e  solu t ion , based on the 11 , J R . and 21 acoustic nodes of

the’ cham unber , was used and the G alo rk in nne’C hod was em nnploy e’d to carry out

a m i~ ie I.) l anal ysis , This resulted in a systenm of ordinary differential equa-

tions that could be solved to determine the temporal behavior of the niuodab

am mnp l i t u d e s .  This was done n u n m i e r i c a l ly  us ing a fourth-order Runq a—Kcstt .i

me thod . (For further details, see 119) and [20 , 2 1 ] , )  S t a b i l i t y  bounda r ies

were det ernu ined and the behavior of the pressure at the channmber wall was

de termined. Some t yp i c a l  s t a b i l i t y  boundaries ore ’ shown in Figure s 1 14- 17 .

I t can be seen that a ll boundaries re semn ible ’ rectang i .mlar hmy~ne~rho los  i n  t he

n—c p la ne. A pu re l y v e l o c i t y — s e n s i t i v e  sys t e n u w i l l  a l wa y s  be’ sta ble ’ t e n

i n f i n i t e s i n n s a l d i s t u rbances .  Thus , the i n s ta b i l i t ie s  J S s e m c lj t e ’ei w i t h) F i gu re ’s

1 1 4 - 1 7  arc t r i ggere d i ns t ~~b i 1 i t i e s .

I t was felt that the nui rreric ab senbut i ons d isccmmuse ’cl above’ could he use full y

supp l ement ed by using the me t hod of nuul t ip le S C O l e ’S (see ’, for i n s t a n c e ’,

‘42
0~~
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Figure 114 . Stabili ty Boundary for Standin g Waves
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F igure 15. S tah l  Ii Cy Bcm urndary for lravel ing Waves
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Fi gure 17. St a b i l i t y  Boundary for Travelin g Waves
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Na~-feh (221) to e nb t a i n n ms Pi m m d m \ i m n l m l t e’ a mm o l y t ic a l  s o l ut  ions ten the qc ive rn inq

equat ie nns f m m r  C he - i m m ’da I asnmp 1 1  t u des  . T~n i n v e s t  i gate —‘t he teas l b i ll  t y cit

di m I nq C hI s , Goenqeu rdy (2  , 2 14 ]  0m m ’. I eie’re d pure ’ 1 y p r e s s u r e ’ — se’ns i t  I ~~~ cem nrm —

bust ion amid rep laced ( 19 ’ )  by

w — w n ( .’c
~~4’ — -

~~~ 
4’

1~~~~~ 
(201

Rath e’r than dea l  w i t h a cy l i m n d r i c ~il chom nmb e’ r , he cons i de r c ’d t h e  m nma t h~’i~m,i t ic.i l l y

s i mm - p Ier pr m mb le ’ mm s  m u t I ransve’rse’ riot ion in a narrow re ’c tan q u l a m  c ha m m nbe ’r amid

t ra n ‘.ve r Se ’ rio t I c nn I n an mimi n ui a r c harmube m’ w i t  h a m imi m ’ r ens- go p w i  d t h. T he’ I I r mu

prccnbl enuu i s  a na l~ nq~nu s to that  of r a d i a l  o s c i l l a t i o n s  inn a cylinder , whi l e ’

t he seco nd i s anna loqous to the ’ pm e nb le ’nui oI ce ’m im h i rued rod l o b  arid t r a m u s \ t ’ r se ’

mot ion in a cy II nde ’m . Both enf those case ’s we re’ t re ’,l t~’d nusnie r 1 0 0 1 1  V by

Pow e l l  [ 1 0 ]  . Using the’ me t hod ent m u  It i p ie s C O lo s  i t  w a s  pcns~ I hi e te n prendu ce ’

mnos~ of Powell ’ s results in clc nse d form and to pr ov ide ph ysic a l e’\p lon iat ie m i ~~

t i i i  t hei’m . T hi mu gave’ cunn I I d o r m ce to  the ’ U Sc ’ en f t he’ pt’ r turbo t I cnn rue t hod

McDona ld [ 2 5 , 261 then app l i e d  the m e t h o d  enf nu ne m lt i p le ’ scales to’ the’

p m o b  1cm cnt pure ’ lv ye 1 enc I t  y— semi mu i t  I ye ce’nnmbust I on In st ob I I I ty  inn ann annul us

t n t  narrow gap width. Transverse motio m n s were treote ’d, For sta nn din ci W 0 \e ’ s .

the ’ mu imp le st muc n l Ut  i on  abl~’ ten sh cnw the’ e’l f e’C t cnf quad ma t  Ic  nenmi 1 1 m e a n - I t l e ’S

h~ s th~’ fcnrnn

( m~ ( . m  , t )  = f~ (t  Om us t ) + 12 ( t )  cm,us 21,1 (:1~

where ~ is  a po l ,n r ceiord i n m a t e ’  wh ich  lcn~ie’ I c ’S I m i m l  i ,m l c r o s s  S e c t  i enni S inn tine’

annu l us . Substitutin g (21) and r=l i m ’ltcn (61 and ( 1 9 ’ ) . us ing  the G a le rkin

S mn~ I he’nd t e n c a r r y  enu t he m’i, nd,n 1 anal v s  I s , and as~ umni I nq tha t the qasdyna mmn Ic

non 11 near it Ic mu a me ’ nog 1 I I b Ic’ connpa red (~~n t he c omi mb us t lo mu nein 11  mie ’a r It I t ’ S

resu l t s  in the eq u a t i o n s

5 ‘? 1 + $ ’~~~+ m 1 ( . ’ f 1 + 2wnm f j f’ ’ ) 0
( 2 . ’’

f .  + ‘4f~ + r ( , ’ t ~ — W I) I t ’ 2 ’)  0
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where ’  ‘ = w/ u . S o b v i n q  the ’se equat ions b~ the nnno t buod ot  m u l t i p l e  s c a l e s ,

s u b j e c t  t i n  the i n i t i a l  c o n d i t i on s

= 1,’ (0)  = t5 , f~ (0)  = 1 , f : (0’  0 ( 2 3 )

I ~~ Js ten the ’ un I fe~~~O I y — v a  I I d  f 1 rs C approu n. I - m a t  ion s

= t’sp( - t ’f ’) sc’c [tn( l - exp~ - w t / )/ .’
u/

~~J ~ ft C + 0 ( o )
(214)

= - ( 1 - 2 ”) ~~ p ( - ~ t / . ’ )  t an [ m ; n ( l  - e~~p(  - w t / 2 ) ) / 2 ~~~ 
.

s in 2t  + 0(~~)

The’se s innp lc ’ soluti ons i l l u s t r a t e  the bo sic fe’,itures of’ the syste ’nn . Both

t he s000nt  mi fl tl the t . n m ug e ’nt be,’co’mnie’ i n f i n i te  when their arguments take on

thc ’ va l ue ‘r/2. Th umu , If  on < ~2~~
I 

, the ar g cm v on t s of the ’ secant and t angen t

in ( 214 ’ )  a r c ’ 1 e ’ . s  than -1/2 for a l l  t , and f 1 and C a p p r o a c h  ze ro  as C a p—

proache ’s i n f i n i t y .  I t ’ on “2 ‘ , on tim e o the r hand , th ese a rgum rm e nts re’a~~h

“/2 in a f i n i t e  t i m ,’, causin g f 1 and f~ to become in f i n i t e  inn a f i n i t e  t sme .

The fo r - ’ mer  s i t u a t i o n  is stable , while th c latter is u ns t o h I~’ . The equat  ion

of the ’ s t a b i l i t y  boundary in the ’  n- m’ p la m ue is

n = 2~~~
’ 

~ /c  (25’

For t h i s  situat ion It can be shown Chat

1 im’ n f~ = (2/’m ’) s i n  I

mm /,‘
1 s imm I, = — ( l j - -‘ ‘1 s i n  2 t

Thus, a neutra l o s c i b l at i e n n is approached when mm u oss a d d i tion due’ to unsteady

cosrubus ti e nn is e \actly balanced by nnas~ len~~s due to st e~ndy- s t ~nt e  flow .

Mc Donald [25, ‘cn j has found s i n m n i Ja r s o l u t i o n s  fo r tr a v e l i ng \vOv e’s and show

tha t the con cl us im nni s d i m u c usse’d above ’ are q u a l i t a t i v e l y  unchanged by the

inc lus ion c ml qasd ynann ic n o n l i n e a r i t i e s .  H~’ has f u r t h e r ‘.him ns~ im that the

qua Il ta t  I ye ospe ’c t mu o’f the per turbo t I cnn Sen 1 ut I cnn’. are’ i n ag re’e’Iirc ’mi t wi t h

these’ cnf di re ’ct  nume r c a b  c a l c u b a t  I m n m m mu hOs e ’5) inn ( . ‘2 )  , T h i s  work II b u s t  r a tes
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p

v i v i d l y t hem usefuln ess of the connbustion law (18). Closed-f orm ‘ . m n l u t i iu n m,

sin r i la m ten (2 14 )  cou ld  never be obtained using a comb~i,st ion law of the

f o r m  ( 9” .
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The’ ‘ e’ m u e’,i m o h h,n ’ m e’.u 1 t~~J i n n Usc ’t  ul e’\~~c ’t i - m m c ’ m l t J  I ,nna 1 u ’sl 5nnd a na l  V t  i ~.rl

1 c ’ c hn I q Ue’ mu t or the ’ ‘.1 ud ~ f R~’ ~ rio 1 ~l mu T m u h e ’ r dc ’pt’nderi pm 5 u 0 ~ -- S c ’ mu Th~’

t e ’ob n iq ue ’s nre sle ’nlc ’r,) I a’’.’ Cenu ii be’ ap p l I Oil t . ’ 0m n~ R5 ’~ ’ioI d ’, nu mb e r depc ’ri di ’nt

zrooe’~’~. Dur In~l t h~’ o o u r’ . ’ u ’t  th e’ re’sm ’arcfm , oi’p l  Id ’ ,~~ icn n t i ’ csum bu st ion In-

stab 1 1 I i n  I 1 I d pUo~~e’ I I o mi t r ,u
~~Le’t enq I ne’~ is j s  e- ’ mphas I :c ’d

E ~-;‘ u~ m I “me n t .m 1 Iv . the Itn I I I a I o nb j c’O I ~u I he u~ k was 0 s t  ~dv t h~’ u ~~m ’ —

5 ’ m  a o s n n s t o n t — t e ’ ”z e ’ r at u re  h~~t — w i s e ’  mi f l c’f ’S’ k’ t e ’ r  as  5in amlOls ’mI to c nl

f o r  the’ I n y c ’ 5~ I gj t ‘fl ~~1 c - .’ “bu st ion in i~ t oh I I t ‘, . Te’ oc c o ” m ’  1 m~h t h 1 mu

,i nO 1 y I co I ,i r ’ J 0 \ ‘c’ r i “ c ” t .  1 0 Lii ’ ‘1~ I s  u
~’p ‘~ 1 U.’ I c’ s 5 ’ f t he’ ,i ii L’ ’IO~~

’c’ I e’ i se ’ m e Om i t r I e ’

o u t  .nnj c o ” a a  red t c ’ anal ~ t i c a l o p e n — I  s ’o~’ s t  di d i c ’s h~ t~~- J - - a nn [ 2 ,

‘~ ml z o’ r I .‘a I on I in i t  ~~ oo - - ’ bu m u t  ion , (0p5’mi — 1 0O~ m u t  ci. ’ I C’ . c’s ’ “ 0 ,1 r 5 ’ c’\ I ~ t ‘ ml p m m ’s S cm l  0

perturbations and the ’ result Ins ~ p5’r t ur hot Ie nn’. in t k s~ b u m ’ m i r m a  I O l e ’ in the

c a se ’ s ~ ~o’mhu ~~1 i~~n • or in t he’ one’--Io ‘me Cc ’ r enu t pu t  in t hO c .1SO c’ t he ona I og .

in c~ rdo r 10 L1 re ’s) 1 0 1  ml C t ua I c I  ense d — loop one’ rat On. I )im ’ Os ’i” ,\n r S OIT S I~.’ C a ci

I I tat I y e ’  ,n -a rec ’ ‘ me r i t ,l”ons~ t he ’ t h ree studi es~~ t h~’ sec~’’i d )‘ ,i r r ’ m c ’ m m I e  t r e’que’nc\

I m ute r C I a I e n f t he’ undor me’n t ml 1 f n oel uc’ruCv p er t  u t h a t  I on s5 - ,i mu I he’ I -rpo r t i m

i J O t O U in t~ ’e’ deye lc ’p ;’ me nt o f  i m u s t o b i  1 1  t v .

I” C 1 e’se’d — lin eup ~ t U.’ I c ’S • t he’ burn I rig rate’ i n c e” hu mu t  i o m m • or  On e ’ S ’  “e’ t C
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n s u r e’ p.’ r U t  bat I cnn mu , win Lb cmnmni b I rue’ es I t h C he’ Pt C’s I c’dO’ ~‘e’ r Cur  Lna t I OM ~,

te ’ f o u r  .1 m ien - , .ics ’us t lo f~~’lJ , and st  on . Th~’ a na log  ss .n m’ rc ’t ’ I m m e ’i te n run

c 1 O ’ .e’ ci I oop us i m ug e i t he’r the o ri g inal ncnn 1 im m5 ’a a n a l  s’mt dc’’, I c’ O —  — t i’S ’ ~n lid ’Iii i’”d’ I c ’ r — —

or a 1 1 nc’o r ,i no 1 e’g dcv i Ce’ — — a ‘n Ic renbnhom ie’ . E ~ pc’ r I ‘r~’ nit mu we’ t e’ th erm run to

in ’. “‘.1 i sui t em the ’ ~a 1 Id i I mu oi the open— I e m Op p r e d i c t  i o m is  of  c 1 c ’S e’cl 1 Os ’L’ h~’ha’s Is ’s

cid I es con I rm” e’J t N5 ’ I ‘ipor ance of sc’c’ennd h a  u-no n , i c con to ni  I C c’ Iri s t o—

hI I it y in t N0 non 1 I m ne ’,ur c,u ~e and go’s - c’ iri s I gh t nm~ o I he n ea s 5 ’ m m mu on I h i
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in lp (n rt onmcm ’——mu (’cond h,nrnicnmuic com itemn t I i-, a nnatural result (if the non l I n m o s t  I C y

of’ th e’ p m o c c ’ss amn el is necessary t o  ‘,cs ’,tai nn i nq inert urbot ions at both the

I uneian m nenu t a l  and second ha mu on Ic ~ re ’qu o nm c los .

Two i nnpo rtam u t mu i s m n i l~~n i t  los  in t h e ’ chor o cter i ’,t ic’~ of co nmbu’ .t ion in—

s t a b  II I ty  and the~ c l ose ’d— loop m o  l u g  process We’retm i dent  III ed . Ii rmu t , in

connmbc s s t I nmi I mi s tab  I l i t  y , a nnm i n n I m muei m n m lie’ r t u r bat I (in amnmp 1 i t  side i mu mi m ’c C ’s sa ny  to

it o Inst ab I 1 I ty . In t ho on .m 1 eg C h i s  was a I so t rue • Second , inn corn—

bust 1m m  in st~~bi 1 1 t y, an m l t  ia l s i nusoi d al perturbation be m comm m emu ho rm m nonmic , s l l y

d i s t o r t e ’d once in ’.t .ibi l i l y  develops. Agai n , in the ’ anuali u q th l ’ . was jIso

found tin be t rue. Th o se ’ s tud l os a I ‘on I nd I cmi t c’d t hat c h,nmbe’ r m e ’ so nonm ce mm i i g in 1

p lay a mum ore ’ s i gn i f ’ i cant role ’ Inn c a d s  inn ins t  ab II i t  y t in,imu hod boon Om it Ic i pat i’d.

Secon d ha rmmiom i I c con t e n t  was ne) t Ioumnd ten be’ I nimp o ‘toni C in the ’ I I mi c a r fe’ee iboc k
C,

p n- inc m~I’s .

The c lose ’ d—li n m n 1 u analo g studi o s d i d  nent f u l l y  i nd ic a te the’ di ffom ’c’nce’

in choroc  te ’r bc’twe ’emn Ii  mue’or ( p r o s - s l im e ’ ‘,onms I t  ly e ’) m i d  muon 1 I near (ye ’ b c  I ty

or Re’y nicm I d’s’s n unnmbe ’ r ‘.en s i t  l ye ’) proce’ -~‘.e mu , sin a t wi su—c ha mnnb e ’ nmm I e’c hnn I clue ’ W~i’.

dove I tnpe’d t i n  r t hi p ei m pose.  I nu the twin — c Iio m mmb o r’. work . i n st c’od of m a y  i rig

he ona 1 e u g cloy i ce  fe ’e’d i m nsj  back 0mm I t so 1 I , the food [ ma c k s I ci m mo 1 wa s  mu m nt t mn

,un i d o rm t l e O l  tw inn e hannnb e r so I hat t lie’ cur I q Irm a t I mmm l , u mmm i fee ’dhock pc’s ’  t s i n  h i t  I cnn s

~

eu m ld  b~ stuci ie’ei ‘ .e’p~u m ’ .mt e ’J’y . These’ mu t si d ie ’ s imn c i icat ed , ov c ’ mm none cl e a rl y

than line c l.n~~e’c i — l s n m m j m  mut  udi c ’s , t f ia t  second ho n’ mmr om u Ic w a s  ann I n u t o g m a  I pan t of

a mimi I I nn . ’.m r pr i nce ’ s’. ,mn cl n e c  t’muso ry Iii I he’ mu us t e’nm am lc e of t ho fu m nef ,n m nne nu t o  I

f req uo snc y imo r t sir ho I I s in u s . They a I s m m i nel l cat od t h a t  t Ii I mu was not r mu’ t m

the I i nn . ’, m m c ,n mu e— — t he 1 i rmo ,m r c a s e  was pm i n n n a ri l y a sin g le Iree~uenmc y In r m m cess .

Al  I cml I ho e’X p O r I mnm c ’m t o l  n e  mu ul t mu i nd Ic a ted that t m e ’ muon I I nnea n ’ as pc ’c C s

• 
01 the’ ctnsnn bu ’ .t ion pm uc ’ mus we n ’e’ t int’ dnnnnn i nu,int nrnochon I ‘, m n ns coni ( n ’ cc l m u g  com nn hts ’~t lou

in ,t ~~bi 1 1  t y .
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Both the c losed- loop and twin-chambers ana log t~ec hnique of stud y ing

ins t a b i l i t y  proved to be valuable me t hods for ga ining ’Th~~ight int o the

phenomena be i ng stud i ed and both have potential for app lica tion to other

si milar probleni ’ss.

The anal ytica l work establishe d a method for computing stabili ty

boundaries for veloc i ty-sensitive combustion . h t was established tha t the

method used modera te amounts  of compu ter t i m e  and predic ted results that

were in qualitative agreement with the known characteristics of veloc i ty-

sensitive combustion instability. The results of the numerica l work were

subs tantiated by comparison of approximate solutions obtained by per turbation

procedures. In some cases , the per turba t ion solut ions were ob tained in’s

c losed fo rm . It is felt that these explicit solutions are very hel p ful

i n understanding the physica l na ture of velocit y—sensitive combustion

i n s t a b i l i t y .
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