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Self-excited oscil lat ions in cyl indrical  combustion chambers  burning a homogeneous mix-  
ture  are  investigated theore t ica l ly  and experimental ly.  It is shown that two low-order  tan-  
gential-longitudinal modes differing slightly in f requency a re  excited in the model chamber .  
Judging f rom the c loseness  of the experimental  and theoret ical  values obtained for the mass  
flow ra te  of the mixture  at the self-exci tat ion boundary, it is postulated that excitation is 
due to the dependence of chemical  react ion rate on the p re s su re  (temperature) of the medium. 

The procedure  used in the present  study to analyze the high-frequency instability of the combustion 
process  is based on the resu l t s  of combustor  model experiments  [1] and involves smal l - sca le  model com-  
bustion chambers  operating with a homogeneous g a s o l i n e - a i r  mixture .  Unstable combustion was investi-  
gated experimental ly  and theoret ical ly  in a chamber  having cyl indrical  walls lined with acoustic absorbers .*  
The absorber  effectiveness was a s ses sed  in the experiments  on the basis  of the acoustic self-excitat ion 
boundary plotted in the plane of the fuel-injection pa ramete r s ,  "percentage air  excess versus  mass  flow 
rate  of the mixture." The boundary separa tes  the plane into domains of stable and unstable combustion. 
The most  effective absorber  is judged to be the one that minimizes  the unstable combustion domain. 

The model chamber  (see the schematic  diagram in Fig. la) includes a water -cooled  nozzle 5 and 
water -cooled  cyl indrical  sections 1. One of the sections is lined with an acoustic absorbe r  2, the length 
of which can be varied by means of hea t - res i s t an t  spacers  6 .  This par t icu lar  model makes it possible to 
preclude the influence of the cooling air  for  the absorbers  on the unstable combustion boundary. The flame 
is maintained behind two V-shaped annular s tabi l izers  7, blocking off 70% of the chamber  c ross  section. 
The tempera tu re  in the absorber  cavity was measured  with a C h r o m e l - A l u m e l  thermocouple 3, and the 
p re s su re  oscil lat ions in the chamber  by means of three  water-cooled t ensomete r s  4 placed in the same 
c ross  section at a 90 ~ angle relat ive to one another.  The tes ts  were conducted on model chambers  with air  
cooling of the absorber .  The air inlet line in this case is parti t ioned off f rom the absorber  section by 
c lus ters  of grids mounted in 16 connecting pipes spaced uniformly over  the c i rcumference .  The absorber  
length (Le) and distance f rom the absorber  to the edge of the s tabi l izer  (l e) were var ied between the fol-  
lowing limits: 0 -<Le-<138mm;  3 0 m m - < / e - < 2 4 0 m m .  

The principal  geometr ica l  pa rame te r s  of the acoust ic  absorber  include the permeabi l i ty  a (ratio of 
the s ingle-perfora t ion a rea  to the surface a rea  associa ted  with one perforation),  the perforat ion d iam-  
e ter  do, the thickness te of the absorber  walls, and the distance he between the absorbe r  and the casingwall  
of the chamber .  Constant values of h e =10 mm and t e =1 mm were used in all the experiments .  The ex- 
per imental  absorbers  had the following pa ramete r s :  I) d0=2 mm, ~ =0.03; ID do= 4 mm, a =0.03; III) d0=6 
mm, a =0.03; IV) cl0=8 mm, a =0.05; V) d0=4 mm, G =0.01; VI) d0=10 mm, ~ =0.05. 

*Inasmuch as the excitation of p r e s s u r e  oscil lat ions in fu l l -sca le  combustors  for  liquid-fuel rocket  en- 
gines and gas turbine engines has a destruct ive effect on the combustor  components,  any prolonged osci l la-  
tion, even of re la t ively small  amplitude, cannot be tolerated.  It was decided, therefore ,  to a s sess  the in- 
stability of the combustion process  and the effectiveness of methods for its abatement on the se l f -exci ta -  
tion boundary. 
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The f requency  r e sponse ,  i . e . ,  the dependence of the absorp t ion  coeff ic ient  ( ra t io  of the abso rbed  en-  
e rgy  to the wave energy  at n o r m a l  incidence on the a b s o r b e r  surface)  on the osc i l l a t ion  frequency,  was de -  
t e r m i n e d  e x p e r i m e n t a l l y  (using the p r o c e d u r e  and appara tus  of Brue l  and K j a e r  A/S) and ana ly t i ca l ly  (by 
the method of Blackman [2]) for  each  of the a b s o r b e r s .  The f requency r e s p o n s e s  of a b s o r b e r s  I -VI  a r e  
given in F ig .  2a-f ,  r e s p e c t i v e l y .  The acous t ic  f requency  f is plot ted on the hor izonta l ,  and the absorp t ion  
coeff ic ient  a p  on the  ve r t i ca l ,  ax i s .  The curves  and dots give the r e s u l t s  of the ca lcula t ions  under  the  
m e a s u r e m e n t  condi t ions,  and the do t -dashed  cu rves  give the r e s u l t s  of the ca lcula t ions  under  f l a m e - t e s t  
condit ions (acous t ic  in tens i ty  l eve l  180 dB; p r e s s u r e  147.5 k Pa; t e m p e r a t u r e  293~ The values  of the 
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absorption coefficient at an acoust ic  level of 110 dB are close 
to the corresponding experimental  values, a slight dispari ty in 
the resonance frequency being attributable to the choice of end 
cor rec t ion  [2]. The f l ame- tes t  absorption coefficient depends 
on cer ta in  pa ramete r s  d is regarded in the calculations and mea-  
surements ,  such as the c ross - f low of gas through the absorber  
perforat ions  and the sl ip-flow velocity along the surface.  The 
resul t ing frequency curves  nonetheless afford a qualitative a s -  
sessment  of the acoust ical  proper t ies  of the absorbe r s .  

In the f lame tes ts ,  tangential-longitudinal modes were ob- 
se rved  with frequencies of 1.9 to 2.3 kHz and 1.6 to 1.8 kHz. 
The second mode is excited in reg imes  with frequencies of 1.9 
to 2.3 kHz, while the oscillations at 1.6 to 1.8 kHz must be as -  
soc ia ted  with the f i r s t  tangential-longitudinal mode (in the c l a s s i -  
f ication of S i l 'vers tov  [3]). 

The experimental  investigation made it possible to a s ses s  
the influence of the follower pa r ame te r s  on the unstable com-  
bust ionboundary:  the energy absorption coefficient ap  ca lcu-  
lated at 2 kHz (which is the average  frequency of the osc i l la-  
tions excited in the cavity); the absorber  length Le; and the ab- 
so rbe r  position l e" 

The experimental  resul ts  were used to plot the curves  in 
Figs.  3-5.  The vertical coordinate represen ts  the mixture  flow 
ra tes  G at  which high-frequency oscil lat ions are  excited, and 
the horizontal  represen ts  the values of the absorption coeffi-  
cient (Fig. 3), relat ive absorber  length L e / L  c (Fig. 4), and re la -  
tive distance l e / L c  f rom the s tabi l izers  (Fig. 5). The exper i -  
mental  resul ts  for  the chamber  without air  c ross - f low through 
the absorber  a re  indicated by dark symbols,  and those for  the 
chamber  with air  cooling, by light symbols .  The c i rc les  co r -  
respond to  points for  the f i rs t  osc i l la tory  mode and the t r i -  

angles, to points for the second mode. The points cor respond to a nea r - s to ich iomet r i c  composition of the 
mixture (aZ =0.95 to 1.07), i.e., to the typical  operating regime of combustors  for liquid-fuel rocket  en- 
gines and gas turbine engines. The analogous curves for  other  values of the air  excess are  not g ivenhere .  

The velocity in the absorber  perforat ions  for  the c ross - f low model var ied only slightly (V=60 to 80 
m/ s ec ) .  

In determining the influence of ap,  absorbers  of equal length (Le =138 mm; L e / L  c = 0.43) were in- 
stalled in the combustion chamber  in an identical sett ing (l e =30; / e / L  c =0.093). The influence of the length 
and position was investigated in chambers  with absorbe r  II (do= 2 ram; a =0.03; ap  = 0.68). For  a variable 
absorber  position the length was held constant (L e =41 mm; L e / L  c = 0.13), and  for  a variable length the d is -  
tance from the absorber  to the edge of the s tabi l izers  was held constant (1 e =30 ram; l e /L  c = 0.093). 

The experiments  showed that: 1) the stabili ty of the combustion p rocess  is great ly  enhanced by in- 
c reas ing  the absorption coefficient (Fig. 3) and length of the acoustic absorbe r  (Fig. 4); 2) the maximum 
stabil i ty in the model chamber  is provided by an absorber  situated close to the s tabi l izers ;  3) the stability 
deter iora tes  as the distance of the absorber  f rom the s tabi l izers  is increased  (Fig. 5). 

We now c a r r y  out a theore t ica l  analysis  of the self-exci tat ion of acoust ic  oscil lat ions for  an inviscid 
nonthermally  conducting gas descr ibed by the sys tem of equations 

1 d P  • - -  I q W  
up dt + d iv  v = x -P-; 

dv vp I dp divV=O; 
W + T  =0;. T - ~ V  + 
P = (• -- 1) c,: Tp = p i tT .  

Here p, P, T, V, and W are  the density, p res su re ,  t empera ture ,  flow velocity of the gas, and chemical  r e -  
action rate; x is the adiabatic exponent; and q is the heating capacity of the fuel.  
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We set P = P 0 + p ' ;  p = p 0 + p ' ;  T =T0+T '  ; V = V 0 * v ' ;  and W =W0+w',  where P~, P0, To, V0, and W 0 are  
the pa rame te r s  of the unperturbed state (V 0 is directed along the x axis) and p,, p ' ,  T ' ,  v ' ,  and w' are  small  
unsteady per turbat ions  of the cor responding  pa rame te r s .  

From the steady-flow gasdynamical  equations we obtain relat ions between the gradients of the ave r -  
age variables  and the gradient of the c ros s - sec t ionM average t empera tu re  of the gas in the chamber:  

OVo 
Ox 

OP.._o -~  _ _  M~• t 01" o 
Oz ( l - -aM 2) T O Ox ' 

Opo Po 10T_.2. 
0-'x-~-~-- "(t--xM 2) To O x '  

I OT o ~ . -  t W o  

(1) 

where M is the c ros s - sec t iona l  average  Mach number.  

The l inearized sys tem of equations for  the a i r s t r eam pa rame te r s ,  taking (1) into account, is writ ten 
in the fo rm 

,o'~ ot + ~ + "-b7 + ~ + ~r 0-7 roe~ - -  ~176 p = 0; 

Ovx" Ovx' Op" O; 
go -g/- + goPo ~ + ~ = 

Ovy" OVy" Op" ~ 0; 
Po--yi- + Voo, -57-, + 

ov/ ~ Op' O, (2) 
Po -g/- + VoPD - ~ x  + ~ = 

The interaction rat io n =w,/W 0 I P ' /P0 gives the relat ionship between the relat ive per turbat ions of the chemi-  
cal react ion rate  and p r e s s u r e  [4]. The so-eal led energy integral  identity holds for sys tems  of this type 
[4]; for  a p ieeewise-smooth  surface S bounding a four-dimensional  domain g situated inside the domain of 
existence of the solution, tt has the fo rm 

< ?(+ 

where ( r ,  ~ , ~,  ~) is the unit outward normal  vector  to S, and n is the normal  vector  in three-d imensional  
space.  

The f i rs t  bracketed t e r m  on the left-hand side of Eq. (3) cQrresponds to the energy variat ion in the 
volume of the cyl indrical  cavity in the t ime interval ( t~- t0 ,  where t =t~ and t =t~ are  the hyperpianes bound- 
ing the domain g. The second te rm cor responds  to the energy influx due to the average  motion in ~he time 
( t2 - t  :) through the end surfaces ,  perpendicular  to the x axis, of the cyl indrical  cavity. Finally-, the last 
t e rm cor responds  to the loss  of acoust ic  energy through the la teral  surfaces  of the cylinder in the t ime 
(t 2- t i )  as a resul t  of, for example, the flow of energy toward the absorber .  

The f i rs t  t e r m  on the r ight-hand side of Eq, (3) corresponds  to the increase  in acoustic potential 
energy in the vgIume due to ~luctuating hea~ re tease ,  in the absence of fluctuating heat re lease  (n = 0) this 
energy increase  is ~ero. The second t e r m  on the r ight-hand side corresponds  to the loss of acoustic en- 
e rgy  in the volume in the t ime (t2-  h) due to interaction of the acce lera ted  flow with the aeoustic osc i l la-  
tions (dV0/dt = V0, dVo/dx > 0). The problem of interaction between the acoustic oscil lations and average 
motion of the gas is important  enough to mer i t  separate  investigation. We limit the present  study to the 
generati~n of wave energy in the combustion zone and omit in the system of equations (2) t e r m s  associated 
with the average  motio~ (without heat re lease) ,  as well as t e rms  governing interaction of the flow with 
acoust ic  oscil lations in the presence  of a net average  heat re lease .  Then, eliminating V, we obtain an equa- 
tion for  the propagation of sound in the section of the cavity with a variable t empera tu re  over the length, 
taking into account fluctuating heat re lease :  

l O~p ' t dT o Op" ~ p ' ~  Ma i dT o i Op' 
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Equation (4) differs f rom the corresponding equation given in [3] by the inclusion of the fluctuating heat-  
re lease  t e rm on the r ight-hand side. 

The problem is essent ial ly  to determine the complex frequency in a cyl indrical  cavity filled with a 
hot gas having a lengthwise-variable t empera tu re .  In the hot sect ion the sound-propagation equation co-  
incides with the usual wave equation. 

The wails of the cavity without the absorbers  are  assumed to be absolutely acoust ical ly rigid, and 
the impedance of the surface of the absorber - l ined  section is considered to be homogeneous and dependent 
on the f requency (Res). Each section is parti t ioned into three  parts ,  two without absorbers  and one in be-  
tween with an absorber .  The solutions for each part  a re  sought in cyl indrical  coordinates (x, r ,  ~0) in 
se r ies  form on the assumption that the dependence of the solutions on the angle r is the same for  all par ts .  
In the junction c ross  sections (common to two parts) the solutions are  joined so that the osc i l la tory  p r e s -  
sures  and axial velocities are  equal there ,  It is assumed in the calculations that the junction conditions 
are  satisfied at a finite number  of values of the radius,  and the express ions  for  the solutions in each part  
a re  limited to a finite number  of t e r m s .  The junction conditions and boundary conditions enable us, in 
making the success ive  t ransi t ion f rom one part  to the next, to derive relat ions by which the complex f r e -  
quency (s) of the oscil lat ions can be calculated as in [3]. When acoustic energy losses are  present ,  the 
oscillations generated by zonal combustion can grow (Im s > 0), decay (Im s < 0), or  remain  unchanged 
(Im.s = 0), depending on the values of the fuel-injection pa rame te r s .  The self-exci tat ion boundaries a re  
plotted according to the condition that Ims is equal to zero  at the boundary. 

As is apparent f rom the r ight-hand side of Eq. (3), oscil lat ions are  self-exci ted mainly by fluctuating 
heat re lease  in the vicinity of the maximum p r e s s u r e  oscil lation amplitudes.  For  the investigated lowest 
tangential-longitudinal modes the p re s su re  amplitude is a maximum at the cyl indrical  wall and a minimum 
on the axis.  In the experimental  chamber  the length of the combustion is smal le r  at the wall than on the 
axis.  It is assumed in the calculations,  therefore ,  that the gradient of the c ros s - sec t iona l  average t empera -  
ture  of the gas coincides in the entire cavity with the t empera tu re  gradient at the cyl indrical  wall (see Fig. 
lb).  The 1 ength of the t empera tu re -g rad ien t  section is determined by the angle of inclination of the f lame 
front stabilized behind the f low-obstruct ing body. According to the data of [5], this angle is 7 to 9 ~ Con- 
sequently, for a space of 10 mm between the edge of the outer  s tabi l izer  and the cylindrical  chamber  wall 
it may  be assumed that the va r i ab le - t empera tu re  section takes up a fifth of the chamber ,  while the res t  is 
filled with hot gas (see Fig.  lb).  

We have calculated the mixture flow rate  at the self-excitat ion boundary for  both the f i rs t  and second 
modes as a function of the length of different absorbers  for  a fixed a i r  excess  (a Z =1). We assume that a 
t ravel ing wave propagates ups t ream from the s tabi l izers ,  i.e., the acoustic admittance at the chamber entry 
(in the s tabi l izer  c ross  section) is equal to - 1  (/3 ~ = - 1 ) .  The loss of acoust ic  energy through the nozzle is 
neglected (/~ 2 = 0). The interaction rat io n is chosen so that the mass  flow rate  of the mixture at the self-  
excitation boundary in the combustion chamber  without absorbers  will be close to the experimental  value 
(with a~  = 1) for  the model combustion chamber  without absorbers  (G--- 0.8 kg/sec) ;  the value of n is close 
to that calculated in [6]. We have n =2.4 for  the f i rs t  mode and n =3 for the second mode. 

The dashed curve in Fig. 4 represen ts  the theore t ica l  self-exci tat ion boundary for  the second mode 
with n =3, and the solid curve represen t s  the same for  the f i rs t  mode with n =2.4. 

The experimental  points for  both the f i r s t  and the second mode are  close to the corresponding theo-  
re t ical  curves .  

The dashed curve in Fig. 3 represen t s  the theoret ical  values obtained for the second mode with a 
relat ive absorber  length L e / L  c = 0.43. 

The theoret ical  curves  for the mixture  flow rate at the self-exci tat ion boundary for  the second mode 
are  consistent  with the experimental  values.  

The solid curve in Fig. 5 represen ts  the analytical  resul ts  for the f i r s t  mode. The length of the ab- 
sorber  is the same in the calculat ions as in the experiment (L e =40 ram; L e / L  c =0.13). 

The experimental  points are  reasonably  close to the theoret ical  curve for the f i rs t  mode. The de- 
viations at large values of the mixture  flow ra te  can be attr ibuted to the fact that the influence of the a i r  
flow rate on the length of the combustion zone is neglected in the calculat ions.  Thus, the theory  provides 
a qualitatively co r r ec t  descript ion of the experimental  data on the influence of absorbers .  
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