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A charac ter i s t ic  equation is derived for the excitation of pulsating combustion in equipment 
of blast-furnace a i r -hea t e r  type with two-pipe fuel and air  supply. 

Pulsating combustion occurs  in var ious  large industrial sys tems  such as boilers  and furnaces;  ser ious  
difficulties and even damage can ar ise  during use from such combustion in the a i r  hea ters  of blast furnaces ,  
for example. 

We have examined the excitation conditions for  such combustion in blast  heaters  at var ious  plants [1- 
3]; we found that the pulsations a r i se  f rom acoustic excitation of par t s  of the a i r  system.  Most often, the 
combustion chamber  is excited at the very  low frequency of 5-6 Hz in the style of a gigantic organ tube of 
height up to 35 m and d iameter  up to 2.5 m. The acoustic oscil lat ions are  maintained by the periodic supply 
and combustion of the g a s - a i r  mixture,  with a favorable delay between the fuel input and combustion, this 
being close to a hal f -cycle ,  which thus satisfies Rayleigh 's  cr i ter ion.  The mode of excitation is most  s imi-  
lar  to that in the fami l ia r  f l icker ing-f lame phenomenon. 

However, when one applies the theories  on such f lames [4, 5], it is  found that the excitation regions for 
the blast heaters  do not always coincide with the derivation from the theory.  For  this reason we have con-  
s idered a more general  excitation scheme with a two-type gas and a i r  supply. 

Figure 1 shows a scheme for  the system with three separate  tubes: the combustion chambers  1, gas  
pipe 2 . and  a i r  pipe 3, which are  loaded at the ends by the re fe r red  acoust ic  impedances zi ,which incor-  
porate the effects of adjacent parts  (the space under the dome, the gas mixe r s ,  the combustion chamber  
proper ,  and so on), which are  not themselves incorporated in the calculation scheme.  The combustion zone 
and burner  lie at the points where all three elements  join (x = 0). It is assumed that the oscil lat ions are 
simplified only by the variabte heat release from the flame [3]. We neglect  the speed of the gas by com-  
parison with the speed of sound and also the damping of the sound along the elements.  The snaal l -per -  
turbation method is applied [6]. 

The boundary conditions at the ends of the tubular elements  are put in the following form: 

at x =  ll..~p1=z16vx; 

a t  x =  - -  12: ~Pz = - -  z~602; 

at x = - -  l~: ~P3 = - -  z~tiv~. 

The s teady-s ta te  res is tance  of the burner  is 

p , - - p , = k ,  P~ v---~-~2 , 

and we obtain the boundary condittons at  the junction between the elements for smal l  per turbat ions:  

at  X == 0 ~ )Pz -  5Px ~-k~p~6v~; 

(ip8 - -  6p1:= kaPaSv3. 

The res is tance  coefficients k i include the res is tance  of the throttle before the burner  o r  flow control ,  and 
these quantities are  considered as purely rea l .  

We represent  the flame for a g a s - a i r  mixture of heat of combustion q as  a mobile surface of a rb i -  
trar3~ shape of mean area  F and mean propagat ion speed u, with heat t r ans fe r  f rom this to the gas in the 
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steady state (adiabatic conditions) in the fo rm 

Q = quF. (3) 

We assume that the volume of the burnt gases  is equal to the volume of the 
combustion mixture uF = Vc, and that the f lame speed and surface are de -  
pendent on the a i r -consumpt ion  factor  ~ and var ious  other conditions (flow 
turbulence,  flame stabilization, etc.), which under otherwise identical condi- 
tions are  determined by the flow speed or  g a s - a i r  combustion mixture flow 
rate V c. As the var ia t ions  in u and F are  linked, we assume that 

u = f (a); F = f (Vc). (4) 

We also assume that 

q = f (~). (5) 

The variable heat re lease  from the flame under per turbed conditions is ob- 
tained from (3) and (4) and (5): 

[(Olnq Olnu~)a _~ OlnF 6Ve] (6) 
8Q = quF [ \O-~n~ + 0 In tz ] ~ -  - 0 lnV~-~" V o ~" 

~ [  \ ~  J We use the express ion 

V3 V c = V~ + V~ 
Fig. 1. The sys tem,  a--  V~ .,  . 

with identical delays v between gas and a i r  supply and combustion,  which enables 
us to express  the per turbat ions in the volume flow ra tes  before and after  the 

combustion zone in t e rms  of the hea t - re lease  perturbation.  We follow Raushenbakh [6] in assuming the 
length of the combustion zone as substantial ly less  than the wavelength, and neglect  this in writing the 
acoust ic  relat ionships.  Then we get for  x = 0 that 

F6vl -- (F~v~ + F3608) = F~E~6v.,. 4- F~E3~Sv3, (7) 

whe re 

E z = N~ exp (ie~), E 3 = N~ exp (iex) 

are the t r ans fe r  functions of the combustion zone, which define the effects of the heat supply to the gas,  and 

N~=Sq[L- -H(I  4- aVo)];, N3=Sq[H ( l ' - r-__~o ) 1  + L ]  

are the moduli of the t ransfer  functions of the moduli of the heat supply: 

H Olnq ~ 01nu; L=01n--FF 
O In ~ O In a 0 lnV c" 

The quantity S is a coefficient of proport ional i ty  between the heat supply to the gas and the expansion. 

The following equations [7] descr ibe the perturbat ion of the gas motion for small  oscil lat ions in all 
the tubular elements:  

~ v = l [ A e x p ( i e + ) - - B e x p ( - - i e ~ ) ] e x p ( - - i e t ) ,  (9) 

e = o) + iv; (10) 

whe re 

= 2af .  (11) 

We substitute'(8) and (9) into (1), (2), and (7) to get six homogeneous l inear equations for  the a rb i t r a ry  con- 
stants A i and Bi: 

ci ] 
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whe re 

A , ( I - I -  ~)exp ( ' i e  l--2 ) " - B , ( 1 - - z a ) e x p  (ie/---2/, 
\ c~, c, / 

Aa(l + ~)exp(--i8 la ) = - - B s ( 1 - - z a )  exp (is la I, 
\ c a / ca / 

A + & = (~ - ~ a )  A~ + (1 +~ , )  B~, 

hi 

Ax + B x ---- (1 -- ~3) A3 -l- (1 + ~8) Ba, 

A~ - -  B__..._~ = (I -- E~)(A~--B~) 4 (1 + Ea)(A a -  Bs) 

(12) 

= z~ ; ~.~ ~ ; I~i=kiP~Vi; hl=PlC~ 
PiC~ PiC~ F~ 

We solve (12) and introduce the symbols  

to get the charac te r i s t ic  equation 

1 + E 2 

h2 

1 - - ~  = exp (-- 2,~); ~pi = a i - -  i~; 
1 - t - z~  

1 - -  Ih 
_ -- exp (-- 2%), 

1 --F ~i - 

c~ 11 1 + E a  

+ 

, ,  

sh (% + ~z.) - -  i l)~ =- c~/ n~ L \ q ! ] 
(13) 

This equation enables us to define the oscil lation frequencies,  the stability l imits,  and the regions of 
excitation in the planes of the var ious  pa rame te r s .  

The excitation is dependent on the absolute magnitude of the heat re lease  and on the phase shift be- 
tween that re lease  and the p ressu re  oscillations at the bottom of the combustion chamber;  this shift, in 
turn, consis ts  of two components:  the phases for  the supply of success ive  batches of the g a s - a i r  mixture 
and the delay between this supply and the combustion. The f i r s t  component is determined by the acoust ic  
features of the combustion chamber  and supply lines (gas pipe and a i r  pipe), while the second is governed 
by p rocesses  related to mixing and combustion. The pulsations may be excited o r  suppressed only for  
certain relat ions between these components,  which in general  are  determined by (13). There are  m a j o r  
difficulties in deriving a general  solution to the charac te r i s t ic  equation, and we derive the excitation condi- 
tions for certain par t icu lar  cases in o rder  to compare the solutions with experiment .  

The a i r  section of the blast heater  consis ts  of a fan connected direct ly  to the burner with a shor t  a i r  
nozzle,  whose length is much less than the acoustic wavelength. This has little effect on the excitation, and 
the long gas pipe is the main factor  here .  Similar  conditions are  produced in f l ickering-f lame experiments  
by using a single gas -supply  tube. Therefore ,  to compare  the resul ts  with experiment we consider  a one- 
pipe sys tem containing a gas line. 

In that case, the dimensionless  res is tance coefficient of the burner  is g2 = th~2, and we eliminate 
f rom (13) the t e rm that incorporates  the effect of the a i r  line, which gives 

" c ~ / ]  - - ~ (  (1 + E2)ih (z,--i 131'-7- 8/11]C1 / ]- ' 

As ~z is real ,  the stability limit (for u = 0) will be satisfied by values of the natural frequencies w 
such that ~2 is real;  these values are  found f rom the condition 

Im (~-~) ----- O. (15) 
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Fig.  2. Boundar ies  and regions  of pulsat ion (hatched) in re la t ion 
to re la t ive  ga s -p i pe  length 12/k 2 and d imens ion less  bu rne r  r e s i s -  
tance coeff icient  ~2: a and b) gas  inlet acous t i ca l ly  open and 
closed,  respec t ive ly ;  I and II) for  posi t ive and negat ive  values ,  
r e spec t ive ly ,  in (22). 

We s impl i fy  the p rob lem by a s suming  that ~1 = 0, i .e. ,  there  is no wave damping in the combustion 
chamber ;  the values  of w a r e  given by (15) f rom 

sin 2 ([3~ + 2n 12)  
\ Z2 ] (16) 

tg 131 + 2~ ~ = hi (1 + N~ cos~) 
ch 2a,, + cos2 ( 1~, + 2n ~ )  

We substitute (16) into (14) to get an equation defining the position of the stability limits: 

\ X 2 / L  \ x2/J  

The ru les  of [8] indicate that the exci tat ion conditions co r respond  to ~ in place of equali ty in the 
equation, while pulsation suppres s ion  c o r r e s p o n d s  to < .  

If the heat  input is large (N 2 >> 0) and a 2 = ~2 = 0, i .e. ,  the burne r  has no re s i s t ance ,  and the conditions 
at the end of the gas  pipe a r e  ideal,  the s y s t e m  is m o s t  s i m i l a r  to that for  a f l icker ing f lame,  and one gets  
only standing waves .  Then (17)simplifies even fu r the r ,  and the exci tat ion conditions take the fo rm 

sin O)T sin2 ([32 -- 2~ l'i),~.] > 0 .  (18i 

As the gas-pipe length is inc reased ,  one then gets  per iodic  sequences  of s table  and unstable regions,  
which follow at each q u a r t e r  wavelength.  If the combust ion delay is l ess  than half a per iod (or s inwr  > 0) 
the osci l la t ions  will be s u p p r e s s e d  for  an acous t ica l ly  open inlet (/32 = nTr) for  

(2n ~ 1 ) ' ~ ' 2 < / , , < ( 2 n - - 2 ) - ~  -, n = O ,  1, 2 (19) 4 4  

and fo r  a c losed inlet (/32 = (n + 1/2)7r) for  

2n < l ~ < ( 2 n - ' - l ) - ~ ,  n = 0 ,  1, 2 . . . .  (20) 

The lengths of gas  pipe resul t ing in exci ta t ion a r e  obtained if these re la t ionships  a r e  interchanged.  

If the combust ion delay is g r e a t e r  than half a per iod but l e s s  than one per iod (or sin o:r < 0), we get  
excitat ion for  pipe lengths given by (19) and (20), while the lengths resul t ing in suppress ion  a r e  obtained if 
these a re  interchanged.  

The re la t ionships  for  the lengths of (19) and (20) have been der ived  as  a pa r t i cu l a r  case  f rom the ex-  
ci tat ion condition of (17), and they ag ree  with those indicated by Rayleigh [9]; they were  der ived by exper i -  
ment  by Sondhauss and der ived  theore t i ca l ly  in another  way by Putnam [4] for a c lass ica l  f l icker ing flame. 
Pa r i e l  et al. [101 checked these  re la t ionships  by exper imen t  and r ecommended  the choice of pipe lengths 
for  industr ia l  a i r  hea te r s ;  however ,  on the blast  hea te r s  we have examined,  the re la t ive  lengths of the gas 
pipes were  within the r ecommended  l imi t s ,  but s t rong pulsat ions occur red .  The recommenda t ions  were  
a lso  found not to apply dur ing a check a t  a J apanese  plant [11]. 
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Fig.  3. Boundaries  and regions  of pulsat ion (hatched) in re la t ion  to re la t ive  gas -p ipe  
[ eag th l2 /~  and burner  r e s i s t ance  ( incorporat ing gas -p ipe  input impedance):  a) ~2 in- 
c reas ing  (numbers on curves) ;  b) for  averaged a i r - h e a t e r  working conditions; I) mean  
~2 for  the i r  hea te r s ;  II) the s a m e  on increas ing  the burne r  r e s i s t ance  by 2500 N/m2; 
1-4) re la t ive  gas -p ipe  lengths of a i r  hea t e r s .  

Fig.  4. Effec ts  of  p r e s s u r e  p (N/m 2) in gas ahead of burne r  oa  the ampli tude A (N/m 2) 
of pulsat ions at  constant  gas  and a i r  flow ra tes :  1-4) a i r  h e a t e r s  for  which the re la t ive  
gas -p ipe  lengths a r e  given in Fig.  3. 

If the burner  r e s i s t ance  is incorpora ted  fo r  ideal conditions at the inlet r~ 2 = 0, ~2 4 0  equation (17) 
takes  the following fo rm for  excitation: 

:> 1 + N~ cos ~ 

The sign of the following quantity influences the way the pipe length and inlet acoust ic  conditions con-  
t ro l  the instabil i ty:  

N~ sin ~T (22) 

this de te rmin ing  the r e l a t ionsh ip  between the modulus of the heat supply and the combust ion delay. 

The acous t i c - ene rgy  loss  is high in blast  hea te r s ,  so we a s sume  N z - -  ~ ,  and get tanwT instead of 
(22). 

Figure  2 shows the fo rm taken by the instabi l i ty  regions  in the plane of ~2 and 12 /~  for  va r ious  signs 
for  (22); Figure  2a shows regions cons t ruc ted  for  acous t ica l ly  open inlets  to the gas  pipe (/32 = nv), while 
Fig.  2b shows the same  for  acous t ica l ly  closed inlets (~2 = (n + 1/2)v). 

I nc rea se  in gas -p ipe  length r e su l t s  in a l te rnat ion  of s table  and unstable regions,  no m a t t e r  whether  
the sign in (22) is posi t ive or  negative and whether  the inlet is acous t ica l ly  open or  closed; the unstable 
regions  become n a r r o w e r  as  the burne r  r e s i s t ance  inc reases ,  while the s table  regions ex.pand. The effects  
of the res  i s taace  a r e  dependent on the re la t ive  pipe [ength. Only v e r y  high burne r  r e s i s t a n c e s  resu l t  in 
suppress ion  for the acous t i ca l ly  open case  for  ce r t a in  re la t ive  lengths,  (12 /~  = 0.25; 0.75; 1.25...) and the 
s ame  appl ies  to the closed case  (/2/}, 2 = 0.5; 1.0; 1.5...).  

These  conclusions on the effect  of burner  r e s i s t ance  ag ree  with the e a r l i e r  r e su l t s  of [5] on the ex-  
citation conditions for  f l icker ing f lames;  however ,  the resul t ing  instabi l i ty  regions do not co r respond  e i ther  
to the pulsation conditions in b las t  hea t e r s .  

If  we incorpora te  wave damping (c~ ~ 0) and the phase change a t  the impedance when the end of the 
gas  pipe differs  f rom ideal (f12 #nv/2) ,  the r e su l t s  a r e  found to change substant ial ly;  the damping in the gas  
pipe resu l t s  in t ravel ing  waves  accompanying the standing ones ,  whose propor t ion  is  de te rmined  by a2, and 
for  a2 ~ ~ the re  a re  only t rave l ing  waves .  
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Figure 3a shows how the stability regions defined by (17) are  dis tor ted as a 2 increases ;  an ideal open 
acoust ic  input to the gas pipe has been assumed,  with a delay represent ing the average for the blast heaters  
examined, ~v = 170~ for o~ 2 = 0 we get pulsation regions (hatched) s imi la r  to those given above (Fig. 2a, 
regions II). 

If ~2 increases  forllz21 small ,  the instability regions expand, while the stable ones contract ,  and at a 
cer ta in  damping level (~2 ~ 0.1 for  the r and small 1~21 the oscil lat ions ar ise  for any pipe 
length. Maxima and minima in the excitation occur  at cer tain pipe lengths, and these a re  displaced by a 
qua r t e r  wavelength for  an acoust ical ly  closed end. The positions of the minima are displaced towards 
l a rge r  pipe lengths as ~2 increases .  When one incorporates  the wave damping along the tube, the heights 
of the success ive  peaks decrease  (those of the minima increase) .  

The values of ~2 for  the maxima and minima come together asl~21increases, and for ~2 - -  ~ the maxi-  
ma and minima vanish, with the excitation being determined by a s t ra ight  line. At the minima, excitation 
is possible for  ]~21 smal l  and impossible for  1~21 ~ 1, i.e., when the res i s tance  coefficient of the burner  
approaches the wave impedance of the median (pc). This resul t  substantial ly rev ises  Jones '  data [12] on 
oscil lat ion in a f l ickering flame with damping in the supply tubes, and also the theoret ical  resul ts  of [4]. 
in the f i rs t  case ,  the conclusion was that a f l ickering flame is excited at all tube lengths, probably for 
small  burner  res i s tances ,  while the res is tance  of the burner was not incorporated in the theoret ical  analy-  
sis of the second at all. 

When the phase change is incorporated {fi2 ~ n~) for the input impedance of the gas pipe, the excitation 
regions in Fig. 3a a re  displaced to the right on account of the deviation from ideal conditions at the open 
end; in the l imit ,  the displacement  is a quar te r  wavelength (acoustically closed inlet). 

Figure 3b shows the pulsation regions and the stable region for a blast heater  for  average pa rame te r s  
found by experiment  (w~ = 170~ ~2 = 0.2 and f12 = 0.8~); the actual acoustic charac te r i s t i c s  of the gas pipe 
substantially a l ter  the pulsation regions and shift them towards the regions of stable operation, as de te r -  
mined for ideal conditions at the end of the gas pipe. 

Figure 3b shows also the relative gas-pipe  lengths for  the ma jo r  blast hea ters  we examined; most  
such heaters  lie in the pulsation zone (or near  it for  the average  conditions). 

The agreement  between theory and exper iment  is confirmed by the effects of increas ing the burner  
res i s tance  (Fig. 4): the pulsations in the heater  1 were suppressed for  a very  low excess  p ressu re  (up to 
500 N/m2), while in hea ter  4 they pers is ted  even at a considerable excess  p ressu re  (up to 2500 N/m2). 
Although we have not incorporated the other  individual features of the hea ters ,  and the positions of the 
points are  approximate,  this behavior can be predicted approximately  from Fig. 3b. 
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is the flow velocity;  
is the density; 
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are the quantities represent ing  the damping and the phase change at the impedance; 
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calorific value of an air--gas mixture; 
mean flame speed; 
area; 
heat produced by flame; 
volume flow rate; 
air consumption factor; 
theoretical air needed for combustion of 1 m 3 of gas; 
angular fluctuation frequency; 
fluctuation frequency; 
dec rement; 
time; 
combustion delay. 

475 



S u b s c r i p t s  and  S u p e r s c r i p t s  

1, 2, and 3 
C 

re fe r  to the combustion chamber, gas line, and air  line; 
re fers  to the a i r - g a s  mixture. 
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