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Special features of the localization of a combustion front in a cylindrical radiation heater with a porous 

working medmm, for which use was made of charges of aluminar, magnesite sand, and expanded clay 

aggregate with different grain sizes, are studied experimentally. A qualitative analysis of thermohydrodynamic 

instability of filtration combustion (FC) is made, based on which the existence of a critical radius of 

localization of the combustion front in the cylindrical burner is established. A qualitative agreement between 

analysis and experiment in filtration from the center to the periphery is shown. 

The processes of combustion of gaseous mixtures in porous media, or filtration combustion (FC), are 
actively studied at present in connection with the prospects for practical use, in particalar, for creating radiation 
heaters [I, 2]. 

Compared to traditional heaters, radiation heaters with a porous ceramic structure have a higher efficiency 

of conversion of the thermal combustion energy to radiation, i.e., a higher radiation efficiency. Furthermore, 

because of the decrease in the maximum temperature of the flame the content of NOx in combustion products of 

porous burners is much lower than that of traditional burners. 

One possible configuration of these heaters is a cylindrical configuration with filtration of an energy- 

transfer agent from the center to the periphery [2 ]. This geometry ensures the compactness of the system and, 

what is the most important, automatic stabilization of the combustion surface in a skeleton due to the decrease in 

the filtration rate at a large radial distance. The issues of the localization of a wave and its stability become of 

paramount importance. 

Currently available foamy and discrete ceramic structures permit manufacture of heaters that successfully 

withstand a rather long heating to high temperatures but their longevity is limited by the failure induced by 

heating-cooling cycles. The use of ceramic charges instead of continuous bodies enables us to circumvent these 

difficulties. Because of the randomness of the structure of porous materials and the complex character of heat and 

mass transfer it is difficult to rigorously model FC. For this reason, construction of qualitative physical models of 

FC is important as is an experimental investigation of this kind of systems. 

The present work reports the experiments with a cylindrical radiation heater in which charges of ceramic 

materials are used as a porous body. The position of a combustion wave as a function of the flow rate of a fuel 

mixture (the filtration rate) and the form of the charge was determined. A qualitative analysis of thermohydro- 

dynamic instability of FC is made, based on which the existence of a critical radius of localization of a combustion 

front in the cylindrical burner that corresponds to approximately 2/3 of the outside radius of the skeleton is shown. 
This result is checked experimentally. 

Qualitative Analysis of Thermohydrodynamic Instability of FC. The s tabi l i ty  of an FC front was 

investigated in [3-6 ], where the dynamics of small perturbations of the temperature and the position of the front 
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Fig. 1. Temperature  profiles in a skeleton (1) and a gas (2). 

was considered. In spite of the models that are  quite appropriate in a number  of cases; the results ob ta ined  do not 

provide information on the behavior of the sys tem in a nonlinear stage of the development of a per turbat ion .  

Fur thermore ,  they do not contain macroscopic parameters  of the system, such as the geometry,  the wid th  of the 

hea ted  zone, external  hea t  losses, etc., which r e n d e r  them unsuitable for practical calculations and evaluations.  

The re fo r e  a qualitative physical  analysis of the sys tem is gaining in importance. 

Let us consider  FC in the regime of low rates .  We distract ourselves from the model of chemical hea t  release 

and  evaluate the heat  ba lance  of the region of heat ing  of a porous skeleton to the left of the axis T in Fig. 1. With 

respect  to this region of the  skeleton the incoming gas flow takes in the heat (through convective heat  t ransfer)  

with the average specific ( refer red  to unit a rea  of the front) intensity qu, while the conductive flux delivers the heat 

f rom a h igh- tempera ture  skeleton region with the average intensity ~ .  It is evident that the front is in the  quiescent 

s tate  when these fluxes are  equal and moves cocurrent ly  when q'u > ~ and countercurrent ly  when q'u < ~ -  The 

evaluation of these fluxes within the framework of a one- temperature  model with instantaneous reaction a n d  within 

the  framework of a simplied two-temperature model  [7 ] yields: 

q'2 m (Cp)gUg (1 - tt) ATs,i , q'u m (Cp)gUg ATs, i 

and  consequently:  

~'~/~',, = 1 - u ,  (1) 

where  ATs, i is the skeleton temperature that  corresponds  to the ignition of the gas (see Fig. 1). The  "tilde" sign 

denotes  the value averaged over the cross section. T h e  notation of the remaining quantities is given at  the  end of 

the work. Knowing q2/qu at each point of the cross section, we can model the evolution of the f ront  and  the 

perturbations;  however,  this modeling falls outside the scope of the qualitative analysis. Therefore  we adopt  the 

following method for s tudying  the dynamics of perturbat ions.  First, we will consider the perturbat ion of the front 

not locally (at each point) but  as a geometric s t ructure,  a hole that has cross dimension D and dep th  h and is 

character ized by the average value of Q2/Qu (Qx and  Qu are the fluxes referred to the area of the per turbat ion  

cross section). Second,  we consider that the tempera ture  of the front does not vary with its deformat ions .  Third ,  

we will investigate not the absolute values of the heat  fluxes Qu and Q2 but their increments  (variations) induced 

by  variation of the parameters  of the front per turbat ion,  which enables us to not pay at tention to the absolute 

accuracy of formulas for the fluxes Qu and Q~ but  to allow for the most important parametric  dependences  of the 

latter .  

Per turbat ions of the scale of pore size are  always present in the FC front and  can be mode led  by the 

superposit ion of sinusoidal  or other deformations of the front (Fig. 2). The  convective flux, more precisely,  the 

inhomogenei ty  of the convective flux due to the inhomogenei ty  of the porous body and the gas-fil tration field, is a 

dis turbing factor for  the f ront  (from the viewpoint of an increase in its deformations).  The  conductive hea t  fluxes 

in the skeleton that  t end  to compensate for t empera tu re  nonuniformities in the system are  a stabilizing factor.  The  

per turbat ion cannot  increase  for a stationary homogeneous  filtration field (by homogenei ty of the convective flux 

we mean its cor respondence  to the initial unpe r tu rbed  state of the front and the system as a whole r a the r  than  the 
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Fig. 2. Fo rma t ion  of a hole  as a resul t  of the deve lopmen t  of a smal l  

perturbat ion.  

Fig. 3. Pressure  variation in filtration along the x axis through low- and high- 

tempera ture  (dashed)  regions. 

absolute constancy of the flux). These  fluxes mutually affect each other  and determine the evolution of the front  

and its per turbat ions.  

We consider  simple models of variation of the convective and conductive heat fluxes qu and  q~ for the heat ing  

region of the combust ion front. Let the filtration rate be prescribed by the local pressure gradients  and  the fi l tration 

coefficient according to the Darcy law 

ug = - k r grad ( P ) ,  (2) 

where kf is the f i l t rat ion coefficient; P is the pressure. 

Let us assume that the pressure in the system drops mainly in a high-temperature  region of width H without 

defining in detail the notion of "a h igh- tempera ture  region." The  beginning of the h igh- tempera ture  zone coincides 

with the position of the combustion front ,  its length is associated with the heat  losses into the ambient  medium,  

the instant (if the process is t ransient) ,  thermophysical properties of the porous body, and o ther  parameters .  The  

average unper tu rbed  rate of filtration at  the boundary of the hot zone is evaluated (see Fig. 3) as 

ug 0 = - kf grad (P) = - kf A P / H .  (3) 

We consider  a portion of the skeleton cross section covered by the hole (Fig. 2), and  this portion will be 

assumed to be isolated (the stream tube) .  This assumption enables us to evaluate an increase in the fil tration rate  

in this cross section due to the increase in the pressure gradient  caused by the hole. We can proceed from the 

assumption of a constant  pressure difference in the system and the high-temperature  zone (which is implied in 

what follows) or from the assumption of a constant flow rate of the gas. In the first case, ug(h) = - k f A P / ( H  - h) 

or, in view of (3), 

Ug (h) = ug 0 (1 + h / ( H  - h ) ) .  (4) 

When the flow rate  of the gas is constant  the pressure difference will depend on deformations of the front  and  a 

variation in the rate  in the per turbat ion cross section should be evaluated with allowance for the equality ugoS = 

Ug(h)S1 + ug(0)(S - $1), where S and  $1 are the areas of the total cross section of filtration and  the per turbat ion  

cross section, respectively. It can be shown that in the regime of a constant flow rate, the fi l tration rate  varies more 

slowly than  (4) as the hole depth increases: 

(5) ((1-Sl/S)h) 
u s ( h ) = u s 0  I + H - - - ( i - - S  1/s) fi " 

In the initial stage of the formation of a perturbation, Eqs. (4) and (5) are equivalent. In a later  stage when 

$1 - S ,  the differences of the regimes of a constant pressure and a constant flow rate can be significant. 
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As a consequence of the continuity of the flux the flow rate  of the gas will also increase  and  in the  i m m e d i a t e  

vicinity of the hole on the source side of the cold zone. T h e  assumption of an isola ted port ion of the cross  sect ion 

covered with the hole leads to underes t imat ion of es t imates  (4) and  (5). Dis regard ing  the  pressure  drop in the  cold 

port ion,  conversely,  leads to overest imation of this quant i ty .  Within the f ramework  of this  model  the convective and  

conduct ive fluxes will depend on the dimensions of the per turba t ion  h and  D and  the width  of the h i g h - t e m p e r a t u r e  

region H .  T h e  best model of a shallow hole (h < D) is a spherical  segment.  The  a rea  of its surface and  its ave rage  

depth  def ined  as the volume referred to the area of the base  are  expressed by  the known formulas  [8 ]. Cons ide r ing  

the conduct ive flux as being proportional to the area of the  hole surface and  the convective flux as being r e l a t ed  to 

its ave rage  depth,  according to (4), we obtain: 

Q , t = ~  1 + 4  q2, 
(6) 

A small  per turbat ion  can, apparent ly ,  increase if the inc rement  in the convective flux caused  by this pe r tu rba t i on  

exceeds  the  corresponding increase in the conductive flux, 8Qu > 6Q.z, or, according to (6) and  (7): 

4h - D 2 h 2 
-~- qz < 2 (H - h) q'u + 3 (H - h) n q'u" 

(8) 

An e l e m e n t a r y  analysis  of inequality (8) that is quadrat ic  relative to h shows that  the  per turbat ions h << D a n d  

h << H,  which are small in amplitude,  a lways increase. Depending  on discr iminant  (8) the i r  increase can  cease  for 

a cer ta in  value or continue until the front is completely broken.  For the second var ian t  to be realized, it is n e c e s s a r y  

that  d iscr iminant  (8) should have a negative value relat ive to h. The  corresponding evaluat ion for h << H yields:  

D (9) 
> 2 

We can easi ly  make sure that  the model of a cylindrical hole yields a similar  condit ion for  a per turbat ion increase  

D 4 ~ / ~  u (10) 
h > 

as the model  of a spherical hole does. 

We consider a cylindrical radiat ion heater with combust ion  filtration f rom the cen te r  to the pe r iphery .  We 

denote  the  radius of localization of the front as r 1 a n d  the  outer radius of the b u r n e r  as r 2. The  p rob lem of 

t h e r m o h y d r o d y n a m i c  instabil i ty can be considered s imi lar ly  to the case of a plane wave with the difference tha t  a 

p ressure  distr ibution in filtration from the center is a non l inear  function with a downward  convexity. However ,  in 

the approx imat ion  of h << H the conditions of the deve lopment  of per turbat ions will be  s imilar  to (9) or  (10).  For  

spherical  and  short (the height is smaller  than the d iameter )  cylindrical burners ,  D --- 2r 1 and  H = r 2 - r t , and  on 

simple r ea r rangemen t s  from (10) we will arrive at the condit ion of instabili ty of the f/ 'ont 

2 ( I t )  
r 1 / r c r  = . .  r 2 �9 

Since for  a s ta t ionary unper turbed  front  ~u/~ = 1 we can  infer  that ,  for  a radius  of localization l a rge r  than  

2 / 3 r  2, the  front  becomes subjected to instabilities. It  should  be noted that  in the p resence  of substant ial  la teral  

heat  losses  (a flat cylindrical layer) they are involved in the heat  balance of the hea t ing  region of the f ront ,  as a 
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Fig. 4. Scheme of a cylindrical filtration burner:  1) cover, 2) perforated lateral  

wall, 3) ro tameters .  

Fig. 5. Rad ius  of localization of a combustion wave vs. the flow rate of a 

gaseous mix tu re  G, m3/h :  1) expanded  clay aggregate ,  2) pellets of A1203, 

3) magnesi te  sand;  the da shed  line is the stabil i ty limit rcr = 0.7r 2. 

result of which the s ta t ionary f ront  is character ized by the relat ion ~/qu > 1 and,  according to (11),  the limiting 

radius of stabilization will be somewhat  larger.  

The ob ta ined  ins tabi l i ty  conditions (9) - (11)  do not contain in explicit form the character is t ics  of the 

combustion kinetics, the ex te rna l  heat  losses of the front, thermophys ica l  propert ies of the m e d i u m ,  etc. All the 

local characteristics of an FC process are conta ined  in a unique simple p a r a m e t e r  ~/qu (or p a r a m e t e r s  associated 

with it according to (1)), while global character is t ics  of the sys tem are  involved in the model  in t e rms  of the 

characteristic cross dimensions of the sys tem a n d  the perturbat ion D O and  D and the width of the hea t ed  zone (a 

gas-dynamic  "plug") H. 

Experiment .  The  basic exper iments  were  carr ied out on a demountab le  heater  of a cyl indrical  configuration 

with a height of the test port ion of 25 mm and  a d iameter  of 130 m m  (Fig. 4). The  ends were covered  with metal  

covers, and a perfora ted  lateral  wall was manufac tu red  from 3 mm- th ick  stainless steel. The  d i a m e t e r  of the holes 

was 3.5 mm. T h e  position of the  combustion wave was de termined visually (a luminous zone could be  seen on the 

cover surface). T h e  t empera tu re  of the combust ion  zone was measured  by a p la t inum-rhodium thermocouple .  An 

a i r -p ropane-bu tane  mixture with a f u e l - a i r  ra t io  F / A  = 1/30 was supplied from below to the cen te r  of the burner .  

The  composition and  the flow ra te  of the mix tu re  were  controlled by ro tameters .  The  error of de t e rmin ing  the flow 

rates is est imated at 1 5 - 2 0 %  and  of de te rmin ing  the position of the front  - at 5 - 1 0 % .  

Figure 5 presents  the s ta t ionary  position of the combustion wave as a function of the flow ra te  of the blown 

fucl mixture for different kinds of charges. For  the  latter,  use was made  of a lumina pellets with an  ave rage  d iameter  

of 5 mm, magnesi te  sand with a characterist ic grain  dimension of 1 . 5 - 2 . 5  ram, and expanded  c lay aggregate  in 

b - 1 0  mm grains. For charges with different characterist ic grain dimensions  when the flow ra tes  of the gaseous 

n ,  xturc arc the same,  the combust ion  wave becomes  s teady-s ta te  closer to the center  of the bu rne r ,  the smaller  

the grain dimension.  The  combust ion  front f o r m e d  a regular r ing equidistant  f rom the center,  which  indicated the 

absence of cavities and inhomogenei t ies  in the charge.  For different flow rates  of the fuel, a s t a t i ona ry  radius of 

localization of the front was visual ly recorded as the  stabilization t ime passed.  In the majori ty of m e a s u r e m e n t s ,  it 

took 30 min for the position of the front to become stabilized. The  points in Fig. 5 correspond to the radius of 

s tat ionary combust ion recorded in the exper iment .  In a t tempting to increase  the radius fur ther  b y  increas ing the 

flow rate of the mixture  (for a charge of A1203 pellets and expanded  clay aggregate)  af ter  a t ime of about  a few 

minutes the combust ion front in a narrow sector  (about 30 angular  degrees)  shifted to the ou te r  edge  and  broke; 

the unburned mix ture  burned down outside the  burner .  Then one or two more  regions of b reak  were  formed,  as a 

rule, while the par t  of the f ront  tha t  remained inside cooled down gradual ly.  For the case of a cha rge  of magnesi te  

sand, we were unable  to a t ta in  flow rates tha t  ensure  a ra ther  large radius  of localization of the front .  

Because of a ra ther  la rge  width of the b u r n e r  and a high thermal  conductivity of the end covers  the  geomet ry  

of the front could deviate f rom cylindrical.  To  decrease  these errors,  we manufac tu red  a nar rower  cyl indrical  bu rne r  

of a thickness of 14 mm, whose  lower flange was isolated by 1 mm-th ick  asbestos  board, while the  upper  flange 
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Fig. 6. Radius  of localization of combust ion vs. flow rate: 1) F / A  = 1/35, 2) 

1/33,  3) 1/30; the dashed line is the stability limit rcr --- 0.7r 2. 

was manufac tu red  of a 1 cm-thick ceramic plate. For  be t te r  observation of the position of the front,  t r ansparen t  

quartz beads  were mounted  into the upper flange. Pellets of A1203 5 mm in diameter  were used as the charge. T h e  

radius of the  stat ionary localization of the combustion wave was measured for different stoichiometric relations of 

the mix tu re  F / A  and flow rates. Under  our  conditions, for leaner  mixtures with F/A  - 1 /40,  the combustion f ront  

did not become stabilized inside the burner  because of the heat  losses. For the mixture  with F / A  ~- 1/35,  the 

limiting radius  of the s ta t ionary localization was 0.6r2; for F/A -- 1/33 and 1/30, it was 0.7r 2. With increasing hea t  

content of the mixture and significant filtration rates u 0 - 5  m / s e e  the combustion front ceased to shift as the flow 

rate increased  (in the range of flow rates presented in Fig. 6), which could be due to the special features of the  

transient  regime of FC. It follows from the figure that the limiting radii of localization obtained in the exper iment  

do not exceed  0.7r 2. The  relative intensi ty of the lateral heat  losses increases with energy release,  which leads to 

an increase  in the limiting radius of localization of the front. 

Conclusion.  The  issue of the localization of a wave in a cylindrical radiation heater  was investigated in [2 ], 

where the limiting radius of localization of the s tat ionary front  determined by the heat balance and the kinetics of 

combustion is found to be - 0 . 8 5 r  2 for the system considered in our case. The results of the present work show 

that, ac tual ly ,  the stability of the s ta t ionary front is lost for a smaller radius of - 0 . 7 r  2. 

In the experiments carr ied out on the first burner ,  we failed to obtain a s tat ionary position of the combust ion 

front at a radial  distance that exceeds 0.6r 2 for A1203 pellets and 0.67r 2 for a charge of expanded clay aggregate,  

respectively. The  difference in the limiting radii can be at tr ibutable to relatively large radiant  heat losses of the  

heating zone  of expanded clay aggregate that are due to the increased pore size and the mean free path of a quantum 

and, accordingly,  to the smaller  effective width of the hot zone H. The experiments carried out on the second 

burner  also indicate the existence of a limiting radius substantial ly smaller than r 2. Thus ,  by and large the results  

of the qualitative model are  confirmed by experiment.  

Specific properties of the problem considered (the stability limit of the wave was determined in the imme-  

diate vicinity of the external  boundary  of the burner)  p rede termined  the possibility of obtaining simple formulas  

for var ia t ions  of the f luxes and the stability criterion without accurate determinat ion of H. We note that  the 

hydrodynamic  plug H can easily be found experimental ly or be calculated [9 ]. The  absence in condition (11) of 

such p a r a m e t e r s  as the  c o m b u s t i o n  t e m p e r a t u r e ,  the  ske l e ton  poros i ty ,  etc. ,  is a consequence  of mode l  

simplifications adopted in obtaining (6) and (7). If we complicate the model of filtration, for example, allowing for 

a pressure  drop in the cold region of the skeleton, the maximum temperature of the skeleton will appear explicitly 

in the condi t ion  of stabil i ty of the front;  however, we think that  similar corrections are of a lower o rde r  of 

significance. 

N O T A T I O N  

Ts,i, skeleton tempera ture  that  corresponds to the ignition of gas; AT, increment in the temperature  relative 

to the ambien t  temperature  TO; u, dimensionless velocity of the FC front; Ug, average gas-filtration rate; Ugo, 
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average unperturbed rate of filtration; H, width of a high-temperature zone or the zone of increased hydrodynamic 
resistance; h, average depth of the hole of perturbation; D, cross dimension of the perturbation region; c, specific 

heat at constant pressure; p,  bulk density; r, radial coordinate; rcr, limiting radius of stability of the front (11); 
F / A ,  volumetric fuel /air  ratio. Subscripts: g, gaseous phase; s, solid phase; i, ignition; u, is due to gas motion; 

2 is due to heat conduction. 
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