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C A L C U L A T I O N  O F  P L A N E  P O R O U S  R A D I A T O R S  

W I T H  S U R F A C E  C O M B U S T I O N  

V. F .  P r o n y a e v  a n d  G. T.  S e r g e e v  UDC 532.546:536.425.46 

Results of theoret ical  and experimental  studies of porous radia tors  for heating various ma te r i -  
als are  compared.  

In the presen t  ar t icle ,  which is a continuation of [ I ] ,  we discuss  a procedure  for  calculating porous rad i -  
a tors ,  and also compare  analytic and experimental  resul ts .  

Figure 1 is a schematic  d iagram of a commerc ia l  installation used for  the heat t reatment  of metal  p rod-  
ucts.  The fi l terable injeetant is a mixture of methane and a i r  with volume concentrat ions Yf ~ 0.10, YA ~ 0.90, 
which corresponds  to the s toichiometr ic  composition. Air  and methane are  fed through valves 1 and 4 and r o -  
t amete rs  2 and 6, which determine the flow ra tes  of these gases,  to the mixer  3. The prepared  fuel mixture  is 
then forced to the porous plate 8 by the ro ta ry  gas blower 14. The flow rate of the mixture is measured  by the 
type RS-100 gas me te r  13. A constant rat io between the components of the injectant is maintained by the null 
regula tor  5 in the supply line. This regulator  is a proportioning device consisting of a valve and cavities for  
methane and air  separated by two diaphragms whose deformation depends on the p re s su re  of the supplied gas.  
The null regula tor  5 was descr ibed  in detail in [2]. The p re s su re  of the g a s - a i r  mixture supplied to the gas 
distributing cavity of the burner  was monitored by U-tube water manometers  7. 

The operating conditions of the radia tor  (burner) under considerat ion depend on the heat load on the s u r -  
face of the permeable  plate, its porosity,  the thermophysical  proper t ies  of the interacting media, the fo rm of 
the injectant and its ra te  of injection, and also on the f u e l - a i r  ratio.  The tempera tu re  T 2 of the rad ia tor  s u r -  
face depends strongly on the excess air  ratio "~, as follows from Fig. 2a. Our experiments were per formed 
for ~ = 1, va luesof  ~Z f rom 15.98 to 80.10, t empera tu res  of the radia tor  surface T 2 f rom 1040 to 1400~ and 
a fi l tration rate  of the fue l -ox idan t  mixture vE f rom 0.04 to 0.10 m / s e c .  According to [3], the optimum limits 
of the variat ion of the injection velocity for porous radia tors  with surface combustion are  0.10-0.17 m/ sec ,  for  
which the values of the tempera ture  of the radiator  surface T 2 a r e  maximum, and obtaining higher velocit ies 
v Z in standard commerc ia l  installations is economically inexpedient. As follows f rom Fig. 2b, this conclusion 
agrees  with our experimental  resul ts .  For  heat loads q2 • 4.5- 10 ~ W/m 2, where q2 = JFQF, the radia tor  t em-  
pera ture  T2F averaged over  a time interval  7 = 600 see is increased as a resul t  of increased heat r e lease  at 
the surface of the porous plate proport ional  to the t r ansve r se  flux density of the fuel gas JF. For  l a rge r  values 
of q2 the f lame is observed to separate  f rom the surface of the porous wall, and the values of T2F are  de-  
creased.  

The empir ical  relat ion for determining the fi l trat ion velocity of the f u e l - a i r  mixture v20 for which 
there is a separat ion of the flame f rom the surface of the porous plate for ~ ~ 1 has the form [3] vz0 = 5.42x 
10 -3 dT~, where d is the pore d iameter  in meters .  Thus, for the plate we studied for T 2 = 1300~ and d = l0 TM, 

we obtain vE 0 = 0.91 m / s e c .  The experiments repor ted  in the present  ar t ic le  were per formed with injection 
velocities appreciably lower than vz  0 (cf. Fig. 2b). 

The coefficient ~, defined by Eq. (10) of [1] and character iz ing the completeness of combustion of the 
injectant, can be written as 
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Fig. 1. Schematic d iagram of a porous radia tor  (a - equipment for 
prepar ing combustible fue l -ox idan t  mixture; b -  porous radiator) :  
1) valve for a i r  supply; 2) RS-7 ro tameter ;  3) mixer;  4) valve for 
fuel gas supply; 5) null regulator;  6) RS-5 ro tameter ;  7) U-tube 
manometer ,  8) porous plate of type ShLB--0.4 ul t ral ightweight  f i re -  
clay; 9) KSP-4 potentiometer;  10) Chromel-a lumel  thermocouples 
with 0.4 mm diameter  wires;  11) layer  of thermal  insulation with 
a high content of VGR-150 aluminum oxide fiber; 12) heated plate 
of 50S2G steel 0.01 m thick; 13) 1~S-100 gas meter;  14) ro ta ry  
gas blower.  
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Fig. 2. Surface tempera ture  of porous rad ia tor  T 2 and T2F (~ as 
a function of a) excess a i r  rat io ~;  b) heat load q2-10 -5 W/m2 (no- 
tation in Fig. 2b is the same as in Fig. 3); v2,  m / s e c .  

~1 = 1:- qglO~ 
where Qg is the heat lost  with the exhaust flue gases ,  and QF L is the lower heating value of the fuel. For  meth-  
ane, the dependence of ~ on the t empera tu re  of the flue gases is given in [4] in the form 77 = 1.12 - 4.38 * 10 -4 
Tg. According to our experimental  data Tg = T3F, where T3F = ~ is the geometr ic  mean tempera ture  
of the heated art icle.  

In a number of studies [5-81 there was ra ther  complete combustion of the gas on the porous surface as a 
restllt  of optimum preparat ion of the mixture and the catalytic effect of the incandescent walls of the radiator  
on the course  of the oxidation reaction.  Our check analyses of combustion products [9] showed no components 
of incomplete combustion of the mixture  for  ~ = 0.99 - 1.02 over  the whole range of heat loads investigated 
(Table 1). The experiments were per formed for values of the flow rate  of the injeetant VF and the p r e s s u r e  
drops SiP ac ros s  the thickness of the porous wall for  which the t empera tures  T 2 of the radia tor  were maximum. 
Since the composition of the flue gases  for ~ -~ 1 corresponds  to the concentrations of the flue gases  (Table 1) 
to within * 2%, the values of Xg were determined with the formula kg = - 7 . 3 2 -  10-4+ 8.62" 10 -5 T(2_3) F, W i r e .  <'If,, 
where T(2-3) F = ~] TzF T3F, ~ The concentrat ion of the fuel gas (methane) in the fi l terable f u e l - g a s  mixture 
was monitored continuously with an OA-2309 gas analyzer .  The location of the tes t  sample in Fig. la is denoted 
by the legend "gas  for  a n a l y s i s / '  The concentrat ion of the components of the gas were determined for each set  
of operating conditions of the porous radia tor  by analyzing the combustion products of the f u e l - a i r  mixture in 
a tube filled with a ehromoeobalt ic  catalyst .  The concentration was measured  on a type LKhM-7A chromato-  
graph. Injection needles with a 1 mm outside d iameter  were used for test  samples f rom the combustion zone 
(denoted by " smoke  for ana lys i s "  in Fig. lb).  This procedure  for determining the concentrations of the com-  
ponents under the combustion conditions considered is the mos t  accura te  [2],  whereas the introduction of a 
gaseous water-cooled tube into the study zone appreciably disturbs the hea t - t r ans fe r  conditions. 
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T A B L E  1. D e p e n d e n c e  of C o m p o s i t i o n  of F l u e  G a s e s  on the A i r  
E x c e s s  F a c t o r  ~ f o r  the  C o m b u s t i o n  of Methane*  

Composition of flue gases vol.% 
I 

Q'~ I CO C02 H20 

0 
Q 
0 
0 
0,8 
0,8 
0,8 
0,8 
0,2 
0,2 
0,2 
0.2 
0 
0 
0 
0 
0,2 
0 
0 
0 
0,2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

N2 
~- vfe, 

m3/h 

AP, mm 
HzO 

T~. *K 

1288 
1308 
1268 
1213 
1246 
1258 
1256 
1201 
1281 
1303 
1308 
t256 
1283 
1323 
1333 
1346 
1269 
1360 
1373 
1398 
1386 
1371 
1387 
1387 
1377 
1358 
1373 
1373 
1363 
1332 
1340 
1339 
1333 

*The  e x p e r i m e n t s  w e r e  p e r f o r m e d  fo r  the  c o m b u s t i o n  of  m e t h a n e  
on the s u r f a c e  of  a s a m p l e  of  t ype  B L - 0 . 4  u l t r a l i g h t  weight  f i r e -  
c l a y  0.097 m in d i a m e t e r  wi th  r a d i a t i o n  into  e m p t y  s p a c e .  

The emissivity e 2 of the radiating porous surface can be varied from 0.85 to 1. For porous granular 

packings e 2 = 0.85, and this value increases as the heat load is increased [8]. In [8] it was found that e 2 = I. 

For porous surfaces with pyramidal protuberances e 2 = 0.96 [3]. Since such protuberances are characteristic 

for the ultralight weight type BL-0.4 fireclay used in our experiments, we took e 2 = 0.96. For type 50S2G oxi- 

dized steel e3 = 0.85 [I0]. According to [4], in the combustion Of methane the abosrption coefficient ~4 of the 
combustion products is 0.3 m -I. Since our experiments were performed for gas layers of thickness Ig = 0.024 
and 0.042 m, the values of eg determined with the formula $g = I - exp(-1.8 lg~) were equal respectively to 

0.0127 and 0.022. The thermophysical coefficients in Eq. (10) of [ 1], i.e., epF, CpA , Cpmix, )`r, )'mix, and hX, 

were found for T2F = ~T2IT2u , Cp3 and P3 for T3F = ~3U, and )~g for TC2-3) F. With this choice of defining 
temperature, the magnitudes of the thermophysical coefficients practically agree with their actual values. 

Therefore, the error of the calculation due to the assumption of the constancy of the thermophysical properties 

becomes negligible, of the order of ~: 7%. The maximum difference between the theoretical and calculated re- 

sults, a s  wi l l  be  shown l a t e r ,  i s  • 15~. The  a c c u r a c y  of  the  c a l c u l a t i o n s  i s  a l s o  i n c r e a s e d  by  p e r f o r m i n g  t hem 
for  r e l a t i v e l y  s m a l l  t e m p e r a t u r e ~ r a n g e s  of the a r t i c l e  A T  3 = TsU - - T 3 I  = 100~ c o r r e s p o n d i n g  to v a r i o u s  
v a l u e s  of  A T  2 = T2U - T2b and a v e r a g i n g  a l l  the t h e r m o p h y s i c a l  c o e f f i c i e n t s  on ly  o v e r  the i n d i c a t e d  l i m i t s  A T  2 
and A T  3. The  t r a n s v e r s e  f lux d e n s i t y  of  the  fuel  g a s  JF  and ox ida n t  ( a i r )  JA e n t e r i n g  with a coe f f i c i en t  in  the  
d i m e n s i o n l e s s  i n j e c t i o n  p a r a m e t e r s  i F  and ~X g iven  by  Eqs .  (10) of  [ 1] w e r e  d e t e r m i n e d  f r o m  the r e l a t i o n  
Ji = ( P V ) i e / F 3 ,  w h e r e  i = f o r  A,  and P i e  i s  the  we igh t  d e n s i t y  of  the  f i l t e r a b l e  g a s e s ;  Vie  i s  t h e i r  v o l u m e t r i c  
f low r a t e .  The  v a l u e s  of the  r e m a i n i n g  p a r a m e t e r s  u s e d  in  the c a l c u l a t i o n  of  a p o r o u s  r a d i a t o r  a r e :  

Cf = 0,061; CA= 0,939; T| = 293~ = 1; F~ = 0,3 m2; 

9.f~ = 0,68 kg/m3; C pf2 = 4,1529 ld/kg �9 3(; YI = 0,4; 

Q f = 5 1  000 k~/kg; l a = 0 . 0 1  m ; y l = 0 ;  Y2=0 ,065m;  

g 3 =  1,369 for l g = 0 , 0 2 4  m ; ~ = 1 . 6 4 6  for l g = 0 , 0 4 2  m; 
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Fig. 3. Final tem)erature of heated article T3 (~ as a 
function of time To 10 -~ sec for various values of the 

transverse flux density of the fuel gas JF (kg/m2"sec) 
and ~ = 1: 1) iF"  105 =261; 2) 304; 3) 365; 4) 369; 5) 
389; 6) 417; 7) 557; 8) 592; 9) 677; 10) 729; 11) 832; 
12) 948; 13) 1056; 14) 390; 15) 410; 16) 460; 17) 494; 
18) 545; 19) 592; 20) 635; 21) 677 (2-6 and 14-21:  13= 
0.024 m;  7-13 :13  = 0,042 m).  
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Fig. 4. T e m p e r a t u r e  dependence of a heat  a r t i c l e  
T3F (~ averaged  ove r  an in terva l  ~- = 600 sec  on 
the heat  load q2" 10-5 W/m2 for  var ious  values  of  ~-, 
see:  1)T = 700; 2) 500; 3) 300; 4) 100. 

The values of T 3 i nc rea se  with increas ing  injection ra t e  JF (Fig. 3). The a g r e e m e n t  of the exper imenta l  
points and the calculated curves  is quite s a t i s f ac to ry  - the d i f fe rence  does  not exceed +15%. The ave rage  t e m -  
p e r a t u r e  of a heated a r t i c l e  T3F for  var ious  durat ions T of the heating p r o c e s s  a t  f i r s t  i n c r e a s e  (for  heat  loads 
q2 < 2.5, 10 -5 W/m 2) (Fig. 4), and then r em a i n  p rac t i ca l ly  constant  in sp i te  of  the i n c r e a s e  in q2. This  is a c -  
counted for  by the dec r ea s e  of the d i f ference  ( t l -  t~)F appear ing  in Eqs.  (21) and (22) of [1].  

The theoret ica l  and exper imenta l  r e s u l t s  of the invest igat ion of su r f ace  combust ion on a porous  plate  
shown in Figs.  2-4 a r e  conf i rmed also by the data of Table  2. 

The data of Table 2 show that the d i f ference  of the values  of t s in the f i r s t  two l ines was taken g r e a t e r  
(At 3 = 0.785, which co r responds  to T3I = 293~ and T3U = 523~ than in  al l  the following lines where AT 3 = 
100~ since at  the s t a r t  of the p r o c e s s  there  is intense heating of the me ta l  a r t i c l e ,  and dT3/dT is p rac t i ca l ly  
constant (cf. Fig, 3). All the p a r a m e t e r s  cha rac te r i z ing  the combust ion conditions and the heating of an a r t i c l e  
which we inves t igated a r e  s tabi l ized a t  T 3 ~ 520~ 

The data l i s ted in Table 2 also conf i rm the good a g r e e m e n t  of the theore t i ca l  and exper imenta l  r e su l t s .  
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TABLE 2. Theore t ica l  and Experimental  Results of Investigation 
of a Porous  Radiator  with Surface Combustion 

Tt 
sec 

0 
111 
160 
216 
282 
362 
485 
595 
725 
0 
96 

142 
189 
237 
303 
398 
445 
0 
140 
220 
315 
435 
575 
775 
1020 
0 
96 

142 
189 
237 
303 
398 
445 

cNp, [Cpmix" I I I I I ICaleulation IExperiment 
M//kg - [10s,  k l /  ~'g]~" E. 10 4 ~f~ z .1Oa ta.10~ - ' d T 3 ~  dTa-----~ 

I I,oo 
9859 
0630 
1091 
1603 
1605 
1609 
2425 
4801 

0193 
1228 
1857 
2593 
2598 
2863 
2895 

3924 
5940 
3707 
3901 
7601 
3600 
3603 

3193. 
1228 
1857 
2593 
2598 
2863 
2895 
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