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Abstract. Microscopic and macroscopic heat fluxes have been calculated on the basis of the 

self-consistent analysis of micro and macro scales taking into account absorption of thermal 

radiation by the CO2 molecules in micro pores. The macroscopic fluxes have been considered 

with the help of A. Shack modification to the Stefan-Boltzmann law at the given degree of 

blackness of a surface of a solid phase. These fluxes are received by averaging of the 

microscopic fluxes taking into account the influence of Knudsen's layer and absorption of heat 

during combustion of carbon. In the case of a submicron scale the models of slipping of a gas 

phase and jump of temperature of gas inside Knudsen's layers in the vicinity of pore borders 

are used. The intensities of macroscopic fluxes are presented through the parameters of 

similarity and depend on the emissivity of pore surfaces, on the coefficients of molecule 

reflection and thermal accommodation. The governing system of equations on a macroscopic 

scale includes heat exchange between the gaseous and solid phases. The macro fluxes are 

calculated by means of averaging of micro fluxes taking into account the effect of Knudsen's 

layer and the heat absorption during the carbon combustion. The synthesis of magnesium-zinc 

ferrite submicron particles is modelled numerically.  The results of thermal front numerical 

simulation allow us to evaluate the impact of CO2 absorption, emissivity along with the 

slippage on the heat and mass transfer. It was found that an increase in the intensity of 

radiation corresponds to  the decrease in the rate of submicron particles growth. 

1.  Introduction  

At submicron scales when the size of a particle or of a pore filled with gas is less than the wavelength 

of radiation, the properties of absorption and emission significantly depend on the surface molecular 

structure.  

Results and references concerning thermal radiation at submicron scales are presented in [1-6].  

Measurements of thermal radiation in a nanometric gap between two golden plates [1, 2] have detected 

a heat flux which greatly exceeds the radiation limit of the absolutely black body. The obtained result 

was originally explained by the coupling of surface phonon modes inside the film, which creates 

additional channels for the photon tunneling [6].  

The absorption and emission properties of clusters as systems of bound atoms are demonstrated to 

be the sources of thermal radiation that like the soot radiation in flames. The cluster properties are  
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reviewed in [4]. Peculiarities of absorption of thermal radiation by gas molecules are formulated in 

[7]. The approximate formulas for the heat absorption by molecules CO2 and H2O  suggested by 

Schack with the Hottel’s and Edgbert’s modification  are in good agreement with experimental data. 

The formulas are based on black-body radiation with given emissivity for gas and solid surface.  

The mathematical models of self-propagating high temperature synthesis (SHS) of oxides or 

Combustion Synthesis (international name) are considered in numerous papers: [8-30]. The 

economical and energy efficient synthesis of nanostructured complex oxides from inexpensive 

reactant mixtures, referred to as Carbon Combustion Synthesis of Oxides (CCSO) was recently 

developed [8-11]. The CCSO is a modified form of the Self-propagating High-temperature Synthesis 

(SHS) or of so called internationally: Combustion Synthesis [16-18]. The experimental and numerical 

studies of CCSO have revealed that the gas transport behavior is rather complex with respect to 

traditional SHS systems. It involves at least two gaseous components: oxygen (oxygenator) as the 

main and practically unique gaseous reagent in SHS for gas-solid reactions and carbon dioxide which 

is released in the post combustion zone during CCSO. No carbon was used previously in original SHS 

systems [16]. Correspondingly, formation and release of carbon dioxide (the 2nd gas phase in CCSO) 

was not considered in models [18-20]. They were simpler in comparison with the multiphase gas 

dynamics taking place in CCSO [8-14, 26-30].  

The effects of complex CCSO kinetics on dispersion of the CCSO condensed product are reported 

in [12-15, 24-30]. The models take into account in detail the gas dynamics as well as the mass and 

thermal transport accompanying CCSO. The result of theoretical predictions is in good agreement with 

experiments [28-30].  In SHS of materials, the thermal radiation is one of the fundamental mechanism 

of heat transfer. The characteristics of thermal radiation depends on various properties of the surface, 

including its temperature, its spectral absorptivity and spectral emissivity power, as is expressed by 

Kirchhoff’s law. The simple approximation for the emitted power of radiation from particle surface 

into micro pore can be found using the Stefan-Boltzmann law for a gray body with a given emissivity 

[13, 31-33].  

The estimates of radiation in combustion systems are given in [12, 21, 31-35].  The radiation can be 

neglected if the combustion temperature 
bT doesn’t exceed the critical value 

rad

b critT T . In the case of 

slow propagating front of carbon combustion synthesis of oxides (CCSO) [31-33] by smoldering 

combustion, the value of was estimated to be: 
rad

b critT T . Thus for slow CCSO the radiation impact is 

not important. The impact of radiation into the integral heat flux of slow CCSO [11] was estimated to 

be less than 6 14%  while for fast CCSO for which the velocity of propagating combustion front 

4cv mm s  the impact of thermal radiation rises up to 43% and radiation should be taken into 

account.  

During synthesis of submicron particles via CCSO the formation of Knudsen layer in gas close to 

pore surface becomes important [13, 14]. The models of slipping of a gas phase and jump of 

temperature of gas inside Knudsen's layers in the vicinity of pore borders are used. 

The aim of the present research is to analyze   the thermal radiation taking into account the CO2 

absorption in submicron pores. The Shack's formula with the Hottel’s and Edgbert’s modification is 

applied [7]. According to [1, 2] the black-body model can be applied for length scales that are about 

0.5 micron and more. For these scales the measured heat fluxes are not significantly differed from 

those predicted by the black-body radiation law. These length scales are considered in the present 

paper. 

The approach applied is the generalization of the slip-jump technique [14]. The various intensity of 

macro fluxes due to gas velocity slippage on the surface of nanopores with allowance for a thermal 

radiation impact are simulated numerically. The temperature jump depends on the thermal reflection 

coefficient and on the thermal diffusivity. The radiation intensity, velocity slippage and temperature 

jump fluxes are formulated using the appropriate similarity parameters. The synthesis of magnesium-

zinc ferrite submicron particles is modeled numerically.  The results of thermal front numerical 
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simulation allow us to evaluate the impact of CO2 absorption, emissivity along with the slippage on 

the heat and mass transfer. 

2.  Simplified radiation equations at micro scale  for isolated pore 

In contrast to solids, gases have usually just lines, series of lines or bands as the spectra of absorption 

and radiation, i.e., the appreciable infrared (IR) absorption or radiation takes place only in certain local 

parts localized ranges of wavelength in of their spectrum (in so called absorption-emission bands), 

while solids have a continuous absorption-emission spectrum, since they absorb rays of any 

wavelength. Monatomic and diatomic gases practically do not absorb IR radiation. They are almost 

transparent in relation to IR radiation since a greater flux of energy (for example the high energetic 

UV radiation as in the case of nitrogen or oxygen) is needed for their excitement For a simplified 

calculation of radiation, a gray body model is used in which the area under the radiation intensity 

distribution curve via the wavelength is equal to the sum of the areas of the emission bands of the real 

gas. Because of the combustion acceleration due to gas slippage in submicron pores in the synthesis of 

particles behind the combustion front of carbon, it is necessary to take into account the IR absorption-

emission of CO2. The emissivity of CO2 depends on the thickness of the gas layer and is proportional 

to the temperature 3.5T while the flux density of the IR radiation from the solid phase is proportional to 

the temperature 4T . 

The CO2 emission density per unit area of pore surface using Schack’s formula [7] reads 

   
3.5

23
2 23.5 100CO CO gE l p T W m   . Here 

2COp  is the partial pressure (bar), l is the average 

thickness of the layer (m), and gT is the gas temperature ( K ). The thickness of the layer depends on 

the shape of the pores and is proportional to the ratio of the pore volume to its area. The intensity of 

radiation and absorption of the pore surface according to the Stefan-Boltzmann law is equal to 

   
4

2

0 100S S gE c T W m , where 
0 5.67c  is the Stefan-Boltzman constant, 

S  is  the emissivity 

of the pore surface, gT  and 
ST  is the temperature of gas and solid phase. 

Shack's formula with the Hottel’s and Edgbert’s modification, including the emissivity of the pore 

surface [7] is as follows 

       
3.2 0.0.4

2 2

653.2
100 1000.01 S g S gC CO SOq T T Tl Tp      





 2W m , where 

2COp   the 

partial CO2 pressure and l   the layer thickness. 

2.1.  Micro flow caused by thermal radiation on isolated pore surface 

Our computations of slipping flow in an isolated tube showed the fast formation of steady state that 

depends only on radial (transverse) coordinate and doesn’t depend on axial coordinate. The 

generalized Poiseuille flow using slippage boundary condition on the pore surface was obtained. 

We begin with dimensional variables using cylindrical coordinates. Neglecting the advection 

transport, the steady state energy conservation equation reads 

 1

1
= , 0

r r r

micro

g rad

T
r Q r r

  
   

  
 (1) 

Here 
micro

radQ  denotes the micro heat flux due to thermal radiation. The equation (1) is solved using 

the symmetry and radiation boundary condition on the wall of a given pore 

  / 0 0T   and  /

1 2COgT r q    
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and 
02 10.427с    0.4 2.4 3.2WBa m K   . For the region close to the tube surface, we obtain 
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2.2.  Average fluxes for computation at macro step 

Using the averaging over all pores inside the elementary volumeV , we find the average flux as
3.2 0.653.20.653.23.2

1 11 1
02 1 02 1

ˆ ˆˆ( ) ( )
ˆ

ˆ100 100 100 100
l

g gW S
S pore S

l WV S
l

T TT TT r T r
c r dV V c r

T T
   

       
           

  
  
   

                   


 

The summation is assumed over all pores inside the given volume. Bar refers to the averaged values. 

Thus, the averaged dimensional radiation flux is: 
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. 

3.  Frank-Kamenetskii dimensionless variables 

We apply the time and length scales for combustion proposed by Frank-Kamenetskii [38]. The 

reference time scale and length scales are as follows: 

 
1

0
0

exp Et k
RT

    
   

and  0 0
0

0V

t
l

c




 . 

We use below the transformed non-dimensional variables marked with tilde above the letters. For 

Cartesian coordinates the variables read 

 
0 0 0 0 0 0

0 0

, , , 1,2,3,

, 1,2,

k k k k

jg jg S S

x x l t t t u u u k u l t

j     

    

  
 (2) 

Here
0 0 0 0p R T M  is the reference gas pressure. The effective density of gas and solid is marked 

with above bar (the mass of a given specie per unit volume occupied by this specie).  

g jgj
  ,  1S S    , jg jg   where   is a porosity. Using the similarity parameters 

0, PRT E c T Q     the non-dimensional temperature is expressed as    2

0 0T T T E RT  ; 

0 1T T T  . The dimensionless average macro heat flux due to thermal radiation can be presented 

in the form 

 

dim

0 ,

,

0 0

g radmacro

g rad

g

t Q
Q

c T
  and 

 

 
   

0.65
0

3.2 3.2
0.4

, 2 0.65

1
1 1

1

Gmacro R
g rad CO S g

S

TA
Q p T T

T


 

 

 
    
 
 

 

where the dimensionless intensity of thermal radiation is  
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and porer  is dimensionless pore radius.  For submicron pores, we take into account the formulas for the 

intensity of fluxes due to temperature jump and gas velocity slippage [14]. Thus, the heat flux due to 

temperature jump on the pores boundary reads  

   
1

2 g g g gmacro

jump T g S W S

g W

P T
Q b T T b T

r T


 



 
   

 
3

W

m

 
 
 

, 
' '

'

' '

2 1
,

2 2
T p Vb c c

 


  


 


 

Wb characterizes the rate of a lateral pore surface cooling ( 0 1Wb  ) and '  is the coefficient of 

thermal accommodation [14]. For the non-dimensional variables (2), we write down the macro heat 

flux due to temperature jump in the form 

    
1

1
1

gmacro W
jump T g g g S S

T S

Tb
Q A P T T T

b T




 

 

  
          

,

2

0 0 0

0

2 T
T

pore

l Pb
A

r




  

 where 
TA  is the dimensionless temperature jump intensity. 

The velocity slippage flux is given as 
12 ˆmacro

slip u g gPrJ b  u  and   2 2ub     , 

where   is the reflection coefficient of gas molecules from the pores boundary, 0 1  . Applying 

the variables (2), we obtain
macro

slip u g gJ A P u . Here 
uA  is the dimensionless intensity of slippage  

 
0 0 0

0

2 u
u

pore

t Pb
A

r




  or  

2

0 0 0

0 0

2

Re

u
u

pore

l Pb
A

r




 .  

Using the local Mach and Reynolds numbers 0 0 0 0Ma u P   and 
0 0 0 0 0Re l u    the 

intensities of fluxes can be expressed as follows 

 0

0

2 1u
u

pore

b l
A

Mar




  and  0 0

0 0

2 ReT
T

pore

l b
A

Ma Per




 .  

Estimates  

The radiation intensity is evaluated as      
0.6 13.20 0.4

02 0 0 0 0 0 0100R pore gA c p l r T t c T
 

 , using 

2

0 0 0 0vt l c  , it follows      
10.6 3.20 0.4 2

02 0 0 0 0 0 0100R poreA c p l r T l T  


 .  For reference values 

5 3 5

0 0 010 , 10 , 5 10l T       we estimate  
0.6

0 1.4

0R pore RA r l c


 , where 
0.4 2.2 6.2 1

02 0 0 010Rc c p T    

and 
510Rc  . For pores of submicron size [13] 200u uA b  and 200T TA b . 

4.  The governing equations 

The magnesium -zinc ferrite synthesis using the carbon combustion (CCSO) is considered. The 

kinetics [11] is applied: 

 
3 2 3 2

2 0.25 0.75 2 4

0.25MnCO (s)+0.75ZnO(s)+Fe O (s)+C(s)+O (g)

0.25CO (g)+Mn Zn Fe O (s)


 (3) 
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The densities of gas species O2 and CO2 are 1 2g O   and 2 2g CO  . The densities of solid 

species C, MnCO3, ZnO, Fe2O3, and magnesium- zinc ferrite are as follows  

1S C  , 
2 3S MnCO  , 

3S ZnO  , 
4 2 3S Fe O  , and 

5S Fer     

We use below the dimensionless variables (2), tilde is omitted. The mass conservation equation for 

total gas density reads  

    1
g macro

g S gJ
t


  


  


u , where mass flux 1 1 1 exp

1

gmacro

S g S g

g

T
J k

T
 




 
  

  

 

The mass conservation equations for gas species are 
2 11C C   

   1 1 21
1 1

1 1 1 1

1 , 1
g g gmacro

g g g S g

S S S

M M MC
C C J

t Pe M M M


   

  
            

    
u  

The mass conservation equations for solid species are as follows  

 1 1

4

macroS S

S S

S

M
J

t M





 


, 2 2

4

0.25 macroS S

S S

S

M
J

t M





 


, 3 3

4

0.75 macroS S

S S

S

M
J

t M





 


, 4 macroS

S SJ
t





 


 

  5 5

4

macroS S
S S

S

M
J

t M








,  2 3 4 2 exp

1

macro S
S S S S S

S

T
J k

T
  




 
  

 
and S jS

j

   

The momentum conservation includes the distributed porous resistance and the flux caused by gas 

slippage on porous surface  

    2 1 2
Ma Re ;

3

Tg macro

slip gJ p
t


 

  
              

V

u
S τ τ u u u I  

The porous resistance and slippage fluxes are as follows   

   , , 1,2,3i i i i ii
u u i       VS . 

The thermal balance for gas phase reads  

  ,

g g macro macro macro

g g g g g S g rad g jump

T
c T T T T Q Q Q

t Pe


 

   
             

   
u  and

macro macro

g S gQ QJ   

The thermal fluxes caused by temperature jump and thermal radiation are  

    
1

, 1
1

gmacro macro W
slip u g g jump T g g g S S

T S

Tb
J A p Q A p T T T

b T




  
 

  
       

  
u  (4) 

  
 
 

   
0.65

0
3.23.2

, 0.6

0

5

.4

2

1
1 1

1
CO

gmacro R
g rad S g

S

TA
Q T Tp

T


 

 

 
    
 
 

 (5) 

The heat balance equation for solid phase reads 

     ,1- macro macroS S
jS jS S g S gS g rad

j T

T
c T T T Q Q

t Pe


  

 
        

  
  

 1 1 1 exp
1

macro S
gS S g

S

T
Q Q k

T
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The heat exchange between solid and gas phases is described using the Leveque formula [38] that 

depends on Peclet and Reynolds numbers as follows  0.3 0.3

0 01 Re TPe   . The pressure satisfies the 

perfect gas equation  1g g gP T   .  

5.  Results of modelling and discussions 

We report the carbon combustion simulation in a sample with submicron pores. The effect of thermal 

radiation, temperature jump as well as the velocity slippage on the pore surface has been analyzed.  

The results of computation of combustion presented below refer to the values of parameters as 

follows. 0.1, 0.288,   0.05  , where 
0RT E   and 

0Pc T Q  . The dimensionless 

resistance of porosity is given as 0i  and 50i  . The Mach and Reynolds number are 
0 0.2Ma 

and 
2

0Re =10
The intensities of slippage, jump (4) and radiation (5) are given using the values:

3 210 , 10 , 0u TA A    , and 
0 0,10,30,400RA  . The thermal heat in the ignition is given as 

fQ ,0
( )

0,

init

f

init

t t
q t

t t

 
 


, where 

fQ =1200 . The ignition time is 0.25 0.5initt   . The cylindrical sample 

was placed in vertical position. The ignition initiated from the bottom at 0x  . In the figures below 

0 1, 0 5r x    . The results of submicron particles is presented for radiation intensities: 
0 0RA  ,

0 10RA  , 
0 30RA  , 

0 400RA  , emissivity 0.85s  , slippage intensity 100uA  , and temperature jump

10TA  . The data in figures 4÷8 refers to variable emissivity (5), which depends on CO2 partial 

pressure. 

The influence of the heat CO2 absorption is demonstrated in figure 1 via gas temperature versus 

time distribution for various positions on the symmetry axis  (0,0),(0,0.3),(0,1),(0,1.5),(0,2),  and 

(0,3)  lines 1, 2, 3, 4, 5, and 6.  

  

Figure 1. The CO2 heat absorption effect on the gas temperature is presented for radiation intensity
0 400RA  -Temperature of the gas phase versus time on the axis of symmetry for positions with 

coordinates  (0,0),(0,0.3),(0,1),(0,1.5),(0,2),  and (0,3) lines 1÷ 6 respectively is shown. Left and 

right column refers to the computation for constant emissivity of gas and variable one (5). 

The radiation heat flux caused by CO2 molecules absorption results in remarkable (about double 

decrease) in the gas temperature (compare left and right columns in figure 1). The gas specie CO2 is 

generated just behind the combustion front. The heat absorbed in this region decreases both 

temperature and the velocity of the propagating combustion waves. Thus, neglecting the radiation 
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CO2 heat absorption gives the essential higher temperature maximum in combustion wave compared 

to the model that includes absorption (5). 

Figure 2 shows the rate of propagating combustion front that is characterized by gas temperature 

versus time distribution for various positions (0,0), (0,0.3), (0,1), (0,1.5), (0,2)  and (0,3) on the axis 

of symmetry of the sample. We can see the gas temperature decrease due to thermal radiation. The gas 

heat loss due to radiation absorption by CO2 molecules becomes higher with increasing values of 

radiation intensity. Using  
0.6

0 1.4

0R pore RA r l c


  we conclude the remarkable lower gas temperature for 

smaller pore size.  

  

Figure 2. The temperature of gas phase versus time on the axis of symmetry for positions with 

coordinates  (0,0), (0,0.3), (0,1), (0,1.5), (0,2)  and (0,3) lines 1÷ 6 respectively is shown. Left and 

right column refers to 
0 0RA  (no radiation) and to 

0 10RA  (variable emissivity (5)). 

The solid temperature versus time on the symmetry axis is presented in figure 3. The radiation heat 

flux from gas to solid using (5) results in the increase of solid temperature. Radiation heat flux is 

provided by the sufficiently high temperatures of the solid. 

  

Figure 3. Temperature of solid phase versus time on the axis of symmetry for positions with 

coordinates (0,0), (0,0.3), (0,1), (0,1.5), (0,2)  and (0,3) lines 1÷ 6 respectively is shown. Left and 

right column refers to 
0 0RA  (no radiation) and to

0 10RA   (the emissivity of gas depends on CO2 

partial pressure). 
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The comparison of gas temperature for sufficiently big particle synthesis of 124 m  and 1.7 m  is 

shown in figure 4. Note the higher temperature and more intensive combustion takes place for bigger 

particles (see left column in figure 4). 

  
0 2.3, 124R poreA r m   

0 30, 1.7R poreA r m   

Figure 4. The temperature of gas phase versus time on the axis of symmetry for positions with 

coordinates  (0,0), (0,0.3), (0,1), (0,1.5), (0,2)  and (0,3) lines 1÷ 6 respectively is shown. Left and 

right column refers to 
0 2.3, 124R poreA r m   and

0 30, 1.7R poreA r m  . 

We estimated the radiation heat fluxes using the constant emissivity radiation for slipping model 

and the similar computation for which the emissivity of CO2 was varying with partial CO2 pressure 

(5). The comparison (see figure 1) demonstrates the remarkable increase of radiation heat fluxes for 

the constant emissivity computation. The rate of carbon oxide generation behind the propagating 

combustion front is illustrated in figure 5. 

  
0 2.3, 124R poreA r m   

0 10, 10R poreA r m   

Figure 5. The 
2CO density versus time on the axis of symmetry for positions with coordinates  

(0,0), (0,0.3), (0,1), (0,1.5), (0,2)  and (0,3) lines 1÷ 6 respectively is shown. Left and right column 

refers to 0 2.3, 124R poreA r m   and 0 10, 10R poreA r m  . 
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The significant higher gas pressure  due to thermal radiation is found in pores of bigger size, i.e. for 

smaller radiation intensity, compare 
0 10, 10R poreA r m   and 

0 400, 2R poreA r nm   in figure 6. 

The density of magnesium-zinc ferrite at the same time instance 0.5t   is shown in figure 7 for 

various intensities of radiation heat flux 0 2.3, 10, 30RA  , and 400  (see columns A,B,C, and D 

respectively). The heat lost due to thermal radiation results in the submicron particles synthesis 

retardation. This rate of slowness of synthesis is illustrated as well in figure 8 via reagent MnCO3 

density distribution at the same time instance. 

 Note the difference of synthesis magnesium-zinc ferrite and nickel-zinc ferrite  via combustion 

[11]. The CCSO synthesis of the 
0.25 0.75 2 4Mn Zn Fe O  and 

0.35 0.65 2 4Ni Zn Fe O  ferrites follows  the reactions 

  3 2 3 20.25 ( ) 0.75 ( ) ( ) ( ) ( )MnCO s ZnO s Fe O s C s O g     

   2 0.25 0.75 2 40.25 ( ) ( )CO g Mn Zn Fe O s    and 

  2 3 20.35 ( ) 0.65 ( ) ( ) ( ) ( )NiO s ZnO s Fe O s C s O g     

  0.35 0.65 2 4 2( ) ( )Ni Zn Fe O s CO g   

 The main difference between reactions of magnesium-zinc and nickel-zinc ferrite formation is that 

at the same content of carbon in the green mixture (that contains () moles of carbon)  the greater 

amount of gaseous carbon dioxide is formed during the synthesis of magnesium-zinc ferrite. As one 

can see from the kinetic equations the magnesium-zinc ferrite synthesis is more promising than the 

synthesis of nickel-zinc ferrite in terms of gaseous carbon oxide generation since it produces 

1 0.25  moles of carbon oxide per each mole of solid carbon contained initially in the green 

charge. While during the synthesis of nickel-zinc ferrite just about one mole of only is released per 

each mole of the carbon contained initially in the green mixture 

 

 
 

0 10, 10R poreA r m   
0 400, 2R poreA r nm   

Figure 6. Pressure of gas phase versus time on the axis of symmetry for positions with coordinates  

(0,0), (0,0.3), (0,1), (0,1.5), (0,2)  and (0,3) lines 1÷ 6 respectively is shown. The emissivity of gas 

depends on CO2 partial pressure. Left and right column refers to radiation intensity 
0 10RA   and 

0 400RA  . 
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A B C D 

Figure 7. The product of synthesis 
0.25 0.75 2 4Mn Zn Fe O magnesium-zinc ferrite density in the reactor 

region 0 1; 0 5r z    at the time instant 0.5t   is demonstrated. The columns A, B, C and D refer 

to  increasing values of radiation intensity 0 2.3, 10, 30RA   and 400 . The corresponding pore size is as 

follows 24 , 10 , 1.7m m m    and 2nm .  

A B C D  

Figure 8. The reagent magnesium-zinc oxide 
3MnCO density when the emissivity of gas depends 

on CO2 partial pressure in the reactor region 0 1; 0 5r z    at the time instant 0.5t   are 

shown for increasing values of radiation intensity 0 2.3, 10, 30RA   and 400 . Column A, B, C, and 

D refers to 0 2.3, 10, 30RA   and 400  respectively. 

6.  Conclusion 

The fluxes induced by thermal radiation and velocity slipping fluxes in submicron pores as well as the 

fluxes of gas induced by temperature jumps are formulated using similarity parameters and applied in 

numerical simulation of the thermal front motion in a porous channel. The results allow us to predict 

characteristic features of the heat and mass transfer behind the thermal front in the sample with 

submicron pores. The significant impact of radiation as well as of velocity slipping for large Knudsen 

Number is reported. The results of thermal front numerical simulation allow us to evaluate and predict 

the impact of the CO2 emissivity and absorbtivity on the heat mass transfer including the effect of gas 

velocity slipping and temperature jump at submicron pore surface. An intense gas flow from the 
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combustion zone and the sample as a whole provides the excessive heat loss and decelerates 

propagation of the combustion wave during slipping.  

We obtained that an increase in the intensity of radiation corresponds to the decrease of the 

submicron particles growth rate in CCSO wave.  

The stronger slipping promotes the more intensive advection. The CO2 gas specie is generated 

intensively in the wave region close to a propagating combustion front from the side of products. The 

radiation heat flux caused by CO2 molecules absorption results in remarkable decreasing of the gas 

temperature and pressure. The smaller size of pores is considered the smaller value of gas temperature 

and pressure in pore is found. 

 

List of principal notations   
'T  Dimensional temperature 

0 1000T C  Referred temperature 

'

0T T T  Dimensionless temperature  

 1T T    Dimensionless normalized temperature  

gT , jST  Gas temperature and solid phase temperature  

initT  Ignition temperature 

initialT , 1/initialT    Initial temperature of the sample 

Pkc  Specific capacity at constant pressure  

, 1,2lg l     Densities of gas species 

1 2g g g     Density of gas mixture 

g , 
S , g g  ,  1S S     

Effective values of  gas density g  and solid 

density S  

0RT E   Dimensionless parameter 

0Pc T Q   
Dimensionless parameter (Zeldovich number) 

 
0

RA  Dimensionless radiation heat parameter 

   
4

2

0 100S S gE c T W m  Radiative flux 

0 5.67c   Stefan-Boltzmann constant 

, (0 1)S S    emissivity 

0 0 ,0 , 1,2l lPe u l D l   Peclet numbers 

0 0 0Pe u l   Thermal Peclet number 

0 0 0u l t  Referred velocity 

0 0 0 0 0Re u l    Reynolds number 

  Porosity coefficient 

0P  Referred pressure 

0  Referred gas viscosity  

0  Referred thermal conductivity 

0Ma  Mach number 

fQ  Thermal flux 

Q  Combustion heat 
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List of principal notations   

, , ,macro macro macro

g rad g jumpQ Q Q  Heat fluxes due to radiation, chemical reaction, 

and temperature jump 

ub ;   2 2ub      Slip parameter 

, (0 1)    Reflection coefficient 

TA  

    ' ' ' ' '2 1 2 2 ,T p Vb c c          
Temperature  jump parameters 

' ', (0 1)    Thermal accommodation coefficient 

TD  Thermal diffusivity coefficient 

R  Universal gas constant 

1

0
0

exp Et k
RT

    
 

, 
0 0 0 0( )Vl t c   

Referred time and length scales for the Frank-

Kamenetskii variables 

initt  Ignition time  
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