
DETERMINATION OF THE COEFFICIENT OF THERMAL EFFICIENCY OF HEATING SURFACES, 

BOUNDING A FLAT LAYER OF NONISOTHERMAL DISSIPATIVE MEDIUM 
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A method is proposed for calculating the coefficient of thermal efficiency of flat 
nonisothermal dissipative media taking into account the radiative characteristics 
of the bounding surfaces. 

In modern heating installations, the working body is a two-phase medium, consisting of 
a mixture of gaseous combustion products (COz, HzO, CO and other molecular gases) and parti- 
cles of a condensed phase (particles of soot, finely and coarsely dispersed coal, ashes) 
[I]. A correct analysis of the emissive properties of such heat carriers requires the use of 
the modern theory of radiation transfer in two-phase media [i-5, etc.]. The theoretical in- 
vestigations, conducted in this direction, show that the scattering of radiation by parti- 
cles of the condensed phase of the combustion products can play a substantial role, especially 
in cases when the size of the particles is comparable to the wavelengths of radiation in the 
range usually examined (0.5-10 ~m). Previously, we developed an engineering method for cal- 
culating the characteristics of radiation of nonisothermal nonscattering media [6]. Using 
the method indicated and the correctly introduced concept of the effective temperature of the 
flat layer, we obtained expressions for determining the coefficient of thermal efficiency 
(CTE) of the surface bounding the layer [7], which permitted proposing a mathematical model 
of CTE of screens in the burner of a steam generator with the generator operating on gas or 
fuel oil [8]. 

For the conditions of combustion of coal dust in the burners of steam generators, the 
effect of scattering of radiation must be taken into account, because the sizes of ash and 
coke particles present in the carbon-dust flame greatly exceed the wavelength of thermal radi- 
ation. Scattering by these particles to a large extent determines the amount of the radia- 
tion falling on the bounding surface, while the nature of the layer of deposits on the screen- 
ing pipes determines the structure of the effective flow of radiation from the wall. 

The effect of scattering of radiation by particles of a two-phase medium can be inves- 
tigated with the help of the transfer equation for a flat layer [3-5]. For the heating set- 
ups indicated above, the boundary conditions must include the reflection of radiation from 
the bounding surfaces and their characteristic emission 8~B(T 0 (i= 1,2). 

In solving the radiation transfer equation, the anisotropy of scattering can be included, 
to a good degree of accuracy, by the following representation of the scattering phase func- 
tion [9, i0]: 

p(~, ~') = a +  2 ( 1 - - a ) 8 ( ~ - - ~ ' ) ,  

where a equals twice the hemispherical fraction of backward scattering. In this case, the 
problem reduces to an examination of isotropic scattering with ~' = a~. 

In this paper, based on the approximate solution of the radiation transfer equation pre- 
sented in [Ii] and the relations for the effective temperature of a flat layer of a noniso- 
thermal two-phase medium [12], we propose a method for determining the CTE of the surfaces 
bounding such media. 

According to [ii], the expression for the CTE of the bounding surfaces can be repre- 
sented in the form 

V = ( 1 - - r )  1--N(r)+(l__r)OM(r) ' (I) 
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Fig. I. Dependence ~(T0, y) for a layer with a Shlichting temperature 
profile [6] and radiation properties of the boundary surfaces ~w = 0.8 
and r = 0.2: a) Oc=5.10-3 m-K (continuous curves), Oc----_l.10-3 m.K (dashed 
cu rves ) ,  OcJ Ow.=2; b) Oc=I5.10-~ m-K, Oc/O.w----2; c) 0c=5.10 -~ re,K, Oc/Ow-=3; 
i) y = O; 2) 0.5; 3) 0.8; 4) 0.95. 
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Calculations of CTE using these formulas were performed for two types of temperature 
profiles in the layer: i) a Shlichting profile TI(T), i.e., the temperature profile in an 
established turbulent flow, and 2) trapezoidal profiles T6(T) and Ts(T), when the maximum 
value of the temperature is conserved in the core whose size is 50 and 90% of the total opti- 
cal thickness of the layer, respectively. 

An analysis of the computed data obtained indicates the strong effect of radiation scat- 
tering on the CTE of the bounding surfaces. Figure i shows graphs of the characteristic de- 
pendences ~ = ~(T0, T) for Shlichting's temperature profile (temperature profile in an es- 
tablished turbulent flow) for different values of the starting parameters. It is evident 
from Fig. i that if, in the region of large values in the range of optical thickness of the 
layer T0 under examination, the function ~ increases compared to the nonscattering medium, 
then for small To the value of the CTE decreases considerably. These qualitative changes in 
the dependence of the CTE of the bounding surfaces on the optical thickness of the scatter- 
ing medium can be explained by the fact that for a purely radiating medium the intensity of 
the radiation incident on the wall (and, therefore, the CTE also) increases quite rapidly 
with an increase in the optical thickness of the layer for small values of To [13]. In the 
case of a scattering medium, the effective hemispherical emissivity of the layer (and, this 
is precisely what determines the intensity of the radiation, leaving the layer and incident 
on the wall) in this region of optical thicknesses, due to trapping of the radiation, in- 
creases more slowly with increasing To. As the coefficient Y increases, this leads to a 
drop in the maximum value of the CTE depending on ~(z0) and the shift in the values of To, 
with which ~ =~max, toward larger optical thicknesses of the layer. 

The computed data for CTE, with and without scattering, for different temperature dis- 
tributions and optical thicknesses of the two-phase medium are compared in Table i. 

It is evident from the table presented that due to the scattering by particles of the 
solid phase the values of the CTE of the heat-absorbing surfaces, for example, under condi- 
tions of heat exchange in burners of the steam generators (emitting volumes with optical 
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TABLE I. Comparison of the Computed Values of the CTE of a 
Bounding Surface with and without Scattering of Radiation 
with ew = 0.8 and r = 0.2 

I'~ 
~Iv=o, 5/WJv=o 

T1('r ) 

T~(~) 

7,(~) 

5.10-3 
15.10-S 
5-10-~ 

15.10-a 

5.10-a 
15.10-a 
5.10-a 

15.10-a 

2 ~ 5.10-s 
15.10-s 

3 5.10-a 
15.10-~ 

0,918 
0,781 
0,992 
0,883 

O, 922 0,935 
0,845 0,871 
0,996 0,997 
0,921 0,942 

0,965 0,973 
0,868 0,891 
0,997 0,997 
0,944 0,955 

0,973 0,977 
0,881 0,90! 
O,999 0,999 
0,953 0,962 

~lv=o,gJVlv=o 

0,995 
0,974 
1,000 
0,990 

0,993 
0,963 
1,000 
0,985 

0,989 
0,946 
1,000 
0,980 

1,120 
I ,184 
1,018 
1,136 

1,033 
1,077 
1,004 
1,039 

0,995 
0,972 
1,000 
0,990 

1,495 
1,460 
1,144 
I 429 

1,471 
1,494 
1,155 
1,403 

1,019 
1,049 
] ,001 
] .022 

Tz('D 

T0(z) 

T,(~) 2 

' 3 

5.10-a 
15,10-s 
5.10-3 

15.10-3 

5.10-3 
15.10-3 
5.10-3 

15.10-a 

5.10-3 
15.10-s 
5.10-3 

15.10-a 

9,205 
9,093 
9,885 
~,280 

0,364 
0,151 
0,925 
0,374 

0,594 
0.253 
0,960 
O, 464 

0,065 
0,280 
0,970 
0,516 

0,472 
0,248 
0,940 
0,430 

0,645 
0,293 
0,967 
0,518 

0,701 
0,324 
0,976 
0,570 

0,525 
0,428 
0,972 
0,521 

0,793 
0,458 
0,987 
0,629 

0,824 
0,482 
0,989 
O, 724 

0,715 
1,022 
1,021 
i ,052 

0,973 
0,850 
1,000 
0,933 

0,917 
0,690 
0,995 
0,861 

3,740 
3,380 
2,350 
3,110 

2,350 
2,780 
1,288 
2,240 

0,993 
0,919 
t ,OOO 
0,915 

thickness of the order of To~ 1), decrease appreciably with an increase of the scattering 
properties of the combustion products. Thus, for y = 0.5 the maximum drop in V was 13%, 
whereas for T = 0.95 it already reached 75%, i.e., the relative CTE of the heating surface 
in the case of the nonscattering medium with the same physical parameters, the magnitude of 

decreased by a factor of four. We should emphasize the role of the profile of the temper- 
ature field, which greatly decreases the effect of scattering on the CTE of the heating sur- 
faces for the region of variation of To under study. As far as the appreciable quantitative 
increase in the ratio Ivl~=0.9~/~Flv=0 for the profiles TI(T) and T6(T) with large optical 
thicknesses is concerned, this is related to the very small values of the CTE for surfaces, 
bounding the layer of nonscattering medium in this range of To. 

It should be noted that the analysis indicated above was conducted with the reduced 
temperature in the profile varying in the range 8c=5-15.|0 -S m.K. Above the upper limit 
8c=15-10 -s m-K, there is no sense in examining the problem of determining the CTE, because 
in this case for the range of thermal radiation X = 0.5-10 ~m the coefficient T assumes ex- 
tremely low values due to the trapping effect. For @c<5.|0-3 m-K, the values of the CTE 
of the heat-absorbing surface reach large magnitudes. Thus, already with 8ci---I �9 I0 -s m.K, 
the quantity T has a maximum value equal to 0.8, for the specific conditions of the calcula- 
tion presented in Fig. la, almost in the entire range of To examined for nonscattering 
media (curve 5) and even for scattering media with y < 0.5 (curve 6). From this fact we 
can conclude that for the given temperature distribution the higher spectral value of T will 
be achieved when the thermal radiation is shifted into the short-wavelength region, based 
on the definition of the reduced temperature ~=%T [6]. 

The method developed for determining the radiation characteristics in both nonisothermal 
scattering [12] and nonisothermal nonscattering media [6, 13] permits directly analyzing 
their spectral dependence. The numerical results and graphs, used as nomograms, presented 
in the references indicated, make it possible to make a correct estimate of the radiation 
characteristics of the two-phase media for realistic conditions, occurring in the combustion 
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TABLE 2. Values of the Optical Thicknesses of Ab- 
sorption by Molecular Gases in the Section of the 
Burner 

~,, /am xu CO~ ~ 0  xx H~O "c~ 

1,82 
2,27 
2,70 
4,00 
4,26 
4,65 
5,00 

0 
0 
0 
O 

590 
2,90 
0,02 

O 
0 
0 
0 

2,37 
1,34 
0,87 

0,62 
0,06 
8,30 
0,06 
1,22 
0,72 
2,55 

0,62 
0,06 
8,30 
0,06 
596 
4,96 
3,45 

TABLE 3. Values of the Optical Thicknesses of Ab- 

sorption and Scattering x~ and ~ by Particles in 

the Section of the Burner 

I z~ ,ra ~ ~a I x 
s o o t  soot ash ~oot j Zp x~ ~m 

1,82 
2,27 
2,70 
4,00 
4,26 
4,65 
5,00 

0,35 
0,25 
0,19 
0,10 
0,09 
0,08 
0,07 

0,45 
0,65 
0,45 
0,78 
0,76 
0,83 
0,87 

0,35 
0,25 
0,19 
0,10 
0,09 
0,08 
0,07 

0,45 
0,65 
0,45 
0,78 
0,76 
0,83 
0,87 

chambers of modern heating installations. As an example, we shall analyze the spectral coef- 
ficient of the thermal efficiency of screened heating surfaces in burners of steam generators, 

Example. We shall examine a burner with a rectangular cross section, whose depth con- 
stitutes a t = i0 m and whose width bt greatly exceeds the depth. Such conditions are re- 
alized, in particular, in the burners of TGMP,1202 (bt/at,~,3), P-57 (~2.2) and other steam gen- 
erators. In this case, we can use the method to calculate the characteristics of the radia- 
tion in a given section of the burner in the approximation of a flat layer. We shall select 
the starting data for the calculation as follows: the effective temperature in the section 
of the burner Teff=lS00~ the emissivity of the screened surface ew = 0.8, and the reflectiv- 
ity r = 0.2; the partial pressure of the gaseous components of the combustion products PCO z = 
0.15; PCO = 0.01 and PH20 = 0.ii atm. 

We shall calculate the coefficient of thermal efficiency of the screens for two types 
of temperature profiles for the medium in the section of the burning space under examination 
(according to the depth of the burner) T6(T) and Ts(T) [6] for the spectral range % = 1.3- 
5.0 ~m. The number of computed points in this region of the spectrum is 15. 

The optical thicknesses of each of the gases was determined with the help of an approx- 
imating expression of the form 

( 300 
L exp A~'q---~-~-  t z ] ~ p j ( ] = : I '  2, 3), (3) a;gj= • = - F  

where L is the geometric thickness of the layer, t = T/1000 is the dimensionless temperature 
parameter; T is the gas temperature, ~ A, B, and C are the coefficients in the approxima- 
tion for the coefficients of absorption of the molecular gases, obtained from the analysis 
of data in the literature and are functions of the wavelength of the radiation X; j = 1 -- 
H20, j = 2 -- C02, j = 3 -- CO. The results of the calculation of ~r u for the starting data 
indicated above are presented in Table 2. 

For a steam generator burning solid fuel, the combustion products contain particles of 
soot and ash, which contribute both to absorption and scattering of radiation. For each sep- 
arate type of particle, the optical thicknesses were determined from the formulas 

2 ~ 2 O 
Tpk= ~rpkNpk/fpkKpkL, ~k -- ~rpkNpkKp~ (k = I, 2), (4) 
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TABLE 4. Values of the Coefficients of Thermal Efficiency 
P(X) of Screened Heating Surfaces in the Burner of a Steam 
Generator as a Function of the Composition of the Combus- 
tion Products 

/~m 

1,38 
1,44 
1,48 
1,82 
1,90 
2,27 
2,53 
2,67 
9,70 
2,90 
3,50 
4,00 
4,26 
4,65 
5,00 

z) Gas 2) Gas + soot 3) Gas.+soot+ ash 

To y 
T,('O T,(z) 

lit 

% ? Ta(~) r,(t) 

0,34 
0,19 
0,39 
0,23 
0,29 
0,68 
0,08 
0,06 
0,05 
0,04 
0,55 ob83 
0,14 
0,20 

0,72 
0,71 
0,72 
0,72 
0,72 
0,68 
0,59 
0,56 
0,50 
0,56 
0,71 
ob65 
0,64 
0,68 

0.62 
1,91 
0,37 
I, 15 
0,91 
0,05 
6,66 
7,74 
8,30 
7,82 
0,35 
0,06 
596 
4,96 
3,45 

T0(z) ,p Ta(~) 

0 0,70 
0 0,72 
0 0,45 
0 0,73 
0 0673 
0 
0 0,61 
0 0,58 
o 0,55 

o~ oi ; 
0 
0 0 
0 0,66 
0 0,70 

0,72 
0,75 
0,40 
0,75 ob75 
0,74 
0,74 
0,73 
0,73 ob38 

0 
0,74 
0.75 

0 0,73 
0 0,72 
0 0,72 
0 0,73 
0 0,73 
0 0,35 

0,60 
0,57 
0,55 

o ~176 
o 

0,66 
0 0,70 

1,09 
2,36 
0,83 
1,50 
1,23 
0,31 
6,87 
7,93 
8,49 
7,99 
0,47 
0,16 
596 
5,04 
3,52 

0,75 
0,75 
0,75 
0,75 
0,75 
0,35 
0,74 
0,74 
0,73 
0,73 

0 
0,74 
0,75 

1,66 
2,93 
l ,36 
1,96 
1,74 
0,96 
7,46 
8,41 
9,94 
8,36 
1,05 
0,94 
597 
5,87 
4,39 

0,74 
0,74 
0,75 
0,75 
0,75 
0,71 
0,74 
0,73 
0,73 
0,73 
0,73 
0,68 

0 
0,74 
0,74 
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Fig. 2. Spectral dependence of ~ of the bounding surface, 
bounding the flat layer of medium with temperature profile 
Ts(T) (a) and Ts(T) (b) [6]: I) gas; 2) gas + soot; 3) 
gas + soot + ash; 4) gas + soot + ash (Table 5). X, pm. 

where rpk andNpk are the radius and concentration of the k-th type of particle; A ~ and K ~ 
are the efficiency factors for absorption and scattering, determined in accordance with Mie's 
theory; k = 1 for soot particles; k = 2 for ash particles. 

The results of the calculation of ~k and T~k using formulas (4) for soot particles 
(rsoot = 0.02 Bm; Nsoot = 4.10 8 I/cm 3) and ash particles (ras h = 2.5 ~m, Nash = 10 3 I/cm 3) 
are presented in Table 3. 
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TABLE 5. Values of the Averaged Coefficient of 
Thermal Efficiency ? of the Heating Surface as a 
Function of the Composition of the Burner Medium 

No. Composition of the burner medium 

Gas (composition i) 
Gas + soot (composition 2) 
Gas + soot (composition 2) + ash 
{Nas h = 1. I0 q I/crn s) 

Gas + soot (composition 2) + ash 
(Nas h = 2-10 4 1/cmS) 

ro(~) 

0,42 
0,47 

0,60 

0,49 

/',(~) 

0,46 
0,53 
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The particle sizes, for convenience in the example, are chosen according to available 
data for a realistic carbon--dust flame in the burner of a steam generator in such a way that 
some particles make the greatest contribution to the attenuation of radiation in the layer 
to absorption (soot) and the others make the greatest contribution in scattering (ashes). 
Having information on the values of ~• and T a, it is not difficult to calculate the corre- 
sponding values of the survival probability of a quantum: 

v = ~ ~ = v (~). (5 )  

Using the dependence ~=qs(T0, ?) obtained in this work (or the curves, analogous to those 
presented in Fig. i, but calculated for the temperature distributions T6(Y) and T8(~) with 
Oe=5.10 -= m.K, ~c/Q~ =2), we can determine the spectral coefficient of thermal efficiency 
~(%) for the conditions indicated in the burners. Table 4 shows the data from the calcula- 
tion of P(%) for boundary surfaces of a flat layer for the following media: 

i) gas (T = 1500~ PCO 2 = 0.15; PCO = 0.01; PH20 = 0.11); 

2) gas (composition 1) + soot (rsoot = 0.02 ~m; Nsoot = 4"i0 s i/cm3); 

3) gas + soot (composition 2) + ash (ras h = 2.5 ~m; Nas h = 103 i/cm~). 

Figure 2 shows graphically the dependence ~(%) for the indicated temperature distribu- 
tions. As expected, the dependence ~(%) for T6(~) in the case of only a gaseous medium (con- 
tinuous curves in Fig. 2) has, in this range, three distinct minima (% = 1.48; 2.27 and 4.26 
~m). For a burner medium, containing additionally soot (composition 2, dashed curves in the 
graph), the numerical values of ? increase in almost the entire range of wavelengths, and in 
addition, the first of the minima mentioned vanishes, and the second decreases almost by a 
factor of two. The appearance of ashes in the combustion products (composition 3, dot--dashed 
curve) leads to an even greater growth of ~ in separate intervals of the spectrum; in addi- 
tion, the second minimum vanishes and the interval of minimum values of ? in the region of 
I = 4.26 ~m is greatly reduced. We can see at the same time that a small minimum has formed 
in the region of 2.7 ~m. 

It should be noticed, however, that the increase in the number of ash particles in the 
burner of a steam generator does not always lead to further growth of the numerical values 
of ~ in this interval of %. As a confirmation, we present the dependence ~(%) of screens 
for a burner medium, in which the ash concentration is 20 times greater than with the compo- 
sition 3 (Nash = 2-10 q i/cm3). This content of ash greatly decreased the numerical values 
of ? in the entire range of radiation wavelengths examined. The minimum, formed as a result 
of the presence of a volatile ash in the burner gases, in the region of 2.7 um in the de- 
pendence ?(I) is in this case e~en more distinct. 

Thus the dependence of the coefficient of thermal efficiency ~(%), taking into account 
the spectral distribution of the radiation properties of the combustion products in the 
burner of a steam generator, has an explicitly selective character. Averaging of ~ with re- 
spect to I in different intervals of the radiation spectrum should lead to different average 
values of ~. Averaging performed in the range examined % = 1.3-5.0 ~m gave the values of 
presented in Table 5. 

In conclusion, we note that the proposed method for calculating the CTE of the heating 
surfaces permits determining, as a function of the composition and temperature field, this 
very important parameter of heat exchange in nonisothermal two-phase media for complicated 
processes, such as combustion in burners of steam generators. 

0,66 

0,63 



NO TAT ION 

~, coefficient of thermal efficiency (CTE) of the heating surface; r and r, emissivity 
and reflectivity; z --- (x -b a) x , optical thickness of the layer; ~ and o, coefficients of ab- 
sorption and scattering of the medium; ?=~/(~q-a) , survival probability of a quantum (Schu- 
ster's number); x, geometrical thickness of the layer; ~x and T O , optical thicknesses of 
the absorbing and scattering media; Tg and Tp, optical thickness of the gaseous media and 

of the particles in the layer; ~0--z~q-z~q-z~, total optical thickness of the layer; e=%T, 
reduced temperature; l, wavelength of the radiation; C2, spectroscopic constant. The indices 
w and c refer to the bounding surface (wall) and the center of the layer, respectively. 
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