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Heat transfer in the radiant section of a tube furnace is investigated within the framework of a mathematical 
model proposed in [1]. Results of calculations showing the effect of the tube waterwall emissivity and the 
partial pressure of H20 and C02 in the composition of the combustion products on heat transfer are given. 

Investigating the laws of combined heat transfer in tube furnaces is of great interest for ensurifig their 

reliability and establishing additional possibilities on optimizing the operating conditions for these units. A radiative 

component whose share can be more than 90% is predominant in the heat balance of tube furnaces [1 ]. Therefore 

the accuracy of a thermal calculation of the furnaces is largely determined by the correctness of the model of radiative 

heat transfer and, in particular, by the correspondence of the radiative properties of the reaction tubes and the furnace 

space, prescribed as the initial data, to their real values. However, oxidation of the reaction tubes occurs in tube 

furnace operation, which results in a change in their radiative properties. Replace~nent of one fuel gas by another, a 
change in the excess-air coefficient, and other regime and structural changes may lead to a corresponding change in 

the radiative properties of the combustion products. Therefore, investigating the influence of the above factors on 

heat transfer in furnaces takes on great significance. 

The object of the investigation is the radiant section of a tube furnace for conversion of a hydrocarbon gas, 

bounded by rows of vertically arranged tubes (Fig. 1). The reaction mixture enters the tubes from above and moves 

in the same direction as the combustion products. On the furnace arch a series of gas-burner devices is symmetrically 

arranged about tube waterwalls. On the furnace bottom there are smoke-removing ducts, by which the combustion 

products are carried off into the convection chamber. 
A uniformly distributed regime of heat transfer is realized in the radiant section of this structure. This regime 

is characterized by the fact that the tube waterwall is not affected by the flame directly. The tube waterwall and the 

flame are separated by a region with the relatively lower temperature of the combustion products. Here, the 

recirculating turbulent character of the flow of the combustion products, the flame length, the process of fuel burn-out, 

and the selectivity of the radiation of the combustion products have a substantial effect on the heat transfer. 

The small width of the radiant section as compared to its length and height and the symmetric arrangement 

of the gas-burner devices enable us to consider the heat transfer and the flow of gases in a cross section as a 

two-dimensional problem. In [2 ] it is shown that, when a gaseous fuel is burned, the effect of radiation scattering in 

the furnace volume can be ignored; hence, the equation of radiation transfer has the form 

~h 
~---~x Ols,hO_.__y ---~ A)~---~x-l~ ~ff Jab(L' T)dL--o~l, ,h, k = l ,  N. (1) 

The boundary condition to Eq. (1) with diffuse radiation and reflection from the walls is written as 

Is,k= 8 ~jzb()~,,Ti~,)dL+ r .f Is"kc~176 (2) 
A~k ~'h-1 ~ (s'nJ<0 

for directions s such that (sn) > 0. 
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Fig. 1. Diagram of the radiant section and the coordinate system. 
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Fig. 2. Finite-difference grid. 
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The temperature field in the radiant section volume is determined from the energy conservation equation 

cpp u Ox + v Ox (~'+~,T) + 
(3) 0 [ OT] 

q" W (~" -]- L ' ) W  q- Qv - -  divqp: 

Equation (3) should be supplemented with boundary conditions. The tube waterwall is conventionally replaced by a 

beam-absorbing surface, impermeable to matter, on which a reaction tube temperature characterizing the tube 

furnaces considered is prescribed. On the burner cut we prescribe the fuel mixture temperature calculated from the 

initial temperatures of the fuel and the air supplied for combustion, the excess-air coefficient, the portion of burnt 

fuel, and other parameters. The lining temperature is determined from the condition of its adiabatic nature, which 

has the form 

acon~(T - -  T~) ----- [(qpn)]~. (4) 

The fields of the velocity of motion for the combustion products and of the turbulent thermal conductivity 
coefficient are determined by a numerical solution of the time-averaged Navier-Stokes, continuity, and (k-e) 

turbulence model equations I1 ]. The volume density of the heat release in the flame volume is calculated using the 

formula 
l 

Qv = BfQpA'q, 

where A~] is the change in the integral power of fuel burn-out between the two considered cross sections of the flame. 
The integral power of fuel burn-out is prescribed by the semiempirical dependence [3 ] 

n ( x ) =  1 - - e x p  - - a  ~ . 

Radiative heat transfer is dealt with in the $2 approximation of a discrete ordinate method. Within the 
framework of this method Eq. (1) is approximated by the system of differential equations relative to radiation 
intensities along four selected directions: 

31m,h OIm.k ak ~ 
.m = S (s) 

s 
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Each direction is prescribed by the angular coordinates ~ttm, ~m; m = 1, 4}. 

Condition (2) on the boundary x = const is approximated as: 

~h 4 
h = ~ J" Jxb (L, T~) d~. + _r__r X W'n' l/x'n'l l,n,,h. 1,~ (6) 

' h~,~ ~ ,n'=l  ~h-i " 

On the boundary x - 0 we have/~m > O,/Zm' < O; on the boundary x = L we have/Zm > O,/~m' > O. On the boundary y 

= const there is a uniqueness condition analogous to (6). The set of angular coordinates/~m, ~m and weight factors 

Wm was prescribed from the data of [4 ]. 
The system of equations (3) and (5) with the corresponding boundary conditions is solved numerically on a 

nonuniform finite-difference grid. Integrating Eq. (5) over the cross-hatched area element (Fig. 2) gives its discrete 

analog: 

: l i + l  , /  l i - - I  ,iX " " ? i , / - - l \  k " " (7) 
~tmAg kS,n,h ~ ~m,h : + ~mBi ( I ~  +l - -  .,~,j, j = 4o~,iAjBt (Ri , i  - -  1~:~,), 

where 

A j  = - - : -  (w+~ - -  vJ); 
" 2  

1 h 
Bi = - 7  (x,+~ - -  xt); Ri , :  = 1 ( Jxb ()~, T id)  d)~. 

A~,~ ~.~_ 

We consider the case/~m > 0, ~m > 0. If the radiation intensity is a smoothly varying function of coordinates, 

I~J,k can be approximately represented as 

I~:h  o~ICd'+h I + (1 o) ,m,ri'/-t~, ~ "  r~+lh,l -t- (I . .t--, i (8) 

where w is the interpolation coefficient. Substituting (8) into Eq. (7) and performing manipulations, we obtain the 

recurrence formula 

I~,;:~= pmAfl~z~' i  + ~.,nBtl~{~' + 4~cz~.iAjB,R~,i (9) 
~ A j  + ~.,~Bi + 4oo~,:AjBi 

For negative values of/tin and ~m formulas analogous to (9) can be obtained. 
The system of algebraic equations (7) is solved by a method of coordinate run which can be expressed by 

the following iteration scheme: 
1) the initial approximation for the radiation intensity I~J,k is prescribed; 
2) using Eq. (6) the radiation intensity I~!k is calculated on the boundary surfaces for m = 1, 4 and k = 1, 

N; 
3) using formula (9) I~J,k is calculated at all points of the finite-difference grid for m = 1, 4 and k = 1, N; 

4) the calculated radiation intensity field I~J,k is taken for the initial approximation; 
5) beginning with par. 2, the calculation procedure is repeated until convergent solution is obtained. 

Similarly we can obtain the discrete analog of the energy conservation equation (3): 

where 
Pi,JTi,J ~ aLjTi+l  ,i ~ c i , jT i - i  .1 ~ bt , jTt . i+l  ~ d t . jT i , i - i  = It,J, 

1 
Pi,J = at,j  + ci,j + bi,~ + dt , j  + --4-  (Sp)i,~ (xt+l - -  xi-a)(Yj+1-7 YJ-x); 

1 
h . i  = - 7  (So)~,i (x~+~ - -  x~-l)(vj+~ - -  vl-~); 

4 

(10) 

a i d  , c i , j ,  bid , and did are the known coefficients [5 ]. To ensure stability of the calculation algorithm, the source term 

in the energy equation is represented in a linearized form: 

Sf = Q~ ~ div qp = S~ ~ SpT.  
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Fig. 3. Radiative (1) and convective (2) heat flux density distribution and the 
temperature profile (3) along the radiant section height; solid curves) e = 1; 
dashed curves) 0.7; dot-dash curves) 0.5. qep, qek, kW; T, K. 

If we express div qp in terms of the radiation intensity, we can obtain the following expressions for S c and Sp: 

iv 4 1 ~ xk 

so = Qo + s ,  = r-w- S 
k =  1 r r t =  1 k =  1 ~'/~-1 

where T* is the combustion product temperature calculated at the previous iteration step. 

The system of algebraic equations (10) with the corresponding uniqueness conditions is solved by the 

iteration linear method with the tridiagonal matrix algorithm [5 ]. Simultaneous solution of the system of differential 

equations (3) and (5) with the boundary conditions (4) and (6) is performed by a method of successive 

approximations. We emphasize that the radiation intensity Ira, k and the combustion product temperature T are 

determined at the same points of the finite-difference grid. This being so, the most correct agreement of the method 

for calculating radiative heat transfer with the gasdynamic part of the problem is attained. 

A numerical investigation of the effect of the tube waterwall emissivity on the density distribution of radiative 

and convective heat fluxes to the tube waterwall and the temperature profile of combustion products along the height 

of the tube furnace radiant section was performed (see Fig. 1). It was assumed that the radiant section volume is 

filled with the complete combustion products of natural gas: H20, C02, N2, and 02. The presence of 02 is caused 

by the excess of air supplied to the burners (the excess-air coefficient is af = 1.1). The flame length is Lfl = 4 m [6 ]. 

The radiation spectrum of the combustion products is described by the wide-band model, taking account of bands of 

1.5, 2.7, 6.3, and 10/~m of the radiation spectrum of H20 and those of 2.7, 4.3, and 15/~m of CO2. The dependence 

of the thermophysical and radiative properties of combustion products on the temperature was taken into account in 

the calculations. The interpolation coefficient co in Eq. (8) was assumed equal to 0.5. 

Figure 3 gives the calculated distribution of densities for the radiative and convective heat fluxes to the tube 

waterwall and the temperature profile of the combustion products along the radiant section height with e = 0.5, 0.7, 

1.0. The tube waterwall emissivity has a significant influence on the temperature and heat flux fields in the radiant 

section. The portion of the radiation reflected from the tube waterwall that is absorbed by the combustion products 

and goes for increasing their internal energy increases with decreasing e. Because of this an increase in the combustion 

product temperature is observed throughout the entire volume of the radiant section. In particular, when the tube 

waterwall emissivity changes from 1.0 to 0.5, the maximum temperature of the combustion products in the flame 

region increases by 90~ As a consequence an increase in the convective heat flux to the tube waterwall is observed, 
which, for small values of e, largely compensates a decrease in the radiative heat flux to the tube waterwaU. However, 

the emissivity of the tube waterwall has the greatest effect on the value of the total (radiation plus convection) heat 

flux for values smaller than 0.6 (Fig. 4). In the region 0.6 < e < 1 characterizing real units this effect does not exceed 
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Fig. 4. Dependence of the average densities of the radiative (I), convective (2), 
and total (3) heat fluxes to the tube waterwall on e. 

Fig. 5. Dependence of the average densities of the radiative (1) and convective 
(2) heat fluxes and the gas temperature at the outlet from the furnace (3) on PE; 
P0 = 1 atm. 

5 %. With increasing e the degree of heating nonuniformity for the reaction tubes along their length also increases. 

Whereas with an increase in the tube waterwall emissivity from 0.5 to 1.0 the average density of the total heat flux 

increases by 8 %, its maximum value in the flame region increases by t8%. 

The tube waterwall emissivity does riot have a unique effect on the local values of the radiative heat flux 

density qep. The intrinsic radiation of the tube waterwall is small due to its relatively low temperature, and therefore 

the resultant radiative heat flux to the tube waterwall mainly depends on its emissivity and value of the incident 

radiative flux. Intensive cooling of the flame with large values of e downstream leads to a decrease in the radiative 

heat flux incident on the tube waterwall. As a result, the density of the radiative heat flux to the tube waterwall 

increases with increasing e in the flame region, and downstream the reverse picture is observed: a higher density of 

the radiative heat flux to the tube waterwall corresponds to smaller e values. 

The effect of the partial pressure of emitting components in the composition of the combustion products on 

the characteristics of local and overall heat transfer in the radiant section of the tube furnace considered in the present 

work was also investigated numerically. In the calculations the ratio of the partial pressure of water vapor Pw to that 

of carbon dioxide Pc was maintained equal to 2 and their total partial pressure PE was varied from 0 to 0.48 atm. 

Since the absorption factor of combustion products depends on the partial pressures of H20 and C20 in direct 

proportion, the investigation under consideration can also be considered from the viewpoint of the effect of the optical 

density of the furnace volume on radiative-convective heat transfer. 

A very peculiar effect of P~ on the value of the radiative heat flux to the tube waterwall is found. The intensity 

of heat transfer between the tube waterwall and the combustion products is affected by two interrelated factors. As 

the partial pressure of the emitting components increases, the emissivity of the furnace volume increases, which causes 

an increase in its intrinsic radiation. The second factor involves an increase in the optical density and a decrease in 

the transparency of the furnace medium, which leads to a diminished role of the high-temperature region of the flame 

in forming the radiative heat flux to the tube waterwall. As Fig. 5 shows, in the region Py. < 0.03 atm the factor of 
screening of the flame due to the sufficiently high transparency of the furnace medium does not have a substantial 

effect on the conditions of heat transfer, and therefore with increasing Py. the radiative heat flux to the tube waterwall 

increases. When P~ increases further, a radiative heat transfer maximum is attained, and then the radiative heat 

flux to the tube waterwaU decreases somewhat. This is explained by the low optical transparency of the furnace 

medium with relatively large values of the partial pressure of emitting components in the composition of the 

combustion products. 
Thus, it is established that for a given width of the radiant section an optimum partial pressure exists for the 

emitting components in the composition of the combustion products (or optical density of the furnace volume), 
ensuring maximum heat transfer to the tube waterwall. At the same time we emphasize that the value PE -- 0.27 atm 
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characterizing real operation of tube furnaces is approximately an order of magnitude larger than the optimum value 
from the viewpoint of maximum heat transfer. 

N O T A T I O N  

x, y, coordinates; Is,k, intensity of the integral radiation in the spectral interval ['~k-1,2k ] in the direction s; 
ak, integral absorption factor over the k-th spectral band; A2 k = Jl k -2k-1; J~b, Planck function; N, number of spectral 
bands; T, temperature; e, emissivity; r, reflectivity; n, internal normal; Cp, heat capacity; p, density; u, v, velocity 
vector components; 2, ;tT, molecular and turbulent thermal conductivity coefficients, respectively; tip, radiation heat 
:flux density vector; acon, convective heat transfer coefficient; Bf, fuel rate; Q/p, lower heat value of fuel; a, empirical 
coefficient; Lfl, flame length; q~, q~, qe, densities of radiant, convective, and total heat fluxes to the tube waterwall; 
q~, q~, qe, values of q~, q~, qe averaged over the tube length; Tout, gas temperature at the outlet from the radiant 
section; L, radiant section height. Subscripts: w, value on the boundary; m, value along the direction ~m, ~m); k, 
value in the k-th spectral band; i, j, value at the nodal point with the coordinates xi, yj. 
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