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by the constant film model correction factor. Again it must 
be stressed for all other problems, e.g. uniform transpiration. 
that equation (13) has to be evaluated numerically. 

CONCLUSIONS 

In this note the film model has been applied to free con- 
vective heat transfer in the presence of mass transfer. The film 
model correction factor for heat transfer has been extensively 
compared with existing theoretical results of previous inves- 
tigators. These elaborations concerned a laminar free con- 
vective boundary layer flow over an isothermal porous ver- 
tical plate. In these studies tfte governing equations were 
derived and solved numerically, the Prandtl number ranging 
from 0.7 to I. 

3 . 

4. 

5. 

For uniform wall transpiration, the film model agreed with 
the literature within 5% for --2.219 < 4, 6 2.773. The film 
model correction appeared to correlate with the same accu- 
racy for a power-law distribution of the transpiration vel- 
ocity and -0.864 4 4, < 4.320. For the said cases and 
ranges of Cp, the basic film model is well suited to describe 
the effect of mass transfer on free convective sensible heat 
transfer. Furthermore, these ranges of #1 extend well beyond 
a large number of current practical applications. 

6. 

In this note the classical film model for friction has not yet 
been applied to the examined physical process. For the stud- 
ies referred to revealed that the exerted friction is reduced by 
both injection and large suction. The film model correction 
for friction, however, predicts enhanced and reduced friction 
for suction and injection, respectively (likewise heat trans- 
fer). This can be attributed to the momentum equation of 
the film model from which the correction factor is derived. 
In this equation the buoyancy and pressure gradient terms 
are omitted [l-4]. Though this neglect is allowed for forced 
convective flow, it is unacceptable for free convection. This 
insight may form a challenge to derive a friction correction 
factor from a film model with retained buoyancy and press- 
ure gradient terms, and to apply this factor to free convective 
flow with transpiration. 
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Transient combined conduction and radiation in an absorbing emitting 
and anisotropically-scattering medium with variable thermal conductivity 
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INTRODUCTION is well known that the thermal conductivities of most non- 
metal materials are not constant when subjected to moderate, 

THE ANALYSIS ofsteady [I -61 or unsteady [7-IO] simultaneous say 100 K. or large temperature differences. Instead, the 
radiation and conduction in an absorbing, emitting and scat- thermai conductivity of most nonmetal materials displays a 
tering medium has received extensive attention in recent linear relationship with temperature and can play a sig- 
years due to its wide appiicat~ons in engineering. While most nificant role on overall heat transfer. In a recent study. Chu 
previous works considered constant thermal conductivity, it and Tseng [I l] investigated the effect of variable thermal 
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conductivity on heat transfer of steady conduction-radiation In this work, the numerical DDO method is used to solve 
interactions in an absorbing, emitting and scattering the radiative transfer portion of the problem and a fully 
medium. Their results showed that the temperature depen- implicit time-marching algorithm is employed to deal with 
dence of thermal conductivity has significant effects on tem- the nonlinear energy equation. 
perature distribution and heat transfer results. After replacing the integral over P’ in equations (4) and 

The present work is concerned with the transient inter- (5) by quadratures, equation (4) is reduced to the following 
action of radiation and conduction in an absorbing, emitting system of ordinary differential equations [I 1, 121: 
and anisotropicalfy-scattering slab with variable thermal 
conductivity. The major difficulty in analysis of such a prob- 
lem stems from the nonlinear integral~ifferenti~ character- 
istics of thermal radiative transfer. The present study utilizes 
the differential~i~ret~ordinate (DDO) method [il. 121 to 
account for the radiation contribution, A fully implicit time- 

L,-M 

marching algorithm is employed to solve the time-dependent where P, are quadrature points, wj the corresponding weights, 
nonlinear energy equation. Emphases are given on the effect Jl;(z, <) = r&(r, Pi, <), and Cp,, = cP(P, -+ p,). In this inves- 
of temperature dependence of thermal conductivity on tran- tigation, linear anisotropic scattering is considered to 
sient temperature. radiative and total heat flux distributions examine the effect of scattering anisotropy. The linearly 
during interaction between conduction and radiation in the anisotropic scattering phase function is expressed as d$ = 
medium. 1 +A ,P,P!. where A, --P 1 represents strong forward scat- 

FORMU~TIO~ 
tering and A, + - 1 corresponds to strong backward 
scattering. Similarly, the energy equation, equation (l), is 

Consider an absorbing, emitting and ~isotropically- reduced to 

scattering planar medium that is initially at a uniform tem- 
perature To. For times greater than zero, the boundary sur- 
faces are kept at specified temperatures T, and T2, respec- 
tively. Both diffuse and specular reflections at boundaries are 
included. Under these conditions, the dimensionless tran- 
sient energy equation can be expressed as 

After di~erencing the unsteady term t%jd~ using three- 
term backward difference, equation (7) becomes 

associated with the following initial and boundary conditions 

0(0,5) = 1, e(r,,<) = 82, W,O) = 00 (2) 

where we have introduced the following dimensionless where At is the non-dimensional time step, and f, I- 1, and 
quantities: 1-2 are the present, the last, and the one before last times, 

respectively. The par&al differential equation is transformed 
into an ordinary differential equation (ODE) for a given 
time. 

QYr, 0 = &s (3) 
Equations (6) and (8) constitute a system of 2M first order 

I 
ODES in $, and a second order nonlinear ODE in B. The 2M 
boundary conditions for $; are supplied by 

and r = 0;~ is the optical path, w the single scattering albedo, 
and 0 = T/T,. In equations (3), the linear relationship, Jl;(O,5) = a, fP;JI..,(o~o 

k = k,f p’T, is used to investigate the effects of variable 
conductivity. The dimensionless intensity I/J satisfies the +2P’: : ~,~_~~O,~)~j, i = 1.. . .,M (9a) 

radiative transfer equation 
,= , 

i”2P”z 2 u>G,(ro, 0!-$, i= 1,. . ..M (9b) 

f ; I, r#& P’)P@‘, fi) dP’, 
I 

,= 1 
(4) and the boundary conditions for B are specified by equa- 

tion (2). 
with the boundary conditions After separating the second order ODE into two first order 

W,r) = aI +P%@, -P) 
ODES, the resulting system of 2Mf2 first order ODES is 
solved by using subroutine BVPFD from commercial soft- 

I 

1 ware IMSL. The subroutine BVPFD solves a two-noint 
-+-2p: Jl(O, - P’)P’ W. .n > 0, 15a) 

I ~~~- 
D 

boundary value problem using a variable order finite differ- 
ence method with deferred corrections. Once the temperature 

dl(ro> -P) = s~~~~P~~(~“.~) and radiative intensity distributions are known, the radiative 
heat flux is obtained from 

+2Pd, 
s 

W,,P’)P’dP’, P > 0, (5b) 
0 

where E is the emissivity, and P’ and p* are the specular and 
diffuse re~~tivities, respectively. 

and the total heat gux in the medium is given by 

METHOD OF SOLUTlON 

Equations (I) and (4) are coupled through B and J/ and 
have to be solved simultaneously. It is very difficult to obtain 

The marching procedure is continued until the steady state 

. _ _ is assured. In the present study, the steady state is defined as 
analyttc solutions of this very complicated nonlinear system. . . . ootn 
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Table I. Comparison of the transient temperature distribution and radiative heat Rux with isotropic 
scatteringat~=0.05.~,=1,H,=1,~~~=0,,=O,N=0.1,~= 0 and w = 0.5 for several wall reflectivity 

E, 6): 
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FIG. I. Effects of ;’ on the histories of total heat tlux at three 
positions and c:, = s2 = 1.7,) = 1, O2 = O,, = 0.5 and w = 0.5. 

lo;-o; ‘1 < I x 10, ’ andjQi’-Q’;‘] < 5~ IO ’ (12) 

being met at all mesh points. The results were obtained by 
carrying out the numerical algorithm on a VAX 8800 at 
National Chiao Tung University with 16 Gaussian quad- 
rature points and 41 uniformly spaced grids. 

RESULTS AND DISCUSSION 

Although the present fully implicit time-marching finite 
difference technique is unconditionally stable, there are time 
step constraints to yield physically realistic solutions. A 
numerical experiment is carried out here to ensure the inde- 
pendence of the numerical results on the time step A<. The 
time step is determined to be 0.0016667 for all cases. 

To illustrate the accuracy of the numerical solutions of the 

Table 2. Etfect of temperature dependence of thermal con- 
ductivity on the dimensionless time required to reach steady 
state (ts) at li, = cz = I. 0) = 0.5, r,, = I. (I2 = 0,) = 0.5. 

A, = 1 and N = 0.5 

t\ 
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0.2001 I .6308 0.8629 
0.2001 1.6317 0.8624 
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0.1585 0.9957 0.7002 
0.15x4 0.9989 0.7000 
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7 

FIG;. 2. Effects of :’ on the conductive and radiative heat Rux 
distributions at two times and c, = I:: = I. T,) = I, 0, = O,, = 

0.5, (‘1 = 0.5, A, = I. 

present work, results of non-dimensional temperatures and 
heat transfer are compared with the hybrid Galerkin [g] and 
nodal approximation [lo] methods for isotropic scattering 
and constant thermal conductivity. Table 1 shows the com- 
parisons at r,) = I. 0, = f),, = 0, N = 0. I. y = 0 and 5 = 0.05. 
It is shown that the transient temperature and net radiative 
flux results of the present method arc in excellent agreement 
with all the results listed. In contrast to the other methods. 
the DDO method is easier to program and any degree of 
scattering anisotropy and temporal and spatial variations of 
radiative properties can be easily incorporated. 

The effects of variable thermal conductivity on the his- 
tories of total heat flux at three positions and on the time 
required to reach steady state (fs) for isotropic scattering at 
i;, = C~ = I. 5,) = I, O2 = I),, = 0.5 and w = 0.5 are illustrated 
in Fig. I and Table 2, respectively. It is shown that more time 
is required for a negative 7 system to reach steady state than 
a positive one. This is because a positive 7 medium transports 
more conductive and more total heat, as shown in Figs. 1 
and 2, from the hot region to the cold region than a negative 
y medium and thus leads to a faster balance in energy. Figures 
2 and 3 demonstrate the effects of temperature dependence 
of thermal conductivity on temperature and heat flux dis- 
tributions at 5 = 0.05 and steady state. The effect of 7 on 
conductive heat flux distribution is more significant than that 
on radiative heat flux distribution while the effect of 7 on the 
temperature distribution is more expressive at < = 0.05 than 
at steady state. 
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CONCLUDING REMARKS 

A study has been made of the transient transfer of energy 
due to the combined effects of conduction and radiation 
for an absorbing, emitting and anisotropically-scattering 
medium with temperature-dependent thermal conductivity. 
The DDO method is utilized to solved the radiative transfer 
equation while a time-marching algorithm is proposed to 
deal with the unsteady energy equation. It is shown in the 
present numerical analysis that the temperature dependence 
of thermal conductivity of the medium has significant effects 
on both temperature and heat flux distributions of the prob- 
lem considered. 
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1. INTRODUCTION 

LA TECHNIQUE du film ruisselant pour le traitement thermique 
des fluides est largement utilis&e dans les industries chimiques 
et para-chimiques. Cette technique presente cependant 
plusieurs difficultis pratiques de realisation : 

(1) Des zones ssches se forment sur la paroi, d&s que le 
debit de liquide est trop petit ou que le flux de chaleur est 
trop grand. 

(2) Le disrributeur, destine $ repartir le liquide sous forme 
d’un film mince, d’epaisseur uniforme, est d’un fonctionn- 
ement dtlicat. 

De nombreux auteurs ont chercht a Climiner ces dbfauts 
et aussi a augmenter les coefficients de transfert de chaleur 
et de matiere, en ajoutant des promoteurs de turbulence sur 
la paroi, ou bien en traitant cette paroi meme pour la rendre 
rugueuse. 

Mais ces travaux ont et& limit&s a l’itude de film ruisselant 
sur une paroi uerticale dun tube cylindrique. Or, il n’est pas 
facile de transposer ces resultats au cas de film ruisselant sur 
une paroi plane, inclinb dun angle varie entre 0” et 90”, par 
rapport a l’horizontale. D’ailleurs, les procedes comme la 
distillation de l’eau de mer en systeme multi-effets, la dis- 
tillation de solutions diluQs et poll&es industrielles en multi- 


