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Abstract-A theoretical analysis of internally energised porous reactor is presented. Constant and 
temperature-dependent rate of heat generation are assumed. The fluid passed through the heated porous 
element medium changes phase from liquid to vapour and the vapour is further superheated. It is 
assumed that the regions of different phases are “separated” by two phase change “interfaces”, the first 
of which denotes the average distance where evaporation starts and the second denotes the average 
distance where complete evaporation is reached. 

The characteristics of the various parameters affecting the performance of a hollow cylindrical porous 
element are evaluated and presented for a representative range of the viscous flow regime where the 
inertia forces are neglected. 

The concept of generating temperature-dependent rate of heat within the porous element is aimed at 
gaining stability in operation and protecting the solid from burnout. 

NOMENCLATURE 

Cl, c2, constants of integration; 
C P’ specific heat; 
C PL. 7 liquid to vapor specific heat ratio (C&/C,); 

dimensionless group (= C,ti/2nkT); _ _ 
temperature factor [ = fi( To - TJ, 
equations (4,7); 

Jakob number [ = &/C,,, pr( To - ‘&)I ; 
thermal conductivity; 
effective conductivity of the saturated matrix; 
mass flow rate; 

dimensionless mass flow rate 
[ = ti/pfi(re. Vi)]; 
dimensionless group, equations (1Sb); 

dimensionless rate of heat generation 

pressure; 

dimensionless pressure [ = (p-p&pi-p,,)]; 
Peclet number [ = t;(re - ri)/ar]; 

rate of heat generation per unit time per 
unit volume; 

rate of heat generation at the reference 
temperature, T,; 
radial coordinate; 
dimensionless radial coordinate 

[=r/(ro-ri)]; 
temperature; 
reference temperature (= T*); 
radial velocity; 
overall average Darcy-velocity 

(=iE),equation(4); 

dimensionless Darcy-velocity (= U&Y); 
voltage, equation (2a). 

Greek symbols 

a, thermal diffusivity; 

8, temperature-coefficient of electrical 
resistance; 

Pt density; 

pI,“, liquid-vapor density ratio (= pl/pv); 

:: 

permeability of porous structure; 
latent heat of vaporization; 

Q electrical resistance; 

8, dimensionless temperature 

[=(T-T*)/(T,-X)-J; 

IA viscosity; 

V, kinematic viscosity (= p/p); 
vl,,, liquid-vapor kinematic viscosity ratio 

(= V&J”). 

Subscripts and superscripts 

av, 
c, 
d, 
f> 
4 

1, 
0, 

r, 
T 
V, 
* 

1, 

average value; 
start of evaporation; 
end of evaporation; 
fluid (liquid or vapor); 
internal side of cylinder; 
liquid; 

external side of cylinder; 
radial, or at the reference temperature; 
effective property; 
vapor ; 
saturation state; 
number of iteration. 

INTRODUCTION 

THE INTEREST in the study of convective two-phase 
heat transfer in porous media arises from its wide 
spectrum of engineering applications. Most of the 
previous studies are related to drying or transpiration 
cooling systems [l-lo], which are usually subjected 

529 



530 DAVID MOALFM 

to a prescribed temperature or heat flux at their 
surfaces. These solutions do not apply to problems THE THEORETICAL MODEL AND GOVERNING EQCATIONS 

involving distributed heat sources within the porous 
medium. There appears to be little information avail- 

able on the important problem of coupled heat and 

mass transfer in porous media with internal heat 
generation [ll-151. 

Consider a unit of a hollow porous cylinder, Fig. I. 
The inner and outer radii are ri and ~b, respectively. 
Liquid at temperature 7; and pressure P, is continuously 
fed to the center of the cylinder. The liquid is assumed 

to flow radially outwards through the porous medium 
The concept of internally energised porous medium 

is of interest in various application areas. These include 

nuclear fuel, cladding and shielding, solar collectors, 
compact regenerator design, boiling water reactor 

design etc. Also, the short residence time for fluid 
passing through the porous element is a feature which 
may lead to its use in various chemical engineering 
processes. 

The present study deals with the use of fluid flow 
through internally heated porous medium, in particular 
in connection with the novel methods of energy pro- 

duction. The solid particles forming the porous struc- 

ture may be nuclear or electrically heated. Heat may 
be generated also due to the absorption of radiation. 

The fluid passed through the heated porous medium, 
may change phase from liquid to vapor and the vapor 
be further superheated. The enormous specific surface 
area enables high specific ratings even with small 

temperature driving forces between the solid and the 
fluid. The principle may prove useful where high 
coolant rates are required, or be applied for the pro- 
duction of steam of variable controlled quality (e.g. in 

food processing and pharmaceuticals). 

Uniform distribution of fluid flow into the porous 

structure is essential for a stable operation. In order 
to achieve a uniform flow distribution, it was proposed 
in previous studies to feed the fluid stream through a 
dispenser (a porous body of a smaller permeability) 

before being fed to the heated porous body. However. 
the pore structure of a permeable material may be 
variable on a “microscopic” scale, and local non- 
uniformity of flow almost always may be resulted. The 
material area being starved of coolant would rise in 
temperature and the consequent excursion of tempera- 
ture leads to the burn out of the element. Hence, new 
methods are required to ensure the stable operation 
of an internally heated porous element. 

The method presented in this study is based on 

generating temperature-dependent rate of heat char- 
acterized by adecreasing function with the temperature. 
Thus, as the temperature rises, the rate of heat gener- 
ation decreases and the temperature falls-down. The 
concept of generating internal heat of a temperature- 
dependent rate seems to be promising in concern to 
stability of operation and long-life element due to the 
dynamic self-control, which such an element possesses. 

It is reasonable to conceive of two basic geometries 
for such a porous element: The plain and the cylindrical 
where in the later the flow may be from either the 
inside or the outside. In recent years, sintered porous 
elements have become available in the form of hollow 
cylinders (or tubes). These have greatly increased their 
range of application. This brings the author to analyse 
the cylindrical shape. 

LIOUID 
FEED 

TEMPERATURE 

FIG. 1. Schematic presentation of physical system and 
coordinates. 

by an imposed total pressure gradient (Pi-PO), where 
pO is a constant pressure maintained at the outer 

surface of the cylinder. In the pressure gradients con- 
sidered here, the flow is slow enough so that the viscous 

forces dominate over the inertia forces. Because of the 
complex structure of the porous medium it is impossible 
to formulate the problem in terms of the actual flow 
through the pores. As in most studies on the viscous 
regime flow through porous medium, the Darcy’s law 

is applicable: 

K dp 
c, = ----- 

or dr 

where K is the permeability of the porous material, 
pr is the fluid viscosity, uV and dp/dr are the radial 
velocity and the radial pressure gradient. The liquid 

passed through the heated porous medium, is firstly 
heated to saturation state (region I), changes phase 

from liquid to vapor (region II), and the vapor is 
further superheated (region III) to an exit temperature 
TO, greater than the saturation temperature of the 
liquid corresponding to the pressure p.. The tempera- 

ture and pressure at the evaporation region are the 
saturation temperature and pressure T* and p* respect- 
ively, where p. < p* < pi and T*(pi) < T*(p*) < T*(p,). 
For the case under consideration where equation (1) 
is applicable, the total pressure gradient is relatively 
small. Hence, T*(pi) 2 T*(p,), and the saturation tem- 
perature at p* is firstly approximated by T*( (pi +p,)/2), 
and is corrected by solving for the pressure distribution 
(see below). 

Consistent with slow flow through the porous 
medium it is reasonable to assume that the temperature 
of the solid and the adjacent fluid are equal. Thus the 
heterogeneous solid-fluid system is treated as a con- 
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tinuum, which allows average or “macroscopic” 
governing equations to be applied. In order to apply 
an average energy equation, it is necessary to determine 
an effective thermal conductivity of the saturated 
porous medium. Hashin and Shtrikman [17] derived 
an equation for the upper and lower bounds of the 
effective conductivity of heterogeneous materials, and 
[l&24] discussed the prediction of effective conduc- 
tivities. For the problem under consideration, the upper 
bound from [17] is utilized to evaluate the effective 
conductivity for the saturated matrix. (Taking an upper 
and lower bound will yield limits on the solution of 
the problem.) The average energy equation can be 
written in the form [7,25]: 
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where, R, and R,, are the “interfaces” position. See 
Fig. 1. Actually, because of the thermal conductivity 
of the fluid, the fluid temperature will probably rise 
slightly before it enters the element at R = Ri. How- 
ever this effect was found negligible [27]. Thus, the 
temperature at R = Ri is assumed here to remain 
constant at the inlet value, &. (Note that, the dispenser 
which is usually placed before the heated porous 
element provides thermal insulation between the feed 
and the heated element.) The conditions at the outer 
radius, R, are maintained by the external vapor 
chamber. The evaporation in the intermediate region 
is assumed to proceed at constant temperature and 
pressure. This is reasonably valid in the case under 
consideration (in as much the total pressure gradient 
is by itself relatively small). (2) 

where kT is the effective conductivity (consisting with 
assuming same fluid and solid temperatures) and q is 
the rate of heat generated within the porous structure 
per unit time per unit volume. In the case of electrical 
heating, q is usually given by: 

V2/R, 4, 

‘= l+P(T-T,)= l+fl(T--T,) (2a) 

where V is the electrical voltage, T, is a reference 
temperature, Q, is the electrical resistance at T,, and /3 
is the temperature-coefficient for a,. Hence, q, is the 
rate that would have been generated at temperature T,. 

The equation of continuity may be written in the 
form [7,261: - _ 

%v4 o 

ar= . 
With reference to the following dimensionless variables: 

R=r/(r,-ri) P=(p-P&Q--p,,) e=(T-T*)/(T,-T) 

K Pi-PO fi=--_- V = V/V 
PI C-r0 

Id = ti/[pU(ro-ri)] 

J,, = AP” Pe = $ro-ri) (4) 

C,,PI(% - T) a1 

C,ti 
D=- 

2ZkT 
N = 4,(ro - 4’ 

(To - Ti)kT 
F = fi(To- T) 

PI,” = PllP” Vl,u = VI/V” C,,,” = C,,ICpu 
the continuity, motion and energy equations are trans- 
formed to the dimensionless forms : 

&(VR)= 0 

v= _dP 
dR 

d28 1-D d0 N 

dRZ+ 
- = 0. 

R dR+l+FB (7) 

The boundary conditions applicable to this problem 
are : 

R = Ri P = 1.0 89 = ei (ga) 

R = R, (or Rd) P = P* e=o (W 

R = R, P=O 8 = e. (84 

The simultaneous solution of motion, energy and 
continuity equations [equations (5)-(7)] yields the tem- 
perature distribution within the medium, the mass flux 
(or the heat load of the porous reactor) and the position 
of the phase-change “interfaces” (i.e. rc and rd). 

Energy balances 
The physical variables of the system may be further- 

more inter-related by applying energy balances over 
the three regions (see Fig. 1). For the sake of clarity 
these are brought in the dimensional forms: 

,c 
tiC,,(T* - ITi’) = 271 qrdr-2xkT,rdrl 

dr J,=ri 
(Region I) (9a) 

s ‘d 

rila=2n qrdr+2nkTurdT 
,< dr ,=,d 

h[C,,(T*-Z)+l+Cpu(To-T*)] 
l-Q dTI 

= 2n 
J 

qr dr - 2zkT,r z 
,I 

dr lrzrL (Overall balance) (SC) 

(Region II) (9b) 

s ‘0 

tiC,“( To - T*) = 271 qrdr-2nkrurc 
,‘I dr ,=,d 

(Region III-not used). (9d) 

These balances may be simplified by neglecting the 
conduction fluxes (= - kTdT/dr) at the boundaries 
ri, rc, rd and ro. Exact calculations by the author show 
that the boundary fluxes are fairly small compared to 
the rate of heat generated within region I where the 
liquid is heated to saturation, and region II where the 
saturated liquid evaporates. Reasonable accuracy 
(1.25-2.6x) was achieved by utilizing the energy 
balances over these two regions, combined with the 
overall energy balance. 

Solution@ the massflux 
Substituting equation (6) into (5) and integrating 

yields : 

P= C11nR+C2 

where Cl, C2 are two constants of integration. 
Utilizing (Pi, P*) and (P*, PO) as the boundary-condi- 
tions for the liquid and vapor regions respectively, 
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yields the pressure distribution as a function of the For D # 2 this yields: 
two “interfaces” (at R, and Rd) position : 

ln(RIRi) 
P[= 1-(1-P*)---- 

MRJ&) 

NI = [-~i+M~(Rj-R~)]~~~-~~(R2-R~)+(li 
c I 

(lOa) 
D#2 (16a) 

p 
” 

= p* WIRJ 
WdR,) 

R% _ RD,. d 
(lob) Q,= [e,+y(Ra-R,2)]~-M,(R’-R:) 

where the subscripts I and u refer to the liquid and 
vapor regions, respectively. 

The mass flux in each region is given by: 

rir = 2nrofps 

or in dimensionless form: 

D # 2. (16b) 

where 1, v refer to the liquid and vapor region respect- 

ively, and M is as defined in (15b). The corresponding 

(1 la) expressions for D = 2 are: 

&J=- m ___-- = 27cVR 
cpf(r, - ri) 

(lib) 
R2-Rf N 

where vf (or V) is the Darcy velocity as is defined by 
equation (1) [or equation (6)] and by the local pressure 

gradient (dp/dr). When the latter is evaluated from 
either of equations (10) and is combined with equations 
(6) and (llb) the following are obtained: 

XR,Z-- 

D=2 (16~) 

R:lnR,-$R:InR,+-RG !I 
n;r,= mr 

l-P* R2-R: N 

CIpf(ro - ri) 

= 271-- 
In(WRJ 

(124 "m-y i 
R21nR-T-R:lnRi-: +-Oi 

:i 

D = 2. (16d) 

&f” = 
m,. P* 

= 27[--------. 
l;Vpl@., - yi) MWRd) 

(12b) 
Integration of equations (9) for constant q, normalizing 

Since steadv-state is considered the mass fluxes in the 
and combining the first two yield : 

liquid and vapor regions are identical. Equating equa- 
tions (12a) and (12b) yields the saturation pressure: 

Rd = [R,2_p~,.J,(R,2_R:)lOi]” (17) 

p* = ln(R,IRJ 
substituting hi and Rd into equation (9c) yields: 

ln(RJRi) + ln(R,IRJ’ 
(13) N R,fRi 

Equation (13) is used now to eliminate P* in either of 

~-@+J,-~_--- 
Pi.6 Pev[,, R, - Ri 

equations (12). This yields the dimensionless mass flux x {ln [RJ(R,Z - pl,J,(R,Z - Rf)/‘Qi)] 

as a function of the “interfaces” position : - 1’1.~ ln(R,/Ri)) = 0. (18) 

A& = hi,, = l/[ln(R,/Ri) + ln(R,/Rd)]. (14) 

Note that once the “interfaces” position R, and R,, are 
known, equations (10) and (14) may be used to evaluate 
the pressure distributions and the mass flux through 

the porous medium. 

Solution of the energy equation 
(A) Constant rate of’ heat generation. In the case 

under consideration, F [in equation (7)] vanishes and 
equation (7) is a linear equation of the first order. Its 
solution is given by: 

where 

O=C,g-MR2+C2 (154 

1 N 

=2-D 
if D#2 

M= 

i(lnR-4) 
(15b) 

if D = 2. 

The constants of integration Ci and C2 are now 
evaluated for each of the liquid and vapor region by 
introducing the boundary-conditions as in equation (8). 

Equation (18) may be solved for R, based on known 
values of Bi, B0 and N. Starting with initial guess 

for R,, equation (17) is used to evaluate Rd. Based 
on these R,, Rd values, the corresponding q (of N) is 
calculated by equation (9b). The calculated N is in- 
serted into equation (18) the solution of which yields 
a new value of rc which is compared with the previous 
one, until convergence is achieved. 

(B) Temperature-dependent rate of heat generation. In 
the case of temperature-dependent rate of heat gener- 
ation within the porous matrix, and in view of the 
q-function in equation (2a), the energy equation turns 
to a non-linear equation in T. [F # 0 in equation (7)]. 

There may be a great interest in analytical solutions, 
both exact and approximate, which may serve to a 
further understanding of the physical phenomena. The 
author is aware of other forms for q which may lead 
to close-form analytical solutions. However, such 
solutions are limited to the specific q-function used. 
A general procedure for solving the present problem 
for a non-linear form of q [as in equation (2a)], might 
prove useful for a wide spectrum of q-functions. More- 
over many engineering situations require fast and 
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accurate results. Therefore a general calculation pro- 

cedure for numerically solving equation (7) is outlined 

in what follows : 
(a) Starting the first iteration (j = 0) the solution of 

constant q( = q,) is initially assumed. Each of the regions 
I and III is divided into increments of (R,-R# and 
(R,-R,,)/i, respectively. (In region II the temperature 
is constant.) For any iteration j+ 1, the calculated 
results of the previous iteration j are assumed. 

(b) Utilizing the temperature profile f3{ from (a), 
average N in the first increment (i = 0, to i = 1) and 
use this N’,, [ = (N,!‘c’ + N!+ ,)/2] to calculate the new 
temperature [equations (16)] at i = 1, @“, based on 
the inlet temperature at i = 0. The temperature at i+ 1, 

0{:: is similarly evaluated from the value at i, @+I, 
and the average N’,, over i to i + 1. 

(c) Continue b for the liquid and vapor regions, 
until the complete new profile &” is obtained. 

(d) The integrals in equations (9) are numerically 
calculated and used to evaluate the new values of 
Ri" and Rj+' in a similar manner as in (A). 

(e) Calculate C (f3i” -0;)’ 

(f) Repeat (b)i to (e) until the value from (e) ap- 
proaches a small value. 

A general computer program was set for solving the 
temperature profiles, the “interfaces” position and the 
possible mass flux for a given set of operating-condi- 

tions. The value of i and j are determined along the 
way according to accuracy requirements and speed 
considerations. The program was demonstrated by 
utilizing the q-function in equation (2a). Some of the 
calculated results are presented below. 

PRESENTATION OF CALCULATED RESULTS 

The present study represents an attempt to introduce 
the inter-relations between the characteristic operation 
parameters of internally heated porous reactor. The 
parameters affecting the performance of such an 
element are (a) the rate of heat generation within the 
solid, (b) the rate of flow of working fluid, (c) the 

degree of pre-heating of the incoming liquid feed and 
(d) the degree of superheat of outcoming vapor. These 
are presented in the following for a constant rate of 
heat generation [fl = 0 in equation (2a)] and for a 
temperature-dependent rate of heat generation. The 
solution of later case is iteratively obtained as detailed 
in previous section. Since the results are obtained 
numerically, it is interesting to note the point values 
of the basic variables R,, Rd and the temperature 
profiles through the various regions. 

(Note that the following calculated results were 
evaluated for water as a working fluid and a hollow 

cylindrical porous element of a constant porosity 
(= 0.39) and inner and outer radii of 1.0 cm and 2.0 cm. 
Thus the dimensionless radii Ri, R, are 1.0 and 2.0 
respectively.) 

Figures 2-4 represent the dimensionless radial dis- 
tance of the two phase-change “interfaces” for various 
degrees of superheat and various values of Jacob 
number. Note that as 0, -+ 0 (or 0i -+ - 1.0) the out- 
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20 

I 9 

I 8 

DImensIonless degree of superheat, $ 

FIG. 2. Effect of temperature coefficient, b 
on the phase-change “interfaces” for various 

degrees of superheat. 

Ja=8-47x10-3 -2 0 

IO I 
0 0.5 I.0 

DImensIonless degree of superheat, 8, 

FIG. 3. Effect of temperature coefficient, p 
on the phase-change “interfaces” for various 

degrees of superheat. 

coming vapor is at saturation temperature T*, and 
hence Rd --t R,, almost unaffected by the temperature- 
coefficient, /I. However, the variation of R, with /I is 
by contrast more pronounced. As & + 1.0 (or Bi --) 0) 
the incoming liquid is at the saturation temperature 
T*, and hence R,+ Ri, again unaffected by the 
temperature-coefficient, while Rd being the most 
affected variable. 
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Dimensionless degree of superheat, 8, 

FIG. 4. Effect of temperature coefficient, B 
on the phase-change “interfaces” for various 

degrees of superheat. 

0 0.5 I’” 

Dimensionless degreeof superheat,& 

FIG. 5. Mass flow rate and heat generation rate 
for various /3 at various degrees of superheat. 

Ja= 8.47,10w3 

DIMENSIONLESS DEGREE OF SUPERHEAT, 8. 

Ftc. 6. Mass flow rate and heat generation 
rate for various jl at various degrees of 

superheat. 

4c 

31 3 2C 
,5 
.O 

.5 
13’ 

3 
IO 

‘. 5 
i.0 
7. 5 

0 
; 

I I 

0 0.5 I 0 
Dtmenslonless degree of superheat, $ 

FIG. 7. Mass flow rate and heat generation 
rate for various p at various degrees of 

superheat. 
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DImensionless radlal coordinate. R 

,? 
I 7 I 8 I.9 2 

I I 

Ja=l,27x 16’ 

-&=O.I (low superheat) 

---8,=0.9(high superheat) 

I I I 
) 1.1 I 2 13 ‘* 

DImensIonless radial coordinate. R 

FIG. 8. Dimensionless temperature profile within the porous 
element. 

Dlmenslonless radial coordinate, R 
e 

A theoretical analysis of internally energised porous 
reactor has been presented. The concept of generating 
temperature-dependent rate of heat within the porous 
element is aimed at gaining stability in operation and 

protecting the solid from burnout. 

---8,=0,75(hlgh superheat) 

0) 

: 
0 

z UY 

E; 
EO 
-“g 

2 ; -0.5 
--3 
6 .? 

ej 

E’ 
6s 

-I 0 

Dlmenslonless radial coordinate. R 

In the problem discussed, liquid at a constant tem- 
perature is fed into one end of a porous medium, 

and a superheated (or saturated) steam is produced at 
the opposite end of the element. The regions of different 
phases are “separated” by two phase-change “inter- 
faces”. The first interface (at R = R,) denotes the 
average radial distance where evaporation of the 
saturated liquid starts while the other “interface” (at 
R = Rd) denotes the average radial distance where 
complete evaporation is reached. 

The analysis is applicable for predicting the charac- 
teristics of a porous reactor producing vapor where 
small quantities of variable controlled superheatings 

are required. The principle may also be applied for 
cooling of nuclear particles by evaporating high latent- 
heat fluid while flowing through the particles bed. 

FIG. 9. Dimensionless temperature profile within the porous 
element. 

Based on various values of the temperature-coef- 
ficient, the characteristics presented so far enables one 
to predict the mass flux (or the reactor load) for a 
required degree of superheat and an available rate of 
heat generation. 

The variation of the dimensionless mass flux with 

the degree of superheat and the temperature-coefficient 
of the heat generation is shown in Figs. 5-7. Also 
included in these figures the dimensionless rate of 
heat generation, N, corresponding to the reference 
temperature T, = T* [see equations (2% 4)]. 

In steady-state operation, the use of temperature- 
dependent rate of heat generation might cause a sig- 
nificant decrease in the possible mass flux through the 
element. This decrease is well pronounced at relatively 
high superheat and high Jacob number. 

In view of equation (14), the possible mass flux 
through the porous element is determined by R, and 
Rd. As the degree of superheat is increased, the phase- 
change “interface”, Rd, moves inside while R, remains 
almost unchanged. Thus, the mass flux and hence the 
required rate of heat generation should both decrease 
[see equation (14)]. Similarly, for low superheat, the 
increase in R, brings about a corresponding increase 
in the mass flux. 

The analysis presented here is restricted to low flow 

rates of coolant through the porous medium, and is 
based on the temperature-dependent rate as is defined 
in equation (2a). Also, the upper bound of effective 
properties (of solid and fluid) as is given by Hashin 
and Shtrikteman [17] has been used. An extended 
analysis for high flow rate and a general function of 
the heat generation rate with the local temperature is 
now underway. 

As is demonstrated in Figs. 5-7, increasing /I at low 
superheat yields a higher mass flux while at high 
superheat the mass flux is reduced by increasing /Y. liquid from the first element is fed to the intermediate 

Finally one can conceive of a reactor formed by three 
separated cylindrical concentric elements. Gaps are 
incorporated between the cylindrical layers. Saturated 

This behavior is due to the value chosen for the 

reference temperature (Tr = T*). (Where the reference 

temperature equals T, the increase of fl should yield 

a decrease in the possible mass flux through the whole 

range.) 
The mass flux and the rate of heat generation deter- 

mine the values of the dimensionless groups D and M 
which appears in the temperature profiles. Typical 
temperature profiles for high, low and intermediate 

superheat are represented in Figs. 8-9. Note that, f3r 
denotes the temperature variation in the liquid heating 
region and (3” corresponds to the temperature variations 

in the superheating region. The intersection of & and 
0” curves with the saturation line (0 = 0) indicates the 

values of R, and Rd, respectively. 

SUMMARY AND FINAL REMARKS 
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laver where evanoration takes place. and the saturated Il. J. P. Chion and M. M. El-Wakil. Heat transfer and 

vapor is now fed to the superheating element. The rate flow characteristics of porous matrices with radiation 

of heat generation in each portion can be adjusted as a heat source. J. Heut Trarrsfir 88, 69 (I 966). 

correspondingly to its size and the amount of energy 
12. L. Green, Jr., Gas cooling of a porous heat source. J. 

Appl. Mrch. 19(12), 173 (1952). 
required. Similar approach may be applied to analyse 13. R. J. Raiff and P. C. Wayner, Evaporation from a porous 

such a svstem. flow control element on a porous heat source, Int. J. * 
Acknowledgements-The author wishes to thank Mr. Cohen 

Heat Muss Tram@ 16. 1919 (1973). 

Shimon, who assisted in checking the final revision of the 
14. D. W. Lyons and J. P. Hatcher. Drying of a porous 

computer programme. To Leah, my wife in the nearest 
medium with internal heat generation. fnt. J. Heat Mass 

future-for her patience and understanding. 
Transfer 15,897 (1972). 

15. G. B. Melese-d’Hospital and J. E. Wilkins, Steady-state 

1. 

2. 

6. 

7. 

8. 

9. 

10. 

REFERENCES 

P. Grootenhuis and N. P. W. Moor, Some observations 
of the mechanism of sweat cooling, Proc. 7th Int. Congr. 
Applied Mechanics, Vol. 3, pp. 106-l 19 (1948). 
S. Weinbaum and H. L. Wheeler, Jr., Heat transfer in 
sweat-cooled porous metals, J. Appl. Phw. 20, 113.-122 
(1949). 
E. Meyer and J. G. Bartas, Transpiration cooling in 
porous metal wail, Jet Propul. 24(b), 366-368 (1954). 
L. Green, Jr., Gas cooling of a porous heat source, 
J. Appl. Mech. 19(2), 173-178 (1952). 
J. C. Y. Koh and E. P. del Casal, Heat and mass flow 
through porous matrices for transpiration cooling, in 
Proceedings of the 1965 Heat Transfer and Fluid 
Mechanics Institute, edited by A. C. Charwat. Stanford 
Univ. Press, Stanford, Calif. (1965). 
J. C. Y. Koh and E. P. de1 Casal, Two-phase flows in 
porous matrices for transpiration cooling, in Develop- 
ments in Mechanics, edited by J. E. Cermak and J. R. 
Goodman. Colorado State University (1968). 
J. C. Y. Koh. J. F. Price and R. Colonv. On a heat and , 
mass transfer problem with two moving boundaries, in 
Progress in Heat and Mass Tram@, edited by T. F. 
Irvine, Jr., W. E. Ibele, J. P. Hartnett and R. J. Goldstem, 
Vol. 11. Pregamon Press, Oxford (1969). 
J. R. Schuster and T. G. Lee, Application of an improved 
transpiration cooling concept to space shuttle type 
vehicles, J. Spacecraft 9(1 I), 804 (1972). 
A. Rubin and S. Schweitzer, Heat transfer in porous 
media with phase change, Inr. J. Heat Mass Transfer 
15,43 (1972). 
S. Schweitzer, Multivalued relations between surface 
conduction and surface temperature in a saturated 
porous media with phase change, Int. J. Heat Mass 
Transfer 16, 1496 (1973). 

heat conduction in slabs, cylindrical and spherical shells 
with non-uniform heat generation. Nucl. Engng Des. 24, 
71 (1973). 

16. W. U. Choudhury and M. M. El-Wakil, Heat transfer 
and flow characteristics in conductive porous media with 
energy generator, Proc. 4th Int. Heat Tram@ Confer- 
ence, Paris-Versailles, Paper CT. 32 (1970). 

17. Z. Hashin and S. Shtrikman, Note on the effective 
constants of composite materials, J. Franklin Inst. 271, 
423-426 (1961). 

18. S. C. Cheng and R. I. Vachon. A technique for predicting 
the thermal conductivity of suspensions. emulsions, and 
porous materials, Inr. J. Heat Mass Trunsfer 13.537-546 
(1970). 

19. R. G. Deissler and J. S. Boegli, An investigation of 
effective thermal conductivity of powders in various 
gases, J. Heat Transfer SOC, 1417-1425 (19581 

20. R. L. Gorringand S. W. Churchill, Thermal conductivity 
of heterogeneous materials, Chem. Engng Prog. 57.53359 
(1961). 

21. D. Kunii and J. M. Smith, Heat transfer characteristics 
of porous rocks, A.1.Ch.E. JI 6, 71l77 (1960). 

22. D. Kunii and M. Suzuki. Particle-to-fluid heat and mass 
transfer in packed beds of fine particles, Int. J. Hem 
Mass Transfer 10, 8455852 (1967). 

23. A. V. Luikov, A. G. Shashkov, L. L. Vasiliev and Y. E. 
Fraiman, Thermal conductivities of porous systems, 
Int. J. Hear Mass Trmufer 11, 117- 140 (1968). 

24. W. Woodside and J. H. Messmer, Thermal conductivity 
of porous media, .1. Appl. Phys. 32, 168881706 (1961). 

25. M. Combarnous and B. LeFur. Convection mixte dans 
une chouche poreuse horizontale, Fourth International 
Heat Tram/& Conferencr, Vol. 7. Paper CT 3.3. Paris 
(1970). 

26. A. E. Scheidegger, Physics qf Flow Through Porous 
Media. Macmillan, New York (1960). 

TRANSFERT THERMIQUE STATIONNAIRE A L’INTERIEUR D’UN MILIEU POREUX 
AVEC PRODUCTION DE CHALEUR DEPENDANT DE LA TEMPERATURE 

R&urn&On prbente I’etude theorique d’un reacteur poreux avec source interne d’energie. Le taux de 
production de chaleur est suppose constant ou fonction de la temperature. Le fluide traversant le milieu 
poreux chauffe subit un changement de phase liquid+vapeur et la vapeur est ensuite surchauffee On 
suppose que les regions relatives aux differentes phases sont s&pa&s par deux interfaces de changement 
de phase: le premier indique la distance moyenne sur laquelle I’evaporation debute et le second indique 
la distance moyenne a laquelle une evaporation complete est atteinte. 

On kalue les caracttristiques des divers paramttres qui agissent sur le fonctionnement d’un element 
poreux creux cylindrique et les risultats sont present& dans un domaine reprtsentant le regime 
d’ecoulement visqueux dans lequel les forces d’inertie sont negligees. 

Lid&e d’un apport de chaleur, fonction de la temperature a I’inttrieur de I’eltment poreux, vise a 
ameliorer la stabilite de Top&ration et a proteger le solide de l’assechement. 

STATIONARER WARMETRANSPORT IN PORCiSEN MEDIEN MIT 
TEMPERATURABHANGIGER WARMEERZEUGUNG 

Zusammenfassung-Es wird eine theoretische Analyse fur einen pordsen Reaktor mit innerer Eigen- 
wiirmeerzeugungangegeben. Konstante und temperaturabhangige Wlrmeerzeugung sind angenommen. 
Fliissigkeit dringt durch das erhitzte porose Element, unterliegt einer Phasendnderung zu Dampf, und 
der Dampf wird weiter iiberhitzt. Es wird angenommen, dat3 die Bereiche unterschiedlicher Phasen durch 
zwei PhasentrennflLchen abgeteilt sind: die erste gibt an, wo die Verdampfung beginnt und die zweite, 
wo die Verdampfung beendet ist. 



Heat transfer within porous medium 

Die Charakteristika fur verschiedene Parameter, die die Wirkungsweise eines porijsen Elements in 
Hohlzylinderform beeinflussen, werden ermittelt und fur einen reprasentativen Bereich der Stromung 
zaher Fliissigkeit angegeben, wobei Trlgheitskrafte vernachliissigt werden. 

Die Voraussetzung temperaturabhangiger Wlrmeerzeugung im poriisen Element sollte der Stabilittit 
der Arbeitsbedingungen dienen und das Festkiirperteilchen vom Ausbrennen schiitzen. 

CTADklOHAPHbIti TEI-IJIOOEiMEH B I-IOPkICTOfi CPEAE C 3ABkICIIIIII4M 
OT TEMI-IEPATYPbI TEI-IJ-IOBbIAEJIEHkIEM 

horaum-Aaercu TeOpeTH%cKHfi awni nopucroro peaKTopa c BHyTpeHHHM BbIAeneHHeM 

3HeprWi. npeAnOJIaraeTCR,'iTO CKOpOCTb BbIAeneHHR TenJTa 3BBEiCHT OT TeMnepaTypbI. %iAKOCTb, 

nporuenxnae yepes HarpeTbIl nopwcTbIl 3neMeHT, npeBpaqaeTcn B nap, a Aanee ~~~ACXOAHT 

neperpea napa. llpeAnonaraeTcn,uro 06nacTwpasnwvHbIx @as ccpasAenrri0Tca)) A~y~srpaHHqaysi, 

nepaaa ii3 KoTopbIx npeAcTaBnseT cpeAHee paccroaaue, Ha ~0T0p0M HawHaeTcn 5icnapeIisie, a 

BTopar-cpeAwzepaccToaawe,HaK0~0p0Mnp0~~~0A~~ nonHoeucnapeHae. 

PaCC'iHTbIBWILiCb pa3JIH'iHbIe IIapaMeTpbI, BJIURKWHe Ha XapaKTepHCTHKEi nOJIOr0 qHJlHHApH- 

'iecKOr0 nOpHCTOr0 WIeMeHTa. OHW npeACTaBJIeHb1 AJIR AWana30Ha BI13KOrO peXUiMa TWieHWR C 

npeHe6pewiMo MaJIbIMACElJIaMW&iHepLWi. 

Ycnoaue 3aBHCWMOCTW cK~~~cTH BbIAeJIeHWI Tenna OT TeMnepaTypbI B ~O~HCT~M 3neMeIiTe 

HCnOJIb3yeTCR AJIR AOCTHlKeHWR yCTOhiBOCTH pelKl%Ma pa6OTbI li 3aLUEiTbI TBepAOrO Tena OT 

neperopaawa. 


