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Abstract-An analytical model is presented for the two-phase transport which results from bottom heating of 
a liquid-saturated porous medium whose porosity varies with height. In this model, the difference between the 
bottom and the ambient porosity levels is assumed to diminish exponentially. Such a distribution may arise, 
for example, due to non-uniform distribution of particle sizes in a particle bed. The model applies to flows 
driven by both buoyancy and capillary effects. Numerical solution of the governing equations for a steam- 
water system indicates that variation of the porosity profile strongly affects the height of the two-phase zone 
and the temperature difference across the two-phase layer. Decreasing the porosity locally near the heated 
surface may increase or decrease the length of the two-phase zone depending on the size of the region of 
decreased porosity. In addition, decreasing the porosity near the surface is found to significantly increase the 
temperature difference across the two-phase zone, whereas increasing the porosity at the surface has the 
opposite effect. The lower-limit of heat flux at which capillary forces affect the two-phase transport has also 
been calculated. The computed results indicate that even when the region of porosity variation is small, this 

limit can be changed significantly when the porosity profile near the surface is altered. 

INTRODUCTION 

BOILING in porous media is an important transport 
mechanism in a number of technological applications, 
including thermal energy storage, porous heat pipes, 
geothermal systems and post-accident analysis of 
liquid-cooled nuclear reactors. Interest in these 
applications has prompted a number of studies [l-l l] 
of boiling transport in porous media. 

It is now well known that for bottom heating of 
liquid-saturated porous media, when the temperature 
ofthe heating surface slightly exceeds saturation, a two- 
phase zone of nearly uniform temperature forms above 
the heating surface. The resulting countercurrent up- 
flow of vapor and down-flow of condensed liquid is 
driven by gravity and capillary effects. The convective 
and phase-change heat transfer in the two-phase zone 
results in high apparent thermal conductivity. 

Several analyses have been proposed for the 
transport in the two-phase zone. For bottom heating, 
Bau and Torrance [8] assumed a uniform liquid 
saturation profile and constant temperature in the two- 
phase zone. Their analysis, which applies to gravity- 
driven flows with negligible capillary effects, yielded 
results in good agreement with experimental measure- 
ments. Schubert and Straus [9, lo] have analyzed 
steam-water counterflow in porous media for 
conditions characteristic of geothermal systems. They 
have proposed one-dimensional and two-dimensional 
models for a steam-water mixture overlying a 
quiescent pool of water. Their analysis neglected 
capillary effects but considered the variation of liquid 
saturation in the two-phase zone. 

Ogniewicz and Tien [l] proposed an analytical 
model that includes both phase-change and capillary 
effects in the two-phase zone for a one-dimensional heat 

pipe configuration. Udell [6] developed a similar 
model with thermodynamic analysis of the two-phase 
zone and obtained good agreement with experimental 
measurements [7] for top heating. 

All the analytical models described above assume 
uniform porosity within the porous medium. However, 
in many applications, the porosity of the matrix may 
not be uniform. In geothermal systems or porous layers 
formed after a nuclear accident, the porosity may vary 
with depth due to variation of the weight of overlying 
material and/or differential settling of different particle 
sizes. Athy [12] has modeled the variation of porosity 
in sedimentary rocks due to compaction with the 
relation E = &,,emuL, where L is the depth below the 
ground surface. 

Porous heat pipe structures may also develop a non- 
uniform porosity distribution due to plugging of the 
pores with contaminants or by breakdown and settling 
of the matrix due to thermal stresses. Although non- 
uniform porosity distributions may commonly occur, 
we are aware of no previous attempts to theoretically 
model boiling in porous media with non-uniform 
porosity. 

The present work is a theoretical analysis of boiling 
transport in a porous medium with non-uniform 
porosity. The analysis assumes that the porosity varies 
only in the vertical (x) direction and that the porosity 
varies slowly enough so that local conditions are 
identical to those which would exist if the porosity of 
the entire medium was equal to the local value. The 
analysis treats capillary effects in a manner similar to 
the analyses of Udell[6] and Ogniewicz and Tien [l]. 
We specifically consider water as the coolant in the 
medium, although the analysis is quite general and is 
easily applied to other fluids. Our results indicate that 
for a given heat flux, the height of the two-phase zone 
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A = (E/G)‘~* as in equation (16) & porosity 
d mean diameter of the porous material s, = 1, reference porosity 
E dimensionless profile of porosity rl dimensionless vertical coordinate 
F dimensionless capillary pressure YlL length constant in the porosity profile 
G dimensionless permeability @Z# dimensionless height of two-phase zone 

b 

~avitational acceleration ~+e dimensionless height of two-phase zone 
latent heat of va~~zation for constant porosity (r = 0) 

k permeability 

k, = 8, reference permeability 8 @r-t& 
= -, effective liquid saturation 

1 - & 

! 
mass flux 

4i irreducible liquid saturation 
pressure 
capillary pressure 

II chemical potential 
P, V 

P dimensionless pressure 
kinematic viscosity 

D surface tension 

PJ0 liquid pressure at the heating surface 
P VO vapor pressure at the heating surface d, = 5, ratio of kinematic viscosities in 

Z! 
heat flux v” 

gas constant as in P = pRT 
liquid and vapor phases 

Ri relative permeability of liquid 
a dimensionless heat flux. 

RI! relative ~rmeability of vapor 
T temperature Subscripts 
D specific volume 0 condition at the lower boundary 
x vertical coordinate, in upward direction. 

p” 
condition at y = co 
liquid phase 

Greek symbols V vapor phase 

Y constant in the porosity profile s saturation condition. 

and the temperature difference across the zone may be Mathematically this can be stated as 
strongly affected by the porosity variation in the .? 

ANALYSIS 

The analysis applies to the two-phase zone that 
forms when a porous medium saturated with water is 
heated at the lower boundary. The configuration of the 
system is shown in Fig. 1. The porosity variation is 
assumed to be sufficiently weak that Darcy’s law, based 
on the local permeability of the medium, applies to both 
the liquid and vapor phases. This is expected to be true 
when the distance over which the porosity varies 
significantly is large compared with the pore size. 

FIG. 1. Configuration of the system. 

where d, is the mean pore diameter in the medium. 
When this is valid, Darcy’s law in the two-phase region 
takes the forms 

(2a) 

I&= +‘g+p”g) (2b) 

where R, and R, are the relative permeabilities. 
Continuity and energy conservation require 

*I= -ti ” (3) 

“i&j =4 = -?$I, (4) 

where q is the heat flux. Defming the capillary pressure 
difference 

PC = P,-P, (3 

and using equations (2) to (5) to eliminate &, and ti, 
yields 

dJ”v -P” 
dx = ~ - P”9 

h,,kR, 

dp, PI - = ~ --pig 
dx b&G 

W 



It is assumed here that the permeability k can be 
expressed in terms of porosity using the Kozeny- 
Carman formula 

k,d’__ &3 

180 (1-a)’ 
(7) 

where d is a mean grain size and E is the porosity. 
Although this relation strictly applies only to a packed 
bed of spheres, it is assumed to be qualitatively similar 
to the dependence of k on E for other porous structures. 
The results of the analysis are therefore expected to 
qualitatively represent the behavior of other porous 
structures, although the precise numerical values may 
be different. If the exact relation for k(s) is known for a 
particular matrix, however, it can be inserted into the 
analysis at this point to obtain more precise results. 

The relative permeabilities, R, and R, are functions of 
the local saturation, 0,. For convenience, a non- 
dimensional saturation ratio is defined as 

(8) 

where Bli is the irreducible liquid saturation. For RI and 
R,, the following relations are used here which match 
the experimental data of Wyckoff and Botset [13]. 

R, = O3 (9) 

J 

1 eG0.r 

R, = (1.1 -8)3, 

I 

0.1 < 6 < 0.9 (10) 

-0.08(0-0.9)+0.008 0 > 0.9. 

The capillary pressure difference, P,,is also a function 
of porosity, permeability and surface tension. Leverett 
[14] has correlated experimental data using the 
following functional form 

= F(e) 

where Q is the surface tension and F(B) is the Leverett 
function. For convenience, we define the followingnon- 
dimensional variables 

E E,W -=- 
k Wttl) 

and 
(13) 

A’($ = _ d(;l8,? e-~/q~. (23) 
L (14) 

and 

fi = qvv 
k,h,AP, - P,)g 

(15) 

where E, and k, are reference values of E and k, 
respectively. Note that tl is the non-dimensional 
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vertical distance from the heating surface. To further 
simplify the algebra we denote 

E 112 

A=G . 0 (16) 

In terms of these variables, equation (SC) becomes 

dtl AhFw) 

iii= l-&[&+&]-F(B)Mtd 

(17) 

For convenience, we take 

E, = l,k, = d* (18) 

which implies E = E(q) and k = d*G(t]). 
Two kinds of vertical porosity profiles are considered 

here. In the first type, the porosity is smallest at the 
heating surface and increases exponentially to a 
constant value at large q. The second is with maximum 
porosity at the surface with porosity decreasing 
exponentially to the ambient value. Therefore, the 
porosity profile is of the form 

E = E,[l -ye-qisL] (19) 

where 

E -E, 
Y= L. 

E, 
(20) 

The quantities E, and E, are the ambient porosity and 
the porosity at the heating surface, respectively. 

For the porosity profiles used, there is a layer of 
strong porosity variation near the surface. The quantity 
t,ir. is a non-dimensional parameter which indicates the 
characteristic dimension of this layer. Values of nr. 
considered in this study correspond to conditions in 
which the porosity varies over 3&100% of the height of 
the two phase zone. 

Using the Kozeny-Carman formula (7), the 
following equations are obtained for G, A and A’. 

Finally, F(0) must be known in order to solve 
equation (17). For F(B), the correlation proposed by 
Udell[6] for the imbibition capillary pressure data of 
Leverett [14] is used, i.e. 

P(e) = 1.417(1-e)-2.120(1-e)*+1.263(1-e)3. 

(24) 
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Introducing the dimensionless liquid and vapor 
pressures 

p = k, “* - - ” 
0 0 8, 

p = pf-PIO k I’* 
I ~-. 

a 0 8, 

Equations (6a) and (6b) become 

dP, d? D4 -=- -_ 

[ 1 de df? GR, 
I 

(25) 

(26) 

(27) 

The quantities P,, and Pi, in equations (25) and (26) are 
the pressures of the two phases at 0 = 0. They can be 
determined by imposing the boundary conditions 

e = 1, P, = P, = P,, (29) 

so that 

pvo = P, - &(e = 1)/d, (30) 

PIO = P, -aP,(O = 1)/d. (31) 

Equations (17), (27) and (28) are solved with boundary 
conditions 

e = 0, r) = 0, P” = P, = 0. (32) 

The temperature distribution in the two-phase zone 
is obtained from thermodynamic relations, assuming 
local thermodynamic equilibrium holds. The local 
temperature in the two phases are taken to be equal, 
TL = T,. As shown by Udell [6], the additional 
requirement of equal chemical potentials in the two 
phases yields the following relation between P,, P, and 
T. P*(r) (P,(T)-PJu, = R(273.15+T)In p 

[ 1 (33) 
” 

where T is in degrees Celsius. This relation was 
obtained assuming an incompressible liquid and that 
the vapor is an ideal gas. 

P, and P, are calculated from the solutions of 
equations(27)and(28).Therefore, when P,asafunction 
of temperature is available, temperature, T, can be 
determined using equation (33). 

In [15], a correlation of P, and T for water is given as 

B 
log,,P,=A--- 

T+C 

where A = 10.1946,B = 1730.63 and C = 233.426. For 
better accuracy, equation (34) can be corrected [ 163 in 
the following form 

log,,P, = A-& +DT+ E log,,T. (35) 

Then using data from [ 171, D and E were determined to 
be 

D = - 1.22066 x 10-4, E = 6.85300 x 10-3. (36) 

In equations (34) and (35), T is in degrees Celsius. The 
correlation of P, and T as in equation (35) is accurate to 
three significant figures in the temperature range from 
5°C to 275°C. 

NUMERICAL CALCULATIONS 

Calculated solutions for the equations described in 
the previous section were obtained for fixed parameters 
given below: 

d = 0.05 mm 

P, = 1.013 x 10’ N/m* 

u, = 1 x 10e3 m3/kg 

R = 3.8107 x 1O-4 I . 

The ambient porosity, E,, was taken to be 0.3 in the 

R Hz0 = 461.527 JjkgK 

4 = 1.460 x lo-* 

(37) 

4 = 1 kw/m* 

numerical solutions with various values of qr. and y in 
the ranges 0.5-2.5 and -0.4-0.4, respectively. Recall 
that negative values of y correspond to cases with 
maximum porosity at the surface and positive values of 
ycorrespond tominimumporosityat thesurface. When 
y = 0, porosity is constant. 

Equations (17), (27) and (28) were solved using a 
Hamming? modified predictorcorrector method. 
This is a fourth-order multistep method with 

integration initiated using a fourth-order Runge- 
Kutta procedure. 

The permeability that results from the values ofd and 
porosity used here is on the order of 1 Darcy (lo- I2 m*). 
This value is typical of geological formations of interest 
in geothermal applications and porous heat pipe 
structures. This porosity is about an order of 
magnitude lower than those in the system considered 
by Bau and Torrance [8]. Consequently, capillary 
effects, which were negligible in the system of Bau and 
Torrance [8], will be significant in our system. 

RESULTS AND DISCUSSION 

The effects of y and qL on AT and q2@ can be seen in 
Fig. (2). For positive gradients of porosity, i.e. positive 
values of y, the temperature difference across the two- 
phase zone is found to increase withy and qL. Increasing 
y and qr. produces a decrease in porosity near the surface 
in the two-phase zone as seen in equation (19). From the 
Kozeny-Carman formula (7), it is seen that this results 
in smaller permeability. To maintain the same mass 
flow rate ofvapor with a smaller permeability requires a 
higher vapor pressure gradient. Although the height of 
the two-phasezone, uZ8, may increase or decrease with y 
depending on I]~, the overall vapor-pressure drop 
across the zone increases as either y or qL are increased. 
Since temperature is a strong function of P,, AT also 
increases as y or v,+ are increased. 
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FIG. 2(a) and (b). Height and temperature difference 

For negative values of y, the porosity is larger near 
the surface. When E, = 0.30, E, = 0.21 for y = 0.3 and 
E, = 0.39 for y = -0.3 at the surface. For these 
conditions, the effect of changing qL on the temperature 
difference is small. 

The results in Fig. 2(a) also show that for positive y, 
the effect of qL on temperature difference increases with 
y. It also indicates that the temperature difference will 
increase as the porosity gradient near the surface 
increases. However, the height of the layer of stronger 
porosity variation near the surface significantly affects 
the temperature difference only when the porosity 
gradient is positive. In addition, the effect of qr. on the 
length of the two-phase zone is seen to increase as y 
increases. Calculated results for E, = 0.25 with the 
same y and qL values were also obtained which 
indicated similar trends. 

For constant y, the height of the two-phase zone was 
found to decrease with qL for y > 0 and increase with qr. 
for y < 0. This result is expected since locally the 
permeability decreases with qr. for y > 0 and increases 
with qL for y < 0. Lower permeability results in larger 
resistance to flow and hence a shorter two-phase zone. 

On the other hand, for constant qL, the height of the 
two-phase zone is found to increase with y for smaller 

=0.0.1,0.2,0.3,0.4 

t 
0.4 

I : : : ! : : : , 
-0.4 -0.2 

; 

0.2 0.4 

across the two-phase zone for E, = 0.30. 

values of qr. and to decrease withy at larger values of ylP 
There is a transition range, near qL = 1.5, where the 
height of the two-phase zone does not change 
significantly with y. Based on these and similar results 
for E, = 0.25, this transition condition was observed 
to correspond approximately to qr. = 0.8~,,,, where 
qZ+e, is the height of the two phase zone at y = 0. 

The phenomenon of the variation of the height of the 
two-phase zone with y can be explained in terms of the 
transport mechanisms in the liquid phase. In the liquid 
phase, the two important factors in the transport of 
fluid are capillary effects and permeability. A decrease 
in porosity will decrease the permeability and hence 
increase the resistance to the fluid flow. On the other 
hand, a decrease in porosity will also increase the 
capillary pressure difference which enhances the 
transport of liquid. In the transition range, these 
competing effects offset one another. At small values of 
ran, apparently the increase in capillary pressure 
difference more than compensates for the increased 
flow resistance, resulting in a longer two-phase zone. 
For larger values of qL, the permeability is decreased 
significantly over a large portion of the two-phase zone. 
The increased resistance to flow over this larger region 
more than offsets the increase in capillary pressure 

(b) 

2.4 

17 

1.6 

FIG. 3(a) and (b). Variation of 8, P, and k with rt for E, = 0.30, rrL = 0.5 and positive y, 



152 Y. K. CHUAH and V. P. CAREY 

1.6 

77 

0.8 

~~ 

Y=O,O.l,O.2,0.3,0.4 

0 
0 0.4 0.8 

FIG. 4(a) and (b). Variation of 8, P, and k with q for E, = 0.34 pL = 2.0 and positive y. 

difference, resulting in a decrease in the height of the 
two-phase zone. 

In Fig. 3, the profiles of P,, k and 6’ in the two-phase 
zone are presented for E, = 0.30, q,_ = 0.5 and y > 0. 
The corresponding curves for qL = 2.0 are shown in 
Fig. 4. Note that for qL = 2.0, increasing y decreases the 
permeability over a greater portion of the medium than 
for qL = 0.5. As discussed previously, this produces 
added resistance to flow over a larger portion of the 
matrix at qL = 2.0. 

The profiles of P, and k for E, = 0.30 and y < 0 are 
shown in Fig. 5 for Q = 0.5 and in Fig. 6 for qL = 2.5. 
For Q+ = 2.5, as y becomes more negative, the porosity 
increases over a large portion of the medium. This 
causes an increase in the height of the two-phase region 
despite a reduction of the capillary pressure at 9 = 0. At 
q,_ = 0.5, the porosity increases near the surface as the 
value of y becomes more negative. This decreases the 
capillary pressure at q = 0 with little reduction in the 
resistance to flow over most of the medium. The net 
result is a reduction in the height of the two-phase zone. 

If equation (17) is solved for progressively smaller 
values of 0, eventually a value of Q is reached at which 

G=flmin= 1 
G&f 

(5 Cl --F(@)&)l (38) 

R,(B) -+ ii&f) 
at some value of q. Note in equation (17) that at this 
condition ldq/d01-+ co. For the constant porosity case, 
Udell[7] has shown that this singularity represents the 

i 

k 

(ld’2m2) 
2.3 

t 
--l-o.7 

FIG. 5. V~ationofF~aRd k with qfor E, = 0.30,~ = 0.5and FIG. 6. Variation ofP,and k with qfor E, = 0.30, qL = 2.5 and 
negative y. negative y. 

minimum~(and minimum heat fluxfat which capillary 
forces significantly affect the transport. For f2 values 
below this limit, d0/dq may become zero at some 
location above the heated surface. Beyond this vertical 
location, a two-phase zone of unlimited height may 
exist in which liquid and vapor motion are driven by 
buoyancy alone. The boiling circumstan~s studied by 
Bau and Torrance [S] were buoyancy-dominated flows 
of this type. 

When E is constant, G(q) is constant, A’(q) is zero and 
(38)reduces to a form that isequivalent to that obtained 
by Udell [7] for the constant porosity circumstance. 
Since the right-side of (38) depends only on @ when the 
porosity is constant, Qmin can be determined by 

(39) 

It is interesting to note that (39) is identical to the 
relation obtained by Bau and Torrance [8] for the 
maximum heat flux that can be transferred in the 
buoyancy-dominated regime without dryout occurring 
at the surface. This suggests that when &in is exceeded, 
buoyancy alone can no longer drive the transport. The 
length of the two-phase zone then diminishes from an 
unlimited value for 52 < timi,,, to a value dictated by 
capillary effects, which now also help drive the flow. 
Depending on the boundary conditions on the porous 
medium, the transition to afinite two-phasezonelength 
may also result in dry-out at the surface. 

Todetermine Rmin for a variable porosity system with 

0.3 3.1 

‘\ k 

(16’21n2) 
\ -y-0.4,0.3,0.2,0.1. 0 

2.3 
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0.2 

t 
I 1 I I , 

- 0.4 -0.2 0.0 0.2 0.4 

Y 

FIG. 7. Computed values of Rmin for various y and qL. 

given values of y, qr. and E m, equation (17) was solved for 
progressively smaller values of a. For each solution, 
f&,, was calculated at each step ofthe integration using 
(38). As Q is decreased, nmin is the value of R at which 
Qmin given by (38) first equals Q at some point in the 
layer. For decreasing Cl, this is the first value at which a 
singularity in dq/d0 is found. Values of C&, were 
numerically determined in this manner for various 
combinations of y and qL with E, = 0.30. The resulting 
f&,, values are shown in Fig. 7. 

In Fig. 7, it can be seen that y > 0 produces virtually 
no change in Qmin, whereas y < 0 produces a slight 
decrease in amin. In equation (38), a positive value of y 
increases IA’I, and since F > 0 and A’ <: 0, this increases 
kin. However, a positive y decreases G over much of 
the layer, which tends to decrease kin. These effects 
tend to offset each other, and for y > 0, they apparently 
cancel almost completely. For negative y, the 
arguments cited above reverse, with the effects still 
tending to cancel. However, for y < 0, it appears that 
the net effect is a reduction in C&,. In physical terms, the 
limit of Q below which capillary effects are not 
important, Qmin, depends on both the porosity and the 
gradient of porosity, through A’(q). For the porosity 
profiles chosen here, the effects of these dependencies 
tend to cancel. The change in C& is determined by the 
difference between them. 

CONCLUSIONS 

The results of the present analysis strictly apply only 
for a porosity profile of the form E = E,[l - y e-q/9L] 
and for media which obey the Kozeny-Carman 
relation equation (7). However, the qualitative 
behavior indicated by the results is expected to apply to 
a broader range of porous media. For other specific 
systems, the present analysis can easily be extended by 
including different porosity profiles and functional 
relations between permeability and porosity. 

For the water-saturated system considered here, our 
results indicate that the temperature difference across 
the two-phase zone increases with increasing qL 
for y > 0. However, for y < 0, the effect of qr. on AT was 

small. For constant values of qL, the effect of y on the 
height of the two-phase zone varies considerably, 
depending on the value of qr,. For large qL values, 
increasing y produces a decrease in the height of the 
two-phase zone. At lower qr. values, increasing y caused 
an increase in the height of the two-phase zone. 

Apparently, at large qL, the increase in flow resistance 
which accompanies a reduction in porosity (increasing 
y) more than compensates for the associated increase in 
capillary pressure. This produces a net decrease in the 
height of the two-phase zone. At small qL, the increase in 
capillary pressure is obtained with only a small increase 
in the resistance to flow, producing a net increase in the 
height of the two phase zone. For qr. = 0.8 q2*,,, the 
effect of the increase in capillary pressure just about 
balances the increased resistance to flow and changing y 
produces little or no change in the height of the two- 
phase zone. 

The value of R below which capillary effects are 
negligible, C&i”, was also calculated for the variable 
porosity circumstances considered here. The calculated 
results indicate that for y > 0, there is virtually no 
change in Rmin relative to its value at y = 0 (constant 
porosity). For y < 0, decreasing y is found to reduce 
C&. The weak variation of C&, with y for y > 0 is 
attributed to the simultaneous dependence of Rmin on 
the porosity and porosity gradient. For the porosity 
profile assumed here, the effect of the porosity gradient 
on kin tends to offset the effect of the associated local 
change in porosity. The resulting net change in Q,,+ is 
small for y > 0. 
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ANALYSE DU TRANSFERT THERMIQUE PAR EBULLITION ET DE L’ECOULEMENT 
DIPHASIQUE DANS DES MILIEUX POREUX DE POROSITE NON UNIFORME 

R&urn&On presente un modele analytique du transfert diphasique qui r&&e du chauffage i la base d’un 
milieu poreux saturC de liquide et dont la porositb varie avec la hauteur. Dans ce modtle, la diffkrence de niveau 
de porosite entre la base et le sommet diminue exponentiellement. Une telle distribution peut Stre due, par 

exemple, g une distribution non uniforme de la taille des particules dans un lit. Le modele s’applique aux 
6coulements provenant des forces d’Archim2de et des capillaritis. La solution numkrique des tquations pour 
un systkme eau-vapeur d’eau montre que la variation de porositb affecte fortement la hauteur de la zone 
diphasique et la diffkrence de tempirature $ travers elle. Une dbcroissance de porositt localement proche de la 
surface chauff&.e peut augmenter oti diminuer la longueur de la zone diphasique suivant la dimension de la 
rkgion de porosit6 faible. De plus, la dbcroissance de la porosit6 prk de la surface augmente sensiblement la 

diffkrence de tempkrature B travers la zone diphasique, tandis que l’accroissement de la porositi: $ la surface a 
un effet contraire. La limite infbrieure de flux thermique B laquelle Ies forces capillaires alTectent le transfert 
diphasique a& calculbe. Les risultats du calcul montrent que m&me lorsque la rkgion de variation de porositi 

est petite, cette limite peut Btre fortement modifike quand le profil de porositk prks de la surface est alttrk. 

UNTERSUCHUNG VON WARMEOBERGANG UND ZWEIPHASENSTROMUNG BEIM 
SIEDEN IN PORC)SEN MEDIEN VON UNGLEICHFBRMIGER POROSIT;IT 

Zusammenfassung-Fiir Zweiphasentransportvorglnge wird ein analytisches Model1 erstellt. Diese 
Vorglnge treten auf, wenn ein fliissig-geslttigtes, poriises Medium mit hchenabhingiger PorositIt von unten 
beheizt wird. In dem Model1 nimmt der Unterschied der Porositgt zwischen der Unterseite und der Umgebung 
exponentiell ab. Eine derartige Verteilung kann beispielsweise von einer ungleichmll3igen Verteilung der 
PartikelgrijDen in einem Partikelbett herriihren. Das Model1 lll3t sich auf Stramungen anwenden, die durch 
Auftriebs- oder Kapillar-Effekte angetrieben werden. Die numerische Lasung der bestimmenden 
Gleichungen fiir ein Damp&Wasser-System zeigt an, daB Anderungen des Porositiitsprofiles die Hiihe der 
Zweiphasenzone und die Temperaturdifferenz in der Zweiphasenschicht stark beeinflussen. Wenn die 
(irtliche Porositlt nahe der HeizfIiiche kleiner wird, kann die LInge der Zweiphasenzoneje nach Ausdehnung 
des Gebietes mit verringerter PorositLt zu- oder abnehmen. ZusItzlich zeigt sich, daD eine Verringerung der 
Porositlt nahe der Heizlllche die Temperaturdifferenz in der Zweiphasenzone merklich vergriifiert. Dariiber 
hinaus wurde die Untergrenze derjenigen WBrmestromdichte berechnet, bei der Kapillarkrlfte den 
Zweiphasentransport gerade noch beeinflussen. Die Ergebnisse zeigen, daD sich diese Grenze selbst dann, 
wenn das Gebiet mit vergnderter Porositiit klein ist, merklich iindem kann, sobald das Porositltsprofil nahe 

der Heizfllche verlndert wird. 

AHAJlH3 TEIlJlOnEPEHOCA llPI4 KWl-IEHMM I4 ABYXcPA3HOM TEYEHMM 
B IlOPMCTbIX CPEAAX C HEOAHOPOflHOfi IIOPMCTOCTb~ 

Amoraunn-HpencTaeneHa aHanWTHqecKaa Monenb ~Byx~aseoro nepesoca, 803HMKaIomer0 npH 

HarpeBaHBB CHWJy HaCbIUeHHOii XCHnKOCTbIO IIOpHCTOii CpenbI C IIepeMeHHOfi II0 BbICOTe IIOpWTOCTbkO. 

Monenb npennonaraer 3KcnoHeHmianbHoe y6bIea”He nopncTocTs. TaKoe pacnpeneneHIie MoxeT 

nh4eTb MecTo, “anpubfep, npe HepaBHoMepHoM pacnpenene”sw gacTHU cnon no pa3MepaM. 3Ta 

MOneJIb IIpHMeHHMa K Te’IeHHaM, Bb13BaHHbIM KaK IIJIaay’IeCTbIO, TaK W KaIIWIJIKpHblMH 3+$eKTaMW. 

%CJIeH”Oe ~UeHHe OCHOBHbIX ypaBHeHHii &“a napO-BODIHbIX CHCTeM nOKa3bIBaeT. ‘IT0 A3MeHeHHe 

npO@UI5I nOpHCTOCTB CWIbHO BJIWICT Ha BbICOTy AByX$a3HOfi 30”bI W pa3HOCTb TeMIIepaTyp IIOIIepeK 

nayX@a3HOrO CJIO”. nOKaJIb”Oe CHIDKeHHe ITOpWTOCTII y Harpe%‘aeMOii nOBepX”OCTI4 MOlKeT yBeJIH’IHTb 

IiJIkI YMeHbUIUTb ilJII%“y nByX@a3HOii 30HbI B 3aBBCHMOCTH OT pa3MCpa o6nacTu nOHHXCeHHOii 
nOpHCTOCTI,. KpoMe TOrO, HaiSAeHO, ‘IT0 yMeHbmeHHe nOpHCTOCTH CpeAbI B6JIH3W IIOBepXHOCTH 

CyIIIeCTBeHHO yBeJIWII,BaeT pa3HOffb TeMnepaTyp nOnepeK nByX+a3HOii 30Hb1, B TO BFMR KBK 

yBCJIH’IeHHC nOp&XTOCTkl OKa3bIBaeT IIpOTHBOnOJIOmHbIti S$+eKT. PaCC’IHTaH TaKge HllmHHfi IIpeAen 

Tennoaoro noToica, npw KOTOPOM Kanannflp”ble ckfnbI oKa3bmaIoT Bnliamie Ha neyx@a3Hbrii nepeeoc. 
kk3)‘JIbTaTbl pZWlCTOB nOKa3bIBa,OT, YTO AaXe B TOM CJIy’fae, KOrAa o6nacrb WSMeHeHWa nOpHCTOCTH 

WMeeT He6onbmHe pa3Mepb1, 3TOT IIlWJen MOXeT 3Ha’IWTenbHO H3MeHHTbCR. eCJIH UJMCHHTCII npO@HJIb 

nOpI%CTOCTH y IIOBepXHOCTIf. 


