Int. J. Heat Mass Transfer. Vol. 28, No, 1, pp. 147-154, 1985

Printed in Great Britain

0017-9310/85 $3.00 + 0.00
© 1985 Pergamon Press Ltd.

Analysis of boiling heat transfer and two-phase
flow in porous media with non-uniform porosity

Y. K. CHUAH and V. P. CAREY
Department of Mechanical Engineering, University of California, Berkeley, CA 94720 U.S.A.

(Received 5 October 1983 and in revised form 8 May 1984)

Abstract— An analytical model is presented for the two-phase transport which results from bottom heating of
aliquid-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 capiliary 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 [1-11]
of boiling transport in porous media.

It is now well known that for bottom heating of
liquid-saturated porous media, when the temperature
of the 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, 10] 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 [1] proposed an analytical
model that includes both phase-change and capillary
effectsin the two-phase zone for a one-dimensional heat

147

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 & = g,e~*L, 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 [1].
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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NOMENCLATURE
A = (E/G)** as in equation (16) & porosity
d mean diameter of the porous material & = 1, reference porosity
E dimensionless profile of porosity n dimensionless vertical coordinate
F dimensionless capillary pressure N length constant in the porosity profile
G dimensionless permeability #2¢  dimensionless height of two-phase zone
g gravitational acceleration N240 dimensionless height of two-phase zone
hy, latent heat of vaporization for constant porosity (y = 0)
k permeability 0,—0, o )
k, = &, reference permeability ] =1 5.’ effective liquid saturation
m  mass flux 8,  irreducible liquid saturation
P pressure U chemical potential
P, capillary pressure v kinematic viscosity
P dimensionless pressure o surface tension
P liquid pressure at the heating surface T . o
P,  vapor pressure at the heating surface ¢ = —, ratio of kinematic viscosities in
a heat flux liqu;d and vapor phases
R gas constant as in _P =r R T_ Q dimensionlessp hear: flux.
R; relative permeability of liquid
R,  relative permeability of vapor
T temperature Subscripts
v specific volume 0 condition at the lower boundary
x vertical coordinate, in upward direction. o condition at y = oo
{ liquid phase
Greek symbols B vapor phase
y constant in the porosity profile s saturation condition.

and the temperature difference across the zone may be
strongly affected by the porosity variation in the
medium.

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
onthe 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.

13
g
8=t — porosity
profile
two-phase
zone
8=0 ' E

FiG. 1. Configuration of the system.

Mathematically this can be stated as

—»d 1
dejdx > * M
where dp is the mean pore diameter in the medium.
When this is valid, Darcy’s law in the two-phase region
takes the forms

X kR, /dP,
= — 2
m ! (dx +py ) (2a)
kR, (dP,
= — (—— + Py ) (2b)
v, \dx

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

= —nm, 3
mvh[’g =q4= —mlhfg (4)
where g is the heat flux. Defining the capillary pressure
difference
P.=P,~P, )
and using equations (2} to (5) to eliminate i, and m,
yields

dPu . ~qv, (6 )
dx  hkR, 7Y 2
aP, gqv

FrTy g (6b)
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ch —q < Vy (60)

Vi
=—(—2+—= —p.)g.
dx T, \R, Rl)+(px P9

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

a2 &

where d is a mean grain size and ¢ 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 ¢ 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(e) is known for a
particular matrix, however, it can be inserted into the
analysis at this point to obtain more precise results.
Therelative permeabilities, R, and R, are functions of
the local saturation, 6, For convenience, a non-
dimensional saturation ratio is defined as

_ 6,— 6y

== ®

where 0;is the irreducible liquid saturation. For R, and
R,, the following relations are used here which match
the experimental data of Wyckoff and Botset [13].

R, =6 )

[1 8<0t1
(1.1—-6)%, 01<6<09

R, =
l —0.08(6—0.9)+0.008 6> 009.

10)

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

P, (k\!
ﬁ(;) = F6)

where o is the surface tension and F(6) is the Leverett
function. For convenience, we define the following non-
dimensional variables

(n

. k 1/2
r’ =x(plapv)g(s_r) , (12)
¢ &Em)
k = kGl =
¢=-" (14)
and
Q Dy (15)

- krhfq(pl_pu)g

where ¢, and k, are reference values of ¢ and k,
respectively. Note that 5 is the non-dimensional
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vertical distance from the heating surface. To further
simplify the algebra we denote

E 1/2
“(6) '

In terms of these variables, equation (6¢) becomes

(16)

dy _ AWFO) _
dé Q1 ¢ '
1— — —— |-F(®A’
G [Ru(e) * R,w)] o4t
17
For convenience, we take
6 =1,k = d (18)

which implies ¢ = E(n) and k = d2G(x).

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 #. 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_[1—ye "] 19)
where

__Eco_EO
v=—F—

(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
#, is a non-dimensional parameter which indicates the
characteristic dimension of this layer. Values of n,
considered in this study correspond to conditions in
which the porosity varies over 30-100%; of the height of
the two phase zone.

Using the Kozeny-Carman formula (7;, the
following equations are obtained for G, 4 and A'.
1 B
= 2
) = T80 (1—E)? @
1
Aln) = \/(180) (E ~ 1) (22)
and
180)E
A'(y,) = — M e—n/u‘ (23)

E2’1L

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

F(0) = 1.417(1 — 6)—2.120(1 — 6)* + 1.263(1 — 0)°.
(24)
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Introducing the dimensionless liquid and vapor

pressures
_ 1/2
Pv — Pv— Do Er— (25)
a &,
_ — k2
P, = Di crPxo (};) ) (26)
Equations (6a) and (6b) become
dP, dn[ Q¢
o E 7
de dé [GR, l:l @7
dP, dpn Q
@ —55[ TRJ- @8)

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

6=1,P,=P,=P,, (29)

so that
P, =P,—0oP,0=1)d, (30)
Py =P,—cPf0=1)d (31)

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

=0, n=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,
T, =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
(P(T)—P)v, = R(273.15+ T)In [—%D:I (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, as a function
of temperature is available, temperature, T, can be
determined using equation (33).

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

B
1 Pi=A——+—
0810 1's T+C
where A = 10.1946, B = 1730.63and C = 233.426.For
better accuracy, equation (34) can be corrected [16] in
the following form

(34)

B
logyo Py = A— —— +DT+Elog,T.

T+C (35)

Then usingdata from [17], D and E were determined to
be

D= —122066x10"% E=685300x1073 (36)
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In equations (34) and (35), T is in degrees Celsius. The
correlation of P and T asin 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 h
P, = 1.013 x 10° N/m?
v, = 1x1073 m3/kg

Ry,o = 461.527 I/kgK } (37
¢ = 1.460x 1072
q = 1 kw/m?

Q=138107x10"*

The ambient porosity, E ., was taken to be 0.3 in the
numerical solutions with various values of #, 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 to minimum porosity at the surface. When
y = 0, porosity is constant.

Equations (17), (27) and (28) were solved using a
Hammings’ modified predictor—corrector 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 of d and
porosity used hereis on the order of 1 Darcy (10~ 12m?).
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 , on AT and #,, can be seen in
Fig. (2). For positive gradients of porosity, i.e. positive
values of y, the temperature difference across the two-
phase zoneisfound toincrease with y and 5, . Increasing
yand #, produces adecrease in porosity near the surface
in the two-phase zone as seenin equation (19). From the
Kozeny—Carman formula (7), it is seen that this results
in smaller permeability. To maintain the same mass
flow rate of vapor with a smaller permeability requires a
higher vapor pressure gradient. Although the height of
the two-phase zone, 11,4, may increase or decrease with y
depending on 1, the overall vapor-pressure drop
across the zone increases as either y or #; are increased.
Since temperature is a strong function of P,, AT also
increases as y or 5, are increased.
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F1G. 2(a) and (b). Height and temperature difference across the two-phase zone for E, = 0.30.

For negative values of y, the porosity is larger near
thesurface. When E , = 0.30,E, = 0.21fory = 0.3and
E,=0.39 for y= —0.3 at the surface. For these
conditions, the effect of changing 1, on the temperature
difference is small.

The results in Fig. 2(a) also show that for positive y,
the effect of 7, on temperature difference increases with
7. 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 n, 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 n, values were also obtained which
indicated similar trends.

For constant y, the height of the two-phase zone was
found to decrease with n, for y > 0 and increase with#,,
for y < 0. This result is expected since locally the
permeability decreases with 5, for y > 0 and increases
with , for y < 0. Lower permeability results in larger
resistance to flow and hence a shorter two-phase zone.

On the other hand, for constant 5, the height of the
two-phase zone is found to increase with y for smaller

k(1622
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values of n, and to decrease with y at larger values of 7.
There is a transition range, near #, = 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 1, = 0.81,40, Where
N240- 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
1y, 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 n,, 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}
7'=0,0.,0.2,03,04

24

0.8

(o] 04 08
6
F1G. 3(a) and (b). Variation of 8, P, and k with # for E_, = 0.30, 5, = 0.5 and positive y.
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F16. 4(a) and (b). Variation of 0, P, and k with 5 for E_, = 0.30, , = 2.0 and positive 7.

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,n, = 0.5and y > 0.
The corresponding curves for 5, = 2.0 are shown in
Fig. 4. Note that for n, = 2.0, increasing y decreases the
permeability over a greater portion of the medium than
for n, = 0.5. As discussed previously, this produces
added resistance to flow over a larger portion of the
matrix at , = 2.0.

The profiles of P, and kfor E,, = 0.30and y < Oare
shown in Fig. 5 for n, = 0.5 and in Fig. 6 for 4, = 2.5.
For#, = 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 areduction of the capillary pressure atn = 0. At
7, = 0.5, the porosity increases near the surface as the
value of y becomes more negative. This decreases the
capillary pressure at 1 = 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 , eventually a value of Q is reached at which

o_q, G0
1 + ¢
R(6)  R{6)
at some value of n. Note in equation (17) that at this

condition |dy/d8| — co. For the constant porosity case,
Udell [7] has shown that this singularity represents the

(-Feaml Gy

03 31
-Y=0,0.1,0.2,03,0.4
Pe 4 Lk
5 42 2
(o) | r=04,03,02,00,0 |00 m)
] 4
02 ] }2.3
!
0.l S
0+ + t + + + Q7

FIG. 5. Variation of P,and k withnfor E, = 0.30,5, = 0.5and
negative y.

minimum Q(and minimum heat fluxjat which capillary
forces significantly affect the transport. For Q values
below this limit, d6/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 circumstances studied by
Bauand Torrance {8] were buoyancy-dominated flows
of this type.

When ¢ is constant, G(#) is constant, 4'() is zero and
(38)reduces to aform 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, Q,,, can be determined by

Qmin _ R,,(H)R,(())
<T> - max {R,(0)+¢Ru(9)}' )

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 ;. is exceeded,
buoyancy alone can no longer drive the transport. The
length of the two-phase zone then diminishes from an
unlimited value for Q < Q. 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 a finite two-phase zone length
may also result in dry-out at the surface.

Todetermine Q,;, for a variable porosity system with

C.3 3.4

\
\
NY=-04
A}
N, Y=04,03,02,040

Pc
5
(10 N/mz)

F1G. 6. Variation of P,and k with gfor E , = 0.30,1, = 2.5and
negative y.
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FiG. 7. Computed values of Q,;, for various y and #,.

given values of y,n, and E, equation (17) was solved for
progressively smaller values of Q. For each solution,
Q... Was calculated at each step of the integration using
(38). As Q is decreased, Q,,,;, is the value of Q at which
Q... given by (38) first equals Q at some point in the
layer. For decreasing Q, this is the first value at which a
singularity in dn/d0 is found. Values of Q_;, were
numerically determined in this manner for various
combinations of y and n, with E_ = 0.30. The resulting
Q..n values are shown in Fig. 7.

In Fig. 7, it can be seen that y > 0 produces virtually
no change in Q_;,, whereas y < 0 produces a slight
decrease in Q_ .. In equation (38), a positive value of y
increases|A4'|,and since F > Oand A’ < 0, thisincreases
Q... However, a positive y decreases G over much of
the layer, which tends to decrease Q.. 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 reductionin Q... In physical terms, the
limit of Q below which capillary effects are not
important, Q,_ ., depends on both the porosity and the
gradient of porosity, through 4'(n). For the porosity
profiles chosen here, the effects of these dependencies
tend to cancel. The change in Q,,;, 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_[1—ye™ "]
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 n,
fory > 0. However, for y < 0, the effect of y, on AT was

small. For constant values of 7, the effect of y on the
height of the two-phase zone varies considerably,
depending on the value of u,. For large 5, values,
increasing y produces a decrease in the height of the
two-phase zone. At lower 7, values, increasing y caused
an increase in the height of the two-phase zone.

Apparently,atlargen,, theincrease 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. Atsmall#;, theincreasein
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 1, ~ 0.8 7,4, 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 Q below which capillary effects are
negligible, Q,.,, was also calculated for the variable
porosity circumstances considered here. The calculated
results indicate that for y > 0, there is virtually no
change in Q,_;, relative to its value at y = 0 (constant
porosity). For y < 0, decreasing y is found to reduce
Q... The weak variation of Q_,, with y for y > 0 is
attributed to the simultaneous dependence of Q,,;, on
the porosity and porosity gradient. For the porosity
profile assumed here, the effect of the porosity gradient
on Q.. 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

Résumé—On présente un modéle analytique du transfert diphasique qui résulte du chauffage a la base d’un
milieu poreux saturé deliquide et dontla porosité varie avecla hauteur. Dans ce modéle, la différence de niveau
de porosité entre la base et le sommet diminue exponentiellement. Une telle distribution peut étre due, par
exemple, 4 une distribution non uniforme de la taille des particules dans un lit. Le modéle s’applique aux
écoulements provenant des forces d’Archiméde et des capillarités. La solution numérique des équations pour
un systéme eau—vapeur d’eau montre que la variation de porosité affecte fortement la hauteur de la zone
diphasique et la différence de température 4 travers elle. Une décroissance de porosité localement proche de la
surface chauffée peut augmenter ou diminuer la longueur de la zone diphasique suivant la dimension de la
région de porosité faible. De plus, la décroissance de la porosité prés de la surface augmente sensiblement la
différence de température a travers la zone diphasique, tandis que ’accroissement de la porosité a la surface a
un effet contraire. La limite inférieure de flux thermique 4 laquelle les forces capillaires affectent le transfert
diphasique a été calculée. Les résultats du calcul montrent que méme lorsque la région de variation de porosité
est petite, cette limite peut étre fortement modifiée quand le profil de porosité prés de la surface est altéré.

UNTERSUCHUNG VON WARMEUBERGANG UND ZWEIPHASENSTROMUNG BEIM
SIEDEN IN POROSEN MEDIEN VON UNGLEICHFORMIGER POROSITAT

Zusammenfassung —Fiir Zweiphasentransportvorginge wird ein analytisches Modell erstellt. Diese
Vorginge treten auf, wenn ein fliissig-geséttigtes, poroses Medium mit héhenabhingiger Porositit von unten
beheizt wird. In dem Modell nimmt der Unterschied der Porositét zwischen der Unterseite und der Umgebung
exponentiell ab. Eine derartige Verteilung kann beispielsweise von einer ungleichmiBigen Verteilung der
PartikelgroBen in einem Partikelbett herrithren. Das Modell 14Bt sich auf Stromungen anwenden, die durch
Auftriebs- oder Kapillar-Effekte angetrieben werden. Die numerische Losung der bestimmenden
Gleichungen fiir ein Dampf-Wasser-System zeigt an, daB Anderungen des Porosititsprofiles die Hohe der
Zweiphasenzone und die Temperaturdifferenz in der Zweiphasenschicht stark beeinflussen. Wenn die
ortliche Porositit nahe der Heizfliche kleiner wird, kann die Lénge der Zweiphasenzone je nach Ausdehnung
des Gebietes mit verringerter Porositédt zu- oder abnehmen. Zusitzlich zeigt sich, da8 eine Verringerung der
Porositit nahe der Heizfliche die Temperaturdifferenz in der Zweiphasenzone merklich vergroBert. Dariiber
hinaus wurde die Untergrenze derjenigen Wirmestromdichte berechnet, bei der Kapillarkrifte den
Zweiphasentransport gerade noch beeinflussen. Die Ergebnisse zeigen, daB sich diese Grenze selbst dann,
wenn das Gebiet mit verdnderter Porositit klein ist, merklich &ndern kann, sobald das Porosititsprofil nahe
der Heizfliche verdndert wird.

AHAJIN3 TEIUIOIIEPEHOCA TPH KUIMEHWHU U ABYX®PA3ZHOM TEYEHHH
B MOPUCTBIX CPEJAX C HEOJHOPOJHOHW MOPUCTOCTLIO

Annoraums—Ipencrasiena aHanuTHuecKas Mofenb ABYX(ha3HOro MNeEPeHOca, BO3HHKAIOWIEFO MpH
HAIPEBAHHM CHH3Y HACHILLIEHHOM XHMAKOCTHIO NOPUCTOMH CPelibl C NEPEMEHHON 10 BBLICOTE MOPHCTOCTLIO.
Mogens npeanofiaraeT 3KCIOHEHUHMATLHOE YObIBAHME MOPHCTOCTH. Takoe pacnpelesieHHE MOXeT
HMETb MECTO, HaNpuMep, NpPH HEPaBHOMEPHOM paclpele/ieHHH 4YacTHU cJof no pasmepam. JTa
MOZENb [TPAMEHHMA K TEHYCHMsIM, BBI3BAHHBIM KaK MJAaBYYECTbIO, TaK H KaNWUIADHBIMH 3bOeKTaMH.
YHC/IEHHOE PELLEHHE OCHOBHBIX YDABHEHHH Uil Mapo-BOASHBIX CHCTEM [IOKA3bIBAET, YTO H3MEHEHHE
npoduias NOPHCTOCTH CHJIBHO BJIHSAET Ha BBICOTY ByX(ba3HON 30HBI H Pa3HOCTL TEMIIEPATYp MOMEpPEK
aByxdasHoro cnod. JIokanbHOe CHIXEHUE MTOPUCTOCTH Y HArpeBaeMoOi MOBEPXHOCTH MOXET YBEIHUHTD
HJIM YMEHbUINTh IMHY AByX(pa3Ho#i 30HbI B 3aBHCHMOCTH OT pasMepa o0JacTH NOHHXKEHHOM
nopucToctd. KpoMe TOoro, HaiOeHo, Y4TO yMEHbIUEHHE MOPHCTOCTH CpeAbl BOJIH3UH MOBEPXHOCTH
CYLIECTBEHHO YBEJIHYHBACT Pa3HOCTh TEMIEPaTyp NONEpeKk [ByXx(da3HOH 30HbI, B TO BpEMA Kak
yBEIHYCHHE TIOPHUCTOCTH OKA3LIBAET IPOTHBOMOJIOXHBIH 3(dekT. PaccuuTaH Taxxe HWKHMA npenes
TENJIOBOTO NOTOKA, NPH KOTOPOM KalWJUIAPHbIE CHJIbI OKa3biBAIOT BIHAHHE HA IBYyX(a3HBIA NepeHoc.
Pe3ynbTaThl PacYETOB NOKA3bIBAIOT, YTO JaXe B TOM ciydae, koraa obgacTs H3IMEHEHHS MOPHCTOCTH
uMeeT HeboblIRe pa3MepBl, 3TOT Npele] MOXET 3HAYMTENbHO H3MEHHTBLCA, €CJIH H3IMEHHTCH NPOPHIIb
MOPHCTOCTH Y MOBEPXHOCTH.



