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Abstract

This paper presents a numerical solution of a buoyancy-induced flow and phase-change heat transfer in a vertical porous channel
heated symmetrically along its vertical walls. A multiphase mixture model that accounts for complex, interacting physical phenomena
such as phase change, capillary action, buoyancy-induced flow convection in the subcooled liquid and multi-dimensional effects was
used. It is found that for both single and the two-phase flow with a rather low vapor fraction, the induced mass flux increases as the
applied heat flux is increased. However, as the vapor fraction is increased, the numerical results show that the induced mass flux drops
drastically and remains approximately constant afterwards. This result agrees qualitatively with our previous experimental study on
phase-change heat transfer in a heated vertical porous tube (Zhao et al., 1998. ASME Journal of Heat Transfer, 121(3) 646-652). In this
paper, the underlying mechanism leading to this interesting behavior is explained based on the liquid saturation distributions as well

as the velocity fields for both vapor and liquid in the porous column. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Phase-change heat transfer in porous media occurs in
a number of technological applications, such as thermal
energy storage, geothermal systems, porous medium heat
pipes, food drying, porous insulation moisture transport,
and post-accident analysis of liquid-cooled nuclear reac-
tors, etc. (Wang & Cheng, 1997). In many of these sys-
tems, the effective pore radii are small, and both gravity
and capillary effects are significant. One of the typical
examples is depicted in Fig. 1, where a capillary structure
subjected to a symmetric heating load is initially
saturated with a subcooled liquid, supplied by an adjac-
ent liquid pool. When the heat flux on the vertical walls is
sufficiently large, a liquid-vapor two-phase zone forms
adjacent to the walls, with the pure liquid zone existing
elsewhere. In such a system, the subcooled liquid will be
continuously pumped into the packed channel due to
both buoyancy and capillary pressure effects.
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Traditionally, analyses of two-phase flow in porous
media are based on the assumption that vapor and the
liquid phases are treated as distinct and separate fluids.
The motion of each phase is described by the generalized
Darcy’s law in which a relative permeability is introduc-
ed to account for a decrease in effective flow cross-section
due to the presence of the other phase (Bear, 1972).
Unfortunately, the resulting equations with gravity, cap-
illary and multi-dimensional effects taken into considera-
tion, are not convenient for numerical solutions due to
the large number of differential equations that must be
solved. Moreover, the presence of a moving and irregular
interface between the single- and two-phase regions adds
more difficulties in the numerical solution, which requires
an interface tracking procedure such as complex co-
ordinate mapping or numerical remeshing (Ramesh &
Torrance, 1990). These difficulties can be avoided in
the recently developed multiphase mixture model (Wang,
Beckermann & Fan, 1993). This new formulation unifies
the governing equations for the single- and two-phase
regions, and thus eliminates the need to track the moving
liquid-vapor interface. Using this model, numerical solu-
tions have been obtained for the study of natural con-
vection boiling in a porous cavity heated from below
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Nomenclature

c specific heat, J/(kg K)

D(s) capillary diffusion coefficient, m?/s

f(s)  hindrance function

g gravitational acceleration, m/s?

h enthalpy, J/kg

hy,  latent heat of liquid/vapor phase change, J/kg
H pseudo-mixture enthalpy, J/m?

i diffusive mass flux, kg/(m? s)

J(s)  capillary pressure function

k, relative permeability

ker  effective thermal conductivity, W/(m K)
K absolute permeability, m?

L height of the capillary structure, mm
m” liquid mass flux at the inlet, kg/(m? s)
p pressure, Pa

q’ imposed heat flux, W/m?

s liquid saturation

T temperature, K

u superficial or Darcian velocity vector, m/s
w width of the capillary structure, mm

X coordinate in horizontal direction

y coordinate in vertical direction

Greek letters

p thermal expansion coefficient
Vi two-phase advection correction coefficient
I, effective thermal diffusion coefficient, m?/s

Ap density difference (= p, — p,), kg/m?
& porosity

A relative mobility

u viscosity, Pa s

v kinetic viscosity, m?/s

p density, kg/m?

o surface tension, N/m

Q effective heat capacitance ratio

Subscripts

c capillary

h heating

ir irreducible

k ‘kinetic’ property
l liquid phase

s solid phase

sat saturated state

v vapor phase

From liquid
supply

J 344 4 b B

—|l

Overflow

Liquid pool
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Lx,u
Subcooled liquid_ #—on—

Fig. 1. Schematic of the physical problem and the coordinate system.
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(Wang, Beckermann & Fan, 1994) and forced convection
boiling in a horizontal porous channel with either local-
ized heating from below (Easterday, Wang & Cheng,
1995) or symmetrical heating along a horizontal channel
(Peterson & Chang, 1998). This model was also used to
simulate the capillary evaporator of a capillary pumped
loop (Wang, 1996).

In this work, a buoyancy-induced flow and phase-
change heat transfer in a vertical porous channel heated
symmetrically, as shown in Fig. 1, will be numerically

solved based on the multiphase mixture model (Wang
et al., 1993). The main objective is to provide a qualitative
and quantitative understanding of the flow field and
the associated heat transfer process in such a system. The
most interesting feature of the present problem is
the behavior of the induced mass flux as a function of the
applied heat flux. For both single- and the two-phase
flow with a rather low vapor fraction, the induced mass
flux increases as the applied heat flux is increased. How-
ever, as the heat flux is increased, the induced mass flux
drops drastically and then remains relatively constant
afterwards. The effect of particle diameter on the dryout
heat flux is also investigated.

2. Formulation

Consider a two-dimensional vertical capillary porous
medium structure (W x L) with symmetric heating at
both lateral sides, as depicted in Fig. 1. The upper bound-
ary is permeable while the lower boundary is connected
to an adjacent liquid pool, where the water level can be
maintained by controlling the mass balance between the
liquid supply and the overflow. The capillary structure is
initially filled with a subcooled liquid. As heat is added to
the vertical walls, the liquid is continuously pumped into
the packed column from the liquid pool due to the
buoyancy effect. When the heat flux exceeds a certain
value, evaporation occurs in the vicinity of the vertical
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heated surfaces and extends to the neighboring region. As
a consequence, a two-phase region consisting simulta-
neously of liquid and vapor is formed adjacent to the

2655

The mixture variables and properties of Egs. (1)-(3) are
defined as

walls. Under this situation, the liquid/vapor meniscus density: p = pis + pu(1 =), “)
inside the two-phase region can create a wicking effect to velocity: pu = p;u; + p,u,, (5)
pump the subcooled liquid from the liquid pool into the )
packed structure, in addition to the buoyancy effect. This pressure:
thermally driven flow involves a number of interacting s (dp. s (dp.
phenomena, such as phase change, capillary action, ther- p=p+ J Ay <ds> ds=p, — J Az< ds > ds, (6)
mal convection in both the subcooled liquid zone and the 0 0
two-phase zone, and multi-dimensional effects. As will be enthalpy:
given below, these effects are incorporated in the multi- o . . B
phase mixture model (Wang et al, 1993). The major H = ph = 2hesa) - with ph = prshy + po(l =)o, (7)
assumptions and simplifications in this analysis include: kinetic density:
(1) the porous medium is rigid, uniform, isotropic and or = pil[1 — Bu(T — Tyu)1u(5)
fully saturated with fluid;
(2) Darcy’s law is applicable to both liquid and vapor + Pl = BolT = Taa)J4u5), ®)
phases; o 015 + p,(1 — )
(3) thermal dispersion is neglected; viscosity:  pt = Kei/Vi + Kyo /vy ©)
(4) the thermophysical properties of both solid and fluid
are assumed to be constant; advection correction coefficient:
(5) the vapor, llquld and solid phases are in local ther- Lpo/oil = 5) + STl + A1) — higadi]
mal equilibrium; Yh = Qo — h)s + poliven(l —5)/ (10)
(6) natural convection in the subcooled liquid region is vsat. — Misat)$ 7 Pollosat pr
considered and the Boussinesq approximation is in- effective heat capacitance ratio:
voked.
Q=c+ c(l—s)d—T (11)
With the aforementioned assumptions and simplifica- T ET PG dH;’
tions taken into account, the governing equations are . . )
(Wang et al., 1993). effective thermal diffusion coefficient:
Conservation of mixture mass: 1 dT
r, = D + ke — 12
o YT = polpdhlhyy D (12
e— + V- (puy=0 (1)
at capillary diffusion coefficient:
Conservation of mixture momentum: \/&o ko ok., /
D(s) = [—J(s)], (13)
K 120 (vv/vl)krl + krv
u= ——[Vp —(px —p.)gl 2
H relative mobility:
Conservation of energy: ) — ko /vi 0 Koo /v, 4
1 — 3 1 /> v -3 1
Q a_H + V (yhuH) krl/vl + krv/vv krl/vl + kru/vv
at where the subscripts “/ ” and “v” denote the quantities for
KAphy, liquid and the vapor, respectively. The fluid temperature
=V-WVHl+ V- |:f (s) i g 3) and liquid saturation can be recovered from the follow-
ing relations:
H + 2plhusat/plcly H < - pl(zhusal - hlsat)y
T = Tsata H n h - pl(2hvsat - hlsal) < H < - pvhvsata (158')
Tsat M: - pvhusat < Hn
pU(’U
1 H+ h H < - pl(zhvsat - hlsat)»
pU vsal
T=(-— 0 h + (p pt )h - pl(Zhusat - hlsat) <H < - pvhvsat) (15b)
1 1 = Pv)vsa
0 7 t _puhvsal < H.
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The liquid and vapor velocity can be calculated from the
mixture velocity based on the following relations:

oy = j'lpu + j7 Polly = j'vpu - j: (16)
where

. KA

i= — DOV + ()~ g (17)

with the hindrance function f(s) given by
k.k
f(S) _ rl rv/vl )
krl/vl + krv/vu

In this analysis, the following constitutive relationships
for the relative permeabilities and the capillary pressure
are used (Udell, 1985):

Kenls) = <S — > L k)= < L=s > (19)
1— Sir 1— Sir
- f ,
pls) = [ aJ6) 0

where

J(s) = 1L.417(1 — 5) — 2.120(1 — 5)? + 1.263(1 — 5)*. (21)

(18)

The boundary conditions for the problem are given as
follows:

at x =0 and x = W (vertical walls)
op
ox

Iy oH

S = (23)

0, 22)

at y = 0 (inlet)

p = pyL, 24)
H = pi(c¢;Tin — 2hysar) (25)
at y = L (outlet)

p=0, (26)
061;[ =0. 27)

All the symbols used in the governing equations and the
boundary conditions are defined in the Nomenclature.
The pressure boundary condition given by Eq. (22) re-
flects that the vertical boundaries are impermeable. Eq.
(24) represents the pressure boundary condition at the
inlet, p;gL being the hydrostatic pressure due to the
adjacent liquid pool, while Eq. (26) gives the outlet pres-
sure where the hydrostatic pressure is zero. Eq. (27)
represents the thermally fully developed condition for the
two-phase mixture leaving the channel.

3. Numerical procedure

Before solving the energy equation given by Eq. (3), we
first obtain the mixture pressure and velocity fields. To
this end, we substitute Eq. (2) into Eq. (1) to obtain

I I A T .S
Vp—K[sat Vp V<v>+V<Vpkg>]. (28)

Eq. (28) was then discretized by the central difference
method and solved using the stabilized error vector
propagation (EVP) method (Wang et al., 1994). The velo-
city field could be subsequently obtained from Eq. (2)
after the pressure field was obtained. The energy equa-
tion was solved by a fully implicit control volume-based
finite difference formulation (Patankar, 1980). The tem-
perature in the single-phase region and the liquid satura-
tion in the two-phase region could be backed out from
the enthalpy field based on Eq. (15a) and (15b). Once
a converged solution was obtained, the individual phase
velocities of liquid and vapor were then determined
based on Eq. (16).

The equations were solved as a simultaneous set, and
the solution was taken to be converged when local field
values did not change by more than 0.1% in two con-
secutive sweeps and the residual for Egs. (1)—~(3) was
below 107°. A series of test runs were performed to
ensure that the numerical results were independent of the
grid size. The choice of 82 x 44 uniform grid points was
found to provide grid independence for the results re-
ported in this paper.

4. Results and discussion

Numerical computations were carried out for a capil-
lary porous structure of 20 mm (W) x 150 mm (L). Glass
beads of different diameters d, ranging from 0.3 to 1.2
mm were chosen as the porous media while water was
selected as the working fluid. The permeability was
evaluated by (Nield & Bejan, 1992)

ed;
S 2
180(1 — o) @9

The effective thermal conductivity k. was calculated by
using the equation by Zehner and Schliinder (1970)

keff:kf{l—«/l—s
+2./1—8|:(1—/1)B ln< 1 >

AB |(1—4B? \UB

B+1 B-1
2 _1—/13}}’ (30)

where A = k;/k; with k; and k, being the thermal con-
ductivity of solid and liquid phases, respectively. The
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Table 1
Thermophysical properties for the water-glass bead system

Property Symbol Solid Liquid Vapor Unit
Density 0 2650 9579 0.598 kg/m?
Specific heat ¢ 1350 4178 1548 J/kg K
Kinetic viscosity v — 4.67x1077 2.012x 1073 m?/s
Expansion coefficient B — 523x107% 24x1073 K™!
Interfacial tension a — 0.0588 N/m
Latent heat of evaporation hy, — 2257 % 10° J/kg

150 T — — r
Boiling begins

100

2

m" (g/m” s)

50

ol . L .
2000 4000 6000 8000 10000
q" (Wim’)

Fig. 2. The variation of the mass flux with the imposed heat flux.

shape factor B for a packed bed consisting of uniform
sphere is given by

.\ 10/9
B= 1.25<1 ‘°‘> (31)

&

Other thermophysical properties for the water—glass
bead system are listed in Table 1. All the computations
were carried out for 1 atm pressure and at a constant
inlet temperature T;, = 22°C.

Fig. 2 presents the variation of the induced mass flux
with the imposed heat flux for the glass beads of
d, = 0.5 mm. Before evaporation begins, the mass flux is
seen to increase with the increase of the imposed heat
flux. Once evaporation occurs, the mass flux continues to
increase as the heat flux is further increased. However,
when the heat flux exceeds about 6.1 kW/m?, the mass
flux is drastically reduced to a low value. It is also
interesting to note that the mass flux remains approxim-
ately constant afterwards despite the heat flux is further
increased. This interesting behavior of the variation of
the induced mass flux with the imposed heat flux concurs
with the result of our previous experimental study on
buoyancy-induced flow with phase-change heat transfer

in a vertical porous tube subjected to a uniform heat flux
(Zhao, Liao & Cheng, 1998). It is relatively easy to
understand that the mass flux is increased with the im-
posed heat flux in the single-phase flow of subcooled
liquid (before the point at which evaporation begins). In
this region, the motion of the working fluid within the
capillary structure is solely due to the buoyancy force or
the thermosyphon effect and the mass flux is propor-
tional to the imposed heat load. In the region of the
two-phase flow of liquid and vapor, one usually specu-
lates that the mass flux would be further increased be-
cause the liquid/vapor meniscus inside the two-phase
region may create a wicking effect to pump the subcooled
liquid from the liquid pool into the capillary structure, in
addition to the buoyancy effect. On the contrary, the
experimental results showed that the mass flux drops
rapidly with the increase of the imposed heat flux after
evaporation occurs. In the following, we shall explain this
unusual phenomenon based on the numerical results of
the liquid saturation distributions as well as the vapor
and liquid velocity fields at selected heat fluxes of 6.1, 6.3,
6.5, 6.7, and 9.0 kW/m? (corresponding to the points
labeled by the letters a—e in Fig. 2).

Fig. 3 display the steady-state liquid saturation distri-
butions in the porous channel as the imposed heat flux is
progressively increased after evaporation begins, which
corresponds to the points a-e in Fig. 2. It is seen from
Fig. 3a that at ¢” = 6.1 kW/m? (corresponding to point
a in Fig. 2) an extremely narrow two-phase zone (repre-
sented by the light gray scale) is formed adjacent to the
vertical walls near the exit while the capillary structure is
still saturated with liquid elsewhere (representing by
the dark color). Under this situation, the presence of the
two-phase zone may play little role for the flow in
the capillary structure simply because the zone is too
small. On the other hand, the fluid temperature near
the exit reaches the saturated value (100°C) and thus, the
temperature difference between the inlet and the outlet
reaches the maximum, implying that the buoyancy force
approaches the maximum. Therefore, the mass flux at
this particular heat flux reaches a peak value. As is
evident from Fig. 3a and b, the two-phase zone formed
near the exit of the porous channel grows quickly
towards the centerline of the channel with a small
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Fig. 3. The liquid saturation distributions (a) ¢” = 6.1 kW/m?, (b) ¢" = 6.3kW/m?, (c) ¢" = 6.5kW/m?, (d) ¢" = 6.7kW/m?, and (e)

q" =9.00 kW/m?>.

increment in the heat flux. As a result, the effect of the
capillary force due to the existence of liquid/vapor menis-
cus on the motion of the fluid becomes more significant.
However, its primary function is to draw liquid towards
the heated walls but does not help much in assisting the
increase of the overall mass flux in the capillary structure.
On the other hand, the drag force in the two-phase zone
becomes much larger than in the liquid-phase zone due
to the higher viscosity of the vapor (Wang et al.,, 1993).
A sequential scan of the liquid saturation distributions
from Fig. 3a to b and cleads us to conclude that the rapid
reduction of the mass flux is attributed to the fast expan-
sion of the two-phase zone in the capillary structure as
the heat flux is increased from point a to b and c (see Fig.
2). As the heat flux is further increased to point d, the
two-phase zone completely fills the whole cross section of
the upper region of the porous structure. As a result of
vapor choking, the induced mass flux is further reduced.
It is also interesting to note that the mass flux remains
approximately constant despite the heat flux is increased
from point d to e. This finding can be explained based on
the interactions between the three major forces involved
in the system such as the capillary force, the buoyancy
force, and the drag forces due to the liquid and the vapor
flow through the porous medium. As the heat flux is
increased, both the capillary force and the buoyancy
force are increased because the saturation gradient and

the density difference become larger in the system.
This leads to an increase of the mass flux. However,
as mentioned earlier, the drag force of the vapor flow
in the two-phase region also becomes rather high due to
the increase of the vapor fraction. In addition, the
thermal drag force (Guo & Wu, 1993) near the
exit becomes relatively larger due to the lower density of
the vapor in the two-phase zone, which also tends to
reduce the mass flux of fluid. Therefore, the constant
mass flux versus the heat flux at high heat fluxes may be
attributed to the fact that the balance of the aforemen-
tioned three forces.

The velocity vectors for the flow of vapor and liquid
are presented in Figs. 4 and 5, respectively. As indicated
in Fig. 4a to e, vapor flows primarily upwards and away
from the heated wall where the vapor is generated, and is
condensed by the incoming subcooled liquid in the center
part of the porous structure. A sequential examination of
Fig. 4a to b shows that the underlying two-phase zone
expands progressively upstream as the heat flux is in-
creased. The liquid velocity vectors shown in Fig. 5 indi-
cate that liquid flows primarily upwards in the most part
of the cross section of the porous structure as a result of
both buoyancy and capillary effects. A comparison be-
tween Figs. 4 and 5 also indicates that the near wall
region, the vapor velocities are larger while the liquid
velocities are smaller.
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Fig. 4. The vapor velocity field at (a) ¢" = 6.1 kW/m?, (b) ¢" = 6.3 kW/m?, (c) ¢" = 6.5kW/m?, (d) ¢" = 6.7 kW/m?, and () ¢" = 9.00 kW/m?.
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Fig. 5. The liquid velocity field at (a) ¢ = 6.1 kW/m2, (b) ¢" = 6.3 kW/m?, (¢) ¢" = 6.5 kW/m>, (d) ¢" = 6.7 kW/m?, and (¢) ¢” = 9.00 kW/m>.



2660 T. S. Zhao et al. | Chemical Engineering Science 55 (2000) 2653-2661

o o \'=5.6 kW/m’)

N \q"=5. m |
\ N

\ J

AR )
\ \ 6 KkW/m )

~
0.10 F ™ -
>
0.05 | - -
2 l
12 kW/m
Glass beds, dp=0.5 mm
0 A A 1 A A L A L A A A A '
0 0.5 1.0

w

Fig. 6. The liquid saturation distribution along the heated wall at
different values of heat flux.

The variations of the liquid saturation along the
heated wall for the porous medium of d, = 0.5 mm at
different values of heat flux are displayed in Fig. 6. It is
seen that at a low heat flux of ¢” = 5.65 kW/m?, the
liquid phase (s,, = 1) exists on most part of the heated
surface and the liquid saturation drops slightly only near
the exit of the channel. As the imposed heat flux is
increased, the liquid phase region contracts while the
two-phase region expands. It is evident from Fig. 6 that
the liquid saturation becomes smaller along the heated
wall with the increase of the imposed heat flux, reaches
a minimum value at the exit of the channel for a specific
heat flux. This observation implies that the dryout point
always occurs at the exit of the channel for the geometry
under consideration.

In order to find out the effect of the particle diameters
on the dryout condition, we present the minimum liquid
saturation (which occurs at the exit of the heated wall) for
different particle diameters in Fig. 7. It is shown that for
the same imposed heat flux, the minimum liquid satura-
tion progressively increases with the increase of the par-
ticle diameters, indicating that a larger particle packed
channel will have a higher dryout heat flux. This is
mainly because that the mass flux of the subcooled liquid
is affected by the particle diameters. A small particle
diameter leads to a substantial increase in the drag force
in the two-phase region due to higher vapor viscosity
even though the capillary pressure can be increased

1.2

0.8

0.4

d, (mm)

Fig. 7. The effect of the particle diameters on the minimum liquid
saturation.

slightly. For this reason, the mass flux of the subcooled
liquid is increased with the increase of the particle dia-
meter. Thus, the channel packed with larger particles
gives a higher dryout heat flux.

5. Concluding remarks

A numerical solution has been obtained for a buoy-
ancy-induced flow and phase-change heat transfer in
a capillary structure heated symmetrically along its verti-
cal walls. Liquid saturation distributions and the velocity
fields for both vapor and liquid in the porous column are
analyzed and presented. It is shown that for both single-
and the two-phase flow with a rather low vapor fraction,
the induced mass flux increases as the applied heat flux is
increased. However, as the vapor fraction is increased
further, the induced mass flux drops drastically and re-
mains approximately constant afterwards, although the
heat flux is further increased. This finding is in agreement
with the results of our previous experimental study on
phase-change heat transfer in a heated vertical porous
tube (Zhao et al., 1998). The numerical results indicate
that vapor-choking is responsible for the rapid reduction
in the mass flux. It has also been shown that the dryout
point always occurs at the wall near the exit of the
packed channel and that larger particles give higher
dryout heat flux.
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