Int. J. Hear Mass Transfer.
Printed in Great Britain

Vol. 35, No. 2, pp. 469480, 1992

Funicular and evaporative-front regimes in
convective drying of granular beds

J. A, ROGERSt and M. KAVIANY

Department of Mechanical Engineering and Applied Mechanics, The University of Michigan,
Ann Arbor, M1 48109, US.A.

(Received 10 July 1990 and in final form 12 February 1991)

Abstract—Convective heating of an initially partially saturated packed bed and the consequent surface
and internal evaporation of the liquid is considered for cases where the temperature everywhere in the bed
is below the saturation temperature at the local total pressure. In the first period where the liquid phase is
continuous (funicular regime), the effect of surface tension nonuniformity on the liquid and gas phase
fiows is examined. The critical time (the time at which the surface saturation becomes equal to the
immobile saturation) is found from the integration of the conservation equations. The effect of the absolute
permeability heterogeneities on this critical time is examined, and it is shown that for normal distributions
in porosity, the critical time increases over that for homogeneous permeabilities. The mass transfer rate
during the evaporative front regime is also predicted by treating both the dry and the wet regions and the
moving interface. An experiment is performed in which a 0.10 mm glass spheres—ethanol bed is convectively
dried, and good agreement is found between the predicted and measured mass transfer rates, critical times,
and surface temperatures.
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1. INTRODUCTION

ONE area of study associated with phase change in
porous media is that of heat addition to an initially
highly liquid saturated medium (saturation is the frac-
tion of void space occupied by the liquid phase). Here
we consider those partially saturated porous media
with solid matrices that do not absorb water, i.e. non-
hygroscopic porous media. In these matrices, the
liquid moves through the pores and not within the
solid phase. The liquid can also be adsorbed to the
surface of the solid matrix (capillary condensation
[1]). This adsorption, which is due to the van der
Waals® dispersive forces, is significant when the pores
are very small (smaller than 1 um). We will not address
surface adsorption/desorption here and will only con-
sider pore sizes larger than 1 um. When one of the
surfaces is permeable and heat is added through this
surface, and when, in addition, the temperature of this
partially saturated porous medium is no higher than
the boiling point anywhere within the medium, i.e.
T(x) < Ty(p,), then this transient liquid removal from
the porous medium will have two distinct regimes. In
the first regime, the liquid phase is connected through-
out the medium and the liquid and its vapor are in
thermodynamic equilibrium (the equilibrium state is
influenced by the meniscus curvature as described by
Defay and Prigogine [2]). This regime is called the
funicular regime because of the early misconceptions
about phase distributions of two-phase flow in porous
media. According to these misconceptions, both

1 Present address: Babcock and Wilcox, Heat Transfer
and Fluid Mechanics, Alliance, OH 44061, US.A.

phases flowed simultaneously through channels with
the gas moving in the inner core and the liquid in an
annulus and the gas phase flowed inside and the solid
channel walls (not necessarily constant area channels)
on the outside. Flow visualizations have shown that
the gas and liquid phases flow through their own
network of channels [3]. In this regime, the liquid
flows due to the gradient in the capillary pressure, and
gravity can assist or oppose the flow. In addition, the
presence of a temperature gradient within the medium
and the consequent existence of a surface tension
gradient moves the liquid away from the heated sur-
face (opposing the capillary effect). Thus, capillarity,
gravity, and thermo-capillarity are the most sig-
nificant forces governing the liquid motion. As the
liquid flows out of the medium, the local saturation,
throughout, decreases with the saturation at the
heated permeable surface decreasing the fastest
(because the flow is towards the lowest saturation
and also the resistance to liquid flow increases with
decrease in saturation thus requiring large saturation
gradients). The end of the funicular regime is marked
with the surface saturation dropping to the irreducible
saturation s;. The time at which this occurs is called
the critical time t, (4]. For a short period after ¢,
the heated surface will be intermittently dry which is
associated with a decrease in the drying rate. After
this intermittent surface-drying period, the moving
interface regime begins. The surface becomes com-
pletely dry, the surface temperature increases rapidly,
and the heat transferred to the porous medium results
in penetration of the evaporation front (a moving
interface) into the medium. Figure 1 shows the two
regimes and gives the saturation and temperature
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A area [m 7]

Bo  Bond number, gp,R*/c

C (pcp)s/‘(pcp)l

¢ specific heat capacity [Jkg™' K~']

d diameter of sphere [m]

D binary mass diffusion coefficient [m?s~']
D,  total thermal diffusion coefficient [m?s ']
D, total mass diffusion coefficient [m?s™']

g gravitational constant [ms~?]

h heat transfer coefficient [Wm 2K ']
By mass transfer coefficient [ms~']

iy specific heat of vaporization [Jkg™']
k thermal conductivity [Wm™'K™']

K permeability [m?]

Le Lewis number, «,/D

1 mass flux [kgm~?s7]

M molecular weight [kg (kg-mol)~ ']

7 volumetric evaporation rate [kgm *s™']
p pressure [Pa]

Pe Peclet number, uR/o or uB/D

q heat flux [Wm™ 7]

R radius [m]

Re Reynolds number, uR/v

R,  universal gas constant,

83144 kJ kg "' mol"' K™'

saturation (wetting-phase)

reduced saturation (s—s;.)/(1—s;; —Sir)
velocity [ms™]

volume [m?)

time [s]

~ R Uy©

NOMENCLATURE

critical time [s]
temperature [K]

X coordinate axis [m]

X interfacial location [m].

Greek symbois

o thermal diffusivity [m?s~']

£ porosity

u dynamic viscosity [Pa s]

v kinematic viscosity [m?s ']

0 density [kgm ™3]

o surface tension [Pa m]

Oq standard deviation.
Superscripts

d dispersion

porosity averaged.

Subscripts

ambient
condensible, capillary
gas

heat

interface
irreducible
liquid

mass
noncondensible
initial

at x = L.

—oom g —5 " 3R oK

evolutions during convective heating of the surface.
A description similar to that given above is presented
by Whitaker and Chou [5] for nonabsorbing solid
matrices and by Stanish et al. [6] for absorbing (hygro-
scopic) solid matrices.

In our study, we examine heat addition in these two
regimes (funicular and evaporative front) by per-
forming experiments and a one-dimensional, transient
analysis. We are able to:

(a) Extend the previous treatment of ref. [4] to
include the evaporative—-penetration front.

(b) Clarify the relationship between the heat and
mass transfer coefficients at the interface of a partially
liquid saturated medium and an ambient plain
medium and discuss the effect of surface saturation
on these coefficients.

(c) Discuss the effect of the presence of a surface
tension gradient on the liquid flow and give the appro-
priate momentum equation.

(d) Examine the role of porosity heterogeneity and
its effect on the capillary flow and on the critical time.

In the experiments a packed bed of glass spheres
of 0.10 mm diameter is initially partially saturated

by ethanol and is at nearly uniform temperature.
Then heated air is blown over its upper permeable
surface. In the analysis, the two-phase flow and heat
transfer in porous media are addressed using semi-
empirical transport and constitutive equations. It
should be mentioned that non-intensive drying (i.e.
T(x) < T{(pp)) is not a problem in which a critical
evaluation of the semi-empirical, two-phase flow
momentum equations can be made. These problems
are controlled by the external heat supply during the
funicular regime and by heat and mass diffusion in
the dry zone during the evaporative front penetration.
However, for these problems, a proper description of
porous/plain media interfacial heat and mass transfer
coefficients is essential.

2. EXPERIMENT

The bed of 0.10 mm spherical glass particles
(porosity ¢ = 0.40) is placed so that its permeable
surface is flush with the lower surface of a wind tunnel.
The tunnel and the walls of the bed are made of
Plexiglas. The air drawn into the tunnel is heated with
a 1.5 kW heater and placed upstream of the bed.



Funicular and evaporative-front regimes in convective drying of granular beds

Uz

Pcga | Ambient

Pnga [ Condition Vapor, my

471

(a) Funicular Regime

L-m
T
I_o
|

Adiabatic &
Impermeable

To

(b) Moving interface Regime

FiG. 1. A schematic of the problem considered and the distribution of saturation and temperature during :
{a) the funicular regime ; (b) the evaporative, moving front regime.

Downstream of this heater is a passive mixer used
for temperature uniformity and a polyurethane foam
block used for velocity uniformity. The velocity field
over the bed is measured with a precalibrated hot
wire, and the velocity outside the boundary layer is
found to be nearly uniform. The packed bed is 15x 15
cm in cross section and has a depth of 25.4 mm. The
temperature of the air and at several locations within
the bed is measured.

The bed isinitially flooded with ethanol. This results
in a saturation distribution s,(x) and a temperature
distribution 7{x), where both are nonuniform. The
initial saturation distribution is determined by the
irreducible, nonwetting phase saturation s, and the
local balance between capillarity and gravity. The
initial temperature nonuniformity is due to unavoid-
able evaporation prior to the start of the convective
heating. The heat for this evaporation (both surface
and internal) is supplied mostly from the bed, result-
ing in a decrease in the bed temperature, mostly near
the bed surface.

The bed is periodically (every 1-10 min, depending
on the mass transfer rate) lowered and placed on a
digital scale for measurement. The blower and heater
in the wind tunnel are turned off during this measure-
ment. The accuracy of the scale is 0.01 g, and the
accuracy of the thermocouples is +0.1°C. An infra-
red camera is also used to measure the bed surface
temperature, and the readings of this and the surface
thermocouple are in agreement to within 1°C.

The permeability of the bed is found from the Car-
man-Kozeny equation {which is proven accurate for
randomly arranged spherical particles {4])

d283

K=Ts00=9°

1)

and is 9.9 x 10~ 2 m?.

The heat and mass transfer coefficients for the
flooded surface (surface saturation of unity, ie.
s; = 1) are determined by measuring the mass transfer
rate (which is the product of the mass flux » and
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surface area 4) and the difference between the surface
and ambient temperatures, i.e.
ity

h=

@

The analogy between heat and mass transfer, for fully
liquid covered surfaces, can be used if proper account
of the properties are made [7], and this gives for the
mass transfer coeflicient

_ h
m o (pcp)gaLeZ/S v

©)

In the following we report results for an air flow
rate which gives 7, = 55°C, A = 183 Wm K ', and
h,, = 0.10 m s—'. The density of ethanol in ambient
Pega 18 ZETO.

3. ANALYSIS

3.1. Funicular regime

The one-dimensional, transient, two-phase flow
(depicted in Fig. 1) is described using the concept of
relative permeability and the continuity and momen-
tum equations as given by Whitaker [8], except the
shear drag at the interface of the liquid and gaseous
phases and the microscopic and macroscopic inertial
forces are negligible for this problem. However, the
effect of the surface tension gradient can be important,
and the formulation of Bear and Bensabat [9] is used.
These give

ds iy

pe o= “
P O )
= — —g-' (%%' +pxg)+Km gg ©
wm (P )imn 0

where  and u, are the superficial velocities (averaged
over the entire pore volume). We have treated the
liquid phase as incompressible and the gaseous phase
is assumed to behave ideally with

pchcg pngMﬂg
Pog = s Pog =
¢ R,T ¢ RT

s pcg = ch(T’Pc)

pg :zpcg+png9 pg =pcg+png’

Uy = Peglcg + Prghing ®
Py

with ¢ standing for condensible and n for non-
condensible. The vapor and liquid are in equilibrium,
and the effect of curvature on the equilibrium state is
included [2]. The local volumetric evaporation rate
is 71 [kg m~> s7']. The species conservation for the
noncondensible gas component is treated as a binary
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mixture (noncondensible and condensible) and is
given by

gépng(l —5) + OpPnglly _ é

0 Pog
ot ox  ox SO

ax P oy PR
where
(10)

where D, is the effective molecular mass diffusion.
We can use the results for gas impermeable solid phase
for single-phase flows given by Neale and Nader [10].
Assuming that diffusion through the liquid phase is
negligible and using a linear relation with saturation,
this gives

Dy, 2e 1
=3_,(1-9)

D (1n

where D is the binary mass diffusion in plain media.
The mass dispersion coefficient D%, for transport of
noncondensibles through the liquid phase is negligible
and that for the gaseous phase can be approximated
by using the result of Koch and Brady [11], along with
a linear relation for saturation, i.e.

De 1
«BE =g [0.751’6lg + gnz(l —&)Pe, In Peg] (1—s)
(12)
R
Pe, = £, (13

Note that D,, appearing in the species conservation
equation {9) is the longitudinal component of the total
effective mass diffusivity tensor. The velocity of the
noncondensible molecules used in equation (9) is
given by

(14)

The energy equation is given by

(pcp)cg + (pclz_)_ll_g_jl a T

[(1—8)C+as+a(l —5) s} =

N {w +[(pcp)cg+(pc,,),,g
(p Cp )}

at

aT
Uy 5

oT

b;D,,va (15)

+ i[gﬁ =

where D, is total effective thermal diffusivity

Dy, = D&e+D§1+Dg (16)

and where, again, these are the longitudinal com-
ponents of the total effective thermal diffusion tensor.

From Somerton et al. [12], and Udell and Fitch
[13}, we have

Dy _kls=0) k(s=1~k(s=0)
- + sV
o4 k( kl

an
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where k, is the effective thermal conductivity, and its
value for the packed beds of spheres saturated fully
with liquid (s = 1) and gas (s = 0) are needed. A
convenient and relatively accurate correlation is that
given by Krupiczka [14] as

0.286—0.757loge ~ 0.057log (k jk}
L (1) )
kf kr
where k; is the liquid or gas thermal conductivity.
The dispersion components of the total effective
thermal diffusivity are described in a manner similar to
equation (12) using the gas and liquid Peclet numbers
(similar to that defined in equation (13)). The liquid
phase momentum equation can be written using the
capillary pressure p. = p,—p, and making the reason-
able assumption that ¢ = ¢(T) only. Then equation
(6) becomes

_ Kk op, Op. oo 0T
ul__,Ll]( y+a —_6x KlAaaTa (]9)
We then use the Leverett relation, i.e.
g
P = WJ )
to find dp./ds and Gp,/0T. This gives
oJ 0 do oT
op. @ oJ ds J o 20)

ox (Ko s ox T (K9 3T ox”

The thermo-capillary coefficients Kj,, and K,,, are
functions of the matrix structure, s, o, wettability,
/g, and the liquid and gas phase distributions in the
pores (which are history dependent). A very simple
model applicable under restricted conditions, is given
by Bear and Bensabat as

A, 1 X
Kypy = =2 — 21
7 Y @
% __.14;‘}_ 1 (1—5)p, !(_g_
eho Vg 1+ng (l—s)ﬂg_"sul He
A,g 11— sK
V L 5 Hy (22)

where A,/V, is the specific liquid~gas surface area,
and 1+ L, is the tortuosity of the liquid phase. Both
of these, as well as their gaseous counterparts, are
functions of saturation. Due to the lack of an alter-
native, we estimate the liquid surface area as being
equal to a fraction of the solid surface area (i.e. inde-
pendent of s). Then, for beds of spherical particles
and by allowing for saturation dependencies that
satisfy the expected asymptotes, we have

A 4nR?

R G —— I—SS
7 . fRs( )
1—¢)37

3(1 &)

=a, (1-s5)s (23)
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also

A g, 200
V8

(1-s)s (24
where a, is constant with a magnitude less than unity.
We also estimate the tortuosities {the ratio of the
actual length a tracer takes in moving through a bed
of length L, to the straight-line path, i.e. L) to be
independent of s and equal to ((3—¢z)/2) ">

The phase permeabilities are given as the product
of the absolute and relative permeabilities and, includ-
ing J{s), are already discussed in ref. {4]. Equations
(1)—(4) can be combined, and the resuit is the so-
called saturation equation stating the overall mass
conservation in terms of the driving forces of the
flows. Then, along with equations (12) and (15), they
can be solved for the three unknowns s, p,,, and T.
The required boundary condition at the surface x = L
and at the lower, adiabatic, impermeable surface are:

atx=1L
0 pog
my = P+ Pegliy — Dm a—‘ = m(ch "pcga)
25
. T
g1 = pithiyg +(pc, 1D, P WT,—T) (26)
Deg +png = Pga (27)
atx=0
Opeg _Opog _0s 0T
ek T TR0 @

The initial conditions are approximated here as iso-
thermal. Taking the pressure in the gas phase to be
hydrostatic (note that complete displacement of the
nonwetting phase is not possible without large applied
pressures), the initial saturation distribution sq(x) is
determined from the reduced form of equation (19),
ie.

dp.(s
Pd( ﬁ)+(P1

—pglg =0 29
with a prescribed s, at x = 0. This value, for example,
can be 1-5,,. For a completely filled (except for
irreducible nonwetting phase saturation) bed, the
saturation is uniform and at 1—s,,. The irreducible
nonwetting and wetting phase saturations s, and s,

must also be specified.

We now discuss dependence of 4 and A, on the
surface saturation. It was shown in ref. [15] that using
convective drying of partially saturated packed beds
of different size spherical particles, for Bond numbers
(Bo = gp,R*/o) less than 0.01 and for moderate Reyn-
olds numbers (Re = u,R/v,), the heat and mass trans-
fer coefficients are independent of the surface satu-
ration (during the funicular state). The results of ref.
[16] using steady-state, simultaneous heat and mass
transfer for two-dimensional, partially liquid covered
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surfaces also confirm this phenomenon. Schlinder
[17] used a diffusion model to show that for small
Bond numbers and when the thickness of the con-
centration boundary layer is much larger than R, the
vapor molecules leaving the liquid patches of the sur-
face diffuse sidewise and cover the dry patches. These
molecules then diffuse through the boundary layer
(along with other molecules that directly leave the
liquid patches and diffuse toward the edge of the
boundary layer). As both Re and Bo tend to zero, the
effect of surface saturation on the mass transfer rate
diminishes. This is the case for the experiment con-
sidered here, as will be evident from the nearly con-
stant evaporation rate in the funicular regime. For
large Bo and Re, the heat transfer through the exposed
solid and the substrate has to be included, also the
effect of the solid and liquid conductivities, among
other parameters, should be considered [16]. Further
discussion on various aspects of two-phase flow and
heat transfer in porous media can be found in ref.
[18].

3.2. Porosity heterogeneity

The porosity or the pore size (or particle size) used
in the volume-averaged equation is the average value
over a representative elementary volume, and in our
analysis, we have assumed that this average porosity
{or particle size) is uniform throughout the packed
bed. We now allow for the porosity {or particle size)
to have a distribution in the elementary representative
volume with an average value of & In connection
with the one-dimensional problem considered, this
porosity heterogeneity in the representative elemen-
tary volume causes an alteration in the local capillary
pressure. This alteration is a result of imposed lack of
lateral capillary pressure gradient. Then at a location
x, the liquid saturation of various pore sizes must be
such that the capillary pressure for these pores at this
location x must be the same. This redistribution of
the liquid at location x among the pores favors filling
of the smaller pores more than the larger ones (in
order to keep the capillary pressure of all these pores
at location x the same). We are interested in examining
the effect of this porosity heterogeneity on the critical
time, as we expect that the smaller the porosity {and
permeability) the smaller will be the critical time
(because of the extra resistance to the liquid flow and
the larger required ds/éx [4]). In particular, we look
for a normal distribution of porosity around ¢ and
examine the effect of this distribution on the critical
time.

We choose a Gaussian probability distribution
function for porosity, i.e.

—(— )2
(& r.'),’m‘,'

P(e) = (30

K
€
(2n)'%a,
We also specify that £— Az < & < £+ As. In equation
(30), K, is the truncation constant and o, the standard
deviation. The J-function used is that found by cor-
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relating the data of Leverett [19] for the drainage
branch of the capillary pressure-saturation curve.
This particular J(s) is given by Udell and Fitch as

J(S)=1417(1-8)-2.102(1 - S)*

+1.266(1—-5) (31
where the reduced saturation is
S = - S 7% i (32)
1 — Sir — Sirg

For a given p., an implicit equation for § can be
written as

Pe
a[1.417-2.102(1 - S)* +1.266(1 — S)*)

172
x[@} . (33)

£+ Ae
5= j sP(g) de.
&— Ar

S=1

The average local saturation is
(34)

Other variables such as  and u, are also averaged,
e.g.

i = j T P e, (35)

E—As
Now, the s, 7, and p,, equations are averaged using
the porosity averaging shown above. Then, for a given
average saturation §(x) found from the solution of
these equations, an iterative scheme is executed to
find a capillary pressure that satisfies this average
saturation. A capillary pressure p, is guessed and used
in equation (33) and S(g) is found. Then, the average
of this S(¢) is taken using equations (32) and (34) and
compared with the given §.

The capillary pressure—saturation curve for various
porosity distributions can be found by specifying o,,
&, and Ae. For this, we only iterate on the capillary
pressure as outlined above. The results are given in
Fig. 2. As was mentioned, the distribution of the

14 T T y T \ T T T

£=04,Aex02
12F E

1.0

Pe 0.8

N [i_}”2
KE) o6

0.4

0.2

0.0 . i N 1 . L s .
0.0 0.2 0.4 0.6 08 1.0

s

F1G. 2. Effect of porosity heterogeneity on the variation
of the capillary pressure with respect to average, reduced
saturation S.
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liquid required for capillary pressure uniformity
among pores favors filling of the small pores more
than the large ones. Therefore, small saturations hav-
ing a nonzero standard deviation cause an increase in
the local capillary pressure. This is evident in Fig. 2.
For large saturations, the Gaussian porosity dis-
tribution used does not result in a significant change
in p.(S). Therefore, we expect this distribution to
become significant only when the local saturations
drop significantly, i.e. near the critical time. The larg-
est standard deviation o, used in Fig. 2 is 0.20, but
there is an asymptotic behavior for large o, that seems
to be approaching the results for g, > 0.20. The value
of Ae has a more pronounced effect on p., and we
have limited it to 0.2 for the sake of computational
economy and because it is realistic.

Note that we could use the histograms showing the
distribution of the particle size (d) instead of the
porosity distribution. Both ¢ and d in turn influence
K through relations such as equation (1). Therefore,
our discussion of porosity heterogeneity is more
general and applies to any heterogeneity in the
matrix which causes a heterogeneity in K.

3.3. Evaporative front regime

As was mentioned, at ¢ = £, the surface saturation
becomes the immobile saturation s, and for a short
period thereafter, the surface dries out intermittently.
After this intermittent period, the addition of heat to
the surface results in evaporation in a front that has
saturation of s;,.. This evaporation front moves inward
into the bed as the heat addition proceeds. The tem-
perature of this evaporation is not known a priori,
and part of the heat arriving at this front (through the
dry region) results in raising the temperature of the
wet region. The front position, x;(¢), is primarily deter-
mined by the transport of heat and species in the dry
region (x < x;). In convective heating of the beds, in
addition to the surface (or film) resistance to heat
flow, this dry region also offers resistance to the heat
flow (which in general is much larger than the film
resistance). The flow of heat through the gas saturated
dry region is by axial conduction and against the flow
of the condensible gas. The description of the two-
phase region is that given in Section 3.1. In the dry
region, we use equation (7) for the gas flow with
K., = 0. The gas continuity equation, the species
conservation equation, the total effective mass
diffusion coefficient, and the energy equation given
for two-phase flow, hold except we use s =0 and
s = 0 in the dry region.

Once the surface dries out, the heat transfer from
the dry surface will be that of heat transfer from
a rough surface with transfer of noncondensibles
through the surface pores into the bed, and of the
vapor out of the bed. The flow of the gases across the
surface influences the heat transfer slightly. However,
as was mentioned, the film resistance at the surface is
much smaller than the resistance offered in the dry
region. For mass transfer, a similar phenomena occurs

near the surface, except the mass transfer is only
through the pores (gas phase), as heat transfer can
occur through the gas and solid phases. Here we
choose the same heat and mass transfer coefficients
given in Section 2 and, again, assume the validity of
the analogy to continue even for the dry surface. The
boundary condition for x = L, i.e. equations (25)—
(27) hold except we have u, = 0. Also, in the dry zone,
the vapor is no longer in thermodynamic equilibrium,
and, therefore, its temperature is determined by the
energy equation and boundary conditions.
At the evaporative front (x = x;), we have

aT oT
[(pcp)th E:L+ = [(pcp)th a:l.‘

+ ilgpcg [ucg (xi+ ) - ucg(xi— )] (36)

ox.
Pelta () =ty ()] = () —es =L (37)

)

png [ug (xi+ ) - ug (xi_ )]

0 Pog
= pgD,, [5 e

0 Pog

Xt Ox pg (38)

4. SOLUTION METHOD

The finite-volume method described in Patankar
[20] is used to discretize the equation. The implicit
method is used in order to allow for large timesteps.
The staggered mesh compatible with application of
the conservation principles to each node is used. For
t > t., an adaptive technique was used allowing for
the concentration of nodes near the moving interface.

In the funicular regime, the liquid flow dominates.
The three differential equations are solved for s, T,
and p,,. The vapor density is found from p., (T, p.),
i.e. the Clausius—Clapeyron/Kelvin equation [4].
Here, the effect of curvature on p,, is not significant
until s, is reached (note that K~ 10~''" m?. The
results of this implicit technique were checked against
those of the explicit technique of ref. [4], and the
computed critical time of the two methods agreed to
within 3% for a large range of permeabilities.

In the evaporative front regime, the conservation
equations in the two domains (dry and wet), and the
conditions at the interface of these domains, must be
solved simultaneously. In the x; € x € L domain, the
unknowns are p,,, P, and T, and the vapor is super-
heated. The unknowns in the 0 < x < x; domain are
the same as those given for the funicular regime. In
order to start the integration, a small dry region is
introduced at ¢ = f,. This was taken small enough so
that the results for ¢, sufficiently larger than Az, are
not influenced by the choice of this initial, imposed
dry region. The iteration always begins at x = L, and
the surface heat and mass balance conditions are
solved for T and p,. Then, p,, is found from the
pressure boundary condition. Next, the nodes in
x; € x < L are updated, and the conditions at x; are
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solved. The position of x; is then computed using
s =s,, and by using equation (37). Then, T(x;) is
found from equation (36) and p.,(x) from
Pl T(x;), P}, and equation (38) is updated using the
new values of T, p.,, p., at x;. This procedure con-
tinues until convergence (in terms of overall heat and
mass balance) is found according to a prescribed con-
dition (better than 1% in the accumulated heat and
mass content of the bed). The standard convergence
test of using progressively smaller mesh (and here also
by redistribution of the mesh) is performed, and only
the results satisfying this test are reported.

Because of the dominance of the liquid flow in the
funicular regime, small Az has to be used in order to
avoid instabilities. As f — ¢, the gradient of saturation
near the surface increases rapidly, and a high con-
centration of mesh is used in this region. In the moving
front regime, a larger pressure difference develops
between x = x; and L, which also requires small Az.
We have made no special effort to exclude terms that
make small contributions nor to devise more efficient
solution methods. This area needs further develop-
ment.

5. RESULTS AND DISCUSSION

The above formulated one-dimensional, transient
analysis of both funicular and evaporative front
regimes and porosity heterogeneity as well as the
results of the experiment outlined in Section 2, are
presented below. The results are for K = 9.9 x 1071
m? e=04, T, =55C, To=20°C, h =183 Wm™?
K™, 5, = 0.05, s, = 0.02, and a bed depth of 25.4
mm, for a 0.10 mm glass spheres—ethanol bed.

We chose a; = 0.1 in equations (23) and (24). Also,
because the capillary pressure relation given by equa-
tion (31) underestimates the experimental results for
p. and, when used in equations (6) and (29), gives
results that do not agree with the experimental obser-
vations, we neglected the effect of gravity in the
momentum equations. The Leverett reduction, which
is based on the experimental results of water—air~
nonconsolidated sandstone systems, does not allow
for the influence of wettability (ethanol wets the glass
spheres fairly well). We note that the formulation
given in Section 3 is rather general and, given the
required constitutive equations (e.g. p., K, K,, D,,,,
D,) with sufficient accuracies, accurate predictions
can be made using the effect of capillarity, gravity,
and thermo-capillarity.

5.1. Funicular regime

As was mentioned, the Bo and Re for the particle
size-fluid combination used in the experiment results
in constant heat and mass transfer coefficients (i.e.
independent of the surface saturation). Figure 3 shows
the variation of the mass transfer rate with respect to
time. As will be shown, initially the surface tem-
perature drops resulting in the transfer of heat to the
surface from both the bed and the ambient. Therefore,
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F16. 3. Variation of mass transfer rate with respect to time.

Both the funicular and evaporative front regimes are shown.

The experimental results are shown with symbols, The pre-

dicted and estimated (using experimental resulis) critical
times are also shown.

larger mass transfer rates occur initially. Later on, the
surface temperature rises, and heat begins to flow into
the bed resulting in a reduction of the evaporation rate
(equation (20)). Note that because of the rather small
heat transfer coefficients, the initial transient (bed
cooling-heating) occupies a larger portion of the
funicular regime period (0 <t < t,). Therefore, the
so-called constant drying period does not dominate
over 0 <t <¢. For t> 1, the mass transfer rate
decreases substantially indicating surface drying. The
predicted critical time (the time at which s = s,) and
the critical time estimated from the drop in the mass
transfer rate and rise in the surface temperature are
also marked in Fig. 3. Note that the predicted (114.3
min) and experimental ¢, are in very good agreement
(this was also found in ref. [4]). The larger scatter
existing in the experimental data for small mass trans-
fer is associated with the inaccuracy of measuring
small changes in the mass of the bed.

Figure 4 shows the predicted and measured satu-
ration averaged over the entire bed (one-dimen-
sional), and, as expected (because experimental / is
used), the agreement is very good. The predicted and
measured critical times are also shown, and it is evi-
dent that ds/dt drops significantly for ¢ > ¢.. Figure 5
shows the predicted and measured surface tem-
peratures, and, as was mentioned, initially the surface
temperature drops, and heat flows from the bed to the
surface. This is because the bed is not initially at the
wet-bulb temperature. As the heat addition from the
ambient proceeds, the surface temperature begins to
rise, and heat flows into the bed resulting in the pre-
heating of the liquid evaporating on the surface. For
t > t, the surface temperature rises rapidly indicating
drying of the surface.

Figure 6 shows the predicted temperature dis-
tribution in the bed for various elapsed times. The
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initial surface temperature drops, and the consequent
heat flow toward the surface (prior to ¢ = 24 min) is
evident. Note that the presence of the noncondensibles
and the resistance to vapor flow causes initial
reduction of the pressure (will be shown next) and
further decreases in the temperature. Note that as ¢,
is approached, the bed temperature distribution and
the mass transfer rate (Fig. 3) do tend toward asymp-
totes. Figure 7 shows the predicted total pressure dis-
tribution in the bed. The initial total pressure
reduction lasts about 20 min. Note that because the
vapor and liquid are in thermodynamic equilibrium,
in this early stage 0p.,/0x >0, ie. vapor moves
towards the surface. For ¢ > 20 min, the vapor moves
inward, dp./0x < 0. In contrast, the mass averaged
velocity given by dp,/0x is inward for ¢ < 20 min.
The predicted saturation distribution for various
elapsed times, prior to ¢t =1, is shown in Fig. 8.
Initially the saturation distribution is nearly uniform.
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Fi1G. 8. Distribution of the predicted local saturation during
the funicular regime for various elapsed times.
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As the saturation decreases and the resistance to the
liquid flow increases, the saturation gradient required
for capillary pressure driven flow increases until finally
the surface saturation, which is the lowest, becomes
equal to s;,.

5.2. Porosity heterogeneity

Since the critical time depends on the variation of
the pressure with respect to saturation, especially for
saturations near s,, we can use the effect of porosity
heterogeneity on p, (Fig. 2) to examine how this het-
erogeneity influences f,. We expect that for a given &
and Ace the critical time would increase as o increases
and p.(s — s;) increases. Figure 9 shows the results
for 0.0 < g, < 0.05, and this increase in ¢ is evident.
The range of g, is small and perhaps realistic, and is
computationally practical. We expect that ¢, would
increase monotonically for o, & 0.20 (because Fig. 2
shows that p.(s — s;.) approaches an asymptote) and
note that the porosity heterogeneities can be sig-
nificant. We also note that the empirical results for
p.(s, &, ) are generally obtained for beds where ¢ is
locally (within the representative elementary volume)
heterogeneous, and, therefore, for more meaningful
results, p. for homogeneous porosity distribution
should be used. We expected that for porous media
(not restricted to packed beds) where the average pore
size d is small, Ae =~ £, and these small pores (¢ — 0)
are connected, even at low saturations (s — s;), the
surface will not dryout, and ¢, extends until almost
the entire bed is at s = s;,.

5.3. Moving evaporative front regime

The predicted mass transfer rate for ¢ >z, was
included in Fig. 3 along with that for the funicular
regime. The significant drop in m, which is the result
of resistance to heat and mass transfer, in the dry
region, is evident in this figure. The predicted and
measured mass transfer rates are in very good agree-
ment. The computation is not continued as far as the
available experimental data because of the intensive
computation resulting from the inclusion of both dry
and wet regions and because of the inclusion of all the
terms in the conservation equations. However, the
suitability of the formulation of the evaporation front
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F1G. 9. Variation of the predicted critical time with respect
to the standard deviation in the Gaussian distribution of the
porosity heterogeneity.
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regime given in Section 3.3 for prediction of mass
transfer rate is evident.

Figure 10 shows the predicted temperature dis-
tribution for several elapsed times (passed the critical
time) along with some experimental results. The for-
mulation slightly overpredicts the surface tempera-
ture. The position of the evaporation front x; is also
shown. Note that the predicted critical time is used
and because of the slight difference between this and
the experimental results (which is larger than 1 min),
the results for 7 = 1.+ 1 min are not expected to be in
good agreement with the experiments. Figure 11
shows the predicted distribution of the total pressure
for the same elapsed times as in Fig. 10. Note that
vapor flows from the evaporative front to the surface
thus requiring dp./0x < 0. The results of Fig. 11 show
that dp,/0x is also negative in x; < x < L. Thus the
mass velocity u, is positive (moving away from the
evaporative front toward the surface). The vapor is
superheated in the dry region (temperature dis-
tribution in the dry region is shown in Fig. 10) and in
equilibrium with the liquid in the wet region. As the
elapsed time increases, the total pressure in the wet
region increases indicating significant bulk evap-
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oration {7 in equation (15)), as a consequence of a rise
in the temperature of the wet region (Fig. 10).

6. CONCLUSIONS

Heat addition to a partially saturated porous
medium that is everywhere below the boiling point is
examined through the funicular regime (s(x) > s;;)
and the moving front regime. The effect of tem-
perature nonuniformity and the consequent surface
tension nonuniformity on the liquid and gas phase
flows is examined, and the appropriate momentum
equations are presented. The critical time (time at
which s(x = L) = 5, = s;) can be readily determined
from the integration of these and other related
conservation equations. Since the capillary pressure—
saturation relation determines the critical time, the
effect of absolute permeability heterogeneities on the
capillary pressure and the critical time is examined.
The results show that the porosity heterogeneities, with
normal distributions, increase the critical time. The
speed of the evaporation front and the instantaneous
mass transfer rate during this regime, are also
predicted. The predicted results are in good agreement
with the experiments performed using a glass spheres—
ethanol bed.

REFERENCES

1. S.J. Gregg and K. 8. W. Sing, Adsorption, Surface Area
and Porosity. Academic Press, New York (1982).

2. R. Defay and 1. Prigogine, Surface Tension and Adsorp-
tion. Wiley, New York (1966).

3. F. A. L. Dullien, Porous Media: Fluid Transport and
Pore Structure. Academic Press, New York (1979).

4, M. Kaviany and M. Mittal, Funicular state in drying of
a porous slab, Int. J. Heat Mass Transfer 30, 1407-1418
(1987).

S. S. Whitaker and W. T.-H. Chou, Drying granular porous

11.

12.

13.

14,

479

media—theory and experiment, Drying Technol. 1, 3-33
(1983).

. M. A. Stanish, G. S. Schajer and F. Kayihan, A mathe-

matical model of drying for hygroscopic porous media,
A.LCh.E. JI 32, 1301-1311 (1986).

. M. Greiner and R. F. Winter, Forced flow evaporation

at high mass transfer rates, Ger. Chem. Engng 1, 352—
360 (1978).

. S. Whitaker, Flow in porous media II: the governing

equations for immiscible, two-phase flow, Transp.
Porous Media 1, 105-125 (1986).

. J. Bear and J. Bensabat, Advective fluxes in multiphase

porous media under non-isothermal conditions, Transp.
Porous Media 4, 423448 (1989).

. G. H. Neale and W. K. Nader, Prediction of transport

process within homogeneous swarm of spherical spheres,
A.LCh.E. JI19, 112-119 (1973).

D. L. Koch and J. Brady, Dispersion in fixed beds, J.
Fluid Mech. 154, 399-427 (1985).

W. H. Somerton, J. A. Keese and S. C. Chu, Thermal
behavior of unconsolidated oil sands, SPE J. 14, 513-
521 (1974).

K. S. Udell and J. S. Fitch, Heat and mass transfer in
capillary porous media considering evaporation, con-
densation and non-condensible gas effects. In Heat
Transfer in Porous Media and Particulate Flows, ASME
HTD-Vol. 46, pp. 163-210 (1985).

R. Krupiczka, Analysis of thermal conductivity in
granular materials, Int. Chem. Engng 7, 122144 (1967).

. J. A. Rogers and M. Kaviany, Variation of heat and

mass transfer coefficients during drying of granular-beds,
J. Heat Transfer 112, 668-674 (1990).

. Y.-X. Tao and M. Kaviany, Simultaneous heat and mass

transfer from a two-dimensional, partially liquid covered
surface, J. Heat Transfer 113, 875-882 (1991).

. E.-U. Schliinder, On the mechanism of the constant

drying rate period and its relevance to diffusion con-
trolled catalytic gas phase reactions, Chem. Engng Sci.
43, 2685-2688 (1988).

. M. Kaviany, Principles of Heat Transfer in Porous

Media. Springer, New York (1991).

. M. C. Leverett, Capillary behavior in porous media,

Trans. AIME 142, 152-169 (1941).

. S. Patankar, Numerical Heat Iransfer and Fluid Flow.

McGraw-Hill, New York (1980).

REGIMES FUNICULAIRE ET DE FRONT EVAPORATIF DANS LE SECHAGE
CONVECTIF DES LITS GRANULAIRES

Résumé—Le chauffage convectif d’un lit fixe partiellement saturé et les évaporations de surface et interne
sont considérés dans les cas ou la température partout dans le lit est au dessous de la température de
saturation a la pression locale. Dans la premiére période ou la phase liquide est continue (régime funicu-
laire), on examine I’effet de la non uniformité de tension superficielle du liquide et des écoulements de la
phase gazeuse. Le temps critique (le temps au bout duquel la saturation de la surface devient égale i la
saturation immobile) est trouvé par intégration des équations de bilan. On examine I'effet des hétérogénéités
de la perméabilité absolue sur ce temps critique et on montre que, pour des distributions normales de
porosité, ke temps critique croit plus que pour des perméabilités homogénes. Le transfert de masse pendant
le régime de front évaporatif est prédit en traitant 4 la fois les régions séche et humide et I'interface mobile.
On conduit une expérimentation dans laquelle un lit de billes de verre 0,10 mm-éthanol est séché par
convection et un bon accord est trouvé entre les flux de masse prédits et calculés, entre les temps critiques
et entre les températures de surface.
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BEREICHE DES KAPILLARTRANSPORTS UND DER VERDAMPFUNGSFRONT BEI
DER KONVEKTIVEN TROCKNUNG VON SCHUTTUNGEN

Zusammenfassung—FEs wird die konvektive Beheizung einer anfangs teilweise gesittigten Schiittung und
die sich ergebende Verdampfung von Fliissigkeit an der Oberfliche und im Inneren betrachtet. Dabei ist
die Temperatur im Schiittbett tiberall unterhalb der Sittigungstemperatur bei dem jeweiligen Ortlichen
Gesamtdruck. In einem ersten Zeitraum, wo die Fliissigkeit die kontinuierliche Phase darstellt (Bereich des
Kapillartransports), wird der EinfluB der ungleichméBigen Oberflichenspannung auf die Stromung von
flissiger und gasférmiger Phase untersucht. Durch Integration der Erhaltungsgleichungen ergibt sich der
kritische Zeitpunkt, der dadurch gekennzeichnet ist, daB die Oberflichenséttigung den Wert der stationédren
Sittigung erreicht. Der EinfluB der Heterogenitit der absoluten Permeabilitit auf diese kritische Zeit wird
untersucht. Dabei zeigt sich, daB fiir normale Porosititsverteilungen die kritische Zeit gré8er ist als bei
homogenen Permeabilititen. Der Stofftansport im Bereich der Verdampfungsfront wird unter Beriick-
sichtigung des trockenen und des feuchten Bereichs sowie der beweglichen Grenzfliche ebenfalls berechnet.
In einem erginzenden Versuch wird eine Schittung aus 0,10 mm Glaskiigelchen mit Ethanol konvektiv
getrocknet. Die gemessenen und berechneten Werte fiir den Stofftransport, die kritische Zeit und die
Oberfldchentemperatur stimmen gut iiberein.

KAHATHbBI 1 UCTIAPUTENBHBIVI PEXXHMBI JBH)KEHUA ®POHTA UCIIAPEHUA
TP KOHBEKTHBHOW CYMKE 'PAHVJIMPOBAHHBIX CJIOEB MATEPUAJIA

Asmmoranus—HccneyroTcs KOHBEXTHBHbIN HATPEB NEPBOHAYAJIbHO YaCTHYHO HACHILIEHHHIX KHAKOCTBIO
IUIOTHBIX CJI0€B H NOCTEOYIOIIEe e¢ HCIapeHHe C MOBEPXHOCTH M3HYTPH CJIOA B CyYasx, KOTAa TeMrepa-
Typa BO BCEM CJIO€ HHKE TEMIIEpaTyphl HACHILECHHS NPH JIOKAaJbHOM CYMMAapHOM JaBlieHHH. B mepsom
MEPHOJE CYIIECTBOBAHHSA CILTOMIHOH &naKxo#f (a3bi (KaHATHLIH peXHM) AHATH3UPYETCH BIHAHNE HEOQHO-
POJHOCTH NOBEPXHOCTHOTO HATsDKCHMS Ha TeucHMe B XHIOKOW H rasoobpasnoil ¢asax. Kpuruueckoe
BpeMs (NpH KOTOPOM HACHILICHHE NOBEPXHOCTH CTAHOBHTCA paBHAIM HACHIMIEHHIO HENOABIXHON
XKHAKOCTBIO) ONpe/IeNIAeTCA HHTErPEPOBaHAEM ypaBHeHMH coxpaneHus. OLEHHBAETCA BIMAHAE HEOQHO-
poaHocteif abcomoTHON NPOHAIAEMOCTH Ha KPHTHYECKOE BpeMst H IIOKa3aHO, YTO NPH HOPMATbHOM
pacnpencjeHHA OPO3HOCTH KPHTHYECKOE BPEMs BO3pACTaeT IO CPABHEHHIO CO CIYYacM OQHOPOAHBIX
npoHHnaemMocTe. Onpenensercs Takxe CKOPOCTL MaccollepeHoca B pekume IBHXeHHA PPOHTA Hcnape-
HHS Ha OCHOBE aHAaJIA3a CyXOTr'o H BJIAXHOTO YYacTKOB, a Takxe JBHKywuelica rpasums pasnesna. [Ipopo-
[UiICA JKCHIEPHMEHT, NPH KOTOPOM OCYIIECTBJIAJNACH KOHBEKTHBHAas CYUIKA CJOf, COCTOALUETO H3
CTeKJIIHHBIX LIapHKOB gnameTpoM 0,10 MM ¥ 3TaHOJIA, ¥ HOJIYYEHO XOPOILCe COTJIACHE MEXy TeOpeTH-
YeCKHMH B IKCTICPHMEHTANLHBIMHA Pe3YJIbTATAMH LI CKOPOCTH MAacCONEPEHOCA, KPHTHIECKOTO BPEMEHH
M TEMIIEPATYPhi IOBEPXHOCTH.



