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Capillary pressure effect on vacuum drying process of porous medium modeling
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Drying is the key process in chemical, food and other related industry process. A lot of modeling methods and
simulation technology has been used to reveal the heat and mass transfer process. The parameters of modeling are very
important because the simulation results are decided by them. The capillary Pressure is condition boundary that is very
difficult to gotten. Based on the theory of heat and mass transfer, a coupled model for the porous medium vacuum
drying process is constructed. The model is implemented and solved using COMSOL software. The parameter
sensitivity analyses of capillary pressure were then examined. The temperature, and moisture characteristics were

shown.
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INTRODUCTION

As the basic unit operation in chemical
engineering, drying is the key process in chemical,
food and other related industry process. The vacuum
drying has been used to corn in china [1-3].
However, the corn vacuum drying theory remains
unclear. Hypothesized that corn is a porous medium,
the vacuum drying is a complicated heat and mass
transfer process that has been the subject of
intensive research [4—7]. All vacuum drying models
have to address the water phase change during
numerical solving. In one method, the vapor
pressure is equal to its equilibrium value [8-11].
Another method is non-equilibrium method [12-16].
As the porous medium, the heat and mass transfer in
vacuum drying process has been studied with non-
equilibrium method by us [17, 18]. In fact, the
parameters of modeling are very important because
the simulation results are decided by them. But most
of the modeling is gotten by the reference [8-11]. It
must be clarify the impact of model parameters on
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the model predictions [19]. The intrinsic
permeability and mass transfer coefficient has been
studied by us, it is shown the obviously effect on
simulation results [20,21]. Another parameter,
capillary pressure also has the very important
parameter [22], the details effect should be given.

In this paper, heat and mass transfer of porous
medium in the wvacuum drying process is
implemented by using a non-equilibrium method.
The parameter sensitivity analyses of capillary
pressure were then examined.

MODEL DEVELOPMENT
Problem Description

A physical one-dimensional (1D) model that
explains the drying process is shown in Fig. 1. The
heat and mass transfer is considered only in the y
direction. The total height of the porous medium is
1cm. The bottom is the heat surface, and the mass
is out of from the top surface.
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Fig. 1. 1D model of porous medium
Assumption

The porous medium consists of a continuous rigid
solid phase, an incompressible liquid phase (free
water), and a continuous gas phase that is assumed
to be a perfect mixture of vapor and dry air,
considered as ideal gases. For a mathematical
description of the transport phenomenon in a porous
medium, we adopt a continuum approach, wherein
macroscopic partial differential equations are
achieved through the volume averaging of the
microscopic conservation laws. The value of any
physical quantity at a point in space is given by its
average value on the averaging volume centered at
this point.

The moisture movement of the inner porous
medium is liquid water and vapor movement; that is,
the liquid water could become vapor, and the vapor
and liquid water are moved by the pressure gradient.
The heat and mass transfer theory could be found in
everywhere [8].

The compressibility effects of the liquid phase are
negligible, and the phase is homogeneous:

p,, = Cste Q)
The solid phase is rigid and homogeneous:

p, =Ccste (2)
The gaseous phase is considered an ideal gas.
This phase ensures that

ma Pa

/Ba =? (3)

- — V_V 4
Pi="pF (4)
P, =P, +P, (5)
Py =Pa+ P, (6)

The assumption of the local thermal equilibrium
between the solid, gas, and liquid phases involves

T=T,=T,=T ™
Governing Equations

Mass conservation equations are written for each
component in each phase. Given that the solid phase
is rigid, the following is given:

o5
9Ps _ (8)
ot
The averaged mass conservation of the dry air
yields

ole-S,p _
M_{_v.(ﬁava)zo (9)
ot
For vapor,
ole-S,p, _ .
M_,_v.(ﬁv\/v): I (10)
For free water,
a(g.SWﬁW)‘FV'(ﬁWVW):—I. (11)
ot
For water, the general equation of mass

conservation is obtained from the sum of the
conservation equations of vapor (v) and free water
(). The general equation is written as follows:

ﬂw{_i(ﬁm +ﬁv\7v>} =0 12
at S
:g'swﬁw—i_‘g'sgﬁv (13)
(1_8)55
For the Darcy flow of vapor,
—\T =\ = — 14
vav =lOvVg _pgDeff Vo ( )
For the Darcy flow of air,
(15)

IBa\Ta = ﬁa\Tg +/3g Deff Vo

The vapor fraction in mixed gas is given by
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P (16)
Pq
The saturation of free water and gas is

w =

S, +S, =1 (17)

Where the gas and free water velocity is given by

v I(in, : kr, N . 18

V, =508 (VB _ p g) (18)
Hy

i I(in w’ kr w 5

Vw == : — - (VPW _pWG) (19)
Hy

For bound water,
pw\7w =0 va(& (20)

S

The pressure moving the free water is given by
P -F P (21)
w g ¢
By considering the hypothesis of the local thermal
equilibrium, the energy conservation is reduced to a
unique equation:

opT A E =
—+V-(pV.CT, +pV,CT
8’[ (paa a‘a pvvvv (22)
+pV.C,T)=V(k, -VT)-A-I
ke =(L-&)k, +&(S,, + S, (oK, +(1-w)k,)) (23)
Pl =PI +e-S,p,T, +6-SAT, (24)

wow

+&-S,0,T
BOUNDARY AND INITIAL CONDITIONS

The model was run for different parameters. It
was heated from the bottom, and the air and vapor
was escaped from the top surface. The other
boundaries of the model are insulated and
impermeable. The boundary conditions are then
given as:

B.C. for Eq. (9):

Patop = Padryer (25)
B.C. for Eg. (10) [15]:
N =S, (Priop — Poer) (26)
B.C. for Eq. (15):
(27)

nw,lop = _hmgsw(pv,top - pv,dwer)
B.C. for Eqg. (21) in bottom:
866

. 28)

bottom

=T,
B.C. for Eqg. (21) in top:

Ogp = (T =T) +(2+C, TN, 0, +C,TN, o, (29)

The initial moisture of the porous medium is
represented by the liquid water saturation; different
initial water saturation values are used. To compare
the effects, drying base moisture content (d. b.) was
also used, as shown in Eq. (12). The water phase
change rate is used as 1000 that has been studied
before [17].

I.C. for Eq. (9):
_ _ Pamb,OMa (30)
pa - pa,O - RTO
I.C. for Eq. (10):
_ _ Psat,OMv (31)
pv - pv,O - RTO
I.C. for Eq. (11):
Sw = Sw,o (32)
I.C. for Eq. (21) :
T=T, (33)
PHASE CHANGE

The evaporation rate is a complex function of
drying process in porous medium. The phase change
can be formulated in two ways, equilibrium and
non-equilibrium. Evaporation of water has been
implemented using an equilibrium formulation
where water in the solid matrix is assumed to be in
equilibrium with water-vapor in the surrounding air.
However, recent studies have shown that
evaporation is not instantaneous and non-
equilibrium exists during rapid evaporation between
water-vapor in gas phase and water in solid phase
[15]. Furthermore, the equations resulting from an
equilibrium formulation cannot be implemented in
any direct manner in the framework of most
commercial software. The more general expression
of non-equilibrium evaporation rate used for
modeling of phase change in porous media that is
consistent with studies on pure water just
mentioned, is given by [14,15],

o (P RS, (34)
' RT
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Here is a parameter signifying the rate constant
of evaporation. The non-equilibrium formulation,
given by equation (35), allows precisely this, i.e.,
can express the evaporation rate explicitly and
therefore would be preferred in a commercial
software and is therefore used in our model.

The phase change rate of water could not be
decided by any method for porous medium drying
[13, 14]. The rate constant parameter  has the
dimension of reciprocal time in which phase change
occurs. A large value of signifies that phase change
occurs in a small time. For the assumption of
equilibrium, is infinitely large or phase change
occurs instantaneously. A very high value of ,
however, makes the convergence of the numerical
solution difficult.

NUMERICAL SOLUTION

COMSOL Multiphysics 3.5a was used to solve
the set of equations. COMSOL is advanced software
used for modeling and simulating any physical
process described by partial derivative equations.
The set of equations introduced above was solved
using the relative initial and boundary conditions of
each. COMSOL offers three possibilities for writing
the equations: (1) using a template (Fick Law,
Fourier Law), (2) using the coefficient form (for
mildly nonlinear problems), and (3) using the
general form (for most nonlinear problems).
Differential equations in the coefficient form were
written using an unsymmetric-pattern multifrontal
method. We used a direct solver for sparse matrices
(UMFPACK), which involves significantly more
complicated algorithms than solvers used for dense
matrices. The main complication is the need to
handle the fill-in in factors L and U efficiently.

A two-dimensional (2D) grid was used to solve
the equations using COMSOL Multiphysics 3.5a.
Given the symmetry condition setting at the left and
the right sides, the 2D is applied to the 1D model
shown in Fig. 1. The mesh consists of 2 x 200
elements (2D), and time stepping is 1 (0 s to 100 s
of solution), 5 (100 s to 200 s of solution), 20 (200 s
to 1000 s of solution), 30 (1000 s to 2000 s of
solution), 40 (2000 s to 4000 s of solution), 50

(4000 s to 20000 s of solution) and 100 (20000 s to
50000 s of solution). Several grid sensitivity tests
were conducted to determine the sufficiency of the
mesh scheme and to ensure that the results are grid-
independent. The maximum element size was
established as 1le“. A backward differentiation
formula was used to solve time-dependent variables.
Relative tolerance was set to 1e, whereas absolute
tolerance was set to le®. The simulations were
performed using a Tongfang PC with Intel Core 2
Duo processor with 3.0 GHz processing speed, and
4096 MB of RAM running Windows 7.

INPUT PARAMETER

For capillary pressure, it has some different
presentation,

It was as [8],
P, =(aS, exp(-bS, ) +¢(L-S,)S, *)(L-2.79x10°(T - 273.16)) x10°
a=1.937,b=23.785,c =0.093,d =1.400 (35)
it also was as [11],
P, =1.24x10"(S, +1x107*) "% (36)

In the reference [12],
1.062
S

The air pressure in the surface or dryer,

P, =56.75x10°(1-S,,) exp( ) (37)

w

) {(101325—1700t)+2400 t<61s (38)
w25 t >=61s
The parameter details are given in Table 1 and
Table 2.

Table 1. Boundary and initial condition

Initial temperature T, 273+25 K
Initial air pressure Patm,O 101325 Pa
Initial saturation Suo 0.3
Vapor pressure of dryer P\,m 2000 Pa
Air pressure of dryer Pa,d,y Eq.(45) Pa
Temperature of dryer To 273+28 K

RESULTS AND DISCUSSION

Fig.1 is the results of different capillarity
pressure parameter effect moisture and temperature
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Table 2. Parameters used in the simulation process

Parameter Value or Source Unit
o 998 [12] kg m
oy Ideal gas kg m3
Oa Ideal gas kg m
05 476 [8] kg m3
Cuw 4187 [12] JkgtK?
Cv 1840 [12] JkgtK?
Ca 1000 [12] JkgtK!
Cs 1400 [8,12] JkgtK?
K [15] W mtK:!
K 0.026 [15] W mtK1
Ka 0.026 [15] W mtK1
Ks 0.21 W mtK?
Knw 4x104 m?
King 4x101 m?
Kinl [14]
Krg [14]
i) 0.988x10°3 [15]
g 1.8x10° [15] Pas
h 25 [11] Pas
hm 10 [15] W m2 Kt
2 2.26x10° [15] ms?!
¢ 0.615 [8] Jkg?!
Dett [8] m?
Sr 0.08 [14]
Dy [8] m?s?
Ma 29%10°3 [12] kg mol*
My 18x1073 [12] kg mol!
Pc [8].[11],[12] Pa
104 —=—Pe1
£ —e—Pc-2
Pc-3

325+

3204

3154

3104

TK

305

300

2085

T
5000

T
5000

t(s)

(©)

T
10000

1
15000

curves when intrinsic permeability = 4x10*3, The
drying time is obviously different with different
capillarity pressure model. The drying time is
longest when capillarity pressure model Pc-2 used,
and the drying time is lest when capillarity pressure
model Pc-3 used. The moisture change is almost in
direct proportion to the time when Pc-3 used in
most drying time. But other capillarity pressure
models are not

The temperature curve is also shown the
obviously different. The temperature is increased at
the drying initial stage because the heat and mass
transfer is from bottom to up more than phase
change. But model Pc-3 is with longer time
temperature maintains and Pc-1 is with shorter time
temperature maintains. The model Pc-1 is no
obviously maintains time. Fig.3 is the results of
different capillarity pressure parameter effect
moisture and temperature curves when intrinsic
permeability = 4x1074. The drying time is obviously
different with different capillarity pressure model.

325

T(K)

205 4

T T 1
[} 5000 10000 15000

t(s)

(b)

y T 1
0 5000 10000 15000
t(s)

(d)

Fig.2. Capillarity pressure model effect when intrinsic permeability k = 4x10%% (a) Moisture vs. time, (b)
Temperature vs. time for model Pc-1, (c) Temperature vs. time for model Pc-2, (d) Temperature vs. time for model Pc-3.
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Fig.3. Capillarity pressure model effect when itrinsic permeability k = x1074,(a) Moisture vs. time, (b) Temperature vs.
time for model Pc-1, (c) Temperature vs. time for model Pc-2, (d) Temperature vs. time for model Pc-3.
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Fig. 4. Capillarity pressure model effect when Intrinsic permeability k = 4x10°%5,(a) Moisture vs. time, (b) Temperature
vs. time for model Pc-1, (¢) Temperature vs. time for model Pc-2, (d) Temperature vs. time for model Pc-3.
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The drying time is longest when capillarity
pressure model Pc-2 used, and the drying time is lest
when capillarity pressure model Pc-3 used. The
moisture change is almost in direct proportion to the
time when Pc-3 used in most drying time. But other
capillarity pressure models are only in drying initial
stage. It is different with Fig. 2. The temperature is
increased and then maintains some time, and then
increased. The different is the capillarity pressure
model Pc-2 is with second temperature maintains

time.

Fig.4 is the results of different capillarity
pressure parameter effect moisture and temperature
curves when Intrinsic permeability =4x1075, The
drying time is obviously different with different
capillarity pressure model.

The drying time is longest when capillarity
pressure model Pc-2 used, and the drying time is lest
when capillarity pressure model Pc-3 used. The
moisture change is almost in direct proportion to the
time when Pc-3 used in most drying time. The
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temperature is increased and then maintains some
time, and then increased only for model Pc-3.

Fig.5 is the results of different capillarity pressure
parameter effect moisture and temperature curves
when Intrinsic permeability =4x107¢, The drying
time is obviously different with different capillarity
pressure model. In our simulation time, the drying is
not gotten end for model Pc-1 and Pc-1.

The moisture change is almost in direct
proportion to the time when Pc-3 used in most
drying time. The temperature is increased and then
maintains some time, and then increased only for
model Pc-3.

The difference above is because the mass and
heat transfer process different when used different
capillarity pressure model. From Eq. (21), the mass
of free water transfer is decided by capillarity
pressure. The effect is not only shown in moisture
change but also shown in temperature characterizes.
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Fig.5. Capillarity pressure model effect when Intrinsic permeability k = 4x1016,(a) Moisture vs. time, (b) Temperature
vs. time for model Pc-1, (¢) Temperature vs. time for model Pc-2, (d) Temperature vs. time for model Pc-3.
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CONCLUSION

A coupled model of porous medium vacuum
drying based on the theory of heat and mass transfer
was implemented in this paper. The parameter
sensitivity analyses of capillarity pressure model
were then examined. The moisture and temperature
characteristic is gotten. The results are shown that
the capillarity pressure model has obviously effect
on drying process. It would be affect the mass and
heat transfer, and then the temperature curve is
shown obviously different. The results has some
meaningful for vacuum drying of food and chemical
material for heat sensitivity.

NOMENCLATURE

diagonal tensor

diffusivity (m?s?)

diffusion tensor (m?s™)

gravity vector (m s?)

intrinsic averaged enthalpy (J kg™?)
water phase rate (kg s*m=)
intrinsic permeability (m?)

relative permeability

mass (kg)

outer unit normal to the product
pressure (Pa)

capillary pressure (Pa)

universal Gas constant (J kmol*K?)
saturation

time (s)

temperature (K)

moisture content (in dry basis)

(]
=

EHHU);U;U'UDB_?FW—SLQ OO @

Greek letters

AH latent of phase change (J kg™)

Ay effective thermal conductivity tensor (W
mfl Kfl)

U viscosity (kg mts™?)

Yo, density (kg m™)

w vapor fraction

Subscripts

a dry air

g gas

w water

S solid

v vapor

sat vapor saturation
in intrinsic

r relative

Mathematical operators
A gradient operator
\% divergence operator
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IMocremnuna na April 22, 2014 r.

CymeHeTo € KJIFOYOB MPONICC B XUMHUYHATA, XpaHUTEIHATA U JPYT CXOJJHNU UHAYCTPUH. M3non3Banu ca MHOTO METOOU
3a MOJeNMpaHe W CHMYJHpaHe 3a M3y4yaBaHe Ha TOIUIO MU MacOOOMEHHHTE MPOIECH MpH CylieHeTo. KamuispHoTo
HaJsITaHe TPYAHO ce ompeneist B Te3u ciydan. ChCTaBeH € MOJe Ha Mmpolleca Ha BaKyyM-CYIICHETO Ha 0a3ara Ha
TEOpHUsTa Ha TOIUIO-MacooOMeHa. MoaenbT ¢ mnpwioxkeH ¢ momomra Ha cohtyep COMSOL. UscnenBana e
napaMeTpuiHaTa 4YyBCTBUTCIIHOCT CHPAMO KallUJIAPHOTO HaJIAraHE. IToka3zanu ca TEMIICPATYPHUTE XAPAKTCPUCTUKU U

BJIAX)KHOCTTA.
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