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Abstract

Modelling of food processing is complex because it involves
sophisticated material and transport phenomena. Most of the
agricultural products such fruits and vegetables are hygroscopic
porous media containing free water, bound water, gas and solid
matrix. Considering all phase in modelling is still not devel-
oped. In this article, a comprehensive porous media model for
drying has been developed considering bound water, free water
separately, as well as water vapour and air. Free water transport
was considered as diffusion, pressure driven and evaporation.
Bound water assumed to be converted to free water due to con-
centration difference and also can diffuse. Binary diffusion be-
tween water vapour and air was considered. Since, the model is
fundamental physics based it can be applied to any drying appli-
cations and other food processing where heat and mass transfer
takes place in porous media with significant evaporation and
other phase change.

Introduction

Food process modelling is a very complex due its intricate phys-
ical structure. There are many modelling efforts in food pro-
cesses such as drying [1, 6, 10], frying [13], microwave heat-
ing [14, 17], thawing [2], baking [19], and puffing [16] etc.
These models can be classified into two broad categories; em-
pirical models and theoretical model [12]. The empirical mod-
els can be rapidly developed and quite effective. But they do
not provide physical insight of the process and predictive ca-
pability. Whereas, physics based model are preferred for pre-
dictive models not only in food drying but also in areas outside
food, such as aeronautics. Among the theoretical models, dis-
tributed evaporation model, in contrast to sharp boundary mod-
els, are becoming popular in food processing. Datta [3] termed
this distributed evaporation models as mechanistic models be-
cause these models consider heat and mass transfer equation
for each phase (solid, liquid, air and vapour) in porous me-
dia. Even though the final equations seems simple continuity
equations, the rigorous study for the transition from the indi-
vidual phase at the microscopic level to representative average
volume at the macroscopic level provide the fundamental and
convincing basis [4]. These models are computationally effec-
tive and applied to wide range of food processing such as fry-
ing [13], microwave heating [17], puffing [16] baking [19],
meat cooking [5] etc. Zhang and Datta [18] also states that,
model that includes internal evaporation considering both liq-
uid water and vapour should be used in a heat and mass transfer
process. However, those mechanistic models consider an equiv-
alent porosity which is analogous to non-hygroscopic material,
where no bound water is present [4]. They assume that all the
water is separated from solid matrix and equivalent porosity is
equal to the volume fraction occupied by gas and liquid. Thus
the porosity remains constant in those models. However, none
of this assumption represents the real phenomena in food, since
there is both free and bound water presents in almost every food
material [9]. Transport mechanism for bound and free water is
different. In this article, a multiphase porous media model for-

mulation has been developed considering bound water transport
and variable porosity. The transport of free water, bound water,
water vapour, and air is considered. The porosity is considered
as the volume fraction of pore (free water and gas) in the food.
It increases as the bound water leaves the cell resulting in cell
shrinkage, therefore, increasing the pore volume.

Mathematical modelling

Assumptions

• Porosity is defined as the volume fraction occupied by the
gas and free water.

• Bound water is considered as the intracellular water that
includes cell vacuole water and cell wall water, which is
about 90 percent of total water content [7].

• Bound water can transport by means of diffusion from cell
to cell and evaporate at the surface, and convert to free wa-
ter depending upon the concentration difference of bound
and free water.

• The total volume is assumed to be constant.

Geometry

Since the material studied was an apple slice, a two dimensional
axisymmetric geometry as shown in “figure 1” was considered
for simulation purpose.

Mathematical formulation

The total volume of the sample can be written as

V =Vg +V f w +Vs (1)

Where the Vg,V f w, Vs are the volume occupied by gas, free wa-
ter and solid respectively. The solid phase volume comprised
of bound water volume Vbw and non-transportable solid matrix
(dry mass)Vdm. Intracellular water within the cell is also con-
sidered as bound water.

Vs =Vdm +Vbw (2)

Figure 1: Axisymmetric geometry for apple slice.



In this definition, free water was considered to be able to flow
due to pressure gradient in the pores. The porosity ϕ is defined
as

ϕ =
Vg +V f w

V
(3)

Saturation of free water and gas phase was defined as the frac-
tion of pore volume occupied by that particular phase,

Sw f =
V f w

Vg +V f w
=

V f w

ϕV
(4)

Sg =
Vg

Vg +V f w
= 1−S f w =

Vg

ϕV
(5)

The saturation for bound water and solid matrix was defined
as the volume of solid occupied by the bound water and solid
matrix respectively.

Sbw =
Vbw

Vdm+Vbw
=

Vbw

Vs
(6)

Sdm =
Vdm

Vdm +Vbw
= 1−Sbw =

Vdm

Vs
(7)

The mass concentrations of free water, vapour, and air were
given by “equation (8 -10)”,

c f w =
ρw

Mw
ϕS f w (8)

cv =
pv

RT
ϕSg (9)

ca =
pa

RT
ϕSg (10)

Bound water does did not remain in the pores rather it is was
contained within the matrix. Therefore the bound water con-
centration is was given by,

cbw =
ρw

Mw
(1−ϕ)Sbw (11)

Continuity equation to solve for gas pressure

∂

∂t
(ϕSg)+5.ng = Revap (12)

ng =
kgkr,g

µ
5P (13)

Free water transport

∂c f w

∂t
+5.(−D f w5 c f w)+5v f wc f w =−Revap (14)

Air and vapour transport

ρ
∂wv

∂t
+5.(−Sgϕ

C2
g

ρ2
g

MvMaDe f f ,g5wv)+5vvcv = Revap

(15)

wa = 1−wv (16)

Bound water transport

∂cbw

∂t
+5.(−Dbw5 cbw) =−Rb, f (17)

A portion of bound water was assumed to be converted to free
water and was proportional to the concentration difference as
shown in the following equation.

Rb, f = kb, f (cbw− c f w) (18)

The value of kb, f can be adjusted to fit the experiment.

Evaporation

A non-equilibrium formulation as described in [14] was consid-
ered to calculate the evaporation rate. The following expression
was used to model phase change in porous media [8].

Revap = kevap
Mv

RT

(
pv,eq− pv

)
(19)

The evaporation constant kevap is material and process-
dependent parameter signifying the rate of evaporation. The
equilibrium vapour pressure is given by the sorption isotherm
of apple and vapour pressure is obtained from ideal gas law by
the following equations.

pv,eq = pv,sat(T )e(−0.182M−0.6960.232e−43.949MM0.0411ln[pv,sat (T )])

(20)

pv =
ρv

RT
(21)

Energy conservation equation

ρe f f Cp,e f f
∂T
∂t

+ρe f f Cp,e f f v.5T =5.(ke f f 5T )−λRevap

(22)

The thermo-physical properties of the mixture are were ob-
tained by averaging those of pure components as shown in the
following equations.

ρe f f = ϕ(Sgρg +S f wρ f w)+(1−ϕ)(Sbwρbw +Sdmρdm) (23)

Cp,e f f =ϕ(SgCp,g+S f wCp, f w)+(1−ϕ)(SbwCp,bw+SdmCp,dm)
(24)

ke f f = ϕ(Sgkg +S f wk f w)+(1−ϕ)(Sbwkbw +Sdmkdm) (25)

Initial and boundary conditions

Heat and mass transfer values were calculated by Nusselt and
Sherwood number correlation at drying air temperature 600C
and air velocity 0.7m/s and found to be 0.01m/s and 20W/m/K
respectively[11, 15].



Initial and boundary conditions

Initial conditions: Initial porosity was considered 0.20. Initial
saturations of free water and bound water were considered as
0.20 and 0.90 respectively. The initial concentration was calcu-
lated from “equation (8-11)” . The initial condition for continu-
ity equation “equation (12)” was P = Pamb [11].

Boundary conditions: The boundary condition at the symmetry
boundary was that there was no flux. The boundary conditions
in boundary 1, 2 and 3 as shown in “figure 1” were listed below
in the “table 1”.

Physics Boundary conditions
“Equation 12” Pamb

“Equation 14” hmvϕS f w
(pv−pv,air)

RT
“Equation 15” hmvϕSg

(pv−pv,air)
RT

“Equation 17” hmv (1−ϕ)Sbw
(pv−pv,air)

RT
“Equation 22” hT (T −Tair)

Table 1: Boundary conditions.

Results and Discussion

The moisture content at surface, centre and average moisture
content are shown in “figure 1”. It was apparent that the surface
was dried at a faster rate than the centre.

Figure 2: Average, surface and centre moisture content with
time.

The saturation of different phases is shown in “figure 2”. Free
water saturation became almost zero whereas the bound water
was only gradually removed.

Figure 3: Average saturation of different phase.

According to the definition of saturation in “equation (4 -6)”,
the summation of saturation of bound water and dry solid was
unity, and summation of free water and gas saturation was unity.
The saturations obtained in the model conform to the definition.

“Figure 3” shows the temperature at surface and centre of the
material as a function of time. Evaporation at the boundary was
neglected at this moment. Due to inaccuracy and difficulties in
measuring internal temperature of the material, the only simu-
lation shown was in the material centre. The simulation showed
that the centre temperature was relatively low for first 60 mins
of the drying period. This was because the thermal conductivity
was lower. However, the temperature difference was not signif-
icant; this may be because of the lowthickness of the material.

Figure 4: Surface and centre temperature with time.

“Figure 4” shows the saturation vapour pressure , equilibrium
vapour pressure from sorption isotherm and vapour pressure
in (kPa) with time. The saturation vapour pressure and equi-
librium vapour pressure were essentially the same for a given
temperature and moisture content. However, the actual vapour
pressure depended upon the amount of evaporation occurring
inside the material. The evaporation constant kevap was signifi-
cantly influenced by the vapour pressure. Higher value of kevap
increased the vapour pressure to make this value closer to equi-
librium vapour pressure.

Figure 5: Saturation, equilibrium and actual vapour pressure
(kPa) with time.

The convection drying process is very slow and the pressure
gradient may not be not significant, therefore, the pressure
driven flow i.e. convection was neglected. A limitation of this
study was that the total volume was assumed to be constant,
which was not realistic. We are conducting further research to



validate our findings and include variable volume into an im-
proved model.

Conclusions

This paper presents a food drying model which considered
bound water separately in a multiphase porous media model
during food drying. Detailed formulations were used to pre-
dict porosity and shrinkage from the multiphase transport of the
food materials during drying. The present study provided an in-
sight into transportation of bound (intracellular) and free (inter-
cellular) water transport separately. Future studies should focus
on incorporation of variable volume and porosity in the model.
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