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ABSTRACT

A comprehensive multiphase porous media model was developed and validated for apple
drying. Thermal, transport, and structural properties of apple required to develop such model
were formulated and presented. The model considered the transport of liquid water by capillary
diffusion and gas pressure, and the transport of vapour by binary diffusion and gas pressure. A
non-equilibrium formulation was used to calculate the evaporation rate, which enabled the
separate illustration of vapour and liquid water transport. The equations were solved by finite
element method (FEM) using physics-based modelling and a simulation platform (COMSOL
Multiphysics). The model predictions were validated using experimental data and good
agreement was found. Spatial distribution of liquid water and vapour saturation curves showed
that the saturation levels were lower on and near the surface compared to the centre of the food
material. The convective and diffusive fluxes of liquid water and vapour were presented, and

this data suggested that the fluxes were higher on and near the surface of the sample.

Keywords: modelling; food drying; porous media; apple; COMSOL Multiphysics




Nomenclature

Abbreviations
MPMM Multiphase porous media models

CV-FE Control volume finite element modelling

Symbols

c Mass concentrations of water (kg m)

c Mass concentrations of vapour (kg m)

c Mass concentrations of air (kg m)
Effective specific heat (J kg! K1)

c Specific heat capacity of water (J kg! K')
c Specific heat capacity of gas (J kg'! K1)

c Specific heat capacity of solid (J kg!' K1)
D Capillary diffusivity (m? s-)

D,  Thermal diffusivity (m?s!)

D, , Effective binary diffusivity of vapour and air (m? s°')
D, Binary diffusivity of vapour and air (m? s*!)
H Sample thickness (m)

h Enthalpy of gas (J)

h Enthalpy of water (J)

h, Latent heat of evaporation (J kg!)
h Mass transfer coefficient (m s)

hy Heat transfer coefficient (W m2K-!)
Kevap Evaporation constant

Intrinsic permeability of water (m?)
Relative permeability of water (m?)

k Intrinsic permeability of gas (m?)
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=
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nv,total

-0

v,sat
pv,air

amb

Relative permeability of gas (m?)
Effective thermal conductivity (W m™! K1)
Thermal conductivity of gas (W m! K1)
Thermal conductivity of water (W m™! K-1)
Thermal conductivity of solid (W m-! K1)
Moisture content dry basis

Moisture content wet basis

Molecular weight of gas (kg mol')
Molecular weight of vapour (kg mol!)
Water mass flux (kg m2s!)

Vapour mass flux (kg m?s!)

Gas mass flux (kg m2s!)

Total vapour flux at the surface (kg m2s')

Total gas pressure (Pa)

Incident microwave power (W)
Partial pressure of vapour (Pa)
Partial pressure of air (Pa)
Capillary pressure (Pa)

Equilibrium vapour pressure (Pa)
Saturation vapour pressure (Pa)
Vapour pressure of ambient air (Pa)

Ambient pressure (Pa)

Universal gas constant (J mol! K1)

Evaporation rate of liquid water to water vapour (kg m=>s!)

Saturation of water

Saturation of gas

Initial water saturation
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S, Initial saturation of vapour
S,  Initial gas saturation

Temperature of product (°C)

Drying air temperature (°C)

A% Drying air velocity (m s™!)

Z Distance from vertical axis from origin (m)
AV Representative elementary volume (m?)

AV, Volume of gas (m?)

AV, Volume of water (m?)

AV Volume of solid (m?)

t Equilibration time (s)

[ Apparent porosity

0, Initial equivalent porosity,
M, Viscosity of water (Pa s)
u,  Viscosity of gas (Pas)

o, Mass fraction of vapour
o, Mass fraction of air

P, Solid density (kg m)

p,  Density of water (kg m-)
p,  Density of gas (kg m™)

P, Density of gas phase (kg m)

p  Effective density (kg m-?)

1. INTRODUCTION

Modelling of food drying is a complex problem due to issues such as the intricate
physical structure of the materials of interest. Many modelling efforts have been reported in
the literature for transport in food materials such as drying (Barati and Esfahani, 2011,

Diamante et al., 2010, Kumar et al., 2012, Kumar et al., 2016b, Karim and Hawlader, 2005a,
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Karim and Hawlader, 2005b, Kumar et al., 2015), frying (Ni and Datta, 1999), microwave
heating (Ni et al., 1999, Rakesh et al., 2010), thawing (Chamchong and Datta, 1999a), baking
(Zhang et al., 2005), and puffing (Rakesh and Datta, 2013) etc. These models can be classified
into two broad categories; empirical and theoretical models (Kumar et al., 2014). Empirical or
observation-based models can be developed rapidly and are quite effective. However, they do
not provide a physical insight into the process and exhibit limited predictive capability. By
contrast, physics-based models are preferred as predictive models not only in food drying but
also in areas outside of the food industry. Among these theoretical approaches, diffusion based
models are very popular because of their simplicity and as such have been used by many
researchers (Chandra Mohan and Talukdar, 2010, Perussello et al., 2012, Kumar et al., 2016b,
Perussello et al., 2014). Diffusion models assume conductive heat transfer for energy and
diffusive transport for moisture. These models need diffusivity values which have to be
experimentally determined. Although these models can provide a good match with
experimental results, they cannot provide a detailed understanding of other transport
mechanisms such as pressure driven flow. Lumping all the water transport processes as
diffusion cannot be justified under all situations. The drawbacks of these kind of models has

been discussed in detail in the work of Zhang and Datta (2004).

The next group of models with improved formulation compared to diffusion models are
those that assume a sharp moving boundary between dry and wet regions. This type of model
has been applied to deep fat frying (Farkas et al., 1996) and is characterised as an analogue to
the freezing and thawing models used for a pure substance (Mascarenhas et al., 1997).
Recently, distributed evaporation models, in contrast to sharp boundary models, have become
popular. Datta (2007a) termed these distributed evaporation models as mechanistic models
because these models considered heat and mass transfer equations for each phase (solid, liquid,
gas plus vapour) in porous media. They are termed multiphase porous media models (MPMM).
These MPMM models rigorously study the transition from the individual phase at the
‘microscopic’ level to the representative average volume at the ‘macroscopic’ level (Whitaker,
1977). Furthermore, they are computationally effective and consequently have been applied
to a wide range of food processing applications such as frying (Ni and Datta, 1999, Bansal et
al., 2014), microwave heating (Rakesh et al., 2010, Chen et al., 2014), puffing (Rakesh and
Datta, 2013) baking (Zhang et al., 2005), meat cooking (Dhall and Datta, 2011) etc. However,

application of these models to drying processes has been limited.
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Some multiphase models have been applied to: (a) vacuum drying (Turner and Perré,
2004); (b) convection drying (Stanish et al., 1986) of wood and clay (Chemkhi et al., 2009);
(c) microwave spouted bed drying of apples (Feng et al., 2001); and (d) large bagasse stockpiles
(Farrell et al., 2012). A common issue that is integral to MPMM is the assumption that the
vapour and water phases are in equilibrium. Equilibrium conditions may not be valid for lower
moisture content of the sample during drying; thus, equilibrium conditions may never be
achieved at the surface since transport rates are relatively high there. Therefore, a non-
equilibrium approach appears to be a more realistic representation of the physical situation
during drying (Zhang and Datta, 2004). Using equilibrium vapour pressure in a drying model
is likely to overestimate the drying rate because equilibrium may not be achieved
instantaneously at the surface due to low moisture content. The non-equilibrium approach for
evaporation can be used to express evaporation, thus allowing the calculation of each phase
separately. The equations resulting from non-equilibrium models provide a better description
of the physics involved and facilitate calculation of evaporation behaviour. Recently, Zhang
et al. (2012) applied a multiphase model to a non-equilibrium formulation for evaporation.
Nevertheless, they only used the model for vacuum drying of corn and the simulation results
were not compared with any experimental data (Zhang and Kong, 2012). There are some
MPMM models available for other processing systems (but not for drying) such as frying (Ni
and Datta, 1999, Bansal et al., 2014), microwave heating (Rakesh et al., 2010, Chen et al.,
2014), puffing (Rakesh and Datta, 2013) and baking (Zhang et al., 2005). However, all these
formulations were only for potato, a single product. Beyond this volume averaging approach,
Carr et al. (2013a) developed a dual scale model to simulate the drying behaviour of
hygroscopic porous media. The model coupled the porous medium with the pore structure in
the microscale. Carr et al. (2013b, 2011) also developed an innovative mesoscopic model
based on control volume finite element modelling (CV-FE) and a variable step-size Jacobian-
free exponential integrator for simulating transport in heterogeneous porous media. Notably,
these models were applied to drying of wood. The non-equilibrium multiphase porous media
model for drying of apple can provide fundamental understanding of transport process of
different phases and optimization of the drying process. Therefore, the aim of this work was to
present the necessary dynamic properties to develop an MPMM for apple. The specific

objectives of this study were to:

e formulate real-time materials properties for MPMM of apple drying
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e develop a multiphase porous media model using non-equilibrium formulations for
transport of liquid water, vapour, and energy during drying of apple

e investigate heat and mass transport during drying
2. MATHEMATICAL MODEL

The model equations for multiphase porous media were developed describing heat, mass,
and momentum transfer within an apple slice (food material) during convection drying. The
equations also represent the transport mechanism, assumptions and input parameters for the

model.

The model developed in this research considered transport of liquid water, vapour, and
air inside food materials. The mass and energy conservation equations included convection,
diffusion, and evaporation. Momentum conservation was developed from Darcy’s equations.
Evaporation was considered as being distributed throughout the domain, and a non-equilibrium

evaporation formulation was used for evaporation-condensation phenomena.
2.1 PROBLEM DESCRIPTION AND ASSUMPTIONS

A schematic diagram of the domain and the simplifications used to formulate the
governing equations for general three-dimensional porous media are presented in Fig. 1. A
two-dimensional axisymmetric geometry of a three-dimensional apple slice was considered for
simulation. Heat and mass transfer took place at all boundaries except the symmetry boundary.
The apple slice was considered as a porous medium and the pores were filled with three

transportable phases, namely liquid water, air and water vapour as shown in Fig. 1.
Fig. 1. Can be inserted near here

All phases (solid, liquid, and gases) were continuous and local thermal equilibrium was
valid, which meant that the temperatures in all three phases were equal. Liquid water transport
occurred due to convective flow resulting from gas pressure gradient, capillary flow and

evaporation. Vapour and air transport arose from gas pressure gradients and binary diffusion.
2.2 GOVERNING EQUATIONS

The mathematical model consisted of the conservation equations for all the transportable

phases and transport mechanisms discussed above.
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2.2.1 Mass balance equations

The representative elementary volume AV (m?) was the sum of the volume of three

phases, namely, gas, water, and solid,

AV =AV, + AV, + AV . (D

where, AV, is the volume of gas (m?), AV, is the volume of water (m?), and AV is the volume
of solid (m?).
The apparent porosity, ¢ , was defined as the volume fraction occupied by gas and water.

Thus,

AV, +AV,

2
AV ?

@

The water saturation, .S, , and gas saturation, S, , were defined as the fraction of pore

volume occupied by that particular phase, namely,

AV, AV,
S, = = : (3)
AV, +AV, oAV
and
AV AV,
S = £ =—£=1-§, 4)
COAV AV, oAV
respectively.

The mass concentrations of water, ¢, (kg m™3), vapour, ¢, (kg m=),and air,c, (kg m=),

were given by,

C\/V = pW@SW’ (5)
_prM,
e, =P, ®)
and
_p.M,
Ca RT @Sg’ (7)
respectively.
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Here, p,, is the density of water (kg m=3), R is the universal gas constant (J mol™! K-!), and T
is the temperature of product (K), p, is the partial pressure of vapour (Pa), p, is the partial

pressure of air (Pa), M, and M, were molar mass of air and vapour, respectively (kg mol™).

The mass conservation equation for the liquid water was expressed by,

0

E(wgwpw)_'_ v ' (ﬁw) = _Revap ’

(8)

where, 7, is water flux (kg m2s™), and R is the evaporation rate of liquid water to water

evap

vapour (kg m3s1).

The total flux of the liquid water was due to the gradient of liquid pressure, p, = P—p,_,

as given Darcy’s law (Bear, 1972), namely,

kwkr w kw rw kwkrw (9)
- vaz_low—’vp—'_pw : Vpc'

w ltl w w

nw = _pw

Here, P is the total gas pressure (Pa), p.. is the capillary pressure (Pa), £, is the intrinsic
permeability of water (m?), k,  is the relative permeability of water, and £z, is the dynamic
viscosity of water (Pa s). More details on these parameters are discussed in section 2.6.

It should be noted that, the first term of Eq. (9) represents the flow due to gradients in
gas pressure, which is significant only in the case of intensive heating such as microwave
heating, deep fat frying, and contact heating at high temperature (Farkas et al., 1996, Ni and
Datta, 1999, Bansal et al., 2014). The second term represents the flow due to capillary pressure.

The capillary pressure depends on concentration (¢, ) and temperature (7) for a particular

material (Datta, 2007a). Therefore, Eq. (9) can be rewritten as,

k k k k k k
— :_p wihrw VP+p wir.w %Vcw'i'pw wir.w %VT (10)

w w w

H w H w ac w H w 8T

In turn, the second and third terms of Eq. (10) can be rewritten in terms of capillary

diffusivity, D, (m?s), and thermal diffusivity, D, (m?>s™), given by,

k k
D :_p w r,w%

e =Py : 11
M, oc, (h
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and

kwk rw ap ¢
DT :_pw—’a_T7 (12)

respectively.

The capillary diffusivity due to the temperature gradient, VT (K), is known as the Soret
effect and is often less significant than the diffusivity due to concentration gradients (Datta,

2007a), and will thus be neglected in this work.

Substituting the above into Eq. (8) the concentration of liquid water can be written as,

a kwkr w
a(wgwpw)_'_v‘ _pW—’VP_DCch :_Revap (13)

w

The conservation of water vapour can be written in terms of the mass fraction, @, , as

£ (05,0,0.)+ Vi) = R, (14)

where, p,_ is the density of gas (kg m™), @, is the mass fraction of vapour and 7, is the vapour
mass flux (kg m2s™).

For a binary mixture 7, can be written as (Bird et al., 2007),

e kgkr g
n, :_pga)vﬂ—’vp_wgpgDeff,ngV’ (15)
where, k,is the intrinsic permeability of gas (m?), ,  is the relative permeability of gas (m?),
4, 18 the viscosity of gas (Pa s) and D,, _ is the binary diffusivity of vapour and air (m?s1).
The gas phase is a mixture of vapour and air. After calculating the mass fraction of

vapour, @, , from Eq. (15), the mass fraction of air, @, , can be calculated from
o,=l-o,. (16)

2.2.2 Continuity equation to solve for pressure

The gas phase is assumed to consist of an ideal mixture of water vapour and air. The gas

pressure, P, may be determined via a total mass balance for the gas phase, namely,

10
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(o5 )V, )=R..,. (7

where, the gas flux, fys is given by,

_ kgk,,g
n, =—pg—ﬂ VP. (18)

Here p, is the density of gas phase, given by,

PM

Ps="pr (19)

where, M, is the molar mass of gas (kg mol ).

2.2.3 Energy equation

It was assumed that each of the phases were in thermal equilibrium and thus the energy

balance equation was written as,

L v ih, +7ih,)=V.(k

0
peﬁcp eff 5 ﬁ'ffVT) - hfg Revap : (20)

Here, T is the temperature (K) of each phase, h,is the enthalpy of gas (J), &, is the
enthalpy of water (J), %, is the latent heat of evaporation (J kg™), P18 the effective density
(kg m3), Cooy is the effective specific heat capacity (J kg~' K1), and k., 1s the effective thermal
conductivity (W m~! K-1). Equation (20) considered energy transport due to conduction and

convection, and energy sources/sinks due to evaporation/condensation.

The effective thermal conductivity and density of the materials were calculated by the
volume-weighted average of the different phases as given by Eq. (21) and (22), respectively
(Kumar et al., 2016a, Chen et al., 2014, Dhall and Datta, 2011).

ko =S kg + S,k )+ (1= )k, @1
and
Por = 0(S,p, +S,p,)+(1-0)p,- 22)

The effective specific heat capacity of the materials was obtained from the mass

fraction’s arithmetic average of the material,

11
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:mg(a)c +to,c )+mwcpw+mscps, (23)

Cp off g pg = Tapa

Here p, is the solid density (kg m=); C,es € and ¢, are the specific heat capacity

pw’

of gas, water, and solid (J kg™' K1), respectively; k, .k and k, are the thermal

th,g * "Vth,w?
conductivity of gas, water, and solid, (W m™' K™') and m,,m, and m_ are the mass fraction

of gas, water and solid, respectively.
2.3 EVAPORATION RATE

A non-equilibrium formulation as described in Ni et al. (1999) was considered to
calculate the evaporation rate inside the sample, namely,

M
R, =K., R_Yv“(pv’eq - pv) for0<r<ryand0<z<z (24)

Here, M is the molar mass of vapour (kg mol™"), D, 18 the equilibrium vapour pressure

(Pa), p, isthe vapour pressure (Pa), and K.,,, is the evaporation constant (s™!) that is material

and process-dependent and given by the reciprocal of equilibration time, ¢,

«q» (discussed later in

this section). The surface evaporation rate was taken into account via the boundary condition

given by Eq. (35).

The equilibrium vapour pressure can be obtained from the sorption isotherm for different
materials. Ratti et al. (1989) developed a correlation for sorption isotherms from different
materials at a particular temperature and moisture content at any point of the sample. The

equilibrium vapour pressure, p, , , for apple is given by,

P =P ’mt(T)exp(— 0.182M , *® +0.232¢ " M "' In[ P, (T)])_ (25)

Here, P, , is the saturated vapour pressure of water (Pa) and M ,, is the moisture content

>~ v,sat

(dry basis), which can be related to S, via,

M — ¢SM/ p\'l’

? (l-p)p, (26)

The saturated vapour pressure of water, P, ., is a function of temperature and is given

v,sat >

by Vega-Mercado et al. (2001) as,

12
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~5800.2206 /T +1.3915—0.0486T +0.4176 x 10~ T (27)

P . =exp
~0.01445x107T° +6.656 In(T)

v,sat

The vapour pressure, p,, is obtained from partial pressure relations given by,

p.=XP, (28)
where, y, is the mole fraction of vapour and P is the total pressure (Pa).

The mole fraction of vapour, y,, can be calculated from the mass fractions and molar

mass of vapour and air as,

oM,

ZV = >
oM, +o, M,

(29)

where, M , is the molar mass of air (kg mol™') and M is the molar mass of vapour (kg mol™).

As noted above, K,,,, , was given by the reciprocal of the equilibration time f.,. The
value of 7., depended upon the ratio of the gas phase volume in the pores in which vapour has
to diffuse, and the surface area available for evaporation (Halder et al., 2010). This ratio scaled
as the radius of the pore (in the case of simple cylindrical pores). The time taken for a water
molecule to make the transition from liquid water to water vapour was 10™'* s (1999, Halder et
al., 2010). Using this condition and assuming pure diffusion of vapour from the evaporating
surface, the time to equilibrium at one mean free path 1 pm away from the liquid surface was
less than 107° s, and that of 25 pm away was around 10~ s (Ward and Fang, 1999). The time
scale analysis presented by Halder et al. (2010) showed that all the transport time scales were
greater than the equilibration time scale for food materials with a maximum pore size smaller
than 25 um (e.g. potato, meat, etc.). Experiments showed that the pore size (mean pore
diameter) of the apple sample studied was approximately 50 um (Joardder et al., 2014).
Therefore, the equilibration time, t.,, was considered as 10 s and thus the value of the

evaporation constant to be 10° s°!.
2.4 INITIAL CONDITIONS

The initial conditions for Egs. (13), (15), (17), and (20) were given by,

cw(t:O) = pw@gwo ’ (30)

13
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W1y = 0.0262, 31)

P(z:@) =P, (32)
and

T, =303K (33)

respectively. Here, p, is the density of water (kg m=) and S, is the initial saturation of water.
2.5 BOUNDARY CONDITIONS

The total vapour flux, # from a hypothetical surface with only gas phase can be

v,total

written as,
-, o) (34)
nv,total — my s
RT
where, 7, is the total vapour flux at the surface (kg m2s'), p, , is the vapour pressure of

ambient air (Pa) and 4,,, is the mass transfer coefficient (m s™').

However, in a multiphase problem, the vapour flux on the surface will be a contribution
from evaporation from liquid water, and water vapour already present at the surface. Therefore,
assuming the volume fraction is equal to the surface area fraction, the boundary conditions for

water and vapour phase can be written as,

- v P vair 35
n,= hmv@SW (p RpT ) ) ( )
i v vair 36
n\) = h’n\)%svg (p RpT ), ( )

respectively.

In most of the food processes, the pressure at the boundary (exposed to environment) is

equal to the ambient pressure, P,

amb *

Hence, the boundary condition for continuity Eq. (17)

was expressed as,

P=F,,. (37)

14
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For the energy equation (Eq. (20)), the energy can transferred by convective heat transfer
and heat can be lost due to evaporation at the surface, given by,

qsurf :hT(T_T )+hmv¢SWMh

air RT fg* (3 8)

Here, h,is the heat transfer coefficient (W m2 K') and T,

i 1s the drying air
temperature (K). In the symmetry boundaries, no flux boundary conditions were used for all

transport equations.
2.6 INPUT PARAMETERS

The input parameters of the model are listed in Table 1. The parameters that are not listed

in Table 1, were derived and discussed in the following sub-sections.

Table 1 can be inserted near here

2.6.1 Permeability

Permeability is an important factor in order to describe the water transport due to pressure
gradient in unsaturated porous media. The value of the permeability determines the extent of
pressure generation inside the material. The smaller the permeability, the lower the moisture

transport and the higher the internal pressure, and vice versa.

The permeability of a material, k, is a product of intrinsic permeability, k,, and relative

permeability, &k, ., (Bear, 1972), namely,

k=kik . (39)

Measurement of permeability values for deformable hygroscopic materials such as food
is difficult (Ni, 1997). The intrinsic permeability depends on pore structure of the materials
and several models have been used to calculate intrinsic permeability (Feng et al., 2004). The

intrinsic permeability for apple tissue can be obtained by the Kozeny-Carman model, given by,

3
Ps

k,=5.578x107"
1—(/){g

(039<9p, <0.77) . (40)

The gas intrinsic permeability k, was 7.4 x 107% £1.2x10™ m? and

6.5x107"° £2.4x107" m? at moisture levels of 36.0% (db) and 60.0% (db) respectively. In

15



353
354
355

356
357

358

359

360

361

362
363

364

365

366
367

368

369

370

371
372

this study, an average of4.0x10™"> m2 (Feng et al., 2004) computational reduce to used was
time processing and costs. However, the relative permeabilities were considered as moisture

dependent.

Relative permeabilities are generally expressed as functions of liquid saturation. There
are numerous studies which have developed such functions (Plumb, 1991). In this study, the

relative permeability of water, & and gas, k

,.¢» for apple were obtained from the

r,w?

measurements by Feng ef al. (2004), namely,

k., =S, (41)
and
k., =101 (42)
respectively.
The relative permeabilities using the above equations were plotted in Fig. 2 for better
illustration.

Fig. 2 can be inserted near here

2.6.2 Viscosity of water and gas

Viscosities of water (Truscott, 2004) and gas (Gulati and Datta, 2013) as a function of

temperature are given by,

(—19,1434—@)

H, = p.e (43)
and

T 0.65
U, = 0.017x10_3(—)
2713) (44)

Here T is the temperature of the product (K).

2.6.3 Effective gas diffusivity

The effective gas diffusivity can be calculated as a function of gas saturation and porosity

according to the Bruggeman correction (Ni, 1997) given by,
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D, ,=D,(S,0)". (45)

eff.g

Here, binary diffusivity, D, , can be written as,

va >

1.81 46
Dw=2.3><10—5%(£j : (4

0

where Ty = 256 K and P, = 1 atm. For simplicity, in this study effective gas diffusivity was
considered as 2.6 X 10 ~° m2s~! (Datta, 2007).

2.6.4 Capillary diffusivity of liquid water

Capillary diffusivity of liquid water is important for both convection and microwave
drying. Capillary force is the main driving force of liquid water in convective drying if there
is no pressure gradient developed (Ni, 1997). Although there is a large amount data concerning
the effective moisture diffusivity data for apples available in the literature, these were obtained
by fitting diffusion models to experimental drying curves and are not equal to capillary

diffusivity.

It is clear in our formulation that the capillary diffusivity, D,, is proportional to gg <,

w

and is a function of capillary pressure given by Eq. (11). The typical relationship between

capillary pressure and water saturation is shown in Fig. 3 (Bear, 1972).
Fig. 3 can be inserted near here

It can be seen that the capillary pressure increases significantly at lower saturation levels

and when it reaches irreducible saturation the value becomes infinity. Therefore, that part is

op.

neglected to avoid numerical instability. From Fig. 3 we can see that nearS, =1, is

almost infinity, therefore D, became very large. The underlying physics was that as S,
approached 1, more water became free, and the resistance of the solid matrix to the flow of free
water was almost zero. Therefore, D, was very large at high moisture content; as a result, the
concentration gradient was concomitantly small (Ni, 1997). As an outcome, the capillary

diffusivity can be very close to effective moisture diffusivity for very wet material when vapour

diffusion is insignificant. However, it can be quite different in the lower moisture region. Ni
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(1997) used Eq. (47) for capillary diffusivity of potato for low to high moisture content where

it was assumed that the capillary diffusivity was only moisture dependent:
D, =10 exp(-2.8+2M ). (47)

A similar function was developed here for apple by analysing the value of different
effective diffusivity values presented in the literature (Golestani et al., 2013, Esturk, 2012, Feng
et al., 2000, Feng et al., 2001). Considering that the highest value corresponded to the highest
saturation of water, a similar relationship between capillary diffusivity and moisture as given

by Ni (1997) was used in this study, namely,

D, =10" exp(- 6.88+8M , ). (48)

2.6.5 Partial pressure of vapour in ambient condition
The partial pressure of vapour in an ambient condition was a product of relative humidity
(RH) and saturation vapour pressure P, given by, p, .. =RHxp,, . For RH = 70% and
300C, the specific humidity (moisture ratio) was 0.0188 kg [water] kg-! [dry air]. During
drying, the temperature was elevated to 60°C at a specific humidity of 0.0188 0.0188 kg [water]
kg! [dry air], where the relative humidity became only 15%. Therefore, the partial vapour

pressure for drying air, p, . =0.15x19947 = 2992 Pa.

2.6.6 Heat and mass transfer coefficient
The heat and mass transfer coefficients were calculated based on the empirical

relationship discussed in a previous paper (Kumar et al., 2016b) and found to be /,=16.746 W

m2K-"'and /,=0.017904 m s, respectively.

3. EXPERIMENTAL METHOD

Fresh Granny Smith apples obtained from local supermarkets were used for the
convection drying experiments. The samples were stored at 5+1 °C to keep them as fresh as
possible before they were used in the experiments. The apples taken from the storage were
washed and put aside for one hour to allow its temperature to elevate to room temperature
before each drying experiment. The samples were then sliced 10 mm thick with diameters of
about 40 mm. Then the samples were put into a household convection dryer, and the

temperature was set to 60 °C. Following each drying test, the sample was heated to 100 °C for
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at least 24 h to get bone dry mass to calculate the initial moisture content of the apple slices
which was approximately 0.868 (w.b.). The moisture losses were recorded at regular intervals
of 10 min with a digital balance (specifications: model BB3000; Mettler-Toledo AG,
Grefensee, Switzerland 0.001g accuracy). The experiments were completed three times and

the standard deviation was calculated.
4. NUMERICAL SOLUTION AND SIMULATION METHODOLOGY

The model was solved by using COMSOL Multiphysics 4.4a (COMOSOL Inc.
Stockholm, Sweden) a finite element analysis and simulation software. COMSOL is an
advanced engineering simulation software used for modelling and simulating any physical
process described by partial differential equations. The mesh used consisted of 3,376 elements
and a non-uniform mesh with grid refinement at the transport boundary (maximum element

size 0.1mm) was chosen as shown in Fig. 4.
Fig. 4 can be inserted near here

To ensure that the results were grid-independent, several grid sensitivity tests were
conducted. The time stepping period was chosen as one second (1s) to solve the equations.
The simulation was performed using Windows 7 with Intel Core 17 CPU, 3.4 GHz processor

and 24 GB of RAM and it took about 10 min to run the model.
5. RESULTS AND DISCUSSION

In this section, profiles of moisture, temperature, pressure, fluxes and evaporation rate
are presented and discussed. Validation was also conducted by comparing moisture content

from experiments.

5.1 Moisture content

The profile of average moisture content obtained from the model and experiments are
compared in Fig. 5. It can be seen that the model provided a satisfactory result with a R? value
of 0.997. The drying curve presented here had similar characteristics to those found in the
literature for apple drying (Yan Bai et al., 2002, Golestani et al., 2013). It was found that that
moisture content (dry basis) of apple slice dropped from its initial value of 6.6 to 2.9 kg [water]

kg [dry air] after 150 min of drying.

Fig. 5 can be inserted near here
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5.2 Distribution and evolution of water and vapour

The distribution of water saturation and vapour saturation along the half thickness of the

material at different times is shown in Fig. 6 and Fig. 7, respectively.
Fig. 6 can be inserted near here

As expected, the graphs showed that during drying the water and vapour saturation near
the surface was lower than in the central region. The water saturation decreased with drying
time at each point within the sample. Similar moisture distributions were found by Chemkhi
et al. (2009), particularly that the surface contained lower moisture content compared to the

core region.
Fig. 7 can be inserted near here

Unlike the moisture distribution, vapour saturation was found to increase with drying
time within the sample (as shown in Fig. 7). However, vapour saturation at and near the surface
was lower than in the centre, because the vapour coming into contact with the surface was

immediately convected away by the drying air.

5.3 Temperature profile

The temperature profile at the surface and centre of the material are shown in Fig. 8. The
surface temperature rose sharply at the beginning of the drying process (approximately 0 — 15
min); this was due to the sudden exposure of the material to a higher temperature. Chemkhi et
al. (2009) described this phase, where the material was heated until wet bulb temperature value
was reached, as the transient period. The temperature then rose at a slower rate until it reached
the drying air temperature. A similar profile of temperature at the surface during convection
drying of porous media was found by Chemki ef al. (2009). They observed that it took about

330 min to raise the temperature to maximum (drying air temperature).
Fig. 8 can be inserted near here

The surface temperature was always higher than the centre temperature throughout the
drying period. The difference between the surface and centre temperature increased as drying
progressed. The reason behind this was presumably related to a decrease in the thermal

conductivity with moisture content.
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5.4 Vapour pressures

Fig. 9 represents the comparison between vapour pressure, equilibrium vapour pressure
and saturation vapour pressure at just below (0.1 mm underneath) the surface. These three
vapour pressures were very important in relation to drying kinetics. The saturation vapour
pressure varied with temperature given by Eq. (25) and data was available from many sources
(Cengel and Boles, 2006). The saturation vapour pressure data available in (Cengel and Boles,
2006) was compared with simulated saturation data and found to be consistent. The
equilibrium vapour pressure data was calculated from the sorption isotherm of apple given by
Eq. (24) and, as expected, was found to be lower than the saturation vapour pressure. At the
beginning of the drying process, vapour pressure at 0.1 mm beneath the surface was equal to
equilibrium vapour pressure which meant the equilibrium condition was valid. However, when
the moisture was removed from that point after approximately 10 min of drying, the vapour
pressure became lower than the equilibrium vapour pressure causing non-equilibrium
evaporation (according to Eq. 24) at that point which can be seen in Fig. 10. After that, when
the moisture was removed from the point of interest after about 80 min of drying, equilibrium
vapour pressure decreased and became equal with the vapour pressure. Thus, evaporation
ceased; this occurred because after 80 min of drying the water saturation became almost zero

i.e. no liquid water was available for evaporation.

Fig. 9 can be inserted near here

5.5 Evaporation rate

One of the advantages of non-equilibrium approaches over other methods in the
modelling of drying is the ability to calculate evaporation. Fig. /0 shows that a higher
evaporation rate occurred near the surface. In addition to this behaviour, the evaporation rate
was higher in a narrow zone near the surface and nearly zero in other areas. It showed a
significant amount of evaporation occurred at the beginning of the drying process (0 - 30 min).
Halder et al. (2007) also found similar phenomena in frying, where production of excess

amounts of vapour at the beginning caused vapour to move towards the centre.

According to Eq. (24), it can be said that difference between vapour pressure and
equilibrium vapour pressure determines the evaporation rate. Therefore, evaporation was
higher near the surface due to the large difference between the vapour pressure and equilibrium

vapour pressure. A similar trend was found by Dhall ef al. during meat cooking (2012).
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Fig. 10 can be inserted here

Another interesting pattern emerged from the graph in Fig. 10, wherein evaporation
started inside the material, and the rate decreased as drying progressed. It showed that the
evaporation was very high at 30 min (amounting to 1.1 kg m= s!) and as drying progressed the
maximum evaporation moved towards the centre. The reason behind this behaviour could be
that the liquid water saturation became lower (drier) near the surface as drying progressed, and
the difference between vapour pressure and equilibrium vapour pressure essentially became
zero as discussed previously. Another possible explanation could be that the gradual
penetration of heat increased the kinetic energy of water molecules which moved towards the
centre. Thus, the peak evaporation gradually moved towards the centre. In addition to this
observation, the decreasing evaporation rate found near the surface could be due to the

relatively fewer water molecules available due to the lower moisture content.

5.6 Vapour and water fluxes

The major advantage of a multiphase porous media model is that the relative contribution
of vapour and water fluxes due to diffusion and gas pressure gradient can be understood and
illustrated. Moisture fluxes due to capillary pressure and gas pressure gradients are plotted in
Fig. 11 and Fig. 12, respectively. It can be seen that the capillary flux was higher at about 0.5

— 1.0 mm beneath the surface and this peak moved towards the core. The explanation for this

could be that the capillary flux (D,Vc, ) was proportional to moisture gradient (Vc, ). The

gradient was higher initially near that region and the peak of the gradient moved towards the
core with time. At and near the surface, the water flux decreased, which could be due to the

decrease in capillary diffusivity due to lower moisture content.
Fig. 11 can be inserted near here

The water flux due to the gas pressure gradient (Fig. 12) showed a similar pattern of flux
distribution, albeit with a lower magnitude. The convective water flux increased from zero (at
the centre) to a peak at approximately 1 mm beneath the surface. This could be due to the
higher pressure gradient near the surface resulting in higher convective flow. However, in
convection drying, the gradient of pressure required a closer inspection, because there may not
be enough pressure development inside the sample. Although the pressure gradient was higher
at and near the surface (0 — 1 mm beneath the surface), the flux due to gas pressure started to

reduce in these regions. This could be due to the reduction of relative permeability of water
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which tended to zero at lower moisture saturation, resulting in a convective term

kW’kV w
- P, — VP | near zero.

Fig. 12 can be inserted near here

Fig. 13 and Fig. /4 show the spatial distribution of the diffusive and convective fluxes of
vapour, respectively. The figures show that vapour fluxes from both sources mainly occurred
near the surface with zero in the core region. Ousegui ef al. (2010) found a similar pattern of
vapour flux due to diffusion. This was due to the transport at the surface, which generated
large vapour concentration and pressure gradients near the surface which promoted higher

diffusion and convective flux, respectively.
Fig. 13 and Fig. 14 can be inserted near here

Generally, the vapour and water fluxes caused by all sources showed that the fluxes were
minimal at the centre and gradually increased towards the surface. Therefore, the centre

contained higher moisture saturation, even though the surface is already dried.
6. CONCLUSIONS

A non-equilibrium multiphase porous media model, which was a significant
advancement relative to existing approaches, was developed for convection apple drying. The
necessary formulation of instantaneous properties for implementing the MPMM was presented
in detail. The model was validated by comparing experimental moisture and it was
demonstrated that good agreement existed. The results of this study supported the idea that the
surface dried first, and then the moisture from inside moved due to both capillary and gas
pressure. The model in this paper was used to elucidate the relative contribution of various
modes of transport and phase change, which cannot be investigated with a single phase model.
For example, parameters such as capillary diffusion, gas pressure and evaporation in overall
moisture transport were evaluated, which is not possible through experiments or by using
simpler models. The fundamental basis of the model enabled a deeper understanding of drying
kinetics and, thus, it can be an important tool in making safety, quality and product design

related predictions.
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Table 1. Input properties for the model

Table 1. Input properties for the model

Parameter Value Reference

Sample diameter, Diay 40 mm This work

Sample thickness, Th; 10 mm This work

Equivalent porosity, initial, ¢, 0.922 (Rahman, 2008, Ni, 1997).
Water saturation, initial, S 0.794 (Rahman, 2008, Ni, 1997).
Initial saturation of vapour, S 0.15 (Rahman, 2008, Ni, 1997).
Gas saturation, initial, 0.19 (Rahman, 2008, Ni, 1997).
Initial temperature, T 303K

Initial vapour mass fraction, wy,g 0.026 Calculated

Constants

Evaporation constant, K., 1000 This work

Drying air temperature, 7, 333K This work

Universal gas constant, R, 8.314 J mol 'K! (Cengel and Boles, 2006)

Molar mass of water, M,,
Molar mass of vapour, M,
Molar mass of gas (air), M,
Latent heat of evaporation, hsg
Ambient pressure, Pgmp
Thermo-physical properties
Specific heats

Apple solid, Cps

Water, C pw

Vapour, C pv

18.016 g mol™!
18.016 g mol™!
28.966 g mol™!
2.26¢e6 J kg!

101325 Pa

3734 T kg 'K
4183 Tkg 'K

1900 J kg 'K

(Cengel and Boles, 2006)
(Cengel and Boles, 2006)
(Cengel and Boles, 2006)

(Cengel and Boles, 2006)

Measured
(Carr et al., 2013a)

(Carr et al., 2013a)




Parameter

Value

Reference

Air, C pa
Thermal conductivity

Apple solid, k,, ,
Gas, kth,g

Water, K, ,,

Density

Apple solid, ps

Vapour, o,

Air, p,

1005.68 J kg 'K!

0.46 W m~'K-!

0.026 W m 'K"!

0.644 W m~'K-!

1419 kg m3

Ideal gas law, kg m3

Ideal gas law, kg m™

(Carr et al., 2013a)

(Choi and Okos, 1986)

(Rakesh et al., 2012)

(Rakesh et al., 2012)

This study
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