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Abstract. A single phase heat and mass model has always been used to represent the moisture
and temperature distribution during the drying of food. Several effects of the drying process,
such as physical and structural changes, have been considered in order to increase
understanding of the movement of water and temperature. However, the comparison between
the heat and mass equation with and without structural change (in terms of shrinkage), which
can affect the accuracy of the prediction model, has been little investigated. In this paper, two
mathematical models to describe the heat and mass transfer in food, with and without the
assumption of structural change, were analysed. The equations were solved using the finite
difference method. The converted coordinate system was introduced within the numerical
computations for the shrinkage model. The result shows that the temperature with shrinkage
predicts a higher temperature at a specific time compared to that of the non-shrinkage model.
Furthermore, the predicted moisture content decreased faster at a specific time when the
shrinkage effect was included in the model.

1. Introduction

The single phase heat and mass model, which is modelled as a homogeneous medium, has been widely
used to describe the movement of water and heat during the drying of food [1-6]. In this case, moisture
transport involves two dependent processes: the evaporation of moisture (in terms of liquid water) at
the solid surface that needs heat from the drying air and the internal diffusion of liquid from the centre
of the fruit to the surface. Overall, there are many advantages to using a single phase heat and mass
model to capture the behaviour of heat and mass during drying for use in the development of enhanced
food processing. Firstly, these models are generally fairly simple and contain few parameters. It is also
relatively straightforward to include changes in shape and size as a result of water removal and
internal collapse during the drying process. This may arise from a moisture gradient within the particle
that induces microstructure stresses, leading to shrinkage [7].

Appearance analyses made by consumers on dried fruits relate to visual and physical
appearance [8]. One of the physical characteristics is shrinkage: it is rarely possible to ignore
shrinkage in the food material and this physical change must be taken into account in evaluating the
profiles of moisture and temperature. Since these structural changes and the transport process are
involved simultaneously and continuously during the drying process, several researchers have
developed a shrinkage equation by transforming the space coordinate in the equation of heat and mass
transport (for example see [6, 9, 10]). Other researchers have developed the shrinkage equation
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experimentally and then conducted the calculation at each time step in the equation of the heat and
mass transport model [2, 11, 12]. In recent years there have been many studies of the heat and mass
transfer model with the inclusion of shrinkage, such as the reviews by Katekawa and Silva [13] and
Mayor and Sereno [7]. However, a comparison of shrinkage and non-shrinkage that could affect the
accuracy of the distribution of the moisture and temperature profile has been little investigated.

The purpose of this present study is to make a comparative study by neglecting or considering
the shrinkage effect subject to the convective drying process, based on a single phase continuum
model of heat and mass transport [1, 14] With respect to the importance of obtaining a product with
the desired quality, the effect of the drying air temperature to evaluate the moisture and temperature
profile is also investigated.

2. Mathematical Model Formulation

A one-dimensional model is used: in this case, an infinite slab of finite thickness L, with moisture
content M(x,t) across the slab and unsteady temperature 7(x,?) is expressed by the well-known system
of partial differential equations (PDEs) for moisture and energy transport [2]. The fruit sample is
hygroscopic porous media, yet is assumed to be on a fictitious continuum. Weak internal evaporation
and the transport of vapour within the dehydrated fruits towards the external food surface have not
been considered. Non-dimension scaled variables are used in the formulation: a representative
diffusion timescales, scaled moisture content, and scaled temperature are defined by

M T-T, X L(t)

D — _
=20 me M g0 el X g g(r) = EO) (1)
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2.1. Continuum model (Fixed Volume Model)

Shahari and Hibberd [1] consider models with no shrinkage (x = L) associated with isothermal and
non-isothermal diffusion and constant moisture diffusivity (D = D,), with the governing of heat and
mass transfer model as,
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2.2. Continuum model with shrinkage effect
During drying, the shape and size of the food particles are constantly changing as a result of water
removal and internal collapse. Shahari and Hibberd [6] consider a model with interface L(?) decreasing

with drying and, using the transformation ¢ :ﬁ , the surface interface corresponds to a fixed

value £ =1. Using the same non-dimension scale variable as above, the resulting system for moisture,
temperature and shrinkage becomes
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Initial conditions associated with constant conditions
r=0: T(£0)=0, M(£0)=1 s(0)=1. )
Taking symmetry boundary conditions in the mid-plane of the drying slice gives
oM or

§=0: ¥=0, and 8_5_

0. (10)

At the surface, moisture and temperature boundary conditions of the drying body in contact with
drying air become

oM Cy

=1:—=-s(1)Bi, C, -1), 11
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In the above, several dimensionless controlling parameters are defined by
gi_—mbo  gi_hbo @, HMoDops
DM, k Do I((Tsur =T )

Where M is the local moisture content (dry base), T is the local temperature, D, represents the
effective diffusion coefficient, pjis the density of dry solid, C, heat capacity, k thermal conductivity,

x is thickness and 7 the time. H, is the heat of vaporization, T, is air temperature and T, is the surface
temperature of the fruit, /4 is the heat transfer coefficient, 4, is the mass transfer coefficient, 7 is the
initial temperature, M, is the initial moisture. Cy; is the concentration of moisture in the air and Cy,, is
the concentration in the form of liquid water film at the food surface (example: see[15]) and

a= is thermal diffusivity.

psCp

3. Numerical procedures

A numerical solution for equation (2) was obtained using the method of lines [16]. Discretizing the
fixed integration region 0<{<L into N subinterval gives N+/ ordinary differential equation. This
system was then solved numerically using MATLAB ODE45 solver, which is based on an order-5
Runge Kutta-Fehlberg method (RK45).

Equations (6) and (7) were solved together with (8), which involves a shrinkage equation obtained
using the method of lines [16]. This is the case of the Stefan problem in which the interface condition
is associated with melting at a moving interface. Discretising equations (6) and (7) with a central
difference approximation gives,
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A higher order discretization of the gradient term at the boundary is taken in line with the

recommendation for the analogous Stefan problem by Furzeland (in Crank [17]). Discretization of the
shrinkage condition in equation (8) is given by

J j=123.N+1  (14)

ds_ ps Mg [SMN —4MN1+MN2] (15)

dr  py, S(7) 2AE

For drying simulation, the input parameter is given in table 1 for generic drying conditions for fruit.
Based on this input parameter, the following reference non-dimension parameter was obtained.

Table 1. Input parameter used in the simulation

Bi=0.3 Bi,,=20 My=0.8 kg water/kg moist sample
A=0.3 Le=5

7,~60°C H,=2345KJ/kg D=8x10""m’/s

RH=20% ps=1080 kg/m’ 7 =20-250 W/m’K

Ly/=5 mm pw=1000 kg/m’ h,=2x10"m/s

C,~2.344KJ/kg K o= k/p,.C,= 4x10°m’/s k=0.475W/mK

4. Result and Discussion
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Figure 1: Profile of moisture through the sample with elapsed time tau=0-3 in step 0.25 for (a) Non-
shrinkage model (b) shrinkage model
Figure 1 shows the moisture profile through the sample of the fruit with increasing time for the
shrinkage and non-shrinkage models. Moisture decreased as time increased, but this process was a
little slower for the non-shrinkage model compared to the shrinkage model. Figure 1(b) also includes
the location of the free surface during shrinkage; the shrinkage of the product is shown by the change
in the thickness of the fruit. The final value of shrinkage in this model can be determined readily as
only solid mass is left at the end of drying, which in this case is 0.4. A similar pattern profile of
shrinkage has been shown by other authors (for example see Chemkhi et al. [9], Crapiste et al. [18]).
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However, Chemkhi et al [9] consider elastic deformation and Crapiste et al. [18] employ density
values to account for shrinkage velocity.

Figure 2 shows a temperature profile in the food as a function of both position and time during
drying for the non-shrinkage and the shrinkage model. The temperature at each location increases with
the drying time, which is due to the higher drying temperature. It was found that the temperature
profile rises rapidly in the early period of heating due to the difference between the air temperature
and the food temperature. As the heating period progresses, the rise in temperature attains an almost
uniform profile. At the end of drying, the temperature rises rapidly throughout the food as only small
quantities of heat are needed for evaporation. The overall dimension varies with time depending on the
amount of moisture loss for each section, which can be seen in figure 2(b). The temperature
distribution increased much faster for the shrinkage model compared with the non-shrinkage model.
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Figure 2: Temperature profile inside the fruit with increasing time tau=0-3 instep 0.25 for (a)Non-
shrinkage model (b)shrinkage model

Figure 3 represents the comparison of moisture and temperature gradients at the centre of the
fruits, with and without the shrinkage effect. It can be seen that the temperature with shrinkage
predicts a higher temperature at a specific time, compared to that with non-shrinkage. However, the
predicted moisture content decreased faster when the shrinkage effect was included in the model. As a
result of the thickness of the sample and decreases due to shrinkage, the moisture has less distance to
cover and hence it reaches the surface faster, with the result that the time taken to dry a food becomes
shorter. Therefore, the model with shrinkage needs a shorter time for drying. When shrinkage occurs,
there are volumetric and dimensional changes to the product. This occurs because the tissues in the
food are unable to hold their structure when the space taken by the water is continuously removed.
This suggests that there are significant differences in predicted moisture and temperature gradients.

Figure 4 shows the profile of moisture and temperature at the centre of the fruit when different
air temperatures are used during drying. The distribution of moisture and temperature at the centre is
different at a specific time during drying and the detection of this region is a very important aspect in
terms of food safety. Locating the area of potential improvement will improve product quality while
reducing product development and prototype cost.
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Figure 3: Comparison of moisture and temperature at
the centre for shrinkage and non-shrinkage model,

drying at 60°C and 20%RH 40°C, 50°C and 60°C (for shrinkage model)
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Figure 5: Comparison between experiment data [19] with simulation study of variation of shrinkage
(V/V,) with respect to the moisture content

Figure 5 shows the experiment measurement of shrinkage (V/V) taken from experiment drying
of mango by Dissa et al. [19] at 60°C, which was compared with the simulation model of shrinkage.
The thickness is assumed to decrease linearly with a reduction in moisture content. The trend deviates
with higher moisture content but there is good agreement at lower moisture content: when moisture
content is very low, the decrease in moisture is influenced by drying air and a very small decrease in
thickness can be observed

5. Conclusion

This paper adopts a simple one dimensional model of heat and mass transfer that regards fruit as a
homogenous structure, as discussed in [1, 6]. Using a numerical solution, the behavior of moisture and
temperature subject to shrinkage was predicted for constant diffusivity. Shrinkage has been included in
this study by including a velocity equation in the differential equation without adopting the separated
procedure by means of regression analysis of the shrinkage data. Moisture content decreases more
quickly in the shrinkage model, which concludes that the model with shrinkage effect needs a shorter
time for drying, consistent with the experiment finding [20]. The result of the simulation study shows
that the water in the food is removed, amounting to about 60% of the initial volume. This is consistent

Figure 4: Comparison of moisture and temperature at
the centre of the food with different air temperatures
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with the experiment finding by [21] which shows mango shrank by 83% of the initial volume, 77% of
the initial volume of banana drying [22] and 62% of dried onion at 60°C [23].
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