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Abstract

Insights are provided on how fruit size and shape affect the drying time and fruit quality loss, by simulating the
convective drying process for cubic, rectangular, circular and half-circular fruit slices. Combined hygrothermal-quality
modelling of the drying process unveiled, quantitatively, to which extent smaller samples dry faster and retain their
quality better. For rectangular pieces with a large aspect ratio, so called fruit sticks, the drying time did not change
anymore for increasing length. The compactness is proposed as a parameter to compare the drying process of fruits
with different sizes and shapes with one another. The compactness is the ratio of the fruit volume to the surface area
exposed to the environment. A good correlation function was found of both drying time and quality loss with the fruit
compactness, where fruit with a lower compactness clearly dry faster. Such correlations can aid in estimating a-priori

the drying time for a fruit of a certain size and shape.
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1. Introduction

The duration of the drying process of fruits and vegetables is determined to a large extent by their size (Mujumdar,
2014). Smaller pieces take much less time to dry than large ones, due to the lower amount of moisture and the shorter
pathway for moisture to be transported to the surface. A specific amount of fresh-cut fruit can be brought faster to a
safe residual moisture content when it is cut up into small pieces, due to the larger total surface area for mass transfer,
compared to larger pieces. Although the same amount of energy is needed to remove water from both batches, the
reduced residence time in the dryer for smaller pieces can reduce operational costs and energy losses to the
environment. The shorter drying time can also improve fruit quality as heat-sensitive compounds are exposed for a
shorter time to high temperatures. Although drying with smaller pieces seem to be more beneficial, a (minimum) size is
often prescribed, depending on the application of the food product. Typical examples are whole apple chips, which
serve as healthy snacks, or the small apple cubes in cereals. Apart from the size, the shape of the fruit piece also plays a

role in the drying kinetics.

Most studies on fruit drying choose a single size and shape for their investigation. This choice is based on the specific
final product that is targeted, for example dried apple slices, and is quite case specific. There are some studies that look
into the effect of fruit size or shape on the drying time or fruit quality. Both experimental techniques (Hansmann et al.,
1998; Meisami-asl et al., 2010; Sabarez et al., 2012; Senadeera et al., 2003; van Nieuwenhuijzen et al., 2001; Zlatanovic¢
et al., 2013) and numerical modelling (Aversa et al., 2007; Curcio et al., 2016; Kaya et al., 2006; Kurnia et al., 2013;
Lamnatou et al., 2010; Marra et al., 2010) have been used for this purpose. These studies only evaluate a few different
sizes or shapes of fruit, or a few aspect ratios (Senadeera et al., 2003). As an alternative, analytical solutions are
available which quantify the impact of the size on the transient convective scalar (heat or moisture) removal from the
product (Datta, 2002). However, only information for very simple shapes is available (e.g. slab or spherical particles). For
more complex-shaped products (flakes, sticks or irregularry shaped particles), empirical corrections are typically
determined (Mujumdar, 2014). Previous studies which evaluated differences in size or shape also focused
predominantly on the drying kinetics and not specifically on fruit quality evolution. A systematic evaluation on the
impact of size and shape parameters on both the drying (residence) time and fruit quality is however not yet reported to

the best knowledge of the author.

In this study, combined hygrothermal-quality modelling is used to investigate size and shape effects on the fruit drying
kinetics, as well as on the associated quality loss of heat-sensitive compounds. Apple fruit is evaluated as it is a
commonly-used system to study fruit drying, it is processed in different sizes and shapes, and it has a high commercial
value. We evaluate different sizes (thicknesses) of following shapes: cube, rectangle with a square side surface, a
circular slice and a half-circular slice. This study will aid drying technologists in choosing the optimal size and shape for
their application, in order to guarantee a short drying time and a high quality, but which at the same time complies with

product size/shape requirements.



2. Materials and methods

2.1 Continuum model for fruit tissue

A continuum model was developed (Defraeye and Verboven, 2017) for calculating the heat and moisture transfer in fruit
tissue during drying. Only the main characteristics are highlighted below. Important model assumptions are that
evaporation is assumed to occur only at the fruit surface and that shrinkage of the fruit is not modelled. Such
hygrothermal models, including these simplifications, are commonly used to evaluate drying processes, as detailed in a
recent review of such models (Defraeye, 2014). The present numerical model was validated in a previous work with
experimental data for drying kinetics and temperature (Defraeye and Verboven, 2017). Exactly these variables (drying

rate and temperature, where the latter is linked to quality) are of interest in the present study.

Conservation equations

The following conservation equations for moisture and energy are solved to the dependent variables water potential ¢

[Pa] and temperature T [K]:
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where w, and w,, are the dry matter density (solid) and moisture content of the tissue [kg m™], respectively. K,, is the
moisture permeability of the tissue [s], h, is the enthalpy of liquid water [J kg™'], Aoy is the thermal conductivity of the
tissue (porous medium) [W m™ K™, ¢, and ¢, are the specific heat capacities of dry matter and liquid water [J kg™ K],
respectively. These material properties are detailed further in a previous study (Defraeye and Verboven, 2017). Note

that K,, equals 8 x 10™*® s and the apple cultivar fruit is Braeburn.

Boundary conditions

The boundary conditions at the air-tissue interface are specified as:
n- (=K, Vy) =g, =h., (P ~Prar) 3)

n (_thmV\l’ - XPMVT) =8&r = (hc,T (Tw - Tref) - hvgm) (4)

where g,, [kg m? s and g; [) m?s™] are the mass and heat fluxes at the interface, n is the unit vector normal to the
interface, h., is the convective mass transfer coefficient (CMTC [s m™]), h.ris the convective heat transfer coefficient
(CHTC [W m™K™)), pyw and p, s are the vapor pressures at the interface and of the ambient air [Pa], T, and T, are the

temperatures at the interface and of the ambient air [K], h, and h, are the enthalpies of water vapor and liquid water [J

kg"l].

For heat transfer, the heat loss from the fruit, due to heat conduction and liquid water transport, equals the convective
heat exchange with the surroundings and the heat removal due to the water vapor loss, including evaporation. For mass
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transfer, the moisture loss from the fruit equals the convective vapor removal from the surface. Long-wave radiation

exchange of the fruit with the environment is not included in the model.

2.2 Fruit quality modelling
The change of a generic (heat-sensitive) quality parameter A (e.g. enzymatic degradation, vitamin loss) during the drying
process is calculated, as detailed in our previous work (Defraeye, 2016). To this end, a kinetic-rate-law model is built up

to quantify the loss of this generic quality parameter (Robertson, 2016; Van Boekel, 2008):

—d4 _ 4 (5)
dt

where k is the rate constant [s™'], n is the order of the reaction which dictates to which extent the rate is dependent on
the value of A, and t is the time [s]. Zero-order reaction kinetics are assumed in this study. Examples of zero-order
reactions are browning as a result of the Maillard reaction, lipid oxidation and enzymatic degradation (Robertson, 2016;
Van Boekel, 2008). Using the same methodology also higher-order reactions can be modelled, such as first-order

reactions (e.g. vitamin loss).

Solving this ordinary differential equation for a zero-order reaction thereby will result in a linear decrease of the quality

parameter:

A= 4 —kt (6)

where A, is the quality at the start of the drying process (t = 0 s) and the rate constant equals the slope of the linear
curve. Note that for these reaction kinetic models, typically only the influence of temperature on the reaction rate is
included (Robertson, 2016; Van Boekel, 2008). Note however that the impact of other parameters (e.g. light, oxygen
concentration) can also be included in principle, but this is much less common. The main reason is that determining this
multivariate dependency of a quality parameter is very time-consuming to determine. To include the dependency of
quality decay to the temperature, the rate constant k is made a function of temperature, for which typically an
Arrhenius relationship is used:

—E4

k(T)=kye®" (7)

where ko is a constant [s™], E, is the activation energy [J mol™], R is the ideal gas constant (8.314 J mol™ K™), T is the
absolute temperature [K]. To calculate k(T), k, and E4 need to be known, which are calibrated based on information of
the quality decay. The details of the calibration procedure are described in a previous work (Defraeye, 2016). Following
assumptions are made to determine the quality parameters E, and k,for apple fruit: (1) Ap(20°C, 0 hours) = 100%; (2)
Aend(20°C, 100 hours) = 70%, meaning that after the sample is kept 100 hours at 20°C, 30% of the quality parameter is
assumed to be lost; (3) Q;p = 2, meaning that an increase in temperature of 10°C doubles the rate constant k, so halves
the time until all quality is lost. This Q; value equals the ratio of the rate constants at temperatures T and T+10K
(=kr410/k7) and is typically about 2-3 for degradation reactions in fruit (Robertson, 2016; Thompson, 2004). These

assumptions result in an E, of 4.95 x 10*J mol™ and a k, of 2.00 x 108 % h™ or 55.7 x 10° % s *.
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2.3 Configuration and computational model

Convective drying is evaluated for a piece of apple fruit suspended in the surrounding air. Drying of different fruit

shapes is simulated (Figure 1):

e A cubic piece of length L, and thickness d., (= L.,).

e A rectangular piece with a square side surface of length L, and with a thickness d.,.

e Acircular slice with diameter D, of 50 mm, which is typical for the outer diameter of an entire apple fruit, and
with a thickness d_;.

e A half-circular slice with diameter D, (50 mm), and with a thickness d_;.
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Figure 1. Computational model with boundary conditions. The grey dotted lines delineate the entire fruit geometry.

Only the yellow colored parts are modelled due to symmetry.

These configurations were chosen based on the typical shapes in which apple fruit is processed by drying, namely cubes,
sticks or circular slices. For each configuration, following thicknesses are calculated: 5, 10, 15, 20, 25, 30, 35, 40, 45, 50
mm. A part of the ensemble of configurations that are evaluated is shown in Figure 2. For the cube, a change in
thickness inherently implies that the other dimensions also change. For the rectangular case, also different L, are
evaluated, namely 5, 10, 30 and 50 mm. Thereby, a large parametric space is covered for the typical fruit sizes and

shapes used in practice.

One additional configuration is evaluated, namely a rectangular slice with a thickness of 10 mm and a length L, = 44.3
mm. The reason is that it will be compared to the circular slice (10 mm) and the half slice (20 mm), as these three

samples have the same volume, so the same initial amount of water.
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Figure 2. lllustration of a part of the configurations that are evaluated. A different scaling is applied between the

different shapes.

The computational model and the imposed boundary conditions are specified in Figure 1. A 3D model of the fruit is
used, but only a part of it is modelled due to symmetry, namely one eighth for the cube and rectangle, and half for the
circular slices. The relevant boundary/initial conditions used for modelling are specified in Table 1. The boundary
conditions are typical for convective drying of fruit. Here the convective heat and mass fluxes at the surfaces are
imposed. These are calculated from the convective transfer coefficients and the difference in temperature or vapor

pressure between the fruit surface and the approach flow conditions.

As such, the airflow around the cube is not modelled explicitly, but its impact on the drying process is accounted for by
using convective transfer coefficients (CTCs), which is often done for convective flow problems (Defraeye et al., 2012b).
The same CTC value is assumed on all sides of the fruit. The CMTC is estimated from the CHTC using the heat and mass
transfer analogy, similar as in our previous work (Defraeye et al., 2012a), leading to a ratio CMTC/CHTC (analogy factor)
of 7.03 x 10”°. The imposed drying conditions are typical for forced convective drying (CHTC = 100 W/m’K) at elevated
temperatures (T,rq = 40°C) with dry air (RH,erq = 10%), similar to (Defraeye, 2016).

Table 1. Boundary conditions and initial conditions.

Boundary and initial conditions Symbol Value
Initial tissue temperature Tini 20 [°C]
Initial tissue moisture content W, ini 780 [kg m?)

Initial tissue moisture content (dry base) Xini (= Whin/Ws) | 6 [kg kgdm"l]

Drying air temperature Tref 40°C

Drying relative humidity RH. s 10%

Convective heat transfer coefficient her 100 [W m?K™]
Convective mass transfer coefficient hem 7.03x107 [s m™]

An appropriate grid is built for the porous material, based on a grid sensitivity analysis. A gradual refinement towards
the air-tissue interface is applied to enhance numerical accuracy and stability as the largest gradients occur there at the
start of the drying process. The grid size was also made dependent on the size of the sample. For the cube with L., = 10

mm, the grid consists of 27000 hexahedral finite elements for 1/8" of the cube.

2.4 Numerical simulations

This hygrothermal-quality continuum model was implemented in COMSOL Multiphysics (version 5.2), which is a finite-
element based solver. The partial differential equations interface (coefficient form) was used, in which the hygrothermal
conservation equations were implemented. The fruit quality model was solved using the ordinary differential equation
solver. Starting from the specified initial conditions, transient simulations simulated a drying process of several hours,

depending on the sample size. All simulations applied adaptive time stepping, as determined from a temporal sensitivity



analysis. The tolerances for convergence and other solver settings were determined based on sensitivity analysis as well.

A fully coupled solver was used to solve to the dependent variables ¢y and T.

2.5 Comparing drying processes

Since it is not straightforward to quantitatively compare differences in drying curves (mass loss versus time), an
alternative way of evaluating the results is chosen. To this end, the critical drying time (t.;) is compared (Defraeye and
Verboven, 2017). It is the time needed for the sample to reach the critical moisture content (w.,;). The latter is defined
as the (volume-)averaged moisture content in the sample that corresponds, via the sorption isotherm, to an equilibrium
water activity below which no spoilage occurs (ay, ). For dried fruit, this a,, . is about 0.6 (Bonazzi and Dumoulin,
2011). In principle, if the drying process is stopped at w,;; and the sample is equilibrated in an environment where the
humidity corresponds to a,,..: or lower, the average final water activity in the tissue will be below a,,.;:. By stopping the
process at w,;;, the sample can be considered sufficiently dehydrated to avoid spoilage later on. Also over-drying is
avoided that way, which could help save energy. For the present study, w.,; was 37.8 kg m?, leading to a dry matter
moisture content X, of 0.29 kg kggm*. With t,, only one characteristic value is obtained per drying curve, which
facilitates quantifying differences between drying processes, instead of based on the entire drying curve. In addition to

the drying time, the remaining fruit quality at t;, namely A, is also used as a parameter to compare drying processes.

Comparing results of fruits of different shapes and sizes is not straightforward, as they have a different volume and
surface area, and contain different amounts of water. To this end, the drying time and fruit quality will also be
compared versus the initial amount of water in the sample (= wy, i, x V) and versus the compactness (C) of the fruit slice.
The compactness is defined as the ratio between the volume (V) and the surface area exposed to the environment (Ay).

It can be calculated for the different shapes (cube: cu, rectangle: r, full circular: ci, half circular: hci):

Vf 3
AT ®
f cu
Vf LI’LVdV LVd)”
Cr = — = 2 = (9)
A, 2L +4Ld, 2L +4d,
Vf ﬂ-R; dci Rci dci
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A y 2rR.d +27R, 2d,+2R,
ﬂszdcl
— & — 2 — ﬂRcidci
Cp=—"= ;= (11)
A, 7Rd,+2R.d +7R, 2 (zd,+2d,+7R,)



3. Results

3.1 Drying time
In Figure 3, the critical drying time is represented for different fruit shapes, as a function of the thickness of the sample.
Three different representations are shown to enhance clarity, namely (a) the drying time, (b) the drying time on a log

scale and, (c) the drying time, scaled with the value at the smallest thickness (for each geometry) on a log scale.

For the cube, the drying time increases rather quadratic with the cube thickness (thus length). This is in agreement with
analytical solutions for convective scalar transfer from simple slab geometries. Here, the time to reach a certain average
value of a scalar inside the slab (temperature, concentration) is proportional to the square of the characteristic

dimension (Datta, 2002).

For the rectangular slices, the relation of the drying time to the thickness (d,) is more complex, which is induced by the
varying aspect ratio, namely the ratio between d, and L,. For small square surfaces, thus small L, (Rect. 5x5 mm and Rect.
10x10 mm), the drying time reaches quite fast an almost constant value with increasing thickness. The reason is that the
thickness d, becomes much larger than the other two dimensions (L,). As the aspect ratio is large, so representing a long
beam such as a fruit stick (Figure 3b), drying occurs mainly in a two-dimensional way via the lateral surfaces. The impact
of the edge effects on the drying time disappear almost completely for these slender geometries. The length of the
rectangle (L,) can be considered now as the characteristic dimension for the drying process. As it does not change for a
certain case (e.g. Rect. 5x5 mm), an increase in thickness (d,) does not lead to a significant increase in drying time. This
means that fruit pieces with a large aspect ratio (d, >>> L,) exhibit fast drying, with drying rates that are not so different
from a cube with L, = L,. Nevertheless, these sticks have a rather large volume of the dried piece (d, x L, x L,), compared
to a cube of the same length, and contain less pieces per fruit batch. The (half-)circular slices dry very similar to some of

the rectangular slices, as they have also very similar compactness as a function of the thickness (results not shown).
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Figure 3. Critical drying time for different fruit slice shapes (Rect.: rectangular; Circ.: circular), as a function of the
thickness of the sample: (a) drying time, (b) drying time on a log scale, (c) drying time scaled with the value at the

smallest thickness (for each geometry) on a log scale. The legend is the same for all graphs.



In Figure 4, the critical drying time is shown for different fruit shapes, as a function of (a-b) the compactness and (c) the
initial mass of water in the sample (log-log scale) and (d) the initial mass of water in the sample scaled with the value at
the smallest thickness for each geometry (log-log scale). Note that the initial mass (w,, inix Vj) is directly related to the
fruit volume, as the w,, ;,; is taken equal for all samples. A quite general correlation is present (R? = 0.985) between
drying time and compactness (= V;/Ay) across the different fruit shapes and sizes, where more compact fruit (i.e. with C
<<<) clearly dry faster. Following correlation function is derived based on all data, as depicted in Figure 5 (all data points

of Figure 4a):
1. [hours]=1.17x10°C** (12)

Such correlations can help drying technologist to estimate the drying time of their product, for a certain fruit size or
shape, based on its compactness. The compactness, which takes into account both volume and surface area is a good
parameter to correlate drying time to fruit size and shape. No correlation is found between the initial mass of water in
the fruit and the drying time, which is universally valid for different fruit shapes: the drying time for a certain initial
water mass clearly differs based on the fruit shape. Note that the obtained correlations are valid for a given set of drying

conditions (RH,s, Tre, Ures). If the drying conditions change, the curves will also change.

When comparing the different geometries which have the same initial amount of water (d, = 10 mm & L, = 44.3 mm, d,;
=10 mm for circular slice, d.; = 20 mm for half-circular slice), the half-circular slice dries the slowest (t.;; = 18.8 h),
compared to the circular and rectangular slices, with a t.;; of 9.3 h and 9.0 h, respectively. This is directly correlated to

the compactness, namely C,;=4.3, C,;=3.6, C,=3.4.
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Figure 4. Critical drying time for different fruit slice shapes (Rect.: rectangular; Circ.: circular), as a function of (a-b)
compactness (normal and log-log scale, compactness is scaled with a factor 1000), (c) the initial mass of water in the
sample (log-log scale) and (c) the initial mass of water in the sample scaled with the value at the smallest thickness

for each geometry (log-log scale).
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Figure 5. Raw data and corresponding correlation function of the critical drying time as a function of the compactness

for all evaluated fruit slice shapes and sizes (log-log scale).

3.2 Fruit quality

In Figure 6, the critical fruit quality, namely A.,; at time t;, is shown for different fruit shapes, as a function of (a) the

thickness of the sample, (b) the compactness and (c) the initial mass of water in the sample scaled with the value at the

smallest thickness for each geometry (log scale). This critical fruit quality is thus the quality at the end of the drying

process (time t.;;) so when the critical moisture content (w,;;) is reached, meaning no spoilage is expected to occur. The

final quality clearly depends on the size and shape of the fruit, where smaller samples retain a higher quality, since they

take less time to dry. As with the drying time, a much better correlation of the quality loss with compactness is present

than with the thickness or the initial amount of water. Note that a linear decrease of the quality with the drying time is

considered by the zero-order kinetics model that is applied (Eqg.(6)). Higher-order kinetics models, such as first-order

kinetic model, can also easily be implemented in a similar way in the present hygrothermal-quality model.
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Figure 6. Critical fruit quality for different fruit slice shapes (Rect.: rectangular; Circ.: circular), as a function of (a)
thickness of the sample, (b) compactness (scaled with a factor 1000), (c) the initial mass of water in the sample scaled

with the value at the smallest thickness for each geometry (log scale).
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4. Conclusions

This study provides quantitative insight in the impact of different fruit sizes and shapes on both drying time and fruit
quality evolution. As expected, smaller samples dry faster and retain quality better. However, for rectangular pieces
with a square base surface (L,xL,), pieces with a large aspect ratio (d, >>> L,) led to similar drying times as cubes with a
similar base surface (L., = L,), although the latter had a much smaller volume. The reason is that drying occurs quasi two-
dimensional for these “fruit sticks” via the lateral surfaces. Hence increasing the width of the fruit slices (d,), can
increase the volume of the fruit piece, and also reduces the amount of fruit pieces per batch, without compromising the

drying time.

Furthermore, a good correlation across the different fruit shapes and sizes is found of both drying time and quality, with
the compactness (= V;/Ay). More compact fruit, so with a lower volume to surface area ratio, clearly dry faster and retain
quality better. The obtained correlations are helpful in estimating a-priori the drying time for a certain fruit size and
shape. For fruit pieces with the same volume, so initial amount of water, the rectangular fruit dried the fastest, followed
by the circular and half circular slice. This behavior could be directly related to the compactness. Note that the obtained
correlation between compactness and drying time was derived in this study for specific drying conditions, so if other

conditions are of interest, new correlations need to be determined.

This study provides insight on how fruit size and shape affect the drying process. By optimizing the residence time of the
fruit in the dryer, energy savings and enhanced quality can be achieved. The hygrothermal-quality model can be easily

extended or customized to different fruit species and quality attributes.
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