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Abstract

The convective drying of a food product whose dehydration occurs
under large deformation is studied. A numerical model is proposed for
solving the heat and water mass transfer phenomena while accounting
for shrinkage. The finite volume method is applied; mesh boundaries
move with the dry matter. Shrinkage is predicted from geometrical
considerations only, hence no information about the product’s mechan-
ical properties is required. Water diffusivity in the product is assumed
to depend on both temperature and water content. The approach is
illustrated for cylindrical samples of yacén, associated with high water
content in natura and significant volume reduction after drying. This
study considers previous experimental work with a convective drying
pilot unit under controlled air temperature and relative humidity con-
ditions. Numerical results reveal, firstly, that the significant evolutions
of sample volume (to about 10 % of initial value) and of total water
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content (to less than 5 % of initial value) are quite well represented. Sec-
ondly, despite the relative homogeneity of temperature field, the water
content exhibits differences between the sample surface and its core even
after six hours of drying. Sensitivity tests put in evidence the major
role played by the convective heat and mass transfer coefficients. The
physical model and the numerical approach can be adapted in order to
predict the evolution of materials with high water content in natura,
which experience large deformation during the convective drying process.

Keywords: convective drying, shrinkage, water diffusion, yacén

1 Introduction

Drying commonly describes the process of thermally removing volatile sub-
stances to yield a solid product. The first objective of dehydration of food
materials is to reduce the potential for growth and metabolic activity of
microorganisms, as a way to increase the accessibility of food products beyond
harvesting conditions. Other objectives are to enhance its quality; to ease its
handling; and to allow further processing (Sokhansanj & Jayas, 2006).

When a wet solid is subjected to thermal drying, two processes occur simul-
taneously: 1) transfer of energy (heat) from the surrounding environment to
evaporate the surface moisture, and 2) transfer of internal moisture to the sur-
face of the solid and its subsequent evaporation due to process 1. The rate at
which drying is accomplished is governed by the rate at which the two processes
proceed. Heat transfer from the surrounding environment to the wet solid can
occur as a result of convection, conduction, or radiation and in some cases as
a result of a combination of these effects. For convective hot air drying, the
removal of water as vapor from the material surface depends on the external
conditions (temperature, humidity and flow of drying air), and on the area of
exposed surface. The mobility of moisture within the product is a function of
its temperature and water content. In a drying operation, heat or mass trans-
fers may be the limiting factor governing the rate of drying, although they
both proceed simultaneously throughout the drying cycle. Following these cou-
pled transfers, spatial fields of water content and temperature develop inside
the product. Understanding these transfer aspects is the primary objective of
most works published in the field of drying because they enable useful indi-
cators of the drying process to be addressed, such as the drying time, the
effect of product size, and the energy consumption. The drying could be partly
addressed as well, for example the chemical degradation due to the coupled
effect of hydric and thermal activation over time. Due to the strong coupling
and the non-linear behavior, analytic solutions are available only under strong
and somehow unrealistic assumptions: computational simulation is therefore
mandatory (Perré et al., 2023).
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In the particular case of convective drying, relatively warm dry air flows
around cold moist food samples. A simultaneous transfer of both heat and
water takes place so that heat is transported from the air to the material,
whereas water is transported from the food core, then to its surface, and,
eventually, to the air. Theoretical models have been designed for studying
the whole ensemble of phenomena; they involve coupled nonlinear partial dif-
ferential equations that can be solved by cumbersome numerical methods,
which are time-consuming and difficult to incorporate in on-line control devices
(Ramachandran et al., 2018).

One of the most important physical changes that food materials suffer
during drying is the reduction of its volume. Loss of water and heating cause
stresses in the cellular structure of the food matrix leading to change in shape
and decrease in dimension. Deformation, internal stress, product failure and
poor re-hydration are among the major challenges encountered in the drying
process. Shrinkage of food materials can be seen as a negative consequence on
the quality of the dehydrated product: changes in shape, loss of volume and
increased hardness cause in most cases a negative impression on the consumer.
There are, on the other hand, some dried products that have had traditionally
a shrunken aspect, a requirement for the consumer of raisins, dried plums,
peaches or dates (Mayor & Sereno, 2004). Decades of experimental work reveal
that shrinkage of food materials under drying is influenced by the product
biophysical properties, by the sample size and geometry, by the exposure of
the sample to transfer mechanisms, and by the processing approach and its
operating conditions (e.g. Mahiuddin et al., 2018).

Fruits and vegetables have a heterogeneous micro-structure which dynam-
ically changes during drying. Currently, food drying models approximate the
material’s structure through a representative elementary volume which adopts
a larger scale of description and considers the fluid phases as fictitious con-
tinuum. This assumption limits the ability of the models to capture the
heterogeneity of food material. The multi-scale modeling is considered to have
the ability to overcome this limitation and advance the understanding of the
micro level transport processes; it constitutes an alternative approach to calcu-
late the water diffusivity by explicitly considering the material’s heterogeneity
rather than the use of a simple empirical relationships. However, multi-scale
modeling become very computationally demanding in the case of large defor-
mation, and solution techniques for such a challenging problem remain a
subject of investigation (Welsh et al., 2018, 2021). Macro-scale modeling (i.e.
continuum-based approach for fluid flow, heat and mass transfer) is the most
developed in the food applications; furthermore, this approach has the great-
est potential to be integrated into the design process (Datta, 2008). Main
challenges for the macro-scale modelling of convective drying of fruits and veg-
etables are a) the dependence of experimentation to generate parameters of
the model, b) the difficulty to include the shrinkage, and c¢) that the results
of the model are dependent on the product and the range of conditions under
which it is tested (Castro et al., 2018).
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Physics-based modeling can provide better insights into the shrinkage that
accompanies simultaneous heat and mass transfer during drying (Castro et al.,
2018; Mahiuddin et al., 2018; Chandramohan, 2020). Accounting for shrinkage
yields drying rates which are more realistic, and higher, than those obtained in
neglecting it (Golestani et al., 2013). With shrinkage, the pathway for water to
migrate across the matrix to the surface becomes smaller, leading to a faster
water removal (Defraeye and Radu, 2018).

Detailed physics-based models can be closer to reality than simpler
approaches, but their solutions are more difficult to reach. A complete thermo-
hygro- mechanical model requires, in addition to thermal conductivity and
water diffusivity, the knowledge of rheological parameters (Young’s modulus,
Poisson’s coefficient, contraction coefficient due to water loss...). Moreover,
especially under large deformation, the food material cannot be considered
as purely elastic; plastic or visco- elastic behavior, with additional parame-
ters, should be taken into account. All these mechanical parameters depend
on temperature and moisture, and are difficult to measure or estimate (e.g.,
Curcio et al., 2016; Yuan et al., 2019). Modeling these strongly coupled phe-
nomena (water mass and heat transfer, mechanics) provides a comprehensive
and in-depth view of the process: time, cost, and economical value. One could
dream at an ideal simulation tool that is able to account for all these coupled
transport phenomena, allowing the effect of each parameter to be investigated
and the whole process to be improved or even optimized as a function of the
expectations of the end-users. However, to achieve this ultimate objective is a
long and difficult route (Perré et al., 2023).

Most published drying models do not take shrinkage into account or use a
numerical artifice called domain adaptation. This approach considers that the
domain is fixed at each computation time step (for heat and mass transfer),
and is updated continuously according to geometric global rule. For instance,
each node is moved homothetically towards the center of the matrix, to reduce
the volume without changing the temperature and water content attached to
the node. While this methodology presents good results from an engineering
point of view, it is questionable whether it is valid in providing information
regarding the phenomena occurring during drying, while undoubtedly useful
for design, analysis, and optimization of industrial dryers (Katekawa and Silva,
2006). Recent contributions incorporate experimental assessment of shrinkage
in studying the evolution of food products, while allowing the identification of
parameters describing the influence of temperature on the water diffusivity in
the product (e.g. Brasiello et al., 2021).

Here we present an approach for studying the evolution of food products
that can experience significant shrinkage under convective drying. The original
contribution here proposed lies in experimental-based geometrical considera-
tions for estimating how shrinkage is locally distributed in different directions.
The detailed mechanical behavior of the food material is not required. The
approach is implemented in a flexible numerical model which includes i) the
coupling between heat and water mass transfer, and ii) the variation of water
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diffusivity in the food matrix with the temperature and the water content itself.
The latter issue deserves special attention: parameters describing the influ-
ence of temperature and water content on water diffusivity are identified by
comparing model predictions (including shrinkage) and observations of water
content. The approach is illustrated for cylindrical slices of yacén (Smallantus
sonchifolius), a plant cultivated originally in the Andean region for its tuber-
ous, mildly sweet roots. The interest in yacén has increased (Caetano et al.,
2016): it constitutes a good option for low- carbohydrate diets because of its
low amounts of sucrose and glucose, and its high amount of non- digestible
carbohydrates. The industrial utilization of yacén is quite broad (Lebeda et
al., 2012). More than 70 % of the fresh tuberous root biomass of yacén is com-
posed of water (Lachman et al., 2003). Water activity is high, suggesting a
short shelf-life: partial hydrolysis of fructans can start a few days after harvest
(Graefe et al., 2004). Drying is a convenient way to prepare yacén for storage,
and the influence of drying conditions on its composition has been investigated
(Scher et al., 2009; Campos et al., 2016; Khajehei et al., 2018; Salinas et al.,
2018). In the particular case of convective drying, the final color parameters
of the dehydrated product (and hence the consumer’s perception) can effec-
tively depend on the pre-treatment applied to raw yacén samples (Martins et
al., 2022).

Shrinkage cannot be neglected in studying the evolution of yacén submit-
ted to convective drying: the sample shape can be completely modified and
the final volume can reach 10 % of initial value (Bernstein & Norena, 2014).
Such a finding has not forbidden the assumption of negligible shrinkage of
yacon samples in preliminary studies devoted to the physics-based modeling
of coupled heat and mass transfer (Perussello et al., 2013, 2014), as well as to
the assessment of constant water diffusivity in the product (Shi et al., 2013;
Lisboa et al., 2018).

The evolution of yacén samples under convective drying is hereafter studied
while coupling heat and mass transfer phenomena, allowing the influence of
both temperature and water content on the equivalent water diffusivity in
the product; in addition, the sample shrinkage is estimated from geometrical
considerations based on previous experimental work (Marques et al., 2022)
conducted with a convective drying pilot unit, under controlled air temperature
and relative humidity conditions. The present study has as main objective
to predict the evolution of temperature and water content depending on the
position in yacén samples exposed to convective drying while accounting for
their shrinkage. This will allow to investigate not only the effect of various
drying conditions (air flow, temperature, humidity) on the drying time (i.e. the
productivity of drying equipment) and on the final shape of the sample (say,
acceptability by consumer) but also on the local transformation of product (e.g.
vitamin degradation, positive/negative neo-formed compounds) which could
be assessed by thermo-hygro dependent reactional models. This could help to
optimize drying conditions.
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2 Heat and Mass Transfer Modeling

The convective drying of a slice of food matrix is hereafter studied by taking
into account the following assumptions:

e evaporation occurs at the surface only;

e cnergy transfer occurs due to heat conduction inside the food matrix and
convection at its surface;

e liquid water migrates inside the matrix relatively to dry matter following
moisture gradient; and

e 10 porosity appears during drying.

The last assumption means that, locally, the total volume occupied by the
food matrix containing 1 kg of dry matter can be expressed as the sum of
volumes that are occupied by dry matter and water:

1 1 Xw
— -+ (1)
Pdm pfm pﬁ

wherein pg., is expressed in kg of dry matter [kg-dm] by cubic meter of food
product; X, is the water content in the food product, dry basis [kg-w/kg-dm];
and pjﬁm and pi’ are the intrinsic dry matter and water mass densities.

The conservation equation for the water content can be expressed, in its
convective form, as:

an — =, 1 = 2
m'VXy = — V- w/dm 2
ot + Uam w Ddm Jw/d ( )

wherein vy, is the dry matter velocity in the food product. The water flux
relative to the dry matter is given by:

jw/dm = _Dw ﬁ(pdﬂfb Xw) (3)

wherein D,, is the water diffusivity [m?/s] in the food product. Equation 2 is
solved by taking into account the following boundary condition at the food
matrix surfaces:

.;w/dm -no=k (aw{Xw} Csat{T} - RHair Csat{Tair}) (4)

wherein & is the mass transfer coefficient [m/s], a.,,{X, } is the water activity
in the product at the water content X,,, and Cs.:{T} is the saturated water
vapor concentration [kg-w/m?] at the temperature 7.

The internal energy of the food product (by kg of dry matter) is the sum
of the internal energies of dry matter and water:

U = Ugm + Xy Uy = (Cfm + X C’Z"f) T (5)
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wherein C’jfﬂ and C7 are the dry matter and water heat capacities. The
conservation equation for the internal energy can be expressed as:

ou . - 1 - Y
Fn + Ugm - Vu = pdim (v']w/dm Uy + v']q) (6)

wherein the energy flux is given by:
jq = —AVT (7)

wherein A is the bulk thermal conductivity, obtained as A = ()\d#m)a()\ﬁ)(lfa);

)\d#m and A7 are the intrinsic dry matter and water thermal conductivity values,
and « is the volume fraction occupied by dry matter in the food matrix, given
by 1/(1 + pif, Xuw/ph).

Equation 6 is solved by taking into account the following boundary
condition at the food matrix surfaces:

jq - = h (T - Tair) + Lv jw/dm D (8)

wherein £ is the heat transfer coefficient [W/m?/K] and L, is the latent heat
of water vaporization [J/kg].

Water diffusivity D,, in the product is required for evaluating water migra-
tion inside the food matrix (equation 3). The two-phase model proposed by
Maroulis et al. (2001) is used:

1 X,
D{ Xy, T} = —— Dy.ary{T —QF D, T
w{ w } 1+Xu) w,dry{ }+ 1+Xw w,wet{ } (9)
Eqr 1 1
DuarsT) = Dugeyrer (= F2 (1= 721 )) o
Eypet (1 1
Dy wetdT} = Duwwet,re - - . 1
wtlT} = Duetres (=22 (1= 7)) - )

Activation energy values Eg, and E,.; for diffusion in very dry (X, <<
1) and very wet material (X,, >> 1) were both assumed to be 30 kJ/mol,
from experimental convective drying of yacén (Shi et al., 2013). Reference
temperature T,.r was chosen equal to 333.15 K (60 °C). Diffusivity values in
very dry (Duw,dry,ref) and in very wet material (Dy wet,ref) at the reference
temperature were identified by comparing observations and model predictions
of dimensionless water content in the whole food matrix (X, = X, /Xwo)-
Water activity a,, in the product is required for evaluating surface evapo-
ration (equation 4). Experimental work has provided measurements of water
content as a function of the water activity in slices of yacon (Figure 2
of Marques et al., 2022); those measurements were approximated by the
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Guggenheim-Anderson-deBoer (GAB) model:

CKXw,mono Ay
(1 - Kay)(l - Kay, + CKay)

Parameters were identified from desorption measurements of yacén samples
(see Table 3 of Marques et al., 2022).

Mass k and heat h transfer coefficients are required for evaluating water
mass and energy fluxes at the surface (equations 4 and 8). On one hand, the
ratio h/k was estimated after invoking the heat and mass transfer analogy,
through the expression pgir Cp, qir Le?/3 (Incropera et al., 2003, pp.410-411).
Lewis number was computed as the ratio of the thermal diffusivity of air to
the mass diffusivity of water vapor in the air. On the other hand, the heat
transfer coefficient was estimated after assuming that all the incoming heat is
translated into evaporation at the wet-bulb temperature at the beginning of
drying when the surface is wet (a,, ~ 1) (McCabe et al., 2014, p.807). Such
an assumption allowed the following expression:

Mdm Ly de>
h = . 13
So (Tair — Twb) < at ), o (13)

This equation involves the initial values of the whole surface Sy of the product
slice and of the time derivative of water content (dX,/dt)|;—o. The latter
was identified from analysis of observations of water content during drying
experiments, for each of operating conditions here considered (see equation 13
and Table 4 of Marques et al., 2022).

Tables 1 and 2 summarize the drying operating conditions taken into
account as well as the product and water thermo-physical properties consid-
ered, among other key parameters required by the numerical model.

3 Shrinkage Modeling

The crux of our approach is the representation of shrinkage, as a consequence of
evaporation at the surface and water migration within the food matrix. Insight
about the shrinkage of yacén comes from a companion study (Marques et al.,
2023). The drying behavior of yacén samples at cellular level was observed in
Environmental Scanning Electron Microscope images; the most striking result
is the collapse of elliptical-shaped cells during drying. The similarity between
volumetric water loss and total volume loss suggests that the porosity of yacén
is likely to be negligible. In other words, the total volume reduction equals the
volume of removed water. These findings justify equation 1. Such an assump-
tion has been considered in previous studies devoted to drying of selected fruits
and vegetables (Raghavan et al., 1995; Sabarez, 2012).

The macroscopic perspective of the problem is featured in Figure 4 of
Marques et al. (2022), which displays experimental values of the dimension-
less diameter D* = D/Dy of yacén slices under selected drying conditions.
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The possible influence of drying conditions seemed shadowed by experimental
uncertainties. That Figure compared observations with hypothetical shrinkage
behavior of the form

D = (V)P = §* = (V¥ .S = = D?/4 (14)

where V* = V/V, is the dimensionless volume and S* = S/Sy is the dimen-
sionless horizontal surface. Isotropic shrinkage (8 = 1/3) could be excluded.
A more realistic representation for the shrinkage behavior can be reached in
focusing the attention on the values of slice diameter and volume under van-
ishing water content. On one hand, for the fully dried matrix (X,, — 0),
observations suggest that D* ~ 0.6. On the other hand, the application of
equation 1 to the condition X,, — 0 and later to X,, = X, o provides
V* ~ 0.05. Combining these results in equation 14, we reach a value close to
B = 1/6, which is considered in the calculation of diameter reduction in the
numerical model. This means that the diameter reduces much less than the
height during shrinkage.

The microscopic perspective of the problem is featured in Figure 1. In the
beginning (left-hand displays), the food matrix is assumed to have a cylindri-
cal shape with total radius Ry and total height Hy. The matrix is assumed
to be steadily exposed to a uniform transfer of heat and mass across all its
surfaces, suggesting the adoption of the same value for the heat transfer coef-
ficients at the upper, lower and lateral surfaces. The lower boundary of the
domain corresponds to the plane of symmetry which divides the matrix into
two identical halves. The domain is subdivided into a number of control vol-
umes: they constitute rectangular rings, characterized by their initial radius
ro and by their elementary values of width drg, height ¢z, horizontal surface
6Sp, and volume dVj.

With the occurrence of drying (right-hand displays in Figure 1), liquid
water is assumed to migrate inside the matrix relatively to the dry matter,
while appearance of porosity is neglected. Control volumes deform following
the dry matter (the mass of dry matter remains constant in each control vol-
ume along drying); their volume decreases and their shape can be distorted.
Shrinkage of the product matrix, as assessed by changes in geometric charac-
teristics r, dr, dz, 0.5 and 6V, can be different depending on the position of
the control volume under consideration.

The vicinity of the plane of symmetry (z ~ 0) corresponds to the highest
water content values in the matrix; these positions are the last to be dried and
hereafter they can be assumed to constitute the “backbone” of the slice. Near
to the symmetry plane shrinkage along the radial direction is characterized
by the decrease in elementary horizontal surfaces (65/6Sy < 1) and radii
(0r/drg < 1), and both depend on the decrease of elementary volumes:

23
éS 2 or _(5V> (15)

E:27T7“0(57"0_ m

z=0



Springer Nature 2021 B TEX template

10 Drying of yacon

This equation, considered in the vicinity of the plane of symmetry (z ~ 0),
constitutes a local translation of the empirical relationship (14).

It is assumed that the same radial evolution applies whatever the z position.
Figure 1 put in evidence that elementary volumes can become trapezoidal
rings along the drying period. Shrinkage along the axial (vertical) direction
is characterized by the decrease in elementary heights (dz/dz9 < 1), which
depends on the decrease in elementary volumes and horizontal surfaces:

0z oV 0S
— = = — ) . 16
Finally, elementary volumes before drying (V) and later on (6V') can be
related via the corresponding values of the mass density of the dry matter:

oV - 1/pdm

v , 17
Vo 1/pam.0 (17)

wherein mass densities of dry matter are related through equation 1 to the
local water content X,,, which constitutes the solution of the conservation
equation 2.

The numerical solving of coupled phenomena of heat and water mass
transfer while accounting for shrinkage is summarized in the Appendix.

4 Results and Discussion

4.1 Reference Drying Condition: Influence of Key Model
Parameters

Looking for the application of the numerical model in the prediction of water
content values along the drying period, two key parameters involved in the
model of Maroulis et al. (2001) remained to be identified (see equations 9
to 11): the water diffusivity values Dy, gryres in very dry (X, << 1) and
Dy wet,res for very wet material (X, >> 1) at the reference temperature.
These parameters were identified by comparing model predictions and obser-
vations of water content conducted only under the reference drying condition:
air flow 4 m/s, T, = 60 °C, and RHgir = 20 % (case A in Table 1) (see
Marques et al., 2022).

Figure 2a displays observations of water content conducted under this
drying condition. A quite linear decrease of water content with time can be
recognized up to about ¢, /o ~ 1h15min, when the average water content is half
of its initial value (X, = X, /Xuw.o = 1/2). Along this “constant drying rate”
period, the product surface remains wet (a,, ~ 1), and the drying rate depends
on external conditions only. Later on, diffusion from core to surface becomes
limiting, whose importance depends on the product structure and characteris-
tics (Mujumdar, 2006). As shown in Figure 2a, the drying time ¢; /g ~ 3h10min

(when X, = 1/8) is clearly out of the constant drying rate period and its value
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constitutes a complementary information about the drying kinetics. Figure 2a
indicates both drying times, according to observations.

The black line in Figure 2a features model predictions reached after
assuming, in equations 9 to 11, the values Dy gryref = 10~12 m2/s and
Doy wet,ref = 1.6 10—10 m2/s. These values were identified by minimizing the
difference between predicted and observed drying times ¢, /5 and ¢, /g; the appli-
cation of these values allows differences smaller than 5 min between model
predictions and observations. The vanishing value of the water diffusivity in
very dry material is consistent with the product structure, nearly crumbly /
brittle, after six hours of drying. Water content values as predicted by the
numerical model agree fairly well with observations.

The presented model predictions were obtained for a time step of 0.01s
and a mesh of 150 elements (I = 30, J = 5). As shown in Figures 2b and 2c,
using different time steps or higher numbers of mesh elements did not change
sensibly the results in terms of ¢, /5 and #; 5.

Table 3 and Figure 3 summarizes sensitivity tests considering changes on
selected physical parameters. Case A represents the model predictions under
the reference drying conditions. Cases [Al,... A4], [Ab,... A8] and [A9,... Al12]
consider variations on parameters Dy, dgry refs Dw,wet,refs Edary = FPwet of the
model proposed by Maroulis et al. (2001). Values for the water diffusivity in
very dry and very wet material correspond to the reference temperature of 60
°C. Cases [A13,... A18] consider variations on the heat transfer coefficient h,
which values depend on the drying conditions (see Table 2).

Variations in the range —50 to +50 % on the value of water diffusivity in
very dry material D, gry ref lead to negligible influence on drying times ¢; /5
and £, /5. Such a finding can be explained by the huge difference of magnitude
(two orders of magnitude) between Dy, gry.ref and Dy, wet ref, the latter being
dominant in equation 9. Variations in the range —50 to +50 % on the values
assumed for Dy wet,ref OF Fgry = Eyer significantly degrade the reliability of
model predictions. It must be noted that these two parameters influence in
opposite way the model predictions. On one hand, increasing the water diffu-
sivity in very wet material provides a decreasing tendency for drying times ¢,
and t,,5 (Figure 3b). Lower (higher) values than the identified value 1.6 10~°
m? /s reduce (increase) water migration relatively to model predictions; this is
particularly evident for drying time ¢, /5, which is out of the constant drying
rate period. On the other hand, increasing the energy of activation allows a
stronger influence of temperature on water diffusion inside the product matrix.
Increasing the energy of activation provides an increasing tendency for ¢, /5 and
t1/8, since the product temperature is always lower than the air temperature
(60 °C) which was chosen as the reference one; increasing Egry = Eye thus
lowers, in the average, the equivalent water diffusivity in the product. Such a
tendency is weaker in the case of t;,5, whose values are primarily driven by
ambient conditions under which the product is submitted to drying (Figure
3c).
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4.2 Reference Drying Condition: Evolution of the
Product

Figure 4 displays the temperature, water content, water activity and water
diffusivity fields throughout the food slice at selected times. A remarkable
result is the thermal homogeneity of the product slice, during the whole dry-
ing period. An explanation is provided by the low values of the Biot number
h(H/2)/X; its decreasing tendency (0.2 down to 0.06) is due to a decrease in
height (0.007 down to 0.001 m) which is stronger than in thermal conductivity
(0.6 down to 0.3 W/m/K). As expected, evaporation at the surface drives the
water migration across the food slice. The lateral surface of the slice experi-
ences faster drying than its upper surface. After six hours under the convective
drying conditions here considered, the slice volume decreased to about 7 %
of its initial value. Water diffusivity varies with time and space following a
complex pattern. At the slice surface, its decreasing tendency is driven by the
moisture reduction. The influence of temperature decreases along the drying
period, as the slice approaches the ambient temperature 60 °C. Water activity
remained high after four hours, over 0.9 throughout large portions of the prod-
uct slice, suggesting favorable conditions to selected micro-organisms. These
results indicate the importance of the latest hours of drying in effectively reduc-
ing the water activity at the the slice core. The time and spatial distributions
displayed in Figure 4 put in evidence i) the strong coupling between heat and
water mass transfer phenomena during the convective drying of a food slice
and ii) how the water diffusivity and water activity evolve throughout a food
matrix exposed to convective drying under large deformation.

Beyond the two-dimensional fields displayed at selected drying times, the
approach allows studying the time evolution at given positions. Figure 5
presents selected properties at two positions along the axis of symmetry of the
food slice: at the surface (1) and the core (2). Position 1 moves along with
the shrinkage history, being always located at the slice surface; it is exposed
to moisture gradients that are stronger than those at position 2. Figure 5a
reveals that these positions follow almost the same temperature history; such
a finding comes from a combination of the small distance separating these
positions and high thermal conductivity in the product. Beginning at Ty = 20
°C, the temperature quickly reaches the wet-bulb temperature (about 34 °C),
allowing favorable conditions to evaporation at the surface. Figure 5b presents
the water content history at these positions. Convective drying is effective:
after 1.5h, there remains about 2.5 % of the initial water content at the sur-
face. At this time, drying really starts at the core, following a slow-fast-slow
decreasing tendency. After six hours of drying there remains about 3 % of the
initial water content at the core. The evolution of water activity (Figure 5c¢) is
delayed with respect to that of water content. The water activity is not homo-
geneous throughout the product slice, even after six hours of convective drying.
The activity at the surface remains near to 1 (> 0.9) only during a period of
about 30min. During this period, the temperature remains near the wet-bulb
one (34 °C), and the drying rate is nearly constant. From 30 min to 1h15min,
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the water activity at surface decrease to 0.7 and the temperature rises to 40
°C. This indicates that diffusion from core to surface is no more sufficient to
ensure free water evaporation at surface. However, the temperature difference
between the surrounding air and the product surface — which drives the con-
vective heat transfer to the product — decreases only from T;, — T\ = 26 °C
to Tyir — 40 °C = 20 °C. This makes that drying rate seems almost constant
up to 1h15min, which corresponds very closely to ¢ /o (when Y; =1/2).

Water diffusivity in the product is assumed to depend on both temperature
and moisture, whose relative importance evolves as heating and drying progress
with time. Figure 5d shows that, at the surface (position 1), water diffusivity
sharply increases when drying starts because temperature increases from Ty =
20 °C to Ty = 34 °C, and then decreases from 4 107! to 7 10712 m?/s
because water content decreases from 11 to 0.04 kg-w/kg-dm. At the core
(position 2), the water diffusivity follows an increasing tendency until drying
significantly occurs therein (after about three hours of drying), corresponding
to temperatures about 48 °C; later on, the influence of moisture reduction
becomes dominant.

Previous results have discussed the evolution of key variables along the
drying time as predicted by the numerical model, either throughout the 2D
computational domain (Figure 4) or at selected positions (Figure 5). Addi-
tional insight can be attained studying model results as function of the total
water content present in the matrix. Figures 6a and 6b compare model pre-
dictions with the measurements of dimensions of yacén slices as obtained by
Marques et al. (2022) under the reference drying conditions [air flow 4 m/s,
Tuir = 60 °C, RHg; = 20 %] . The numerical model captures the decreasing
tendency of slice diameter, which is very weak during a considerable period
(i.e. down to about Y; ~ 0.3). The decreasing tendency of slice height is
almost linear during such a period. The comparison of model predictions with
measurements of slice height is difficult: the initial flat character of the upper
and lower surfaces of the samples progressively disappears along the drying
(see Figure 1 of Marques et al., 2022), turning somewhat ambiguous the notion
of slice height. Figure 6¢ presents the total surface reduction along the dry-
ing. A first decreasing tendency can be recognized from the beginning down to
Y; ~ 0.3 when the diameter reduction becomes progressively more significant
(Figure 6a); towards the end of the drying period, the total surface decreases to
about 35 % of its initial value. Figures 6d and 6e show the dimensionless drying
kinetics dY; /dt and dyzj /dt.S*. Both sharply increase when drying starts,
while the food product leaves its initial temperature (20 °C) and reaches the
wet-bulb temperature (about 34 °C) (Figure 5a). Later on, both drying kinet-
ics decrease. On one hand, the dimensionless evaporative flow dyzj /dt follows
a decreasing tendency along drying, following the water activity decrease at
the surface (Figure 5¢) as well as the total surface decrease (Figure 6¢). On the
other hand, the dimensionless evaporative flux dyl*u /dt.S* follows a more com-
plex decreasing tendency. Firstly, there is a period (Y; > 0.7), along which
df; /dt.S* is quite constant: this would be the constant drying rate period
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according to model predictions, roughly the first hour of drying (Figure 6a).
In a second period (0.7 > X, > 0.2), dX, /dt.S* decreases quite uniformly,
while the water content remains high at the matrix core (Figure 5b). A final
period starts when water content at core decreases significantly, at about three
hours of drying (i.e. at about t; /g).

4.3 Influence of Drying Conditions

Cases [B, C, D] of Tables 1, 2 and 3 correspond to the three other drying con-
ditions considered by Marques et al. (2022) in studying the evolution of yacén
samples with a convective drying pilot unit. The heat transfer coefficient value
was in each case adapted to the ambient conditions but the other parameters
(including the water diffusivity in very dry and in very wet material) remain
unchanged.

The reliability of model predictions for these three cases is smaller than
in case A but remains still acceptable, as put in evidence by the departures
Aty /5 and Aty /g between model predictions and observations under same dry-
ing conditions (see Table 3). The numerical model captures the influence of
ambient conditions on the drying times ;5 and ;5 : for a given air temper-
ature, they are slightly shorter under RH,; = 20 % than under RH;,. = 30
% as a consequence of more favorable conditions to evaporation at the food
matrix surface at lower air relative humidity (see Table 1).

Figure 7 compares observations and model predictions of water content
under the four drying conditions. The difficulty of such comparison is evident
under the drying conditions [air flow 4 m/s, Ty = 60 °C, RH gy, = 30 %] (case
B), which were particularly difficult to conduct from the experimental point
of view (see Figure 7b). Drying experiments under Ty;. = 50 °C were more
successfully repeated (Figures 7c and 7d), allowing more robust conditions to
assess the reliability of model predictions for cases C and D. In both cases,
the numerical model underestimates the drying rate almost systematically,
suggesting that additional efforts are welcome e.g. in the identification of the
equivalent water diffusivity.

5 Conclusions

Drying phenomena (water migration inside the matrix, evaporation at its
boundaries) cannot be dissociated from the geometrical evolution of the food
matrix. A simple approach which does not require a complex mechanical model
was proposed for shrinkage. The goal was to estimate how the local volume
reduction (due to dehydration) is distributed between axial and radial shrink-
age. Our approach assumes that the radial reduction is primarily driven by the
decreasing water content of the product situated at the core (near the plane
of symmetry of the slice volume). The assessment of such a tendency became
possible from careful measurements of the slice diameter.

We demonstrated that convective drying of food slices can be studied with a
simple model including shrinkage. In its present implementation, the approach
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was successfully applied for a case where the volume was divided by about
10 during drying. The algorithm can be adapted, for instance, for including
simple reaction kinetics, as a way to predict the influence of drying on chemical
properties at different positions of the food matrix.

The model proposed by Maroulis et al. (2001) was assumed for approximat-
ing the water diffusivity in yacén samples as function of temperature and water
content. The values Dy gry.ref = 1.0 1072 m? /s and Dy, yet,ref = 1.6 10710
m? /s at 60 °C for very dry and very wet material were identified while account-
ing for sample shrinkage; however they are not directly comparable with most
results available in the literature for yacon samples which were identified after
neglecting sample shrinkage (e.g. Perussello et al., 2013, 2014; Shi et al., 2013;
Mendonga et al., 2017; Lisboa et al., 2018).

In addition to the water diffusivity in yacén samples, the implementation
of the numerical model required a number of other parameters, most of them
associated with the drying operating conditions, the thermo-physical proper-
ties of the product, and the geometry of the food slice. The influence of selected
parameters on the model predictions was analyzed. Variations on the heat
transfer coefficient and on the water diffusivity in very wet material were the
most important, which was somewhat expected because the major role played
by these parameters in heat and water mass transfer phenomena.

Future work should assess the reliability of this approach under other con-
vective drying conditions. Testing this approach should consider wider ranges
of ambient conditions (air flow, temperature and relative humidity) and other
raw food products. Much work remains to be done in order to clarify the
relationship between shrinkage and moisture loss.
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Appendix: Numerical Solving

The food matrix is represented by a two-dimensional (2D) axis-symmetrical
computational domain with total radius Ry and total height Zy = Hy/2 before
drying starts; Hy is the (physical) actual height of the food matrix submitted to
experimental conditions. The finite volume method is applied, with an explicit
scheme, and the domain is subdivided into a number of control volumes (cells).
The cells deform following the dry matter: the mass of dry matter remains
constant in each cell along drying.

Before drying starts (¢ = 0) all the cells are rectangular. In the present
study, the mesh is built considering I and J cells along the radial and the
axial directions, respectively; coordinates have the origin at the slice center.
The computational domain has an initial aspect ratio Ry/Zy ~ 6; meshes are
chosen in taking I = 6 x J. The (4,7)-th cell is characterized by:

e its initial position [ro(4), z0(Z, 7)], required in the evaluation of heat and water
mass flows; the position of inner cells is defined as their center, the position of
the outer cells is defined at the interface of the domain with surrounding air;
e four vertices, being that [Ro(i), Zo(i,7)] is the position of the left-
bottom corner of the (i,j)-th cell; hence r¢(i) = (Ro(i) + Ro(i+1))/2 and
20(i,5) = (Zo(3,5) + Zo(i,j+1))/2;

e its height AZy(i,75) = Zo(i,5+1) — Zo(4,5);

e its width AR()(Z) = R0(2+1) - Ro(i);

e its surface So(i) = 7 (Ro(i+1)? — Ro(i)?) between two successive radial
ordinates; and

e its volume V(4,5).

Each cell is associated with a single value for the product temperature and
for the water content. In the beginning, initial values Ty and X, o are assigned
to all the cells. The initial volume Vg(4,5) of each cell is known, hence it is
possible to calculate the mass of dry matter mg,,(7,7) contained in each cell,
which remains constant along drying.

During the drying period (¢ > 0), the food matrix is submitted to con-
vective heating and evaporation at its surface and to heat conduction and
water diffusion inside it. Independently on the drying state of the food matrix,
all the cells are assumed to be trapezoids, being that their vertical sides are
imposed to be parallel to the axis of symmetry; such a condition translates the
assumption of a same radial shrinkage to all the cells either near the plane of
symmetry or outside it (see Section 3). Figure 8 displays key elements of the
2D axi-symmetric representation of an elementary volume of the food matrix.
Temperature and water content values are assumed to be representative of the
whole cell, and hence follow indexing of positions [r(3), z(i, j)].

After a time step (A t), the total variation in the water content in the (4,5)-
th cell and that in the temperature associated with this cell are calculated
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AXy(i,j) = (((¢z(i,7) — ¢z(i,5+1) )
+ (0r(i,5) ~ Or(i+1,5) ) ) At/ mam(i, j) (18)

AT, j) = (((Pz(i,j) = Pz(i,j+1) )
+ (®r(,J) - ®r(i+1,5) ) ) At/ (mam(i, ) Cp(i,5) ) (19)

wherein Cp = C’jm + X,,C¥. These equations involve water mass and heat
flows (¢ [kg-w/s] and ® [J/s]) along the axial z- and radial r- directions. In
the case of inner cells, the water and energy rates are calculated as:

X (Xw(i’j_l)7Xw(i’j))/(z<i?j)72"(2'7.7'_1)) (20)
(ZSR(Z) =27 AZ(ZaJ) Dw(l,]) pdm(ivj)
X (Xu(i=1,7) = Xu(i,5))/(In(r(@)/r(i-1))) (21)

X (T(,j=1) - T(,5))/(2(i,5) - 2(6,5=1) ) (22)
(‘PFi(ivj) =27 AZ(%J) )‘(17.7)
X (T(i—=1,5) ~ T(i,5))/(In(r(i)/r(i=1))) . (23)

Convective drying conditions are assumed to be steady and defined by the
air temperature (T,;-) and relative humidity (RH,;,). Water and energy rates
are calculated at surface cells while respecting the boundary conditions of the
problem (equations 4 and 8). For instance, in the case of the lateral surface:

or(I+1,j) = k x 27 r(l,5) AZ(I+1,7)
(aw(laj) Cw,sat{T(Ivj)} - RHir Cw7sat{TaiT'}) (24)
Sr(I+1,5) = h x 27 r(l,j) AZ(I+1,7)

x (T(1,j) = Tair) + Lo or(I+1,7) . (25)

X

Thus, heat flows ® at the surface are computed by adding two contributions:
the first is proportional to the difference between the temperatures in the
product and in the ambient air, the second is proportional to the water mass
flow ¢. This latter requires the water activity, which is estimated at each
position of the air-product interface by solving equation 12 while employing
the water content available in the previous time step.

The calculation of total variations AX,,(4,7) and AT(4,7) (equations 18
and 19) allows updating the temperature and water content values for each
cell. The following sequence of steps allows updating the volume and position
of the (i,5)-th cell of the food matrix.
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(a) The cell volume comes from equation 1, considering the updated water
content value X,,:

1 Xwl(i, g . .
dm w

(b) The horizontal surface of all the cells in the plane of symmetry comes from
equation 15:

i 2p
ASG) = ASo(i) (‘2((211))> C1<i<I. (27)

(¢) The radial ordinate R(i+1) for all the cells situated in a given column
(same distance from the axis of symmetry) is obtained as:

S(G) = m (R@+1)* — R()*) , 1<i<I, (28)

wherein R(1) = 0 (axis of symmetry).

(d) The heights at R(1) and R(2) of all the cells in the vicinity of the axis of
symmetry are computed by assuming that these cells have rectangular cross-
section:

AZ(1,5) = V(L,5)/51,4), 1<j<J, (29)
AZ(2,5) = AZ(1,j), 1<j<J. (30)

(e) In the general case, the heights AZ at R(i) and R(i + 1) for a given cell
can depend on its distance from the axis of symmetry. The elementary volume
of a trapezoidal ring can be expressed as:

& = (e =7 )

X <é R(i+1)* + %R(i)3 - %R(iﬂ) R(i)2> (32)
2w
= (0 )
X (; R(i+1)* + %R(i)?’ - %R(i) R(i+1)2> ; (33)

hence, the height at R(i + 1) is obtained from that at R():

AZ(i+1,5) = (V(i,j) — Ci AZ(i.j)) /Cs , 1<i<T, 1<<J.
(34)
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(f) Axial coordinates of the cell vertices can be computed straightforwardly:
Z(,j+1) = Z(3i,j) + AZ(i,j), 1<i<I, 1<j<J, (35)

wherein Z(i,1) = 0 (plane of symmetry).
(g) Finally, the cell’s position [r(), z(i,7)] is updated from the vertices
coordinates:

r(i) = (R(i) + R(i+1)) /2 , 1<i<T, (36)
(i) = (20i,5) + Z(i+1,j)

+ Z(@,j+1) + Z(i+1,5+1))/4 , 1<i<I, 1<j<J.

(37)

The algorithm was written in Python language, and no attempts were
conducted in optimizing it.
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NOMENCLATURE

Aoy water activity in the product

C Guggenheim constant (GAB model)

Cp, air air heat capacity [J/kg/K]

Cﬁ dm intrinsic heat capacity of dry matter [J/kg-dm/K]

Cﬁ w intrinsic heat capacity of water [J/kg-w/K]

D diameter of the product slice [m)]

D*=D/D, dimensionless diameter

Dy initial diameter of the product slice [m]

Dy, water diffusivity in the product [m?/s]

Dy dry,ref water diffusivity in very dry material at temperature T.¢ [m?/s]
Dy wet ref water diffusivity in very wet material at temperature T} [m?/s]
Eiry activation energy value for diffusion in very dry material [J/mol]
Eypet activation energy value for diffusion in very wet material [J/mol]
h heat transfer coefficient at air-product interfaces [W/m? /K]
H height of the product slice [m]

Hy, initial height of the product slice [m]

i column index of cell position

1 number of columns assumed in meshing the domain

j line index of cell position

J number of lines assumed in meshing the domain

Ja energy flux relative to the dry matter [W/m?]

Ju Jdm water flux relative to the dry matter [kg-w/m?/s]

k mass transfer coefficient at the air-product interfaces [m/s]

K correction factor (GAB model)

Le Lewis number

L, latent heat of water vaporization [J/kg]

7l surface normal unit vector

r(7) bulk position of the cell along the radial direction [m]

R(7) ()-th position of the cell along the radial direction [m]

Ry = Dy/2 initial width ("radius”) of the computational domain [m)]
RH,;, air relative humidity [%]

S surface of the product slice [m?]

S*=5/5p dimensionless surface of the product slice

So initial surface of the product slice [m?]

t time [s]

T temperature [K]

To initial temperature [K]

Toir air temperature [K]

Tref reference temperature [K]

Twb wet-bulb temperature [K]

u internal energy of the product per kg of dry matter (J/kg-dm)
Udm internal energy of dry matter in the product (J/kg-dm)

Uy internal energy of water in the product (J/kg-w)

Tdm dry matter velocity in the product [m/s]
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Continuation of NOMENCLATURE

=
VE=V/Vy
Vo

Xy

Xu

X = Xu/Xuo
X’w70

X’w7mono

(i, j)

Z (i, j)

Zy = Ho/2

volume of the product slice [m?]
dimensionless volume of the product
initial volume of the product slice [m
local water content [kg-w/kg-dm)]

average water content in the food matrix [kg-w/kg-dm)]

’]

dimensionless water content

initial water content in the product [kg-w/kg-dm]
mono-layer water content [kg-w/kg-dm] (GAB model)
bulk position of the cell along the axial direction [m]
(4,7)-th position of the cell along the axial direction [m]
initial height of the computational domain [m]

volume fraction occupied by dry matter in the product
exponent, power-law relying dimensionless diameter and volume
distance between the radial ordinates of two corners of a cell [m]
surface between two successive radial ordinates of a cell [m?]
time step [s]

variation in the temperature in a given cell [K]

variation in the water content in a given cell [kg-w/kg-dm)]
distance between the axial ordinates of two corners of a cell [m]
product thermal conductivity [W/m/K]

dry matter thermal conductivity [W/m/K]

liquid water thermal conductivity [W/m/K]

air mass density [kg/m3]

mass density of dry matter

(mass of dry matter per total volume) [kg-dm/m?]

initial mass density of dry matter [kg-dm/m?]

intrinsic mass density of dry matter

(mass of dry matter per volume of dry matter) [kg-dm/m?-dm]
mass density of saturated water vapor [kg-w/m3]

intrinsic mass density of liquid water

(mass of water per volume of water) [kg-w/m?>-w]

water mass flow along the radial direction [kg-w/s]

water mass flow along the axial direction [kg-w/s]

heat flow along the radial direction [J/s]

heat flow along the axial direction [J/s]




Table 1 Experimental drying operating conditions and key model parameters considered in numerical simulations (I).

case A case C case D
e pilot unit operating conditions:
air temperature Ty;, [°C] 60 50 50
air relative humidity RH ;- [%)] 20 20 30
wet-bulb temperature T, [°C] 35.3 28.7 32.6
dew-point temperature T, [°C] 28.9 20.9 27.7
e typical values before experiments:
slice temperature Ty [°C]
slice water content
Xw,O [kg—w/kg—dm]
slice height Hy [m]
slice radius Ry [m)]
e typical values after experiments:
characteristic drying time 1/ (dX,/dt),_, [s] 1.42 1074 1.1510~* 1.05 107
drying time ¢, /5 (When Y; =1/2) [min] 76 88 94
drying time t, /g (when X, = 1/8) [min] 190 227 231
e estimates from laboratory experiments:
GAB parameter C' 1.45 1.17
GAB parameter K 0.984 0.970
GAB parameter Xy, mono [kg-w/kg-dm)] 0.116 0.137

1 As reported by Marques et al. (2022).
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Table 2 Experimental drying operating conditions and key model parameters considered in numerical simulations (II).

case A case B case C case D
e heat and mass transfer parameters:
heat transfer coefficient A [W/m? /K] 33 37 31 35 (?)
ratio of transfer coefficients k/h for mass and heat 1.02 1073 (?)
latent heat of vaporization L, [J/kg] at 60 °C 2.36 10°
e pure water properties:
density p7* [kg/m?] 991
heat capacity Cﬁw [J/keg/K] 4180
thermal conductivity A% [W/m/K] 0.631
e dry matter properties:
density pfm [kg/m?] 1590 3
heat capacity Cﬁ am [J/kg/K] 1620 (3
thermal conductivity A [W/m/K] 0.250 @)
e mesh and time step:
mesh (number of lines, number of columns) J=5 I=6xJ=30 )
time step At=0.01s ®)

2 See Section 2.

3 Data provided by Hermann et al. (1999) about nine accessions of fresh yacén allowed us to estimate the averaged composition:
0.37g/100g for proteins, 0.024g/100g for fat, 11g/100g for carbohydrates, 0.36¢/100g for fibers, and 0.51g/100g for ash. These
values were considered in applying Choi and Oikos’ (1986) approach for estimating yacén thermal properties at the temperature
of 40 °C. The latter represents the average between the slice initial temperature 20 °C and the reference temperature 60 °C.

4 “Ad hoc’ compromise between reliability of model predictions and computational cost (typically, 4 hours on a 11 Gen Intel

Core i7-1165G7 at 2.8 GHz, 16 Gb-RAM laptop).
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Table 3 Influence of key physical parameters. Percentage changes refer to the values
assumed in case A. Last columns indicate departures Aty between drying times ¢
identified in model predictions and in observations (see Table 1).

Tair RHgir Dw,dry,'ref Dw,wet,ref Edry = Ewet h At1/2 At1/8
case [°C] %] [m?/s] [m?/s] [kJ/mol] [W/m2/K]  [min] [min)]
A 60 20 110-12 1.6 10—10 30 33 +4 -3
Al 60 20 —50% 1.6 10—10 30 33 +4 -3
A2 60 20 —10% 1.6 1010 30 33 +4 -3
A3 60 20 +10% 1.6 10—10 30 33 +4 -3
A4 60 20 +50% 1.6 10—10 30 33 +4 -3
A5 60 20 110-12 —50% 30 33 +25 +96
A6 60 20 110~12 —-10% 30 33 +4 +6
A7 60 20 110-12 +10% 30 33 +3 —10
A8 60 20 110-12 +50% 30 33 -1 —28
A9 60 20 110-12 1.6 10—10 —50% 33 -1 —24
Al10 60 20 110-12 1.6 10—10 —10% 33 +3 -7
All 60 20 110712 1.6 1010 +10% 33 +6 +2
A12 60 20 11012 1.6 10—10 +50% 33 +12 +21
A13 60 20 110712 1.6 10—10 30 —50% -+70 +111
Al4 60 20 110-12 1.6 10—10 30 —20% +20 +24
Al5 60 20 110~12 1.6 10—10 30 —10% +11 +9
Al6 60 20 110-12 1.6 10—10 30 +10% -2 —13
Al7T 60 20 110-12 1.6 10—10 30 +20% —6 —20
A18 60 20 110~12 1.6 10—10 30 +50% —16 —35
B 60 30 110-12 1.6 10—10 30 37 +6 +10
C 50 20 110-12 1.6 10—10 30 31 +11 +10
D 50 30 110-12 1.6 10—10 30 35 +10 +12

Figure Captions

Figure 1. Schematic view of a cylindrical food slice, before any drying (left)
and later on (right), according to a 2D axis-symmetrical representation. Axial
distances (z) are measured from the plane of symmetry that subdivides the
cylinder into two identical halves; radial distances () are measured from the
the cylinder axis. A elementary volume of this cylinder is put in evidence,
characterized by its height dz and width Jr; its horizontal surface 65 equals
27ror.

Figure 2. (a) Dimensionless water content evolution under the reference
drying operating condition [air flow 4 m/s, Ty = 60 °C, RHgy; = 20 %], as
provided by observations (Marques et al., 2022) and model predictions. Two
selected drying times are identified, corresponding respectively to 1/2 and
1/8 of the initial water content as resulting from observations. (b) Influence
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of the time step At assumed in model simulations on selected drying times;
the grey line indicate values from observations. (c¢) Influence of the number of
mesh elements I x J assumed in model simulations on selected drying times.
Stars indicate results corresponding to case A simulations (time step = 0.01
s, number of mesh elements = 150).

Figure 3. Influence of selected model parameters on predictions of drying
times t1 /o and t,g: (a) water diffusivity in very dry material, (b) water dif-
fusivity in very wet material, (c) energy of activation, and (d) heat transfer
coefficient. Values of ¢ /5 and t; /g from observations are indicated. Stars indi-
cate results corresponding to case A simulations (D dry,ref = 1012 mz/s,
Doy wetref = 1.6 10719 m? /s, Egpy = Eyer = 30 kJ/mol, h = 33 W/m?/K).

Figure 4. Temperature, water content, water diffusivity and water activity
fields in the food slice at selected times. Dimensions of the food slice are
expressed in meters. Positions 1 and 2 considered in Figure 5 are also dis-
played.

Figure 5. Evolution of selected variables according to model predictions under
the reference drying operating conditions (air flow 4 m/s, Ty = 60 °C, RH 4,
= 20 %): at the surface (1) and at the core (2).

Figure 6. Evolution of selected variables according to model predictions (black
lines) and to observations of mass loss (colored lines and black symbols),
under the reference drying operating conditions (air flow 4 m/s, T, = 60 °C,
RHg; = 20 %). Arrows recall the decrease of selected variables as the drying
progresses.

Figure 7. Dimensionless water content evolution under the four drying con-
ditions studied by Marques et al. (2022), as provided by observations and
model predictions.

Figure 8. Schematic view of a elementary volume of the food matrix, in its
2D axi-symmetric representation.
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Fig. 1 Schematic view of a cylindrical food slice, before any drying (left) and later on
(right), according to a 2D axi-symmetrical representation. Axial distances (z) are measured
from the plane of symmetry that subdivides the cylinder into two identical halves; radial
distances (r) are measured from the the cylinder axis. An elementary volume of this cylinder
is put in evidence, characterized by its height dz and width Jr; its horizontal surface 4.5
equals 277 dr.
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Fig. 2 (a) Dimensionless water content evolution under the reference drying operating
condition [air flow 4 m/s, Ty = 60 °C, RHgir = 20 %], as provided by observations
(Marques et al., 2022) and model predictions. Two selected drying times are identified,
corresponding respectively to 1/2 and 1/8 of the initial water content as resulting from
observations. (b) Influence of the time step At assumed in model simulations on selected
drying times; the grey line indicate values from observations. (c¢) Influence of the number of
mesh elements I x J assumed in model simulations on selected drying times. Stars indicate
results corresponding to case A simulations (time step = 0.01 s, number of mesh elements
= 150).
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Fig. 3 Influence of selected model parameters on predictions of drying times ¢,/ and
t1/g: (a) water diffusivity in very dry material, (b) water diffusivity in very wet mate-
rial, (c) energy of activation, and (d) heat transfer coefficient. Values of ¢,/ and t;/g
from observations are indicated. Stars indicate results corresponding to case A simulations
(D, dry,rer = 10712 m2 /s, Dy, yet,ref = 1.6 10710 m? /s, Egpyy = Ewer = 30 kJ/mol, h =
33 W/m?/K).
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Fig. 4 Temperature, water content, water diffusivity and water activity fields in the food
slice at selected times. Dimensions of the food slice are expressed in meters. Positions 1 and
2 considered in Figure 5 are also displayed.
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Fig. 5 Evolution of selected variables according to model predictions under the reference
drying operating conditions (air flow 4 m/s, Tpir = 60 °C, RHgir = 20 %): at the surface
(1) and at the core (2).
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Fig. 6 Evolution of selected variables according to model predictions (black lines) and
to observations of mass loss (colored lines and black symbols), under the reference drying
operating conditions (air flow 4 m/s, Tyir = 60 °C, RHgir = 20 %). Arrows recall the
decrease of selected variables as the drying progresses.
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Fig. 7 Dimensionless water content evolution under the four drying conditions studied by
Marques et al. (2022), as provided by observations and model predictions.
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Fig. 8 Schematic view of an elementary volume of the food matrix, in its 2D axi-symmetric

representation.
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