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ABSTRACT

A novel approach for modeling the convective drying of
cylindrical slices of food products whose dehydration occurs
under large deformation is proposed. The model considers
heat and mass transfer phenomena as well as the volume
decrease (shrinkage). Instead using a complex thermo-
hygro-mechanical model, an original geometrical approach
is used to determine local shrinkage. When drying starts,
shrinkage occurs in the direction normal to the surface,
which corresponds to the direction of moisture gradient;
later on, shrinkage becomes isotropic. The food matrix is
represented by a 2D axis-symmetrical domain. The finite
volume method is used, and the mesh boundaries move with
the dry-matter. Simulations considered thermo-physical
properties of yacon (Smallantus sonchifolius) slices, for
which the volume is divided by about 10 during drying. The
model reproduced a shrinkage behavior which is
intermediate between the hypothetical cases of constant
aspect ratio and constant surface area for the food matrix.

INTRODUCTION

Solid and semi-solid food systems are highly heterogeneous
materials that may be considered as consisting of a three-
dimensional solid network holding large quantities of a
liquid phase, very often an aqueous solution. Dehydration of
foods is one of the most common processes used to improve
food stability: it decreases considerably the water activity of
the material, which reduces microbiological activity and
then minimizes physical and chemical changes during its
storage. The demand of high-quality products in the food
market requires dehydrated foods that maintain at a high
level the nutritional and sensorial properties of the fresh
product. The understanding of the factors responsible for the

decrease in the quality of the product during the dehydration
process is thus of major relevance. One of the most
important physical changes that the food suffers during
drying is the reduction of its volume. Loss of water and
heating cause stresses in the cellular structure of the food
leading to change in shape and decrease in dimension
(Mayor and Sereno, 2004).

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 parameters, should
be taken into account. All these mechanical parameters
depend on temperature and water content, and are difficult
to measure or estimate (e.g., Curcio and Aversa, 2014).

Here we present a simple numerical model for studying the
evolution of food products which can experience significant
shrinkage under drying. Only geometrical assumptions are
made about shrinkage, and the detailed mechanical behavior
of the food material is ignored. Classical approaches for
heat and mass transfer are used (see for instance Silva Jr. et
al., 2019). The original contribution lies in the geometrical
considerations for estimating how shrinkage is distributed in
different directions.

The approach is illustrated for a cylindrical slice of yacon
(Smallantus sonchifolius), a plant cultivated originally in
South America for its tuberous, mildly sweet roots. The
interest on yacon has increased (Caetano et al., 2016); it
constitutes a good option for low-carbohydrate diets because
its low amounts of sucrose and glucose and high amount of
non-digestible carbohydrates.

In parallel to the implementation of the numerical model,
these authors are studying the convective drying of slices of
yacon with the help of a pilot drier unit, as well as
estimating thermo-physical properties. The experimental
work already done is summarized in a companion article
(Marques et al., 2020).
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NOMENCLATURE

Ay water activity [dimensionless]
Bi Biot number [dimensionless]
C.,K,Xwm | parameters in GAB model
c.IT saturated water vapor concentration at
sat { } . -3
temperature T [kg-w-m?]
c* dry-matter intrinsic heat capacity
dm [J/kg-dm/K]
C;V Water intrinsic heat capacity [J/kg-w/K]
D diffusivity of water in the food product [m?s™]
h convective heat transfer coefficient [W-m2K™]
JTq energy flux [J-m?%s™]
< Water flux relative to the dry-matter
Jwidm [kg-w-m2s7]
k mass transfer coefficient [m-s?]
r,z radial and axial position [m]
R,Z radius and thickness of a food slice [m]
RH air relative humidity [dimensionless]
S (total) suface of the food matrix [m?]
t time [s]; drying startsat t =0
T temperature [K]
u food internal energy [J/kg-dm]
Udm dry-matter internal energy [J/kg-dm]
Uy water internal energy [J/kg-w]
Vdm dry-matter velocity in the food slice [m-s™]
V (total) volume of the food matrix [m°]
X water content in the food product, dry basis
w [kg-w/kg-dm]
Y displacement vector of dry-matter [m]
GREEK SYMBOLS
A food product thermal conductivity [W-m™K™]
4H, latent heat of water vaporization [J-kg™]
AS cross-section surface of a cell [m?]
volume of a cell [m* containing a constant
AV
mass of dry-matter
Az height of a cell [m]
Pdm dry-matter mass density [kg-dm-m™]
pzm dry-matter intrinsic mass density [kg-m™]
p;\, water intrinsic mass density [kg-m™]
T surface-drying characteristic time [s]
SUBSCRIPTS
a,dm,w Air, dry-matter, water
0 initial (when drying starts)

ASSUMPTIONS AND GOVERNING EQUATIONS

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

a) evaporation occurs at the surface only;

b) liquid water migrates inside the product relatively to dry
matter following moisture gradient;

c) no porosity appears during drying (i.e. locally, the volume
is entirely occupied by water and dry matter); and

d) energy transfer occurs due to heat conduction and water
convection.

The conservation equation for the dry-matter mass can be
expressed by studying the evolution of its density:

0 = _

%”LV-Pdm Vam = 0, )
wherein  pgm is expressed in kg of dry-matter by cubic
meter of food product; the inverse of pyy, is the volume

which contains one unit mass (1 kg) of dry-matter.

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

oX _ = 1 - -
— X+ Vym VX = —V. jwidm (2)
ot dm
wherein the water flux relative to the dry-matter is given by:
Jwidm = — Dv(Pdm Xw) : 3)

Equation (2) is solved by taking into account the following
boundary condition:

Jwidm -1 =K ( ay Csat {T}_ RH Cgqt {Ta}) N C)
Finally, the total volume occupied by the food matrix
containing 1 kg of dry matter can be expressed as the sum of
volumes occupied by dry-matter and water:

Lo 1 5w )
Pdm Pdm  Pw

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

u=udm+XWuW=(C§m+XWC§V)T, (6)

its conservation equation can be expressed as:

ou = 1 (—- < - = )
—+vdm.Vu = — V'ledm UW+V.jq , (7)

ot Pdm

where the energy flux is given by:

g =-AVT. (8)
Equation (7) is solved by taking into account the following
boundary condition:

jg-n = h(T —Ta)+ AHy jwidm -1 - (9)
The mass (k) and heat (h) transfer coefficients are
correlated by the Lewis analogy.

The displacement vector of dry-matter Y and its velocity
Vgm are related to the variation of dry-matter density:

. dy
Vdm =~ (10)
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= df 1 1

V.Vgm = (J —. (11)
dt{ odm Ldm

Under small deformation we can express:

AL (12)
1/ Pdm,0

When dehydration is limited near to the matrix surface, the
direction of shrinkage can be assumed parallel to the
diffusion vector:

0 (- 0 (- - -
t<z az(vdm,z)/ar(vdm,r) = Jw/dm,z/]w/dm,r - (13)

When dehydration reaches the matrix core, shrinkage can be
assumed isotropic. In the case of axis-symmetrical geometry
we can express that:

t>7 aaz(vdm,z)/aar(vdm,r) = % . (14)

The transition time (also called surface-drying characteristic
time) between these regimes can be estimated from the
characteristic diffusion time for a slab:
2
z
r=0129 . (15)
D

NUMERICAL SOLVING

The food matrix was assumed to have initially a cylindrical
shape, and was represented by a two-dimensional (2D) axis-
symmetrical domain (Figure 1). The finite volume method
was applied using cylindrical coordinates.

il
)
N\

t>0

R,Z

Figure 1: Schematic representation of the food matrix;
and close-up view of an elementary cell at two instants.

Figure 1 includes close-up views of a control volume (cell).
When drying starts (t = 0), the boundaries of the cell are

regular and its initial volume AV is given by multiplying
its height Az and its cross-section surface ASj. Along
the drying, boundaries move with the dry matter; as a result,
cell position (r,z) as well as Az; and AS; evolve.
Hereafter we describe the shrinkage approach.

The cell volume can decrease in both radial and axial
directions. At a given time t> 0, the volume AV of the cell
at the position (r,z) is expressed from the mass

conservation of dry-matter:

ANy ~ AS, Az = ASy Azg| LML | | (16)
Pdmit
where the volume of food product containing 1 kg of dry-
matter at this position at the time t is given by:
1 1 X
=Wt
Pdmt  Pdm  Pw
It remains to evaluate how the volume decrease is
distributed between the radial and axial directions.

(17)

At the very beginning of drying, the water content decreases
near the surface; shrinkage is expected to occur mainly in
the direction that is normal to the surface. This direction
corresponds also to that of the moisture gradient.

The case of vertical gradient is schematized in Figures 2a
and 2b. Evaporation at the horizontal surfaces affects more

importantly the cell height Az, than the cell cross-section

surface AS;. The cell volume decrease can be estimated
assuming vertical shrinkage only:

(A2 4~ A7) _ (Vg — V) . (18b)
Az; AVy

Similar equations can be written for the case of horizontal
gradient, associated with evaporation at vertical surfaces.

Later on during the drying, dehydration occurs also at inner
parts of the food matrix. In the case of an isotropic material,
shrinkage tends to be the same in all the directions.

Figures 2c and 2d put in evidence that the volume decrease
occurs in both directions. In the 2D axis-symmetrical
representation assumed for the food matrix, a given
variation in the radial direction should be twice the
corresponding variation in the axial direction:

(ASp, 4 —ASt) 2 (AVy 4 —AVy)

_2 (19a)
AS; 3 Ny
(A2, = A7) _ 1 (N —AVy) (19b)

The behaviors expressed by equations (13, 14) can be
combined to comply with the observed final shrinkage.
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Figure 2: Schematic representation of shrinkage when
drying starts: for cell volumes situated
near the air-product interface (a, b), and

for cell volumes situated inside the food matrix (c, d).

The approach described above was implemented in the
programming language MATLAB (version R2016b; The
MathWorks, Inc., Natick, Massachusetts, USA). No reasons
forbid the use of other languages.

The 2D axis-symmetrical domain representing the food
matrix was subdivided into rectangular cells; the mesh was
built by considering 15 nodes in the radial direction and 8 in
the axial direction.

The application of the boundary condition (4) requires the
water activity at the surface of the slice. Experimental work
has provided measurements of water content as a function of
the water activity in slices of yacon (Figure 2c of Marques et
al., 2020); those measurements were approximated by the
Guggenheim-Anderson-deBoer (GAB) model:

CK Xymaw
(1-Kay,)l-Kay+CKay,)'
with parameters C = 2.155, X, y, = 0.136 kg-w/kg-dm and

K = 1. In the numerical model, water activity values were
estimated at every position of the air-product interface
through the GAB's inverse equation:

Xw =

(20)

L _B-yp2-4(1-C) 215)
v 2K (1-C)
B=2-(1-Xym/Xw)C, (21b)

taking into account predictions of the water content X,, at
the previous time step.

Table: Key parameters considered in simulations.

RH = 20 %
T,=60°C

air relative humidity

air temperature

diffusivity of water in the
product

dry-matter intrinsic  mass
density of the product

D=310"m*st (1)

Pdm = 1500 kgm? (2)

initial height of the slice Zy =0.007m
initial radius of the slice Ry =0.02m
initial temperature of the Cano
product To=20°C
initial water content in the _ ki
product X 0 = 10 kg-w/kg-dm

3500 J-kgtK? (2)
h =30 Wm2K™!

heat capacity of the product

heat transfer coefficient

Thermal conductivity of the
product
(1) typical value for potatoes (Hassini et al., 2007)
(2) typical values for yacon (Marques et al., 2020)

A=05WmrK? (2)

Table 1 summarizes the key parameters used in studying the
convective drying of slices of yacon over 4 hours. The heat
transfer coefficient was assumed to be the same on all the
air-product interfaces.

Figure 3a displays the food matrix before drying, at 20 °C.
Figures 3b and 3c present model predictions of the water
content field at t = 1.5 h of drying, obtained after assuming
that shrinkage follows the two above mentioned behaviors.

e On one hand, when the cell volumes are assumed
to decrease following the moisture gradient only
(Figure 3b), the food matrix rapidly deforms. This
is because the volume decreases whereas the air-
product interface area remains almost unchanged.

e On the other hand, when the cell volumes are
assumed to decrease isotropically (Figure 3c), the
radius of the upper and lower air-product interfaces
decrease in an unrealistic manner.

Looking for a realistic shrinkage in the particular case of
convective drying of yacon slices, the following strategy was
adopted.

i) We started by estimating the surface-drying characteristic
time through equation (15), after assuming that the
diffusivity of water in the food matrix was to be about the
same as for potatoes: we obtained 7 ~ 27 min.

ii) After these 27 minutes, shrinkage is assumed to be purely
isotropic. Such a behavior is expressed by equation (14) and
the cell volume decrease is computed by applying equations
(19, 19b).

iii) Along the 27 first minutes, shrinkage is assumed to be
50 % isotropic and 50 % driven by the moisture gradient.
This behavior is intermediate to those expressed by
equations (13, 14); the computation of the cell volume
decrease combines equations (19a, 19b) with those for
moisture-gradient-driven shrinkage.
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Figure 3: Water content fields: (a) before drying, (b) after

1.5h of drying, assuming that the cell volumes decrease

according to the moisture gradient only, or (c) assuming
that the cell volumes decrease isotropically.

RESULTS AND DISCUSSION

Figures 4 and 5 show respectively the temperature and the
water content fields each 30 minutes, during which the food
matrix was exposed to constant warm and dry air conditions
(temperature 60 °C, relative humidity 20 %).

Until about one hour after drying starts, only the product
near to the surface experiences dehydration and shrinkage:
during this period, no dehydration occurs at the center of the
slice and consequently no deformation is observed nearby.
Later on, the whole food slice is dehydrated and therefore is
affected by shrinkage. At the end of drying (after 4 h), the
thickness as well as the radius are divided by about 2.2 and
the volume by about 10. The final shape of the food slice
includes the occurrence of 'horns' in the corners, which
seems to be exaggerated. This could perhaps be corrected by
limiting the cells stretching.

The temperature field is relatively homogeneous, especially
at the beginning of drying. This can be explained by the low
Biot number; when drying starts we have:

gi - (Zo/2) o5

The temperature rapidly reaches the wet-bulb value (about
33 °C) and remains close to it until about 3 h, including
near the surface. This can be explained by the fact that the
diffusivity is high enough to ensure a water activity close to
the unity at the surface. Later, when the surface becomes
really dry (X,,< 1 kg-water/kg-dry-matter), the product

temperature tends towards the dry air temperature (60 °C),
especially near the corners.

Luyben et al. (1980) have studied the shrinkage behavior of
different food materials under drying. In the case of tissue of
fresh apples, those authors identified a first phase associated
with homogeneous shrinkage, followed by rumpling but
maintaining a constant surface area. Such a shrinkage
behavior can be appreciated in Figure 2 of Bernstein and
Norena (2014), who studied drying of small volumes of
yacon. We may conclude that our numerical simulations are
consistent in predicting the drying of a food matrix with
relatively high water content.

Figure 6 summarizes the whole drying history of the food
slice from model predictions.

Figures 6a and 6b show the evolution of temperature and
water content at three selected positions of the food slice
(see the encapsulated display in Figure 6a). Positions A and
B move along the shrinkage history, being always located at
the slice surface; they experience moisture gradients which
are stronger than that at position C. During the first hour,
positions A and B correspond to similar water content
tendencies, while position C (at the slice center) is
associated with negligible dehydration. Later on, drying
effectively starts at position C, and becomes stronger at
position B (between the corners) than at A.

Figure 6¢ displays the water activity at these three positions.
Until about one hour after drying starts, the dehydration
behavior is similar along the slice surface (positions A and
B); later on, dehydration becomes faster between the corners
(position B). At the slice center (position C), dehydration is
negligible during the first two hours of drying, and later
exhibits a parallel tendency to that experienced at the closest
surface (position A).

Figure 6d shows that the volume decreases progressively by
a factor of about 10, following a decreasing rate. During the
first hour (surface drying and shrinkage), the slice thickness
(Z) decreases faster than the top surface (which is

proportional to R2 ); later on, the trends are opposite.

Figure 6e shows that the drying rate decreases with time —
i.e. with decreasing mean water content, Figure 6f. This is
first due, during about the first 3 hours, to a decrease of the
air-product interface area; after about 3 hours, the drying
rate is additionally reduced because of the decrease of water
activity at the surface.
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Figure 4: Temperature field in the food slice every 30 min; convective drying startsat t = 0.
Dimensions of the food slice are expressed in meters.
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Figure 5: Water content field in the food slice every 30 min; convective drying starts at t = 0.
Dimensions of the food slice are expressed in meters.
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Figure 6: Drying history of the food slice as predicted by the numerical model:
evolution of the temperature and of the water content at selected positions (displays a and b),
bulk geometrical features as function of the drying time and of the mean water content (c and d), and
mean drying rate as function of the drying time and of the mean water content (e and f).
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CONCLUDING REMARKS AND FUTURE WORK

Drying phenomena (water migration inside the matrix,
evaporation at its boundaries) cannot be dissociated from the
geometrical evolution of the food matrix. For example,
considering shrinkage normal to the product surface rather
than isotropic leads to lower decrease of the air-product
interface area, and therefore lower decrease of drying rate.
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
shrinkage.

The proposed rule is that during superficial drying,
shrinkage is rather normal to the surface and later becomes
isotropic. The relative importance of these two behaviors

might be assessed by monitoring the total surface S; and

volume V; values for slices of the food product under

consideration. The shape of the slices is expected to be
preserved under isotropic shrinkage; at an instant t, we can

write S; /S =(V;/ V)" with &= 2/3. On the other hand,

under shrinkage driven by the moisture gradient only, the
total surface of the food slice is expected to be preserved,;
such a situation corresponds to « = 0 in the relationship
above. Hence, the real behavior of the food matrix could be
studied along the drying period.

Ongoing work includes:

e to take into account the influence of water content
on the thermo-physical properties of yacon slices
(mass density, heat capacity, thermal conductivity),
as a way to assess the predictive potential of the
numerical model under realistic conditions;

e to investigate the influence of the convective heat
transfer coefficient applied as boundary condition
at the air-product interfaces, including the adoption
of different values at the three interfaces;

e to limit the stretching of the food matrix, as a way
to reduce the occurrence of unrealistic geometrical
features (such as the 'horns' at the corners).

In its present implementation, the approach was successfully
applied for a case where the volume was divided by 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.
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