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Abstract

Dehydration of unwrapped foods occurs during freezing and frozen storage. Coupled heat and mass balances were proposed

incorporating solidi®cation of water and sublimation of ice. The mathematical model was solved using an implicit ®nite-di�erences

method, with a variable grid to follow the moving sublimation front. The model evaluates temperature and water concentration

pro®les and was used to predict the kinetics of weight loss for di�erent products. Model predictions were favourably compared

against experimental data on weight loss during storage of unwrapped meat, potato and tylose. Ó 2000 Elsevier Science Ltd. All

rights reserved.
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1. Introduction

When unwrapped foods are frozen and/or stored in
the frozen state or with a non-adhering packaging,
weight losses take place due to sublimation of the sur-
face ice.

Ice sublimation produces a dehydrated surface layer
that changes the appearance, colour, texture and taste.
Furthermore, in the industry, this weight loss becomes
an important quality and economic factor.

These losses have two di�erent origins, but their ef-
fects are cumulative:
· During freezing, the food surface has a higher tem-

perature than the circulating air, and, thus, the sur-
face water vapour pressure, Pva, is also higher than
that of air. The lower the freezing speed, the slower
the decrease in surface temperature, and this results
in greater di�erences of vapour pressure between
food and air. In addition, the duration of the freezing
process will be longer, both factors increasing the
weight loss. The higher the cooling speed, the lesser
the sublimation.

· During storage, room temperature ¯uctuations are
transferred, delayed in time, to the stored goods.
Thus, there will be alternating periods in which their

surface temperature is higher than the room temper-
ature, with subsequent ice sublimation. The cumula-
tive weight lost throughout long storage periods
may cause an important quality loss. This second ef-
fect is usually much more important than the one
caused during freezing.
Ice sublimation has been surveyed by several authors

in di�erent systems: in freeze-drying (Mellor, 1974;
Kochs, K�orber, Nunner, & Heschel, 1990), in geomor-
phology (Aguirre Puente, Fr�emond, & Comini, 1978)
and in the case of frozen products several experimental
studies have been published: weight losses of lamb
(Pham & Willix, 1984), tylose and beef (Sukhwal &
Aguirre Puente, 1983), potatoes (Lambrinos & Aguirre
Puente, 1983) and beef and pork (M�endez Bustabad,
1999).

Theoretical models were proposed to predict simul-
taneous heat and mass transfer during freezing and
storage but, in most of the published works, semi-
empiric models were used. Aguirre Puente and Sukhwal
(1983) presented a detailed description of the heat and
mass balances that characterize the system, but without
solving them numerically; meanwhile Pham and Willix
(1984) suggested the use of simple equations based on
drying theory and on the use of the psychometric chart
to calculate weight loss only during frozen storage. They
considered a dried layer of constant thickness and its
resistance to heat and mass transfer; a similar approxi-
mation is made by Tocci and Mascheroni (1995a) in
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their study of heat and mass transfer during food
freezing.

The objectives of this work were:
· to develop a physical model and to implement the re-

lated numerical method that enables us to account for
the in¯uence of food characteristics and process vari-
ables on the freezing time, weight loss and on the
growth rate of the dehydrated surface layer,

· to verify the predictions of the model against experi-
mental data of freezing times of unwrapped foods
and their weight loss during frozen storage.
In that sense, coupled heat and mass balances were

solved. The thermophysical properties were considered
as being variable with temperature and the physical state
of the product (unfrozen, frozen or dehydrated). Two
phase changes were included in the model: liquid to solid
and solid to vapour. Solidi®cation is considered through
a variable apparent heat capacity and a numerical
method that uses a ®xed grid (Cleland, 1990). Mean-
while ice sublimation can be adequately modelled by a
moving front and the same numerical method, but with
variable grid, because of its very low displacement rate
as compared to that of the solidi®cation process (Mar-
shall, Rey, & Smith, 1986).

The model has been implemented in FORTRAN and
the predictions have been contrasted with the biblio-
graphical information for meat, tylose and potato.

2. Theory

During the freezing and frozen storage of unwrapped
foods, they lose weight due to the environmental inter-
action. When frozen water sublimates a porous dehy-
drated layer is formed on the food surface, which alters
the food physical and organoleptic characteristics.

During the freezing, two-state phase changes take
place simultaneously: the free liquid water is frozen and
the super®cial water sublimates. In the case of frozen
storage, only one phase change takes place, the subli-
mation of super®cial ice.

From a physical point of view, food can be considered
as a combination of a solid matrix, an aqueous phase and
a gaseous phase (air and water vapour). For the freezing
process, the food can be divided in three zones: unfrozen,
frozen and dehydrated. During the storage, there are
only two zones: frozen and dehydrated; from the math-
ematical point of view, the storage stage can be consid-
ered as a special case of the most general formulation
(freezing stage) and needs no special development.

A complete mathematical model has to solve the heat
transfer (freezing) and the mass transfer (weight loss)
simultaneously. As the industrial freezing process begins
with the food at temperatures higher than Tif the model
must consider also the weight loss during the initial re-
frigeration step.

Nomenclature

A area, m2

b index indicating surface position

C molar concentration, mol/m3

Cp speci®c heat, J/(kg °C)

Def e�ective di�usion coe�cient of water vapour, m2/s

Dw di�usion coe�cient of water, m2/s

fads adsorbed ice fraction, (kg of ice)/(kg of dried solid)

GI geometric index, its value is 0 for slabs, 1 for cylinders and

2 for spheres

h heat transfer coe�cient, W/(m2 °C)

HR relative humidity, %

i position index

k thermal conductivity, W/(m °C)

km mass transfer coe�cient (referred to vapour water driving

force), m/s

k0m mass transfer coe�cient (referred to liquid water driving

force), m/s

L half-thickness or radius, m

Ls sublimation heat of ice, J/kg

m index indicating sublimation front position

ms sublimated mass by unit volume, kg/m3

n time index

P pressure, Pa

Psat vapour saturation pressure, Pa

Pr Prandtl number

R universal gas constant, 8.31 J/(mol K)

Re Reynolds number

t time, s (or min)

T temperature, °C

U temperature or concentration in Eqs. (14)±(16)

v air velocity, m/s

V thermal conductivity or di�usion coe�cient in Eq. (17)

Vol volume, m3

w ice content, (kg of ice)/(kg of food)

WL1 weight loss during step 1, (kg of water)/(kg of food)

WL2 weight loss during step 2, (kg of water)/(kg of food)

x spatial coordinate, m

x1 moving sublimation front position, m

Y0 initial water content, (kg of water)/(kg of food)

Dx constant spatial increment, frozen zone, m

Dx2 variable spatial increment, within the frozen zone, m

Dx4 variable spatial increment, within the dehydrated zone, m

Dt time increment, s

Greek symbols

q density, kg/m3

e porosity

s tortuosity

Subscripts

a air

d dehydrated

ef e�ective

eq equilibrium

i initial

if initial freezing

L surface

sat saturation

va water vapour

w water
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In this work, the analysis was performed for regular
unidimensional geometries (plane plate, in®nite cylinder,
sphere). A general formulation could be developed
which accounts for each of these three geometries by
means of the geometric index GI. The analysis is divided
into two steps: 1 and 2.

Step 1. For temperatures higher than the initial
freezing point Tif , the following balances are valid for all
the food �06 x < L�, where x is the axial or radial co-
ordinate:

qCp
oT
ot
� ok

ox
oT
ox
� k

o2T
ox2
�GI

k
x

oT
ox
; �1�

oCw

ot
� oDw

ox
oCw

ox
� Dw

o2Cw

ox2
�GI

Dw

x
oCw

ox
�2�

with the following boundary conditions:

x � 0 :
oT
ox
� 0; �3�

x � L : ÿk
oT
ox
� h�T ÿ Ta�; �4�

x � 0 :
oCw

ox
� 0; �5�

x � L : ÿDw

oCw

ox
� k0m�Cw ÿ Ceq�: �6�

Step 2. When the surface temperature TL reaches Tif ,
freezing and ice sublimation begin and di�erent zones
need to be considered

(2.1). For the unfrozen and frozen zones �06 x < x1�,
Eq. (1) was applied to calculate the temperature pro®le,
being x1 the position of the sublimation front.

(2.2) For the dehydrated zone �x1 < x6 L�, Eq. (7)
was applied to calculate temperatures

qdCpd

oT
ot
� okd

ox
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ox
� kd
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ox2
�GI

kd

x
oT
ox
: �7�

Eq. (1) enables the evaluation of the freezing stage by
means of the use of physical properties which are vari-
able with temperature (the model uses apparent heat
capacity that involves both sensible speci®c heat and the
enthalpy of ice solidi®cation), or the storage stage using
the corresponding properties of frozen food.

In Eq. (7), the model uses the physical properties
corresponding to the dehydrated food.

For the energy balance, besides Eq. (3), the following
boundary conditions can be stated

x � x1 : ÿk
oT
ox
� Lsms

dx1

dt
ÿ kd

oT
ox
; �8�

x � L : ÿkd

oT
ox
� h�T ÿ Ta�: �9�

Ice sublimation takes place within the frozen zone,
leading to a dried layer with a porous structure. Thus,

there is a water vapour transfer to the surrounding
medium through this layer. It should be stressed, that a
fraction of the ice, fads, remains adsorbed to the food
matrix, its value depending on the local vapour±ice
equilibrium conditions (Chumak & Sibiriakov, 1988).

Vapour ¯ow can be considered mainly as a di�usive
¯ow passing throughout the dried layer, being the
driving force in the di�erence in water vapour pressure
between the sublimation front and the environment.
Fick's law was considered valid.

The microscopic mass balance applied to this zone
�x1 < x6 L� was as follows:

e
oCva

ot
� oDef

ox
oCva

ox
� Def

o2Cva

ox2
�GI

Def

x
oCva

ox
: �10�

Boundary conditions for the mass balance were, besides
Eq. (5)

x � x1 : Cva � Psat�T �
RgT

; �11�

x � L : ÿDef

oCva

ox
� km�Cva ÿ Ca�: �12�

To evaluate the position of the sublimation front (and
the thickness of the dehydrated layer) the model estab-
lishes that, at x � x1

ÿms

dx1

dt
� ÿDef

oCva

ox
where ms

� q�wÿ fads�1ÿ Y0��: �13�

3. Numerical model

Eqs. (1) and (2), or (1), (7), (10) and (13) lead to a
system of coupled non-linear partial di�erential equa-
tions. The system is solved by an implicit ®nite-di�er-
ences method (Crank±Nicolson centred method). In the
dehydrated zone, a variable grid is applied to overcome
the deformation of the original ®xed grid due to the shift
of the sublimation front. The ®nite di�erences generated
are

oU
ot
� U n�1

i ÿ U n
i

Dt
; �14�

oU
ox
� U n�1

i�1 ÿ U n�1
iÿ1 � Un

i�1 ÿ Un
iÿ1

4Dx
; �15�

o2U
ox2
� U n�1

i�1 � U n�1
iÿ1 ÿ 2Un�1

i � Un
i�1 � Un

iÿ1 ÿ 2U n
i

2Dx2
;

�16�
where U is the temperature or concentration, i the node
position and n is the time interval.

The domain has been discretized as it is shown in Fig.
1, where 0 indicates the food centre, m indicates the
sublimation front (the point m moves with time) and b
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indicates the surface. The numerical model uses three
di�erent spatial increments:
· Dx: Constant spatial increment of the frozen±unfroz-

en area.
· Dx2: Variable spatial increment (corresponds to the

®rst increment within the frozen zone, and withdraws
according to the advance of the sublimation front).

· Dx4: Variable spatial increment, in the dehydrated
area.
Assuming that thermal conductivity and the di�usion

coe�cient have a negligible change between times n and
�n� 1� Dt,

oV
ox
� V n

i�1 ÿ V n
iÿ1

2Dx
; �17�

where V is the thermal conductivity or di�usion coe�-
cient.

The complete set of algebraic equations obtained
when replacing the ®nite-di�erence approximations into
the original balances, including the adequate boundary
conditions, is presented in Appendix A.

The whole equation system was solved, for each time
step, following a pre-established order. Step 1 was
solved ®rstly, temperature as well as concentration
equations. When freezing begins, step 2 was solved.
Temperature equations for both unfrozen±frozen and
dehydrated zones were solved ®rstly. Then, the ice
fraction was computed at the internal points. After-
wards, the vapour concentration pro®le within the de-
hydrated zone was computed. Then, the new front
position and the new values of variables increments Dx2

and Dx4 were calculated to feedback these values into
the system of temperature equations corresponding to
the new time. After calculating the new position of the
sublimation front, the model evaluates the dehydrated
layer thickness and the weight loss. All the equation
systems (for temperatures and concentrations, in steps 1
and 2) were tridiagonal, so they were solved using
Thomas' Algorithm.

The weight loss as function of time is evaluated ac-
cumulating the instant loss calculated for each time step.
Eq. (18) corresponds to step 1 and Eq. (19) to step 2.

WL1 � k0mADt Cn
wL ÿ Ceq

ÿ �
qiVol

; �18�

WL2 � kmADt Cn
va L ÿ Ca

ÿ �
qiVol

: �19�

4. Results

4.1. Theoretical predictions

The ability of the numerical software to predict
temperature and concentration pro®les inside the food
and water loss as a function of time was used to analyse
the in¯uence of the operating conditions (air rate, hu-
midity and temperature) and food characteristics on the
freezing time and weight loss.

The conditions analysed were:
· Air temperature: Both freezing time and weight loss

strongly depended on air temperature, the lower the
temperature the faster the freezing and the lower
the weight loss.

· Air rate: The air velocity a�ects both the heat transfer
coe�cient and the mass transfer coe�cient. The e�ect
is most important at low rate values, but freezing
times and weight losses become independent of air
rate for higher rate values.

· Relative humidity: One of the most important factors
a�ecting the weight loss is the relative humidity, be-
cause it determines the driving force for evaporation
and sublimation. Our results show a linear increase of
weight loss as relative humidity.

· Food thickness: The e�ect of product thickness was
analysed. Opposed e�ects were found, when thickness
increased freezing time strongly increased, however,
weight loss slightly decreased.
These theoretical results are presented in detail in

Campa~none, Salvadori, and Mascheroni (1998).

Fig. 2. Spatial increments Dx, Dx2 and Dx4. Their variation with time.

±± Dx, n Dx2; d Dx4

Fig. 1. Scheme of the discretization grid.
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Moreover, one of the most signi®cant contributions
of this model is to estimate the depth of the dehydrated
layer along the freezing and/or storage processes. On the
contrary, other works on the subject assume a dehy-
drated layer of constant depth, this numerical model
predicts the advance of the sublimation front alongside
time. The predicted in¯uence of process variables on the
value of Dx1 (the depth of the dehydrated layer) is
completely equivalent to the results of weight loss (as
they are directly related). To trace the movement of the
sublimation front, the numerical method makes use of a
variable grid. Even though the three space increments
can vary with time, normally only Dx2 and Dx4 vary as is

shown in Fig. 2, for meat samples and for conditions C1
(Table 2). Fig. 3 shows the development of the dehy-
drated layer for the same freezing conditions. In the
same ®gure, the sublimation vapour ¯ow as a function
of time has been plotted. It is observed that this ¯ow is
variable in time, decreasing continuously as the depth of
the dehydrated layer increases (for those methods that
consider a constant dehydrated layer the predicted va-
pour ¯ow is also constant).

4.2. Validation against experimental data

When the model predictions are intended to be veri-
®ed against experimental data, it is found that there is
no literature on weight loss during the freezing of indi-
vidual products under controlled conditions. Only av-
erage values given by general textbooks or equipment
lea¯ets can be found (L�ondahl, G�oransson, Sundst�en,
Andersson & Tornberg (1995)).

Two types of validations were performed.

4.2.1. Freezing stage
As there was no data about the simultaneous deter-

mination of freezing time and weight loss, only freezing
time data of meat balls from Tocci and Mascheroni
(1995b) were simulated. Table 1 shows the operating
conditions for each run as well the experimental and
numerical freezing time. The percentage error oscillates
between 3.17% and )10.73%. The good agreement be-
tween experimental and numerical results demonstrated
the accuracy of the developed prediction method. The

Fig. 3. Dehydrated layer thickness and sublimation ¯ow vs time.

Table 1

Experimental conditions Numerical method

Ta (°C) Ti (°C) h (W/m2 °C) Freezing time,

exp (min)

Freezing time,

pred (min)

Error (%) Weight loss (%)

)30.2 6.6 66.5 21.0 20.76 )1.14 1.08

)26.0 13.9 66.5 27.6 26.16 )5.20 1.47

)28.9 11.2 59.3 25.2 24.19 )3.99 1.32

)28.9 1.4 59.3 22.7 22.39 )1.36 0.96

)24.8 6.6 59.1 28.9 28.27 )2.17 1.26

)25.0 7.6 59.1 29.4 28.19 )4.11 1.29

)26.7 0.8 55.6 26.0 25.55 )1.72 1.02

)23.3 )0.3 55.6 29.5 30.44 3.17 0.96

)30.0 17.7 48.2 28.5 29.20 2.47 1.47

)30.2 5.9 48.2 27.8 26.27 )5.50 1.17

)28.9 1.8 42.9 30.1 28.88 )3.99 1.08

)30.8 13.1 42.9 31.0 29.55 )4.66 1.41

)24.8 1.2 42.5 37.0 34.93 )5.60 1.20

)24.9 10.3 42.5 38.6 37.83 )1.99 1.47

)29.3 10.9 37.6 33.0 33.74 2.25 1.41

)28.9 13.1 37.6 36.3 34.95 )3.72 1.47

)30.5 19.0 29.4 44.8 41.48 )7.41 1.53

)30.8 10.4 29.4 41.0 38.02 )7.26 1.41

)24.9 10.1 21.1 68.5 61.15 )10.73 1.59

)23.7 1.3 21.1 66.3 60.40 )8.89 1.26
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predicted weight losses fall in the range reported by
freezing equipment manufacturers.

4.2.2. Weight loss during storage
For the storage case, for foods with simple shapes

(sphere, cylinder, plate), there are only experiences with
meat, potato and tylose cylinders (Sukhwal & Aguirre
Puente, 1983; Lambrinos & Aguirre Puente, 1983),
which were simulated with the numerical method.

The experiences were carried under the operating
conditions detailed in Table 2.

The physical properties of the di�erent foods used in
the numerical simulation are described in Table 3. For
each run, the heat transfer coe�cient was estimated with
the correlations presented by Welty (1974) and the mass
transfer coe�cient was estimated from Sakly and
Lambrinos (1989).

Fig. 4 shows the weight loss (predicted and experi-
mental) for meat samples (cylinders), under the di�erent
storage conditions detailed in Table 2. The experimental
data are from Sukhwal and Aguirre Puente (1983).

In a similar way, Fig. 5 shows the weight loss (pre-
dicted and experimental) for tylose samples (cylinders).

Fig. 6 shows the weight loss (predicted and experi-
mental) for potato samples (cylinders). The experimen-
tal data are from Lambrinos and Aguirre Puente (1983).

In order to analyse the in¯uence of the storage con-
ditions, the results of Fig. 7 show the e�ect of the air
speed on the weight loss. The experimental data corre-
spond to meat samples, from Sukhwal and Aguirre
Puente (1983), under the storage conditions detailed in
Table 2. The values of weight loss increase with the air
circulation speed. This is due to the fact that higher Re
causes an increase of the mass transfer coe�cient.

Besides, the e�ect of air temperature on weight loss
was analysed. Such results are shown in Fig. 8, the data
correspond to tylose samples. These data con®rm that
the higher the air temperature, the higher the weight loss.

The experimental data used in the calculations were
obtained under di�erent room temperatures and air
speeds, and for di�erent materials. The good accuracy of
these predicted results shows that the developed math-

ematical model enables the adequate prediction of the
behaviour of frozen foods stored under conditions
which lead to surface ice sublimation.

5. Conclusions

We have developed a numerical model that solves the
coupled heat and mass balances during freezing and
frozen storage of unwrapped foods. It allows to evaluate
the temperature pro®les, the freezing time, the thickness
of the dehydrated layer and the weight loss during
freezing and storage.

The model is suitable for di�erent foods (with the
adequate physical properties) and di�erent geometries
(slab, cylinder and sphere).

The numerical results give a very good prediction of
the experimental values.
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Appendix A

By replacing Eqs. (14)±(17) in the corresponding
balance the ®nite-di�erences equations were obtained.

A.1. Evaluation of the temperature pro®le

Step 1. The equations for temperatures are detailed
for the most general situation (step 2). For the beginning
of the simulation, when T is higher than Tif for all the
food, the system of equations is reduced to Eqs. (A.1),
(A.2) and (A.9), using k instead of kd and Dx instead of
Dx4 in the last equation.

Table 2

Storage conditions (air temperature, air speed, relative humidity) and symbols of experimental data

Condition Meat L � 0:01475 m Tylose L � 0:0125 m Potato L � 0:0125 m Symbol

C1 )9°C, 2.5 m/s, 47% )9°C, 2.5 m/s, 53% )9°C, 2.5 m/s, 44% n

C2 )9°C, 1.5 m/s, 52% )9°C, 1.5 m/s, 47% )9°C, 1.5 m/s, 40% d

C3 )9°C, 0.5 m/s, 45% )9°C, 0.5 m/s, 40% )9°C, 0.5 m/s, 35% m

C4 )20°C, 2.5 m/s, 45% )20°C, 2.5 m/s, 51% )20°C, 2.5m/s, 42% h

C5 )20°C, 1.5 m/s, 48% )20°C, 1.5 m/s, 37% )20°C, 1.5 m/s, 38% s

C6 )20°C, 0.5 m/s, 49% )20°C, 0.5 m/s, 35% )20°C, 0.5 m/s, 40% D
C7 )30°C, 2.5 m/s, 45% )30°C, 2.5 m/s, 50% )30°C, 2.5 m/s, 48% ´
C8 )30°C, 1.5 m/s, 45% )30°C, 1.5 m/s, 37% )30°C, 1.5 m/s, 50% r

C9 )30°C, 0.5 m/s, 40% )30°C, 0.5 m/s, 48% )30°C, 0.5 m/s, 60% e
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Step 2. General equation to estimate temperatures of
unfrozen±frozen zones, valid for 0 < i < mÿ 2.

T n�1
i�1

�
ÿ kn

i

2Dx2
ÿ kn

i�1 ÿ kn
iÿ1

8Dx2
ÿ GIkn

i

4�iÿ 1�Dx2

�
� T n�1

i

qn
i Cpn

i

Dt

�
� kn

i

Dx2

�
� T n�1

iÿ1

ÿkn
i

2Dx2

�
� kn

i�1 ÿ kn
iÿ1

8Dx2
� GIkn
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�
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iÿ1

8Dx2
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4�iÿ 1�Dx2

�
: �A:1�

For the centre point �i � 0�, using the boundary con-
dition (3), it was obtained

T n�1
0

qn
0Cpn

0

Dt

�
� �GI� 1�kn

0

Dx2

�
� T n�1

1

ÿ�GI� 1�kn
0

Dx2

� �
� T n

1

�GI� 1�kn
0

Dx2

� �
� T n

0

qn
0Cpn

0

Dt

�
ÿ �GI� 1�kn

0

Dx2

�
:

�A:2�
In point �mÿ 1�, a discontinuity was produced because
space increments towards the frozen zone were ®xed
(Dx); however, towards the food surface, grid increment
(Dx2) was variable. In this case, the ®nite di�erences of
Eqs. (15)±(17) were replaced by Eqs. (A.3)±(A.5). So, the
equation corresponding to i � mÿ 1 is obtained (Eq.
(A.6)).

Table 3

Properties of foods used in the numerical model

Property Meat Tylose Potato

Initial water content 0.74a 0.77b 0.8c

Initial freezing temperature )1.0a )0.6b )0.6b

Density (fresh) 1053a 1006a 1070c

Density (frozen) 1053/0.982 + 0.113Y0 + 0.257

(1 ) Y0)Tÿ 1)a

939.6a 990d

Density (dehydrated) 1000e 1000e 1400f

Thermal conductivity (fresh) 0.0866 + 0.501Y0 + 5.0521

´ 10ÿ4 Y0 Ta

0.55b 0.53b

Thermal conductivity (frozen) 0.378 + 1.376 Y0 + 0.93 Tÿ1a 1.65b 1.9b

Thermal conductivity (dehydrated) 0.065g 0.05594h 0.060i

Speci®c heat (fresh) 1448 (1 ) Y0) + 4187 Ya
0 3653.3b 3420.56b

Apparent speci®c heat (frozen) 3874 ) 2534 Y0 + 902893

(1 ) Y0)Tÿ2a

2028.61 + 135424 Tÿ2b 1969.7 + 144720 Tÿ2b

Speci®c heat (dehydrated) 796j 875.76k 1143.61l

Ice content 1.1866 Y0 ) 0.1866 + 2.7013

(1 ) Y0) Tÿ1m

0.875 Y0 (1 + 0.6 Tÿ1)k 0.9 Y0 (1 + 0.6 Tÿ1)k

Ice adsorbed fraction 0.25n 0.25n 0.25n

Porosity (dehydrated) 0.74g 0.77h 0.8o

Tortuosity (dehydrated) 1.5p 1.0 1.23c

Di�usion coe�cient of vapour in air (5.684552510ÿ9 (T + 273.16)1:5)/(1.78917 ) 2.131434810ÿ3(T + 273.16))q

Saturation vapour pressure of water 133.329 exp(23.986059 ) 6139.9094/T)r

a Sanz, Dominguez and Mascheroni (1987).
b Cleland and Earle (1984).
c Lombardi and Zaritzky (1996).
d Mohsenin (1980).
e Berlin, Kliman, and Pallansh (1966).
f Krokida, Zogzas, and Maroulis. (1997).
g Harper (1962).
h Saravacos and Pilsworth (1965).
i Wang and Brennan (1992).
j Polley, Snyder, and Kotnour (1980).
k Miles, Van Beek, and Veerkamp (1983).
l Wang and Brennan (1993).
m Mascheroni and Calvelo (1978).
n Chumak and Sibiriakov (1988).
o Krokida, Karathanos, and Maroulis (1998).
p Gros, Dussap, and Gonz�alez M�endez (1984).
q Bird, Stewart, and Lightfoot (1976).
r Fennema and Berny (1974).

L.A. Campa~none et al. / Journal of Food Engineering 47 (2001) 69±79 75



oT
ox
� T n�1

i�1 ÿ T n�1
iÿ1 � T n

i�1 ÿ T n
iÿ1

2�Dx� Dx2� ; �A:3�

o2T
ox2
� 2

�Dx2 � Dx2
2�

T n�1
i�1 � T n

i�1

ÿ �
Dx

�Dx� Dx2�
�

� T n�1
iÿ1 � T n

iÿ1

ÿ �
Dx2

�Dx� Dx2� ÿ T n�1
i ÿ T n

i

�
; �A:4�

oV
ox
� V n

i�1 ÿ V n
iÿ1

�Dx� Dx2� ; �A:5�

Fig. 5. Weight loss of tylose samples. Full lines: calculated data (this

work). Symbols: experimental data (Sukhwal & Aguirre Puente, 1983).

Symbols: see Table 2.

Fig. 6. Weight loss of potato samples. Full lines: calculated data (this

work). Symbols: experimental data (Lambrinos & Aguirre Puente,

1983). Symbols: see Table 2.

Fig. 4. Weight loss of meat samples. Full lines: calculated data (this

work). Symbols: experimental data (Sukhwal & Aguirre Puente, 1983).

Symbols: see Table 2.

Fig. 7. E�ect of the air speed on weight loss. Full lines: calculated data

(this work). Symbols: experimental data (Sukhwal & Aguirre Puente,

1983). Symbols: see Table 2.

Fig. 8. E�ect of air temperature on weight loss. Full lines: calculated

data (this work). Symbols: experimental data (Sukhwal & Aguirre

Puente, 1983). Symbols: see Table 2.
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For the moving sublimation front �i � m�, the condition
(8) was used considering the two di�erent spatial incre-
ments, Dx2 and Dx4. Eq. (A.7) is obtained for i � m
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To solve the energy balance in the dehydrated zone
(Eq. (7)) the partial derivatives should be replaced by
the ®nite di�erences (14)±(17). Thus, the general
equation for the intermediate points �m < i < b� was
obtained
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For the food surface �i � b�, the corresponding Eq.
(A.9) was obtained by means of boundary condition (9)
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A.2. Evaluation of the concentration pro®le

Step 1. General equation, for 0 < i < b
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For the centre of the food, i � 0
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The point i � b was evaluated using the boundary
condition (12)
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Step 2. For the sublimation front, the vapour pres-
sure is the saturation pressure. So, according to the ideal
gas law
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The general equation for m < i < b is
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The point i � b was evaluated using the boundary
condition (12).
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The new position of the sublimation font was calculated
by Eq. (13), transformed in Eq. (A.16) using the ®nite
di�erences
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