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The thawing process is a unit operation that exposes the food to risk of microbial
growth. To evaluate this risk, numerical modelling is very useful. The thawing process
by means of a 3-D numerical model is investigated. Both heat diffusion with phase
change inside the product and on the convection phenomenon in the heating medium
is focused on. This coupled model does not require an a priori knowledge of the con-
vective heat-transfer coefficient. The corresponding highly nonlinear equations were
solved using a CFD software. Experimental investigations were carried out on a high-
pressure vessel (temperature measurements), and on a specific device (velocity mea-
surements). Comparisons between experimental and numerical results were very satis-
factory, especially for transient temperature predictions. The model could then be
exploited to assess process modification, and could be extended to investigate innova-
tive processes at high-pressure. © 2006 American Institute of Chemical Engineers AIChE J,

52: 42404247, 2006
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Introduction

The processes based on phase change (freezing or thaw-
ing) take an important place in the food industry chain. The
thawing process is maybe the more embarrassing process for
the food industry. In fact, this process is considered as a “no
added value” unit operation. During this long process, the
food is exposed to risk of oxidation and cross contamination.
If the thawing operation is not properly managed, it can be
accompanied by undesirable modifications of texture, color
or savor. It can also lead to a more important problem: a mi-
crobial development more especially at the surface of the
food. Modeling the thawing process can be useful to predict
the time-temperature history, and then the risk of microbial
growth.

Among the novelty thawing food processes, high-pressure
treatments are promising. For a thawing process at 200 MPa,

Correspondence concerning this article should be addressed to M. Havet at
havet@enitiaa-nantes.fr.

© 2006 American Institute of Chemical Engineers

4240 December 2006 Vol. 52, No. 12

phase transition of water occurs at —20°C. By combining
low-temperature, and very-high-pressure, the microbial risk
is considerably reduced. Otero et al' confirmed that the mod-
ification of the phase-change temperature with the pressure
reduced the thawing time, and was accompanied by other
positive effects like the inactivation of micro-organisms.

During high-pressure processes, the food is placed in a
vessel, where it is compressed to the desired pressure level
and maintained until the end of the treatment. Water is com-
monly used as compression fluid. However, there is a lack of
knowledge concerning the internal temperatures of the food
and the velocity field of the heating medium during this
batch process. This is simply due to the technical difficulties
of measurements in a high-pressure vessel.

The predictions of the evolution of the temperature field in
the food are essential to ensure an optimal treatment and to
adjust the process conditions. When a liquid is used as heat
transferring medium (most of the time water), natural or
mixed convection develops in the fluid, due to the tempera-
ture difference between the fluid and the product. The analy-
sis of the velocity field in the fluid, and the transfer between
this fluid and the product is essential for the optimization of

AIChE Journal



the thawing time and for the improvement of the process
(uniformity of heat treatment for example).

To perform a consistent heat-transfer study, two main phe-
nomena should be modeled, the phase transitions inside the
product and the convective flow in the enclosure. This article
presents a preliminary approach carried out at atmospheric
pressure. The main objective of this work consisted in mod-
eling the phase transitions and the flow field occurring in an
enclosure, which geometry was similar to a high-pressure
vessel. We assessed our model in a specific configuration:
the thawing of a rectangular slab immersed in a cylindrical
enclosure. An experimental setup was also built in order to
validate the model.

The mathematical formulation applied to phase change
phenomena implies a complex situation of heat transfer (Ste-
fan problem). Literature is rather abundant on analytical
models developed to solve the Stefan problem. Crank® was
among the firsts who applied the enthalpy method to model
the solidification of a square cylinder of a fluid, with a sur-
face temperature lowered at a constant rate. The enthalpy
formulation of the Stefan problem was regularly improved
for one-dimensional (1-D) space3 the model allowed tracking
the moving boundary continuously in time, and determining
the temperature profiles at each time-step. Analytical solu-
tions in one dimension were extended by Ramos et al.* to
consider power-law functions of temperature for both thermal
conductivity and specific heat. Whatever the extension of
these analytical solutions, they are restricted to simple con-
figurations, and numerical methods are required to consider
for example the dependence of food properties to the temper-
ature. Finite volume schemes are basically used; they pro-
vided a good agreement with experimental data in regular
geometrical shapes, but for realistic food geometries (irreg-
ular forms) Agnelli and Mascheroni’ showed that they were
not adapted. The Galerkin finite element method was also
employed to obtain solutions for phase change in 1-D slabs
of pure material. Bhattacharya et al.® demonstrated the ability
of the method to efficiently capture multiple thawing fronts.
The freezing and thawing processes of frozen food were ana-
lyzed with a similar model by Huan et al.” They pointed out
the strong influence of the velocity and temperature of the
freezing medium (air) on the freezing rate.

All works presented earlier considered only the heat trans-
fer in the solid domain. Very little effort has been made so
far on the coupled heat transfer between the solid and the
fluid domain in the case of natural convection. In most avail-
able studies, a fixed convective heat-transfer coefficient was
assumed between the fluid and the solid domain. This
assumption is no more valid for large products immersed in
a heating medium. In these conditions the temperature gradi-
ent along the surface tends to modify the heat transfer.®

The scientific objective of this article is to investigate
experimentally and numerically the food thawing process at
atmospheric pressure, taking into account:

(a.) the dependence of properties of food on temperature,

(b.) the temperature field and ice quantity distribution in
the product,

(c.) the transient evolution of the local convective heat-
transfer coefficient,

(d.) the velocity and temperature fields of the thawing me-
dium.
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A 3-D model accommodating transient-convective heat-
transfer between a frozen food solid and a fluid placed in an
enclosure was developed. The model was tested and com-
pared with experimental results at pilot scale, including tran-
sient temperature evolution, and PIV measurement of velo-
city in the surrounding of the solid domain. This experimen-
tal technique already proved its efficiency to analyse flows of
this nature.”

Materials and Methods

Tylose (methylcellulose gel) was used as a food model
with a water content equal to 764 g water/kg. Tylose slabs
were provided by MADI S.n.c. (MADI — Italy). The dimen-
sion of tylose slabs used for the experiments was 100 x 200
x 25 mm. Slabs were vacuum packed in a polyethylene bag.
Afterwards, thermocouples were installed in the slabs using
sealed passages.

Experimental setup

Temperature Measurements. The vessel had an inner di-
ameter of 120 mm and an internal height of 300 mm. It was
made of stainless steel and was in fact designed to process
under high-pressure conditions. It was kept at constant tem-
perature and was circulated by a temperature-controlled fluid
(Figure 1). The tylose slabs were installed at the center of
the vessel (Figure 2) equipped with an instrumented obturator
allowing the passage of five calibrated thermocouples. Three
thermocouples (K-type, @ 1 mm) were positioned trough x
direction at the center (x = 0; r = 0; z = 15 cm), at the mid-
dle (x = 0; r = 0.62; z = 15 cm), and at the surface of the
sample (x = 0; r = 1.25 cm; z = 15 cm). Two other thermo-
couples (@ 0.3 mm, K-type) were installed in upper (x = 0;
r =0; z=28 cm) and lower (x = 0; r = 0; z = 3 cm) loca-
tions of the vessel.

A data logger (SA32, AOIP) was used to record the tem-
perature. The thermocouples were calibrated against a refer-

- Obturator

Plugs of
temperature
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Thawing
medium
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Figure 1. HP vessel used for temperature measure-
ments.
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Figure 2. The geometry considered: a slab installed in
a cylindrical vessel.

ence platinum temperature probe (Comptoir Lyon Allemand
— Lyon — France). The accuracy of temperature measure-
ments was of /— 0.3°C. Data logger loaded temperature ev-
ery 5 s during thawing experiments.

Fluid velocity measurements

The flow pattern was studied in a specific transparent ex-
perimental device made out of Plexiglas. This experimental
device reproduced the geometry of the vessel, and of the slab
of frozen tylose with a 1/1 scale dimension. A cylindrical en-
closure reproducing the inner dimensions of the vessel was
placed in a parallelepiped box (height x width x thickness:
300 mm x 300 mm x 350 mm). Water was circulated inside
this parallelepiped box, making it possible to maintain the
external wall temperature of the cylinder at 20°C. One of the
vertical side walls of the parallelepiped was covered with a
black painted aluminium plate to allow PIV measurements.
A hollow brass box with dimensions similar to that of the
tylose slab was used to simulate the slab of frozen tylose. A
flow of a temperature-controlled water-glycol mixture in this
brass slab box maintained its temperature at 5°C. In the sys-
tem (Figure 3), one can distinguish the brass slab painted in
black to avoid light reflexion during PIV measurements.

A continuous Argon Jon laser, emitting at a wavelength of
488 nm, was used for PIV measurements. Two windows
were considered for the PIV measurements (height x width
= 80 mm x 60 mm). A double image 700 video camera was
used (Dantec 80C42 — Denmark); it was equipped with a
CCD sensor with a maximum resolution of 768 x 484 pix-
els. To visualize the natural convection flow patterns, the
“single frame” method was selected at a frequency of 4 Hz.
Titane Dioxyde (TiO,) particles with 5-30 um dia. usually
used in PIV experiments, were adopted.

4242 DOI 10.1002/aic

Published on behalf of the AIChE

Mathematical Model

As the thawing medium was water, it was considered as a
Newtonian and incompressible fluid. Continuity (Eq. 1), mo-
mentum (Eq. 2) and energy (Egs. 3, 4) equations were con-
sidered, taking into account natural convection terms and
applying Boussinesq approximation (Eq. 5). All thermo-phys-
ical and hydrodynamic properties of this medium were sup-
posed to be constant.

VWV =0 (D
p[a‘fﬂfv**] =uVV - Vp+pg )
paHT + oV VHyaer = V- (V) 3)

Hyarer(T) = / C,(T)dT @)
p = pr, - (1 —oT = To)) 5

For the solid domain, the physical model of Cleland and
Earle,'® based on apparent specific heat was used (Eq. 6).
Additive equations, based on the contribution of each compo-
nent (water, ice and fibers), were used to evaluate the spe-
cific heat capacity and thermal conductivity. Some measure-
ments using standard methods (DSC, hot wire) were also car-
ried out to validate these expressions.

The Miles method described by Otero et al.' and Ousegui''
was adopted to calculate the ice quantity (Eq. 7). Like Cogné
et al.'? and Maroulis et al.13, a classical parallel model was
adopted for the apparent specific heat capacity (Eq. 8) and a
Krisher model based on combination between parallel and serial
models was used for thermal conductivity (Eq. 9).

or (
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Figure 3. Experimental setup for PIV measurement.
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Figure 4. Thermal conductivity of tylose, experimental
data and calculated resulit.
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The comparison between numerical and experimental
results for apparent specific heat capacity and thermal con-
ductivity (Figures 4 and 5) confirmed the adequacy of these
expressions. The conservation of the heat flux was applied at
the interface between the solid and the liquid (Eq. 10).

— ASVIT - ii = hS(Tiiquia — Tsolia) (10)

Numerical model

The thawing medium was considered initially stagnant at a
constant temperature (20°C). The initial temperature of the
frozen tylose, deduced from the experiments, was fixed at
—17°C. The temperature of the walls was fixed at 20°C. A
quadrant of the geometry was considered for obvious sym-
metry reasons.

This model was performed using a CFD code (CFX.5-7),
enhanced by specific subroutines for the thermophysical
properties. The equations were solved using the coupled so-
lution of Rhie and Chow,'* with a second-order upwind-
scheme for spatial discretisation and a second-order scheme
for time."

Triangular nonstructured technique was adopted for mesh-
ing the geometry (Figure 6). In order to well predict the heat
transfer, the mesh was inflated at the interface between water
and tylose (Figure 7).
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Figure 5. Apparent specific capacity of tylose, experi-
mental data and calculated results.

Results: Temperature Field
Validation

Experimental and numerical temperature evolutions in the
tylose slab are compared in Figure 8. The good agreement
between the model and the experiment highlighted the ability
of the model to simulate the thawing of tylose at atmospheric
pressure. The thawing process is characterized in the core of
the product by three main stages:

Figure 6. Volumetric mesh (1/4 of the volume).
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Figure 7. Refinement of the volumetric mesh close to
the interface.

1* stage: fast increase of the temperature, until approach-
ing the melting point (until t &~ 400 s), 2™ stage: very slow
temperature rise until crossing the initial freezing temperature
(t =~ 2000s). During this stage, the total absorption of the
latent heat of melting occurs, which explains the quasi-stabil-
ity of the temperature around the melting point.

3" stage: fast increase of the temperature towards the am-
bient temperature.

At the interface (r = 1.25 cm), a fast temperature increase
was observed until reaching ambient temperature, without
temperature dwell during phase change. This phenomenon is
commonly attributed to the high-convective heat transfer
between the water and the tylose slab, supported by a great
temperature difference (AT =~ 37°C).

Figure 9 presents the comparison between the experimen-
tal and the numerical evolution of the temperature of water
respectively at the bottom and top locations inside the vessel.
The decrease of temperature observed at the beginning of the
process (first 200s) was followed by an increase of the tem-
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Figure 8. Temperature evolution in the tylose slab: ex-
perimental and simulation results.
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Figure 9. Temperature evolution at the top (z = 28 cm)
and bottom (z = 3 cm) in the thawing medium
(water): experimental and simulation results.

perature until reaching the ambient temperature fixed at
20°C. Temperature changes were larger in the lower part of
the vessel. At this location, the cooling of water reached 6°C
(modeling results), while it did not exceed 1.5°C at the top
location. This difference was attributed to the development
of a thermal-boundary layer, and to the fact that the cold
fluid of higher density tends to accumulate in the lower part
of the vessel.

A fairly good agreement was observed between numerical
and experimental results, despite the experimental difficulties.
For example, initial conditions considered in the model, such
as a uniform temperature or a zero velocity did not exactly
reproduce the experimental conditions. We also imposed a
constant temperature on the walls of the vessel, but this
boundary condition could not be exactly guaranteed on all
walls, especially at the top and bottom of the vessel. Other

Temperature
"c)
|

=20

t=0 =1000 5 =1800 5 1=3000 5

Figure 10. Evolution of the temperature in the tylose
slab at r = 0 (simulation results).
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Figure 11. Evolution of the ice fraction in the tylose
slab at r = 0 (simulation results).

parameters such as the expansion-contraction phenomenon
related to the phase change were impossible to accommodate
with a high-accuracy.

Natural convection effects

The transient evolutions of the temperature and ice quan-
tity in the product were numerically predicted (Figures 10
and 11). The advance of the thawing front from the surface
towards the center of the tylose slab could be easily pointed
out in these figures. They also revealed that the higher-part
of the product was thawed more quickly than the lower-part.
This was well highlighted in Figure 11 (t = 1800s), where
the ice, that was fully thawed at top location of the slab, was
still present at the bottom of the tylose slab. This fact was

Velocit /
euﬂﬁlzy (m/s)

oy 0.009

0.003

0.000
[m s*-1]

(a)

Figure 12. Velocity field (a): simulation results, (b) experimental data.
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attributed to the natural convection contribution; more pre-
cisely to the evolution of the temperature in water during the
thawing process (as indicated in Figure 9). It showed that
denser water tended to accumulate at the bottom of the ves-
sel, resulting in a reduced heat-transfer rate.

Results: Velocity Field

The velocity field was experimentally investigated in sta-
tionary regime in the transparent experimental setup in the
plane x = 0. The brass slab simulating the frozen tylose was
maintained at constant temperature (5°C), and was immersed
in the cylindrical enclosure. Water contained in the cylinder
was maintained at 20°C. It was expected that the temperature
difference between the slab surface, and the inner wall would
generate a natural convection flow.

This flow pattern was numerically predicted as foreseen
(Figure 12a). A downward boundary layer developed along
the cold wall with a maximum velocity close to 1 cm.s™" at
the trailing edge of the boundary layer. The water is rela-
tively stagnant in the higher part of the enclosure, most of
the fluid velocities are in the range of 1 mm.s~'. The simula-
tions revealed an intense zone of recirculation in the lower
part of the vessel.

The velocity field obtained by PIV corroborated these
results (Figure 12b). It also pointed out the flow going down
along the cold wall, the recirculation in the lower part and
the upward directed boundary layer along the hot wall.

A deeper analysis was done by comparing the experimen-
tal and numerical vertical velocity components at selected
locations along the vertical axis. It should be noticed that we
observed during the experiments a sedimentation of the par-
ticles and a quite inconsistent behaviour of the flow in the
lower part of the vessel. This typical problem encountered in
laminar natural convection lead us to focus on velocity pro-
files from z = 10 cm (Figure 13). These velocity profiles
confirmed the two boundary layer flows and the stagnant
zone in the core of the fluid. These comparisons indicated
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Figure 13. Velocity profiles (z component) between heat and cold walls at different heights (— simulation results;

@ experimental data).

that the model was able to predict with a satisfactory agree-
ment the velocity profiles, taking into account the fact that
the analysis by PIV of the natural convection flow pattern
remained a difficult task.

These velocity profiles confirmed the development of the
two hydrodynamic boundary layers. Along the cold wall,
the maximum of velocity was up to 1 cm.s” ', whereas it
ranged between 0.5 and 0.8 cm.s~' for the hot wall. These
evolutions are primarily due to the driving force in natural
convection, the temperature difference between the fluid
and the wall. Figure 14 presents these temperature profiles
at different heights obtained from simulation. It appeared
that the temperature gradient along the cold wall was
greater (11°C) than along the hot one (the gradient did not
exceed 4°C).

Conclusion

A model has been developed to simulate the thawing pro-
cess of a frozen tylose slab immersed in water in a cylindri-
cal enclosure at atmospheric pressure. The phase change
occurring inside the product was modeled using the apparent
heat capacity method. Natural convection was considered
applying Boussinesq approximation. It is noticeable that the
predictions of the temperature evolution were in good agree-
ment with experimental data both inside the product and
inside the fluid. The main heat-transfer phenomena were well
taken into account in the model.

The analysis of the velocity field in the thawing medium
was fruitful. Results revealed the development of a down-
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ward boundary layer along the product and the establishment
of a recirculation zone at the bottom of the vessel. The vali-
dation of the velocity field on a pilot scale in a steady case
confirmed the ability of the model to predict natural convec-
tion effects. The model was also useful to bring information
on the thawing front advance and on the heterogeneity of the
treatment. Further works concern the extension of the model
to high-pressure conditions.
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Figure 14. Temperature profiles between heat and
cold walls at different heights (simulation
results).
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Notation

Roman letters
Cp = specific heat capacity, J-kg~ "K'
g = gravity, m-s™>
h = convective heat transfer coefficient, W-m 2K~
t = time, s
T = temperature, K
= Pressure, Pa
= vertical velocity component, m-s™~
coordinates, m
= surface, m?
= radius of the cylindrical vessel, m
V= velocity vector, m-s”!

1

=
Do IS
Il

Greek symbols

o = coefficient of thermal expansion, K!
p = density, kg-m >

1= dynamic viscosity, Pa-s

A = thermal conductivity, W-m LK!

Subscript
0 = initial condition
app = apparent
wt = total water content
f = freezing
b = bounded water
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