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Abstract

The ®nite volume method is used to describe unsteady forced convection and heat conduction in a meat plate

during freezing. External ¯uid mechanics and internal solidi®cation of water content in the meat are predicted from
a mathematical model that includes continuity, Navier±Stokes and energy equations for air around the food and the
heat di�usion equation inside the meat. Unsteady results are presented for both velocity vectors and temperature
distributions in air, temperature variations in the food and for heat transfer coe�cients. Experimental data for the

temperature variation in time are used to assess the accuracy of the predicted values. # 1999 Elsevier Science Ltd.
All rights reserved.

1. Introduction

Life and quality of solid foods such as meats, ®sh,

fruits and vegetables are in¯uenced by bacteria, yeasts,

molds, viruses and other microorganisms that are

present in living organisms and in the air in contact

with them. At the low temperatures used in freezing,

the microorganisms can be controlled by inhibiting

their rate of growth and hence, the storage life of per-

ishable foods can be extended by months, while the

rate of freezing has a major e�ect on the small size of

ice crystals that are desirable to obtain good quality,

texture, nutritional and sensory properties of foods [1].

The design of freezing processes and equipment are

heavily based on the knowledge available to describe

the transient heat conduction with solidi®cation of the

water content in the food [2]. In general, the approach

used to predict the heat transfer processes during food

freezing is based on solving the heat di�usion equation

with external boundary conditions of the third kind

[3,4]. The non-linear nature of the mathematical model

caused by temperature variations of the food thermal

conductivity, speci®c heat, enthalpy and density [5,6]

and the phase transformation of the liquid water con-

tent into ice, have motivated the use of numerical

methods to solve the discretized version of the heat dif-

fusion with a phase change model. Among them, ®nite

di�erences methods with explicit, implicit, Lees and

Crank-Nicolson time integration schemes have been

most often used [7±14,49]. Finite elements methods

have been implemented to describe heat conduction for

irregularly shaped foods [15±19], even though it has

been found that greater computer times are required

than that for ®nite di�erence methods [20,21]. A

boundary-®tted grid numerical method has been im-

plemented to predict freezing times of arbitrary shaped

foods with similar accuracy than ®nite elements calcu-

lations and shorter computer times [22]. Shape speci®c

predictions methods based on geometric factors, have

been developed to predict freezing times for regular

and irregular foods as an alternative to numerical

International Journal of Heat and Mass Transfer 43 (2000) 53±67

0017-9310/00/$ - see front matter # 1999 Elsevier Science Ltd. All rights reserved.

PII: S0017-9310(99 )00119-2

www.elsevier.com/locate/ijhmt

* Corresponding author. Tel.: +56-52-682-5498; fax: +56-

52-682-5498.

E-mail address: nmoraga@lauca.usach.cl (N.O. Moraga)



methods [23,24], however, the variations of the geo-

metric factors with thermal properties, ®nal thermo-

dynamic center temperature, Stefan and Planck

numbers are ignored.

The value of heat transfer coe�cient h has been

acknowledged to be one of the major error sources in

numerical and approximate solutions for freezing time

predictions [7]. One of the methods often used to

obtain h is based on the transient lumped heat capacity

heat transfer model by measurements of the tempera-

ture variations in time on metals with the same dimen-

sions of the food [25±28]. However, the assumptions

used to derive the equation for h requires that the

cooling ¯uid temperature remains constant with time,

and the speci®c heat of the solid be independent of

temperature variations, two situations that are not

always true in food freezing. The convective heat

transfer coe�cient has also been determined for spheri-

cal foods by specifying numerically h values that give

the best agreement with measured temperature pro®les

[27,29±31]. Some of the shortcomings in commonly

used experimental methods for food freezing predic-

tions have been shown to be related to the measure-

ment of the heat transfer coe�cient, and in

maintaining a uniform h across food samples [32],

since the convective heat coe�cient can vary with time

and with the surface location respect to the external

¯uid ¯ow [7]. Heat transfer coe�cients measured at

the surface of elliptical cylinders placed in cross ¯ows

of air, in the velocity range 0.5±2 m/s that is character-

istic of food pilot plants, have been found to be higher

than those values which are measured in aeronautical

wind tunnels [33]. Furthermore, in food chilling, using

air at moderate speeds and in processes with low h

values, it has been found by using a ®nite element

method, that a small deviation in surface heat coe�-

cient may result in large deviations in the core tem-

perature for foods with slab, cylinder and sphere

shapes [34].

The purpose of this study is to solve the freezing

problem for a plate shaped food, using the ®nite

volume method, without the use of a heat convective

coe�cient as an external boundary condition that has

been found to be a major error source in existing nu-

merical and approximate solutions [7,32±34]. The con-

jugate study proposed considers that the di�usion

equation in the food is a simpli®ed version of the

unsteady energy equation for the air in contact with it,

in which the food can be assumed as a ¯uid having an

in®nitely large viscosity, therefore the ¯ow inside it is

suppressed. Thermal properties for the air are switched

to the temperature dependent ones for the food in the

corresponding subregion where it stands. The phase

change of the liquid water to ice in the food is incor-

porated in the mathematical model by an apparent

speci®c heat [35] that is changing with temperature.

The numerical simulation of unsteady forced convec-

tion heat transfer includes the heat conduction with

the solidi®cation of the water content in the food. The

conjugate heat transfer model is described by two

coupled energy equations, one for the air and the

other for the freezing food that includes the phase

change of liquid water to ice, and the unsteady

Navier±Stokes equations. The ®nite volume method,

Nomenclature

a length of the plate shaped food [m]
A length of the computational domain [m]
b height of the plate shaped food [m]

B height of the computational domain [m]
cp apparent speci®c heat of the food [kJ kgÿ1

8Cÿ1]
h local heat transfer coe�cient [W mÿ2 Kÿ1]
k thermal conductivity [W mÿ1 8Cÿ1]
n normal direction to food surface

p pressure [N mÿ2]
q heat ¯ux [W mÿ2]
Re Reynolds number, U0a/n
t time [s]

T temperature [8C]
T0 initial air and food temperature [8C]
u x-direction velocity [m sÿ1]
U0 x-direction velocity at x = 0 [m sÿ1]
v y-direction velocity [m sÿ1]

w under-relaxation factor
x horizontal coordinate [m]
y vertical coordinate [m].

Greek symbols
a thermal di�usivity [m2 sÿ1]
m dynamic viscosity [N s mÿ2]
n kinematic viscosity [m2 sÿ1]
r density [kg mÿ3].

Subscripts
a air

f ¯uid
s solid
w outer wall of the food

1 after the food
0 initial.
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with the SIMPLE algorithm [36], is used to solve the
system of discretized governing equations. Experiments

for freezing of a plate shaped salmon meat portion
inside a chamber in which air is initially at rest at
ambient temperature equal to the food, are performed

to measure unsteady temperatures in the food with
thermocouples and to assess the accuracy of the math-
ematical model and the numerical solution procedure.

The numerical model used for predicting heat trans-
fer and ¯uid ¯ow in food freezing has been published
recently elsewhere, where the thermodynamic model

used to calculate the temperature dependence of the
thermal properties has been presented in detail, along
with the grid independent tests performed for velocity,
pressure and temperature calculations [37]. The present

paper presents unique results of the prediction for the
transient evolution of the temperature distribution
inside the food, that shows a faster cooling of the por-

tion of food facing cool air, and of the variations in
time, of the heat transfer coe�cients along the four
external surfaces of the food, that were calculated after

the mathematical model was solved and the tempera-
ture distribution in the air was obtained. The conjugate
study performed, removes the uncertainty in the use of

a heat transfer coe�cient in the calculations, that is
not always available with the required accuracy, and it
can be extended to foods with irregular shapes. A
more accurate freezing time information is obtained in

food sections near to regions where the ¯uid dynamics
and the convective heat transfer change rapidly in time
and space.

2. Physical situation and mathematical model

A plate shaped portion of salmon meat of length a
by height b at the initial uniform temperature T0, is
placed in a horizontal position inside a freezing

chamber with air at rest, at ambient temperature T0. A
refrigeration unit is put to work and the air starts ¯ow-
ing around the food and the air temperature begins to

quickly decrease until a thermostat stops the refriger-
ation cycle for the ®rst time at around 1270 s, when
the air temperature in the chamber is ÿ298C. Heat

transfer from the outside, through the chamber walls,
increases the air temperature in the chamber until it
reaches ÿ248C activating the thermostat again, after
that, the process is repeated in a cyclical fashion. Fig.

1 shows a schematic view of the physical situation and
the system of Cartesian coordinates used in the math-
ematical model.

In the formulation of the conjugate heat transfer
problem, the following assumptions are made: air is a
Newtonian, incompressible ¯uid with constant proper-

ties, the ¯ow is unsteady and two-dimensional; the
food is a binary mixture of solid and water that can be
either in liquid phase or partially in solid phase, as ice,

with temperature dependent: density, speci®c heat and
thermal conductivity. Under this assumption the gov-
erning mass conservation, Navier±Stokes and energy
equations for the air ¯ow are:

@u

@x
� @v
@y
� 0 �1�

Fig. 1. Physical situation.
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and the heat di�usion equation for the salmon meat is:

@

@ t
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The properties of the air are assumed to be constant

during the process: m=1.8224 � 10ÿ5 kg/(m s); r=1.3
kg/m3; k= 0.0251 W/(m 8C); cp=1.01 kJ/(kg 8C). A
thermodynamic model that considers food as an ideal

binary solution of pure water and solids is used to cal-
culate the temperature variations for the properties of
salmon meat. The predicted method required the fol-

lowing input values under unfrozen conditions: initial
freezing temperature=ÿ2.28C; initial moisture con-
tent=64%; cp=3.153 kJ/(kg 8C); k = 0.481 W/m 8C;
r=1100 kg/m3; unfreezable water content=9%. A
temperature dependent apparent speci®c heat, calcu-
lated from the values of speci®c heat of the food con-
sidering water in liquid and solid phases in addition to

the latent heat, as an extension of the de®nition found
in the literature [35], was used during the phase change
of water. The complete model has been presented else-

where [37] together with the values of the ®ve coef-
®cients used to approximate by least square ®tting, the
values calculated of the density, speci®c heat and ther-

mal conductivity in terms of ®fth degree polynomial
functions of temperature, for the temperature range:
ÿ298C R T < 258C, divided in ®ve temperature
ranges.

The initial conditions at time t equals 0 are:

u � v � 0; Tair � Tfood � T0 � 17:88C at t � 0 �6�
the boundary conditions for the conjugate problem
are:

u � U0 � 3:3 m=s; v � 0;

T � aÿ b ln�t� � c sin�dt� at x � 0
�7�

@u

@x
� @T

@x
� v � 0 at x � A �8�

@u

@y
� @T

@y
� v � 0 at y � 0 �9�

@u

@y
� @T

@y
� v � 0 at y � B �10�

where the constants a, b, c and d used in the

mathematical description of the time variation of air
temperature are found from experimental data, as indi-
cated in the experimental procedure section.

3. Numerical solution procedure

The nonlinear, unsteady mathematical model for

coupled forced convection to heat conduction with

Fig. 2. Temperature dependence of salmon meat properties.
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liquid±solid phase transformation of the water content
in the food was solved by the ®nite volume method

[36].
A staggered grid was used to calculate pressure and

temperature at the grid points located in the center of

the ®nite volumes obtained after the discretization of
the domain and the velocity components in the cell
faces between the nodes [36].

The calculation of pressure and velocities for air
¯ow around the food was done iteratively using the
Semi-Implicit Method for Pressure-Linked Equations,

SIMPLE algorithm [36]. The discretized momentum
equations were solved to obtain the velocity com-
ponents (u �, v �) with an initial guessed pressure ®eld
( p �). Then the values of the calculated velocities were

replaced in the discretized continuity equation to get a
pressure correction ( p ') that allowed us to obtain cor-
rection values for the velocities (u ', v '). Corrected

values for p, u, v were calculated using under-relax-
ation during the iterative process [42].

pnew � p� � wpp
0; unew � wuu� �1ÿ wu�ukÿ1;

vnew � wvv� �1ÿ wv�vkÿ1
�11�

where the under-relaxation factors used were
wu=wv=0.5 and wp=0.8.
The next step was to solve the discretized energy

equation to obtain the temperature ®eld. Calculations

in the food were performed by imposing in this sub-
domain, a large value of the kinematic viscosity
n=1020 m2/s and switching from the air properties to

the temperature dependent salmon meat properties
that are shown in Fig. 2. The iterative procedure was
stopped when the discretized continuity equation was

satis®ed in all cells and the mass source [36] generated
in each control volume was lower than 10ÿ6.

Piecewise linear interpolation pro®les were used for
temperature and the velocity components in the calcu-
lation of the di�usion terms of the governing equations

and convective terms were calculated by the power-law
scheme described by Patankar [36]. A line by line nu-
merical method was used to solve the discretized sys-

tem of equations [36].
Boundary conditions between the solid (meat) and

the ¯uid (air) were [39]

�Ts�w � �Tf�w; ÿ ks

�
@Ts

@n

�
w

� ÿkf

�
@Tf

@n

�
f

�12�

The temperature gradients in the solid and in the ¯uid

were calculated in the normal direction to the wall in
the following way�
@Ts

@n

�
w

� Ts ÿ Tw

Dns

;

�
@Tf

@n

�
w

� kf
Tw ÿ Tf

Dnf

�13�

The calculation domain was discretized in such a

fashion that the faces of the control volumes used to
calculate temperature coincide with the faces of the
control volumes and hence, on the meat walls no node

was located. Therefore, in the last equation Ts and Tf

were the temperatures of two neighbor-points in the
same spatial direction, for the last node in the food
and for the ®rst node in the ¯uid around the food

in the normal direction to the external surface of
the meat, located at distances Dns=Dnf , equals to the
half separation between nodes, from the interface

between meat and air. The unknown temperature
in the meat wall Tw was obtained from an energy
balance,

Fig. 3. Discretized domain.
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Tw � KsTs � KfTf

Ks � Kf

; Ks � ks

Dns

; Kf � kf

Dnf

�14�

After several trials with di�erent grids, the nonuniform

grid shown in Fig. 3 with 59 nodes in each spatial
direction was found to be e�cient for the numerical
calculations. Time steps of 0.001 s were used during

the ®rst 5 s to solve the forced convection-phase
change heat conduction problem. After 5 s the ¯uid
mechanics yield to a steady state and hence that calcu-

lation for the Navier±Stokes and continuity equations

stopped and the energy equation for air coupled to the

heat di�usion equation was solved from that instant

on with time steps equal to 0.1 s. Nodes located at

selected spatial locations were used to control conver-

gence for predicted pressure, velocity and temperature

in the air, while numerical results for temperature in

the food were compared with experimental data at the

locations of the thermocouples, for time steps of 0.1,

0.01 and 0.001 s that were used to describe the

Fig. 4. Schematic view of experimental facility.

Fig. 5. Thermocouple locations inside the food.
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unsteady ¯uid mechanics around the food. Results of
time and grid independent tests performed with a

di�erent solution algorithm, SIMPLER, for the same
problem, have been given elsewhere [37]. The time
steps used with the SIMPLE algorithm: Dt= 0.001 for

t R 5 s and Dt= 0.1 for t>5 s were smaller than
those values Dt= 0.0025 s and Dt= 0.5 s used along
with the calculations performed with the SIMPLER al-

gorithm [37].

4. Experimental procedure

A salmon meat freezing experiment was conducted
to measure the time history of temperature in the food
at four locations and the surrounding air temperature.
The experimental facility shown in Fig. 4 included a

cooling chamber of internal volume equal to 0.6 m3, a
refrigeration unit with two fans. T-type thermocouples,
0.3 mm in diameter and 1.5 in length, with a 21% ac-

curacy were connected to a Cole Parmer Scanner and
to a personal computer, where temperatures were
recorded at 2 s intervals by using a MAC-14 computer

program.
A portion of salmon meat with a water content of

64% was shaped into a plate geometry of 24 mm in

height and 158 mm in length. The plate shaped food
was put on a net built with thread of 0.1 mm in diam-
eter. Four thermocouples were inserted in the food in
the spatial locations shown in Fig. 5. Air temperature

at the location lo before the food, as shown in Fig. 1,
was measured at 2 s time intervals to capture its
unsteady variation from the initial ambient tempera-

ture T0=228C. Air temperature changed rapidly with
time initially in a monotonous decreasing fashion after
the refrigeration unit was put to work, and later in an

oscillating way due to the action of a thermostat that
shut down and put to work at time intervals in the re-
frigeration process when a temperature of ÿ258C was

reached in the chamber. The unsteady air temperature

measured at time intervals of 2 s in the chamber,

shown in Fig. 6, allowed us to ®nd by the least squares
®tting procedure the following values for the constant
a, b, c and d of the equation [7] used in the mathemat-

ical model (Table 1).

5. Results and discussion

In this section the distributions of the air velocity
around the plate shaped food and of the temperature

®eld inside the food are shown during the unsteady
period. Also, a comparison between experimental data
for the transient response of the temperature at four
di�erent locations and the predicted values obtained

from the numerical simulation is made. In addition,
local convective heat transfer coe�cients on the four
surfaces of the food plate are calculated and the results

presented.
The accuracy of the ®nite volume method was esti-

mated ®rst by solving a transient ¯uid mechanics

problem in which isothermal air ¯ows around a square
plate with a Reynolds number equal to 10,000. Fig. 7
shows that the results of the stream function in the

vicinity of the plate for a time equal to 2 s. The lo-
cation of the separation points and the extension of
vertical and longitudinal recirculation regions agree
within 5% with the results obtained by Roland et al.

[38] by making use of the random vortex method.
Fig. 8 shows the time evolution of the velocity vec-

tors for air around the plate shaped food with a

Reynolds number equal to 6000, at four time intervals
in the range between 0.25 s and 2 s. The unsteady cal-
culations were performed with a time step of 0.0001 s

and it was found that velocity and pressure distri-
butions did not change after 2 s. Therefore, it was con-
cluded that in that time the ¯uid mechanics reaches a
quasi steady state and the numerical procedure could

be simpli®ed by solving only the unsteady energy
equation in the ¯uid with the local values of the vel-
ocity components corresponding to the time instant of

2 s. Time steps were incremented to 0.1 s from then
on, since the discretized continuity and linear momen-
tum equation no longer needed to be solved and with

this time step temperatures in the nodes located in the
¯uid and inside the food had the required convergence.
Fig. 9 shows the spatial temperature distributionFig. 6. Unsteady air temperature inside the freezing chamber.

Table 1

Value of constants to describe the unsteady air temperature in

Eq. (7)

a = 15.0; b = 0; c = 0 for t R 10 s

a = 49.201; b= 11.0708; c = 0 for 10 < t R 1270 s

a = 27.4210; b= 2.6181; c = 0.01901 for 1270 < t R 8000 s
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inside the plate shaped portion of salmon meat, at

time intervals of 1000; 2000; 5000; and 8000 s. It can

be seen that the temperature ®eld is not symmetric in

the streamwise direction and a displacement in the

¯ow direction of the region where temperature is

higher occurs during all the cooling process. It can

also be observed that the temperature ®eld tends to be

uniform for the times between 2000 and 5000 s, when

the water content is changing to ice, than at both ear-

lier and later times. This non-symmetric freezing may

a�ect the quality of the food at the regions with higher

temperatures, eventually causing ®sh muscle toughness

[40], textural changes [41], modi®cations of protein in

muscle tissue [42,43], denaturation and solubility loss

[44] and changes in color and ¯avor [45].

The temperatures predicted at positions T3 and T4,

Fig. 7. Stream function for air ¯ow around a square plate, Re= 10,000; t = 2 s.
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located closer to the surface facing the air stream,

showed better agreement with measured values than

the temperature history curves predicted for the geo-

metrical center of the plate, position T1, and for the

position T2. The maximal temperature di�erences

(equal to 78C), between predicted and experimental

temperature occurs for T1 in the pre-cooling period,

after about 800 s. Mihori and Watanabe [46] have also

found with a one-dimensional heat conduction model

that worse predictions occurred towards the center of

a slab of Alaska Pollark Surimi. The errors in the

slower predicted freezing curves could be caused by the

values for the food properties used in the numerical

model, where according to Hung and Thompson [25],

higher values for thermal conductivity and lower

values for the speci®c heat, initial freezing point and

amount of unfreezable water would reduce the di�er-

ence between predicted and measured temperature his-

tories.

A comparison between experimental and predicted

freezing times for the four positions where temperature

histories were measured in the plate shaped food is

presented in Table 2. All data are expressed as percen-

tage di�erences from experimental data. The compari-

son is made at two temperature levels: ÿ108C, that has
been used by Cleland and Earle [7], and at ÿ188C that

was the value used to ®t data by Hung and Thompson

[25].

Four semi-empirical freezing time predictions and

four based on ®nite di�erence methods presented by

Cleland and Earle [47], Pham [8], Hung and

Thompson [25] and de Michelis and Calvelo [48] were

compared with 207 experimental results to ÿ108C and

with 68 experiments to ÿ188C in [7]. At the higher

food center temperature of ÿ108C the percentage

di�erences for the semi-empirical predictions were

between 5.4% [8] and 13.9% [48], while at the lower

temperature of ÿ188C the di�erences were in the range

between 6% [25] and 14.9% [48]. The percentage

di�erences for the ®nite di�erences freezing time pre-

dictions were found to be within 4.3% [8] and 12.1%

[48] at ÿ108C and between 4.3% [8] and 9.3% [25] at

ÿ188C. In all these comparisons, temperature was

measured and calculated at the center of the food

under constant ambient temperature. The results pre-

sented in Table 2 are calculated and measured at four

locations that are di�erent from the thermal center of

the plate, while air temperature was changing with

time. Even though these two conditions make calcu-

lations more complicated, since at the thermal center

of the food temperature gradients are equal to zero,

the freezing time predictions obtained by the conjugate

method are more precise than the ones presented in

the references discussed in this section.

In Fig. 10, a comparison is made of the tempera-

ture±time evolution at four positions inside the food

obtained with the ®nite volume method and the

measured data. It can be observed that the cooling

curves at the four locations can be predicted in a

reasonable fashion, with di�erence that are smaller

than 6 K. In three locations, the center of the plate,

the mid-upper section and in the region closest to the

incoming ¯ow direction, the di�erences between the

predicted and measured temperatures are higher for

the time before the solid±liquid phase transformation

of water.

The local heat transfer coe�cients were calculated

Fig. 8. Velocity vectors around the food at four time instants, Re= 6000.

Table 2

Errors in freezing time predicted by conjugate method at four

locations in the food plate

Reference temperature, 8CError in predicted freezing time, %

T1 T2 T3 T4

ÿ10 1.9 2.9ÿ8.910.6
ÿ18 9.510.0ÿ2.8 5.2
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Fig. 9. Temperature distribution inside the food at four time instants.
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after the temperature ®elds in the food and in the air
were computed at each time step from the de®nition

h � q 00

Tw ÿ Tf

; q 00 � ks�Ts ÿ Tw�
Dns

�15�

where the heat ¯ux was found from the heat conduc-
tion coming to the outer surface from the neighboring

nodes in the food. Figs. 10±14 show the unsteady local
heat transfer coe�cients at the top, bottom, left and
right external surfaces of the food. A sharp drop of

the local value of h that decreases to more than half its
value is noticed (Figs. 11 and 12) in the ®rst 0.3 cm,
facing the cool air incident ¯ow, on top and bottom

surfaces. The major changes in the convective heat
transfer coe�cient can be explained from the results
obtained for the predicted velocity and temperature

distributions in the air close to the plate walls and
from the temperature gradients calculated in the walls
of the food. The air stream impinges against the lead-
ing vertical wall of the food plate, changes direction

and the velocity increases towards the leading corners,
where air at a lower temperature comes closer. The
lower temperature air ¯ow at high velocity, that orig-

inates at the larger value of h at the leading corners,
separates from the wall at the two leading corners of
the plate and a recirculation zone forms in that ®rst

region near the top and bottom surfaces, as is depicted
in Fig. 8. The air ¯owing at low velocity in reverse
direction is warmer as a result of the temperature dis-

tribution in the food shown in Fig. 9, and hence the
lower values of h calculated on those regions. The
overall order of magnitude for the heat transfer coef-
®cient in the two horizontal surfaces is similar, �h030

W/m2 8C, and the same holds true for the two vertical
surfaces that have mean heat transfer coe�cients, �h �
17 W/m2 8C, being almost two times smaller than the

value for the top and bottom surfaces.
A close inspection of Figs. 11 and 12 reveals that

the heat transfer coe�cient on the top surface is di�er-

ent from the one on the bottom surface, and the same
can be observed in the comparison of h values on the
upper half with those of the lower half of the vertical
walls in Figs. 13 and 14. The ¯uid mechanics results of

the air ¯ow around the plate shows that the forced
convection is not completely symmetric in y-direction
at the Reynolds number equal to 6000, even though

top and bottom surfaces are symmetric with respect to
the air ¯ow. The lack of symmetry for the u and v
components of the velocity a�ects the temperature

®eld for the air around the food, causing non sym-
metric values of h that have di�erences of about 15%.
Results for this lack of symmetry has been presented

for isothermal air ¯ow around a square plate at
Re = 10,000 [38].

6. Conclusions

A ®ve partial di�erential equation mathematical
model that includes continuity, Navier±Stokes and
energy equations for the ¯uid ¯ow and the heat di�u-

Fig. 10. Cooling curves at four locations inside the food.
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sion equation, with an apparent speci®c heat have
been used to describe the unsteady laminar forced con-

vection coupled to the water solidi®cation problem for
freezing plate shaped foods in air initially at rest.

The ®nite volume method with 58 � 58 nodes; time
steps equal to 0.001 s, for the ®rst 5 s needed to reach

the ¯uid mechanics steady state, and time steps equal
to 0.1 s from that instant to the time needed to freeze

Fig. 11. Unsteady local heat transfer coe�cient over top surface of food.

Fig. 12. Unsteady local heat transfer coe�cient on bottom surface of food.
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a portion of salmon meat allowed the prediction of

cooling curves. Experimental data for the time vari-

ation of the temperature at four locations inside the

food was used to validate the numerical prediction.

Errors in freezing time predictions at four locations in

the food plate by the conjugate method, for time vary-

ing cooling air temperature, were in the range between

1.9 and 10.6% at temperatures of ÿ10 and ÿ188C.

Fig. 13. Unsteady local heat transfer coe�cient over surface of food facing the incident air stream.

Fig. 14. Unsteady local heat transfer coe�cient over surface of food in downstream ¯ow direction.
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