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ABSTRACT

This work carried out an experimental and numerical study of the kinetics
of freezing of the Brazilian codling (Urophycis brasiliensis) muscle in air
blast freezer, with air temperature set at 253.15 K and the average
convective heat transfer coefficient at 25.4 W m?2 K The initial
temperature of the fish muscle was 277.15 K and the final temperature
255.15 K. The objective of this work was to verify the best agreement
between the experimental temperature profile and the numerical
temperature profile to Brazilian codling muscle, using the CFD
(Computational Fluid Dynamics) as numerical tool. In relation to the
obtained results, it was verified that a good agreement between the
experimental and numerical temperature profiles for the Brazilian codling
muscle. The experimental freezing time found was 6618 s, and the freezing
time through the numerical simulation was 6246 s. The error percentage
found was 5.6%.

KEYWORDS: FREEZING KINETICS, FISH MUSCLE, ENTHALPY-
POROSITY.

AVALIACAO EXPERIMENTAL E NUMERICA DA CINETICA DO CONGELAMENTO
DO MUSCULO DE ABROTEA (Urophycis brasiliensis)

RESUMO
Este trabalho realizou um estudo experimental e numérico da cinética de
congelamento do musculo de abrétea (Urophycis brasiliensis) em uma
camara fria de conveccao a ar forcado, com a temperatura do ar fixada em
253,15 K e o coeficiente convectivo médio de transferéncia de calor de 25,4
W m=2 K. A temperatura inicial do misculo do pescado foi de 277,15 K e
a temperatura final de 255,15 K. O objetivo deste trabalho foi verificar a

1 School of Chemistry and Food, Federal University of Rio Grande — FURG. Phd Student
in Food Science Engineering. Email: jarbas.souza@riogrande.ifrs.edu.br

2 Federal Institute of Education, Science and Technology of Rio Grande do Sul — IFRS.
PhD in Food Science Engineering. Email: daniele.cunha@riogrande.ifrs.edu.br

8 School of Chemistry and Food, Federal University of Rio Grande — FURG. Phd in
Chemical Engineering. Email: dgmpinto@furg.br

4 School of Chemistry and Food, Federal University of Rio Grande — FURG. Phd in
Chemical Engineering. Email: darosacezar@gmail.com

5 School of Chemistry and Food, Federal University of Rio Grande — FURG. PhD in Food
Engineering. Email: dgmprent@furg.br

Vetor, Rio Grande, v. 28, n. 1-2, p. 1-16, 2018


mailto:jarbas.souza@riogrande.ifrs.edu.br
mailto:daniele.cunha@riogrande.ifrs.edu.br
mailto:dqmpinto@furg.br
mailto:darosacezar@gmail.com

melhor concordancia entre o perfil de temperatura experimental e o pefrfil
de temperatura numérico para o musculo de abroétea, utilizando o CFD
(Computational Fluid Dynamics) como ferramenta numérica. Em relacéo
aos resultados obtidos, verificou-se uma boa concordancia entre os perfis
experimentais e numéricos de temperatura para o musculo de abrétea. O
tempo de congelamento experimental encontrado foi de 6618 s, e o0 tempo
de congelamento pela simulacdo numérica foi de 6246 s. O percentual de
erro encontrado foi de 5,6%.

PALAVRAS-CHAVE: CINETICA DE CONGELAMENTO; MUSCULO DE

PESCADO; ENTALPIA-POROSIDADE.

1. INTRODUCTION

The main method of conservation of the fish is through freezing, being widely
used by the cold stores. However, despite of being a very old and widely used method,
it still presents many challenges for food engineering. Foods do not present
thermophysical properties and freezing kinetic as observed in pure substances or
common mixtures [14]. In addition, each food, even of the same type, presents many
variations within its classification, which interferes in its characteristics and behavior in
the freezing process.

The rate of freezing also affects the quality of the food; a fast freezing rate is
desirable because it has the effect of decreasing the size of the ice crystals, thereby
improving nutritional characteristics, texture, flavor and chemical composition [9].

According to RAHMAN et al. [16], to design and simulate a cooling and/or
freezing equipment, there are several aspects to be considered by food professionals,
such as: the amount of energy to be removed (sensitive and latent), composition (height,
length, radius, thickness and width), physical properties (density, freezing point, latent
heat, specific heat and thermal conductivity), and the initial freezing temperature.

Authors such as SCHEERLINCK et al. [18] and TAN and FOK [19] investigated
the freezing process of different types of fish, however, considering the thermophysical
properties of the product above the initial freezing temperature for the numerical
simulation, in which they are practically constant with the temperature variation. In this
sense, the use of UDFs (User Defined Functions) to customize the variable
thermophysical properties during the freezing process, represent an alternative for the
numerical simulation of food freezing through the enthalpy-porosity method.

In this sense, the objective of the work was to evaluate, experimentally and

numerically, through the enthalpy-porosity method with the variable thermophysical
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properties, the freezing kinetics of the Brazilian codling muscle, one of the main species
caught on the south coast of Brazil (according to ANDRADE, DUARTE-PEREIRA and
ABREU-SILVA [2]) and one typical product of great importance, both economic and

cultural, for that region.

2. NUMERICAL MODEL DEVELOPMENT

In the enthalpy-porosity method, the liquid-solid interface (mushy zone) is
modeled as a pseudo-porous medium, with the porosity being defined as a function of a
guantity called liquid fraction. This method is implemented through the addition of source
terms in the momentum conservation equations based on Darcy's law and the Carman-
Kozeny equation for flows in porous media whose advantage is to function adequately
both in case of phase change isothermal (involving pure materials) and for the case of
phase change occurring within a temperature range (involving mixtures or alloys), in
which solidified parts coexist along with the liquid phase [5, 19, 10].

According to ODONE [10], the mathematical model, representative of process,
by enthalpy-porosity method, examines the mass conservation equations, momentum

and energy, shown in Equations (1) to (4).

v.V=0 (1)
% (pw)+V. (pVu) = V. (uVu) = — g—z —A, E;ﬁj u )
2 (p)+7. (pV) = V. (u7%) = =2 — A S0y 1 pg(h — hyep) /o 3)
2 (ph)+V. (pVh) — V. (aVh) = — = (pAH) — V. (pVAH) 4)

where u and v are the velocities of flow in the x and y directions, respectively, P is the

pressure, Vis the fluid velocity, Am is the mushy zone constant, y is the liquid fraction,
nis the dynamic viscosity of fluid, h is the sensitive enthalpy, AH is the variation of latent
heat, o is thermal diffusivity, p is density, g is the acceleration of gravity,  is the
coefficient of volumetric expansion, hyes is the reference enthalpy, and c is the specific
heat at constant pressure.

The mathematical equations used to solve the solidification and fusion models of
Fluent software (v. 18.2.0 — ANSYS Academic, Inc. - USA) depend on the enthalpy-
porosity and finite-volume method (Equations (5) to (10)).

Vetor, Rio Grande, v. 28, n. 1-2, p. 1-16, 2018



2 (pH)+V. (pVH) = V.(kVT) + S ()

H=h+AH (6)
AH = yL )
h=mﬁ+EﬁMt (8)

where k is the thermal conductivity, T is the temperature, Trsis the reference temperature
and L is the latent heat of solidification.

The liquid fraction (y) is defined as:

y=0ifT < Ty
y=1ifT > Tyq

T-Ts

if Tso1 < T < Tiq )

Tliq_Tsol

where Tso and Tiq are temperature in the solid phase and liquid, respectively.

In the first, the fusion interface is not explicitly controlled. An amount called the
liquid fraction, which indicates the fraction of the volume of the cells in liquid form, is
associated with each of the cells in the domain. The net fraction is calculated at each
iteration based on the enthalpy balance. The interface zone is a region in which the liquid
fraction lies between 0 and 1, being modeled as a pseudo-porous medium, in which the
porosity decreases from 1 to 0, when the material solidifies. When the material is
completely solid in the cell, the porosity becomes zero, resulting in the velocity drop to
zero [1].

The source term (S) is defined in Equation (10).

—_ 2 —
s=UV ) § (10)

T (y3+e) M

This term S was included in the momentum because the phase change effect on
the convection. The term € is a small-defined value to prevent the division by zero, which
was adopted as 0.001. However, the constant of the zone mushy (Am), describes the

kinetics of the process in the zone of liquid-solid interface normally between 10* and 107

[1].
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According to FLUENT [8], the solution for temperature is essentially an iteration
between the energy equation Equation (5) and the net fraction equation Equation (9).
The direct use of Equation (9) to update the net fraction usually results in low
convergence of the energy equation. The method suggested by VOLLER and
SWAMINATHAN [20] is used to update the liquid fraction.

The thermophysical properties used in the numerical simulation were determined
using the C programming language (UDFs) to customize the density, thermal
conductivity and specific heat through mathematical correlations and equations, relating
the properties of its components with the temperature and the respective mass fractions
of composition, according to CHOI and OKOS [7] and ASHRAE [4]. The chemical
composition of the Brazilian codling muscle: moisture, proteins, lipids and ashes, was
determined by the AOAC [3] methods (Table 1).

TABLE 1: Chemical composition of the Brazilian codling muscle
Moisture (g 100 g %) 82.33+0.67

Protein (g 100 g 1) 15.42+0.34
Fat (g 100 g ) 1.25+0.07
Ash (g 100 g 1) 0.85+0.07

* Average of three replications * standard deviation

The initial freezing temperature (T;) was determined by the experimental freezing
curve as the point where the slope (dT/dt) of the curve equals zero (Equation (11)),
according to RAHMAN et al. [15].

dT _ T(t+AD-T(t)
dt — At

(11)

To determine thermal properties of food below the initial freezing temperature,
the mass fraction of ice (Xice) is necessary to be determined, by Equation (12) according
to ASHRAE [4].

1.105%Xy0
Xjce = 0.7138 (12)

1+ Ln(Tf—T+1)

where Xuo is the mass fraction of water in the unfrozen food and T;is the initial freezing
point of food.
The specific heat due to the discontinuity of the function near the initial freezing

temperature, the lever rule for the approximate determination of this property was used.
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The thermal conductivity was determined through the mean between models
parallel and perpendicular to the fibers of the food, according to ASHRAE [4].

Due to the enthalpy-porosity method, the latent heat is only released in the
second part of the freezing curve, instead of considering this energy release in the
second and third portions, as in the freezing of food, the latent heat of solidification used
in the numerical simulation, was determined through Equation (13), thus, the latent heat
(AH) involved in the process was adequate to only the second region of the freezing
curve. The mass fraction of ice (Xice) was determined at the temperature of 268.15 K
(end of critical zone).

AH = XjceLa (13)

where L, is latent heat of water solidification (333600 J/kg)

The average convection heat transfer coefficient (hc), used in the numerical
simulations was estimated through of the energy balance between quantity of heat
removed of product (Equations (14) to (17)), according to ASHRAE [4], and Newton's
cooling law Equation (18). The mean mass of the Brazilian codling muscle used in the

freezing assays was 0.121 kg.

Qq = mcy (T — Tp) (14)

Q, = mAH¢ (15)

Q3 = mcy(Tr — Ty) (16)
_ Q1+Qx+Q3

Qr = 3600n (17)

q=hA(Ts - Ty) (18)

where Q1, Q2, Qs are the heat removed of product, m is the mass of product, AHy is the
latent heat of solidification of food, c; is the specific heat of product above freezing, T, is
the initial temperature of product above freezing, T; is the initial freezing temperature of
product, c. is the specific heat of product below freezing, T is the final temperature of

product below freezing, n is the freezing time, q is the heat transfer by convection, Ts is
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the food’s surface temperature, T, is the surrounding fluid temperature and A is the

food’s surface area.

On the surface of the fish muscle, we have: q = Qr, therefore:

_ __Qr
he = 3o (19)

3. MATERIAL AND METHODS

The materials used in this work were the fresh Brazilian codling muscles from the
local fish warehouse, Rio Grande municipality, from the 2016/2017 harvest. The products
were transported refrigerated to the laboratories for the accomplishment of the analyzes

and experiments.
3.1 Experimental procedure

The samples had their dimensions standardized for the freezing tests, through
the use of a 0.07 m x 0.14 m x 0.015 m glass shape. Excess muscle was cut with
stainless steel knife. The samples were then packed in polyvinyl chloride (PVC) film in
order to avoid dehydration during the freezing process.

Preceding the freezing tests, the samples remained in air blast freezer for 24 h,
in order to reach the thermal equilibrium, standardizing the temperature of all samples at
277.15 K. The freezing tests of the Brazilian codling muscles were performed in air blast
freezer at 253.15 K. The air temperature was measurement and recording by the
electronic controller TC-900 Ri clock and Sitrad software, respectively, both instruments
of the Company Full Gauge.

This equipment is formed by expanded polystyrene isopals, having an internal
volume of 0.73 m3. The refrigeration system used is composed of a condensing unit of
the Company Elgin, Model TUM - 2053-E, evaporator of the Company Mipal, Model
MMIO15AHI and thermostatic expansion valve of the Company Danfoss, Model TX2-0.3.
The refrigerant used by the refrigeration system was R-22 (chlorodifluoromethane).

The experiment consisted of three freezing tests (temperature x time) for the
determination of the temperature profile of the Brazilian codling muscle (one sample at
a time, repeated three times with different samples, within the harvest period of the fish).

Type K thermocouple sensor (diameter 1.48 x 102 m and range 73.15 K to 1533.15 K)
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provided with data logger (Fieldlogger) of the Company Novus, was used for the
measurement and recording of products time temperature evolutions during of process
freezing. This instrument was programmed to collect and record temperatures in time
intervals of 300 s.

To perform the measurements, sensor was inserted in the geometric center of
the sample, on which it was placed on a tray, with the following dimensions: 0.29 m
(width), 0.29 m (length) and 0.8 x 10 m (height), and the registered temperature data
were loaded into a computer through a dedicated interface with the data logger software.
The experiment was performed in triplicate (one sample at a time, repeated three times
with different samples, within the harvest period of the fish) and were stopped when the

geometric center of the fish muscle reached a temperature of 253.15 K.
3.2 Numerical resolution method
In order to solve the problem of heat transfer in the fish muscle during freezing in

air blast freezer (Figure 1), through the enthalpy-porosity method, some considerations
and simplifications were defined for the resolution of the physical-mathematical model:

Y
X
Z

e

-4

L2

FIGURE 1: Geometry of the Brazilian codling muscle.

» Cartesian geometry;

* Unsteady-state heat transfer;

* Negligible volume variation during freezing;

« Negligible thermal resistance of the tray (8 x 10*m thickness);

+ Convective terms and null source in the computational domain;

+ Thermal properties (k, p and c) variables defined by the UDFs, being used in the
computational domain and in the boundary conditions (walls);

* Methods of numerical solution:
- Scheme: SIMPLE;
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- Spatial discretization (gradient): least squares cell based,;
- Spatial discretization (energy equation): upwind second order;
- Transient formulation: implicit second order;
- Convergence criterion adopted: < 10°5;
*  Tig= 271.65 K e Tso= 268.15 K (critical zone);
* Initial condition: T(t=0) =To(y), O<y<L1.:
-To(y) = 277.35 K;

» Convective boundary conditions at surfaces zx (t>0):
d
-hyxTy = Ky % (Ty), y=Ls;
* Boundary conditions at surfaces yx e yz (t>0):

- Walls adiabatic.

* Boundary conditions at the centre (t>0):

9
-ky 35 (Ty) = 0,y=0.

In this sense, adopting the defined considerations and simplifications, the

Equation (5) has become Equation (20).
2 (pH) = V. (kVT) (20)

The domain of Figure 1 was covered by a mesh with hexahedral elements using
a mesh generation package (Gambit v. 2.3.16 - ANSYS, Inc. - USA). The mesh was
exported to the solver package (Fluent v. 6.3.26 - ANSYS, Inc. - USA), where the
mathematical model, described by Equations (5) to (9) was solved numerically.

The appropriate mesh size was determined testing different refinements, with
5832, 6859 and 9261 hexahedral elements. The grid with 6859 presents a good fitting
between experimental values and numerical results. Grid independence was achieved

using time step of 0.1 s.
3.3 Percent error

The percent error between the numerical and experimental temperature was

estimated by Equation (21).

Err = (T numerical — Texperimental ) % 100 (21)

Texperimental
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4. RESULTS AND DISCUSSION

Figure 2 shows the freezing curve of the Brazilian codling muscle, in which it
presents the typical general shape of the literature, being composed basically of three
regions. (1) cooling, which removes sensible heat, reducing the temperature of the
product to the freezing point; (2) removal of the product's latent heat of solidification,
changing the water to ice crystals; and (3) continued cooling below the freezing point,
which removes more sensible heat, reducing the temperature of the product to the
desired or frozen storage optimum temperature. The longest part of the freezing process
is removing the latent heat of solidification as water turns to ice. Many food products are
sensitive to freezing rate, which affects yield (dehydration), quality, nutritional value, and

sensory properties [4].
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FIGURE 2: Experimental freezing curve of the Brazilian codlin muscle.

Table 2 shows the synthesis of the results obtained during the freezing of the

Brazilian codling muscle.

TABLE 2: Experimental results of the freezing process of the Brazilian codling muscle
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Freezing time (s) 6618+ 249.6

Initial muscle temperature (K) 277.37+£0.27
Final muscle temperature (K) 255.11+0.12
Initial freezing temperature (K) 271.58+0.09
Average air temperature (K) 252.98+0.05

* Average of three replications + standard deviation

Analyzing the Table 2, it is observed that the experimental freezing time and the
initial freezing temperature of the Brazilian codling muscle were 6618 s and 271.58 K,
respectively.

According to RAHMAN et al. [15], in fish with moisture content between 50% and
81%, the initial freezing temperature varies between 272.55 K to 269.55 K. In this sense,
the author relates the initial freezing point with the mass fraction of water present in the
different fish species.

The freezing speed of the Brazilian codling muscle during the process was 0.20 K
min*(0.0033 K s). According to the speed, the freezing process can be classified as slow
or fast. In slow freezing, the products are frozen at 0.05 K min* (0.00083 K s1), while in
the fast freezing, the applied rate is 0.5 K mint (0.0083 K s) according to OLIVEIRA et
al. [11].

Figure 3 show experimental versus numerical freezing temperature of the

Brazilian codling muscle.

280
—®—num erical

—&— ex perim ental
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Temperature (K)

55

0 1000 2000 3000 4000 5000 6000 7000
Time (s)

FIGURE 3: Comparison of measured and simulated temperature of the

Brazilian codling muscle.
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Figure 3 shows a good concordance between the experimental and numerical
temperature values, where the numerical curve presented the three characteristics of an
experimental freezing curve. However, there is a small difference between the second
and third sections of the curves. This is due to the fact that the enthalpy-porosity method
considers only sensible heat exchange in the third section, ie, temperatures lower than
or equal to the temperature of the solid adopted in the numerical simulations (Tso =
268.15 K) only sensitive.

However, as SINGH and HELDMAN [17] point out, in the final freezing
temperature of the food, the frozen food may still have a little water in the liquid state, in
fact up to 10% of the water percentage may be in the liquid state for food frozen to 255.18
K, thus, with a small latent heat exchange in the third part of the freezing curve.

In addition, in relation to the second section, the difference is due to the enthalpy-
porosity method, consider a linear relationship between the liquid fraction and the
temperature (Equation (9)), but in the freezing of foods the reduction of the water fraction
is exponential (Equation (12)). Due to this difference, the second stretch of the numerical
curve of the Brazilian codling muscle is larger than the second stretch of the experimental
curve, despite the reduction of the latent heat adopted for the model's suitability.

The numerical freezing time found was 6246 s while the experimental freezing
time was 6618 s. In this sense, the percentage of error found between the predicted
model and the experimental procedure was 5.6%. Therefore, it can be stated that the
numerical solution of the enthalpy-porosity method using the UDFs and the suitability of
the latent heat of solidification to the model, showed a good agreement with the
experimental freezing time of the Brazilian codling muscle.

PHAM [13] determined the following properties for foods from their chemical
composition: enthalpy, freezing temperature, specific heat before and after freezing, and
the percentage of non-freezing water. The use of these calculated properties generated
good results in the prediction of freezing times, with acceptable errors (approximately
10%) for meats, fish, fruits and cheeses. Ice cream and fats have made big mistakes in
the times.

TAN and FOK [19] performed the numerical simulation of the freezing of tilapia
fillets in different geometries using the enthalpy-porosity method with Fluent 6.2 software,
without the use of UDFs and thermophysical properties (density, specific heat and
conductivity thermal) constants. Afterwards, they compared the freezing time predicted
by the numerical simulation with those obtained by the analytical models of PHAM [12]
and CAMPANONE at al [6]. For tilapia fillets with 0.25 m long, 0.140 m wide and 16 x

103 m high, the authors found a freezing time of 5688 s to reach the temperature of
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K]

253.15 K in the thermal center, while PHAM [12] and CAMPANONE et al [6] found 6084
s and 6192 s, respectively. The percentage of error between the times predicted by the
simulation and the analytical models were 6.5% and 8.1%, respectively.

Since the proposed model presented a good fit, we can predict, with the Fluent
program, the temperature contours along the freezing process of the Brazilian codling

muscle, as shown in Figure 4.
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FIGURE 4: Contours of temperatures of the computational domain (Brazilian codling
muscle); a) t=0's; b) 1200 s; ¢) 2400 s; d) 3600 s; €) 6000 s; f) 6240 s.

Figure 4 shows the heat flow from the center of the computational domain
(thermal center of the Brazilian codling muscle) to the upper and lower extremities,

characterizing the transient unidirectional heat flow due to the simplified hypothesis
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adopted on the front, back, left and right as adiabatic, since they have a reduced thermal

exchange area.

5. CONCLUSION

The experimental freezing temperature profile of the Brazilian codling muscle
described a typical literature freeze curve, presenting the three characteristic regions.
The time and freeze velocity found were 6618 s and 0.20 K min? (0.0033 K s%),
respectively. The initial freezing temperature found was 271.58 K, being in agreement
with the values of literature.

The enthalpy-porosity method proved to be valid to predict the final freezing time,
presenting a percentage of error between the experimental test and the numerical
simulation of 5.6%. Comparing the experimental and numerical temperature profiles, the
enthalpy-porosity method described the freezing kinetics of the product, showing a small
distance between the second and third portions of the freezing curve.

It is believed by the numerical simulation results, through the enthalpy-porosity
method plus the user-defined functions in C language for the thermal conductivity,
density and specific heat, and adjusting the latent heat of solidification of the food to the
second region of the curve that the method can contribute to predict the freezing time of
foods with high water content with low percentage of error, because, in this way, the
method would be closer to its original characteristic, that is, to simulate the freezing of

substances pure or a mixture of two liquids.
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