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Abstract. In the present work classical equations were founithe literature, which were reported to predibetinitial
freezing temperature, the thermal conductivity apécific heat of a food product in function of gtemposition and
temperature. These equations were coupled to theg@aov's method, which predicts the ice fractiomrfed below the
freezing point for a food material. This procedereabled the development of the functions enthatplykarchhof with
respect to the temperature for the studied prodychumerical integration. After was developed amgplemented a
computational code in finite differences to solve transient heat transfer equation, transformedhayintroduction of
the enthalpy and Kirchhoff functions. With the cbijee to validate the code computational and tosiiiate the use of
the thermal properties prediction equations hadrbased surface heat transfer coefficients measwigdfluxmeters.
The previous knowledge of the heat transfer coeffis by convection mechanisms determined by usag flux
sensors coupled to temperature measurement dewvickallowed to only have as variable the food tredrpmoperties.
The results show that the association of classcalations for predicting the thermophysical profertof a food, with
the numerical solution of the modified transienathéransfer equation results in a useful methodptedict the
temperature evolution within a food product subg€cto a freezing process.
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1. INTRODUCTION

Temperature is one of the most important factorspfast harvest conservation of fruits and vegetablghen
temperature is high the food metabolism is acctddrdeading to a faster deterioration, promotingh@re intense
transpiration and enabling an ideal environmentht growth of pathogenic microorganisms. The expental and
numerical investigation of the refrigeration orering of a food is then primordial for a better ersfanding of food
conservation, in order to reduce the product mdishpto decrease water loss and to control miganism growth.

The numerical simulation of the transient heatdfanduring the phase change, on the freezing awitly of a
food, has become a powerful tool for the manageréie freezing chain of foods. The precise arsfaintaneous
prediction of the temperature distribution withifamd product is an indispensable step for the robistrategies and
the project of efficient refrigeration systemseatpting safety and quality. Because of the praldticportance of these
heat transfer problems, highly non-linear in theecaf freezing, several researchers have beenadiedi@ lot of effort
to develop physical models and advanced numegcahiques to solve them.

When considering the freezing and thawing problef#ods, the dominant mechanism is the heat tearisy
conduction. The conduction problems involving phelsange, called Stefan problems, belong to a menergl class
of free frontier problems. A first group of numexianethods to solve such problems is based onréla¢nient of the
free frontier in the phase change using complicéetiniques in order to locate the position of ititerface at each
new time step (Crank, 2004). Usually, these methhad®& a low convergence rate, leading to additionaiplications
when multidimensional geometries are considered.

A second group of numerical methods, more flexittees not track directly the exact position of pfxase change
front. This boundary condition is incorporated ime ttemperature dependant thermal properties. Therging
equations are then solved in a fixed dominium. Thikbe the approach adopted in this work.

The phase change in solid/liquid foods occurs msgjwvely at a finite and approximately well defirtethperature
interval. Both phases are not clearly separatectangist in a finite fraction of the food in a givéme. At this instant,
the thermal properties, such as thermal condugtifk) and specific heatc) can be approximated by temperature
dependant functions. Generally, both functionsdiseontinuous near the freezing temperature: thar@mt specific
heat exhibits a sharp peak near the phase chamgpetature and the thermal conductivity increasgsifitantly below
this temperature. Algebraic expressions for theniaé properties of some foods are frequently foumthe literature in
the form of tables (Alhama and Fernandez, 2002¢@eéal, 2004; Pham, 1996).

The temperature dependence quoted in the earliagph, as well as the boundary conditions of eotion or
radiation, make the prediction of the temperatuistohy during freezing a non-linear problem. Somemerical
methods based usually on the Fourier’s transieat é@nduction law and solved by finite differencedinite element
techniques are used for both phases (Cleland ailge®z1998). The use of the temperature as tpement variable



is limited by accuracy criteria, because the timerement must be minimal in order to avoid jumpefghe sharp
apparent specific heat peak (Pham, 1987).

Innovations have been introduced in the numerigadeting of Stefan’s problems in order to minimizeitlations
and improve accuracy, namely the use of the voluimenthalpy and the Kirchhoff function (Fikiin, 28). The use of
enthalpy H) as the dependant variable is based on the kngeletithe dependence of the enthalpy with tempezatu
for the studied product (Mannapperuma and Singi88)L9The temperature is calculated as a secondaighbie.
Another option, complementary to the enthalpic folation, is the use of the Kirchhoff function, oloid through the
integration of the thermal conductivity as a fuantof the temperature. These both functions petmiteduction of the
oscillations of the computational results, espégiallocations near the surface of the product.

The objective of this work is to validate and fastrate the use of prediction equations of ternysjmal properties,
combined with the numerical simulation of the tenapere gradients within green beans pods duriregfng processes
at different convection conditions. The previouswitedge of the required parameters for simulati@mely the heat
transfer coefficients for the air flow conditionsthe experiments and the pods geometry, hypotiitimay allow the
validation of the thermal properties predicted dkations found in the literature .

2. EXPERIMENTAL CONDITIONS

A freezing chamber (MDF-U 20863, Sanyo, Japan) witter dimensions 370 (w) x 490 (d) x 1200 (h) masw
used for the experiments. Air circulation in thaga of 0 to 7 minside the freezer was promoted by an axial fan
(W2E 250 — CE 65-02, Airtechnic, France) equippeth wlectronic speed control and installed in tipper central
portion of the freezer. Air speed was measured bgirma of a propeller anemometer (Miniair 64, range-020 m.g,
accuracy +/- 0.1 ms Schiltknecht, Switzerland) placed 10 mm upstrdeom the surface of the products. Data was
acquired and recorded every second by a SRMBgistem (13-bit resolution, 24 channel, TCSA, Fedronnected to a
PC running the supervision software Specvi¢RCSA, France).

Green beans imported from Sacco Fresh Ltd (Kengicted for their straight and cylindrical form, ege
extremities were trimmed off, diameter &®.1 mm, length 80.& 0.4 mm, 87.2t 0.1 moisture content, and mass of
0.00224+ 0.00027 kg were used. Each sample was instrumevitada fluxmeter (Ref. 27036-3, nominal sensifvit
0.36 pV.M.W?, accuracyt 2.5%, RdF Corporation, USA), adhered to the serfafcthe specimens by means of a thin
layer of heat sink compound € 4.0 W.m".°C*, CM 6018, Jelt, France). Thermocouples (type Thegh diameter 0.5
mm, accuracyt 0.2°C) were carefully placed at the thermal cemted at the surface of the specimens, aligned
horizontally and distant approx. 5 mm of the flutere The instrumented vegetable samples were accaoiated in
wire supports designed specially to hold them aahr stream. The contacts between the wires andpgbcimens were
provided with small polystyrene pieces to reducedcmtion heat transfer. The system composed byn8teumented
vegetable and its support was placed inside tleziing chamber at —40°C. The air speed for eachremest was fixed
at 0 (natural convection), 1, 3, 5, and 7 mEach essay condition was repeated at least thmes. At every time
intervalt, the recorded heat flux, surface temperature &nigmperature inside the freezing chamber wemdhiced
in Eq. (1) and the heat transfer coefficient waaightforward calculated.

oT (2)

-k&js = g(t) = (O[T, (1)~ Ts(t)]

3. MATHEMATICAL MODELLING

The following conditions were assumed for the folation of the mathematical model used to prediet hieat
transfer:

a) Heat conduction is the predominant mechanism;

b) The pods are represented by an infinite cylindehwengthL [m] and radiusR [m] defined between [0; 0.03],
where R << L, so the longitudinal heat transfaraglected and the axial symmetry is considered;

c) The thermal conductivity is variable with the temradare during the freezing process;

d) The pods are considered homogeneous and the teitigderature is uniformly distributed in their ince.

The temperature diffusion process foc@ < R and t > 0 can be modeled by the partial diffeedreguation that
represents the transient heat conduction basetieofrdurier’s law, Eq. (2). The initial and boundagnditions are
described, respectively, in Egs. 3 to 5.

o(T(r e, (ran Tt =22 fr(ran TR, @
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wherer is the radial component [mi,is the time [s],T(r,t) is the temperaturéC], o(T(r,t)) [ka/m?] is the density,
cp(T(r,t)) [J/kg’C] is the specific heat at constant presskif€(r,t)) [W/m°C] is the thermal conductivity. The following
initial and boundary conditions are adopted,

T(rt)=26C,r > 0 andt = 0, (3)
(P <0, 1= 0 anat> (4)
K(T(rt ))% =h(T, -Tg(r.t)), r =Randt > 0, ©)

whereT,, [°C] is the ambient temperatuf®; [°C] is the temperature on the bean surfadsy/m?°C] is the heat transfer
coefficient on the surface.

Executing a variable change on the Eq. (2), thesitleand the specific heat, which are temperatw@peddent
parameters, can be replaced by the volumetric pecithalpy,H [J/nT],

H(T(r,t))= '[ p(T(r t))c, (T(r,t))dT, (6)

where T* [°C] is the reference temperature that correspondseonull value ofH (Scheerlincket al, 2001). This
change of variable results in the enthalpic formataof the transient conduction heat transfer.atnanalogous way,
the thermal conductivity can be removed using tirehtoff transformation [W/m], (Fikiin, 1996),

E(T(rt))= Jk(T( rt))dT . (7

Introducing Eqg. (6) and (7) in the Eq. (1) the d@ling expression is obtained,

OH(T(rt)) _10 (r OE(T( r,t))]

ot r or or (8)

By applying the same changes to Eq. (3) to (5)pbtain the initial and boundary conditions that chab Eq. (8):

H(T(r, t)) =Hg; r > 0 anct = 0,

OE(T(r,t)) :
E(T(rt)) _~. _

T_o,r_o,tzo, (10)
OE(T(rt)) _ _ .

T_h('rm To(r.t)); r=R, £0, (11)

whereH, [J/nT] is the enthalpy known at the initial time obtairtrough the experiment.
4. NUMERICAL METHODOLOGY
The finite difference method was used to solve migally Eq. (8). An energy balance over the nodaihgs of a

finite uniform grid was developed. The geometryha green beans pods, approximated by an infigitader wherel
>>r, used in this work is presented in Fig. 1.



Figure 1 — Radial representation of the green Ipeals.

The energy balance for evefyelement located inside the numerical grick(2 < n-1) and between the time stejps
toj+1 can be written using the development of Smith §)98 the form of Maclaurin series, as expresseé&dy(12).

HI"-H! _ 1
At r.Ar?

[ri+1/2(Ei+1 -E )_ ri—llz(Ei - Ei—l)]' (12)

For the nodal point$ = 1 (center) and = n (external surface) we used the same developmensidering
respectively the symmetry condition, Eq. (10) amel ¢onvection condition, Eq. (11).

HJ+1_H ] _ 4 (E E) (13)
At a2 Tl
For the nodal point=n (on the bean) it is considered the convectardiion, Eq. (10), which results in,
j+1 j
H  -H 1
= ) [ri+1,2Arh(Too _Ts)_ ri—1/2(Ei - Ei—l)]' (14)
At r.Ar

At eachj™ time step, the temperature profile within the protds straightforward determined by applicatiorthos
previously developedH(T) relationship, using the local calculated enthalpjues. A numerical code was developed
using Matlab 4.0 to implement the presented satutio

5. PREDICTION OF THE THERMAL PROPERTIES

Attempting to predict the thermal properties regdiby the mathematical model, a literature survag eonducted
to collect equations with this purpose. We congddundamentally relations involving temperatunel @omposition
(protein, lipid, carbohydrate, fiber, ash, wated @) dependency, in order to cover a broaderaafigonditions. The
equations found are generally recommended for hemagus, non porous and low fat products.

The thermal properties are significantly affectgdthe ice fraction formed under the initial freegzitemperature.
This temperature was predicted by Eq. (15) (Ph&86), based on regression analy§ % 0.92) of data for several
products.

(15)
T, =—466(X, ! X o) — 464X, 1 X iot)

To calculate the ice fraction formed below theiatifreezing temperature, it was used the Tchigedt979)
method, Eq. (16), which is generally accepted aedmmended by ASHRAE (2002).
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= 08765 (16)
1+
In(T,, T +1)

whereX. is the mass fractions of the ice formed in thegteratureT [°C], XuotiS the total mass fraction of the water of
the product in the unfrozen state amg [°C] is the initial freezing temperature.

The prediction of the properties thermal condutti(T) and specific heat(T) were primarily based on the
equations of these properties for the isolated aomapts of the product (proteins, lipids, carbohtesafibers, ash,
water and ice) obtained from Choi and Okos (1986 finalk(T) of the productvas obtained using the mean value
between the conductivity calculated using the seaied parallel models according to the methodojoggented by
Murakami and Okos (1989) and expressed by Eq. {@¥.ice fraction was taken into account as a co@pbunder
the initial freezing temperature, as calculatedhy (16).

K(T) =24 3 X} Mk, (M) + (17)

1
> xy ik, m)]

For the determination of(T) it was used an additive model, which considered dbnductivity of each isolated
component multiplied by its mass fraction in thedurct. The apparent specific heat, including thelwgion of latent
heat of fusion of water with the ice fraction forn@as calculated by Eq. (18).

e 18
Sar 1) XD X DR g +H S5 o

The knowledge of the functiae(T) allowed to develop the enthalpy functib(iT) using Eg. (19) (Heldman, 1992).

T

H(T) = Xy [ cusdT + X,y [€,0T+ [ X, M6,MAT + XoMH, + [ Xie (Mo (N)T (19)

-4 Tf -40 -40

A code containing all algebraic equations was teweloped in Matlab to predict the thermal propgsrtdf the
product and their variation with temperature in thege of -40°C to 30°C, given only the mass foaxdi of the
components. Food properties and their completatian with temperature are scarce in the literatliree simulated
properties were compared with collected punctteddiure data.

5. NUMERICAL RESULTS

The regular analysis conducted in our laboratosylted in the following composition for the greesabs: 92.2%
moisture content, 1.3% protein, 0.2% fat, 3.1% chyklrates, 0.7% ash and 2.5% fiber content. Thisposition data
was introduced in the calculation routine developetlatlab with the intent to predict the thermabperties of the
product (Strapassoet al, 2006). Fig. 2a presents the thermal conductiggya function of the temperature. The
obtained conductivities for -6°C and 5°C are incadance with literature data (Martins and Silvap2)0) being the
standard error respectively 3.1% and 6.8%.

The predicted initial freezing temperature was 19, while the mean value found in our experimevas 0.8°C.
Under the initial freezing temperature, the routirsed showed a progressive increase in the thexomaluctivity, as
the result of the increasing ice content in thedpod. The mean value between the parallel anddahal £onductivities
is apparently a good approximation for the therow@iductivity of the tested product. It was notidedt the serial
model underestimates the conductivity, while thealdel model overestimates it. This effect is mutre pronounced
under the initial freezing temperature. The intégraof the thermal conductivity with temperatuesulted in the
Kirchhoff function, Fig. 2b. This latter functiors icontinuous, as compared with the thermal condtictiand will
probably contribute for more stable numerical settioh of the freezing process.

Fig. 3a shows the apparent thermal capacity obdans. Again, as the result of a great increasieirice content
and the corresponding evolution of latent heat urithe initial freezing temperature, we observe e fipeak
characterizing a region of discontinuity in thioperty. Thus, the use of Eg. (2) to simulate tleeZmg process of the
beans may implicate in numerical oscillations ardkpjumping. The development of the enthalpy fumgtFig. 3b by
integration of the apparent thermal capacity wigmperature results in a smoother behavior. Whenptkdicted
enthalpy is compared with literature data a goag@ment RZ = 0.97) is obtained. The data from Tousnial (2004)
were measured experimentally by differential scagmialorimetry (DSC) using the same supplier anéetyaas for the
green beans used in this work. The freezing exparisnallowed the acquisition of the heat fluxegton surface, and



the center and surface temperature of the pods.4Fdjsplays the heat fluxes for the different sfieed used. The
attached table indicates the heat transfer coeffisiat each freezing condition calculated by E}j. These coefficients
were compared in a previous work (Amarante and Isafié, 2006) with values obtained biju-Rerelations for the
conditions of the experiments with good agreemenan standard error of estimation = 5,5%).
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Figure 4 — Heat fluxes on the surface of the padsgd
freezing at different air speed.

The numerical solution was obtained by the utilmatof an explicit finite difference method. A nuriwal grid
formed by ten nodal points was used. It was assuimdhe accuracy of the numerical solution watssignificantly
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influenced by the adoption of the explicit methedyr by the number of nodal points chosen, accordinghe
conclusions of Cleland and Earle (1984) regardimg $ubject. When using the explicit method sugintly small time
and space steps were chosen in order to overcameation problems due to stability criteria. FigillGstrates the
numerical and experimental behavior of the freezpingcess using 1 m/s air speed. In this case,abaltrobtained
using the Kirchhoff function Eq. (8) is quite simnilto that using directly the thermal conductivitythe model’s
equation. We attribute the similarity of both s@us to the small time steps used in the simulati@025s).
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Figure 5 — Numerical simulation using the thernaiductivity ¢) or the Kirchhoff function (+), as compared wieth
experimental (-) temperature history (1 m/s airese

Fig. 6 summarizes a complete series of freezingex@nts and simulations applying the heat transfefficients
obtained by calorimetry and the thermal propenmieslicted using solely composition data of the be#ins observed
that the enthalpic formulation using the Kirchh@ifhction can predict satisfactorily the experimémesults for the
covered conditions. From these curves one can enatinall discrepancies between simulated and expatéh
temperatures, mainly in the phase change regiomni hand the beginning of the water freezing iseddant on
kinetic factors (nucleation), which are not takaetoiaccount by the numerical model. On the othedhas a result of
the small diameter and the tenderness of the dreans internal tissues, little displacement oftti@@mocouples tips is
likely to occur. This may cause significant expeazimtal error. Nevertheless, the predicted tempezatatues fit well to

experimental onesRf > 0.95 for all runs). The Fig. 7 illustrates thehaeior of the temperature in the product for the
null velocity of the freezing air.
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Figure 6 — Experimental (-) and numerically simeith{+) temperature profiles during the freezing of
green beans pods using different air speed
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Figure 7. Temperature profiles during the freeztang the bean radius for v = 0 [m/s].

6. CONCLUSIONS

A group of relations based exclusively on the cositian were selected and used to determine thermal

properties of the chosen food specimen used inntbik, associated with an equation to predict teefiaction formed
below the freezing temperature. The simulated ptaseare in agreement with values found in trerditure. Moreover
it was possible to establish the continuity of ¢ihedied properties with temperature. The good tesuk attributed to
homogeneous internal structure of the chosen foodyet. The use of these functions, associated thihnumerical
computational code to solve the heat conductiomtgm on a transient basis with phase change, shéavke possible
to predict with reasonable precision the evolutbithe temperature in a food under different fragaionditions. It is
believed that the combined modeling of the therpraperties and the evolution of temperature dufiegzing is an
interesting and relatively accurate method for pegiing purposes.
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