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Abstract. Due to the relevant applicationsin the food and pharmaceutical industries, thereis a growing demand for the
formulation and solution of inverse heat transfer problems. In this work an inverse heat conduction problemis solved
using optimization methods to estimate apparent thermal diffusivity of foods at different drying temperatures.
Temperature and moisture versus time were obtained numerically at the center of the food using the 1D Fourier
equation with drying temperatures in the range between 20 to 70°C. The solution of the partial differential equation is
made with a finite difference method coupled to an optimization technique of Differential Evolution used in inverse
method. The estimation of apparent thermal diffusivity is based on transient temperature measurements taken by a
thermocouple on the inner surface of the food on which the heat transfer occurs, the experimental results had been
obtained of literature. This study approximates the thermal diffusivity as a function polynomial with unknown
coefficients, which can be expressed in terms of food moisture content. The inverse problemis solved as an optimization
problemin which a squared residue functional is minimized with the method already cited. Satistical analysis shows no
significant differences between reported and estimated curves. The determination of thermophysical properties from an
inverse method is an attractive technique obtaining the apparent thermal diffusivity with acceptable accuracy for the
model investigated however, the convective effect and shrinkage assumptions in the model provides greater reliability
on the calculated thermal diffusivity.

Keywords: Inverse problem, thermal diffusivity, Differential Evolution, food, finite difference method.
1. INTRODUCTION

There are numerous methods to measure the theifiueidty proposed in the specialized literatuNevertheless,
most of them need relatively complex instrumentatio experimental assemblies and demand an expeatishe
thermal phenomena. Several papers present sucloasedind results of thermal diffusivity of differedobds, some are
cited as follow. Choi and Okos (1983a, b) proposkna heat-source thermal conductivity probe witlxibary
thermocouple to determine thermal conductivity éimekmal diffusivity, simultaneously. Sweat (198@commends
determination of food thermal diffusivities frompetimentally obtained values for thermal condutfivspecific heat
and mass density. Shyanahll. (1994) study the thermal properties of Wieeat, specifically the specific heat, thermal
conductivity and thermal diffusivity. These resdens conclude that thermal diffusivity decreasediy with moisture
content. Tacet al. (1994) analyse the thermal properties of two Viseof rice bran. Carcioft al. (2002) estimate the
effective thermal diffusivity of mortadella usingta of the cooking process. Bouillereaal. (2003) determine the
thermal properties of the gelatin gel during thayirsing artificial neural networks. Kubasekal. (2006) estimate
thermal diffusivity of the olive oil during treatmehigh-pressure and Ba#t al. (2007)determinate thermal diffusivity
of foods using 1D Fourier cylindrical solution.

Growing interest has recently been evidenced irattaysis and solution of inverse problems of heatsfer, it can
be cited the works of Mendongh al. (2005) and Simpson and Cortés (2004) using therge method to estimate
thermophysical properties of foods. Many papeithénliterature involving inverse problems use detaistic methods,
based on gradient information, to minimize the otiye function (Khachkt al., 2002). Although such methods can
lead to local rather than global minima, their madvantage lies in their good convergence rate.

New optimization methodologies are being used twesinverse problems, particularly stochastic apphes,
which usually supply a good solution or until thiolgal optimum; however, the computational time threguire



generally exceeds that of deterministic methodsdqilyd 996; Suraret al., 2005). Other techniques based on artificial
intelligence field, such as genetic algorithms aniificial neural networks, have been used forgbkition of inverse
problems (Mikkiet al., 1999; Bouillereauxt al., 2003; Ayharet al., 2004; Sablanét al., 2004).

This paper presents a simple procedure to estiapaarent thermal diffusivity of banana variablehvitie moisture
content from a range of numerical/experimental terapres, using Differential Evolution as optimiaattechnique
for obtain parameters of piecewise function throafmverse method. The problem considered herelévant in food
processing operations, such as the analysis dditnainheat transfer during the drying, coolingr@efing of fruits and
vegetables in continuous systems, which requiresviedge of the thermal properties of foods. Marfgnences about
fundamentals of banana drying were found in treediure. Furthermore, few references concern aheumnophysical
properties during drying, as Pérez (1998), Lima&d@)%nd Queiroz and Nebra (2001). However the treb Wworks use
other numerical methodology to obtain the appatiestmal diffusivity while the last work to solveethmass transfer
determining diffusion and convective coefficients.

Thus the objective of this work was to study heahdfer aspects of the banana during drying proaedsuse
transient temperatures to estimate the apparemim#hediffusivity variable with the moisture conterd second
objective was to explore, analyse and validate & transient measurement methodology using inversthad for
determination of apparent thermal diffusivity irettange between 20 to°@for the drying temperature.

2.MATERIALSAND METHODS

2.1 Heat Transfer Equation

The method used to estimate the apparent therrfiabidity was based on the conduction heat transfgration,
where the apparent thermal diffusivity was a pateméo be estimated. To simplify the problem thdofeing
hypotheses were considered:

(i) The banana is represented in the geometric fofan infinite cylinder of length. (m) and radiugk (m) defined
between [OR], whereR << L (see Fig. 1a); thus, the longitudinal heat andstno¢ transfer were neglected and the
axial symmetry was considered.

(ii) The thermal diffusivity was considered varialwith moisture content during drying.

(iii) The banana is considered homogeneous.

One of the boundaries is in contact with the surding air thus resulting in a convective boundawpdition for
both the temperature and the moisture contentisgrited in Fig. 1b. The linear system of equatiproposed with
associated initial and boundary conditions for tmedelling of such physical problem involving theeegy
conservation equation, based on Fourier's law aadsntransfer equation described by Fick’s unidiveal diffusion
equation (Crank, 1975) as follows:

oT 16( aTj
—=——ra ,
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wherea (m?/s) is the thermal diffusivityT (°C) is the internal temperatur@ (m?/s) is the effective mass diffusivity,
(kgw/kgam) is the moisture content (dry basisim) is the transfer direction ands) is the time.

As initial condition, it was considered that inittamperature and moisture of the food are unifdgs. (3) and (4).
Null flux (symmetry) conditions were consideredla banana geometric center, Eqgs. (5) and (7)cdheective effect
of moisture and heat transfer at surface, Eq=arfél)(8), was considered.

Initial conditions:

T(r,0)=T°Or, (3)
X(r,0)=X° Or, (4)
Boundary conditions:
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wherek (W/m°C) is the thermal conductivity of the fruh, (W/m?°C) is the heat transfer convective coefficieht,is
the spatial mesh step, = 1970 (kg/r) is the dry solid densityyy (J/kg) represents the latent heat of vaporization

R

water obtained by air dry conditiorts,(J/kg.K) is the specific heat of vapour of water = %j X(r,t)dr (kgu/KQam) is
0

the average moisture content in the sectiontanfm/s) is the mass transfer convective coefficigie values oh,,

andDg used in this work were obtained of the work of @aeand Nebra (2001) that used the same experahdata
of this work.
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Figure 1 — Computational domain (banana).



Due to the characteristics of the mathematical lprab(one-dimension and homogeneous material), ithplar
finite difference technique (Smith, 1985) can bedusather than the finite element method or fimtdume method for
the solution of these partial differential equatiom this work, an explicit scheme was selectesing this numerical
scheme, the Eqg. (1) can be described and appraednmathe following terms,

t+At _ Tt
[Tr At ik J: ZFZI‘ > M2 (Trt+1 _Trt +Trt:1A ! _Trt+At)_ a2 (Trt _Trt—l +TrtJrAt _Trt:rlA ' )] (©)
_ oT __o0( _oT . N
The Eqg. (1) at = 0 can be replaced b%T = 20_ aa— , thus at the food center (Fig. 1b) symmetric ctbodi
r r

was considered wher€,,, =T, _,,

L R ) ¢
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To boundary condition at surface, since Eq. (6),loa calculated as follows,
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Substituting Eqg. (11) in Eq. (9) we obtain the tem;l)ureTth't . The discretization of the Eq. (2) is omitted here
due to its analogy with Eqg. (1).

2.2 Inverse Problem

Knowing the food's geometry and physical propertesthe boundary and initial conditions, enabies @ solve
Egs. (1) to (8), thus determining the transientgerature and mass distribution in the food. Thigetgf problem is
called a direct problem. If any of these magnitudest combination of them is unknown, but experitakdata are
available on the temperature measured inside and/the external surface of the food, one has aerge problem that
allows one to determine the unknown magnitudesyigeal those data contain sufficient information.

The interest of the present work is to estimate @hparent thermal diffusivity using experimentatadaf the
temperature obtained experimentally at the centah® banana during a time interval. In this woskdesired to
minimize the difference between experimental aratljgted temperatures. Mathematically it is desteechinimize the
objective function,

. \/ > -T @) (12)

n )

WhereToj (°C) is the temperature of the banana at node centrad, j is the time indicator, calculated numerically by

the explicit finite difference method amg (°C) is the experimental temperature of the banatiaeamocouple central,

r = 0, andh is the number of samples.

In most of the techniques developed to solve irvpreblems, the numerical model must be able teesble direct
problem with values arbitrated to the magnitudebdodetermined. Since the procedures for the solwre usually
iterative, the direct problem must be solved sdviérees. Thus, it is desirable to have a preciséhoe for the solution
of the direct problem that requires a relativelgrstftomputational time. The Differential Evolutiomethod was used as
the optimization technique and is described ag¥el

2.3 Differential Evolution
Evolutionary algorithms are computer-based probdefeing systems of evolutionary computation aresedaon
principles of evolution theory. The interest in BMmnary algorithms is increasing very fast, thmibust and powerful
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adaptive search mechanisms. Evolutionary algorithave been used in many problems, dealing withidilénsional
and multimodal search. There are a variety of diariary models that have been proposed and stusligth, as genetic
algorithms, evolution strategy, evolutionary pragnaing, genetic programming, and recently differ@rgvolution that
are referred as evolutionary algorithms. They shatemmon conceptual base of simulating the evarluf individual
structures via selection and reproduction procedline basic idea is to maintain a population ofdidaite solutions
that evolve under selective pressure that favattebsolutions (Goldberg, 1989; Baekal., 1997).

Differential Evolution (DE) is a population-basedochastic function minimizer (or maximizer) relagirto
evolutionary computation, whose simple yet poweafull straightforward features make it very attrvactor numerical
optimization. DE uses a rather greedy and lessasiic approach to problem solving than do evohatiy algorithms.
DE combines simple arithmetical operators with thessical operators of recombination, mutation aelkction to
evolve from a randomly generated starting popufetiioa final solution.

DE differs from conventional genetic algorithmsiti® use of perturbing vectors, which are the difere between
two randomly chosen parameter vectors. The DE #kgorwas first introduced by Storn and Price (1995)d was
successfully applied in the optimization of somdlakaown non-linear, non-differentiable and non-ger functions
by Storn (1997).

The different variants of DE are classified usihg following notation: D&/ J, wheregindicates the method for
selecting the parent chromosome that will form ltlase of the mutated vectgf,indicates the number of difference
vectors used to perturb the base chromosomegdardicates the recombination mechanism used tdetba offspring
population. Thebin acronym indicates that the recombination is cdieloby a series of independent binomial
experiments.

The fundamental idea behind DE is a scheme whdtaignerates the trial parameter vectors. In eta, she DE
mutates vectors by adding weighted, random vedftarentials to them. If the cost of the trial vecis better than that
of the target, then the target vector is replacedhle trial vector in the next generation. The aatiimplemented in
Matlab (MathWorks) was the Dihd/1/bin, which involved the following steps and procedures

Step 1:Parameter setup

The user chooses the parameters of population tsieehoundary constraints of optimization variabkeg mutation
factor f,,), the crossover rat€R), and the stopping criterion of maximum numbeitefations (generationSBx-

Step 2initialization of an individual population

Set generatiok = 0. Initialize a population af= 1, ..,M individuals (real-valued--dimensional solution vectors) with
random values generated according to a uniformgiitity distribution in then dimensional problem space. These
initial individual values are chosen at random fraithin user-defined bounds (boundary constraints).

Step 3:Evaluation of the individual population
Evaluate the fitness value of each individual.

Step 4:Mutation operation (or differential operation)

Mutation is an operation that adds a vector difidat to a population vector of individuals accaglito the following
Eq. (13),

Z(k+1) =X, (K)+ frn [ %, (K) =, (K], (13)

wherei =1, 2, ... M is the individual’s index of populatiok;is the generation¥ (K) = [Xil( k), ( k),...,)(in(k)]T
stands for the position of tha-th individual of population of N real-valued n-dimensional vectors;
z(k)= [;1(k),;2(k),...,zin(k)]T stands for the position of theth individual of amutant vector; ry, r, andr; are
mutually different integers and also different frahe running indexi, randomly selected with uniform distribution
from the set{l 2, i=Li+L-, N}; fn > 0 is a real parameter callgdutation factor, which controls the

amplification of the difference between two indivas so as to avoid search stagnation and is ysta&én from the
range [0.1, 1].



Step 5:Recombination operation

Following the mutation operation, recombinatiomjgplied to the population. Recombination is emptbigegenerate a
trial vector by replacing certain parameters of thmet vector with the corresponding parametera adndomly
generated donor vector.

For each vectorz(k+1), an indexrnbr(i)D{ l2,-~,n} is randomly chosen using uniform distribution, andial
vector, u; (k+1) :[uil(k+1), uiz(k+1),...,uin(k+1)]T, is generated with

_ zj(k+1), if randb(j)< CRorj=rnbi(i), (14)
qj(k+1)— >qj(k), if randb(j)>CR or jZrnbi(i).

In the above equationsandhb(j) is thej-th evaluation of a uniform random number generatidth [0, 1] andCR is
a crossover or recombination rate in the range [0, 1]. The performance of a DE athar usually depends on three
variables: the population si2& the mutation factdfy, and the recombination raBR.

Step 6:Selection operation

Selection is the procedure of producing betterpofifg). To decide whether or not the vectgik+1) should be a
member of the population comprising the next germrait is compared with the corresponding vect@k). Thus, iff
denotes the objective function under minimizatitwen

u (k+1), if fu(k+1))<f(x(k)), (15)
x; (k), otherwise.

Xi(k+1):{

In this case, the cost of each trial veaigk+1) is compared with that of its parent target gegik). If the costf, of
the target vectok(k) is lower than that of the trial vector, the tdrge allowed to advance to the next generation.
Otherwise, the target vector is replaced by trédtor in the next generation.

Step 7:Verification of stop criterion

Set the generation number foe= k + 1. Proceed to Step 3 until a stopping criteijomet, usuallyG... The stopping
criterion depends on the type of problem.

Each optimization approach was implemented in envirent computational Matlab (MathWorks). To illagé the
effectiveness of the optimization procedure sevsimllations were performed. The program was ruma &8 GHz
Pentium IV processor with 2 GB of RAM. In the tes3® independent runs were made for the optiminatn@thod
involving 30 different initial trial solutions. loptimization tests, the setup of DE used was theviing: f.,, = 0.3,CR =
0.8, the population sizd was 10 and the stopping criteri@p., was 200 generations for the DE.

2.4 Thermophysical Properties

The experimental results for temperature usedighstudy were obtained from Pérez (1998), whosek\poesents
results for six experiments with different conditioof temperature and relative humidity to banadaying, which are
presented in Tab. 1, wheXg is initial moisture content (kgkgqm) andXe is equilibrium moisture content (ktkQam)-

Table 1 — Air drying conditions and parameters ugdtie experimental tests.

Test Te R Xo Xe t
1 29.9 0.01613 3.43 0.1428 121.9
2 39.9 0.01569 3.17 0.0664 72.0
3 49.9 0.01522 3.21 0.0579 40.8
4 60.2 0.01530 2.96 0.0426 35.3
5 60.5 0.01506 3.04 0.0211 27.8
6 68.4 0.01545 2.95 0.0121 27.6

The heat transfer coefficient is dependent of fluelocity, fluid properties, surface rugosity, bodiape and
temperature between the body surface and the floidloods with higher moisture content there arathend mass
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transfer difficulting the experimental measure e&htransfer coefficient. Saravacos and Kostar@zso(l995) studied
the heat transfer coefficient observing changehérheat transfer coefficient from 10 to 200 \f@&when the velocity
changes from 0.1 m/s to 5 m/s. Thus this coeffideenough sensitive the small changes in velocity

The values for heat transfer convective coefficigate obtained based on the Nusselt number,

h= kNu , (16
d

wherek (kg/nT) is the air thermal conductivitg (m) is the diameter of the banaM is the Nusselt number given by
Nu = 097+ 068Re®*2Pr3, Pr is the Prandtl numbeiRe is the Reynolds number calculated |Re=povd/u, p

(kg/m?) is the air density angl (Pa.s) is the air viscosity (Kreith and Bohn, 200Bhe numerical simulations were
performed for values of the heat transfer convectiwefficient,h, calculated from Eq. (16), in the range between 15
W/m?C and 35 W/rffC, while the values of air velocities, are in the range between 0.33 m/s and 0.39 m/s.

When ones study the drying of products with biggeisture content, specifically the vegetables andsf in the
mathematical model is need to consider, besidégalf and mass transfer, the food shrinkage tocs THeicoefficients
determinate using such hypothesis has more appiigahhe shrinkage phenomenon was included is thork where
an empirical equation (Eq. (17))

R=[04721+ 01819, +0.1814X - X,)|R,, (17)

developed through an experimental test correlatiegbanana mean diameter to its moisture contestaltained in
Queiroz and Nebra (2001). The mean radius and thistune content were fitting by a linear regressiamose
coefficients of correlation were higher than 0.88ing the Eq. (17) the radiuR, could be continuously recalculated

according to the new average moisture cont&ntand initial radiusR,. Numerically, the shrinkage was treated like an
elastic grid. This means that the number of noddake radius was maintained constant and the radlzsihterval size
was changed at each time step. The shrinkagedagstand fast at surface sin¥edecrease quite fast main at the
beginning of the drying.

Note that several authors have derived equationmedict thermophysical properties. Semi-theorétizpiations
(krokidaet al, 2001; Maroulist al., 2002) are simple to use however these equasiangot always in agreement with
experimental data. The functional forms of thermalperties are generally unknown, especially indase of foods
with multiple compositions. A preliminary choice thfese functions could be an obstacle to a coaggtoximation of
these thermal properties dependent of the temperaiu moisture, even if the parameters of thesetioms are
adjustable. A usual solution consists of represgntiiese functions by empirical polynomials, witlders sufficiently
high to correctly represent the properties variei¢Chourotet al., 1997; Pérez, 1998). Some authors have proposed
replacing polynomials by piecewise linear functiarfstemperature, and to adjust the parameters liynzation
approaches, generally the number of parametersljtestais relatively large, more than 20, and thevesgence of
optimization approach is delicate (Jartyl., 1986; Saad and Scott, 1995).

Analyzing the temperature variation rate with tineetin the center of the banana, from the experiaietata, it can
be observed that the thermal diffusivity must haveehavior of decreasing very accented in the fiiostrs of drying,
practically being constant in the next hours. Du¢hts fact it was proposed the use of a non-lifieaction dependent
of dimensionless average moisture content in secfidhe parameters were adjusted by inverse metlsoth wa
Differential Evolution approach, thus the numbepafameters for adjust is 3, accordant with

a'(?* ) = ,*L (18)

AEny

—_—

where apparent thermal diffusivity is dependerdiafensionless average moisture content in thesgcX .
3. RESULTSAND DISCUSSION

The proposed approach was analyzed for the casdich 3 parameters (see Eq. 18). The mathematicalem
described in Egs. (1) to (8) considers some saggumptions (homogeneous material and infinitendgk). To
characterize the apparent thermal diffusivity Valgaas a function of the moisture content, severaliminary analyses
were made. The best fitness in the least squargedeetween the experimental temperatures and theetatures
obtained by mathematical model (Egs. (1)-(8)) ieveh in Tab. 2. Deviations between experimental sinoulated
temperatures were calculated using the multipleetation coefficient (Pearson coefficient), in sessive trials as,



o 2T @f 1)

where Tg (°C) is the mean experimental temperature of the imaathermocouple central= 0, and time indicatgr

The R? value of 0.9 to 1.0 is considered sufficient foattthe apparent thermal diffusivity obtained irsthiork to be
well adjusted with the experimental data, sucheslare shown in Tab. 2 and the values for goaltifumare shown in
the last column in same table.

In Tab. 2 ones observe, throughRffvalues that the results predicted have a goodeawst with experimental

values, showing that the apparent thermal diffégigbtained from the inverse method was fitted toyction presented
in Eq. (18).

Table 2 — Parameters of the Eq. (18).

Cases A 10" A, As R f
1 6.3197 0.3027 - 0.3000 0.9971 0.0064
2 9.7950 0.3674 - 0.3658 0.9969 0.0146
3 11.9875 0.4806 - 0.4799 0.9815 0.0762
4 11.5770 0.5000 - 0.4994 0.9741 0.0985
5 17.7960 0.4622 - 0.4607 0.9937 0.0758
6 19.6654 0.4155 - 0.4141 0.9923 0.0954

Fig. 2 shows predicted and experimental temperstat¢he thermal centre € 0) predicted by Eq. (18) using the
parameters of the Tab. 2 for all cases. The predittmperatures are in excellent agreement witlerargntal data
obtained in Pérez (1998). Predicted temperatures waculated with parameters estimated underrtherse method
using the Differential Evolution. Statistical ansiy through of the values of multiple correlatiarefficients shows no
significant differences between reported and eséchaurves (see Tab. 2). In this figure the shigekand convective
effect at banana surface are included in the maatieah model, so, this is a complete model dueintberporation of
physical phenomena in the banana’s drying. It ipdrtant to observe that in practice, bananas shrjnkbout 43 +
47% their original diameter during drying in accamde with Queiroz and Nebra (2001). This fact revehe
importance of including this phenomenon in the thdoal model. The inclusion of shrinkage and cative effect
lends more credibility to the apparent thermalufiffity obtained and presented in Tab. 2.

The minimum and maximum values for apparent therdiffilisivity obtained in this work using Eq. (18pr
example, for fourth case were 2:49™° (m?/s) and 1.8810" (m?s), respectively, with values lower than the aeai
by Lima (1999) with minimum equals 14%0° (m?%s) and maximum equals X¥0’ (m’/s). Considering all cases such
differences occur due the different mathematicadlehadopted in each work.

numerical
« experimental

case 2

Temperature®C)

case 1

| |
60 30 100 120 140
Time {h)
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Fig. 2. Experimental validation for the inverse hwet using the parameters
of the Tab. 2 (central temperatureyin 0).

4. CONCLUSIONS

The proposed optimization procedure using DiffaeénEvolution method was successfully applied t@ th
determination of apparent thermal diffusivity degeent of moisture content and/or temperature aveiragfee section
radial of the banana during the drying process.tdlistical analysis shows no significant differendeetween the
predicted and experimental profiles of temperaatréhe thermal centre using Eq. (18). The resuftsined in this
work validate the proposed method as a tool to datermination of apparent thermal diffusivity inetldrying
temperature range. The proposed procedure cantbedexi to the determination of other thermophygicaperties in
different processes like thermal conductivity, apécific heat in drying, wetting, cooling, heategd/or freezing.

The determination of thermophysical properties framinverse method is an attractive technique ffratm the
experimental and methodological point of view, hessaof its accuracy and short time for parametstisnation. The
higher value obtained in this work to apparent iardiffusivity was approximately 1.8807 (m?/s) while the lower
value was 9.4710"" (m%s) using the Eq. (18). However it is clear thafudivity depends on several parameters,
among other the composition of the product, dicectf the fibres and in particular of its temperaturhe values
provided in this study were obtained without a esation of all these characteristics, our main ofij@ was to
validate the inverse method using Differential EMimin optimization approach coupled with a simpl Heat transfer
model besides to obtain a value acceptable fonthkediffusivity. The shrinkage and convective effeassumptions in
the mathematical model provides greater reliabibty the calculated thermal diffusivity. The detaration of
thermophysical properties from an inverse methaghisttractive technique obtaining the apparentibkdiffusivity
with acceptable accuracy for two functions invesikgl.
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