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ABSTRACT

In the present study, a mathematical model capabl@redicting the instantaneous moisture and teatpes
distribution inside fruit and vegetable materiatlargoing shrinkage during drying process has beeeldped.
The model takes into account moisture content dmwihisage of material as well as shrinkage dependent
effective diffusivity. The mass transfer and heguaions were solved using a numerical technique. F
evaluation and validation purposes, the model vpgdied to drying data obtained from the drying sesarried
out on banana slices. An oven dryer was used taluminthe test. Banana slices of approximately 5 mm
thickness and 30 mm diameter were dried over a ¢eamyre range of 56C and 70°C for 6 hours. The
predicted results compared favourably with the erpental results. Thus, the experimental resultslated the
model developed. In addition, empirical drying ratpiations are developed. The model is therefqralda of
predicting dynamic behaviour of drying of fruitsdergoing shrinkage and, as such, it can be useddasign
tool.
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1.0INTRODUCTION

Losses of fruits and vegetables in developing a@stare estimated to be about 30-40% of production
(Jayaraman and Gupta, 1995). The need to redudehpongest losses is of paramount importance fosehe
countries. Drying processes has been one of thesbtdchnologies among the industrialized proceissése
preservation of agricultural food materials or proi. This is gaining forces as one of the prorgisathniques
and thus become an object for research studiess ttefined as a process of moisture removal due to
simultaneous heat and mass transfer (Ertekin andizya2004; Waewsak et al., 2006). Dried fruits and
vegetables have gained commercial importance aiddgtowth on a commercial scale has become anritapio
sector of agricultural industry. The most signifitareason for the popularity of dried products hattin
dehydrated foods, microorganisms practically dogroiv due to the presence of a minimum amount démwa
and thus they are immune to chemical or enzyma#ctions that could provoke alterations or spoiligthe
food. This confers on the dried food longer shiéf-(Agarry and Owabor, 2012). Other reasons inelud
substantial volume reduction as well as producédity.

Fruits are generally characterized by high initiaisture content, high temperature sensitivity. (celour,
flavour, texture and nutritional value subjecthierimal deterioration), and shrinkage of materiaisnd drying.
The required amount of thermal energy to dry aipagr product depends on many factors, such iagtial
moisture content, desired final moisture contemtderature and relative humidity of drying air, axdflow
rate. Thus, several researchers in recent times ingestigated the drying characteristics or betrav different
food materials including fruit and vegetables, feal products using different drying methods suglpen sun
drying for grapes ((Togrul and Pehlivan, 2004), bananaa(dgand Owabor, 2012), fish (Jain and Pathare,
2007), and onion slices (Arslan and Ozcan, 2018grsdrying for green pepper (Akpinar and BicerQ&))
strawberry (Beltagy et al., 2007), Brook mangoeisg® et al., 2011), banana (Agarry and Owabor, PG
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okra (Doymaz, 2011; Ismail and lbn Idriss, 2013))d hot air drying for red pepper (Simal et al.020 okra
(Doymaz, 2005), tomato (Doymaz, 2007), and caZ@lihska and Markowski, 2010), respectively.

Many mathematical models have been proposed taidesbe drying processes of most of these foodrizs
such as the Newton model (O’Callaghan et al., 197aye model (Akpinar et al., 2003), Henderson Rauoiis
model (Karathanos and Belessiotis, 1999), logaiithmodel (Yaldiz et al., 2001), two term exponehtiadel
(Akpinar et al., 2003). The drying models are gatgrclassified into three categories which are ¢#mpirical,
the semi-empirical and the theoretical models (€p@012). Modeling is essentially a mathematicay wé
representing processes or phenomena to explaimhiberved data and to predict behaviour under difiter
conditions (Hadrich and Kechaou, 2004). Mathenahtmodels are very useful in the design and armlgti
simultaneous heat and moisture transfer proce3$esexisting mathematical models are either toqbstic
and, hence, deviate significantly from real proeessr too complex to have any practical applicatibrs thus
essential to develop a model which should not dmdymeaningful and relatively simple to use, bubals
significantly accurate to predict temperature araistare distribution during drying. Considerabladies have
been performed on the drying of agricultural pradubowever, reliable simulation models to aid design of
cabinet or tray dryers for fruits are few.

Bananas are one of the world most traded fruitath fresh and processed form (Dandamrongrak e2@D3).
Few researchers have studied the drying of thig &ither as untreated or pretreated form usinginaht
convection and forced air convection (hot air dgyifiSankat et al., 1996; Dandamrongrak et al., 20@f@rry
and Owabor, 2012). At present, there are very fiewlgtion models that represent the batch dryingafical
fruits. As shrinkage in fruits is an observable pd@enon that has a strong influence on the dnyaieg (Lima et
al., 2002), it must be taken into account in orbeobtain reliable predictions of performance. Feaearchers
such as Gekas et al. (1988), Jomma and Puiggdiljl€lara et al. (1995), and Karim and Hawlad€0&)
have considered shrinkage of material during dryfinipeir drying models.

The objective of this study is to develop a mathieahdrying model that takes into account uncauplof heat
and mass transfer phenomena and the unidirectgimalkage of the material to predict the tempemtnd
moisture profiles inside the material. The effeCtemperature on the moisture diffusion coefficianbanana
drying was also investigated.

20MATHEMATICAL MODELLING

2.1 Material Model

In the present model, the drying material is cosi®d as a thin slab of thickness L = 2b at a umifaritial
temperature Jand moisture content MThe two sides are exposed to an air flow at teatpee T, and relative
humidity RH, as shown in Fig. 1. Shrinkage of agitieral products during drying is an observable sibgl
phenomenon, which occurs simultaneously with meégstliffusion and may have a significant effect on mass
diffusivity and the moisture removal rate, hendeisinecessary to take into account the effecthoinkage
(Mulet et al., 1987). In vegetables and fruits, Woéume of shrinkage is very close to the volumevater loss

by dehydration (Suzuki et al., 1976). To simplifyetmodel, the following assumptions were made (Kand
Hawlader, 2005):

(1) Moisture movement and heat transfer are onedgional (i.e. from the interior to the air—samiplerface,
and evaporation takes place at the interface).

(2) No chemical reaction takes place during drying, thermal and chemical properties of mater#,and
moisture are constant within the range of tempeeataonsidered.

(3) The material undergoes shrinkage as dryingrpssgs.
(4) Uniform distribution of air through the dryer.
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Fig. 1: Elemental control volume in the materiahgde

It is evident from the schematic representatiorthef process above that the hot air and the moisameved
from the sample are in a counter current motion.

Modelling from first principle mass conservatioruatjons can be written using Fick’s second law
2.1.1 Moisture Transport

Input - output =Accumulation

0~ Zax) = W2+ 2 (Ax) )

Dividing through by Ax gives
_% oM, oM )
Recall that flux J =D % (mass transfer flux)

Where C = concentration and M = moisture content
Substitute j into Equation (2)

2.1.2 Mass Transfer Equation

In a macroscopic description, the medium is comeidl¢éo be the superposition of two continuous axtdon
media, a solid matrix and a liquid diffusing witltime matrix. Thus, in the conservation of the entirass of the
medium during a transformation, two phases areidered (Hadrich and Kechaou, 2004):

« the liquid phase characterized by a velocity oflitpeid diffusione;
» the solid phase characterized by a velocity oftiffesion of the solidrs
The mass balance equations are given as Equafipasd (6) (Hadrich and Kechaou, 2004):

Liquid phase

Bpg . —
—=+div (p,.ve) =0 4)

Solid phase

11
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In whichp, and p.are respectively the apparent bulk mass densititediquid component and the solid
component. The density of material (banana) isidensd ap = p, + ps

If we consider that mass transfer follows Fickw las given in Eq. (3), then Egs. (4) and (5) become

805 | — 8Ps _ 8P

e T V%% D dax" ®)
and

8ps | —_8ps _ 80 7

ﬁzz+vsﬂx_Dﬂx2 )

D = is diffusion coefficientgt = change in time and dx = change in distance. In which moisture (M) is

definedas 22 and % is the time derivative following the movement of tiwic.

=

The Dcan be determined experimentally using the follgnéguation suggested by Hawlader et al. (1991)
m™ —1n ( 92) L20 ®)

M, w L2

When the experimental value m‘% is plotted againsf;; , the slope D is o, ¢.

This approach is a simplified one and shrinkageds considered. For the materials undergoing shgek
diffusion coefficient D in Eq. (7) and Eq.)(B not constant (Gekas et al., 1988; Karim and ldded, 2005put
varies with moisture content. One way to solveghteblem of the shrinkage effect is to incorporéie Yolume
change into the diffusion coefficient. Therefor® cbnsider the real condition, an effective diffuscoefficient
(Dys ) is introduced.

e | GolPe_ p  Tpe
at T ve dr Derr dx? ©)
and
bps | —_8ps _ 5 ps
e T 055 = Dor (10)

Fish (1958) and Crank (1975) have presented methodietermine the functional dependenceDpf; on
moisture content

Draf _ Boy2
Doy &) (11)

Where ‘b’ is the thickness of material (half of fle@gth). The thickness ratio is obtained from @q)
(Desmorioux and Moyne, 1992; Qing, 1997):

b = bo (—2iZiee ) (12)

Pet Mpps

To solve the governing equations, it is necessadetermine the shrinkage velocity. At presenthas
shrinkage velocity cannot be predicted and experiaieletermination is also difficult, Qing (199 &samption
on shrinkage velocity has to be made. This studyrass a linear distribution of shrinkage velocityus at any
point in the sample, shrinkage velocity can be esged as

u (x) =u(b}§ (13)

and velocity at the exposed surface is

12



Chemical and Process Engineering Research www.iiste.org

ISSN 2224-7467 (Paper) ISSN 2225-0913 (Online) JIINE]

vol.23, 2014 iSTE
_ b-b{old)

u (b) == (14)

Where ‘b (old)’ is the half thickness of the samatdéhe previous time step. The density of the ispert is
assumed to be uniform at the beginning of dryinghk middle of the specimen, the density grad&ent
considered zero (x = 0). The initial and boundamditions of Egs. (7) and (8) can be written as:

The initial conditions ar@, k-0= 2., g k=0 =pP<, boundary conditions:

-0 FP=
At x= O,a:r

a 3
w0and==}=-0 (15)

And at x=bp, balance can be written as
k=b + UPg Ix:b: hp (e - Pe)x=b (16)

dpe
Degr

And at x = bp. balance can be written as

a,
_Deffg bt UPsl=n= 1, (P - Poyx=b 17)

Mass transfer coefficientyltan be determined from the following relationsh(iddls, 1995; Karim et al., 2005)
for laminar flow and turbulent flow, respectively

Sh = 2" = 0.332Re®*5c®*?  and (18)
Sh = E;_L = 0.0296Re*/55¢033 (19)

2.1.3 Heat Transfer Equation

The equation for conservation of heat can be writis
(Heat gained in CV - Heat out of CV) + GeneratioHeat storage

It is possible to derive the equation for diffeiehteat balance in a similar fashion as that ofsnbalance.
Considering the hypothesis that temperature inrtaerial at any time during drying may be considere
uniform. Thus, the final form of the equation isfakows:

8T ar 8T
R M (20)
The boundary conditions are:
T
T|=0=T,and F2p=0= 0
So the heat balance at the boundary, x=b can bessed as:
G
[kﬁ'i PcmuT)Lzb =h(T, — T}Ix=b' hmp(M — Ma)hf_q'x:& (21)

The heat transfer coefficient can be calculatethftioe following relationships for laminar (Eq. (22)
and turbulent (Eq. (23)) flow, respectively:

Nu :h—kL = 0332Re% pro (22)
hL 05 033
Nu = 7 =0.0296Re™ Pr (23)
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2.2 Simulating the Model and Method of Solution
The model employed was simulated using MATLAB 7@wsare package. This ensures the determination of
bulk densities of the solid and liquids constituefithe material. The finite differential formulpg@lied is:

pi",j+1 = pi’} + T[’.pi'..'.j’j - zpi ;_ii + pir_:l’jtl _U(ijj-i- p-lr,j_'__‘) (24)

Numerical method was used to solve the governiffgrdntial equations describing the drying chanasties.
Physical properties of the fruit considered in thisidy, being banana, were obtained from the titeea
(Mohaimen, 1980; Rao and Rizvi, 198Bje values of diffusion coefficient, initial moistucontent, equivalent
moisture content and shrinkage of the sample weterohined experimentally. A computer program in
FORTRAN was developed to solve the set of finiféedénce equations.

3.0MATERIALSAND METHODS

Fresh, unripe bananas of approximately the saneeveize used in the drying experiment. Banana sliwe
prepared first by peeling the skin and then slidimgp 5 mm thickness of approximately the same diam
Approximately 50 g of the sliced banana sample wariéormly spread on a metal tray and then placedn
oven air dryer (Uniscope SM 9053 A Laboratory ov@urgifriend Medicals, England). Drying was carraaat

at different three dry bulb temperatures of 50,a6@ 70°C). Samples were dried for 6 h, and at one-hour
interval samples were withdrawn from the dryer argghed. The thickness of the material was measatred
one-hour intervals to monitor the shrinkage ofieterial. After each drying test, the samples vdsied at 100
°C for at least 24 h to obtain the bone-dry masthefmaterial and to determine the moisture convérihe
original material. The moisture content of both ftesh and dried samples was determined accordidgAC
(1980). The average bone-dry mass was 20% of ibanar mass, which means that fresh banana conédiost
80% water. The drying rate of the samples was tatted based on weight of water removed per unié tand
per gram of dry matter (solid) and expressed irtsuaf gg* h* (Dandamrongrak et al., 2003; Agarry et al.,
2005).

4.0 RESULTSAND DISCUSSION
4.1 Drying Characteristics: Moisture distribution in material during drying

In the drying operation, it is pertinent to knove ttemperature and moisture distribution in the darapd its
change during drying; the present mathematical iaodeeloped is able to predict this. The respective
experimental and predicted moisture distributiothimi the sample as a function of time during dryatgair
temperature of 50 to AT is presented in Fig. 2. It can be seen that thistore content of the banana decreases
as the time of drying increases until the equilibrimoisture content will be attained. Since it ifficllt to
experimentally determine the moisture distributieithin a sample (Balaban and Pogott, 1988)isture
distribution inside the sample was not measureithénpresent study. Only the overall (mean) moistanetent
was for the entire sample was determined and edkull The predicted and experimental results show
reasonably close agreement, which validates theehtbdt was developed to express drying charatteyidt

can be seen that the surface directly exposedetdrtfing air approached the equilibrium moistureteat faster
and the changes in the deeper layers of matenalsiaw.

op o 6 - 6 - 6
g (a) 50°C = (b) 60°C > (c) 70°C
E ° E g = 4
E E g B4 2 N
8 = 4 T, £ E \”\\ b o i
P BN Sz %, g %,
2w S, | .. =52 - “,,
Z% ™, N " £E e
5% 7 " 58 ' SZq .
2 2 G %5 .
=z0 ' E® 0 5 10
0 ‘ ‘ = 0 > W) = Time (h)
0 5 10 Time [h} =
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Fig. 2: Experimental and predicted variation of stimie content with time at (a) %0, (b) 60C and (c) 76C
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4.1.2 Material Temperature Distribution

The surface temperature of the sample was recardietthuously during drying. Using a computer prognae,
temperature was predicted at different locatiomsnfrthe centre of the sample. Fig. 3 shows the piedli
temperature distribution inside the sample withetiat temperature of 68C. The respective experimental
surface temperature was also plotted on the saaghgiThe predicted surface temperatures agreedmnaaly
well with those obtained from experiment.

B O
o o O

o

0 1 2 3 4 5 6 7
Drying Time (h)

Sample Temperature (°C)
]
o

Experimental = «-eeeeeee Simulated

Fig. 3: Temperature distribution in sample durimging at 66C

4.1.3 Experimental Drying Rate with Time and Moisture Content

Fig. 4 shows the experimental variation of dryimgeras a function of moisture content at differénting
temperature.

2 -
£
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e
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=
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0 0.5 1 1.5 2 2.5 3 3.5 4
Moisture Content (g water/ g dry matter)
500C  «eseesee 600C =-=---- 700C

Fig. 4: Plot of drying rate as a function of morsteontent at different temperature

It can be seen that the drying rate is not condtanatughout the drying period. It constantly drapsil the
equivalent moisture content of the product will ieached. From Fig. 4, it is evident that the rdtelnying
increases with increase in temperature. The initiging rate was increased from 1.333 g/(g-h) airyng
temperature of 56C to 1.811 g/(g-h) at a drying air temperature @fQ. This observation implies that drying
rates of food material are majorly dependent ortéhgperature in which the material is exposed. Wdence of
constant drying rate period can be found in théndrgurves presented in this figure. This resuihiagreement
with previous studies (Hawlader et al., 1991; Deseux and Moyne, 1992; Maskan, 2002; Turhan and
Demirel, 2003; Agarry and Owabor, 2012). The relahip between drying rate and moisture content at
different drying temperatures is presented in TdblErom these equations it is possible to estirtfaedrying
rate at any condition of moisture content of thearial.
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Table 1: Relationship between drying rate and racgstontent at different drying temperature

Drying Temperature (°C) Relationship between drying rate and moisture content

50 dg =0.034M * + 0.02EM ° —1.36M * + 4.12€M - 2.83¢
60 d;, =0.16IM* -1.24IM° + 3.46M * — 4.07:M + 2.33¢
70 d;, =0.23IM * —1.64€M ° + 4.24EM “ — 4.45EM + 2.30¢

Fig. 5 shows the experimental variation of dryirajer as a function of drying time at different drgyin
temperature. Also, from Fig 4, it can be seen ghalifferent drying temperature of 80 to 70°C the drying rate
decreases with increase in drying time.

2 -

=
i
1

Drying Rate (g/g/h)
o
(ST

o

Fig. 5: The plot of drying rate as a function ofidg time at different temperature
The relationship between drying rate and dryingeteh different temperatures is shown in Table Zifgrtime

required can be estimated from these equatiorﬂlelsEequationst indicated the relationship of drying rate
with moisture contentlfl ) and drying time {;; ), respectively.

Table 2: Relationship between drying rate and dyyime at different drying temperature

Drying Temperature (°C) Relationship between drying rate and drying time

50 d, =0.002t," - 0.054,° + 0.43Et,° —1.44&, + 2.397
60 d, =0.004," - 0.08%,° + 0.56¢,” —1.76€t, + 2.77¢
70 d, =0.00¢,” - 0.14%,” + 0.861t, - 2.37%t, + 3.45€

4.1.4 Effective Diffusion Coefficient
The moisture transfer (water transport) during migyivas described by applying the Fick’s diffusioadal. The
experimental drying curves obtained at the differdnying temperature were adjusted to the Fickféudion
equation as given in Eq. (25):

8 -D

ref
MR = — Tt 25
n2 eXp[ 4L2 ] ( )

Where D is reference moisture diffusivity @s), t, drying time and_ , thickness (m).

When the experimental values bf MR are plotted againi;}/L2 , the slope of the curve is a measure of
reference diffusivity. Fig. 8hows such a plot for the drying of banana atGé 70°C.
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Fig. 6: Plot of In MR against tfito determine moisture diffusivity

The good linear adjustment to this equation witkedaination coefficient RZ) ranging from 96-98% at the
three different drying temperature showed that rdrydf banana is well represented by the diffusiordeh
proposed by Fick; and this allowed for the caldalabf the moisture diffusivity D, ) at the different drying
temperature, respectively. It can be seen thatsthge of the curve, i.e. diffusivity decreases fzes drying
progresses. This is expected as the shrinkage ardering of the material offer increasing resistanc
moisture diffusion (Karim and Hawlader, 2005). Traesult differs from the results reported by Haweladt al.
(1991)for tomato drying. They reported an increasing slop the curve, hence increasing diffusivity towsard
the end of drying. In Eq. (25), the thickness L vemsumed to be constant throughout the drying psoce
However, experiments and literature show that tiiekhess of a sample is not constant, but shrirgefecantly
(Karim and Hawlader, 2005). For example, in on¢hef present experiments the final thickness of barveas
3.25 mm, which is 65% of the initial thickness. fBe this shrinkage into account, Eq. (WHs used to obtain
the effective moisture diffusivity throughout theyishg process. The diffusivity calculated from E&5) was
considered as the reference moisture diffusivitypeétimentally determined reference moisture diffasi
coefficients of banana at the different drying temgture considered in this study are presentedhbieT3. The
results show that the reference moisture diffugifat banana slices ranged from 3.29 to 5.07 *'f's. These
values are within the general range'16 10°m?s for drying of food materials (Doymaz, 2005; Kateullah
and Kailappan, 2006; Sacilik and Elicin, 2006; D@amn2007; Honie et al., 2014). The results in Table 3
showed that effective moisture diffusivity incredseith increase in drying temperatur&.similar observation
has been reported for increase in diffusivity coefht as air drying temperature increases (RahamahKumar,
2007; Sobukola, 2009; Kadam et al., 2011; Khawad.e2014).

Table 3:Values of effective moisture diffusivity for oveir drying of banana slices

Drying Temperature (°C) Moisture diffusivity ( D 4 )x 0™ Determination Coefficient ( R? )
50 3.29 0.97
60 3.80 0.96
70 5.07 0.98
Conclusion

A mathematical model describing simultaneous heat mass transfer processes is proposed to desbebe
drying characteristics of the product being driétle mathematical model provides a good predictibthe
drying rate, temperature and moisture distribubbfood material with time. Experiments were congdcusing
banana samples to evaluate the results predictéidebyodel. Since the material model agreed closély the
experimental values, the mathematical formulatiansl the related assumptions are considered reliable
predict the performance of dryers. Empirical dryirmje equations are developed. These equationsbwill
helpful in the estimation of the drying rate at angisture condition of the material and in theraation of the
drying time for a particular task.
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