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Abstract: The roles of temperature and velocity of air and the limits of their influence in
thin layer drying of fruits were studied using computational fluid dynamics code — ANSYS
FLUENT 18. Unripe banana (Musa cavendishii) was used as sample and mass transport from the
fruit to the drying air was simulated by solving specie transport equation without reaction.
Velocity helped to regulate the concentration gradient between the chamber space and the
fruits surface as it was responsible for the transportation of free H2O molecules at the surface
of the fruit to the environment. Temperature on the other hand was the major determinant
of the rate at which species were transported from the fruit to the drying air and it is defined
by mass diffusivity. The computed values of effective diffusivity at the test temperatures
ranged between 1.62E-10-3.85E-10. However, these values dropped slightly when shrinkage
effect was factored in.
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1 Introduction

Most countries are endowed with resources to meet its own
food need from domestic production (Clapp, 2015). What
obtains however, especially in developing countries is that
food availability is seasonal; usually in overwhelming
abundance and very cheap during harvest and in short
supply and almost unaffordable shortly after. Low-cost of
product during harvest is partly due to the forces of demand
and supply and the need for the farmer to quickly dispose of
the goods to cut losses that can arise from spoilage. Some of
the consequences of this are food shortage, low income for
the farmer and loss of financial resources that would have
helped stimulate the economy to other countries should
importation becomes an option.

To guarantee constant food supply and good reward for
the farmer, attention must be paid to food processing and
preservation. Some food preservation techniques include
drying, canning, pickling, freezing, etc. The technique of
interest here is drying. This is due to its low energy and
technical requirement and ease of set up compared to
canning and freezing.

Drying is a post-harvest processing operation that
removes water from food products in order to reduce
microbial activities and increase shelf life. Food water
content vary with class. In fruits and vegetables for
example, the range is between 90%-98% (Derossi et al.,
2011) and 13%-20% in grains (Kenneth and Hellevang,
1995). Above 10%, water in food encourages microbial
activities which leads to degradation and spoilage (Camelia
et al., 2008). In addition to preservation, drying also reduces
the physical size, mass, transportation cost and packaging
requirement of products (Onwude et al., 2016; Jaruk and
Roberts, 2007).

Several techniques are available for drying, some of
which include air drying, microwave drying, osmotic
dehydration, infrared drying and ultrasonic drying (Derossi
et al., 2011). Of all these, air drying is the most common. In
air drying, heat is transferred from the surrounding air to the
food material. This increases the energy of the water
molecules at the surface of the food causing them to
evaporate. At the same time, water molecules from within
negotiates its way to the surface to replace the evaporated
ones. This water transport from the interior to the surface
happens through mechanisms such as capillary flow,
diffusion, water evaporation and condensation (Camelia
et al., 2008; Onwude et al., 2016).

Air drying can therefore be effectively divided into two
phases; the transfer of water molecules from the food

surface to the surrounding air by evaporation and
transportation of water from within the food to the surface
both of which occur simultaneously. The evolution of these
phases determine the rate at which products dry and they are
influenced by mass, momentum and energy conservation,
and specie transport.

The plot of moisture content with respect to drying time
often known as the drying curve is used to show drying
trend or drying behaviour of products (Sabarez, 1998).
Drying curve (Figure 1) is an exponential curve and
generally divided into an initial constant rate period, and
one or more falling rate period (Onwude et al., 2016).

Figure 1 Drying curve of agricultural products
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Source: Onwude et al. (2016)

For some products such as pumpkin, carrot and kiwi the
drying curve show both constant and falling rate periods
(Onwude et al., 2016). However, the drying curve for
majority of fruits and vegetable products, are characterised
by only falling rate period (Lutovska et al., 2015) and
(Onwude et al., 2016). The crucial information conveyed by
the curve is the mechanism that dominate the drying
process. While the constant rate period is largely controlled
by capillary forces and gravity and subject to external
factors like temperature, velocity and humidity (Onwude
et al., 2016), the falling rate period is dominated by
diffusion and controlled by both external and internal
variables like shape, size, microstructure and the chemical
properties of the food which affect its affinity for water
(Derossi et al., 2011).

Products with high moisture content often show constant
rate period. The evaporation of water molecules from the
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surface of the product and its transport from the interior to
the surface occurs at a uniform rate so that water
concentration at the surface is kept constant. This continues
until the critical moisture content (MR.) is reached. At this
stage, falling rate period begins and diffusion controls the
drying process going forward. The resistance to water
transport to the surface is increased due to extended tortuous
path and resistance to flow occasioned by compression of
cells or shrinkage (Sabarez, 1998). The surface film of the
product becomes hard and dry even though the interior
moisture content might still be significant. Evaporation can
also occur within the food cells and diffuse to the surface
due to differences in vapour pressure.

Drying air condition is defined by velocity, temperature
and humidity. The values and the distribution of these
variables within the drying chamber affects drying rate,
energy consumption and uniformity of drying.

The aim of this work therefore is to numerically
investigate the influence of velocity and temperature mix in
the drying trends of fruits using unripe banana (Musa
cavendishii) as sample.

Literatures on theories of mass transfer and drying
models would be reviewed further, followed by detailed
description of the methodology used in the analysis, next
would be the presentation/discussion of results obtained and
drawn conclusions.

1.1 Mathematical models

To achieve uniform drying, food materials are thinly sliced
in such a way that they are fully exposed to air stream and
arranged so that air flow and temperature over the material
is uniform. This is known as thin layer drying. To achieve
this, the products are set in layers on mesh trays within the
drying space. Hot drying air flows over or through the food
material and are usually operated in batch manner
(Rajasekar et al., 2016).

During drying, water molecules diffuse from the internal
region where they are in high concentration to the surface
where the concentration is lower and evaporates into the
unsaturated air on absorbing some heat energy from the air.
Diffusion therefore, is considered as the dominant
mechanism for internal moisture transfer (Lopez et al.,
2015; Sabarez, 1998; Derossi et al., 2011). This transfer due
to diffusion is predominantly driven by concentration
gradient. Steady diffusive mass flux of species due to
concentration gradient for one dimensional diffusion is
given by Fick’s first law as (Incropera et al., 2007);

d(mis)
ox

where m; 4iis the diffusive mass flux of specie i and p is the
mixture density, D; » is the diffusion coefficient and m; rthe
mass fraction of specie i

For most drying operation, the boundaries of the food
material is stationary and the diffusion flux can be
represented as shown in Figure 2

(M

m; gifr = —pDi

The conservation of mass equation through the system
can be written as

9 (miay) _om;
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where m; is the mass of specie i

The right hand side of equation (2) can be written in
terms of mass fraction and equation (1) can be substituted
into the left hand side as
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Figure 2 Diffusion of moisture from food material to the
environment (see online version for colours)
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1.1.1 Crank model

The solution to equation (4) which is Fick’s second law of
diffusion can be achieved using numerical methods and it is
a function of sample geometry. Crank in 1975 developed
analytical solution to this effect. The solution represents the
drying behaviour during the falling rate period for simple
geometries such as slab, finite slab, cylinder, finite
cylinders, sphere, etc. The solution for slab geometry is
(Onwude et al., 2016).

MR =Mi—Me
Mo—-M,
8 1 (-(WPaDyzt) 1 (=3 7Dyt
RS0 ( 4w j+ ar ( Ay ]
(5)
L —(5)27T2Deﬁft
G { 4y’ ]+

N exp —(2n+177’D, 4t
Qn+1) 4(h)?

ﬂ(ne N — +o0)

Equation (5) can be written in compact form as
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For long drying period, only the first term of the series
applies and equation (5) can be simplified as

_ _ ZD,_)'t
MR:M:iexp(uj o
MO_ME 77,'2 4h2

where / is half thickness of the slab, MR is the moisture
ratio, M, is the moisture content at time ¢ and My and M,
respectively are moisture content at time zero and
equilibrium. Compared to M, and Mo, M. is relatively small
and may be neglected in the computation process. Solution
to Fick’s diffusion equation are generally the same for most
of the geometries with variation coming from shape factors

which is % for slab geometry.
T

1.1.2 Shrinkage model

Removal of water from the pores of the food material will
give rise to compression stress which causes the wall of the
cell to contract. This contraction effect is known as
shrinkage. Shrinkage of the cells makes it more difficult for
water to be transported. Therefore, moisture diffusivity
estimated without considering the effect shrinkage will
always be above the practical value. This was demonstrated
by Guhong et al. (2012) in convective drying of bio-porous
materials and (Ramallo and Mascheroni, 2011) while
modelling the effect of shrinkage on pineapple drying.

To compute effective diffusivity of slab geometry
considering shrinkage equation (8) can be used (Onwude
etal., 2016).

2D, st
2] in L) Dt ®)
Y n? 412
where L is the length of slab, D.s is effective diffusivity
considering shrinkage

Yi=M/WV:, Yo =My,

Vs is the initial volume of the sample and V; the volume of
sample at time ¢

Shrinkage (S) can be approximated to the volume of
water removed (Amira et al.,, 2014) and written as a
function of present and initial volume of the food material
(Guohong et al., 2012)

S=1=-V/Vy €

Vi = %and Pt
Pt

= pu(l_et )

€ 1s the porosity of the material at time 7 and p, is the initial
density of the material

1.1.3 Arrhenius law

The relationship between effective diffusion coefficient and
temperature is often represented using Arrhenius type

equation.
E,
Dy = Doexp(RTj (10)

where D, (m%s)-the pre-exponential factor is a constant, £,
is the activation energy(KJmol), R gas constant (8.314 51
HmolK)) and T is temperature(K)

Table 1 Thin layer models for drying of fruits and vegetables
Model name Model >Bases O.f
formulation
Newton/Lewis MR = exp (—kt) Newton’s law of
model cooling
Page model MR = exp (—kt") Newton’s law of
cooling
Modified page MR = exp [-(kt)"] Newton’s law of
model (I) cooling
Modified page MR = k exp (—t/d?)" Newton’s law of
model (I) cooling
Henderson and MR = a exp (—kt) Fick’s second
Pabis law
Approximation MR = a exp(—kt) + (1-a) Fick’s second
of Diffusion exp (—kbt) law
Logarithmic MR =aexp (—kt)+ ¢ Fick’s second
law
Silver et.al MR = exp(fat —b\/;) Empirical
Weibull MR = a—bexp [(kt")] Empirical
Aghabashlo Empirical
& MR =exp — kut P
1+ kot
Source: Onwude et al. (2016), Iyang and

Oboh (2018), and Daniel et al.
(2014)

1.1.4 Drying models

There are models of varying degree of complexity used in
describing the thin layer drying behaviour of food materials.
Based on their derivation, these models can be classified
as theoretical, semi-theoretical and empirical. Some
semi-theoretical and empirical models are presented in
(Table 1) they are the most widely used because few
assumptions are made in their formulation and they predict
drying behaviour better (Onwude et al., 2016). Empirical
models are wholly derived from experiment, they do not
follow theoretical fundamentals and its parameters usually
do not have physical interpretations. The semi-theoretical
models on the other hand are formulated based on Newton’s
law of cooling and Fick’s second law of diffusion. Its
application may depend on variables such drying air
temperature, drying air velocity, relative humidity, initial
moisture content and material thickness as they only work if
these parameters are in the range within which the model
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was developed (Iyang and Oboh, 2018). However, the
ultimate determinant of the most appropriate model to be
used in describing the drying behaviour of a food material is
the statistical criteria. The criteria often used in literature
include R?, RMSE, SSE, RRMS, MBE, MPE, MSE, etc.
(Iyang and Oboh, 2018; Onwude et al., 2016). The closer
the value of R? is to one the better. While for the rest, the
values that tends towards zero is acceptable.

1.1.5 Computational fluid dynamics models

CFD codes have been used by several researchers for drying
related investigations. Lopez et al. (2015) and Kumar
et al. (2012) studied the convective heat and mass transfer
process while investigating the drying behaviour
of  chickpea and  banana  respectively  using
COMSOL Multiphysics. Bohojlo-Wisniekwska (2015) and
Kolodziejczyk et al. (2016) modelled heat and mass transfer
in vegetables using ANSYS fluent. Zabski (2015) also used
same to simulate the drying of wood chips.

1.1.6 Standard k-¢ model

The study of drying kinetics using CFD codes involves
numerical solution to flow and energy equations in the
drying chamber and specie transport or diffusion equation in
the porous food domain. Flow through the chamber are
generally turbulent. Considering the CPU resource and time
required for direct simulation of turbulence, only the effect
on the mean flow properties were accounted for. The whole
range of turbulence scale were modelled using standard k—¢
model which is based on Boussinesq hypothesis. The
equations for turbulence kinetic energy & and the turbulence
dissipation ¢ respectively are Versteeg and Malalasekera
(1995), and Roland and Chaouat (2022)

(k) , 9(puik) i{[ﬂ+ﬂ]%}+Gk—pa (11)

ot ox; ox; ok ) Ox;

I(pe) | I(puic)
8 ax; (12)
0 W) Oe € g2

=2 w2 | E e, LG - Cup S
8x_,-K'u+aejaxJ+ ! k( ©) 2pk

where
’ /a j
Gy =—pu;u; Bixj

and represents the generation of turbulence kinetic energy
due to mean velocity gradient.
1 1s turbulent viscosity which is expressed as

k2
MHe = pr -
&

C,=144,C,,=192,C,=0.09, 0, =10, 0,=1.3

1.1.7 Energy equation

J d
g(pE)Jra—xi(ui(pEer))
(13)

where (k + C]p)ij is effective thermal conductivity, k is the
1

thermal conductivity, ¢, is specific heat capacity and Pr; the
turbulent Prandtl number which is = 0.85. E is the total
energy and (7). is the deviatoric stress tensor defined as

_ auk
(Tij)eff-—ﬂcaﬁ(aTija—)Q —g[ k+#eﬁ‘£j 9 (14)

1.1.8 Species transport equation

The convection diffusion equation is expressed as

%(pY,-)+V.(p\7Y,-):—V.j,-+SI» (15)

S;, Yiand J; respectively are the user defined source term,
mass fraction and turbulence diffusion flux of specie i. J; is
given as;

. 1 VT
Ji=—| pD;,, +=— |VY, =Dy, — 16
(P , S, j T, T (16)

C

D; ,, is mass diffusion coefficient for specie i, Dr, ;, is the
thermal diffusion coefficient, 7 is temperature and Sc~ the
turbulent Schmidt number which is = 0.7

Sc, can be expressed as

Sc, = a
pD,

where 1 is turbulent viscosity and D, the coefficient of mass
diffusion due to turbulence.

Food materials are often modelled as porous media
(Lopez et al., 2015; Camelia et al., 2008; Jaruk and Roberts,
2007). Porous media models are incorporated into standard
flow equation as an additional momentum source term. The
source terms are of two parts; the viscous loss term and the
inertial loss term which are the first and the second term
respectively in the right hand of equation (17).

F=(% ,-+C2%p|v|v,~j (17)
k is the permeability of the porous material, C; is the inertial
resistance factor, u— the dynamic viscosity, and v the
velocity vector.

For packed bed of spheres, k£ and C, can be computed
using the Ergun equations

2 g3
D, e

T 150(—e)? (1%
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_3.5(-¢)

C
? D, e’

(19)

D, is the particle diameter and e- the porosity defined as

VP
eE=— 20
” (20)
V is the total volume of the porous medium and V,— the void
volume.

2 Methodology

The simulation was carried out for an unripe banana sliced
and arranged in layers (Figure 3) inside a cabinet tray drier
of dimension 0.6 m x 0.4 m x 0.6 m. In the drier, hot air
(modelled as a mixture of O», N, and H,O in vapour state)
flow across the trays containing the banana slices of
approximately 26 mm diameter and 10mm thickness each.

The computational domain comprised of two zones; the
drying space and the perforated tray cabinet which held the
chips in place for drying. The tray together with the chips
were defined as porous media consisting of fluid and solid
particles in thermal equilibrium.

Figure 3 Arrangement of the banana in the drying chamber
(see online version for colours)

flow direction

Vv 4

X
Table 2 Thermo physical properties of banana used for the
simulation
Material Property Symbol Value Unit
Banana Thermal o 1.8E-07 m? 57!
diffusivity
Density Po 1,046 kgm>
Thermal K 0.894 W.m! K
conductivity
Specific heat Gy 4,854 Jkg ' K
capacity
Initial mw 1 0.72 kg kg™
moisture

mass fraction
Source: Rosa (2016)

At the test velocities of 0.2 m/, 0.5 m/s and 1.0 m/s and
length scale corresponding to air inlet opening (0.4 m), the
Reynolds number respectively of the flow at 313 K were
4711, 11777.2 and 23554.3, hence the flow was turbulent.
The whole range of turbulence scale were resolved using

standard 4— model with standard wall function. Moisture
content of the chips was defined as water vapour to
eliminate the need for multiphase model. The thermo
physical and mass transfer properties of the banana used for
the simulation are as shown in Table 2. The mass fraction of
H>0 in the air (Table 3) were set to 0.005,0.0085 and 0.013
at the test temperatures-313 K, 323 K and 333 K
respectively to keep the RH of drying air constant at 10%.

Table 3 Properties of air used for the simulation
Inlet air CoJkg! kWm'K 5 wkgm s
temperature K K! 1 p Kgm x>
313 1,005.6 1.3995 1.127 1.9063
323 1,006.2 1.3991 1.093 1.953
333 1,006.9 1.3987 1.060 1.998
Inlet air . O: mass 0
temperature K H>0 mass fraction fraction RH %
313 0.005 0.23 10
323 0.0085 0.23 10
333 0.013 0.23 10

The convective heat transfer coefficients 4. at the interface
between the food material and drying air at the flow
velocities were determined from the relationship;

q=hc(71v_7—;n) (21)

q was estimated by simulating the air flow between two
layers of drying tray. The layers were considered as walls at
constant temperature 7, whose physical and thermal
properties coincided with those of the food material. 7,
given by equation (22) is the area weighted average
temperature in the channel at the location where ¢ is
defined.

J.yuT(Zny)dy J.yuTydy
—Jo _Jdo

) joyu(Zny)dy on uydy

m

(22)

Having estimated ¢, T,, and T,, A. can be computed. The
plots of 4. through the length of the channel at the flow
velocities were shown in Figure 4.

Lewis analogy equation (23), relate 4. to vapour transfer
coefficient 4, (Miroslawa et al., 2016).

By = e 7 (23)
pCple’3

p and C, are the density and specific heat respectively of

humid air. Le was assumed to be unity, 4, at the average

values of /. were computed and shown in Table 4.

For the purpose of computing the inertia resistance and
permeability of the porous domain, the solid phase of the
banana was assumed to be closely packed beds with ordered
identical sphere particles of diameter (Dp) 8 um and porosity
(e) 0.26. Substitution of the values of Dp and € into
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equation (18) and equation (19) gave the values of inertial
resistance and permeability as shown in Table 5.

Table 4 Mass transfer coefficient hm at flow velocity
Velocity m/s he wm™ K hm ms™!
0.2 9.19 8.3E-03
0.5 14.28 12.9E-03
1.0 17.82 16.1E-03

Figure 4 Variation of convective heat transfer with flow velocity
(see online version for colours)

Convective heat transfer coefficient (W/m2K)

Il Il Il Il Il
0.1 015 02 025 03
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Il Il
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Table 5 Resistance coefficients of the porous structure
Parameter Symbol Value Unit
Permeability o 1.869¢16 m?
Inertia resistance C2 2.95¢8 m!

Figure 5 2D mesh profile of the flow domain (see online version
for colours)

0.100 00

The drying space and the porous domain were mapped with
2D structured mesh of varying density (Figure 5). In the
porous domain and in the space between the trays, the mesh
density were relatively high. In order to capture the critical
flow features effectively, more clustering was effected near
the walls and at the boundaries between the trays and the
drying space such that the area weighted average of the y*
value was ~78.487.

The boundary conditions at 313 K are as specified in
Table 6. At 323 K and 333K, the conditions are essentially
the same except for the adjustment in the mass fraction of
H>0 inlet and fruit/air interface from 0.005 to 0.0085 and

0.0135 respectively. The equations were solved in transient
mode. PISO algorithm was used for pressure velocity
coupling while spatial discretisation scheme for vapour,
energy and momentum were by second order upwind.

Figure 6 Grid independence study (see online version
for colours)
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Table 6 Boundary condition at 313 K
Air . .
Location Parameter Symbol Value  Units
temperature
313k Inlet Velocity u 021  ms™!
0.52
13
Specie H0  0.005 kgkg!
mass
fraction O 0.23
Fruitand Convective  he 9.191  w.m™?
drying heat 14282 K-
air transfer
interface coefficient 17.823
Specie H0  0.005 kgkg'!
diffusive
ﬂux 02 0.23
Drying Specie HO 0 kg.kg™!
air drier ~ diffusive
wall flux O 0
interface
Drier Specie HO kg.kg™!
wall diffusive 0
b
flux
Heat flux q 0 w.m2

2.1 Grid independence study

Mesh with four different number of elements — 36710,
55505, 67510 and 94010 were used for the grid
independence study. The changes in mass fraction of H,O
with respect to drying time for each of the element numbers
were shown in Figure 6. The variation at 36710 elements
compared to the rest was rather significant. Increasing the
number of elements from 67510 to 94010 which was ~28%



Investigation of kinetics of thin layer drying of fruits using computational fluid dynamics 61

increase resulted into about 1% change in the value of H,O
mass fraction mid-way and towards the end of the drying
period. Therefore for good accuracy and optimal
computation time, a grid quantity of about 67510 was
chosen for the simulations.

3 Results and discussion
3.1 Verification of the reliability of the code

The reliability of the code in predicting the drying
behaviour of the chips was first verified using data from
experiment conducted by Rosa (2016). The data were
compared with those from the CFD setup and result
(Figure 7) showed a reasonable agreement.

Figure 7 Comparing CFD result with data from experiment at
333 k (see online version for colours)

0.7 ~k  CFD simulation

Experiment

0.65-

0.6

0.55

0.5
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H20 Mass fraction (Kg/Kg)

0.35-

0.3

0.25-

‘ |
0 0.5 1 1.5 2 2.5 3
Drying time (s) 4

Figure 8 Velocity magnitude contour at 950 s and inlet velocity
and of temperature 0.5 m/s and 323 k respectively
(see online version for colours)
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3.2 Overview of the CFD result

The velocity magnitude, mass fraction of H,O and static
temperature contours of the drier at 950 s, and air inlet
temperature and velocity respectively of 323 K and 0.5 m/s
are shown in Figures 6—10. The banana slices were fully
exposed to the air stream (Figure 8). The humidity and
temperature of drying air all over the chamber were uniform
(Figure 9 and Figure 10).

Figure 9 H:>0 mass fraction contour at 950 s and inlet velocity
and of temperature 0.5 m/s and 323 k respectively
(see online version for colours)

Figure 10 Static temperature contour at 950 s and inlet velocity
and of temperature 0.5 mvs and 323 k respectively
(see online version for colours)
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3.3 Velocity

Mass and convective heat transfer coefficients increased
with velocity (equation (23) and Table 4). Velocity was
responsible for keeping the drying space unsaturated
because it affects the rate at which the evaporated/free
species at the surface of the chips or regions close to it are
transported to the environment . Varying the velocity
impacts mainly on the transport of free species. It had no
direct impact on the movement of species in the fruits
interior due to resistance to flow arising from its compact
structure.
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3.4 Temperature

Drying rate increased significantly with temperature and
showed only falling rate period (Figure 11). H,O molecules
at the surface became more agitated and broke loose from
the surface and evaporate as temperature increased. This
resulted in diffusion from the interior to the surface because
of concentration gradient. As with all products that shows
only falling rate period, the transport of species is
dominated by diffusion which is measured by mass
diffusivity or diffusion coefficient. This therefore is the
major determinant of drying behaviour of the fruit and it
increased with temperature.

Figure 11 Effect of temperature on drying curve (see online
version for colours)
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Figure 12 Volume ratio versus moisture content of banana at
different temperatures (see online version for colours)
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3.5 Shrinkage

In Figure 9, a substantial amount of water at the surface of
the sample have been removed while those in the inner cells
are relatively intact. This moisture removal gave rise to
contraction that lead to shrinkage or reduction in volume.

The deformation of cell walls due to shrinkage affects the
diffusion process. This phenomena was factored into the
drying model for more accurate determination of the
effective diffusion coefficient. A plot of volume ratio and
shrinkage coefficient against moisture ratio respectively
were shown in Figure 12 and Figure 13. The curves are
significantly influenced by temperature and approximately
linear. Therefore, shrinkage is directly proportional to the
volume moisture removed. Similar result were obtained by
Guohong et al. (2012) and Mayor and Sereno (2004) for
carrots and Amira et al. (2014) for cladode.

Figure 13 Shrinkage versus moisture content of banana at
different temperature (see online version for colours)

1-Vt/Vo

0.1+

313K
323K
333K

0.1

0.2

0.3

0.4

Il
0.5
Mt/Mo

0.6

0.7

Figure 14 Variation of logarithm of moisture diffusivity with
(1/T) for models that considered shrinkage and that that
did not consider shrinkage (see online version
for colours)
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Table 7 Parameters and statistical indicators of Handerson and Pabis fit
Wi.thout With shrinkage
TEMP a k shrinkage R RMSE SSE
Doy (m’ s7!) Dess (m’ s7')
313K 0.9572 —1.877E-05 1.62E-10 1.54E-10 0.9829 0.01883 0.003190
323K 0.9463 —2.929E-05 2.71E-10 1.67E-10 0.9842 0.02420 0.005273
333K 0.9404 -4.049E-05 3.85E-10 1.74E-10 0.9850 0.02803 0.007069

3.6 Effective diffusivity

The drying curves (Figure 11) fits best with Handerson and
Pabis model (Table 1). The fit parameters- shape factor (a),
drying constant (k) and the statistical indicators (R?, RMSE
and SSE) are shown in Table 7. The effective diffusivities of
the chips at test temperatures considering shrinkage and
without shrinkage (D.s and D.j) in Table 7 were computed
by comparing the fitted models to equation (8) and
equation (7) respectively.

3.7 Activation energy

Arrhenius law equation (10) relates diffusion coefficient to
temperature. From equation (10), the Plot of In(D.) against

% is a straight line graph (Figure 14). The activation

energy E, computed from the slope and the pre-exponential
factor Do computed from the intercept were shown in
Table 8 for model that factored in shrinkage and that
without shrinkage.

Table 8 Parameters of effective diffusivity considering
shrinkage and without shrinkage
L Do (m? s E. 5
Description 1) (kJmol) R
Considering shrinkage 1.213E-09 5.345 0.9736
Without shrinkage 3.1E-04 37.582 0.9853

4 Conclusions

The kinetics of thin layer drying of fruits has been studied
numerically using unripe banana as sample. The
computations were carried out to determine the impact of
inlet air velocity and temperature on drying behaviour of
fruits.

Transport of species from the fruits interior to the
surface showed only falling rate period and therefore was
dominated by diffusion which increased with temperature.

Velocity was responsible for bulk transport of
evaporated H,O at or close to the surface of the fruit to the
environment. Increasing velocity impacts mainly on the
transport of free species. It had little impact on species
contained in the fruits interior due to resistance to flow
arising from its compact structure.

The simulated drying curves fitted best with Handerson
and Pabis model. The model was compared to two variants
of Cranks solution for slab geometry. One modified to

include shrinkage parameter and the other without
modification. The result showed that effective diffusivity
computed without considering shrinkage lead to
overestimation of the parameter.
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