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Moisture Transport Model Developed for Parboiled Paddy
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A mathematical model for predicting moisture profile in
parboiled paddy during drying was developed using the prolate sphe-
roidal coordinate system. The model was solved using the Crank
Nicolson central difference scheme and the variation of its predictive
potential with paddy cultivar was investigated. Parboiled paddy dry-
ing was carried out at 60�C using a cabinet tray dryer. The variation
of the moisture ratio of different paddy cultivars (Banki, De-gold,
and Liberia) with time and drying rate and with time and moisture
content was determined. Model validation was carried out using
residual plots, root mean square deviation, and coefficient of deter-
mination. The parboiled Banki, De-Gold, and Liberia paddy culti-
vars had equivalent diameters of 3.73, 4.75, and 3.68mm, prolate
spheroidal geometric dimensions (equatorial and polar radii) of 1.16
and 4.78mm, 1.22 and 5.45mm, and 3.10 and 3.92mm, and effec-
tive moisture diffusion coefficient of 2.81934� 10�10, 5.71515�
10�10, and 3.77336� 10�10m2/s, respectively. Drying of parboiled
paddy occurred in the falling rate phase with initial period of induc-
tion and critical moisture content that varied with cultivar. The
residual plots showed that the model was acceptable for predicting
moisture transport in all the cultivars during drying. Comparison
of the observed and predicted moisture ratios showed low root mean
square deviation and high coefficient of determination, which varied
with cultivar indicating that the predictive potential of the model
was cultivar dependent.

Keywords Finite difference method; Mathematical model;
Moisture diffusion; Parboiled paddy drying; Prolate
spheroid

INTRODUCTION

Paddy is harvested rice that has been threshed to remove
non-rice-grain materials. It is one of the leading food crops
in the world with a total production of about 448 million

metric tons of milled rice in the 2008=2009 production
year.[1] In Nigeria, several varieties of the crop are
commonly cultivated.[2] The grain is made up of an outer
husk, a bran layer, and the endosperm (rice kernel). The
husk layer accounts for 20% of the weight of the paddy
and helps to protect the grain kernel from insect and fungal
attack. Parboiled paddy is that which has been treated
hydrothermally in the husk, to partially gelatinize the
starch and harden the endosperm, making it translucent
and more resistant to rodent, pest, and insect attack.
Parboiling improves the milling recovery of paddy, sal-
vages poor quality or spoiled paddy,[3] and causes
certain nutritional and health benefits to accrue to the
consumers.[4] The three operations involved in the parboil-
ing process are soaking, steaming, and drying.[5] After the
soaking and steaming operations, the paddy normally
attains a moisture content of up to 60% (d.b.),[6] and such
a high moisture condition that is not normally encountered
in raw paddy processing[7] has to be reduced to the level
needed for the commencement of milling. This makes dry-
ing a fundamental unit operation in parboiled paddy pro-
cessing. Likitrattanaporn and Noomhorm[8] reported that
simultaneous parboiling and drying of paddy by infrared
heating had significant effect on milled rice quality. Since
the rice kernel is fragile and sensitive to thermal and moist-
ure stresses, the drying of the parboiled paddy requires
different conditions and process control from that of the
raw paddy.[9]

Accurate description and prediction of the drying beha-
vior of grains are indispensable in the design of modern
drying systems. A better insight into the moisture transport
process taking place inside the kernel during drying can be
obtained using appropriate mathematical models. Theor-
etical models based on Fick’s second law of diffusion have
been reported by several researchers.[7,10–14] The main
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assumption that the heat transfer effects in the grain can be
neglected and the process treated as a purely mass transfer
one, with the main mechanism of moisture transport being
diffusion, has been used with satisfactory results by inves-
tigators.[15,16] Parboiled paddy drying can therefore be
considered as a process controlled by the migration of
moisture in the grain where heat transfer effect can be
neglected.[17] Another important consideration in modeling
is the model geometry,[7] as this highly influences the accu-
racy of the predictions. In many theoretical drying models,
the governing equation has been solved over an assumed
standard geometry such as sphere,[18,19] slab,[20,21] and
cylinder[22–24] with respect to initial and boundary condi-
tions. If the assumed geometry is closer to the actual shape,
the performance of the model will be better but the com-
plexity will increase. De Lima and Nebra[25] and de Oliveira
and de Lima[26] carried out theoretical analysis of moisture
transfer process in prolate spheroidal solids using a con-
stant diffusion coefficient and convective boundary con-
dition, while Carmo and Lima[27] modeled mass transfer
in oblate speroidal solids and Igathinathane et al.[28]

utilized the prolate spheroidal coordinate system in model-
ing moisture diffusion during tempering in parboiled paddy.
Prakash and Pan[29] noted that the type of shape assumed
for the rice grain during modeling had a marked effect
on the predictive performance of its drying models. The
finite element method has been employed in the solution
of diffusion problems, where the actual irregular shape
was considered, in single component rice adsorption
studies.[30,31] It was also employed by Sokhansanj and
Gustafson,[32] Aguerre and Suarez,[33] Muthukumarappan
andGunasekaran,[34] Igathinathane and Chattopadhyay,[35]

Rafiee et al.,[36] and Janas et al.[37] Complex shaped geo-
metries are often modeled by the finite element method,
and the method, though versatile in handling problems, is
relatively difficult to apply. Igathinathane[38] simplified
the computation in moisture diffusion modeling of paddy
using prolate spheroid geometry and Igathinathane
and Chattopadhyay[7,9] applied the prolate spheroidal
coordinate system to the modeling of moisture diffusion
in parboiled paddy. They, however, did not demonstrate
the variation in the predictive capacity of the developed
model with varietal differences.

The aim of this study was to develop a mathematical
model for predicting moisture distribution and transport
in parboiled paddy during drying. The specific objectives
were: to apply the prolate spheroidal coordinates in model-
ing moisture movement in parboiled paddy during drying;
validate the model using experimental drying data and such
statistical tools as residual plots, root mean square devi-
ation, and coefficient of determination; and investigate
the response of the model to variation in parboiled paddy
variety using the Banki, De-gold, and Liberia paddy
cultivars.

DRYING MODEL DEVELOPMENT

Theoretical Basis of Model Formulation

The driving force of drying has been frequently con-
sidered to be moisture concentration gradient. In heated
air drying, heating lowers the air relative humidity and,
when it comes into contact with the moist material, the dif-
ferential water vapor potential between the product and
moist air is increased. This results in an overall mass dif-
fusion as moisture then migrates from the region of high
vapor pressure and moisture concentration to one of low
vapor pressure and moisture concentration. Theoretical
model equations involving a system of partial differential
equations have been used to describe the heat and
mass transfer processes inside cereal grains. Such a system
of equations has been presented by Brooker et al.[19] as
follows:

@M

@t
¼ r2 �11 M þr2 �12 T þr2 �13 P ð1Þ

@T

@t
¼ r2 �21 M þr2 �22 T þr2 �23 P ð2Þ

@P

@t
¼ r2 �31 M þr2 �32 T þr2 �33 P ð3Þ

where M is moisture content (%), T is temperature (�C) and
P is pressure (Pa), �11, �22, and �33 are phenomenological
coefficients, while the other �-values represent the coupling
coefficients. Moisture flow due to total pressure gradient is
significant only in drying at product temperature well
above the temperature range normally employed in cereal-
grain drying.[19] This means that the pressure terms can be
dropped, thus the modified system of equations describing
grain drying becomes:

@M

@t
¼ r2 �11 M þr2 �12 T ð4Þ

@T

@t
¼ r2 �21 M þr2 �22 T ð5Þ

The coupling effects of temperature and moisture in the
analysis of cerealgrain drying are negligible; therefore, the
phenomenological equations become[19]:

@M

@t
¼ r2 �11 M ð6Þ

@T

@t
¼ r2 �22 T ð7Þ

Eqs. (6) and (7) describe the moisture and thermal transfer
in the grains during drying. The phenomenological transfer
coefficients �11 and �22 are the moisture diffusivity ‘‘D’’
and thermal diffusivity ‘‘a’’, respectively. Eqs. (6) and (7)
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could therefore be taken as the Laplacian expressions of
Fick’s law of diffusion in which concentration is replaced
with its analogous quantity called moisture[26,27] and Four-
ier’s law of heat transfer in which temperature replaced the
heat per unit volume, respectively, in terms of time in vari-
ous coordinates. r is the Del operator. Hence, the Fick’s
law of diffusion and Fourier’s law of heat conduction in
terms of time in a given coordinate can be stated as follows:

@M

@t

� �

x

¼ �D
@M

@x
ð8Þ

@T

@t

� �

x

¼ �a
@T

@x
ð9Þ

In practical analysis of cereal grain drying, temperature
gradient can be neglected.[19] Thus, temperature transport
within the samples was neglected and Eq. (8) became the
equation upon which the model development was based.

Drying Model Formulation

Brooker et al.[19] gave a solution to Eq. (8) for predicting
the drying behavior of cereal grains as:

@M

@t
¼ D

@2M

@r2
þ
C

r

@M

@r

� �

ð10Þ

where C is zero for planar geometry, unity for a cylindrical
body, and two for spheres. These solutions could not be
applied to the analysis of paddy drying as the grain has
been generally described as a prolate spheroid.[7,9,26,28]

The prolate spheroidal coordinate system was therefore
used to simplify the computation in the mass transfer mod-
eling of parboiled paddy during drying. The following
assumptions were made in the model development:

� Moisture distribution within parboiled paddy
grains is uniform at the beginning of the drying
process.

� The only mechanism of moisture transport inside
the solid is vapor diffusion.

� The drying air is distributed uniformly through
the drying system.

� There is negligible shrinkage or deformation of the
paddy grain.

The prolate spheroid characteristics are shown in Fig. 1.
L is the focal length given as

L ¼ ðL2
2 � L2

1Þ
1=2 ð11Þ

where L1 is the equatorial radius and L2 is the polar radius.
Any point in the prolate spheroidal coordinate system
(Fig. 1) can be represented by the values of the coordinates

as (m, /, x). The relations between the Cartesian (x, y, z) and
the prolate spheroidal (l, /, x) coordinate systems are[26]:

x ¼ L sin hl sin/ cosx
y ¼ L sin hl sin/ sinx

z ¼ L cos hl cos/

9

=

;

ð12Þ

The ranges of values for the prolate spheroidal co-ordinates
are 0� m<1 , 0�/� p and 0�x� 2p. m is the distance
apart from the origin and a point on the prolate spheroidal
confocal surface, / is the angle of inclination to the z-axis of
the hyperbola lines. x is the azimuth angle.

Isolating an elemental portion from the orthogonal grids
in aprolate spheroid and, considering moisture transfer
within the particle along the axes represented by Eq. (12)
using the Laplacian expression of the governing Eq. (10),
the following expression was obtained.

1

D

@2M

@t2
¼

@2M

@ðL sin hl sin/ cosxÞ2

þ
@2M

@ðL sin hl sin/ sinxÞ2
þ

@2M

@ðL cos hl cos/Þ2

ð13Þ

Taking n¼ cos hm, g¼ cos / and f¼ cos x, a new prolate
spheroid coordinate system[26] was established as shown
in Fig. 2.

n defines the confocal prolate lines and they have their
common center at the origin. n> 1 is an elongated ellipsoid
of revolution with polar axis of length Ln and equatorial
length axis L(n2� 1)1=2. The degenerate surface n¼ 1 is

FIG. 1. Characteristics of a prolate spheroidal solid.[25]
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the curve that links the center (z¼ 0) to the focal point
(z¼L). g defines the confocal hyperbola lines intersecting
the entire family of prolate spheroids orthogonally. Utiliz-
ing the variables n, g, and f and the differentiation rules,
Eq. (13) becomes:

@M

@t
¼

1

L2 n2 � g2
� �

@

@n
n2 � 1
� �

D
@M

@n

� �

" #

þ
1

L2 n2 � g2
� �

@

@g
1� g2
� �

D
@M

@g

� �

" #

þ

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� f2
q

L2 n2 � 1
� �

1� g2ð Þ

@

@f

ffiffiffiffiffiffiffiffiffiffiffiffiffi

1� f2
q
� �

D
@M

@f

� �

2

4

3

5

ð14Þ

The coordinates (n, g, f) range as 0� n<1 , 0� g� p, and
0� f� 2p. For a symmetric field of moisture around the
z-axis, a new set of variables (n, g, t) was obtained with
coordinates range of 0� n<1, 0� g�p and 0� t�1.
Eq. (14) becomes:

@M

@t
¼

1

L2 n2 � g2
� �

@

@n
n2 � 1
� �

D
@M

@n

� �

" #

þ
1

L2 n2 � g2
� �

@

@g
1� g2
� �

D
@M

@g

� �

" # ð15Þ

Using the method of separation of variables in a multi-
dimensional prolate system, a product solution of the
form due to Kreyzig[39] was assumed such that the function
for M (moisture) became

Mðnf ; g; tÞ ¼ f nfð ÞhðgÞGðtÞ ð17Þ

The mass diffusion model was then initiated using the
following considerations:

M jt¼ 0 ¼ Mi ð18Þ

For t> 0

�
D

L

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

n2 � 1
� �

n2 � g2
� �

v

u

u

t

@M

@n

�

�

�

�

�

�

n¼nf

¼ hm Mðn ¼ nf ; g; tÞ �Me

	 


ð19Þ

Under a given drying condition the minimum moisture
content to which the grain can be dried is called the
equilibrium moisture content, Me. Thus,

for n ¼ 0 : M 0; g; tð Þ ¼ 0 and for n ¼ nf :M nf ; g; t
� �

¼ hm M �Með Þ ð20Þ

for g ¼ 0 : M n; 0; tð Þ ¼ hm M �Með Þand for g

¼ g : M n; g; tð Þ ¼ hm M �Með Þ ð21Þ

and for all t : M n; g; tð Þ ¼ G nð Þ ¼ hm M �Með Þ ð22Þ

where hm is mass transfer coefficient, nf is L2=L at the sur-
face of the solid, M is dry basis moisture content (kg of
H2O=kg of Dry Matter (D.M)), Mi is initial moisture con-
tent (kg of H2O=kg of D.M), Me is final or equilibrium
moisture content (kg of H2O=kg of D.M), and t is time (s).

Let n represent the equipotential prolate spheroidal sur-
face having the same moisture content values, while g

represents the field line on the hyperboloidal surface along
which the moisture content gradients develop. Since the
prolate spheroid geometry is symmetrical, an appropriate
selection of / value and evaluation of the moisture gradi-
ents along the x-axis reduced the three-dimensional model
equation (14) through Eq. (15) to a one-dimensional
equation, which according to Igathinathane and
Chattopadhyay[7] produced the same results. The workable
1-D mass diffusion model in the prolate spheroidal coordi-
nate system for drying parboiled paddy therefore becomes:

@M&

@t
¼

D

L2n2
2n

@M&

@n

� �

þ n2 � 1
� � @M&

@n2

� �� �

ð23Þ

M& is 1-D moisture content (kg=kg).

Non-Dimensionalization of Model Equation

The data involving moisture content of parboiled paddy
during drying were transformed into dimensionless
moisture ratios.[40] The dimensionless moisture (M�) was
expressed as

M� ¼
M �Me

Mi �Me

ð24Þ

FIG. 2. New prolate spheroidal coordinate system.
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The dimensionless model equation was obtained by substi-
tuting the following set of dimensionless parameters into
Eq. (23) and simplifying.

ðiÞ M� ¼
M& �M&

e

M&
i �M&

e

ðiiÞ Fom ¼
Dt

L2
c

ðiiiÞ D� ¼
D

D
ð25Þ

Fom is the mass transfer Fourier number, Lc is the charac-
teristic length of the paddy (focal length, L (mm)). D� is
the dimensionless diffusion coefficient of sample material
with respect to itself while t (s) is time. This yielded the
dimensionless 1-D prolate spheroidal model equation as:

@M�

@Fom

¼
D�

n2
2n

@M�

@n

� �

þ n2 � 1
� � @M�

@n2

� �� �

ð26Þ

Dimensionless Domain Grid Generation

To solve Eq. (26) using the finite difference method, the
paddy geometry was divided into grids as shown in Fig. 3.
The specific direction of the n-axis was chosen where /¼
p=2 and x¼ 0 for laying out the nodes to form the 1-D grid
scheme. The nodes were evenly spaced along the n-axis.

The boundary conditions became:

Initial Condition

All the nodes are at the initial moisture content so

Fom ¼ 0; n � 10h0; M� ¼ 1:0 ð27Þ

Boundary Conditions

(a) At the center of the paddy sample

Fom > 0; n ¼ 1:0;
@M�

@n
¼ 0 ð28Þ

The paddy geometry was considered symmetric at the cen-
ter and the moisture ratio at both sides of the center node
was taken to be equal, thereby making the moisture gradi-
ent equal to zero.
(b) At the paddy sample surface (surface-air interface)

Fom > 0; n ¼ 10h0;
�@M�

@n
¼ BimM

� ð29Þ

where

Bim ¼
hmLc

D
ð30Þ

D¼mass diffusivity (m2=s), hm¼mass transfer
coefficient (kg mol=m2s Pa),

Lc¼ characteristic length of the paddy (focal length)
(m).
The function of the mass transfer Biot number was to cause
a realistic gradual decrease in the moisture content of the
boundary node to the final moisture content. The hm of par-
boiled paddy was obtained from Rao et al.[41] The moisture
sorption isotherm slope of parboiled paddy in kg=m3 Pa
was used to normalize the mass transfer biot number into
a dimensionless variable because of the hm dimension.[7]

Finite Difference Equations of the Drying Model

The finite difference equations of the drying model
(Eq. (26)) with the application of Eqs. (27) to (30) were
derived using the Crank-Nicolson’s central difference
scheme[7,9,42,43] for the different regions of the geometry
and are as explained below.

Middle Region of Paddy Sample

The nodes in the middle region of Fig. 3 were considered
surrounded by nodes of similar nature. The finite difference
equation of this region was based on Eq. (26) and the expan-
sion using the Crank-Nicolson’s scheme is given in Eq. (31)

M�0
i �M�

i

j

¼
D�

n2i

�

ð2niÞ
1

2

M�0
iþ1 �M�0

i�1

2h0

� �

þ
M�

iþ1 �M�
i�1

2h0

� �� �

þ n2i � 1
� � 1

2

�

M�0
iþ1 � 2M�0

i�1

h02

� �

þ
M�

iþ1 � 2M�
i þM�

i�1

h02

� ���

ð31Þ
FIG. 3. Layout of nodes and dimensionless grid scheme of the moisture

transfer model.
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M� is themoisture ratio of present time step atFom andM
�0 is

the moisture ratio of a future time step at Fom þ Fom , and i is
the node index. Grouping terms of the same time step
yielded the following generalized equation, which was
applied to all the regions of the geometry withmodifications:

M�0
i�1 C�&ð Þ þM�0

i 1þ 2&ð Þ þM�0
iþ1 �C�ð Þ

¼ M�
i�1 �Cþð Þ þM�

i 1� 2&ð Þ þM�
iþ1 Cþð Þ

ð32Þ

where

C ¼
jD�

2nhi
and & ¼

jD� n2i � 1
� �

2n2i h
2

ð33Þ

For the middle region, 0< i< k� 1.

Center of Sample

At the center of the sample, i¼ 0, ni¼ 1.
The finite difference equation common to the space steps

on both sides of the center node based on Eq. (28) is

M�
i�1 �M�

iþ1

2h0
¼ 0 ð34Þ

which yielded

M�
i�1 ¼ M�

iþ1 ð35Þ

Substituting Eq. (35) in the general finite difference
equation (32) and replacing the M�

i�1 term, which is a ficti-
tious or auxiliary moisture ratio, and simplifying gives

M�
i 1þ 2&ð Þ þM�

iþ1 �2&ð Þ ¼ M�
i 1� 2&ð Þ þM�

iþ1 þ2&ð Þ

ð36Þ

Paddy Sample Surface (Paddy Surface-Air Interface)

The paddy surface is the last node where i¼ 10¼ k� 1.
The paddy surface-air interface is aligned between the
nodes k� 1 and k, and the finite difference equation com-
mon to both space steps based on the boundary condition
equation (29) was obtained as:

M�0
k �M�0

k�1

h0
¼ �

Bi

2
M�0

k þM�0
k�1

� �

ð37Þ

On simplification, Eq. (37) becomes

M�0
k ¼

2� Bih0

2þ Bih0

� �

M�0
k�1 ð38Þ

Substituting for the fictitious variable M�0
k in Eq. (32) and

simplifying yielded

M�0
k�2 C�&ð Þ þM�0

k�1 1þ 2&� Cþ&ð Þ
2� Bih0

2þ Bih0

� �� �

¼ M�
k�2 �Cþ&ð Þ þM�

k�1 1� 2&þ Cþ&ð Þ
2� Bih0

2þ Bih0

� �� �

ð39Þ

The finite difference equations (32) to (39) produced
a system of algebraic equations, which were solved for the
values of M�0 at different nodes from the values of M� cor-
responding to the preceding time step. The algebraic equa-
tions were conveniently represented by matrix notation. It
was observed that the coefficient matrix was tridiagonal.
This enabled the standard numerical algorithm of Guassian
elimination to be applied to the model solution. The nodes
were considered to be surrounded by two prolate spheroidal
surfaces, each h0=2 away from the node, and the moisture
content of the node is the representative value of the result-
ing elemental volume between the surfaces. For a node i, the
n values of the elemental volume are ni�h0=2 and niþh0=2. The
total volume up to the left side of the prolate spheroidal sur-
face of the node is:[7]

Vi�h=2 ¼
4

3
pL3ni�h=2 n2iþh=2 � 1


 �

ð40Þ

The elemental volume of the prolate spheroid correspond-
ing to the ith node V&i

� �

enclosed by the two prolate
spheroidal surfaces was obtained from the difference of
the total volumes as:

V&i ¼ Viþh0=2 � Vi�h0=2

¼
4

3
pL3 n3iþh0=2 � n3i�h0=2


 �

� niþh0=2 � ni�h0=2

� �

h i ð41Þ

The total moisture ratio (MR) of the whole paddy
geometry was obtained by integrating the nodal M�

i values
applied to the individual volume of the elemental layers
between suitable limits as:

MR ¼
1

Vps

Vh0=2Mcn þ
X

k�1

i¼1

V&i M�
i

� �

" #

ð42Þ

where Vps is the volume of the whole paddy grain, Vh0=2 is
the volume enclosing the node at the center of the
geometry, andMcn is the moisture ratio of the central node.

In the drying model, the only unknown is the moisture
diffusion coefficient of parboiled paddy grain (D). The dif-
fusion coefficient, taken as the effective moisture diffusion
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coefficient, was determined from thin layer drying experiments
carried out using a cabinet tray dryer. The plot of Ln(MR)
against time (t) yielded a straight line with slope as[44]:

�B ¼ �
p2D

r2
ð43Þ

where r (m) is the equivalent radius.

MATERIALS AND METHODS

Sample Collection and Preparation

Sample Collection

The three paddy accessions used in testing the drying
model and investigating the influence of cultivar on its pre-
dictive performance were the Banki, De-gold, and Liberia.
These paddy cultivars were sourced from Biu and Banki
Local Government Areas of Borno State, Nigeria. The
samples were less than six months from the date of harvest
at the time of purchase. Samples of the three cultivars are
shown in Figs. 4 to 6, respectively.

Sample Preparation

The paddy samples were parboiled and prepared for
drying tests by soaking and steaming as follows:

Soaking: This operation was carried out using the
technique of Miah et al.[5] Each sample of the three paddy
cultivars was soaked in hot water at a temperature of 80�C
for 2 h to increase their moisture content. Free water
was drained off and the sample surface was maintained
water-free.

Steaming: Following the methods of Ibukun,[3] the
soaked samples were steamed at 100�C for 15min to
further gelatinize the starchy content, after which they were
tempered until all the liquid water was lost and the sam-
ples’ surfaces were free of water. This enabled the samples
to cool and moisture to be uniformly distributed.[2] The
initial moisture contents of the samples were then deter-
mined by oven drying at 105�C for 6 h.[45]

FIG. 4. Bankipaddy cultivar (color figure available online).

FIG. 5. De Gold paddy cultivar (color figure available online).

FIG. 6. Liberia paddy cultivar (color figure available online).
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Physical Properties of Parboiled Paddy

The axial dimensions with which the prolate spheroidal
geometry and coordinates were established, namely length,
width, and thickness of the parboiled paddy cultivars
(Banki at 37.14%, De gold at 40%, and Liberia at 29.28%
wet basis moisture content), were determined using a ver-
niercalliper, (Supertek C-3823, England) reading to 0.1mm.
One hundred randomly selected grains from each parboiled
sample were used. The equivalent diameter (De) and
volume (Ve) considering prolate spheroid as the shape of
the paddy grains were calculated using Eqs. (44) and (45)
due to Reddy and Chakraverty[46] and Kibar et al.,[47]

respectively:

De ¼ 4li
wi þ ti

4


 �2
� �1=3

ð44Þ

Ve ¼
p witið Þ0:5l2i

6 2li � witið Þ0:5
h i ð45Þ

where

li, Wi and ti are the length, width, and thickness (m),
respectively, and ‘‘a’’ and ‘‘c’’ are the equatorial and polar
radii of the prolate spheroid. The aspect ratio of the
samples was determined and their sphericity ø calculated
using Eq. (46).

ø ¼
liwitið Þ1=3

li
ð46Þ

From the measured axial dimensions and based on equiva-
lent volume consideration, the prolate spheroid geometry
dimensions ‘‘a’’ and ‘‘c’’ of the samples were obtained using
Eqs. (47) and (48), respectively.[7]

a ¼
1

2

� �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

w2
i þ t2i
2

� �

s

ð47Þ

c ¼
liwiti

w2
i þ t2i

ð48Þ

Drying Tests and Model Validation Procedure

The drying of parboiled paddy samples for model verifi-
cation was carried out using a cabinet tray dryer at a drying
temperature of 60�C. The procedure employed by Syrarief
et al.[48] and Ajibola[49] was adopted with modifications
to suit the experimental condition. For a drying run to com-
mence, the fuel in a reactor combustion chamber was ignited,
allowed to burn and produce heat. Ambient air at average
temperature of 35�C and 40% relative humidity was

aspirated through the reactor and air flow tunnel into the
drying chamber using a blower. The thermostatically con-
trolled dryer was allowed to run empty for about 30 minutes
to enable it to stabilize at the preset drying air condition. The
initial moisture contents of the samples were then noted.

Triplicate samples of a given parboiled paddy, each
weighing 30 g, were spread on a sample basket in a thin layer
and placed on the drying bed. Change in sample weight was
monitored throughout the experiment by weighing period-
ically using an electronic balance. Weighing of samples was
carried out every 10min for the first 1 h. Weighing was
continued at intervals of 20min until three consecutive read-
ings gave identical weights. The test was then terminated, the
time taken was recorded, and equilibrium with the drying
environment assumed to have been reached. The samples
at this point were oven dried at 105�C for 6h[45] and their
moisture contents were determined.

The moisture contents obtained with time for each
sample were used to compute the moisture ratios that were
used to validate the developed model. The experimental
and predicted moisture ratios were plotted against time
and compared to determine the predictive capacity of the
model using residual plots, root mean square deviation
(RMSD), and coefficient of determination (R2). A model
is considered acceptable if the residuals were uniformly
scattered around the horizontal value of zero showing no
systematic tendencies towards a clear pattern.[50] A model
is considered to give a good fit if the coefficient of determi-
nation is high and close to 1.0, while the root mean square
deviation is low. The parameters were computed using
Eqs. (49) and (50)[28,51]:

RMSD ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
1 MRobs �MRpred

� �2

N

s

ð49Þ

R2 ¼ 1�

P

MRobs �MRpred

� �2

P

MRobs �MRmeanð Þ2

 !

ð50Þ

where

MRobs and MRpred are observed and predicted moisture
ratio values, respectively, N is the number of observation
in each set, and MRmean is the mean of the observed moist-
ure ratio values.

RESULTS AND DISCUSSION

Physical Properties of Parboiled Paddy

The axial dimensions, aspect ratio, equivalent diameter
and volume, and sphericity of parboiled Banki, De-gold,
and Liberia paddy cultivars at specified moisture content
are presented in Table 1. The average length, width, and
thickness of the samples showed that the De-gold was
longer than the others. The Liberia cultivar had the largest

INFLUENCE OF CULTIVAR ON MOISTURE TRANSPORT MODEL 501

D
ow

nl
oa

de
d 

by
 [

N
du

bi
si

 A
vi

ar
a]

 a
t 1

0:
28

 0
5 

A
pr

il 
20

13
 

https://www.researchgate.net/publication/26551646_Moisture_sorption_equilibrium_and_thermodynamic_properties_of_palm_kernel?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/222931080_Physical_Properties_of_Raw_and_Parboiled_Paddy?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/222045572_Some_Physical_Properties_of_Balanites_Aegyptiaca_Nuts?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/223070316_Moisture_diffusion_modeling_of_parboiled_paddy_accelerated_tempering_process_with_extended_application_to_multi-pass_drying_simulation?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/267859629_The_sorption_isosteric_heats_of_rice_grains_in_China?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/46275891_The_effect_of_moisture_content_on_physical_and_mechanical_properties_of_rice_Oryza_sativa_L?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/222266001_Moisture_diffusion_modeling_of_drying_in_parboiled_paddy_components_part_I_starchy_endosperm_J_Food_Eng?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/223058069_Thin-layer_drying_of_melon_seed?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==
https://www.researchgate.net/publication/275578040_Thin-Layer_Drying_Rates_of_Sunflower_Seed?el=1_x_8&enrichId=rgreq-a1a6d2ef7265027ab7fca0ad687a62ff-XXX&enrichSource=Y292ZXJQYWdlOzI2MDM5ODgwNztBUzoxMDI2Mjc1OTM0MjQ5MDJAMTQwMTQ3OTczMzYyMg==


aspect ratio and the sphericity of the samples was generally
below 50%, with the Liberia having the highest value. This
was an indication that the grains should not be referred to
as spheres and proved that the Liberia was of the
medium-grain type (Table 2) while the Banki and De-gold
were of the slender type.

Prolate Spheroid Geometry Dimensions of Parboiled
Paddy Cultivars

From parboiled paddy axial dimensions, the prolate
spheroid equatorial ‘‘a’’ and polar ‘‘c’’ radii were obtained
and are presented in Table 2. Polar radius was generally
larger than equatorial radius. This confirmed the parboiled
paddy grains to be prolate spheroids. The Liberia had the
largest equatorial radius, while the De-gold had the longest
polar radius. This further points to the reason why the
Banki and De-gold both had a slender prolate shape while
the Liberia had a medium prolate shape.

Drying Model Validation

The solution of the 1-D prolate dimensionless model
(Eq.(26)) using a Crank Nicolson central difference scheme
and considering the initial and boundary conditions yielded
the dimensionless moisture ratio at each node of the pro-
late spheroidal grid formed and the moisture ratio at the
last node (paddy surface). Considering the equatorial
radius value ‘‘a’’ of each paddy cultivar with node allot-
ment done along the n - axis using a space step (h0) value
of 0.0031, 0.003, and 0.0634 for the Banki, De-gold, and
Liberia samples, respectively, 10 grid nodes were formed
for each sample. Effective moisture diffusivities of the sam-
ples were obtained from the experimental drying data and
used to calculate the mass transfer Fourier number, while

change in the mass transfer Fourier number gave the time
step ‘‘j’’ (Table 3) for grid allotment.

Experimental drying was carried out with parboiled
paddy samples at initial wet basis moisture contents of
37% (Banki), 40% (De-gold), and 29% (Liberia), respect-
ively. The effective moisture diffusion coefficient obtained
for each sample is presented in Table 3. Its value was found
to be within the range of 10�11 to 10�9m2=s, generally con-
sidered acceptable for agricultural and food products.[52]

The moisture diffusion coefficient of the Banki cultivar
was higher than that of De-gold and Liberia. The mass
transfer coefficient used in determining the mass transfer
Biot number was obtained from Rao et al.[41] Moisture
sorption isotherm slope of parboiled paddy was used to
normalize the mass transfer Biot number into a dimension-
less variable because of the hm dimension.[7] The character-
istic length used was the focal length of each sample, given
as 4.637mm, 5.312mm, and 2.399mm for the Banki,
De-gold, and Liberia, respectively. Eq. (42) gave the model
predicted moisture ratio of the whole sample.

The plots of moisture profile in parboiled paddy samples
during drying at 60�C (not presented here) showed that the
moisture ratio of the boundary node of each cultivar
reduced rapidly and approached the moisture ratio corre-
sponding to the equilibrium moisture content. This was
in agreement with the findings of Igathinathane and
Chattopadhyay.[7] From 0.2 h onwards an inclined but
fairly linear profile was observed. At the end of drying,
the resulting profile indicated that all the nodes in the
geometry reached the equilibrium moisture content corre-
sponding to the drying air conditions.

The experimental drying data (Table 3) was used to vali-
date the model and the validity was confirmed using

TABLE 2
Prolate spheroidal geometric dimensions of parboiled paddy cultivars

Paddy cultivar sample Polar radius c (mm) Equatorial radius a¼ b (mm) Prolate shape Grain type

Banki 4.78 1.16 slender Long
De Gold 5.45 1.22 slender Long
Liberia 3.92 3.10 medium Medium

TABLE 1
Physical properties of parboiled paddy cultivars

Sample
Moisture
content, %

Length li
(mm)

Width wi

(mm)
Thickness ti

(mm)
Aspect

ratio, wi=li

Equivalent
diameter De

(mm)

Equivalent
volume, Ve

(mm3)
Sphericity,
ø (%)

Banki 37.14 9.86 (0.63)� 2.59 (0.22) 2.02 (0.16) 0.26 (0.03) 3.73 (0.24) 27.014 (1.42) 37.29 (1.72)
De Gold 40 11.21 (0.56) 2.70 (0.19) 2.13 (0.23) 0.24 (0.02) 4.75 (1.73) 33.76 (1.51) 35.26 (2.36)
Liberia 29.28 8.32 (0.43) 2.88 (0.29) 2.03 (0.05) 0.35 (0.03) 3.68 (0.19) 25.47 (1.37) 42.95 (1.84)

�Numbers in parentheses are standard deviations.
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residual plots (Fig. 7), RMSD, and R2 values. From
Table 3, it can be seen that the dynamic equilibrium moist-
ure content (EMC) of parboiled paddy dried at the
temperature of 60�C varied with cultivar. Of the three sam-
ples, the De-gold cultivar had the highest equilibrium
moisture content. Residual plots are plots of the difference
between the observed and predicted moisture ratios
(MRObs-MRPred), against the observed moisture ratios
(MRObs). These plots were found to be uniformly scattered
about the x-axis, depicting that the model did not show a
tendency towards a clear pattern. Therefore, the model
could be said to be acceptable for predicting moisture
migration in parboiled paddy during drying. A comparison
of the residual plots shows that the shape varied with
paddy cultivar, indicating that the predictive performance
of the model could be cultivar-dependent.

The RMSD and R2 obtained from the evaluation of the
developed model on the drying data of each paddy cultivar
are shown in Table 3. RMSD is the root mean of the sum
of the squared deviation between the predicted and experi-
mental moisture ratios. The lower the RMSD value, the
more accurate would be the prediction of the model, and

it was less than 0.04 for all the cultivars. The Banki cultivar
had the lowest value of RMSD while the Liberia had the
highest value. The R2 measured the performance of the
model on the trend of the moisture ratio with time and
was found to be more than 0.999 for all the samples, ref-
lecting good agreement between the predicted and obser-
ved values. The Liberia cultivar had the highest R2 while
the Banki had the lowest. The paddy cultivar on which
the model best fitted the experimental drying data was
based on lowest RMSD and highest R2. The Banki cultivar
had the lowest RMSD, showing that the model better
tracked its experimental data points while the De-gold with
the highest R2 showed that the model prediction curve fol-
lowed more closely the trend of its drying curve.

Drying Characteristics of Parboiled Paddy Cultivars

The variation of the predicted and observed moisture
ratios with time for parboiled Banki, De-gold, and Liberia
paddy cultivars is presented in Fig. 8. This figure shows
that the moisture ratio of the cultivars decreased with
increase in time. Towards the end of the drying process,
the trend tended to become asymptotic to the time axis.

TABLE 3
Drying data and model performance assessment parameters for parboiled paddy cultivars

Paddy sample Temperature (�C) Time step (j) Diffusion coefficient (m2=s) EMC %

Statistical analysis

RSMD R2

Banki 60 5.3102� 10�3 2.81934� 10�10 6.10 0.013767 0.999136
De Gold 60 7.2923� 10�3 5.71515� 10�10 7.28 0.02104 0.999764
Liberia 60 2.35981� 10�3 3.77336� 10�10 6.76 0.030098 0.999465

FIG. 7. Moisture ratio residual plots for parboiled Banki, De Gold, and Liberia paddy cultivars.
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The figure also shows that the model closely predicted the
observed moisture ratios of the samples at the drying tem-
perature of 60�C.

Reliability of the Drying Model

The reliability of the model for describing the drying
curves of the paddy samples was evaluated by comparing
the predicted moisture ratios of the samples with those
obtained experimentally. The predicted moisture ratios
were plotted against the observed moisture ratios. A model
is considered reliable if the predicted moisture ratios fall
near the line y¼ x.[48] Figure 9 shows that the predicted
moisture ratios of the Banki, De-Gold, and Liberia culti-
vars banded around a straight line with high R2, indicating
that the model tracked well the drying curves of these
paddy cultivars throughout their drying period. This

further proves that the developed model was suitable for
use in describing the drying behavior of the parboiled
paddy cultivars.

The variations of the drying rate of parboiled paddy cul-
tivars with time and moisture content are shown in Figs. 10
and 11, respectively. The constant drying rate period was
not observed, as was the case in the findings of Igathi-
nathane and Chattopadhyay.[7] Drying rate varied with
paddy cultivar though the initial moisture content was
not uniform. For each cultivar, there existed an induction
period followed by two distinct falling rate periods, which
comprised an initial period that occurred as the moisture

FIG. 8. Variation of predicted and observed moisture ratios with time for different parboiled paddy cultivars dried at 60�C.

FIG. 9. Plots of predicted against observed moisture ratios of parboiled

Banki, De Gold, and Liberia paddy cultivars.

FIG. 10. Variation of the drying rate with time for different parboiled

paddy cultivars dried at 60�C.
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content decreased from 17 to 9% for Banki, 25 to 12% for
De-gold, and 15 to 9.5% for Liberia, and a second but
slower one that occurred over the remaining range of
moisture decrease. A similar observation was reported by
Ng et al.[53] on Malaysian paddy. The cultivars exhibited
critical moisture content, which was found to be 17%,
25%, and 15% on a wet basis for Banki, De-gold, and
Liberia, respectively.

CONCLUSIONS

From the results of this study, the following conclusions
were drawn:

1. The average length, width, and thickness of parboiled
paddy cultivar at the moisture contents of 37.14% for
Banki, 40% for De-gold, and 29.28% for Liberia were
9.86, 2.59, and 2.02mm; 11.21, 2.70, and 2.13mm; and
8.32, 2.88, and 2.03mm, respectively.

2. The equivalent diameter of the Banki, De-gold, and
Liberia was 3.73, 4.75, and 3.68mm, respectively.

3. The prolate spheroidal geometric dimensions of equa-
torial and polar radii were 1.16 and 4.78mm, 1.22 and
5.45mm, and 3.10 and 3.92mm for Banki, De-gold,
and Liberia, respectively.

4. Moisture diffusion coefficient was cultivar-dependent.
5. Drying of the parboiled paddy cultivars occurred in the

falling rate phase with initial period of induction and
critical moisture content that varied with cultivar.

6. The mathematical model developed for predicting
moisture transport during the drying of parboiled
paddy based on the prolate spheroidal coordinate
system and paddy effective moisture diffusivity
adequately simulated the drying process.

7. Application of the prolate spheroidal coordinate system
reduced the simulation to a one-dimensional model.

8. Comparison of the experimental and predicted moisture
ratios showed low root mean square deviation and high
coefficient of determination for all the cultivars.

9. Model predictive capacity was parboiled paddy-
cultivar-dependent.
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