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Abstract

Copra is one of the major traditional products processed from coconuts and is used
primarily as a source of coconut oil. It is the kernel of coconut after reducing the
moisture content from about 50% (dry basis) to about 6% (dry basis) by drying.
Traditional drying processes are vastly used in manufacturing of copra and that has
created many quality problems leading to hygienic and health issues which can be
minimized by using controlled drying techniques. Controlled drying is also a primary
requirement in producing edible copra and premium products like virgin coconut oil.
Accurate prediction of moisture diffusivity of porous materials like food under given
conditions is important in analysing the drying process. In this study drying
behaviour of copra was examined and two methods were suggested to predict the
moisture diffusivity of copra. In the first method, the moisture diffusivity of copra
was determined for the first and second falling rate periods. A critical moisture
content of 30% (dry basis) was identified as the probable limit between the first and
second falling rate periods. A computational fluid dynamic model was used to fine-
tune the system parameters with experimental data and the effective moisture
diffusivity values at 55 °C for first and second falling rate periods were found to be
1.10 x 10® and 1.99 x 10”° m?s™ respectively.

In the second method, moisture diffusivity of copra was found as a function of drying
temperature and dry basis moisture content. Drying experiments were performed for
seven different temperatures in the range of 45 — 75 °C to obtain drying curves of
copra. The moisture diffusivity was found to be an exponential function of moisture
content where the model parameters were linearly varied with temperature. Further
the volume shrinkage of copra was linearly correlated with moisture content. A
three-dimensional numerical model was developed to predict the spatial distribution
of moisture inside the copra using computational fluid dynamics (CFD) with
OpenFOAM software. Results of the spatial moisture distribution were graphically
presented. The results of simulation were in agreement with the experimental
observations and the optimum temperature for drying of copra was found to be about
60 °C for 20 hours of drying time.

Keywords: Copra drying, Moisture diffusivity, Numerical simulation
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1. Introduction

1.1 Copradrying

Copra is the primary product which is manufactured by drying of coconut kernel. It
is largely used in food industry while using in many non-food applications like
pharmaceuticals and cosmetics [1]. Copra can be mainly considered as an
intermediate output of the coconut oil manufacturing process because a major portion
of world’s copra production is utilized for coconut oil production. The copra made
for coconut oil production is called as “Milling copra”. Copra is also produced as
“edible copra” to fulfil the demand of consuming directly as food but the quantity is
much less than milling copra. The oil can be extracted from either wet or dry coconut
kernel and the process is named as dry process or wet process accordingly. Dry
processing with mechanical expellers is the widely used extracting method of oil in
most of the countries [2]. Virgin oil is a distinctive quality extracted coconut oil
using the standard level of copra by using only the physical methods. Sri Lanka is
now looking for the development of value added items but still depends on the
traditional export items like coconut. Virgin coconut oil is the latest high value
product of coconut very much required next to its human nutraceutical return and as
a utilitarian food. The demand for virgin oil and eatable copra is highly related on the
quality of copra. The final moisture content of copra should be decreased to about
7% for producing good standard coconut oil [3]. The high moisture content provides
an ideal medium for bacteria and fungi. This leads to creation of Aflatoxin which is a
cancer causing toxic substance. The low quality copra always results in producing
bad quality coconut oil. High moisture content of copra also causes higher free fatty
acid levels in the oil and these free fatty acids cause rancidity in oil with bad odour.
Direct contact of copra with smoke and burnt gases in kiln drying process cause
deposition of polycyclic aromatic hydrocarbons (PAH) on the kernel of copra [4].
Presence of Aflatoxin and PAH in copra can be transferred to the coconut oil during
the extraction process [5]. In addition, coconut oil colour is strongly affected by
colour of copra. Copra become brown due to direct contact of smoke in kiln drying
and brown copra gives brown coconut oil. In Sri Lanka, majority of copra is

manufactured by kiln drying and the standard of copra differs with the skill of



operator and climatic conditions [4]. Indirect hot air drying is a better alternative for
kiln drying. It can produce good quality copra since it avoids smoke deposition and
colour of the copra is mostly white or light brown [6], [7].

Even if high temperature increases the rate of drying, it produces brown copra and
causes case hardening of copra. Case hardening is the formation of a hard outer layer
on coconut kernel which limits the way of moisture movement from the interior to
the shallow [7]. The highest temperature for drying copra without deteriorating the
quality was found to be in the range of 60 — 70 °C. Thanaraj, Dharmasena, &
Samarajeewa, (2004) suggested an optimum temperature of 60°C while Mohanraj, &
Chandrasekar, (2008a) reported the highest drying temperature of 63°C [7], [8].
Relative humidity of air and the velocity of air also affect the drying speed of copra

but the effect is not as considerable as temperature [9].

1.2 Numerical simulation of drying

The simulation based mathematical models minimize the cost, time requirement and
any potential risks that may be present in actual experimental analysis. Mathematical
models can produce a large number of data points as compared to fewer experimental
data. Spatial distributions of variables within the food materials can be analyzed
using these models. With the recent developments in the computer hardware,
computational fluid dynamics (CFD) is widely applied as a numerical modeling tool.
Transport of moisture within porous structures was analyzed using CFD simulations
for food materials such as potato chips, apple cubes and quince slices. In most of
these studies moisture diffusivity was used as constant or as simple functions of
moisture content and temperature [10], [11], [12]. However, moisture diffusivity is a
system specific and complicated function [13], [14]. Therefore it is essential to
understand the functional behaviour of moisture diffusivity in terms of other
common parameters such as temperature for the simulation and optimization of the
drying processes. For food materials, liquid diffusion can be identified as the main
mechanism of moisture transport within the first falling rate period. Whereas the
vapor diffusion dominates within the second falling rate period. Drying of most of
the food materials was found to occur during the falling rate periods with the absence
of constant rate period [15], [16], [17].



1.3 Objectives

The scope of the present work was to determine the diffusivity of moisture and to

predict the spatial distribution of moisture in copra during hot air drying.

The objectives of the study are

1) Determine the moisture diffusivity of copra for the first and second falling rate
periods

2) Develop a diffusivity model with respect to external parameters by considering
heat and mass transfer during drying and shrinkage of copra

3) Describe the spatial distribution of moisture inside copra by analysing the
moisture transport within the porous structure and also considering shrinkage of

copra during hot air drying

1.4 Outline of the thesis

This thesis is consisted with eight chapters. In the first chapter, the research project is
introduced and the research objectives are given. A literature review on production,
applications, methods of drying, quality standards of copra and numerical simulation
in drying process has been presented in the second chapter. Third and fourth chapters
describe the model development with derivations of equations and numerical
simulation with OpenFOAM software. In the fifth chapter, materials used,
experimental procedure and the methodology followed to fulfil the research
objectives are described. The results obtained during the current study are presented
and discussed in chapters six and seven. The last and eighth chapter summarizes the

conclusions of the study.



2. Literature Review

2.1 Copra

2.1.1 Production and applications

The coconut tree is mostly known as the tree of life because coconut tree provides all
the necessities of life. Coconut tree has bound with Sri Lankan life style since
thousands of years ago. Many historical stories can be found about the history of
coconut tree in Sri Lankan folklore. The development of coconut cultivation which
was started in king’s era continued to even in the colonial era. Later, the Sri Lankan
governments contributed towards coconut cultivation by many ways. At present,
three institutions have been established for developing coconut industry namely
Coconut Cultivation Board, Coconut Research Institute and Coconut Development
Authority.

Few industries have been developed in relation to the coconut tree which can be
categorized into four main types namely products related to fruit, products related to
coconut flower, products related to coconut trunk and the products related to coconut
leaves. Products related to fruit come with three main sources namely coconut
kernel, coconut husk and coconut shell [18]. Copra is a primary product which is
produced by drying of coconut kernel. The name copra has been derived from the
Malayalam word kopra for dried coconut. The drying operation reduces the moisture
content in the kernels from about 50% to 6%.

Several methods have been developed for copra making throughout the world.
Among them, kiln drying is the widely used method while sun drying and hot air
drying are also practiced. In 1923, an indirectly heated air dryer called “Chula Dryer”
was introduced in Sri Lanka for manufacturing copra. “Ceylon Copra Kiln” which
was designed by Coconut Research Institute was introduced in 1960s. This dryer was
a direct air heated dryer and was more economical than the previous dryer [4].
Therefore, Ceylon copra kiln has been using vastly not only in large scale
commercial copra manufacturing mills but also some small scale copra
manufacturers since 1960 with several developments in time to time. In addition to

this, sun during of copra can still be seen in rural areas at domestic level. Most of the



copra mills are situated in coconut triangle area and in the coastal area from
Negombo to Tangalle [18].

Coconut oil is the oil contained in the coconut kernel. It has been consumed in
tropical countries including Sri Lanka since many centuries mainly as edible oil. Two
main oil extraction processes are used in industrial scale operations which are
categorized as dry process and wet process according to the form of kernel. Dry
process is the traditional oil extraction process which uses copra. In the wet process,
oil is extracted using fresh kernel [19]. In Sri Lanka, dry process is the most popular
method and at present more than 250 oil mills are registered with CDA (Coconut
Development Authority). Many of these oil mills are also situated within the coconut
triangle while few are in coastal area from Negombo to Tangalle. In some mills,
production of both copra and coconut oil is done at the same place. The size of the
kiln depends on the capacity of the mill.

Coconut oil is used heavily in the food industry. In Sri Lanka, it has been extensively
used as cooking oil from the day of its origin. It also has some applications in
medical and pharmaceutical industries. A very common application of coconut oil is
soap and detergent industry and the other applications include glycerol
manufacturing, cosmetic industry, plastic industry, rubber industry, etc. At present, it
is being tested for using as biofuel.

2.1.2 Quality standards and testing

Copra is the dried kernel of coconuts. Generally, fresh coconut kernel contains
approximately 50 % (w/w wet basis) moisture. Ideally, the coconut kernel should be
dried till the moisture content reached the equilibrium moisture content of copra to
store them safely. Typically, the equilibrium moisture content for copra is around 6%
to 7% in hot countries. Therefore, well dried copra contains moisture around 6% to
7%. The high moisture content and existence of protein and sugar makes the renewed
coconut kernel an ideal medium for the growth of bacteria and fungi. But at a
moisture content around 6%, mold growth in copra is inhibited [19]. Improper drying
and storage result in more free fatty acid, more moisture, low color, unpleasant odor,
more amount of singed copra, molding, and dirt integration, resulting in lower grade

copra [20].



Drying of copra into a safer moisture level is always a vital requirement because
higher moisture contents of copra support the formation of Aflatoxin in copra [5].
Aflatoxins are toxic chemicals commonly found in groundnut and maize. But
Aflatoxin contamination is comparatively at a lower level in copra. The risk of
Aflatoxin contamination in copra increases with the moisture content and the safe
moisture level for hot-air dried copra was found to be 8%. Since the smoke particles
inhibit the mould growth, the tolerable limit for the smoke desiccated copra is at a
relatively higher level of 11% according to a recent study carried out in Philippines
by the Natural Resources Institute of UK [5].

There are four main types of Aflatoxins namely B1, B2, G1, and G2, and Aflatoxin
B1 is the generous type. It is carcinogenic and found to cause liver cancer in all the
tested animals. According to previous studies, a mean level of 50 ppb of Aflatoxin
B1 was recorded from the coconut oil samples collected during rainy and hot seasons
in Sri Lanka [21]. The same study, also recorded detection of a mean level of 186
ppb of Aflatoxin Bl in the coconut oil manufactured in lower level oil mills.
Therefore, the reduction of the moisture content of copra is important to avoid health
hazards related with Aflatoxin.

Moisture content and appearance are the main quality parameters for copra [22].
Copra with acceptable moisture content of less than 7% and the pale white to light
brown colours fetch higher prices in the international markets. The appearance is also
important as scorched, burned, sooty and mouldy copra have less demand. Since
copra is mainly used for the production of coconut oil, the quality of copra directly
affects the quality of coconut oil. The existing quality parameters for coconut oil
were adopted from the 1990 guidelines published by the Federation of Qils, Seeds
and Fats Association (FOSFA). According FOSFA guidelines, the maximum
allowable fatty acid level is 4% and the acceptable colour is on the Lovibond range

of lower than 9 red and 50 yellow [5].



2.1.3 Copra drying process

Rate of Copra drying depends on number of factors. They are related to
environmental conditions, physical properties of copra, the drying principles used
and physical properties of the drying air (humidity, temperature and velocity).
Among all of these factors, the rate of drying depends mainly on the temperature of
the drying air. Thus, several studies have been carried out to find the optimum
temperature for drying copra. Krishna Raghavan (2010) described that high drying
air temperatures will increase the rate of drying, but at the expense of quality. He
recommended a two-stage drying process with initial drying at high temperature
followed by a period of lower temperature drying. Drying copra at high temperatures
for a long time may cause case hardening. Case hardening refers to the formation of
a hard outer layer which restricts the passage of moisture movement from the interior
to the surface [5]. Satter, M. A. (2003) also recommended to maintain three different
temperature levels High (70 — 85 °C), Medium (55 — 70 °C) and Low (40 — 55 °C)
[23]. Thiruchelwam Thanaraj, et al (2007) described the importance of maintaining
an optimum temperature of 60 °C to avoid case hardening and burnt patches due to
high temperatures and to avoid mould growth and extended drying time due to lower
temperatures [6]. Roberto, C. Guoarte, et al (1996) used much higher temperatures
(90 °C) than the others but they failed to produce white copra [5].

Relative humidity of air also affects the drying rate of copra but the effect is not as
considerable as temperature. The effect of air velocity on drying was also discussed
by many researches. Roberto, C. Guoarte, et al (1996) recommended an air velocity
of 0.5 ms™ for industrial scale copra drying while Mohanraj, M. and Chandrasekar,
P. (2008) reported that the optimum velocity for copra drying was 1.2 ms™[3], [5].
But, according to Satter, M. A. (2003) air velocity has the least effect on drying as
the moisture within the kernel takes relatively long time to reach the surface before
being picked up by unsaturated hot air [23].

Several methods are used for drying copra throughout the world. Those can be
categorized into three main types: natural drying, smoke drying, hot air drying.
Natural drying involves the use of direct heat from sun in open areas. It is the
simplest and cheapest method, but is heavily dependent on climatic conditions. Sun

drying takes about 7 days to reduce the moisture content of copra to around 10%.



However, if rains during this period, copra may contaminate with fungi and produce
a grey rancid product. Furthermore, sun drying requires more space, is labour
intensive and there can be deteriorations in quality in open sun drying from deposits
of dirt and dust [3]. On the other hand, sun drying produces more white copra than
direct dryers and it is more suitable for small holders who are living in the areas with
high solar radiation and having long sunny days [6].

The smoke drying involves the use of traditional fuels such as firewood, copra husks
and shells. The copra bed is placed on a wire mesh directly above the heat source.
The combustion products pass through the copra bed, and remove the free moisture
on the copra surface. Although the efficiency of drying is considerably higher than
that of natural drying, this method leads to poor quality copra due to bad color and
scorching. Some advantages of these dryers are higher thermal efficiency, low cost
of construction and fuel and simplicity of design [24].

In the hot air drying hot air flow is generated from a hot air blower through the copra
bed. This method is more efficient with reduced drying time cycle. The main
advantage of hot air dryers is their ability to produce high quality, clean and white
copra without PAH problems. It is the most expensive drying method with a
relatively large initial capital. This type of dryers is hard to find in large scale copra
drying. The operating cost of air circulation equipment has been a concern for rural

farmers and that has made low popularity of these forced draft dryers.

2.2 Drying characteristic of porous materials

The drying characteristic of porous materials such as fruit and vegetable products
was extensively reported in the past [25], [26], [27]. Drying process can be explained
by the two main regions; constant rate period and falling rate periods. Sometimes
more falling rate periods, which is mainly depends on material characteristics such as
porosity and shrinkage during drying, are observed [28], [29].

Drying in the constant rate period is governed by external factors such as the
temperature difference between the hot air and the drying surface, surface area of the
material and the heat and mass transfer coefficients. It can be assumed that the

moisture removal by evaporation is constant during the falling rate period as the



internal moisture transfer is sufficient enough to maintain the surface at saturated
conditions [25], [30].

The moisture content at the transition from the constant rate period to the first falling
rate period is defined as the critical moisture content. For fruits and vegetables
critical moisture content was found to be similar to initial moisture content and the
constant rate period is not noticeable for some of fruits and vegetables such as
avocado and tapioca. Moreover drying behaviour of most of the biological materials
can be described only by falling-rate periods [26], [31], [32] [33]. The falling rate
period is an internally controlled mechanism where the interior transport of moisture
is less than the rate of evaporation from the surface. Internal resistance to transport of
moisture gradually increases during the first falling rate period and becomes critical
at the beginning of the second falling rate period where the partial pressure of water
within the entire material reach below the saturation level [25]. Therefore the
removal of the last 10% of the moisture is the most difficult and it takes equivalent
time to the removal of first 90% of moisture. Equilibrium moisture content is
achieved as the vapor pressure of the material becomes equal to the partial vapor

pressure of the hot air and no further drying is taken place at this stage [28].

2.3 Numerical simulation of Drying

2.3.1 Analysing the drying process

Drying is an essential operation in the chemical, agricultural, biotechnology, food,
polymer, ceramics, pharmaceutical, pulp and paper, mineral processing, and wood
processing industries because drying extends product stability (prevention of growth
and reproduction of undesirable microorganisms), enhances product quality
(minimization of moisture mediated deterioration reactions, e.g. nutrient loss,
product discoloration), and provide ease of handling the product (reduction in
product weight and volume, decreased packing, storage and transportation costs)
[34].

Drying is the process of thermally removing moisture from a moist material by
evaporation. Moisture held in moist food material as loose chemical combination,
present as a liquid solution or trapped in the microstructure of the food material,

which exerts a vapor pressure less than that of pure liquid is called bound moisture.



Moisture in excess of bound moisture is called unbound moisture. Drying involves
two processes to occur simultaneously, one is transfer of heat from the surrounding
environment to evaporate the surface moisture and second is transfer of internal
moisture to the surface of the food material and its evaporation due to process one. In
first process, the removal of water as vapor from the material surface depends on the
external conditions like air temperature, humidity, velocity, area of exposed surface,
and pressure. In second process, the movement of moisture internally within the food
material is a function of the physical nature of the food material, the temperature, and
its moisture content. Drying rate depends on the rates of two processes mentioned
above. Transport of moisture within the food material may occur by any one or more
of the following mechanisms of mass transfer [35]; liquid diffusion (if the moist food
material is at a temperature below the boiling point of the liquid), vapor diffusion (if
the liquid vaporizes within material), Knudsen diffusion (if drying takes place at very
low temperatures and pressures), hydrostatic pressure differences (when internal
vaporization rates exceed the rate of vapor transport through the solid to the

surroundings) or combinations of the above mechanisms.

2.3.2 Numerical modelling of drying process

There has been a large amount of numerical work with varying degrees of
complexities for prediction of drying rate of food products. The majority of the
models which are available in the literature consider only mass transfer (no heat
transfer) assuming that the drying occurs almost isothermally or the gradient of the
temperature around the food material is too small to have any effect in the mass
transfer process [36], [37], [38].

Several experimental studies were reported on evaluating the drying rates and total
drying time at different drying conditions for porous materials [39], [40], [41], [42].
However, the experimental analysis of spatial distribution of moisture and/or
temperature within the porous structure was found to be a tedious task due to the
requirement of advanced radiography or tomography methods for measurement [43],
[44]. However, mathematical and numerical models have been successfully used in
the recent past to explain the spatial variation of parameters within the biological

material. These models were manly based on two approaches using; Darcy equation
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to describe the capillary action and Fick’s Law to describe the moisture diffusion in
the material [45], [46], [47].

Wang and Brennan developed a 1-D mathematical model of simultaneous heat and
moisture transfer for the prediction of moisture and temperature distributions during
drying in a slab-shaped solid [43]. The model was applied to the air drying of
potatoes. They concluded that shrinkage had an influence on the drying behaviour of
potato and should be taken into account in predictive models. In a separate study alD
model was proposed with consideration of evaporation at the surface [48] and semi-
analytical solutions were presented for carrot slabs with the effect of Biot number
and relative humidity. All these studies considered a constant convective coefficient
at the boundaries. Most of these analyses are for a lower air velocity range of 0.1-0.3

m/s with an assumption of laminar flow [49].

2.3.3 Determination of moisture diffusivity in food materials

Diffusion is the process of transport of mass due to concentration difference between
one part of the system and another. It leads to reach the equilibrium moisture
contents within the porous media with time [50]. This has been used extensively in
explaining the physical mechanism of moisture transport of dehydration of food
materials [51]. Specifically the moisture loss during the falling rate period could be
explained reasonably well by applying the Fick’s second law of diffusion [52], [53].
The experimental results were found to be in good agreement with the predicted data
for drying rate and drying time but the application of Fick’s second law in predicting
the moisture distributions within the materials was limited [54], [55], [56]. Further,
when the system becomes more complex, the experimental data were found to
deviate from the predicted [57]. Therefore more complex solutions are required
incorporating the heat transfer equations in addition to mass transfer equations.
Effective moisture diffusivity for various food and agricultural materials were
estimated using experimental drying curves and more than 1700 data have been
published since 1975 [58]. In most of these studies, the simplified assumption of
constant diffusion coefficient was used and one-dimensional diffusion was modeled

for known geometries such as sphere, cylinder and slab. Further the initial moisture
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content was assumed to be uniformly distributed. The temperature gradient and
shrinkage was also assumed to be negligible during drying.

The effective diffusivity varies with the moisture content and also the drying
temperature [53], [55], [60]. The temperature dependence of the moisture diffusivity
of food materials could be described by an Arrhenius relationship [29], [33], [60],
[61], [62]. The diffusion theory was found to fail at very low moisture contents [59].
This may be mainly attributed to the variation of effective moisture diffusivity during
drying. During the second falling-rate period of drying, the moisture diffusivity of
various foods was found to be about four to eight times lower than those in the first
falling-rate period [25], [28].

Shrinkage has a major impact on the drying process of food materials and it can be
identified as a main factor for the variation of moisture diffusivity during drying.
Consequently, the use of Fick’s second law becomes restricted in measuring the
diffusion coefficient. In order to overcome this problem, Crank (1975) suggested a
one-dimensional volume change while Fish (1954) suggested a three-dimensional
isotropic volume change [63], [64]. However, the concept of arbitrary volume
change suggested by Lambert (1991) described the real volume change more
effectively [65].

Shrinkage also affects the physical properties such as porosity and density of
biological materials and hence it is important to have a good knowledge on shrinkage
phenomenon for the better control of drying process of such materials [66]. Although
moisture diffusivity of some materials could be predicted with the assumption of
constant moisture diffusivity, the validity was found to be limited to a narrow range
of moisture [43], [67]. Simal (1998) predicted the drying curves by considering the
shrinkage effect and ignoring it and concluded that the model with shrinkage effect
predicted the drying process comparatively better than the model without shrinkage
effect [68], [69].

2.4 Justification

The demand of the coconut oil is mainly depends on the quality of copra which is the
major raw material of coconut oil. Therefore, understanding of moisture transport
inside the copra is a vital requirement to control the hot air drying process to make

good quality copra. This can be done by numerical simulation of hot air drying using
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computational fluid dynamics. Accurate prediction of moisture diffusivity of porous
materials like food under given conditions is important for analysing the drying
process. Many research works have been done in the past to determine moisture
diffusivity of various foodstuffs mainly potatoes using various experimental and
analytical methods [36], [70], [71], [72]. However, the analytical solutions rely
mostly on two very restrictive hypotheses; constant moisture diffusivity and constant
volume of the product. The numerical modelling and simulations enables the analysis
of the drying process with variation of the product volume and the moisture
diffusivity with time. Several numerical modelling and simulation works reported on
drying of food materials were based on constant moisture diffusivity and one
dimensional moisture transfer and material shrinkage [11], [12], [38], [43]. The
present work determines the diffusivity of moisture in copra during hot air drying as
a function of moisture content and temperature. A numerical model has been
developed to describe the spatial distribution of moisture inside copra by analysing
the moisture transport within the porous structure and also considering shrinkage of

copra during hot air drying.
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3. Model Development

3.1 Governing Equations

Numerical model was developed by considering mass balance to obtain the spatial
distribution of moisture inside the copra. These equations are called the governing
transport equations. The governing transport equation for a general scalar quantity @
is obtained by considering the conservation of @ over a differential volume element
of the solution domain. The differential form of general transport equation for the

general variable @ is shown in equation (3.1).
2+ div(pgu) = div(rgrad®) + I (3.1)

Where

I - Rate of ¢ due to sources (evaporation rate)

29

o - Rate of increase of ¢ of fluid Element

div(p@u) - Net rate of flow of ¢ out of fluid element
div(tgrad®) - Rate of increase of ¢ due to diffusion

3.1.1 Momentum conservation equation

The momentum conservation equation is derived by applying the momentum balance
in each coordinate direction to the differential volume element. Figure 3.1 shows the
fluxes of x momentum. Note that & is the combined momentum flux tensor which
can be interpreted as the flux of j momentum in i direction.

The momentum balance can be written as [73],

{Rate of increase} _ { rate of } _ { rate of } n {external}
of momentum momentum in momentum out force

The total rate of x momentum into the fluid element can be written as,
(@xx)leyAZ + (ny)lyAxAZ + (sz)lexAy

And the total rate of x momentum out of the system is equal to,

(Dxx) | x+ax By Az + (wyx)|y+AyAxAZ + (D2 z+a70xDy
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Figure 3.1 Differential volume element located in flow domain and x momentum fluxes across its faces

The external gravitational force on the fluid element in x direction is given by,
P9 AxAyAz
Substituting these expressions in the momentum balance relation results in,

AxAyAZ%,OUx = AyAZ((Qxx)lx - (Qxx)|x+Ax) + AxAz ((QyX)ly - (ny)lJH'AJ’)

+ AxAy((sz)lz - (®zx)|z+Az) + pngxAyAZ (32)
Dividing the entire equation by Ax Ay 4z and rearranging,

i — (Q)xx)|x+Ax_(®xx)|x _ (wyx)|y+Ay_(®yx)|y _ (wzx)|z+Az_(®zx)|z
5 PUx = o Ay Y t PYx (3.3)
Taking the limit as 4x, 4y and 4z go to zero, results in the following partial

differential equation for the x component of velocity,

d 0 5] 5}
apUx = (a Q)xx + aqjyx + Ea)zx) + pgx (34)

By similarly considering the fluxes in other directions, equations for y and z

momentum can be derived as expressed below.

0 0 0 a
2PUy = (E Dxy + 5¢yy + awzy) t PGy (3:5)
3} 0 0 3}
apUz = (a ®xz + Egsyz + £®ZZ) + pg; (36)

For a general coordinate direction i, these equations can be written as

d

5. PUi = —[V.8]; + pg; (3.7)

Where V.gZrepresents the contraction of the second order momentum flux tensor with

the differential operator %
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Combining the separate equations for each coordinate direction, the final vector form
of the momentum equation can be written as,

2 pU = —[V.0] + pg (38)

The combined momentum flux tensor Zis given by,

O =pUQU +pd+1 (3.9)

Where ¢ is the kroneker delta symbol and 7 is the molecular momentum flux tensor.
For a Newtonian fluid, 7 is given by Newton’s law of viscosity,

T=—uvlU (3.10)

Substituting these relations into equation (3.8), results in the transport equation for
velocity,

2 pU = —V.(pURU) — Vp + uV.VU + pg (3.11)

For a gas flow, the gravitational force can be neglected compared to other terms
present in the equation, therefore the final governing equation for the gas phase
velocity is,

2 pU = —V.(pUU) + u¥.VU — Vp (3.12)

3.1.2 Species conservation equations
The transport equation for each species is obtained by considering the mass balance of

respective species over an elemental volume as shown in Figure 3.2.

(x +Ax,y+ Ay, z + Az)

>

y @y
n,

Figure 3.2 Differential volume element located in flow domain and mass fluxes across its faces

16



Mass balance equation can be written as [73],

{Rate of increase of}
mass of species i

(Rate of\ ( Rate of ]

mass of mass of
speciesi | _ | speciesi {Rate of generation}
| into the out of the of species i
volume volume
element k element

The rate of mass of species i into the volume element is equal to,
ng|xAyAz + n;|, AxAz + n;| ,AxAy
Where n; is the mass flux vector of the i species.
Rate of mass of species i out of the control volume can be written as,
ML+ axDYAZ + 0y 12y AXAZ + 1] 110, AX Ay

Substituting these expressions into mass balance equation results in,

AxAyAz 2 pY; = AyAz(nyl, — Nylxsnx) + AxAZ(Rily = Mily1ay)
+AxAy(n;|, — nily4a,) + 1:AxAyAz  (3.13)

Where r;j is the rate of generation of i through chemical reactions.

Dividing by 4x Ay Az and re arranging results in,

i - Nilx—Nilx+ax _ ni|y_ni|y+Ay _ Nilz— Nilz4+az )
acP Y= Ax Ay Az T (3.14)
Taking the limit as 4x, 4y and A4z, go to zero results in the following partial

differential equation,

d 6ni 6ni 6ni
2 pY; = (5+E+¥)+ T, (3.15)

In vector notation, above equation can be written as,

%pYi =-V.n; +n (3.16)

The mass flux vector n;, consists of convective and diffusive mass transfer terms and
is equal to [68],

n =ji+pU (3.17)

Where p; is the density of the i species and j; is the diffusive flux of i species. j; is
given by Fick’s law of molecular diffusion according to [73],

Ji = —pD;VY; (3.18)

Using above expression, n; can be written as,
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n; = —pD;VY; + pY;U (3.19)
Substituting in equation (3.16) and rearranging gives the governing transport
equation for the species mole fraction Y;

0
5 PYi + V. (pYU) = V.(pD;VY}) = 1 (3.20)

3.1.3 Drying models
Two major types of drying models were used in literature to obtain expressions for

drying rates. They are first order kinetic models and equilibrium models [74].

3.1.3.1 First order kinetic model
This is the most common model used to describe drying in literature. The model

expresses drying rate (r) by an Arrhenius type equation given by,

—-E

r = Aexp (R_Ts) Pmoisture (3-21)

where A (s™) is pre-exponential factor, E, (Jmol™) is the activation energy, R (Jmol’
'k™) is the universal gas constant, Ts (K) and pmoisure (kgm™) are solid phase
temperature and density of water vapour at particle surface, respectively.

However, in the above global reaction scheme it is difficult to incorporate the effects
of external factors such as air flow rate, air humidity, density, thermal conductivity,
heat capacity and particle size on drying process. This limits the accuracy and scope
of the final model because the model cannot be used to predict the impact of above

mentioned properties.

3.1.3.2 Equilibrium model

Equilibrium models are used for predicting low temperature drying rates. These
models are based on the assumption that water vapour is in equilibrium with liquid
water. The rate is expressed as proportional to the driving force developed as a result
of moisture deference at food particle surface and surrounding gas stream [17], [75].

The rate equation in equilibrium model is given by,

r= kA(pmoisture - pgas) (3.22)
where k (ms™) is the mass transfer coefficient and A [m*’m™] is the volumetric
particle surface area. pmoisture aNd Pgas [kgm™] are densities of water vapour at particle

surface and in the gas phase respectively.
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3.1.4 Mass balance equations

3.1.4.1 For Moisture fraction

The mass balance equation for moisture transport inside the copra is given by
equation (3.23), which was derived by using equation (3.20)

a wow
TR 4 V(Upy) = V(DWTPPuSy) ~ 1 (3.23)

Where, Sy, is the ratio of the amount of volume occupied by water to the available
free space in the solid. With a similar definition for Sy which represents the gas
phase,

SwtS,=1 (3.24)

3.1.4.2 For vapour fraction

As the copra is heated, water evaporates, and eventually becomes water vapor. The
gas inside the copra is a mixture of water vapor and air. o, and ®, represent the mass
fraction of vapor and mass fraction of air respectively.

Wy +wg =1 (3.25)
3(@pySgwy
((pp—‘;tgw . V(Ugpgwy) = V(DyVepySgwy,) + 1 (3.26)

3.1.4.3 Rate of Evaporation

During the drying process, water evaporates and moves through the porous structure
in copra. Equation (3.27) shows a non-equilibrium expression for evaporation of
water [76].

I = keyy(Pv,eq = Pv)Sg® (3.27)
Where pyeq IS given by

Preq = Psar(—0.0267X1:6%6 4 0.0107e287Xx 1313 In P ) (3.28)
3.1.4.4 Shrinkage and porosity

Since the solid volume is a conserved property, porosity at any time t (¢;) can be
determined by equating the initial volume of solid to solid volume at time t, [76]

A=@)Ve =1 - @V,

Rearranging the equation with Ve /Vo =],

o, =1—1% (3.29)

Where J is the jacobian due to moisture change. J is a direct measure of shrinkage

and can be found experimentally as a function of moisture.
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4. Numerical Solution
4.1 Introduction to OpenFOAM

OpenFOAM is an open source Computational Fluid Dynamics package which can be
used to generate numerical solutions to mathematical models using finite volume
method. Two main steps are involved in generating a numerical solution in
OpenFOAM: setting up the case and setting up the solver. Case set up is the pre-
processing stage in an OpenFOAM calculation. An OpenFOAM case is a collection
of folders in which separate files are defined which contain the information on initial
stage of the system and instructions on solving fluid dynamics equations. An
example of a case file structure is illustrated in Figure 4.1.

The 0 folder consists of a set of files for each field for which solution is obtained (eg
pressure and velocity). These files contain information on initial and boundary fields
of these variables. Constant folder consists of a sub directory called polymesh where
a blockMeshDict file is located. This file consists of information for mesh
generation. Other files that are located in constant directory include
transportProperties, physicalProperties and turbulanceProperties, which include
information on values of physical constants (viscosity, thermal conductivity etc) and
information on turbulence. Systems directory consist of files: ControlDict,
fvSchemes and fvSolution. ControlDict file contains information on time control of
the case, such as start time, end time, time step for numerical calculations and other
information. fvSchemes consists of a list of discretization schemes for each variable.
User can change discretization settings for the case by changing entries of this file.
The fvSolution contains information about linear solvers that are used to solve

discretized equations and tolerances for solved variables.
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blockMeshDict J

Figure 4.1 Structure of an OpenFOAM case

fvSolutions

4.1.1 OpenFOAM solver

In OpenFOAM, a solver is a C++ library, which contains the code to numerically
solve the relevant differential equations of the system of interest. Solvers can be
classified as built in solvers and user compiled solvers. Built in solvers come with the
original installation of OpenFOAM and can be used for solution of wide range of
standard problems such as incompressible flow calculations, multiphase flows etc.
When a built in solver cannot be applied to develop a solution to a particular
problem, the user has the freedom to compile a new solver for the application. The
OpenFOAM programming style allows user to declare and use mathematical
quantities such as, scalars, vectors, tensors, their fields and differential equations.
The differential equations are discretized using finite volume method. A brief
introduction to finite volume discretization is presented in the following section.

4.2 Introduction to finite volume method

In numerical mathematics, partial differential equations are solved by first converting
them to a corresponding set of algebraic equations. This is done by a method called

discretization. There are a number of discretization techniques available such as
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finite volume method, finite element method, finite difference method, spectral
element method, boundary element method and high-resolution discretization
schemes.
In the present study, the equations are discretized by finite volume method using the
built in libraries of the CFD tool OpenFOAM. Finite volume discretization process
can be divided into three main steps [77],

e Discretization of time

e Discretization of space

e Discretization of Equations

4.2.1 Discretization of time
Time is discretized by separating the time domain over which the solution is required
into a set of time steps At, which may change during the simulation. During the

solution procedure, time is marched from a prescribed initial condition.

4.2.2 Discretization of space

Discretization of space is achieved by sub dividing the solution geometry into a
number of cells called control volumes. These cells should not overlap with one
another and should fill the computational domain. The centroids of these cells
determine the points of space at which the solution is required. A typical control
volume and its associated properties are presented in Figure 4.2. The control volume
is bounded by flat faces, represented by letter f. Cell faces belong to two main
categories, internal faces and boundary faces. Internal faces are the faces between
two control volumes and boundary faces coincide with boundaries of the solution
domain. Each face of internal cells is shared with only one neighbour cell. Properties
are usually defined at cell centroids, P. The face area vector, St is of magnitude equal
to the area of the face and points outwards from the control volume perpendicular to
the face [77].
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Figure 4.2 A typical control volume in finite volume method

4.2.3 Discretization of equations

The general form of the conservation equation for a scalar property can be written as,
% + div(p@u) — div(rgrad®) = Sy 4.2)
The finite volume method requires that this equation should be satisfied in integral

form over the control volume around the point at which the solution is sought [77].

This requires:

ft‘l‘At

t+At
‘ J

t

2 [ p@dV + [ V.(pU@)AV + [ V. (pIV®)dV | dt = [ ([ Spav)dt  (4.2)

4.3.2.1 Spatial discretization

The first spatial term of equation (4.2) is discretized as,

[ p®av = p®,V, (4.3)

The volume integrals of the above equation are converted into surface integrals over
control volume surface using the following identities of vector calculus [78];
[V.AdV = [A.dS (4.4)

[v.9dv = [ @dS (4.5)

This results in following relationship for convective and diffusive terms of the
general conservation equation,

[V.(pU®)AV = [(pU®B).dS (4.6)

Since the control volume is bounded by a series of flat faces, the surface integral on
the right hand side can be written as a sum of integrals over separate faces. Therefore
J(pU®)dS =Y [(pU®).dS (4.7)

The face integral is evaluated using face value of gand pU and is given by
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J(pUB)dS = (pU);. S (4.8)
This provides the discretized form of the convective term as,
JV.(pU®)AV = Y ((pU)s. S0 4.9
Using the above procedure, the laplacian term is discretized as,

f V. (oTV@)dV = f (oTVD). dS

= X7 [(pT'VD).dS

=Y pl(VD);.Sf
Therefore,
JV.(pTV®)dV = ¥ ¢ pT' (VD) f. Sy (4.10)
The discretized form of integral terms can be evaluated using face values and face
centre values of neighbour cells. The entire set of discretized equations written over
the solution domain represents a system of simultaneous linear equations. This linear
set of equations is solved during each iteration of solution algorithm using numerical

procedures for linear systems.

4.3 Development of CFD solver using OpenFOAM

Two new solvers, “2DcopradryingFoam” (for the determination of moisture
diffusivity of first and second falling rate periods) and “3DcopradryingFoam” (for
the determination of variable moisture diffusivity), were developed based on the
equations presented in chapter 3. The equations are numerically solved using finite
volume method and the required code was developed by using C++ language in
OpenFOAM package. Input parameters and initial conditions for the CFD
simulations were given in Table 4.1.

4.3.1 Boundary conditions

4.3.1.1 Two Dimensional model development

The two dimensional computational domain is shown in Figure 4.3. The
computational domain is consisted with two parts. The lower part of the domain was
considered as the copra sample and upper part of the domain was considered as the

air layer near the top surface of the sample.
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Figure 4.3 2D Computational domain

Wall boundary conditions

—0 % _o 9% _ 9Sw _
U—O,ax—O, ax—Oand am—O
Outlet boundary conditions
W _ g 9 _ g _ 95w _
ax_O’ax_O’ ax and 6x_0

4.3.1.2 Three dimensional model development

The three dimensional computational domain is shown in Figure 4.4.

side walls

—377

o

Bottom wall (Insulated)

Figure 4.4 Schematic showing of boundary conditions
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Side walls

apP 0Ts
U—O,a—Oand a—o

Side walls are free surfaces available for forced convection and evaporation. Liquid

water diffuses from the interior to the surface and leaves by convection as water

vapor after evaporating at the surface. Therefore, liquid water flux (nwsurf) at the

surface is given by [79],

Nyw/surf = km®Sw Py — Pamp) (4.11)
. 0.33
k,, = 0.522binke (4.12)
2.6x1075(S,0)° ¢

Dy = 221 ?) (413)
— kV

Le = PaCp,aDpin (414)

h, = 0.664 (""L—“) Re05pr033 (4.15)

Re = % (4.16)

pr =22t (4.17)

Bottom wall

Since bottom wall was insulated for heat and mass transfer.

Ty Sy

apP
U=0, £=0, a=0and Py =0
Table 4.1 Input parameters for CFD simulation
Parameter Value Units
Atmospheric pressure (P) 101325 Pa
Characteristic length(L) 0.01 m
Density of water (pw) 1000 kg/m’
Density of vapor (py) 1.2 kg/m’
Density of air (p,) 1.2 kg/m®
Evaporation rate constant (Keyp) | 0.01 1/s
Specific heat capacityair(C,s) | 1006 JlkgK
Thermal Conductivityvapor(k,) | 0.026 W/mK
Thermal Conductivity of air(k;) | 0.026 W/mK
Velocity of air(U,) 0.1 m/s
Viscosity of water(|1) 0.988x10° | Pa's
Initial Conditions
porosity(o) 0.8
Water fraction(Sy,) 0.32
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5. Methodology

5.1 Materials

Coconut, which was seasoned for more than three weeks, was de-husked and split.
Cubic samples of dimensions 0.01x0.01x0.01 m*® (Figure 5.1) were cut from the
kernel using a sharp knife. These samples were used in the drying experiments and

shrinkage measurements.

Coconut kernal

\; Hot air flow

Figure 5.1 Copra sample

5.2 Experiment setup

5.2.1 Hot air dryer

An electric dryer is used to dry coconut pieces. The dryer consisted of a blower, an
electrical heating element, temperature controlling switch and a drying chamber of

0.3x0.3x0.15 m® with a sample tray as shown in Figures 5.2 and 5.3

Copra samples Drying chamber

N

J_‘ Hot air Blowcr

_[

Figure 5.2 Sketch of the hot air dryer
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Drying chamber

n

4

Figure 5.3 Photograph of hot air dryer

5.2.2 Experimental setup for volume measurement

An experimental setup consisting with Flask, Burette and Funnel was used to

measure the volume of copra pieces by liquid displacement method as shown in

Figure 5.4.

3)

(2)

(1)

-
V

Figure 5.4 Volume measuring setup

M wnp e

Burette (50ml)
Flask (250ml)
Funnel

Toluene level
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5.3 Determination of moisture diffusivity for first and second falling rate
periods

5.3.1 Drying experiments to determine moisture diffusivity for first and second
falling rate periods

Copra samples of dimensions 1x1x1 cm® were used with an average moisture

content of 80 + 0.8 % (w/w, dry basis). 60 samples were evenly placed as a single

layer on the tray in the drying chamber. Relative humidity, hot air temperature, and

hot air velocity were maintained at 40%, 55 °C and 0.1 ms™. The mass of each

sample was separately measured using an electronic balance with an accuracy of +

0.001 g in 2 hours intervals for 24 hours until the moisture content was reduced to 7

+ 0.5 %. (w/w, dry basis).

5.3.2 CFD Simulation with constant moisture diffusivity for 1% and 2" falling
rate periods
Governing differential equations (3.23-3.27) were numerically solved by finite
volume method using open source CFD software OpenFOAM. Shrinkage was
assumed to be negligible and therefore porosity was considered to be independent of
moisture content. The error between experimental moisture content and simulated
moisture content was calculated for assumed values of diffusion coefficient for 1%
and 2" falling rate periods. Simulation was continued by varying the assumed values

of diffusion coefficient until the error was minimized.

5.4 Determination of shrinkage

Liquid displacement method [17], [49] was used to measure the initial volume
(Vinitiar) and final volume (Viina) Of the copra samples dried at 7 different hot air
temperatures of 45, 50, 55, 60, 65, 70 and 75 °C. Toluene was used as the liquid in
order to minimize the amount of liquid absorbed by the dried copra. For each
measurement, three cubes of copra samples were randomly selected. Measurements
were done in 15 minutes intervals during the first hour, 30 minutes intervals during

the second and third hours and 60 minutes intervals for next 21 hours.
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5.5 Development of moisture diffusivity model

5.5.1 Drying experiment for moisture diffusivity model

Similar to shrinkage measurements, drying experiments were also carried out for 7
different temperatures of 45, 50, 55, 60, 65, 70 and 75 °C. The constant air velocity
of 0.1 ms™, the recommended velocity for industrial drying of copra was used for all
the experiments [5].The relative humidity at drying chamber was maintained at 40%.
The initial moisture content of the copra samples (0.01x0.01x0.01 m?®) were
measured and the average was found as 80 + 0.8 % (w/w, dry basis). Ten samples
were randomly selected and evenly placed as a single layer on the tray in the drying
chamber. Samples were weighed with the same time intervals as done for shrinkage

measurements.

5.5.2 CFD Simulation for moisture diffusivity model

The open source CFD software OpenFOAM was used to develop a transient solver
for the numerical solution of the proposed mathematical model. For slow drying
processes, the gas pressure, pg, within the material remains almost equal to
atmospheric pressure and any flow arising due to gradients in gas pressure can be
assumed small and neglected [79]. The net flux of liquid water was assumed to be
given only by capillary diffusion and therefore, the convective term of equation
(3.23) could be neglected.

The moisture content was predicted by using the numerical solution of Equation
(3.23) for a given hot air temperature at a selected time by assuming values for
diffusion coefficient [80]. The predicted moisture content was compared with the
experimental data and simulation was carried out until the error was minimized.
Since moisture diffusivity is a function of moisture content and drying temperature,
the relationship among these parameters was developed using the computed
diffusivity values. Mesh independence was investigated by increasing the cell
number by 50% and 75% from initial value. Average moisture content at the same
location in mesh at same time was compared under refined meshes. Since the
deviation was found to be less than 1 % a three-dimensional mesh of 8000 cells were
used for the CFD study.
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6. Moisture Diffusivity for First and Second Falling Rate Periods

6.1 Drying characteristics of copra

The experimentally obtained drying curve is shown in Figure 6.1 and it clearly
depicts two significant falling rate periods for copra drying process as most of other
researchers found for similar food materials. And, this results suggests that copra has
no constant rate period as same as for the other food materials such as such as
tapioca, sugar beet root and avocado [25], [26], [27]. The drying curve also shows
that the critical moisture content separating the first and second falling periods lies
between moisture contents of 25 and 32 (%wi/w, dry basis).

0.01
0.009
0.008
0.007
0.006
0.005

Drying rate (s%)

0.004
0.003
0.002
0.001

0

0 10 20 30 40 50 60 70 80 90
X (% w/w dry basis)

Figure 6.1 The graph of drying rate at 55 °C vs moisture content (% w/w dry basis)

6.2 Moisture diffusivity for 1t and 2" falling rate periods

Two moisture diffusivity values were determined for two falling rate periods which
were observed in experimental drying curve. The two initially assumed moisture
diffusivity values were changed until the simulated drying curve was complying with
the experimental drying curve. This process confirmed that the significant change in
moisture diffusion was occurred at the moisture content of about 30% (w/w dry
basis). Accordingly, the diffusion coefficient was found to have two values

representing the first and the second falling rate periods at 55 °C as given below.
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D — {1.1 x 1078 m?s~1 M > 30%}
Yo (19x%x107° m?s~1 M < 30%

Where, M - Moisture content.

(6.1)

Figure 6.2 shows that the experimental and simulated results of the variation of
moisture content with respect to the drying time are in good agreement.

® Experiment Model
20
80
70
5 60
3 50
}; 40
85% 30
20
10
0
0 5 10 15 20 25
TIME(HOURS)

Figure 6.2 Experimental data vs Modeled data

The goodness of the fit of actual and predicted data were verified by values of
coefficient of determination (R?), root mean square error (RMSE) and reduced Chi
square (y°) and the Chi-Square test [82], [83], [84] using Equation (6.2). The values
of correlation coefficients of experimental and model data are given in Table 6.1.

Table 6.1 Correlation coefficients

R RMSE %
0.9918 0.0134 0.0001

The hypotheses for the goodness of fit test are:

HO: There is no significant difference between the distribution of the sample and the
modeled distribution

H1: There is a significant difference between the distribution of the sample and the

modeled distribution.
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The value of the Chi-square test was found to be 4.203. For the required significance
level of 0.05 and the degrees of freedom of 10, with reference to Chi-square
distribution table, the critical value of Chi-square was 18.307. Since the calculated
value of Chi-square was less than this critical value the null hypothesis could not be
rejected. Hence it can be concluded that both observed data and modeled data are
from the same distribution.

2

- )2
X =ZN (Mexp,l MClll,L) (62)

=1 Mcali
Where,
Mexp - Moisture content from experiment, Mca - Moisture content from model and N

- Number of observations.

6.3 Spatial distribution of moisture in the solid phase and the spatial
distribution of vapor in the gas phase

Numerical results of Equation 3.23 and Equation 3.26 were used to obtain the spatial
distribution of solid phase and gas phase moisture respectively. The spatial
distributions of solid phase moisture content in different drying times are shown in
Figures 6.3, 6.4 and 6.5. The spatial distribution of gas phase moisture content at
steady state is shown in Figure 6.6. The spatial distribution results suggest that the
equilibrium moisture content of 6% was achieved after 20 hours of drying at 55 °C
and the moisture content was mostly varied in between 4 — 6 % (w/w, dry basis)

within the copra.

Figure 6.3 Spatial distribution of moisture content after 2 hours of drying time
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Figure 6.4 Spatial distribution of moisture content after 10 hours of drying time
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Figure 6.5 Spatial distribution of moisture content after 20 hours of drying time
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Figure 6.6 Spatial distribution of gas phase moisture content at steady state



7. Moisture Diffusivity Model

7.1 Shrinkage analysis

Shrinkage measurements were obtained for the hot air temperatures in the range of
45 — 75 °C. Figure 7.1 shows the variation of volume shrinkage (J) with respect to
the moisture content (% w/w dry basis) for four different drying temperatures. The
experimental results shown in Figure 7.1 indicate a linear variation which is
independent of the hot air temperature. This observation is well in agreement with
similar work carried out for potato chips, carrot slices and other similar food
materials [38], [76], [85], [86], [87]. Therefore, a linear shrinkage model (Equation
7.1) is proposed for copra drying with the assumption that it is applicable to the
range of temperatures tested in this study and the goodness of fit was verified by the
values of coefficient of determination (R?), root mean square error (RMSE) and
reduced Chi square (2). The calculated values of R?, RMSE and reduced 32 for the
seven different temperatures are shown in Table 7.1.

J = 0.0057X + 0.5331 (7.1)

+at45°C Aat55°C DOat65°C Xat75°C

1.0 A o +
+
0.9 R A A
g + +
038 O 4y + X
X X xf% A/KAII W-ﬁx_'_
0.7 *XQA* *ﬁn’l+ o .
06 M'ﬂ"g+ 0 +
= +|j'D
= m}
05 gH{o o
= d
0.4
03
02
0.1
0.0
0 10 20 30 40 50 60 70 80 90 100

MOISTURE CONTENT (%DRY BASIS)

Figure 7.1 Plots of volume shrinkage vs moisture content

35



Table 7.1 Correlation coefficients of shrinkage model for different drying temperatures

Drying  Temperature | R® RMSE v

45 0.7482 0.0651 0.0042
50 0.9054 0.0392 0.0015
55 0.8240 0.0529 0.0027
60 0.7282 0.0773 0.0059
65 0.9018 0.0583 0.0034
70 0.7973 0.0748 0.0055
75 0.9440 0.0509 0.0025

7.2 Diffusivity model

The simulated results of the predicted moisture diffusivity (D) against the moisture
content (X) for the hot air temperatures examined in this study are shown in Figure
7.2. Based on these results, an exponential model (equation 7.2) with two

exponential constants was proposed.

x 10
18 T T T T T T T
16F —8— 45°C -
sk e © L1 > |
‘ —&—55°C ]
12k i GO°C /-
—8 —B5°C ,/
T |5 4
O / p
S 08

X{%wiw db)

Figure 7.2 Plot of predicted moisture diffusivity vs moisture content

DX, T) = (a)exp®X (7.2)

Where a and b are constant for a given temperature, and found to be varied linearly
with temperature

a=a,+a,Tand b = b; + b,T

The values of constants “a” and “b” for the seven different temperatures were
obtained by curve fitting with the predicted moisture diffusivity data. Figures 7.3 and

7.4 indicate that both of the constants a and b linearly vary with the drying
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temperature. The values of the models constant “a;, a,, by, b,” of these two linear

models are summarized in Table 7.2.

® a Linear (a)
1.80E-09

y=7E-12x+ 1E-09
R?=0.9986

1.75E-09

1.70E-09

© 1.65E-09

1.60E-09

1.55E-09

1.50E-09

40 45 50 55 60 65 70 75 80

Temperature(Celsius)

Figure 7.3 Plot of model constant” a” vs drying temperature

® b

Linear (b)

0.09 y = 0.0005x + 0.035
0.08 R?=0.9531

0.07
0.06
0.05
0.04
0.03
0.02
0.01

40 45 50 55 60 65 70 75 80

Temperature(Celsius)

Figure 7.4 Plot of model constant” b” vs drying temperature
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Table 7.2 Model constants for the proposed diffusivity model

ax ay b: b,

10° 7 x 102 0.035 0.0005

*These values are valid for copra drying using hot air in the temperature range 45°C to 75°C

7.3 CFD simulation using variable diffusion coefficient

Using the proposed shrinkage model (Equation 7.1) and the diffusion model
(Equation 7.2), the numerical model (Equations 3.23 to 3.29) was solved and the
spatial distribution of moisture in the copra sample was obtained by CFD simulation
using OpenFOAM software. The variation of average moisture content vs time for a
given temperature was predicted and validated using the experimental values. Figure
7.5 shows the predicted and actual drying curves for temperatures 45, 55, 65 and 75
°C (Only four temperatures are presented for clarity). Figure 7.5 indicates a good
match between predicted and experimental data and the goodness of fit were verified
by the values of coefficient of determination (R?), root mean square error (RMSE)
and reduced Chi square (x2). For a good fit RMSE value and reduced y2 value
should be closed to zero and R? value should be closed to 1 [88], [89], [90], [91]. The
calculated values of R?, RMSE and reduced y2 for the seven different temperatures
shown in Table 7.3 suggest a good correlation between the experimental and
computed data.

Table 7.3 Statistical evaluation of experimental and modeled data for different drying temperatures

Drying  Temperature | R® RMSE y

45 0.9956 0.0160 0.0003
50 0.9979 0.0115 0.0001
55 0.9945 0.0173 0.0003
60 0.9947 0.0187 0.0004
65 0.9922 0.0231 0.0005
70 0.9945 0.0201 0.0004
75 0.9927 0.0233 0.0005
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Figure 7.5 Actual and predicted moisture content (% w/w d.b) vs drying time

The numerical results of spatial distribution of moisture inside the copra after 20
hours of drying time are shown in Figures 7.6 and 7.7. Table 7.4 summarizes these
results. The desired moisture content of copra is about 7 % (w/w, d.b) [1], [3], [4]
and the results given in Figures 7.6 and 7.7 suggest that equilibrium moisture content
could be achieved within 20 hours of drying for hot air temperatures equal or above
60 °C. The predicted and actual data given in Table 7.4 confirm this observation.
Therefore the optimum temperature for copra drying can be identified as 60 °C which

is in agreement with the previously reported research on copra drying [7], [8].

Table 7.4 Summary of Simulated results for drying after 20 hours

Drying Spatial moisture Average moisture
Temperature content content

oC (w/w % d.b.) (w/iw % d.b.)

(°C) Maximum | Minimum | Estimated | Experimental
45 8.6 7.3 8.1 9.1+0.3
50 7.2 6.1 6.8 7.540.2
55 7.0 5.9 6.6 7.0+0.3
60 4.4 3.2 3.8 4.5+0.2
65 4.2 3.0 3.7 4.2+0.3
70 4.0 2.8 3.6 4.2+0.3
75 2.7 1.6 2.3 3.0£0.2
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Figure 7.6 2-D Spatial distribution of moisture content at the cross section through the center of copra cube of
Iem3after 20 hours of drying
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8. Conclusion and Future Works

8.1 Conclusions

8.1.1 Determination of moisture diffusivity for first and second falling rate

periods

Two significantly different sub-drying periods were observed in the hot air drying of
copra corresponding to first and second falling rate periods. The effective moisture
diffusivity for the first and second falling rate periods at 55 °C were estimated using
numerical model as 1.10 x 10® and 1.99 x 10”° ms™ respectively. Further the model
suggested that the critical moisture content which separates the sub-drying periods
was found to be 30% (w/w, dry basis). The spatial distribution results indicated that
the moisture content majorly varied in between 4 — 6 % (w/w, dry basis) within the

copra at 55 °C after achieving the equilibrium moisture content of 6% in 20 hours.

8.1.2 Development of the moisture diffusivity model

An exponential function D(X,T) = (a)exp®™X,was proposed to predict the
diffusivity of moisture inside copra. The model constants, a and b, were found to
linearly vary with temperature as a = a; + a,T and b = b; + b,T. For the range of
hot air temperatures from 45 — 75 °C, the values of a;, a,, by and b, were found to be
10°, 7 x 102, 0.04 and 0.0005 respectively. Further the moisture content was also
found to have a linear relationship with the shrinkage, / = 0.0057X + 0.5331. A
numerical model was developed using these relationships and the drying curves were
predicted for copra drying. The actual and the predicted data were found to have a
good correlation with the coefficient of determination (R?) close to 1, Root mean
square error (RMSE) and reduced chi-square (%) close to zero. The results of the
spatial distribution of moisture inside copra after 20 hours of drying suggested the
optimum drying temperature of 60 °C which complies with the previous works on

copra drying.
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8.2 Future recommendations

The presented mathematical model can be used as a numerical tool to optimize the
hot air copra drying process. The analysis on copra by the methods of mathematical
modelling and simulation can be extended to evaluate the moisture diffusivity of

similar porous structures like food items.
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Appendix B: OpenFOAM Solver Code

e S
========= |
A\ / F ield | OpenFOAM: The Open Source CFD Toolbox
A\ / O peration |
A\ / A nd | Copyright (C) 2011-2013 OpenFORM Foundation
AN/ M anipulation |
License

This file is part of OpenFOaM.

OpenFCAM is free software: you can redistribute it and/or modify it
under the terms of the GNU General Public License as published by
the Free Software Foundaticn, either version 3 of the License, or
(at your option) any later version.

OpenFCAM is distributed in the hope that it will be useful, but WITHOUT
BANY WARRANTY; without even the implied warranty of MERCHANTASBILITY or
FITNESS FCR A PARTICULAR PURPOSE. See the GNU General Public License
for more details.

You should have received a copy of the GNU General Public License
along with OpenFOAM. If not, see <http://www.gnu.org/licenses/>.

Application
icoFoam

Description
Transient solver for incompressible, laminar flow of Newtonian fluids.

#include "fvCFD.H"
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int main(int argc, char *argv(])
{

#include "setRootCase.H"

#include "createTime.H
#include "createMesh
#include "createFields.H"

/A B S B R S S S A S R R B R S S S S O N R R AR S S S et O N S I
Info<< "\nStarting time loop\n" << endl;

//scalar I = 0.0001;
dimensionedScalar a
(
nam,
dimensionsSet(1,-3,-1,0,0,0,0),
zcalaxr(l)
)i
dimensionedScalar d
(
ngn,
dimensionset(0,2,-1,0,0,0,0),
scalaxr(l)
) ;
dimensionedScalar t
(
new
dimensionSet(1,-1,-3,0,0,0,0),
scalar (1)
)i

while (runTime.loop())

{

Info<< "Time = " << runTime.timeName() << nl << endl;
//for liquid water

Mexp=(Mexpa*exp (Mexpb*V) )+ (Mexpc*exp (Mexpd*V)) ;//(52.52%exp(-0.0001576%V) ) +(27.45%exp(-0.00002%V)) ;//

//volScalarField Mt

1/ (
Lf TME",
1/ TotalMc
/! )i
for (int i=0; i<2; i++)//sqrt(pow((Mt-Mexp),2))>I
{
fvScalarMatrix WEqn
(
fvm: :ddt (W)
-fvm: :laplacian (D, W)
)i
solve (WEqn == -k*(W-0.028)*a/(rhow));//WEqgn.solve();

por=1-((1-0.8)*(1-W)/ (1-iw)) ;
MC=rhow*W*100/((1-poxr)*rhos);
TotalMc=(100/ (rhos*dvol*(l-porosity))) *fvc: :domainIntegrate (rhow*( (W¥pos(W))+(0%neg(W))));
volScalarField condition
(
"condition”,
(TotalMC-Mexp) *pos (TotalMC-Mexp)+(TotalMC-Mexp) * (-1) *neg (TotalMC-Mexp)//sqrt (pow( (TotalMC-Mexp), 2))
)i
//condition.write();
//Mexp.write();
if (condition>error)
{
i=0;
D=( (D*+Dmax) *pos (TotalMC-Mexp)/2)+ ((D+Dmin) ¥neg (TotalMC-Mexp)/2) ;

else

7=v+0.05;
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( transportProperties. lookup("dw")
L;mensicnedScalar dv
( transportProperties. lookup("dv")
;;mensicnedScalar dvol
( transportProperties. lookup("dvol"}
;;mensicnedScalar Tt
: transportProperties. lookup("Tt")
éimensicnedScalar da
( transportProperties. lookup("da")
éimensicnedScalar db
( transportProperties. lookup("db")
;;mensicnedScala: k
( transportProperties. lookup("k")
é;mensicnedScala: DT
( transportProperties. lookup("DT")
é;mensicnedScalar Dmax
( transportProperties. lookup (" Dmax"}
L;mensicnedScalar Dmin
( transportProperties. lookup("Dmin"}
)i
(
transportProperties.lookup("rhos"
g;mensionedScalar rhog
: ransportProperties.lookup("rhog")
;imensionedScalar porosity
( transportProperties.lookup("porosity”)
)i

dimensionedScalar dw



dimensionedScalar Dmin

{

transportProperties.

)i
dimensionedScalar cp

(

transportProperties.

)i
dimensionedScalar Mexpa

{

transportProperties.

)i
dimensionedScalar Mexpb

(

transportProperties.

)i
dimensionedScalar Mexpc

{

transportProperties.

)i
dimensionedScalar Mexpd

{

transportProperties.

)i
dimensionedScalar iw

(

transportProperties.

)}

lookup (" Dmin")

lookup("cp")

lookup("Mexpa")

lookup ("Mexpb")

lookup ("Mexpc")

lookup ("Mexpd")

lookup("iw")

Info<< "Reading field W\n" << endl;

volScalarField W
(

I0ckject

(

"R :

runTime.timeName (),

mesh,

IOcbject: :MUST_RERD,
IOcbject: :AUTO_WRITE

)

mesh

):

Info<< "Reading field V\n" << endl;

volScalarField V

(
I0okject

(

nym

runTime.timeName (),

mesh,

IOcbject: :MUST_RERD,
IOcbject: :AUTO_WRITE

)I

mesh

):

Info<< "Reading field D\n" << endl;

volScalarField D
(
I0ckject
(
" D" %

runTime.timeName (),

mesh,

IOcbject: :MUST_RERD,
IOObjeCt::AUTO_WRITE

)l
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):
Info<< "Reading field MC\n" << endl;
volScalarField MC
(
ICobject
(
'l}{c" 5
runTime.timeName (),
mesh,
I0ckject: :MUST_RERD,
Ichject::AUTO_ﬁRITE
),
mesh
):
Info<< "Reading field TotalMC\n" << endl;
volScalarField TotalMC
(
I0object
(
"TotalMC",
runTime.timeName (),
mesh,
Ichject::MUST_READ,
Ichject::AUTO_WRITE
),
mesh
):
Info<< "Reading field Mexp\n" << endl;
volScalarField Mexp
(
I0object
(
"Mexp",
runTime.timeName (),
mesh,
I0ckject: :MUST_RERD,
IOckject: :AUTO_WRITE
),

mesh
);
Info<< "Reading field erxor\n" << endl;
volScalarField error
(
IOobject
(
"error",
runTime.timeName (),
mesh,
IOocbject: :MUST_RERZD,
IOobject::AUTO_WRITE
).
mesh

):

Info<< "Reading field por\n" << endl;
volScalarField por
(
ICobject
(
npoT®:
runTime.timeName (),
mesh,
IC0cbject: :MUST_RERAD,
ICcbject: :AUTO WRITE
)
mesh

);
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Info<< "Reading field T\n" <<
volScalarField T
(

IOobject

(

non
-

runTime.timeName (),
mesh,
I0cbject: :MUST REZD,
ICobject: tRUTO_WRITE
) 4
mesh

);

endl;
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