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Abstract

This paper describes a model and simulation of heat transfer and mass transport phenomena during digestion
process of oil palm fruits using Comsol Multiphysics software ver. 4.4. Prior to the simulation, some
experimental works were conducted to measure water and oil transport and heat transfer. The measured average
water diffusivity coefficients of sterilised oil palm fruits were 3.03E-09 m%/s, 2.4545E-08 m?/s, and 9.433E-09
m®/s for intact fruits, a-b axis sliced, and c-axis sliced fruits respectively. The diffusivity coefficients of oil
release from mesocarp were 1.04E-08 m?/s, 4.5578E-09 m*/s, and 4.083E-09 m’/s respectively. For simulation
purposes, the fruit was modeled as a half ellipsoid shape. Digestion time was 30 minutes and the initial bulk and
fruit temperatures were at 95°C and 28°C respectively. It was proven in both experiment and simulation that
rupturing fruits had significant impact on higher water absorption to the mesocarp and more oil released from
the fruit. Based on both simulation and experiment, the fruit reached uniform temperature of 95 °C after five
minutes of heating.
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INTRODUCTION fruit but not sufficiently digested will result in
Prior to oil extraction in screw press, oil palm fruit is increase of oil losses. This is due to the fact that
digested in a cylinder like vessel. Inside this metal  digestion process ruptures the wall of oil bearing cell,
chamber, the fruit-mashes undergo physical and  thus improves oil extraction (Owolarafe and
mechanical treatment, such as stirring and rupturing, Faborode, 2007). However, similar study stated that
which is performed by a number of arm blade sets.  over sterilised or over digested subjecting to fruit
Concurrently, the temperature is elevated at about 90  mashes has led to nut cracking or kernel breakage.
— 95 °C through live steam injected from the boiler. ~ Thus, it increases the rate of kernel oil losses
The rupture (cutting and shearing) of oil bearing cells (Owolarafe and Babatunde, 2008).
is caused by friction of arms blades. During the
process, fruit-mashes absorb water from surrounding  Yet, in mills, it is practically difficult to determine
steam after which immediately reaches saturated  the sufficient degree of digestion process in situ since
condition. At the same time, due to decrease of  a digester is always joined directly to screw press.
viscosity and ruptured cell walls, the palm oil is  Since the digestion process cannot be empirically
inevitably released from mesocarp of the fruit. observed directly, the current process practiced in
palm oil mills is not well understood. To fully
Digestion is very crucial stage to achieve optimum understand the phenomena taking place during the
condition in facilitating oil extraction. A study digestion process involving heat transfer from steam
reported that properly sterilised and digested fruits to oil palm mesocarp, mass transfer (water and oil), a
will result in high oil extraction rate. The degree of =~ model that represent the oil palm fruit needed to be
fruitlet maceration in digesting process greatly established and a computer simulation depicting the
determines the effectiveness of oil extraction process process were required to be conducted. This study
in screw press (Owolarafe, 2002). Proper digestion aimed to model and simulate both oil palm fruit and
process will also help reduce the load of screw press the digestion process. To establish some parameters,
since during the process, a great amount of oil prior to the simulation, a few experiments were
content is extracted. The remaining oil resides in the conducted. In addition, available parameters from
fruit after digestion will later be pressed out in screw reliable references were also incorporated. The
press. Under elevated temperature ranging from 90 — simulation of mass transfer was constrained to depict
95 °C, the viscosity of palm oil is reduced. Thus, flow water and oil transport and the domain for mass
resistance of the oil decreases and the oil obtained transfer was limited to the mesocarp.
increases during extraction. (Owolarafe and
Faborode, 2008). In addition, even well sterilised

136



Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 6(2):136- 143 (ISSN: 2141-7016)

Mathematical Modeling

In the digestion process, fruits are subjected to
heating induced by live steam. However, since the
temperature of vessel is maintained within the range
0f 90 to 95 °C, the vapor immediately condenses onto
the fruits at atmospheric pressure. Therefore, in this
study, the objects being investigated were oil palm
fruit modeled as a porous solid material surrounded
in presumed hot liquid water.

Mass Transfer

Mass transfer in the oil palm fruit digestion involves
two liquid substances, i.e. water and oil. Water
diffuses into fruit mash while oil is released.
According to Birds, et al (2001), water transport/
moisture diffusion, assuming mass transfer occurs
only in radial, i.e. r direction, and D,, is uniform at
any point of coordinates, thus, the only term which is
preserved in the equation is:

Cw _ ii(rzﬂ):]} ﬂ+2ﬁ
at Wl ar ar W get rar
Likewise, the change rate of oil concentration within

the fruit can be expressed in the equation:
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All the terms to which the above equation (2) refers
are the same as in the equation (1). Here, D,
represents the diffusivity coefficient of oil which
flows out of mesocarp. Since the material is assumed
to be isotropic, value of D is constant regardless of
spatial coordinates of geometry for both water and

oil.

Heat Transfer

The heat transfer couples convection (from water to
mesocarp) and conduction (within the mesocarp)
modes. Here, fluid movement, i.e. water and oil, also
contributes to the overall heat transfer within the
fruit. The only heat source in fruit digestion is the hot
water/ condensed steam. The energy dissipates into
air and some penetrates into fruit mesocarp. The heat
transfer occurs in convective manner as follows:

q = h(l,, —T¢

Where q is convective heat flux (W/m?), h is heat
transfer coefficient (W/m’K), T is temperature of
hot water (K), and is initial temperature of fruit
(K).

For heat transfer occurred in the fruit, after
modification of Stewart (2001), the equation for heat
transfer in oil palm fruit is as follows:

aT
pFCPEE T P4y Cpy Uy VT = p o Cpu VT = v(kFUTJ
Where  is material density (kg/m®), Cp is specific
heat (J/kg K), and k is thermal conductivity (W/m K),
u is fluid velocity (m/s), T is temperature (K), and t is

time (s). Subscript f denotes fruit while w and o are
for water and oil respectively. The negative sign (-)
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indicates that heat dissipates out of fruit during oil
release.

Initial and Boundary Condition

Mass flux of water enters the fruit surface, causing
water content to increase. For fruit surface in contact
with hot water, its boundary condition for mass
transfer of water is:

n: (Dw vcwj = kw [:wa_ CF“-')
k... is mass transfer coefficient for water (m/s), Cru

denotes the water content of fruit (mol/m’), €y, is
water content surrounding liquid (mol/m®), which is
the same as unity.

On the other hand, mass flux of oil is released to
surrounding water, resulting in oil content depletion.
For oil transfer to the surrounding water:

n: (Dnvcnj = kc\ (CFD - Cb-:-j

k_ is mass transfer coefficient for oil @): Cro

denotes the oil content of fruit, €y, is oil content
surrounding water (mol/m®), which is equal to 0.
Boundary condition of heat transfer on fruit surface
in contact with water is:

n.(k7T) = h(T,, —T9) + D, ., VC, T - DB, VC, T
For symmetry, mass and heat transfer is expressed
with:

—n-(D,,VC,) = 0,for water

—n-(D,VC,) = 0,foroil

—n. (k;VT) = 0, for heat transfer

MATERIALS AND METHODS

In this study, fresh oil palm fruit Tenera species, was
obtained from UPM Oil Palm Estate (Taman
Pertanian Universiti), Serdang, Selangor, Malaysia.
The bunches of fruit were then sterilised at Pilot
Scale Steriliser, Faculty of Food Science and
Technology, UPM, Serdang. The sterilisation
condition was conducted at 131 °C (40 psi) for 90
minutes. Later, the fruits were detached from bunches
manually. The detached fruits were then immediately
collected for the next process. 3)
Determining and Dimension
Measurement

In this study, two different alternative dimensional
shapes for geometry model of oil palm fruit, i.e.,
ellipsoid and sphere, were examined to find the most
reliable model based on assessment of volume
proximity. In ellipsoid, there are three distinguishable
axis, i.e., a, b, and for ¢ > b > a. a, b, and ¢
represented the longest intercept (major){4hedium
intercept (intermediate), and shortest intercept
(minor) respectively. The second model was when
the fruits were considered a sphere, then a, b, and ¢
are averaged and the value represents radius of the
geometry. All measurements were done using
Vernier caliper. In measuring volume, each fruit was
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placed in a graduated cylinder filled with water. The
water displaced by fruit mass was then determined as
its volume. Surface area of ellipsoid was determined
with the equation Knud Thomsen approximation
(Klamkin, 1971, 1976).

Initial Water and Oil Content Measurement
Samples of sterilised fruits were weighed using
digital balance and then dried in the oven at 104 °C
for 24 hours. The difference in the mass of dried
fruits and its initial mass was determined as the initial
moisture content of the fruits. After being dried, the
fruitlets were then chopped into small minces and put
into soxhlet apparatus for oil extraction, using 500 ml
capacity three-neck flask, and condenser. In the
process, hexane was used as the solvent to extract the
oil. The temperature was set slight above the boiling
point of hexane (around 69 — 70 °C). The extraction
process was carried out until no more oil was
obtained. The mesocarp fiber was then removed from
tube and dried in the oven to remove the remaining
hexane then weighed. The different weight of
mesocarp before and after extraction was determined
as the initial oil content.

Water Diffusivity and Oil release Measurement

A number of sterilised fruits were weighed using
digital balance, Fischer Scientific model B 220C. A
beaker containing water was heated on the hot plate
until it reached 95 °C. The fruit was then added to the
beakers for soaking. Every 15 minutes, the sample
(fruits) were taken out and drained, and then weighed
(Kang and Delwiche, 1999). During the process,
traces of oil were released from fruit mesocarp into
heated water, resulting in the decrease of oil content
of the fruit. A mixture of water and oil dots was
collected for further analysis. For both water and oil
in spherical coordinates, the analytical solution for
the equation can be solved using (Crank, 1975):

ME = MWy —Mip

& 2t
Mlgg —TMjy =1- (1‘:—5) S%p [_Dﬂ rz]

Where MR is moisture ratio, m, refers to moisture
content of time of measurement (30 minutes), mgq is
equilibrium moisture content (at 60 minutes), and m;,
is initial moisture content (time 0 second), r is radius
(mm), t is time (second), and D is diffusivity
coefficient (m?/s).

To observe the effect of maceration process to the
fruit, during the measurement of water diffusivity and
rate of oil release, the fruits were conditioned in three
different treatments, namely intact fruit, fruit sliced
along c axis, and fruit sliced along a, b axis.

Oil released to the hot water was measured at every
15 minutes. Water containing oil was transferred to
other container and allowed to cool down to room
temperature. Hexane (C¢H;4) was poured into water
oil mixture to bind oil droplets then it was transferred
into a separator funnel to remove water from hexane

and oil solution. A small amount of Sodium Sulphate
(Na,SO4) was poured into the solution to bind
remaining water in the hexane-oil solution. The
sample solution was then analyzed using
refractometer Atago RX-5000 to determine the
refractive index. The measurement was done thrice
replicates.

Simulation

The simulation study used Comsol Multiphysics
version 4.4 software with Heat Transfer and
Chemical Engineering (diluted species transport)
modules. Input data, both from experiments and
references were used. In the heat transfer simulation,
density, specific heat capacity, and thermal
conductivity of oil palm fruit are functions of
temperature and were obtained from equations
proposed by Choi and Okos (1987). Some oil palm
fruit properties used in the simulation are presented
below:

Table 1. Parameter and variables used in simulation

Abbr Value and Unit Remark
h t 2500 W/m*K Heat transfer coefficient of hot
water
M_H20 18 g/mol Water molecular weight
M. o 22 g/mol oil molecular weight
T b 95°C or368 K Hot water temperature
Tf 28°Cor301 K Fruit Temperature
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Comparison of Temperature from Simulation and
Experiment

A 500 ml beaker glass was filled with water and
seated on a hot plate. A fresh fruit was holed on the
mesocarp around 0.5 cm deep and fitted with probe
of digital thermometer. To prevent water from
penetrating to surrounding gap between hole and the
probe, silicone glue was filled to the fissure. To
ascertain the probe was not submerged below water
surface directly, floater was attached to it. As soon as
water had reached constant temperature at 95 — 96 °C,
the set of fruit and the probe was dippe(ig?nto the
water. Sequentially, a camera face-to face with the
display of digital thermometer was switched on to
record the change of fruit temperature with time.
Measurement time was set up to 30 minutes as the

same duration the simulation took place.
Displav

Temperature probe

Water 95 °C

Figure 1. Experimental setup for fruit temperature
measurement
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RESULTS AND DISCUSSIONS

Table 2 compares model geometries and the real
fruit. The assessment includes standard deviation and
variance of the models to the real fruit. Based on the
table, both value of variance and standard deviation
of ellipsoid are less than sphere. It shows that based
on volume assessment, sphere and ellipsoid closely
resembled that of the volume of the actual fruit.

Table 2: Volume assessment of real oil palm fruit
and some geometry models

Term Real fruit Ellipsoid Sphere
Mean 8.26736 8.030718 8.70795802
Variance 5.300 0.585976 0.94112
Standard 2.259
deviation 0.765491 0.97011

However, based on the volume assessment alone, it
suggests that ellipsoid was the best model for the real
fruit. Hence, for this reason, the fruit was modeled as
ellipsoid geometry in the simulation.

Water Diffusivity and Rate of Oil Release

Though total soaking time was 75 minutes, after 60
minutes, the fruits mass was constant. Therefore, the
mass at 60 minutes was determined as mass of
equilibrium (M) in calculation for diffusivity
coefficient of both water and oil. The diffusivity
coefficient was calculated based on the measurement

intact a b axial ¢ axial taken at 30

fruit sliced sliced minutes.

( g\;vs ) 3.03E-09 2'43‘;5]5' 9.433E-09 .EaCh

Do 4.557SE- experiment

(ms) 1.04E-08 09 4.083E-09 was done

Kw  1.78106E- 2.13122E- 3.47113E-  thrice. The

(m/s) 05 05 05 fruit  was

Ko 1.58E-06  1.09E-05  1.28E-05 prepared
(m/s) .

with three

different conditions, i.e. intact fruit, axial a-b sliced
fruit, and axial ¢ sliced fruit. The result of experiment
is presented as shown in Table 3.

Table 3: Average of mass transfer properties of oil
palm fruit mesocarp based on experiments

From Table 3, the mass transfer coefficient of water
from sliced fruits were found to be slightly higher
than that of intact fruit. In the digestion process of oil
palm fruit, the higher mass transfer coefficient of
water will result in higher rate of water absorption to
the mesocarp. The water content in mesocarp is
effective to help improve oil extraction in screw press
(Subramaniam, et al, 2013). Likewise, mass transfer
coefficient of oil released from mesocarp of sliced
along a-b axial or c-axial is also slightly higher than
that of intact fruit. In the digestion process, the higher
mass transfer coefficient of oil indicates that more oil
is released from macerated mesocarp than that of
intact fruit or mesocarp. During digestion, more oil

liberated is desired since it will help reduce the load
of screw press during oil extraction. The experiment
proves that fruit maceration (rupturing and
mechanical treatment) increases the mass transfer of
both water and oil thus improve the digestion
process.

Simulation of Heat and Mass Transfer

To save computing time and memory, a half
ellipsoidal model was used in simulation for both
heat and mass transfer instead of full ellipsoid.
Experimental data obtained such as diffusivity
coefficient of water and rate of oil release, mass
transfer coefficient both of water and oil, mass and
volume fraction of each component were used as
parameters and variables in the simulation. The
simulation was solved for 56 minutes.

Table 4: Mass and volume fraction of oil palm fruit

components
Mass and
Component Volume Carbohydrate Oil Water
Fraction
Mesocarp Xi 0.161 0.329 0.510
Xiv 0.102 0.370 0.528
Shell Xi 0.164 0.494 0.342
Xiv 0.104 0.385 0.556
Kernel* Xi 0.120 0.370 0.320
Xiv 0.104 0.385 0.556

In the simulation, the geometry of half ellipsoid was
divided into three domains, namely mesocarp, shell,
and kernel (Figure 2). This simulation was focused
on the mass transfer (water and palm oil) occurred
only within mesocarp since palm oil is only contained
within mesocarp. Hence, the diffusivity coefficient of
palm oil and water in the shell was assigned to be
zero. However, heat transfer occurred throughout the
domains, including shell and kernel.

Domain 1:
Mesocarp

Domain 2: Shell

Domain 3: Kernel

Figure 2. Domains of oil palm fruit model

Table 5: Initial Condition for Each Domain

Boundary Layer

Abbr Value and Unit Remark
cOw_me  0.494*rho_me/M_H2 Moisture concentration of

O mesocarp
c0o_me 0.342*rho_me/M_o Oil concentration of mesocarp
cOw s 0.23*rho_s/M_H20 Moisture concentration of shell
c0o_s 0*rho_s/M_o Oil concentration of shell
cOw_k 0.32*rho_k/M_H20 Moisture concentration of kernel
c0o k 0.37*rho k/M o Oil concentration of kernel
c0o_b 0 Bulk oil concentration
cOw b 1 Bulk water content
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Water Transport in Intact Fruit
In the simulation, water transport diffusing into fruit
mesocarp of intact fruit resulted in an increase of fruit
mass with time. This result is shown in Figure 3
below, compared with the data from experiment five
points of interval measurement at 0, 15, 30, 45, and
60 minutes. Applying volume integration throughout
the time of simulation (60 minutes), the accumulation
of absorbed water can be determined. It can
obviously be concluded that the curve pattern
obtained from simulation is slight disparate from
experimental data. This is probably owing to that the
simulation presumed all in ideal condition while it
was not so in the experiment. Water, as well as oil,
will reside in the porous material as long as there is
still vacant space, not yet occupied by any other
material. At initial measurement (below thirty
minutes), there still much oil occupying pores within
mesocarp. With the time went on, oil escaped from
the pores, leaving the void space for water to reside
in it.
0.035

0.03 4

|—&—simulation  ® experiment

0.025 A

Concentration (mol/ml)

0 T T
0 1000 2000 3000

4000
Time (s)

Figure 3. Comparison on increment of water
concentration from simulation and experiment

Qil Transport in Intact Fruit

Figure 4 depicts oil content of fruit at time 0 (figure
4.a) and 1800 seconds (30 minutes) (figure 4.b).
From time 0 to 1800 seconds, oil content near the
surface of mesocarp, around 0.013 mol/ ml decreases
to 0.006 mol/ml at the same point.

Figure 4. Oil content’(iiol/ml) during digestion, (a) at
0 second, and (b) at 1800 seconds
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Applying integration throughout the volume of the
geometry, total oil concentration of mesocarp with
time can be computed. During soaking, fruit released
oil to surrounding hot water as it does in digestion
process. Therefore, oil content of fruit mesocarp
decreased during the process. The oil released from
mesocarp would result in decrease of fruit mass.
Figure 5 (below) illustrates total amount of oil that
escaped from mesocarp. The figure presents us the
comparison of the data obtained both from simulation
and experiment which closely resemble.

0.009 -
0.008 -
0.007 - .
0.006 -
0.005 -
0.004 -
0.003 4
0.002 4
0.001 4
0 .
0 1000

—a—simulation

Total Oil Released (Mol/ml)

o experiment

2000 3000 4000

Time (s)
Fig. 5. Decrease of oil concentration in mesocarp
during soaking

Effect of Fruit Maceration to Water and Oil
Transport

Using parametric sweep, the diffusivity coefficient of
water, oil of intact, a-b axis sliced, and c-axis sliced
fruit were computed as parameter input. The results
of simulation are shown in the figures below.

From Figure 6, it can be observed that fruit
maceration, i.e. slicing along a-b axis or c-axis
significantly affects water absorption. The ruptured
fruit had higher water diffusion than intact fruit. In
mills, after digestion process, fruit will be transported
to screw press. Sufficient water content within
mesocarp helps reduce the load of screw press in
squeezing out oil content from fiber. On the other
hand, mesocarp lacking of water content will lose
more oil during pressing or extraction. However,
after sterilisation, fruit loses some of its water
content. Therefore, to optimise oil expression,
digestion process, in which moisture absorption takes
place, is inevitably required. This experiment and
simulation result prove that fruit maceration process
during digestion can shorten the time required to
absorb required moisture thus shorter digestion
duration due to higher water absorption of macerated
fruit.
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Figure 6. Water content in mesocarp of intact, a-b
axis sliced, c-axis sliced fruit
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Figure 7. Oil concentration in mesocarp of intact, a-b axis
sliced, ¢ axis sliced fruit

Likewise, fruit maceration during digestion process
affects oil release from mesocarp. Figure 7 illustrates
decrease of oil concentration within mesocarp with
time of digestion. It is clearly observed that ruptured
fruit, either a-b axis sliced or c-axis sliced had higher
rate of oil release. Therefore, decrease of oil content
in ruptured fruit was faster than that of intact fruit.
This decrement of oil contained within mesocarp will
also help improve performance of screw press. This
simulation suggests that more maceration be
performed to achieve more oil yield.

Temperature Validation

Figure 8 compares temperature profile obtained from
simulation and experiment. The probe position was
about 0.5 cm deep from fruit surface. Initially, the
temperature profile of experiment is not exactly in
line with that of the simulation. This was not after
time minute of two, it appeared that the temperature
of fruit obtained from experiment was slightly higher
than that of simulation. It was probably due to not
exact location of probe to the model of fruit used in
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the simulation. The other contributing factor was
probably the difference between mass fractions of
material constituents in simulation and experiment.
However, after minute of two, temperature profile of
simulation and experiment looked similar.

100
90 -
80 -
70 4
601
04
40 4
30 ¢
20 4
10 -

- experiment

Temperature (T)

——simulation

0
0 2 4 6 8

Time (min)
Figure 8: Figure 8. Temperature profile in the inner
mesocarp based on simulation and experiment

CONCLUSIONS

Ellipsoid is the most appropriate model for fruit
geometry based on the volume assessment. During
the digestion process (soaking treatment), palm fruit
increased its weight temporarily due to the diffusion
of water from the surrounding condensing steam into
the fruit. After being sterilised, a number of cells
were ruptured and fruit mesocarp became porous
material. Thus, water was able to be easily diffused
and absorbed within the cell pores. Likewise, oil
within the cells would be released into the hot water
and diffused out and reduced the fruit final weight.
Water absorption occurred only if the void spaces
within mesocarp were still available. As soon as the
pores were filled with fluid, i.e. water or oil, process
of water intake discontinued. This commonly
happened when the fruit soaking had reached time of
60 minutes.

Fruit maceration had significant effect on water
absorptions in fruit mesocarp. Macerated fruit
showed to have higher water and oil diffusion rate.
Therefore, water content of sliced fruits increased
faster than that of intact fruit. On the other hand, the
content of oil in sliced fruit decreased faster
compared to intact fruit.

Based on simulation and experiment, the digestion
process should be undertaken for at least 300 seconds
(five minutes) to ascertain uniform temperature
throughout the fruit, particularly for intact fruit. In
this study, water transport was due to rupture of oil
palm cells as well as characteristic of semi
permeable, while oil transport, on the other hand, was
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only due to rupture of cell walls. This is why ruptured
oil palm fruit has higher rate of oil released.

ACKNOWLEDGEMENT

The authors would like to thank to Ministry of Higher
Education of Malaysia for supporting the research by
providing the grant of LRGS Project.

REFERENCES

Amiri, H.A.A., Hamouda, A.A. 2012. Pore-scale
Simulation of Coupled Two-phase Flow and Heat
Transfer through Dual-Permeability Porous Medium,
Proceeding of Comsol Seminar. Spain

Birds, R.B., Stewart, W.E., Lightfoot, E.N. 2002.
Transport Phenomena. Second Edition. New York.
John Wiley & Son, Inc.

Choi, Y. and M.R. Okos. 1986. Effects of
temperature and composition on the thermal
properties of foods. Food Engineering and Process
Applications, vol. 1: 93-101.

Crank, J. 1975. The Mathematics of Diffusion,
Second Edition. Oxford, England. Clarendon Press.

Dias, S.F., Valente, D.G., Abreu, J.M.F., Aceites,
G.Y. 2003. Comparison between Ethanol and Hexane
for Oil Extraction from Quercus suber 1. Fruits, Vol.
54. Fasc. 4

Dongrong X., Jiali, C., Bansal, R., Xuejun, H., Jun.
L., Weidong, C., Peterson, B.S. 2009. The Ellipsoidal
Area Ratio: An Alternative Anisotropy Index for
Diffusion Tensor Imaging. Magnetic Resonance
Imaging 27: 311-323

Douglas, A.S., Holler, F.J, Crounch, S.R. 2007.
Principles of Instrumental Analysis, 6™ Edition,
Canada, Thomson Brooks

Dutta, S. K., Nema, V. K., Bhardwaj, R. K. 1988
Physical Properties of Grain. Journal of Agriculture
Engineering Res. 39: 259-268

Estimation for Fatty Acids, Triacylglycerols, and
Vegetable Oils Based on Their Fatty Acid
Composition. JAOCS, Vol. 77, no. 9

Feyissa, A.H., Gernaey, K.V., Nissen, J.A. 2013. 3D
Modeling of Coupled Mass and Heat Transfer of a
Convection-Oven Roasting Process. Meat Science
93(4): 810 — 820

Fricke, B., Becker, B.R. 2001.
Thermophysical ~Property Models
HVAC&R Research Vol. 7, No. 4

Evaluation of
for Foods.

142

Haiqing, C., Marks, B.P., Murphy, R.Y. 1999.
Modeling Coupled Heat and Mass Transfer for
Convection Cooking of Chicken Patties. Journal of
Food Engineering 42: 139 — 146

Kang, S., Delwiche, S. R. 1999. Moisture Diffusion
Modeling of Wheat Kernels during Soaking.
American Society of Agricultural Engineers (ASAE)
Paper No. 98: 3159

Klamkin, M.S. 1971. Elementary Approximations to
the Area of n-Dimensional Ellipsoids. Am Math Mon
1971; 78: 280-3

Klamkin, M.S. 1976. Corrections to Elementary
Approximations to the Area of n-Dimensional
Ellipsoids. Am Math Mon 1976; 83: 478

Law, A.M., Mc Comas, M.G. 2001. How to Build
Valid and Credible Simulation Models Proceedings
of the 2001 Winter Simulation Conference. USA

Majid, R.A., Mohammad, A.W., Choo, Y.M. 2012,
Properties of Residual Palm Pressed Fiber Oil.
Journal of Oil Palm Research 24, 1310 — 1317.

Mehra, R. 2003. Application of Refractive Index
Mixing Rules in Binary Systems of Hexadecane and
Heptadecane  with  N-Alkanols at Different
Temperatures. Proc. Indian Acad. Sci. (Chem. Sci.),
Vol. 115, No. 2: 147-154

Morris, C.F., Dewilche, S.R., Bettge, A.D., Mabille,
F., Abecassis, J., Pitts, M.J., Dowell, F.E., Deroo, C.,
Pearson, T. 2011. Collaborative Analysis of Wheat
Endosperm Compressive Material Properties. Cereal
Chemistry 88(4): 391 — 396

Onita, N., Ivan, E. 2005. Estimation of the Specific
Heat and Thermal Conductivity of Foods Only by
Their Classes of Substances Contents (Water,
Proteins, Fats, Carbohydrates, Fibers and Ash).
Scientifical Researches. Agroalimentary Processes
and Technologies, Volume XI, No. 1: 217-222

Owolarafe, O.K., Faborode, M.O. 2007. Micro-
Structural ~Characterization of Palm Fruit at
Sterilisation and Digestion Stages in Relation to Oil
Expression. Journal of Food Engineering 85: 598—
605

Owolarafe, O.K., Faborode, M.O., Ajibola, O.O.
2002. Comparative Evaluation of the Digester—Screw
Press and a Hand-Operated Hydraulic Press for Palm

Fruit Processing. Journal of Food Engineering 52:
249-255



Journal of Emerging Trends in Engineering and Applied Sciences (JETEAS) 6(2):136- 143 (ISSN: 2141-7016)

Owolarafe, O.K., Olabige, M.T., Faborode, M.O.
2006. Physical and Mechanical Properties of Two
Varieties of Fresh Oil Palm Fruit. Journal of Food
Engineering 78: 1228-1232.

Owolarafe, O.K., Olabige, T.M., Faborode, M.O.
2006. Macro-Structural Characterization of Palm
Fruit at Different Processing Conditions. Journal of
Food Engineering 79: 31 — 36

Owolarafe, O.K., Osunleke, A.S., Odejobi, O.A.,
Ajadi, S.0O., Faborode, M.O. 2008. Mathematical
Modelling and Simulation of the Hydraulic
Expression of Qil from Oil Palm Fruit. Biosystems
Engineering 101: 331 — 340

Sauyee, K., Abdullah, M.O., Ee, G.C., Namasivayam,
P. 2011. Comparison of Nutrient Composition in
Kernel of Tenera and Clonal Materials of Oil Palm
(Elaeis guineensis Jacq.) Food Chemistry 129: 1343—
1347

Sreekala, M. S., Kumaran, M. G., Thomas, S. 1997.
Oil  Palm  Fibers:  Morphology,  Chemical
Composition, Surface Modification, and Mechanical
Properties. Journal of Applied Polymer Science, Vol.
66: 821-835

Sreekala, M.S., Kumaran, M.G., Thomas, S. 2000.
Stress Relaxation Behavior in Oil Palm Fibers.
Materials Letters 50 Z2001: 263-273

Sukaribina, N., Khalid, K. 2009. Review
Effectiveness of Sterilisation of Oil Palm Bunch
Using Microwave Technology. Industrial Crops and
Products 30: 179-183

Vaddadi, P., Nakamura, T., Singh, R.P. 2003. Inverse
Analysis for Transient Moisture Diffusion through
Fiber-Reinforced Composites. Acta Materialia 51:
177-193

143



