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Abstract:

A mathematical model for predicting the performance efficiency of an integrated palm-nut cracker and kernel-shell

separator was developed using dimensional analysis based on Buckingham’s n theorem. The developed performance model

was iterated in Matrix Laboratory (MATLAB), to predict the efficiencies, by varying the parameters of the materials in contact.

The predicted performance efficiencies ranged between 88.26%-99.98%, while the evaluated performance efficiencies were in

the range of 56.16%-96.57%. The correlation between the predicted and experimental numerical values using MINITAB17

suggested relationship and validity of the developed model (optimum = 99.6%).
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1 Introduction

Palm nut industry had remained immensely relevant
in many nations of the world due to the dependency of
different companies on its products as raw materials
(Hartley, 1987; Oke, 2007). However, the production of
palm kernel, a major product of palm nut extraction, had
been reported far below the projected demand, because
more discoveries are being made on its numerous
technical, domestic and economic values (Ituen and
Modo, 2000).

Over the years, different researchers had carried out
investigations on various techniques to facilitate the
extraction of whole kernels from the shells, which have
remained an arduous challenge in the industry due to
huge damages on the kernels during the cracking process
which in variably reduces its market value (Singh and
Bargale, 2004). The development of effective route for
the production of palm kernels and shells is therefore
very crucial in order to meet up with their increasing
demand industrially (Oke, 2007).

Various modelling techniques had been explored for
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finding solutions to problems of practical significance by
different researchers. The behavior of biomaterials to
different physical handling conditions during processing
requires full comprehension in order to maximize yield
and efficiency of machines associated with various unit
operations (Ojolo et al., 2010). Also, survey from the
literatures showed that researchers have engaged system
modelling in enhancing the performances of processing
equipment using several approaches. Most of these
involve modelling of the variables to determine the
functionality of processing machines, and they are usually
specifically related to a particular design of a machine
(Ndukwu and Asoegwu, 2010). Many a times, several
process parameters are involved, and to tackle this
phenomenon, a semi empirical modelling approach, such
as dimensional analysis seems suitable, as it is a robust
engineering tool that has recently shown efficiency in
modelling such processes (Delaplace et al., 2012; Hassan
et al., 2012; Petit et al., 2013).

This was demonstrated by Ndukwu and Asoegwu
(2011). A mathematical model for predicting the cracking
efficiency of vertical-shaft palm nut cracker using
dimensional analysis based on the Buckingham’s =
theorem was developed. The model was validated with
data from existing palm nut cracker and there was

agreement between the experimental cracking efficiency
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with the predicted values. Similarly, Okafor et al. (2016)
developed a mathematical model for predicting the
extrusion efficiency of a vertical column shaft palm oil
extrusion machine using dimensional analysis based on
the Buckingham’s 7z theorem. Idowu and Owolarafe
(2017) also presented a mathematical model for the
prediction of shelling efficiency of an impact snake gourd
seed decorticator using dimensional analysis based on the
Buckingham’s z theorem. The verification of the model
by comparing the theoretical prediction with experimental
values showed agreement between the predicted and the
Other
(Degrimencioglu and Srivastava, 1996; Shefii et al., 1996;
Mohammed 2002; Ndirika, 2006) had also used

dimensional analysis based on the Buckingham’s =

experimental numeral values. researchers

theorem as veritable instrument in establishing prediction
equations of various systems.
Collectively, their results

suggested significant

potential of accuracy and efficiency for system
developments via modelling approaches. It thus appeared
reasonable that this approach may be employed in
combating the
kernel-shell

dominant factors influencing the processing of palm

current challenge being faced in

processing industry, by exploring the
kernel and shell in principle, in order to build a functional
device for the process. The focus therefore, of this study
was to assess and correlate the factors defining the
performance of an integrated palm nut cracker and dry

kernel-shell separation system.
2 Materials and methods

2.1 Performance efficiency modelling of the modified
machine

The parameters assumed to influence the performance
of the proprietary device were deduced from the crop,
machine, and operational parameters of the materials in
contact. The interrelationships between the dependent and
independent variables were then established using
dimensional analysis, based on Buckingham’s m theorem.
This was with the view to develop a useful predicting
equation for the system performance.
2.2 Modelling of cracking performance

Considering the cracking process, the parameters that

were considered dominant are the shaft speed, w,., feed

rate, 1, nut’s size, d,, moisture content, ¢, cracking force,
F., diameter of cracking drum, d, and diameter of beater,
d; (Table 1).

The general relationship for nut-cracking was

expressed as,
Nee = f(@ h3ds 0, Fdysd,) (M

where, 7%, is Predicted cracking efficiency, (%).

The total number of independent variables for the
determination of cracking performance efficiency
(dependent variable) is 7, while the fundamental units (M,
L, and T) are three. It is therefore necessary to determine
the number of dimensionless groups into which the
variables maybe combined. According to Buckingham =«
theorem (Douglas et al., 1995), the equation relating the
variables will be of the form:

[ (1,702,730, pp)=0 (2)
Where the number of dimensionless groups arising from a
particular matrix formed from ‘n’ variables is given as
(n-r) where ‘r’ is the largest non-zero determinant that
can be formed from the matrix. Hence, the number of 7
terms is 4, indicating the need to form z;; m,; 73 and 7.
Meanwhile, since ¢ is already dimensionless, it is
therefore excluded (Simonyan et al., 2006) from the
dimensionless terms determination, but later added when

other dimensionless terms are determined.
Nee = foshsdi Foadysd,) 3)

Table 1 Modelling parameters of palm-nut cracking and
separation process

Variables Symbols Dimensions
Cracking parameters
Predicted Performance efficiency Nhe dimensionless
Shaft speed W T!
Feed rate (cracker) A MT!
Nut size (diameter) d, L
Moisture content 1) dimensionless
Cracking force F, MLT?
Diameter of cracking drum dg L
Diameter of beater d; L
Separation parameters
Predicted Separation efficiency nh, dimensionless
Speed of rotating drum Wy T!
Length of the slide Ly L
Gravitational acceleration g LT?
Coefficient of friction u dimensionless
Diameter of the drum d L
Feed rate (separator) A MT!
Shape of the particle y dimensionless
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The repeating variables were chosen to reflect Equation (10) then becomes:
dynamic, geometric and inertia similarities. Hence, w., d4 n = f(x}) (12)

and 4; were chosen, respectively, as repeating variables
and are dimensionally related as;
[M=IMT]; [ = T"']; and [dg=[L]
Consequently, the dimensionless terms are defined in

terms of the repeating variables as foljhlow:

di:f[j'la We, dd] (4)
! [/11‘1’ w(:b’ ddc] (5)
Dimensionally,
L=m(MT)T")(L)
a=0b=0,c=1
So that,
d.
dy
Similarly,
Fe
T 7
e (7)
d
T, =— 8
= (8)
= ©)

By modelling, the predicted cracking efficiency is

then having the relationship below:

Nee = f (W15 o5 T35 4) (10)
Hence;
Fe d,
ce - Y 11
nee f(dd dsord, 50) (11)

Douglas etal. (1995) stated that any dimensionless
groups maybe combined by multiplication or division or
both to form a new valid group. This will condense the
dimension terms (Shefii et al., 1996) to a manageable
level.

Based on these, new group was therefore formed by

setting;
' T, T3 T, T3 Ty Ty
T =T X Ty XT3 X Ty ; OF —X——; Of— X—; Or—X —
T, W, T, W, T T
Ty Ty T3 T, T Wy
or = x = or = x = or - x = or m < (7, XT3 X)) ;
T W T Wy Ty T

or mE(mxmyxwy) ;0 or (M XTyXmy)

or my+(mxmxm) 5 Of (MXTXm)+my ; Of

(ﬂlxﬂ:z X7T4)+7T3 ) or (7'[1)(71'3 X7T4)+7T2 5 or

() x 703 X 114 ) + 7

Implying that;

7]579 =f E?’didn(o :or f didnllwc ; or f Edl ;
d ﬂ'1 (2% Edd o /11 dn dd("wc
Edd(o ; or f Edn :or f dndd(ﬂilwc :
ho.dd, Ahdd 0. F.d;

or f d,-ddgoxllwcj;or f£d,-dd/11w€j or f( Fd, J

or f

E‘dn E'dn¢ /lld d w.Q
or f dddnllwc :or f j~la)cd(3(o - or f Edidn - or
F.dp ’ F.dd, ’ djila)cg” ,

E:di(p /llwcdidn(p Edn¢
——|;or —"" |;or —
f(/llwcdddn j f( F.d, j f(/llwcdddi

Some typical values of some properties that are
relevant in nut cracking and product separation had been
determined by different researchers which are available in
relevant literatures (Koya et al. 2004; Koya and Faborode,
2006).

optimizing the models,

Moreover, the combination of values for

to obtain  the expression
providing the best promise for the predicted performance
are shown on Table 2.

It was expected that cracking efficiency would
increase as the feed rate reduces. Also, operating the
machine at a reasonably low speed was expected to
reduce the mechanical breakage of the nut, thereby
enhancing the efficiency of the nut cracking, which is
desirable for better product separation. This was suited by
Equation (13) for the prediction of cracking efficiency
when tested and optimized with the cracking parameters
on Table 2.

nh, = _Fdo
how.d,d,

2.3 Modelling of separation performance

(13)

Based on the materials in contact of experimental
separator, the significant factors considered for products
separation were, speed of rotating drum, w;, length of the
slide, L,, shape of the particle, y, coefficient of friction, ,
diameter of the drum, d;, acceleration due to gravity, g,
and feed rate, 1, (Table 2).

Similar to the cracking process, the total number of
independent variables for the determination of separation

performance efficiency (dependent variable) is 7. The
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relationship for predicted separation efficiency was

therefore expressed as,
née = [y L g5 1d 70 ) (14)
where, 7% =Predicted separation efficiency, (%).

Table 2 Values of parameters for predicting performance

efficiency
Values at different particle sizes
Parameters
10 mm 14mm 20mm 25 mm
Cracking

Shaft speed, w, (rad s™) 83-152  83-152  83-152  83-152
Feed rate, /; (kg h™) 85,90, 95 85,90, 95 85,90,95 85,90, 95
Moisture content, ¢ (%) 13.4 13.4 13.4 13.4
Cracking force, F.. (N) 1306.09 2171.76  2262.06 2266.15
Diameter of beater, d; (m) 0.24 0.24 0.24 0.24
Diameter of cracking drum, d; (m) 0.4 0.4 0.4 0.4

Separation
Speed of rotating drum, @, (rads™)  1.0-6.2  1.0-62  1.0-62  1.0-6.2
Length of the slide, L (m) 0.127 0.127 0.127 0.127
Gravitational acceleration, g (m s‘z) 9.81 9.81 9.81 9.81
Coefficient of friction, x 0.68 0.68 0.68 0.68
Shape of the particle, y 0.71 0.68 0.74 0.67

Hence, 713, 7, w3, and my, are formed. Meanwhile,
y and u are dimensionless, and were excluded from the
dimensionless terms determination (Simonyan et al.,
2006).

Ne = [ 8L ds 4) (15)

Similar to cracking process, the parameters w;, ds and

Ay were selected as repeating variables and are
dimensionally related as;
w=T",d =L, % =MT"
Therefore,
g =mld,o]] (16)
Ty = w‘gds (17)
Similarly,
L,
Ty = d_ (18)
Also
3=y (19)
Tap=H (20)
Hence, by modelling, the predicted separation efficiency
becomes:
Mie = S (13023 353 4 (21
ro 8 Lo 2
se f(az?dx > SV5 ) (22)

Reducing the relationship by applying combination
rule of multiplication and/or division or both to form a
new valid group (Douglas et al., 1995; Shefii et al., 1996):

Ty T3p Ty  T3p
Mye = Ty X Moy X T3y X Mgy OF ——X——; OF ——X——; OF
Top  Tap Ty T4y
Ty  Tap | T3 Tap | T3y Top Ty  Tap |
—X—"; 0 —X—>; 0 —X—; 0f —X——; Or
Ty T3p Ty T Ty Tlap T3y Top

Ty + (Mo X T3y X Tap) 5 OF Moy +(Wyp XT3y X Map) 5 OF

Ty + (M X Mo X Tap) 5 OF Ty +(Wyp X oy XMW3p) 5 OF
(Tt1p X T2y XT3 ) + 74y 5 OF  (Wyp X Tpp X T4p) + 703, 5 OF
(71 X T3y X Tap ) +Tap 5 OF (Tap X T3 X Mapy ) + Ty

Then,;

p_ o HV8Ls . g . gL, ).
Se — , Or , Or — |,
"’ f( wid] ] f(ﬂwa.v J f( yueld] ]

]

T

f(ﬂstf] f(ﬂwadfj f(wasz o
g gL, ug
ug g Lw?
; or ; or e
f(waLs] f[yﬂstf] f[ 1yg ]
2 72 2 72
7 Yo, d; Cor f pa;d; Cor f Vg2Ls2 *or
ugLy gL, uw;d;
ugL, g uyLow?
; or ;or -
f[wadf] f(wfgj f[ ¢ ]

It was expected that separation efficiency would
increase as operational speed decreases. This was
justified with Equation (23):

P o_ /uyg 23
e = (23)
Hence, for the integrated process, the overall

predicted performance efficiency of the modified

machine was computed as:

PP
nhe =% (24)

Therefore the prediction expression becomes;

Fdip |\ mg
re =0.01 25
nPE |:( j'la)cdd dn j(a}sz Ls ( )

The prediction of the performance efficiency was
executed using the Matrix Laboratory (MATLAB,

R2013a). The software was used to obtain a series of
performance cracking and separation efficiencies using
Equations (13) and (23). These were used to compute the
prediction of overall performance efficiency of the

system in conformation to Equation (25). The ranges of
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speed for the iteration were 83-152 rad s™ and 1.0-6.2 rad
s for cracking and separation processes; based on range
of the speed limits of conventional crackers and prototype
separator respectively. The trend shows that fixing a
comparative lower speed for repeated impact nut cracking,
as well as separation process, would ensure improved
efficiency.

The model was verified by numerically analyzing and
comparing the performance efficiency results obtained
experimentally with the values
MINITAB17 software.

2.4 Determination of measured performance

predicted using

efficiency parameter

The experimental performance was measured in terms
of its products recoveries, cracking efficiency, separation
efficiency and overall performance efficiency. Sample of
dura variety of palm nut was drawn from large tonnage,
which had been sun-dried for commercial kernel and shell
extraction. The sample was classified into four groups of
sizes and varied during experimentations. This was done
to relate the overall performance of the machine to nut
sizes.

All weight measurements of samples were taken on
weighing balance and replicated, to determine the
proportion of nut constituent being fed into the
experimental machine.

24.1

Kernel recovery (K,) assessed the percentage of the

Determination of kernel recovery

kernels which were recovered from the mixture. It is
mathematically expressed as:
K, =—% %100 (26)
Mg, + iy
where, myg; is mass of separated kernels (kg); my; is mass
of kernels apparently lost (discharged) with shells (kg).
2.4.2 Determination of shell recovery
Similar to kernel recovery, shell recovery (S,)
evaluated the percentage of the shells which were
recovered from the mixture, and is given by:
S, =—" %100 27)
My + My,
where, mg; is mass of separated shells (kg); m, is mass of
shells apparently lost (discharged) with kernels (kg).
2.4.3 Determination of mechanical damage

Mechanical damage was expressed as the ratio of the

mass of broken kernels to the total mass of the nut sample
fed into the hopper:
M

:—b XlOO (28)
M,+M,

M,
where, M, is mechanical damage (%); M, is mass of
broken kernel (kg); M, is mass of unbroken kernels (kg).
2.4.4 Determination of cracking efficiency

Cracking efficiency (Cg) was defined as the ratio of
the mass of completely cracked nut to the total mass of
the nut fed into the hopper, expressed in percentage. It
was calculated as:

c, =M =Mre 109 (29)
M T
where, M7 is total mass of the palm nut sample fed into
the hopper (kg); Mpc is mass of partially cracked and
uncracked palm-nut (kg);
2.4.5 Determination of separation efficiency

The separation efficiency (Sg) of the machine in

percentage was computed as:
K.S,
100

2.4.6 Determination of performance efficiency

(30)

Sk

The overall performance efficiency (Pgr) of the
machine in percentage was computed as:
_ CeSe

P,
27 100

G

3 Results and discussions

3.1 Prediction results of performance model

The response of the performance efficiency to the
speed variation in terms of cracking and separation
efficiencies are graphically shown in Figures 1-3 (a, b, c
and d) and 4(a, b, ¢ and d) respectively. The output curves
in terms a, b, ¢ and d correspond to the prediction
variables of particles sizes 10, 14, 20 and 25 mm
respectively. For the cracking process, the prediction
curves show that the efficiency reduces in the order of 85,
90 and 95 kg h' levels of feed rates, as well as the
increasing trend of the iteration speeds (Equation (13)).
This indicates that the cracking performance efficiency of
the modified machine will be inversely influenced by the
feed rates and its operational speed. More so, for
separation process, increase in speed also implies

reduction in its output efficiency (Equation (23)). It can
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therefore be understood from the trend that the

development of

integrated palm-nut cracker and

kernel-shell separator would be better off at reasonably
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3.2 Model validation
Table 3

experimental performance efficiencies.

shows the overall predicted and the
Equations (13)
and 23 were used for computing the predicted cracking
and separation efficiencies before using Equation (25) to
compute the overall performance efficiency.

Figure 5 showed the graphical analysis of the

numerical data comparing the predicted and experimental

low speed and feed rates when product qualities are
expected. This observation compares well with the

findings of Koya and Faborode (2006).
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Figure 4 Graphical output of separation efficiency model

values of performance efficiency. The trend from the
curves shows significant numerical correlation between
the performance efficiencies of model and experimental
values. It was demonstrated that predicted performance
efficiency increased as its corresponding experimental
values increased. The results also showed that the
developed performance model of the machine is in

agreement with the experiment with a set of high R*
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values.

Table 3 Experimental and predicted performance efficiencies

Performance efficiencies (%)

Sic(%:;is)ize Feed rate (kg h™") - -

Predicted **Experimental

85 99.63 83.53

90 94.10 67.64

10 95 89.14 56.16

Mean 94.29 69.11

Standard deviation 5.25 13.74

85 99.03 84.51

90 93.53 69.81

14 95 88.60 60.22

Mean 93.72 71.51

Standard deviation 522 12.23

85 99.98 88.56

90 94.43 71.86

20 95 89.46 61.58

Mean 94.62 74.00

Standard deviation 5.26 13.61

85 97.80 96.57

90 93.17 76.94

25 95 88.26 63.35

Mean 93.07 78.95

Standard deviation 4.77 16.70

Note: **Computed as adjusted experimental performance.

R=0.996 R'=0.989
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Figure 5 Validation of predicted and adjusted experimental
performance efficiencies
This implies that the theoretical model developed is
valid for the performance efficiency prediction of the
modified integrated palm nut cracker and kernel-shell
separator. The equations relating the predicted and
experimental performance efficiency obtained by the least
square method are respectively presented below as:

Pred=67.95+0.3811xAdj_Exp [R*=99.6%, size=10 mm)]
€1y
Pred=63.34+0.4248xAdj_Exp [R*=99.2%, size=14 mm)]
(32)
Pred=66.18+0.3844xAdj Exp [R*=98.9%, size=20 mm]
(33)

Pred=70.69+0.2835xAdj_Exp [R*=98.5%, size=25 mm]

(34)

where, Pred - Predicted performance efficiency; Adj Exp
- Adjusted experimental performance efficiency.

These set of predicting equations are comparable to

the equation obtained by Ndukwu and Asoegwu (2011),

for predicting the cracking efficiency of a vertical-shaft

palm nut cracker.
4  Conclusion

The developed performance efficiency model of the
modified system, based on Buckingham’s z theorem,
showed adeptness in predicting the performance of the
integrated machine in terms of its modelling parameters,
which varied jointly and directly with cracking force,
moisture content, coefficient of friction, shape of the
particle and gravitational acceleration, and inversely with
feed rate, shaft speed of cracker, speed of rotating incline
drum and length of the slide. The overall predicted
performance ranged between 88.26%-99.98%, based on
the particle sizes. The results of correlation between
numerical values of predicted performance efficiency and
experimental results showed that there was a significant
relationship (at optimum R” value of 0.996), implying that
the theoretical model developed is valid for performance
efficiency prediction of the fabricated palm nut cracker

integrated with kernel-shell separator.
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