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Abstract

KABUTEY A., HERAK D., DajBYCH O,, D1viSovA M., BOATRI W.E,, SIGALINGGING R., 2014. Deformation energy of
Jatropha curcas L. seeds under compression loading. Res. Agr. Eng., 60: 68—74.

The present research is a follow-up of the previous studies on mechanical behaviour of Jatropha curcas L. seeds under
compression loading. The research describes in detail the deformation energy which was determined from the area
under the force-deformation curve. The compression device ZDM 50-2313/56/18 with a chart recorder and pressing
vessel of diameter 76 mm were used to record the force-deformation functions of varying moisture content between
8.46% and 36.50% w.b. of Jatropha curcas L. seeds. Under the force-deformation curve, three main descriptions namely
the increasing function (smooth curve), wave-effect characteristics (serration effect) and whole area under the force-
deformation curve were analysed. For each of the force-deformation curve descriptions, it was found that moisture
content influenced the values of compressive force, deformation, deformation energy and seed hardness. Interestingly,
the research findings conclude that moisture content is a primary factor contributing to the wave-effect characteristics
on the force-deformation curve.
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Jatropha curcas L. is an energy crop which is
used as a feedstock for biodiesel production (HEL-
LER 1996). The crop can be grown on degraded and
marginal lands and under drought conditions (Br1T-
TAINE, LuTALADIO 2010). The plant and seeds are
non-edible to both humans and animals due to the
presence of toxic substances such as curcine and de-
terpine (HELLER 1996; MARTINEZ et al. 2006). Since
jatropha oil is a potential biodiesel feedstock, the
study of the physical and mechanical properties of

the crop has become very important especially for
optimization of mechanical oil extraction method
involving screw presses or extruders. However, liter-
ature information on the physical properties and no-
tably mechanical behaviour of jatropha crop are lim-
ited (SirisoMBOON, KiTCHATYA 2009) compared to
other oil-bearing crops such as sunflower, rape, flax,
peas and others (GuprTaA, DAs 2000; Lysiak 2007).
In the present research the mechanical proper-
ties of jatropha crop with respect to the exact value
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of compressive force, deformation, deformation
energy, seed hardness and behaviour of force-de-
formation curve in relation to moisture content
were investigated.

Generally, agricultural materials and food prod-
ucts deform in response to applied forces and
the amount of force required to produce a given
amount of deformation varies widely among dif-
ferent materials (STROSHINE, HAMANN 1994 cit.
in ZAREIFOROUSH et al. 2010). The dependence
between compressive force and deformation of a
given oil-bearing crop can also be used to estimate
the energy which is characterized by the area under
the force-deformation curve (Lysiak 2007).

From the previous study on behaviour of differ-
ent moisture content of Jatropha curcas L. seeds
under compression loading (KABUTEY et al. 2011),
it was found that the whole area under the force-
deformation curve, deformation and deformation
energy of Jatropha curcas L. seeds increased with
increasing moisture content. Similar results were
also reported by (BUruUBALI et al. 2007) for the ef-
fect of temperature and moisture content on the
strength properties of African nutmeg (Monodora
myristica). Further, the results of the previous study
(KABUTEY et al. 2011) revealed that at low mois-
ture content the force-deformation curve showed
smooth curve without the wave-effect characteris-
tic or serration effect which is caused by high mois-
ture content.

However, the previous study did not describe the
different pressing areas under the force-deforma-
tion curve with respect to the amount of compres-
sive force, deformation, deformation energy, seed
hardness and specifically, the pressing area under
the force-deformation curve where the wave-effect
characteristic actually starts. This information is
relevant for determining the correct amount of
compressive force required for obtaining the oil
(HERAK et al. 2010). The “wave-effect characteris-
tic” is when the deformation of plant seeds during
compression becomes a trigonometric function in-
stead of a linear function (HERAK et al. 2012).

The objective of this present research was to de-
scribe the different pressing areas under the force-
deformation curve of Jatropha curcas L. seeds.
These pressing areas included the increasing func-
tion area, pressing area with wave-effect and the
whole pressing area under the curve by examining
the effect of moisture content on pressing force
(N), deformation (mm), deformation energy (J),
seed hardness (N/mm) and volume energy (J/m?).

MATERIAL AND METHODS

Cleaned Jatropha curcas L. seeds originally from
North Sumatera, Indonesia but obtained from the
Farmet a.s., Ceskd Skalice, Czech Republic were
used for the experiment. The standard hot air oven
method with a temperature setting of 105°C and
a drying time of 17 h (ISI 1966) was used to de-
termine the initial moisture content. In order to
investigate the effect of moisture content on the
force-deformation curve and other parameters,
the jatropha seeds were moistened and placed in
a refrigerator at 5°C for varying moistening time
periods between 6 and 24 hours. The laboratory
temperature condition was 20°C. Electronic bal-
ance (Kern 440-35; Kern & Sohn GmbH, Balingen,
Germany) having an accuracy of 0.001g was used to
weigh the samples and the different moisture con-
tent values obtained from the samples were calcu-
lated from Eq. (1) given by BLAHOVEC (2008).

M. - M
MC,, = {#} % 100% (1)
where:
MC_ , - moisture content on wet basis (%)
M, — weight of the sample in the initial state (g)
M, — weight of the sample after oven drying (g)

The moisture content determinations were re-
peated three times and mean values were used
in subsequent calculations. The obtained results
were interpreted using the Statistica Software (OK
74104; Statsoft Inc, Tulsa, USA).

Compression test. Compression device ZDM 50-
2313/56/18 with a chart recorder (VEB, Dresden,
Germany) and pressing vessel (steel; Czech Univer-
sity of Life Sciences Prague, Prague, Czech Repub-
lic) of diameter 76 mm was used to compress the
varying moisture content of jatropha seeds ranging
between 8.46% and 36.50% wet basis (w.b.). Com-
pression was done under the temperature of 20°C,
pressing rate of 1mm/s and compressive force
of 100 kN being the min. limit of the compres-
sion device. After pressing, the force-deformation
characteristic curves obtained directly from the
chart recorder were analysed again using the soft-
ware programme Engauge Digitizer 4.1 (MITCHELL
2002) to obtain the geometry information on the
curve with respect to values of pressing force and
deformation, respectively.

Deformation energy. The deformation energy
which is the area under the force-deformation
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curve (Lysiak 2007) was calculated using Eq. (2)
(HERAK et al. 2010).

b= 3 (B (o) @)

where:

E — deformation energy (J)

F,F | —values of compressive force (N)
X, X, — values of seed deformation (m)

Pressing seed volume. Seed volume was deter-
mined using Eq. (3):

_nxD’
4

1% X H (3)

where:

V — pressing seed volume (m?)

D - diameter of pressing vessel, 76 mm

H - height of seeds in the pressing vessel which was
measured at the height of H = 50 mm for all respec-
tive seed moisture content

The pressing seed volume using Eq. (3) was found
to be 2.26 x 107*m> which was constant for all
moisture content of the Jatropha curcas L. seeds.

Energy per unit volume. The volume energy,
also known as the toughness, is the ratio of the de-
formation energy and pressing seed volume Eq. (4),
(GurTa, DAS 2000):

(4)

E
e=—
14
where:
e — volume energy (J/m?3)
E - deformation energy (J)
V — pressing seed volume (m?)

Seed hardness. The hardness (S,; N/mm) calcu-
lation was determined using Eq. (5) which is de-
fined as the ratio of pressing force (P,; N) to that of
the seed max. deformation (D; mm):

PF

Sy ="t

D (5)

RESULTS AND DISCUSSION

The results of the study are given in Tables 1
and 2 and Figs 1-4. The study considered the de-
formation energy of Jatropha curcas L. seeds of

Table 1. Average values (+ standard deviation) of measured parameters under the pressing area in relation to moisture

content

Moisture Pressing force Deformation Deformation energy Hardness Volume energy
content (% w.b.) (N) (mm) )] (mm) (10°]/m?)
Parameters with increasing function

8.46 97,938 + 140.00 34.56 £ 0.97 438.66 = 16.91 2,835.33 + 81.91 1.93 = 0.07
28.57 63,014 £ 1807.06 27.88 £ 0.73 232.87 £ 4.57 2,260.73 + 84.22 1.02 £ 0.02
32.02 57,289 £ 6211.02 28.86 £ 0.21 231.10 £ 18.98 1,984.63 + 212.84 1.01 £ 0.08
34.05 41,186 + 2437.86 27.38 £0.75 160.85 + 11.17 1,504.33 + 92.93 0.71 £ 0.05
36.50 39,447 £ 5274.65 26.87 £ 1.76 158.23 + 19.42 1,463.59 £ 99.51 0.69 £ 0.09
Parameters with wave-effect

8.46 0.00 0.00 0.00 0.00 0.00
28.57 34,711 £ 1,555.89 2.69 + 0.47 233.93 £3.91 13,125.08 + 1,800.71 1.03 £ 0.01
32.02 40,683 + 6,151.48 3.79 £ 0.54 285.72 £ 23.12 10,716.63 + 105.18 1.25 £ 0.10
34.05 56,545 + 2,150.82 544 + 041 369.34 + 25.53 10,420.89 + 58.77 1.62 £ 0.11
36.50 58,226 + 5,332.77 5.02 + 1.05 394.02 + 20.65 11,777.64 + 1,370.45  1.73 £ 0.09
Parameters under the whole pressing area

8.46 97,938 + 140.00 34.56 + 0.97 438.67 + 16.90 2,835.33 + 81.91 1.93 = 0.07
28.57 97,725 + 264.82 30.57 +1.12 466.80 + 4.76 3,199.31 + 116.21 2.05 = 0.02
32.02 97,672 +110.21 32.65 + 0.55 516.82 +7.26 2,991.49 + 51.47 2.27 £0.03
34.05 97,731 + 320.88 32.82 +0.53 530.20 £ 17.42 2,977.68 + 49.17 2.33 £ 0.07
36.50 97,673 + 188.91 31.89 +0.97 552.26 + 24.44 3,063.92 + 90.58 2.43 +£0.11
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Table 2. Statistical analysis of determined parameters of Jatropha curcas L. seeds force deformation curve descrip-

tions, while F =531

critical —

Force deformation

e Determined parameters Equation R? F P<
curve description
compressive force (N) -2,049MC + 116,984 0.95 62.19 0.05
Increasing function seed deformation (mm) —-0.27MC + 36.69 0.95 59.19 0.05
(Smooth curve) deformation energy (J) ~10.04MC + 524.79 0.97 119.27 0.05
hardness (N/mm) —-2.83MC?+ 74.64MC + 2,407.64 0.96 27.75 0.05
compressive force (N) 55.88MC? —368.93MC — 895.52 0.97 46.98 0.05
Wave-effect deed deformation (mm) 0.18MC - 1.77 0.91 30.81 0.05
characteristics
(Serration effect) deformation energy (J) 13.32MC - 120.24 0.97 108.66 0.05
hardness (N/mm) -26.8MC - 1,585MC + 11,438 0.95 21.96 0.05
compressive force (N) -9.41MC + 98,010 0.92 39.37 0.05
Whole area under seed deformation (mm) 0.02MC? - 0.74MC + 39.73 0.83 5.21 > 0.05
the force-deformation
curve deformation energy (J) 0.31MC?- 9.58MC +497.36 0.97 40.13 0.05
hardness (N/mm) —~1.06MC? + 52.85MC — 2,467.72 0.65 1.92 > 0.05

MC - moisture content (% w.b.) of Jatropha curcas L. seeds; R* — coefficient of determination (-); F — value of F test that

compares a pair of models (—); P — hypothesis value of the study outcomes significant level (-); F

that compares a pair of models ()

varying moisture content between 8.46 and 36.50%
w.b. The deformation energy is the energy which is
characterized by the area under the force-deforma-
tion curve (Lysiax 2007). Three different pressing
areas were described under the force-deformation
curve by examining the effect of moisture content
on pressing force (N), deformation (mm), deforma-

100,000 1 -
— — MC (8.46% w.b.) il
90,000 1 —. - MC (2857% wb.) AN
80,000 1 =---- MC (32.02% w.b.) ]‘j |
% 70,000 { e MC (34.05% w.b.) ‘: |
o — 0, MY
2 60000 1 MC (36.50% w.b.) .é |
) Y-
2 50,000 1
S 40,000 -
o
£ 30,000 -
S
20,000 -
10,000 1
0 .
0 40

Deformation (mm)

Fig. 1. Dependency between compressive force and de-
formation in relation to varying moisture content (MC)
between 8.46 and 36.50% w.b. of Jatropha curcas L. seeds

.. — critical value
critical

tion energy (J), seed hardness (N/mm) and energy
per unit volume (J/m?3) of Jatropha curcas L. seeds.
Statistical analysis of determined parameters un-
der the increasing function area without serration
or wave-effect characteristics were significant at 5%
probability level which indicates that an increase in
moisture content linearly decreased the pressing
force, deformation, deformation energy and seed
hardness as shown in Fig. 2. It was observed during
the compression test that at high moisture content
the crude jatropha oil contained in the seed can
only be obtained within this pressing region. This
limit area confirms the statement that if the actual
compressive force is determined for compression
of oilseeds, higher oil recovery efficiency can be
achieved with min. energy (HERAK et al. 2010).
Beyond the increasing function area until com-
pression was fully completed is the pressing area
with wave-effect characteristic or serration effect
(Fig. 1). This effect on the force-deformation curve
increased with increasing moisture content. But,
other pressing factors such as compressive force
and internal friction between the seeds and the in-
ner walls of the pressing vessel could likely cause
serration or wave-effect and these factors would be
considered in detail in future research. There was no
oil flow under the area with wave-effect. Obviously,
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Fig. 2. Effect of moisture con-
tent (MC) of Jatropha cucr-
cas L. seeds on (a) compressive
force (N) and deformation
(mm) and (b) deformation en-
ergy (J) and hardness (N/mm)
under the force-deformation
curve with increasing function
(smooth curve)

Fig. 3. Effect of moisture con-
tent (MC) of Jatropha cucr-
cas L. seeds on (a) compressive
force (N) and deformation
(mm) and (b) deformation en-
ergy (J) and hardness (N/mm)
under the force-deformation
curve with wave-effect charac-
teristics (serration effect)



Res. Agr. Eng. Vol. 60, 2014, No. 2: 68—74
(a) Fig. 4. Effect of moisture content
98,000 1 . [ 350
= force M deformation | 345 of Jatropha cucrcas L. seeds on
97,950 A 34'0 . (a) compressive force (N) and
— FoxU g ; -
% 97,900 1 y = —9.4094MC + 98011 | 535 £  deformation (mz’)) anj (}]l’) iefor
O 2 _ | o mation energy and hardness
:§ 97,850 1 =092 330 g (N/mm) under the whole area of
o 325 ©
é 97,800 1 L 390 g the force-deformation curve
<] [}
& 97,750 1 315 A
g r 31.0
O 97,700 1 y=0.0157MC? - 0.7473MC + 39.73 H L 305
R’ = 0.8389 - '
97,650 T T T 30.0
0 10 20 30 40
(b)
600 1 — energy B hardness 3,250
~ y =0.3078MC? —9.5824MC + 497.36 B - 3,200
T 500 R =0.9757 L 2150
&0 BN
% 400 A r 3,100 g
o F 3,050 Z
S 300 1 <
5 - 3,000 3
E =
= 200 1 r 2,950 "g
[t
[} L
A 100 A y=-1.0553MC? + 52.846MC + 2467.7 2900 =
R* = 0.6585 [ 2,850
0 : . : 2,800
0 10 20 30 40

Moisture content (% w.b.)

the display of the wave-effect behaviour on the
force-deformation curve was followed by the ejec-
tion of the kernel cake through the holes of the press-
ing vessel. Additionally, it was observed that at low
seed moisture content the force-deformation curve
showed smooth characteristics without wave-effect
behaviour which agrees with the previous results
published by the authors (KABUTEY et al. 2011). All
measured parameters were statistically significant
(P < 0.05) whereby linear function best fitted the
compressive force and deformation energy in rela-
tion to moisture content while polynomial function
best suited the relationship between seed deforma-
tion and moisture content as well as seed hardness
and moisture content (Fig. 3).

For the whole pressing area under the force-de-
formation curve (Fig. 4) which is a combination
of both the increasing function area and the area
with wave-effect, statistical analysis of determined
parameters showed both significant (P < 0.05) and
non-significant (P > 0.05) results. Increase in mois-
ture content influenced the compressive force and
seed deformation. Similar results were obtained
from studies conducted by GuprTa and DAs (2000)
and BuUruUBALI et al. (2007) on sunflower seeds and

nutmeg respectively. The deformation energy and
seed hardness were not statistically significant in
relation to the effect of moisture content as indi-
cated (Table 1). However, the increase in seed de-
formation was as a result of the plasticizing effect
of the seeds moisture content as explained by (Ly-
s1AK 2007) while the increase in deformation ener-
gy was attributed to the whole pressing area under
the curve with or without wave-effect behaviour,
meaning that the bigger the pressing area under
the force-deformation curve the greater the defor-
mation energy and vice versa. Furthermore, when
there is wave-effect behaviour as a result of mois-
ture content, the seed deformation as well as the de-
formation energy directly increases as reported in
the previous study (KABUTEY et al. 2011).

Finally, the present study results showed that
mechanical properties and behaviour of the force-
deformation characteristic curve of Jatropha cur-
cas L. seeds were greatly influenced by moisture
content. Similarly, as reported by (SINGH et al.
2002) the seed moisture content affects residual oil
content and oil recovery efficiency in case of screw
presses; that is, higher moisture content increases
plasticity and thereby reduces the level of compres-
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sion and contributes to low oil recovery. Also high-
er moisture content acts as a lubricant resulting in
insufficient friction during pressing.

CONCLUSION

The study results showed that two main pressing
areas can be described under the force-deforma-
tion curve in relation to moisture content. These
are the increasing function area and the area with
serration effect. The increase in moisture content of
Jatropha curcas L seeds was found to be the cause
of serration effect on the force-deformation curve.
However, other pressing factors such as compres-
sive force and friction are likely to contribute to
similar behaviour and this investigation would be
considered in future research. Compressive force,
deformation, deformation energy and seed hard-
ness were influenced by the increase in moisture
content. The results obtained herein would be use-
ful for designing suitable equipment for processing
of oil from oil bearing crops.
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