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Abstract

This study determined a number of physical, mechanical and aerodynamic attributes of acorn nuts grown in Iran at a moisture content
of 5.84% dry basis (d.b). The mean of major diameter, intermediate diameter, minor diameter and geometric mean diameter were
31.27, 18.20, 16.64 and 21.89mm, respectively. Mean values for sphericity and surface area were 68.29% and 1462.73 mm?,
respectively. The true density, bulk density and porosity were 1028.33 kgm, 512.62 kgm™ and 49.84%, respectively. Cracking
forces with loading on the lateral axis, vertical axis and thickness of the nuts were determined to be 367.84, 480.53 and 401.19N,
respectively. Static friction coefficient on plywood, galvanized steel sheet and fiberglass were 0.38, 0.33 and 0.27, respectively,
while the dynamic angle of repose on plywood, galvanized steel sheet and fiberglass were 25.53°, 21.74° and 16.31°, respectively.
The terminal velocity for the nut, kernel and hull were 19.52, 16.80 and 4.07 ms™, respectively. These findings provide useful data
for the suitable design and development of crop-processing machines such as sorting, grading, grinding, drying and extraction
equipments.
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Abbreviations:

L Major diameter, mm H Height of the cone, mm

W Intermediate diameter, mm 0 Angle of repose, deg

T Minor diameter, mm o Bulk density, kg m3

D, Geometric mean diameter, mm 2, True density, kg m*

S Surface area of seed, mm? & Porosity, %

@ Sphericity, % d.b  Dry basis, moisture content of the sample
D

Diameter of the cone, mm

Introduction

Acorn nuts have been a part of traditional diets across Europe
and the Middle East furnishing up to 25% of the food
consumed by Italy and Spain (Rakic et al., 2007). The use of
acorns in the human diet and their beneficial influence on
human health in Serbia has been reported since the end of the
19" century (Jevtovic, 1980). The preparation of drinks based
on thermally treated acorns (dry roasting) was especially
recommended for children (Chiou, 1989). Moreover, these
nuts are used in bread and cake, and as a coffee substitute
(Teresina et al.,, 2011). The exploitation of acorns for
livestock feeding and oil extraction has appeared in most
Mediterranean countries (as acorns contain 47 to 60% starch,

7 to 14.4% lipids and some unsaturated fatty acids, similar to
olive oil). The major fatty acids in acorns are oleic (66.8%),
palmitic (18.4%), linoleic (13.5%) and linoleic (only 0.6%,
compared to 0.9% in corn) (Keddam et al., 2010). The
knowledge of the morphology and size distribution of acorn
nut and its kernel is essential for the accurate design of the
equipment for cleaning, grading and separation. Gravimetric
properties are important in design of equipment related to
aeration, drying, storage and transport. Bulk density
determines the capacity of storage and transport systems,
while true density is useful for separation equipment;
porosity of the mass of seeds determines the resistance to air
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Table 1. Size, shape and density characteristics of acorn nuts at 5.48% moisture content (d.b.)

Properties Number of replications Mean value Range of values Standard deviation
Moisture (% dry basis) 5 5.84 5.32 - 6.56 0.40
Major diameter (mm) 100 31.27 30.61 - 33.74 2.57
Intermediate diameter (mm) 100 18.21 17.14 -19.23 1.48
Minor diameter (mm) 100 16.64 15.88 - 18.01 1.62
Geometric mean diameter (mm) 100 21.89 2.48-23.15 3.75
Surface area (mm?) 100 1462.73 1380.10 - 1520.58 43.66
Sphericity (%) 100 68.29 65.32-71.64 4.86
True density (kgm™) 20 1028.33 984.39 - 1112.57 37.91
Bulk density (kgm™) 20 512.62 493.21 - 542.75 18.34
Porosity (%) 20 49.84 47.55 - 52.36 7.49

Table 2. The correlation coefficient between length and other geometrical properties of acorn nuts

Particulars Ratio Degrees of freedom Correlation coefficient (R)
L/wW 1.72 98 0.347**
L/T 1.88 98 0.588**
L/Dg 143 98 0.624**
L/S 0.02 98 0.613**
L/g? 0.46 98 0.451**

“Significant at the level 1%. ® L/g is length to-sphericity ratio.

Table 3. Cracking force of acorn nut under different loading orientations at a moisture content of 5.48% (d.b.)

Cracking force

Number of replications

Mean value (N)

Range of values (N) Standard deviation

Loading on lateral axis 15 367.84° 328.76 - 435.60 48.13
Loading on vertical axis 15 480.53" 443.96 - 516.37 86.24
Loading on thickness 15 401.198 386.24 - 425.52 23.16

*AB.C letters indicate the significant statistical difference in 1% level.

flow during aeration and drying of seeds. The frictional
properties such as the angle of repose and the coefficient of
external friction are recognized by engineers as important
properties concerned with rational design of seed bins and
other storage structures including the compressibility and
flow behavior of materials (Mirzace et al., 2009;
Gharibzahedi et al., 2010b). The physical properties of
numerous nuts including gorgon nut, neem nut, cashew nut,
Bambara groundnut, arecanut, pine nut and castor nut have
been determined by other researchers (Jha and Prasad, 1993;
Visvanathan et al., 1996; Balasubramanian, 2001; Baryeh,
2001; Kaleemullah and Gunasekar, 2002; Gharibzahedi et al.,
2010a; Gharibzahedi et al., 2011). Several researchers have
also determined the mechanical properties of nuts such as
macadamia (Braga et al., 1999), shea nut (Olaniyan and Oje,
2002), and walnut (Koyuncu et al., 2004). Aydin (2002)
studied the physical properties of the Turkish hazelnut
cultivar Tombul, and determined the forces for cracking the
nuts. Generally, nut cracking is usually carried out manually
or with homemade cracking machines, and damage occurring
during cracking is among the major causes of quality
reduction of kernels. The percentage of the damage depends
on the mechanical force applied to the nut, the rotational
speed of the cracker, the thickness of shell, the shape of the
nuts, the number of sizing grades and the efficiency of sizing
(Ozdemir and Akinct, 2004). These parameters are important
for the design and fabrication of all equipment involved in
processes such as harvesting, sorting, grading and extraction
(Mirzaee et al., 2008; Gorji et al., 2010). However, no
published literature was found on the detailed physical and
mechanical properties of the acorn nut. The objective of this
study was to investigate some physical, mechanical and
aerodynamic properties of acorns at a moisture content that
permitted safe storage. The properties examined included
size, sphericity, surface area, bulk density, true density,

porosity, static coefficient of fraction, angle of repose and
cracking force under compressive loading.

Materials and methods
Sample preparation

The acorn nut (cv. Uri) and its kernel were used for all the
experiments in this study (Fig. 1). The acorn nuts used in this
study were collected in the 2007 season from the oak forests
of Arasharan (longitude 46°40' to 47°2' and latitude 36°56' to
38°58'") and the north of Iran (longitude 48°38' to 54°24' and
latitude 38°26' to 38°58'). The samples were manually
cleaned to remove foreign matter and broken and immature
nuts. The initial moisture content of the acorns was
determined using the oven method at 103 + 2°C until a
constant weight was reached (Kashaninejad et al., 2007). The
initial moisture contents of nut and kernel were found to be
5.84 and 6.42 dry basis (d.b), respectively.

Measurement of physical properties

Nut size was determined by measuring the dimension of the
principal diameter on three axes — major (L), intermediate
(W) and minor (T) — for 100 randomly selected nuts using
digital calipers with a sensitivity of 0.01 mm. Nut mass was
measured with an electronic balance with 0.001 g sensitivity.
The geometric mean diameter (Dg) and sphericity (o) were
calculated using the following equations (Gharibzahedi et al.,
2010b):

D = (wr Y?
L =@wr) "
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where L is the major diameter, ¥ is the intermediate diameter
and 7' is the minor diameter.

The surface area of uri nuts was found by analogy with a
sphere of the same geometric mean diameter. The equations
given by Mohsenin (1978) were used to determine the
surface area (S in mm?) of the samples:

S = ﬂD; 3)

The true volume was determined using the liquid-
displacement method. Toluene (C;Hg) was used instead of
water because it is absorbed by acorns to a lesser extent. In
addition, its surface tension is low, so that it fills even
shallow dips in an acorn, and its dissolution power is low
(Mohsenin, 1978). True density (o, kgm™) of samples was
also calculated by dividing the unit mass of each sample by
its true volume. In order to determine the bulk density at a
given moisture content, a cylindrical container of 0.3 m
height and 0.2 m diameter was filled with acorn nuts from a
height of 0.15 m from the top surface of the container, and
the top was leveled. No separate or additional manual
compaction was done. The electronic balance was used for
weighing, and the samples' bulk density (p,, kgm™) was
defined as the ratio of the mass of the bulk sample to the
volume of the container. Several researchers have employed
this method for other grains and seeds (Deshpande et al.,
1993; Jain and Bal, 1997; Suthar and Das, 1996; Baryeh and
Mangope, 2002; Kashaninejad et al., 2007). According to
Mohsenin (1978), porosity (&) can be expressed as follows:

£ =(1—p—be100 )

t

The angle of repose is the angle with the horizontal at which
the material will stand when piled. This was determined by
using a topless and bottomless cylinder of 30 cm diameter
and 50 cm height. The cylinder was placed at the centre of a
raised circular plate having a diameter of 70 cm and was
filled with acorn nuts. The cylinder was raised slowly until it
formed a cone on the circular plate. The height of the cone
was measured and the angle of repose (6) was calculated
using the following equation (Kaleemullah and Gunasekar,
2002):

B a4 2H
6 = tan (7) (5)

where H is the height of the cone (mm) and D is the diameter
of the cone (mm).

Measurement of aerodynamic properties

Terminal velocity was measured using an air column (Fig. 2).
For each test, a sample (nut, kernel and hull) was dropped
into the air stream from the top of the air column, and air was
blown up the column to suspend the material in the air
stream. The air velocity near the location of the sample
suspension was measured by a digital anemometer having a
least count of 0.1 ms™ (Gharibzahedi et al., 2010a,b).

Measurement of mechanical properties
To determine the mechanical properties of acorn nut under

compression load, a biological material test device was used.
This device, a SANTAM SMT-5 (Tehran, Iran), has three

Fig 1. Acorn (Quercus suber L.) fruit: a- nuts, b- kernels

Inverter

: Pitot-tube

Straightener

Fan

Fig 2. Used air column for measuring terminal velocity

Monitor
Load cell

Moving platform

Fig 3. Instron Universal Testing Machine

main components: a moving platform, a driving unit and a
data-acquisition system (load cell, PC card, software and
monitor), as shown in Fig. 3. The nut was placed on the
moving platform at the 5 mm min* speeds and pressed with a
plate fixed on the load cell until rupture occurred, as denoted
by a bio-yield point in the force-deformation curve.
Coefficient of static fraction was measured by a frictional
device with the plywood, galvanized steel sheet and
fiberglass surfaces. For this measurement, the material was
placed on the surface and gradually raised by the screw.
Vertical and horizontal height values were read from the ruler
when the material started sliding over the surface; the tangent
value of the angle was used to find the coefficient of friction
(Baryeh, 2001; Gezer et al., 2002). Rupture force, terminal
velocity, dynamic angle of repose and coefficient of static
friction were determined with 15 replications for each test.
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Fig 4. Static coefficient of friction (a) and dynamic angle of
repose (b) of acorn nut for the different structural materials
(error bars and significant values (P<0.05) by different letters
(A-C) are shown)
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Fig 5. Terminal velocity of nut, hull and kernel of acorn fruit
(significant values (P<0.05) by different letters (A-C) are
shown)

The results obtained were subjected to analysis of variance
(ANOVA) and Duncan’s test using SPSS 13 (SPSS Inc.,
USA) software.

Results and discussion
Geometrical and gravimetrical properties

Table 1 shows the data on moisture content and some
physical properties of acorn nuts. The major diameter,
intermediate diameter, minor diameter and geometric mean
diameter of the acorn nuts were found to be 31.27, 18.21,
16.64 and 21.89 mm at 5.84% moisture content (db),
respectively. Corresponding values reported for the almond
nut are 25.49, 12.12 and 17.03 mm at 2.77% moisture content
(db) (Aydin, 2003), and those for the Ojji castor nut arel6.0,
12.2 and 7.2 mm at 5.11% moisture content (wb) (Olaoye,
2000). Sphericity and surface area of the acorn nuts were
found to be 68.29% and 1462.73 mm?, respectively.

The following general expression can be used to describe the
relationship among the average dimensions of the nuts at
5.84% moisture content (d.b):

L=172W=188T=143D,=002S=0460 (6)

The coefficient of correlation shows that the L/W, L/T, L/D,,
L/S and L/o ratios are highly significant (Table 2). This
indicates that width, thickness, geometric mean diameter,
sphericity and surface area are closely related to the length of
the acorn nut.The results indicate that the acorn nut is quite
far from the shape of a sphere. This has several implications
for handling and processing: for example, a sieving or
separating machine with circular holes will not easily let nuts
through, and during unloading the nuts will not roll too far
from the intended unloading spot. The true density of acorn
nuts was found to be 1028.33kgm™, while the bulk density
was 512.62kgm>. These values were higher than the
corresponding values of 674 and 305kgm™ reported for hazel
nuts (Aydin, 2002), but lower than the values of 1053 to 1161
kgm reported for apricot pits (Gezer et al., 2002). At a true
density of more than 1000kgm=, acorn nuts will tend to sink
in water (density 1000kgm™), which can be useful in their
hydrodynamic separation and transportation.

Mechanical and aerodynamic properties

Table 3 shows the experimental values for cracking force of
acorn nuts. As illustrated in Table 3, effect of loading
direction in the force required to initiate acorn nut rupture
was significant (P<0.01). The cracking force measured in
loading along the thickness lay between 386.24 and 425.52
N. Acorn nuts loaded along the vertical axis gave the highest
resistance to cracking. Loading of acorn nuts along the lateral
axis generally presented the least resistance to, and energy
requirement for, shell rupture. Hence, cracking operations
should be made along the lateral axis to decrease the cracking
force. The same trend was also observed by Gezer et al.
(2002) for apricot pits and Aydin (2003) for almond nuts.
Static coefficient of friction and dynamic angle of repose of
acorn nut for the different structural materials are given in
Fig. 4. Static coefficient of friction for acorn nuts was 0.38 on
plywood, 0.33 on galvanized steel sheet and 0.27 on
fiberglass; in contrast, the dynamic angle of repose on
plywood, galvanized steel sheet and fibreglass were 25.53°,
21.74° and 16.31°, respectively. These values of static
coefficient of friction and angle of repose for various surfaces
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were significant at the 5% probability level. These frictional
properties present an interesting trend. The decrease in the
static coefficient of friction decreased the dynamic angle of
repose. This might have been due to the surface differences
and the nuts' surface properties. The angle of repose observed
here was higher than the 25.40°, 20.32° and 17.00° reported
for ackee apples, locust-bean seeds and groundnut kernels,
respectively (Ogunjimi et al., 2002; Olajide and Igbeka,
2003; Omobuwajo et al., 2000), but lower than the 28.22° for
calabash nutmeg seeds (Omobuwajo et al., 2003). In other
words, the forces of solid friction at the seed/material
interface were generally lower in ackee apples, locust-bean
seeds and groundnut kernels compared with acorn nuts, while
the converse was true for calabash nutmeg seeds. The data on
frictional properties can be useful in hopper design for
gravity flow, since the angle of inclination of the hopper
walls should be greater than the angle of repose to ensure
continuous flow of the material. The terminal velocities
required for suspending the nuts, kernels and hulls depicted
in Fig. 5. The corresponding values were found to be 19.52,
16.80 and 4.07 ms™, respectively (P<0.05). These values
were higher than African breadfruit seeds (2.90-8.02 ms™)
and ackee apple seeds (5.45-9.95 ms™) (Omobuwaj et al.,
1999; Omobuwajo et al., 2000). As expected, the terminal
velocity of the hull was lower than for the nut and kernel.
The significant difference between the suspension air
velocities for the kernel and hull indicate that separation of
these fractions by pneumatic means is feasible. The data on
terminal velocity can be used in designing an aspiration unit.

Conclusion

The following conclusions were drawn from this study about
the engineering characteristics of acorn nut at a moisture
content of 5.84% (d.b.). The average major, intermediate and
minor diameters of the acorn nut were 31.27, 18.20, 16.64
mm, respectively, with a geometric mean of 21.89 mm.
Information of the length, width, thickness of the seeds is
necessary in determining aperture sizes in the design of seed
handling equipment. Moreover, assessment of the mean
geometric diameter is useful in evaluation of the projected
area of a particle moving in the turbulent or near-turbulent
area of an air stream. Also, the results demonstrated that the
acorn nut is quite far from the shape of a sphere, and that,
consequently, a sieving or separating machine with circular
holes will not easily let nuts through. Plywood surface was
observed to be the highest coefficient of static friction and
dynamic angle of repose for acorn nuts. Experimental results
from compression tests showed that acorn nut required less
compressive force to extract the kernel when loaded along
the vertical axis as compared to other two compression axes.
Therefore, in designing cracking machines the axes should be
taken into consideration. The significant difference between
the suspension air velocities for the kernel and hull indicated
that separation of these fractions by pneumatic means is
feasible.
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