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Development of sorting methods based on physical and aerodynamic
properties of off-ground harvested almonds
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Abstract: This research was conducted to develop an effective approach to sort off-ground harvested almonds for efficient drying
based on their physical and aerodynamic properties. Three popular varieties were studied, including Nonpareil, Monterey, and
Fritz. The insect damage, axial dimensions, weight ratio, moisture content, bulk density and terminal velocity of in-hull almonds,
in-shell almonds and loose hull at harvest were measured. The results indicated that the insect infestation percentage in the
off-ground harvested almonds ranged from 2.5% to 6.3%, which was about half of those in the conventional on-ground dried
almonds. Loose hulls and in-hull almonds had higher moisture content and wider moisture distribution than those of in-shell
almonds, suggesting that sorting of the almonds and drying them separately are necessary for efficient handling and processing.
Thickness was the smallest axial dimension of an almond, and thus could be used for sorting. The cut-off sizes of 16.5 mm,
21.3 mm and 21.1 mm could separate 100% of the in-shell almonds from the rest for Nonpareil, Monterey and Fritz varieties,
respectively, as the first step. In the second step, applying terminal velocities of 12.3 m/s, 11.8 m/s and 12.2 m/s could efficiently
separate the in-hull almonds and loose hulls for Nonpareil, Monterey and Fritz varieties, respectively. Overall, up to 76.7% of
the loose hulls could be removed, and up to 3.3% in-hull almonds may be lost during the sorting process. The experimental
results provided important information for developing efficient sorting and drying methods with improved throughput, energy
efficiency, better quality and safety of off-ground harvested almonds.
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aerodynamic properties of off-ground harvested almonds.

1 Introduction

California produces around 1 150 000 t of almonds annually,
which represents around 80% of the total almond production in the
world"4.  The typical almond harvest operations in California
include shaking, on-ground natural drying, sweeping, and picking
upl®l. The current harvest method has two major problems: one is a
large amount of dust generation during the sweeping and picking up
processes, which causes air pollution and impacts the health of
millions of people; the other one is that the almonds spend a long
time on the orchard floor during the on-ground natural drying, which
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Development of sorting methods based on physical and

introduces a pathway for severe insect infestation (for example,
navel-orange worm) and contamination by aflatoxin-producing
molds™*®!.  Schatzki and Ong!® found correlations between the
incidence of aflatoxin and the level of insect damage.

To resolve the aforementioned problems, the Almond Board of
California and the almond industry are committed to seeking new
harvesting and drying technologies. The off-ground harvesting
method using a catch-frame is considered a better alternative for
almonds to mitigate dust generation, microbial contamination and
insect damage. However, the almonds harvested with the new
method have high moisture content (MC) and thus need to be dried
artificially to handle the large production volume in a short season to
ensure quality and safety.

Hot air (HA) drying with deep bed dryers is one of the most
commonly used drying technology for tree nuts due to its large
drying capacity!. The MCs of tree nuts usually vary in a wide
range!'”"®) thus drying nuts with mixed MCs may cause
U451 The high
moisture nuts may be under-dried, which causes food safety
To ensure the safety of the nuts, the drying time is
usually intentionally extended, which may result in over-drying of

non-uniform drying and associated problems
concerns.

low moisture nuts and inevitably cause quality deterioration and
waste of energy!'®. The individual almonds at harvest are normally
at different maturity levels, and their MCs vary in a wide range.
Chen et al.””) studied the energy consumption of the almond drying
process with a pilot-scale HA column dryer, and found that more
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than 60% of the total energy input was used for drying the almond
hulls and only about 20% of the total energy was used to dry the
kernels. Therefore, drying of mixed almonds containing different
fractions (in-hull almonds, in-shell almonds and loose hulls) was
considered inefficient. Therefore, this research tried to develop
sorting methods to sort the almond mixture into in-hull almonds,
in-shell almonds and loose hulls. Then the in-hull and in-shell
almonds can be dried separately, and the hulls do not need to be
dried. This approach will improve the drying uniformity and
energy efficiency, increase the processing throughput by reducing
drying time, and enhance the quality and safety of almonds.

The physical and aerodynamic properties of agricultural
products at harvest constitute essential engineering parameters for
the design and development of efficient handling and drying
technologies!''!.  Particularly, axial dimensions can be important
in determining the cut-off sizes for sorting and grading products.
The density and MC of tree nuts are highly related to the terminal
velocity?*2", which is useful for the pneumatic sorting of the nuts
into different moisture levels. Khir et al.*?! determined the axial
dimensions and initial moisture distributions of walnuts harvested at
different conditions (with or without hull, different varieties and
early or late harvest), and developed regression models to predict the
kernel MC based on shell MC.  Ozdemir and Akinci! determined
the dimensions, volume, bulk densities and terminal velocity of four
major Turkish hazelnut varieties. Galedar et al.**! determined the
geometric mean diameter, bulk densities and terminal velocities of
pistachio nuts and kernels and correlated them with MCs. Aydin'*”!
studied some physical properties of almond kernels at different
moisture levels. Khir et al.?"! determined the terminal velocity of
freshly harvested walnuts and found a strong linear relationship
(R*>0.90) between the terminal velocity with the density and MCs.
They developed an effective sorting approach for walnuts, named
‘air knife’ and has been adopted in the industry. However, limited
information is available in the literature about the physical and
aerodynamic properties of off-ground harvested almonds with
different maturity levels that can be used for developing sorting
technologies for almonds.

Therefore, the goal of this study was to develop effective sorting
methods of off-ground harvested almonds based on their physical
and aerodynamic properties. Specific objectives include: (1) to
evaluate the effectiveness of off-ground harvesting in mitigation of
insect damage; (2) to characterize the physical and aerodynamic
properties of in-hull, in-shell almonds, kernels and loose hulls from
off-ground harvesting; (3) to study the correlation between the
physical and aerodynamic properties with MC of almonds; (4) to
develop effective sorting methods for freshly harvested almonds.
The findings from this study can provide important information in
developing efficient drying methods for off-ground harvested
almonds to meet the urgent needs in the industry and to improve
processing efficiency, product quality and safety.

2 Materials and methods

2.1 Initial characteristics of almonds

The almonds of three varieties, including Nonpareil (soft-shell),
Monterey (medium hard-shell) and Fritz (hard-shell), were used for
conducting this study. The almonds were shaken off from trees
about 10 d earlier than the conventional harvest and collected
directly (off-ground) using a catch-frame at Nickels Soil Lab,
Arbuckle, CA, USA in the harvest season 2019. Around 500 kg of
almonds of each variety were transported to the Food Processing
Laboratory, University of California Davis and processed

immediately. Meanwhile, the portions of almonds from the same
batch were left on-ground for natural drying and collected later for
quality evaluation and comparison. Harvested almonds included
three major fractions: in-hull almonds, in-shell almonds, and loose
hulls (as shown in Figure 1). The weight ratio of each fraction in
the harvested mixture was measured.

Z

In-hull almond In-shell almond

Axial dimensions
Note: L: the length of almond, mm; W: the width of almond, mm; 7: the
thickness of almond, mm.
Figure 1 Axial dimensions and different fractions of off-ground
harvested almonds

2.2 Measurement of insect infestation percentage and bulk
density

For each variety, 150 freshly harvested almonds were
randomly selected from the off-ground harvesting and conventional
harvesting, respectively. The hulls and shells were carefully
opened, and the status of insect infestation was visually evaluated.
The numbers and percentage of the insect-infested almonds were
recorded and calculated as follows:

Yy = Ninsect in-shett + Ninsect,in—huit %100% 1)

N total
where, Vi, 1S the insect infestation percentage, %; Niuseerin-shenr 15
the number of insect-infested kernels in the in-shell almonds;

Nipsectin-ma 18 the number of insect-infested kernels in in-hull
almonds; N,,,,; is the total number of almond kernels.
2.3 Measurement of axial dimensions and bulk density

The axial dimensions of the in-hull almonds, in-shell almonds,
loose hulls and kernels were measured with a digital caliper
(0.01 mm accuracy, KR 001, KRAFTLER) as shown in Figure 1.

The bulk density (p,) is the ratio of the mass sample to its total
volume when almonds are stacked in bulk. The bulk densities of
almonds were determined using a method that was introduced by
Aydin®®?.  Specifically, a sample of known mass was poured and
loosely filled into a container with known volume, and any excess
amount was removed. The bulk density was then calculated using
Equation (2):

7 2
where, W ompones,i 1S the mass of the almond samples, kg; V is the
volume of the container, m’.

2.4 Moisture content determination and distribution

To determine the distribution of MCs of each component
(kernel, shell and hull) in the freshly harvested almonds, 30
samples of the loose hull, in-hull almonds and in-shell almonds

P =

were randomly selected, numbered, broken and then weighed
independently. The MC on wet basis (w.b.) of each almond
component was measured by drying the samples in an air oven at
105°C for 24 hP? and calculated using Equation (3):

mc,,, =" V‘VW" 3)

i
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where, W; is the initial weight of the almond sample, kg; W is the
dry weight of the almond sample, kg; MC,,,; is the wet basis MC of
the almond component, (kg water)- (kg wet mass) .

Then, the MC of the whole almonds was calculated as
Equation (4):
MC,, = Wi =Wia)+ Wi = W) + Wi = W)

Wy + Wi + W)

where, W}, is the initial weight of almond hulls, kg; ; is the initial
weight of almond shells, kg; W,; is the initial weight of almond
kernels, kg; W, is the final weight of almond hulls, kg; W, is the
final weight of almond shells, kg; W, is the final weight of almond

“)

kernels, kg.
2.5 Terminal velocity determination

The terminal velocity of individual almonds was measured in a
cylindrical column using a method described by Khir et al.”). The
customized device (Figure 2) was composed of a vertical transparent
A
centrifugal blower (Dayton Electric Mfg. Co.) that produced vertical
upward airflow, and a speed amplifier (Dayton Electric Mfg. Co.)
was used to control the air speed. The airflow was distributed
through an air straightener to ensure uniform airflow distribution,
and a perforated screen set at a height of 50 cm in the column was
used as a sample holder. A hot air anemometer (HHF-SD1, Omega,
USA, 0.1 m/s accuracy) was used to measure the air velocity at
where the individual almond was suspended. In each test, an
individual almond was placed on the holder, and the terminal
velocity was measured as the velocity at which the nut was just lifted
off the screen. Three replicate measurements were taken for each
almond.

I e Almond

plastic column with 100 cm height and 20 cm diameter.

— == 20 cm

<— Transparent column

+— Perforated screen

b 4— Airflow straightener
Centrifugal blower
Speed amplifier

© 0O

[ ] Electric motor

Figure 2 Schematic diagram and photo of terminal velocity
measurement devicel®”)
2.6 Statistical analysis
The differences in the dimensions, bulk densities and terminal
velocities of almonds from the same variety, and the differences in

-

the insect infestation percentages for different varieties and
harvesting methods were studied using Tukey test at a confidence
level of 95% by analysis of variance (ANOVA). Linear regression
models were used to correlate the MC of overall in-hull almond or
in-shell almond with its kernel MC, and the correlation between the
thickness and terminal velocity with the MC of the samples. The

adjusted coefficient of determination (Radj2) and root mean square
error (RMSE) were used to evaluate the regression models

using the linear regression kit in the Origin software (Version 2019,
OriginLab Corporation, Northampton, MA). The statistical values

were defined as the following equations:
z:’ (Rexp,[ - Rpre,[)z

_ ZT(E_Rw‘eJ)Z
N-p-1

(N-=1)

R, =1

where, p is the number of predictors; N is the total number of

samples.

2 Reypi = Rpe)®

n

RMSE =

where, R..,; is the experimental values of the response variables
(MC, thickness, or terminal velocity); R, is the predicted value of

the response variables (MC, thickness, or terminal velocity); @

is the average value of the experimental response variables; 7 is the
number of observations. The values of regression parameters were

chosen for the minimization of RMSE and maximization of Radjz.
3 Results and discussion

3.1
ratios

The insect infestation percentage, bulk density and initial
weight ratio different fractions of the off-ground harvested and
conventionally harvested almonds of each variety are summarized in
Table 1. It was found that the insect infestation percentage in the
off-ground harvested almonds ranged from 2.5% to 6.3%, which
was about half of those in the on-ground dried almonds
The female insect possibly laid eggs in the

(4.5%-11.4%).

split-hull almonds while the nuts were still on the tree. During the
on-ground natural drying process, the high moisture almonds spent
extended periods on the orchard floor. The suitable air temperature,
humidity and soil moisture on the orchard ground facilitated the
quick hatching, growing and infestation of destructive insects, and
caused serious damage to the kernel meat. Meanwhile, it was found
that Monterey variety had more severe insect damage than the other
two varieties. Such results might be attributed to that the Monterey
variety used in this study was harvested later and spent a longer time

on the tree.

Table 1 Insect infestation percentage, bulk density, and initial weight ratios of different fractions of almonds
Insect infestation percentage/%™! Bulk density/kg-m ! Initial weight ratio
Variety
Conventional harvest Off-ground harvest Hull In-shell In-hull Hull In-shell In-hull
Nonpareil 6.3%1.1° 3.340.8" 240+23" 280+11° 330425 34%+5% 10%+4% 56%+6%
Monterey 11.4+2.6* 6.3+1.0° 200+19° 300+16% 310+26° 8%+4% 14%+5% 78%+3%
Fritz 4.5+1.0%¢ 2.5+0.5¢ 260+22° 340+12° 390+20° 38%+6% 11%+5% 51%+6%

Note: [*): The insect infestation ratio of each category was measured using 100 randomly selected almonds. ™: The same lower-case letters denoted that the differences in
the bulk densities of almonds from the same variety were not significant at p<0.05. [): The same upper-case letters denoted that the differences in the insect infestation

percentage of almonds were not significant at p<0.05.

Bulk density is very important in determining the capacity of
drying systems®”).  The bulk density of the in-hull almonds, in-shell
almonds and loose hulls ranged from 310 to 390 kg/m®, 280 to

340 kg/m® and 200 to 260 kg/m’, respectively for the three varieties.

These results were in accordance with the findings reported by

Aydin®®" and Mirzabe et al.?”. It was found that the bulk density

[27,28]

®)

©

Insect infestation percentage, bulk density and weight
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of the Fritz almonds with the smallest length and width was the
highest among the three varieties. The weight of in-hull almonds
took up more than half of the total harvest weight, and the weight of
in-shell almonds was less than 15%. The weight ratio of loose hulls
ranged from 8% to 38%.

Meanwhile, the weight percentages of different components in
the in-shell and in-hull almonds for different varieties were
determined. For in-shell almonds, the kernel took up 52.2%-61.8%
and shell took up 47.8%-38.2% of the total weight. For in-hull
almonds, the weight percentage of hull, shell and kernel ranged
48.2%-65.3%, 13.7%-24.1% and 21.0%-27.7%, respectively.

3.2 Moisture characteristics
3.2.1 Distribution of initial moisture content

The frequency distribution plots for the MC of different almond
components from different varieties are shown in Figure 3. The
moisture distribution curves show good normality with peaks around
the average MCs. Some of the curves appear to be skewed to the
right, which suggests the presence of samples with relatively high
MC.

From Figure 3a, it is found that the MCs of kernel and shell from
in-shell almonds of Nonpareil variety range from 0.021 to 0.124 kg
water/kg wet mass and 0.039 to 0.125 kg water/kg wet mass,
respectively. Meanwhiles, the MC of kernel, shell and hull from
in-hull almonds range from 0.002 to 0.246 kg water/kg wet mass,
0.004 to 0.195 kg water/kg wet mass and 0.025 to 0.500 kg water/kg
wet mass, respectively. The MCs of loose hulls range from 0.150 to
0.360 kg water/kg wet mass. Similar distribution patterns are
observed for Monterey (Figure 3b) and Fritz varieties (Figure 3c).

For Monterey variety, the MCs of kernel and shell from in-shell
almonds range from 0.005 to 0.325 kg water/kg wet mass and 0.039
to 0.172 kg water/kg wet mass, respectively. The MCs of kernel,
shell and hull from in-hull almonds ranged from 0.003 to 0.293 kg
water/kg wet mass, 0.016 to 0.285 kg water/kg wet mass and 0.001
to 0.519 kg water/kg wet mass, respectively. The MCs of loose
hulls range from 0.178 to 0.360 kg water/kg wet mass.

For Fritz variety, the MCs of kernel and shell from in-shell
almonds range from 0.013 to 0.178 kg water/kg wet mass and 0.054
to 0.152 kg water/kg wet mass, respectively. The MCs of kernel,
shell and hull from in-hull almonds ranged from 0.003 to 0.402 kg
water/kg wet mass, 0.025 to 0.326 kg water/kg wet mass and 0.010
to 0.557 kg water/kg wet mass, respectively. The MCs of loose
hulls range from 0.191 to 0.326 kg water/kg wet mass. Although
the average kernel MCs were similar in the three varieties, the MC
distribution of Fritz variety was wider compared to that of the other
two varieties.

The obtained results clearly showed that the MCs of kernel and
shell in the in-hull almonds were much higher than those in the
in-shell almonds at harvest, and the MC distribution of in-hull
almonds was also much wider than the in-shell almonds.
Meanwhile, the moisture distribution of loose hulls was narrower
than the hull from in-hull almonds. The MC of almond hull was
much higher than the shell and kernel. At the same time, it was
observed that the MC of shell was higher than the kernel in both the
in-shell and in-hull almonds. Based on these moisture distribution
characteristics, if the in-hull almonds and in-shell almonds are to be
dried together in a mix, the MC of the final products will not be
uniform. The high moisture in-hull almonds may be under-dried,
causing food safety issues. The low moisture in-shell almonds may
be over-dried, resulting in quality deterioration and energy waste.
Therefore, the in-hull and in-shell almonds should be separated and
dried separately in order to improve the moisture uniformity in the

product with ensured quality and safety.
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Figure 3 Initial moisture content distributions (wet basis) of
almond components for Nonpareil, Monterey and Fritz varieties

In addition, since the MCs of hulls and shells were higher than
the MC of kernels, it may be practical to use high temperature
heating to rapidly increase the almond temperature and partially
remove moisture from almond shell and hull without affecting the
product qualityt4.
consumption of the drying process may be reduced
Additionally, it was found that the initial weight of the loose hulls
and hulls from the in-hull almonds took up around 60% of the entire

As a result, the drying time and energy
[28]

almond weight (Table 1). Therefore, separating the loose hulls and
de-hulling the in-hull almonds before the drying should significantly
reduce the space and cost needed for the handling, transportation and
drying, as well as reduced energy needed for the drying process.
3.2.2 Correlation between the whole almond MC and kernel MC
Estimation of the MC of almond kernels based on the overall
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MC of whole almonds is important for determining the appropriate
drying conditions. The overall MC of in-shell and in-hull almonds
and corresponding kernel MC for the three varieties are plotted in
Figure 4. The correlations between the overall MC of almonds and
the kernel MC were determined using regression analysis (Table 2).
The results showed that there were strong linear correlations
between the overall almond moisture and kernel moisture, the Radjz
ranged from 0.796 to 0.985 for different varieties. Monterey
almonds showed the highest correlation, while Fritz almonds had the
least correlation, which may be attributed to the wider distribution of
the MC in the Fritz walnuts. The regression models that are shown
in Table 2 can be used to predict the range of kernel moisture as
dependent on the overall almond moisture.
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Figure 4 Correlation between the overall moisture content
(wet basis) of in-hull and in-shell almonds and corresponding
kernel moisture for Nonpareil, Monterey and Fritz varieties

Table 2 Correlation between the MCs of overall almonds and
corresponding kernel MCs

Variety Fraction Regression equation R”d/z RMSE
. In-hull MCiemer=1.146XMCip pyi—0.020 0.902  0.00467
Nonpareil
In-shell ~ MCyemne=0.527*MCipsher—0.019 0932 0.01194
In-hull MCremer=1.408xMCip py—0.038 0.985  0.00647
Monterey
In-shell ~ MCyeme=0.687*MCip gher—0.012 0912 0.01624
Fri In-hull MCreme=1.295XMCip pu—0.040 0.895  0.00806
itz
In-shell  MCieme=0.948*MCipsheri—0.070  0.796  0.03660

3.3 Dimensional characteristics

The average values and standard deviations of the axial
dimensions of loose hulls, in-hull almonds, in-shell almonds and
corresponding kernels for the three varieties are summarized in
Table 3.

Table 3 Average and standard deviation of different fractions
of fresh-harvested almonds

Dimension/mm'™

Variety Category
Length (L) Width (W) Thickness (7)
In-hull 37.542.7 28.0+2.5° 23.6+4.4
In-shell 33.6£2.4%® 21.8+1.9% 13.8+1.2°
Nonpareil b X B
Kernel 24.5+1.6™ 13.9+1.2° 7.0+0.5
Loose hull 38.142.6° 27.3+4.2° 23.7+7.1™
In-hull 38.343.0° 24.8+2.3° 23.242.0°
In-shell 38.043.0° 22.2+1.5" 17.4+1.4°
Monterey b i
Kernel 24.9+3.3 13.7+1.8° 8.3+0.7
Loose hull 40.2+3.0° 24.8+4.4° 243+3.8°
In-hull 35.942.7* 24.1+2.5° 24.542.5°
) In-shell 32,5427 20.3+1.6° 17.2+1.3¢4
Fritz b X c
Kernel 21.9+1.7% 12.5+1.1° 8.6+1.2
Loose hull 36.33.0° 22.7+6.1% 28.3+7.9®

Note: : The same lower-case letters denoted that the differences in the
dimensions of almonds from the same variety were not significant at p<0.05.

The results indicated that almonds of different varieties had
different dimension characteristics. In general, the size of Fritz
almonds was the smallest, and the size of Monterey almonds was the
largest. As expected, the axial dimensions (L, W and T) of the
in-hull almonds were larger than those of in-shell almonds and
kernels, and the size of loose hulls was similar to in-hull almonds.
Taking Nonpareil variety as an example, the average length of
in-hull almonds, in-shell almonds and loose hulls were 37.5 mm,
33.6 mm and 38.5 mm, respectively; the average width of in-hull
almonds, in-shell almonds and loose hulls were 28.0 mm, 21.8 mm
and 27.3 mm, respectively; and the average thickness of in-hull
almonds, in-shell almonds and loose hulls were 23.6 mm, 13.8 mm
and 23.7 mm, respectively. Similar trends were observed in the
other two varieties. It was found that the thickness (T) was the
smallest among the three axial dimensions, and the thickness of the
in-shell almonds was significantly (p<0.05) smaller than that of the
loose hulls and in-hull almonds. Therefore, the thickness of the
almonds could be selected as cut-off sizes for separating the in-shell
almonds from the loose hulls and in-hull almonds. The sorting
visibility based on the dimensional characteristics of almonds is
discussed in Section 3.6.
3.4 Terminal velocity

The values of terminal velocity (TV) of individual almonds
from the off-ground harvest are summarized in Table 4, and the
frequency distribution plots of TVs are shown in Figure 5.
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Table 4

Range and average values of terminal velocities of
fresh-harvested almonds

Terminal velocity/m-s™"

Variety Category
Range Average+Standard deviation™!
In-hull almond 10.93-18.60 13.99+1.30°
Nonpareil  In-shell almond 9.66-12.58 11.16+0.89™
Loose hull 10.01-13.37 11.48+0.61%
In-hull almond 11.81-14.49 13.01+0.67*
Monterey  In-shell almond 9.89-12.58 10.94+0.55°
Loose hull 8.38-11.70 9.7740.71°
In-hull almond 13.06-16.60 14.18+0.92°
Fritz In-shell almond  11.51-13.76 12.24+0.50°
Loose hull 8.75-11.42 10.09+0.79"

Note: [: The same lower-case letters denoted that the differences in the terminal
velocities of almonds from the same variety were not significant at p<0.05.
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almonds for Nonpareil, Monterey and Fritz varieties

It was found that the range of TV of in-hull almonds was much
higher than that of the loose hulls, and the overlap was small. It was

suggested that the in-hull almonds and loose hulls could be
separated based on their difference in the TV. Meanwhile, the TV
ranges of in-shell almonds overlapped more with both the other two
fractions, particularly for the Nonpareil variety. Therefore, using
the TV for sorting as the first step may not be practical, since large
portions of in-shell almonds may be misclassified into the other two
fractions. Once the in-shell almonds are already separated through
size screening, TV can be used as the second step to effectively sort
and separate the loose hulls and in-hull almonds.
3.5 Correlation between axial dimensions and terminal
velocities vs. MCs

The correlations between the almond thicknesses (in-hull
almonds, in-shell almonds and loose hulls) and their MCs, and
between the terminal velocities and their MCs were also determined
using regression analysis. As shown in Figures 6 and 7, no
apparent patterns are observed. Meanwhile, the values of Radiz and
RMSE were calculated and summarized in Table 5. It was found
that the linear correlations between the thicknesses and MCs of
almonds or between the terminal velocities and MCs were not
significant (p<0.05), as suggested by the low values of Radjz. The
results may be attributed to the degree of the hull opening of
Therefore, sorting based on the MCs of
almonds may not be feasible. Instead, off-ground harvested
almonds should be sorted into different groups (in-hull almonds,
in-shell almonds and loose hulls) based on their dimensional

individual almonds.

characteristics and aecrodynamic properties.
Table 5 Correlation between almond thickness and moisture

content
Thickness with MC Terminal velocity with MC
Variety  Fraction
Radj’* RMSE Radi® RMSE
In-hull 0.084 421629 0.270 1.11070
Nonpareil  In-shell 0.030 1.19650 0.047 0.59603
Hulls 0.420 5.41521 0.196 0.79522
In-hull 0.047 1.94186 0.008 0.60740
Monterey  In-shell 0.153 1.28983 0.022 0.49217
Hulls 0.013 4.00148 0.010 0.65968
In-hull 0.028 2.48147 0.002 0.93893
Fritz In-shell 0.013 0.25320 0.003 0.50618
Hulls 0.002 7.99760 0.013 0.78829

3.6 Effectiveness of sorting methods

The ideal outcome of the sorting is to maximally remove the
loose hulls without losing products. At the same time, the in-shell
and in-hull almonds should be effectively separated since their MCs
are very different and then they can be dried separately. As
discussed in the previous sections, size sorting based on almond
thickness could be applied as the first step to sort out the in-shell
almonds, and then TV sorting could be applied to separate the in-hull
almonds and loose hulls.
3.6.1 Size sorting

As shown in Figure 6, the thickness of the in-shell almonds was
apparently smaller than the majority of the other two fractions, and
the distribution range was relatively narrow. Therefore, if the
cut-off size of 16.5 mm, 21.3 mm and 21.1 mm were selected for
Nonpareil, Monterey and Fritz varieties, respectively, 100% of the
in-shell almonds could be separated.
observed that part of the in-hull almonds and loose hulls with small
thickness would be mixed into the in-shell almonds. To evaluate
the sorting efficacy, the percentages of the misclassification were
determined. For Nonpareil, Monterey and Fritz variety, 0% in-hull

However, it was also
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almonds and 16.7% loose hulls, 10.0% of in-hull almonds and
30.0% of the loose hulls, 6.7% in-hull almonds and 23.3% loose
hulls would be mixed in the in-shell almonds, respectively. The
misclassification percentages were relatively small and should be
considered acceptable.

After size sorting, the MCs of in-shell almonds ranged from
0.059 to 0.102 kg water/kg wet mass with an average MC of
0.081 kg water/kg wet mass for Nonpareil variety. For Monterey
variety, the MCs of in-shell almonds after sorting ranged from 0.056

to 0.106 kg water/kg wet mass with an average of 0.085 kg water/kg
wet mass, and the MCs of misclassified in-hull almonds ranged from
0.185 to 0.210 kg water/kg wet mass. For Fritz variety, the MCs of
in-shell almonds after sorting ranged from 0.065 to 0.110 kg water/kg
wet mass with an average MC of 0.097 kg water/kg wet mass, and
the MCs of misclassified in-hull almonds ranged from 0.200 to
0.222 kg water/kg wet mass. Through the sorting, the moisture
ranges of in-shell and in-hull almonds were narrowed compared to
the almond mixture.

Category
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Figure 6 Distribution of almond thickness against moisture content, and cut-off size (black line) for Nonpareil, Monterey and Fritz variety

3.6.2 Terminal velocity sorting

As shown in Figure 7, when the critical values of the TVs were
selected as 12.3 m/s, 11.8 m/s and 12.2 m/s for Nonpareil, Monterey
and Fritz varieties, respectively, the in-hull almonds and loose hulls
could be 100% separated for Monterey and Fritz varieties. It

should also be noted that for Nonpareil variety, 3.3% of in-hull
almonds would be lost in the loose hulls, while 13.3% of loose hulls
were mixed with in-hull almonds. Although lowering the TV may
avoid product loss, most of the loose hulls would then be mixed with
the in-hull almonds, which would reduce the efficiency of sorting.
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Figure 7 Distributions of terminal velocity of almonds against moisture content, and critical values of terminal velocities (black lines) for
Nonpareil, Monterey and Fritz variety

After the TV sorting, the MCs of in-hull almonds ranged from
0.164 to 0.188 kg water’kg wet mass with an average MC of
0.198 kg water/kg wet mass for Nonpareil variety. For Monterey
variety, the MCs of in-hull almonds after sorting ranged from
0.141 to 0.270 kg water/kg wet mass with an average MC of
0.185 kg water/kg wet mass. For Fritz variety, the MCs of in-hull
almonds ranged from 0.166 to 0.379 kg water/kg wet mass, and the
average MC was 0.219 kg water/kg wet mass. It was found that the
distribution ranges of the sorted in-hull almonds were still wide, and
the weight of hulls from in-hull almonds represents at least 30% of
the total almond weight at harvest. Thus, de-hulling of the in-hull

almonds will be necessary to improve the moisture uniformity and
drying efficiency, and reduce the energy consumption and space
need for storage and transportation.

4 Conclusions

Almonds harvested off-ground had much lower insect
infestation percentage than the conventional on-ground dried
almonds. The freshly harvested almonds had different maturity
stages and resulted in three fractions, namely in-hull almonds,
in-shell almonds and loose hulls, which had different MCs.

Particularly, in-hull almonds and loose hulls had much higher MCs
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than the in-shell almonds at harvest, thus sorting of the three
fractions before drying is necessary. A two-step sorting approach
was developed. In the first step, the cut-off sizes of 16.5 mm,
21.3 mm and 21.1 mm could be used to sort out the in-shell almonds
by 100% for Nonpareil, Monterey and Fritz varieties, respectively,
which were selected based on the almond thickness. In the second
step, 96.7% in-hull almonds could be separated from loose hulls
using the terminal velocities of 12.3 m/s, 11.8 m/s and 12.2 m/s for
Nonpareil, Monterey and Fritz varieties, respectively. Overall, up
to 76.7% of the loose hulls at harvest could be removed, and only up
to 3.3% in-hull almonds may be lost during the sorting process.
The variation ranges of moisture in the in-shell and in-hull almonds
were improved after the sorting and separation compared to the
almond mixture. The research findings provided important
information for the development of efficient sorting and drying
methods for off-ground harvested almonds with improved
processing efficiency, product quality and safety. Implementing the
research findings should be helpful for addressing the urgent need in
the almond industry and improve sustainability.
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