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Method for the Estimation of the Individual Shelf Life of Eggs
Using Mapping Scanning with Near-Infrared Spectroscopy

KAWANO Toshio*'®, HIKIDA Yoshio*’, MURAI Masayuki*',
KAMIMUKAI Misa*', KASHINO Yukari*' and KAI Nonoka*'

% 1 Faculty of Agriculture, Kochi University, Monobe Otsu 200, Nankoku-shi, Kochi 783-8502
% 2 Faculty of Agriculture, Ehime University, 3—-5-7 Takumi, Matsuyama-shi, Ehime 790-8566

To prevent the loss of eggs used for consumption, it is important to know the individual shelf life
of eggs. In this study, a method for the estimation of the individual shelf life of eggs was proposed,
based on the diffuse reflectance spectra mapping data obtained from the egg surface. The storage test
for the eggs was conducted at a constant temperature, and for the test period, the spectra at 16
points on the surface of each egg, its Haugh Unit (HU) values, and albumen ATP values were
measured every 3 days. The HU values were found to be highly correlated to the number of days
after laying (DAL) with R*=0957. The relationships between the spectra mapping data and DAL
were analyzed using the PLSR method, and ten wavelengths with good correlation performance were
nominated. An estimation model for HU and albumen ATP values of eggs based on the spectra and
its secondary different data was then constructed using neural networks with 20 input layer neurons,
40 hidden layer neurons, and 2 output layer neurons. The results obtained using the trained neural
network estimation model showed good agreement with the measured data, the performance being *
5.5% in average relative error both for HU values and ATP values.

(Received Jan. 19, 2015 ; Accepted Apr. 8, 2015)
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Fig.1 Apparatus for the mapping scanning of eggs
using near-infrared spectroscopy
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Table 1 Suitable wavelengths at each egg surface

portion analyzed for the estimation of quality
deterioration, which was obtained using PLSR analysis

Measuring Surface Portion on an Egg

A B* Cc* D*
1,034 1,049 1,034 1, 264
1, 264 1,140 1,049 1, 355
1,267 1,264 1,184 1,375
Wave 1,269 1,267 1,264 1, 386
Lengths 1, 369 1,269 1,270 1,545
(nm) 1, 386 1,375 1,355 1,550
1,534 1,536 1, 386 1,553
1,550 1, 550 1,550 1,564
1,553 1,553 1,553 1,570
1,570 1,572 1,569 1,572

*Capital letters correspond to the scanning probe directions
in Fig.l
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Table 2 Evaluation of the estimation accuracy of the
proposed neural network model

Scanning DAL (Days)
surface Average
. 6 9 12 (%)
portion
A 3.0 —0.1 0.8 14.6 4.6
B —-11.5 0.4 —2.4 10.9 —-0.6
HU
C 3.6 23.4 —1.24 —-3.6 5.5
D -3.4 -1.0 6.2 —1.2 0.1
A 0.5 —2.5 15.6 8.5 5.5
B 15. -0. —-29.4 . -1.
ATP 5.5 0.3 9 7.9 6
C -1.5 0.3 12.1 6.7 4.4
D -2.1 1.8 —-9.6 65.1 13.8

*Values in the table are the relative errors (R.E.) calculated
by the following equation

(Model estimation value — Measured average value)

0, =
R.E.(%) Measured average value

x100
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Vacuum Drying Characteristics and New Prediction Model
for Changes in Moisture Content of Adzuki Beans
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The vacuum drying method was applied to the drying of adzuki beans in this study. The effects of
vacuum level and temperature on the drying rate and sample quality (intact bean kernel and hull) of
adzuki beans were examined at various temperatures (20~70C) and vacuum pressure levels (0.07~
0.10 MPa). Broken and cracking sample beans were not observed under any measurement conditions.
The drying rate of the sample was faster with vacuum drying than with hot air drying. The vacuum
drying method was found to be applicable to adzuki beans with a moisture content of 25% on a dry
basis or less at temperatures of 20~70C. A new drying model related to temperature and vacuum
level was developed to estimate changes in the moisture content of adzuki beans during vacuum
drying with sufficient accuracy for practical use. The effective diffusion coefficients of the sample were
estimated using Fick's second diffusion model, and they were shown to be a function of temperature

and vacuum level.
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The eastern region of Hokkaido is a major site of
bean production in Japan. At harvest, the moisture
content of adzuki beans renders them unsafe
storage, and so drying is necessary for commercial
production of these beans. Currently, in Japan,
almost all beans are first dried from 33 to 25%, on
a dry basis (d.b.), or less in the field by sun drying,
and then from 25 to 18% (d.b.) or less by hot air
drying. Because the weather influences the drying
treatment of these beans, the establishment of a
drying method and conditions that result in efficient
drying with no loss of bean quality is needed.
Therefore, knowledge of the drying characteristics
of beans is necessary for the design of equipment
and processes as well as for quality control in
adzuki bean drying.

The drying characteristics of many food types
have been determined, and many mathematical
models have been used to describe the food drying

|1J

process. MURATA et a investigated the drying

|2>,3J

characteristics of soybeans. Tacawa et a and

| reported on the thin-layer drying

MURAMATSU et al
characteristics of adzuki beans and kidney beans.
Other studies have assessed the drying of

5)~7)

soybeans” ™, white beans”, lentils’, Bengal gram”,

green beans'”, peanuts"”, and cocoa beans”.
However, almost all of the reports on bean drying
have described hot air drying characteristics, and
little research has been performed on the drying
characteristics of adzuki beans, specifically.

During the drying of beans, it is necessary to
avoid cracking the bean kernel and rupturing the
hull of the bean. Usually, the beans are dried at low
temperature by a forced air-drying method to avoid
this quality degradation. The hulls of beans are
thick and firm, such that movement of moisture
through the hull is slower than in grains’ ™.
Because of this, drying beans to a moisture level
acceptable for safe storage by the forced air-drying
method is a lengthy process. The disadvantages of
forced air-drying include this long drying time
during the falling rate drying period and a low

§ Corresponding author, E-mail : y-murama@nodai.ac.jp
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energy efficiency. Compared with the forced air-
drying method, vacuum drying has some distinctive
advantages, such as faster drying rate, lower drying
temperature, and oxygen deficient processing
environment, which may help to improve the
quality and nutritive value of the dried products™.
Therefore, the vacuum drying method can be an
effective method to hasten the drying of beans.
Examples of studies that have been conducted on
vacuum drying of agricultural products include

13)

coconut press cake', eggplants™, date pulp cubes”,
date powder, and onion slices™. All of these
studies developed suitable models to describe the
vacuum drying process. However, no information
exists in the literature on the vacuum drying of
adzuki beans. If the beans are dried in unsuitable
vacuum drying conditions (initial moisture content
of the sample, vacuum level, and temperature), the
bean kernel can crack and the hull of the bean can
rupture, decreasing the quality of the beans.
Therefore, it is necessary to clarify the optimal
conditions in which the vacuum drying method can
be applied to the drying of beans. The optimal
vacuum drying conditions (i.e., vacuum level and
temperature) that will minimize this damage and
mathematical models that describe the vacuum
drying process are needed for adzuki beans.

I reported that the vacuum

MURAMATSU et a
drying method was suitable for scarlet runner beans
with moisture content below 25% (d.b.) and that
the diffusion coefficient values for vacuum drying
were approximately twice as much as the values
for hot air drying at the same temperature.
Therefore, vacuum drying may be a useful method
to shorten the drying time of adzuki beans.

In this study, vacuum drying characteristics of
adzuki beans were measured at  selected
temperatures (20~70C) and vacuum levels (0.07~
0.10 MPa). A new drying model was then proposed
to estimate the changes in moisture content of the
sample during vacuum drying. The estimated
constants from the drying model were then
represented as a function of both vacuum drying
temperature and vacuum level. In addition, by using
Fick’s second diffusion model, the effective diffusion
coefficients of the sample were estimated and were
shown to be a function of both vacuum drying
temperature and vacuum level. The objectives of
this study were @ to examine the vacuum drying
characteristics  of  the sample at  various

temperatures and vacuum levels; @ to develop a
new drying model for estimation of the changes in
moisture content; and @ to evaluate the relationship
between the effective diffusion coefficient,
temperature, and vacuum level. The results obtained
in this study will provide useful basic information
for the optimum drying of adzuki beans.

Materials and Methods

1. Sample

The adzuki beans (cv. “Erimoshozu”) used in this
study were harvested in November 2005 in the
town of Bihoro in Hokkaido, Japan, and were
purchased from a Japanese agricultural cooperative
in Bihoro (JA Bihoro). The experiments were
conducted from 2005 to 2006. In Bihoro, the adzuki
beans were dried by the sun drying method or the
forced air - drying method, with both methods
performed in ambient air. The dried beans were
stored at ambient temperature. The sample beans
were brought to the laboratory in sealed vinyl bags
to maintain the initial moisture content and were
stored at room temperature (20~25C). The sample
beans were dark garnet-brown in color and, on
average, were 70 * 0.4 mm long, 5.0 * 0.2 mm wide,
and 4.6 = 0.3 mm thick. The moisture content of the
sample was determined using the oven drying
method in which 10 g of the sample was dried in a
forced-hot-air oven (DX-600, Yamato Scientific Co.,
Ltd.) at 105C for 24 hours, in accordance with the
Japanese  Society of  Agricultural = Machinery

" The moisture content of the sample

standards
carried into the laboratory was approximately 15%
(d.b.). Prior to measuring the drying characteristics,
the sample beans were remoistened to the desired
initial moisture content of 25% (d.b.) by the
addition of a predetermined quantity of distilled
water to 50g of sample in a vinyl bag, because
adzuki beans are normally delivered to drying
plants with this moisture content. To ensure the
uniform distribution of moisture in the bag and to
equilibrate the moisture content of the sample, the
sealed bag was stored in a refrigerator at
approximately 5C and mixed by shaking
periodically for 7 days prior to testing. Beans with
ruptured kernels or cracked hulls, determined by
visual observation, were removed before the drying
test.
2. Vacuum drying test

The changes in the moisture content of the
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Fig. 1 Schematic of the vacuum drying apparatus

sample using the vacuum drying method were
measured at six temperatures (20, 30, 40, 50, 60,
and 70C) and at four vacuum levels (0.07, 0.08, 0.09,
and 0.10 MPa), respectively. The absolute pressure
at a vacuum level of 0.10 MPa was 200 Pa in this
study. The absolute vacuum pressure values were
almost the same as the values converted from the
standard pressure (0.101325 MPa) and vacuum level.
Fig. 1 shows a schematic of the vacuum drying
apparatus used in this study. A vacuum drying
oven (DP33, Yamato Scientific Co., Ltd.) was used
as a vacuum drying chamber and temperature
control unit. The drying chamber was 300 mm wide,
250 mm long, and 250 mm high. The temperature in
the drying chamber, as well as the surface and
internal temperature changes of the sample, was
measured with a T-type thermocouple and was
recorded with a data logger (GR-3500, KEYENCE
Co., Ltd.). The desired degree of vacuum in the
chamber was maintained with a vacuum pump (PD
202, Yamato Scientific Co., Ltd.) and pressure
regulator (T203-1-02BG, AS ONE Co., Ltd.), and the
air in the chamber was continuously removed.
Changes in mass, ie., moisture content changes,
during drying were measured using a load cell
(LVS-200GA, KYOWA Electronic Instruments Co.,
Ltd.) fixed on a supporting frame and a sensor
interface ( PCD - 300 A, KYOWA  Electronic
Instruments Co., Ltd.), and the changes in sample
mass were automatically recorded on a personal
computer. A stainless steel basket, 120 mm in
diameter and 15 mm in height with a 3.0 mm aperture,

was utilized as a sample tray. The sample
(approximately 50 g ) was placed on the sample
tray and then suspended from the load cell. The
drying test was terminated when the moisture

content of the sample was approximately 5% (d.b.).

Broken and cracked beans were determined again
by wvisual observation after the drying test. The
final moisture content of the sample was measured
using the previously mentioned oven drying method.
Utilizing the measured value of the final moisture
content, the changes in mass during drying were
converted to the moisture content of the sample.

Results and Discussion

1. Cracking of the bean kernel and hull, and
changes in moisture content

During drying, it is necessary to avoid cracking
the bean kernel and rupturing the hull of the bean
due to the stress of changes in temperature and
moisture of the bean. More specifically, the initial
moisture content of the bean and the drying rate
influence the integrity of the bean. The drying rate
decreases with a decrease in the moisture content
during the falling rate drying period, ie. the drying
rate is faster with higher moisture content.
MuramaTsu et al' reported that broken and
cracking scarlet runner beans were not observed at
an initial moisture content of 25% (d.b.) in the
vacuum drying process. In this study, no broken
and cracking sample beans were found under any
measurement conditions. It is assumed that the
drying  conditions ( initial moisture  content,
temperature, and vacuum level) were suitable to
eliminate the breaking and cracking of samples.
Therefore, the vacuum drying method was found to
be applicable to adzuki beans with a moisture
content of 25% (d.b.) or less at temperatures of 20
~70C.

The changes in moisture content of the sample at
six different temperatures (20~70C) and at a
vacuum level of 0.10 MPa are shown in Fig. 2. The
moisture content of the sample decreased with
elapsed time, exhibiting a gentle downward curve
from the beginning of the drying process. The
drying rate of the sample was obtained by
numerical differentiation (forward-Gregory - Newton
method) using the moisture content measurements.
Fig. 3 shows the relationships between drying rate
and moisture content at four different vacuum
levels (0.07~0.10 MPa) and at a temperature of
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30 moisture, such as cereals and beans, typically begins
Iy O 20C A 30T in the falling rate drying period”™**. The thin-
25 B O 40C © 50T layer hot air drying processes of adzuki beans” and
z ':."3':\:.‘ X 60C @ 70C several kinds of kidney beans”” were composed of
3 2 l""\;fec‘ — Calc the second falling rate drying period, and the
%E’ \'o B;A:f-‘-‘ccc‘ infinite cylinder model, infinite plane sheet model,
% 5 R, IS “A,:“ie,;_- X and sphere model, which are exact solutions for the
E ; 'o.li... B .::;:"ee,, b diffusion equation, were used to describe changes in
3 10 "-..":,-"i.;;_ e VN | the moisture content of these beans. MuraTa et al.”
.é PN - % ‘fffz:::... measured the  thin - layer hot air drying
5 [ ” ’2 characteristics of soybeans and analyzed the
09000 measured results using the infinite cylinder model.
P T HenDERSON and PaBis model was applied to the
0 0 5 10 15 drying of peanuts", and AMELLAL and BENAMARA"
Time (h) | used the same model to describe the vacuum

Fig. 2 Changes in the moisture content of the sample
at six different temperatures (20~70C) and at a
vacuum level of 0.10 MPa

The solid line shows the values calculated from equation (2).
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Fig. 3 Relationships between drying rate and moisture
content at four different vacuum levels (0.07 ~0.10
MPa) and at a temperature of 60C

60C. As shown in Fig. 3, the drying rate of the
sample increased with an increase in the vacuum
level at the same temperature and with increasing
temperature at the same vacuum level. Fig. 3
indicates that the vacuum drying process of the
sample comprises the falling rate drying period. The
relationship between the drying rate, moisture
content, temperature, and vacuum level for all
measurement conditions exhibited the same trend.

A number of researchers have shown that drying
of particulate agricultural products that contain little

drying kinetics of date pulp cubes. Doymaz” and
JabuAV et al” reported that Page equation
adequately predicts the drying characteristics of
green beans and green peas. Page equation is given
as:

M—M.

Mo M. =eXP(—REY) crererereeee (1)

Page equation has been widely applied to the
analysis of drying characteristics of many kinds of
agricultural products other than beans (e.g.,

23)

blanched sweet potato slices®, banana slices®”, black

*  tomatoes”™, and litchi®).

grapes®, asparagus roots
Mitra et al'”” have reported that Page equation
was a suitable mathematical model to represent the
vacuum dehydration Kkinetics of onion = slices.
Complete dehydration of material by the wvacuum
drying method is possible if the drying time is
sufficiently long. Therefore, the equilibrium moisture
content in equation (1) was considered to be

zero'”. Thus, equation (1) can be rearranged as
follows''" :
%:exp(—kt“) .................................... (2)

The measured drying data for adzuki beans at
each measurement condition were fitted to equation
(2) using the nonlinear least squares method. The
goodness of fit was evaluated by the values of the
root mean squared error (RMSE) and the
coefficient of determination (R?). The values of the
parameters, the RMSE, and the R? of equation (2)
at each measurement condition are given in Table 1.
As shown in Table 1, the values of the RMSE
increased with an increase in the vacuum level at
the same temperature and with an increase in the
temperature at the same vacuum level. Further, the
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Table 1 Values of the initial moisture content (Mo), constant (@), drying rate constant (k), root mean
squared error (RMSE), and coefficient of determination (R?) for equation (2) under each set of

measurement conditions

Vacuum Mo

RMSE

Temp. (C) a (—) E (h™Y) R (—)
level (MPa) (%, db.) (%, db.)

0.07 20 24.44 0.6882 0.0594 0.0708 0.9994
30 2458 0.7313 0.0837 0.1302 0.9985

40 24.31 0.6626 0.1405 0.1435 0.9985

50 26.11 0.6547 0.1724 0.2430 0.9964

60 23.99 0.6522 0.2331 0.3677 0.9924

70 23.87 0.6368 0.3139 0.4942 0.9876

0.08 20 24.44 0.6852 0.0848 0.0920 0.9991
30 2458 0.6598 0.1097 0.1342 0.9986

40 26.20 0.6690 0.1561 0.2852 0.9956

50 25.49 0.6571 0.1957 0.2778 0.9957

60 25.34 0.6288 0.2741 0.4722 0.9891

70 24.99 0.5774 0.3469 0.5148 0.9858

0.09 20 2712 0.6709 0.0989 0.1448 0.9985
30 25.11 0.7012 0.1189 0.1872 0.9976

40 2791 0.6752 0.1761 0.3097 0.9955

50 25.63 0.6286 0.2282 0.3968 0.9915

60 25.06 0.6081 0.3146 0.5153 0.9867

70 23.93 0.5815 0.4003 0.5985 0.9802

0.10 20 26.24 0.6717 0.1240 0.1786 0.9977
30 2711 0.6193 0.1820 0.3390 0.9936

40 27.83 0.6532 0.2427 0.5033 0.9897

50 25.45 0.5938 0.3034 0.4986 0.9871

60 24.95 0.5837 0.3731 0.6314 0.9796

70 2551 0.5736 0.5007 0.7444 0.9726

R? values decreased with an increase in the vacuum
level at the same temperature and with an increase
in the temperature at the same vacuum level
These results suggest that equation (2 ) has a
higher goodness of fit at lower vacuum levels and
lower temperatures. The solid line in Fig. 2 shows
the results calculated from equation (2). As shown
in Fig. 2, the measured results agreed well with
the calculated results. Similar results were obtained
for all other temperatures. Under all measurement
conditions, the changes in the moisture content of
the sample caused by vacuum drying could be
estimated by equation (2).

The drying rate of beans is slower than that of
many kinds of grains®™. A potential reason for this
is the larger particle size of beans. Furthermore, the
hulls of beans are thick and firm, such that
movement of moisture through the hull is slower
than in grains. Tacawa et al? have reported that

the drying rate constants of adzuki beans for the
hot air drying method were approximately 0.085 h™'
at 30C and 0.110 h™' at 40C, respectively. The
drying rate constants in equation (2 ) shown in
Table 1 were 1.0~2.1 times greater at 30C and 1.3
~2.3 times greater at 40C than the drying rate
constants for the hot air drying method”. These
results show that the drying rate of adzuki beans
with vacuum drying is faster than with hot air
drying. This is true particularly in the falling rate
period, because the drying rate decreases as drying
progresses and a lot of the drying time is needed.
Therefore, the vacuum drying method should be
applied to adzuki beans with moisture content
below 25% (d.b.) to decrease the drying time.

The temperature dependency of the drying rate
constants for soybean”, kidney beans”, and grains®
were expressed by the following Arrhenius-type
equation :
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Table 2 Values of the parameters, root mean squared error (RMSE), and
coefficient of determination (R?) for equations (3) and (8) at each vacuum level

Vacuum level (MPa)

Equation
0.07 008 0.09 010
(3) (o 5.443% 10’ 1.396 10’ 1.967 % 10° 1.279%10°
& 2780x10'  2373x10'  2428x10' 224110’
& 0.9914 09943 0.9920 09943
RMOE  7or5x10  5805x107  6457x107  9275%10°
I)u -1 -2 -2 -2
(8) by 2447X107 5201x107 6700X107 646210
E 4 1 4 4
oy 3850X10° 33TX10'  3396x10° 329110
& 0.9939 09919 09968 09918
RMSE  5350%10  8059x10°  8453x107  2054x10°"
(m*h™)
1.00
k:al.exp<_lg_%> ................................. (3)

Equation (3) shows that the relationship between
the drying rate constants and the reciprocal of the
absolute temperature is approximately linear in a
semi-logarithmic plot. The drying rate constants in
equation (2 ) shown in Table 1 increased as the
temperature increased at each vacuum level. Fig. 4
shows the Arrhenius relationship for the drying
rate constant at each vacuum level. The drying rate
constant shown in Table 1 at each vacuum level
was fitted by the linear least squares method to
equation (3). The values of the parameters, the
RMSE, and the R’ of equation (3 ) for each
vacuum level are given in Table 2. Equation (3) is
applicable for examining the relationship between
the drying rate constant and the absolute
temperature at each vacuum level.

As shown in Table 1, the drying rate constant
increased with an increase in the vacuum level at
each temperature. When the natural logarithm of
the drying rate constant was plotted against the
vacuum level for each temperature, the natural
logarithm of the drying rate constant increased
linearly with an increase in the vacuum level. The
temperature dependency of the drying rate constant
of the sample at each vacuum level is expressed by
equation (3 ). Therefore, we assumed the following
equation to represent the relationship between the
drying rate constant, temperature, and vacuum
level :

0.10
0.10MPa

0.09MPa
0.08MPa
0.07MPa

— Calc.

Drying rate constant (h™)

¢ OB O

0 01 A 2 1 3 1 3 3 0 1 3 3
2.8 3.0 32 34 3.6

1/T (x10*K™)
Fig. 4 Arrhenius relationships for the drying rate

constant of the sample at four different vacuum levels
(0.07~0.10 MPa)

The solid line shows the values calculated from equation (4).

1nk=(azP+bz)—% ........................ (4)

The drying rate constants shown in Table 1 for all
measurement conditions were fitted by the linear
least squares method to equation (4 ). The values of
the parameters, the RMSE, and the R’ of equation
(4) were: a»=—40.83, b>=11.14, ¢c2 = —1.581 x 10°,
e2 =3.805x10*, RMSE=1.033x102h"! and R*=
0.9916 (—=). The solid line in Fig.4 shows that the
calculated drying rate constants from equation (4 )
agreed well with the values shown in Tablel.
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Therefore, the drying rate constant for the sample
was written as a function of both temperature and
vacuum level by equation (4).

The drying model written as a function of both
vacuum level and temperature will be useful in the
vacuum drying simulation. In this study, to develop
a new prediction model for the changes in moisture
content of the sample during vacuum drying with
sufficient accuracy for practical use, the values of
constant @ in equation (2) were expressed by the
following equation (5) as a function of both
temperature and vacuum level:

@ =—1.672P+1.840 x 10T+ 1.372 (5)

The values of the RMSE and the R* between the
values of @ shown in Table 1 and the values
calculated from equation (5) were 0.0188(—) and
0.7914 (=), respectively. The changes in moisture
content of the sample were described by equation
(2) and the values of two parameters in equation
(2) (B and @) were represented by equations (4 )
and (5 ), respectively. Therefore, using equations
(2), (4), and (5), the changes in moisture
content of the sample were calculated and then
compared with the measured results. Namely,
substituting the values of % calculated from
equation (4 ), @ calculated from equation (5), and
the drying time to equation (2 ), the moisture
contents were calculated for each measurement
condition. A comparison between the measured
results and the results calculated from equations
(2), (4), and (5) at four different vacuum levels
(0.07~0.10MPa) and at a temperature of 50C is
shown in Fig.5.The broken line in Fig.5 shows the
result calculated from equations (2), (4), and (5),
which agreed well with the measured value. The
values of the RMSE and the R* between the
measured results and the values calculated from
equations (2), (4), and (5) were 0.1804~1.244%
(d.b.) and 0.9359 ~ 0.9976 (—), respectively. When the
calculated results from equation ( 2) using the values
of drying rate constant k and constant ¢ shown in
Table 1 were compared with the results calculated
from equations (2), (4), and (5), the deviations
were 0.0~1.4% (d.b.) (average : 0.3% (d.b.)). Thus,
the changes in moisture content of the sample
during vacuum drying could be estimated using
equations (2), (4), and (5). In this study, the
new drying model, ie., equations (2), (4), and
(5), was derived, and this model was suitable for

30
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Fig. 5 Comparison of the measured moisture content to
the result calculated from equations (2), (4), and (5)
at four different vacuum levels (0.07~0.10 MPa) and
at a temperature of 50C

The broken line shows the value calculated from equations
(2), (4), and (5).

predicting the changes in moisture content of
adzuki beans during vacuum drying in the ranges
of 20~70C and 0.07~0.10 MPa (vacuum level)
with sufficient accuracy for practical use. These
equations will be useful in the design of equipment
and processes for vacuum drying of adzuki beans.
2. Effective diffusion coefficient

The experimental drying data for the
determination  of  diffusion  coefficients  were
interpreted using Fick's second diffusion model. The
solution of Fick’s law for an infinite slab, with the
assumptions that moisture migration was by
diffusion, there was negligible shrinkage, and
diffusion coefficients and temperature were constant,

29) .

is given by equation (6)* :

M—M. -

8 _ s 2.2 2
Moo M. —Z}l (Zifl)znzeXp{ Dy (2 —1)2m2t/41%}
......................................................... (6)

For long drying times, equation ( 6 ) can be

simplified to only the first term of the series. Thus,
equation (6) is rearranged as follows:

H:%exp{—&ﬂzt/ﬂz} ............... (7)
The effective diffusion coefficients D, can be
calculated from the slope of the left-hand side of
equation (7).

|3J

Tacawa et al” and MuramaTsy et al” have

determined the effective diffusion coefficients of
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kidney beans utilizing equation (7). In this study,
to estimate the effective diffusion coefficient of the
adzuki bean sample, moisture content data at each
measurement condition were fitted to the three
kinds of Fick's second diffusion model: the infinite
slab model, the infinite cylinder model, and the
sphere model. We found that the infinite cylinder
model and the sphere model did not predict the
moisture content data with sufficient accuracy.
Therefore, the infinite slab model was used to
determine the effective diffusion coefficient of the
sample. In this study, to determine the effective
diffusion coefficient for vacuum drying of the
sample, the data from the late part of the drying
process, ie., the data at each measurement condition
below a moisture content of 15% (d.b.), were fitted
to equation (7 ) wusing the linear least squares
method. When the effective diffusion coefficients

Table 3 Values of the effective diffusion coefficient
(Dy), root mean squared error (RMSE), and
coefficient of determination (R?) for equation (7)
under each set of measurement conditions

Vacuum Temp. Doy RMSE R (=)
level(MPa) (C) (x10'm'h") (%, d.b.)

0.07 20 0.3107 0.0395 0.9954
30 0.6116 0.0910 0.9793

40 1.005 0.1113 0.9926

50 1.378 0.0942 0.9900

60 2.213 0.0914 0.9959

70 3.352 0.1218 0.9949

0.08 20 0.5184 0.0914 0.9846
30 0.6944 0.0729 0.9958

40 1.255 0.2471 0.8054

50 1.687 0.1002 0.9931

60 2.725 0.0841 0.9966

70 3.660 0.1187 0.9917

0.09 20 0.6125 0.0899 0.9862
30 0.9129 0.0201 0.9997

40 1.497 0.1936 0.9648

50 2.015 0.1684 0.9826

60 3.230 0.1189 0.9930

70 4.642 0.1755 0.9897

0.10 20 0.8661 0.1621 0.9539
30 1.352 0.1692 0.9666

40 2.335 0.2162 0.9737

50 2.934 0.2377 0.9720

60 4.168 0.1208 0.9928

70 6.593 0.1446 0.9930

were calculated, the values of M. and / in equation
(7) were equal to 0% (d.b.) and 0.0024 m
(average of the width and thickness of the sample),
respectively. The values of the estimated effective
diffusion coefficient, the RMSE, and the R® of
equation (7 ) at each measurement condition are
given in Table 3. The values of Mo in equation
(7) are presented in Tablel. The effective diffusion
coefficients increased as the temperature increased
at each vacuum level. At the same temperature, the
effective  diffusion coefficients of the samples
increased as the vacuum level increased. The
temperature dependency of the effective diffusion
coefficient for kidney beans”, soybeans”, and green
beans" is expressed by the following Arrhenius-
type equation :

Deﬁ,:Do.eXp<_I§F> .............................. (8)

Equation (8) shows that the relationship between
the effective diffusion coefficient and the reciprocal
of the absolute temperature is approximately linear
in a semi-logarithmic plot. As shown in Fig. 6, the
Arrhenius relationship of the effective diffusion
coefficient of the samples exists at each vacuum
level. The values of the parameters, the RMSE, and
the R* of equation (8) of the sample, determined
by the linear least squares method at each vacuum
level, are given in Table 2. In addition, the
relationships  between the effective  diffusion

100 ¢
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3 L
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Fig. 6 Arrhenius relationships for the effective diffusion
coefficient of the sample at four different vacuum
levels (0.07~0.10 MPa)

The solid line shows the values calculated from equation (9).
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coefficients and the vacuum level were examined.
As a result, the effective diffusion coefficients could
be expressed by equation (9) as a function of both
temperature and vacuum level:

In Dy = (—37.59P+0.7479)

_ (—=1.668 x 10°P+4.899 x 10*)
RT

The solid line in Fig.6 shows the result calculated
from equation (9 ). The values of the RMSE and
the R* of equation (9) were 1.856x107*m? h~! and
0.9911(—), respectively. The values of the RMSE
and the R* and the results shown in Fig. 6 show
that the values calculated from equation (9) agreed
well with the values estimated from equation (7).
Thus, the effective diffusion coefficients of the
sample were represented as a function of both
absolute temperature and vacuum level by equation

(9).
Conclusion

The vacuum drying characteristics of adzuki
beans were measured at selected temperatures (20
~70C) and vacuum levels (0.07~0.10 MPa). The
vacuum drying method was found to be appropriate

for adzuki beans with a moisture content of 25% (d.

b.) or less at temperatures of 20~70C. A new
drying model related to temperature and vacuum
level was derived to estimate changes in moisture
content of the sample. The comparison of the
measured data with the calculated values from the
empirical equation showed good agreement. The
new drying model was suitable to predict the
changes in moisture content of adzuki beans during
vacuum drying in the experimental ranges with
sufficient accuracy for practical use. The estimated
effective  diffusion  coefficients increased with
increasing temperature and vacuum level, showing
that they are a function of these two variables.
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Nomenclature
@: Constant (decimal)
a1: Constant (h™")

az: Constant (h™ Pa™)

01: Constant (K)

b2: Constant (h™)

¢2: Constant (K Pa™)

D : Effective diffusion coefficient (m*h™)
Do: Constant (m*h™")

E : Activation energy (J mol™")

e2: Constant (K)

k : Drying rate constant (h™")

! Characteristic length (m)

M : Moisture content (% (d.b.))

M, : Initial moisture content (% (d.b.))
M. : Equilibrium moisture content (% (d.b.))
R : Gas constant (8.314 J mol™)

T : Absolute temperature (K)

t: Time (h)

P: Vacuum level (MPa)
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Effect of Transportation and Storage Conditions
on the Quality of Asparagus Spears

HIGUCHI Yoko*, TSUGE Kazuki*, HOJYO Reiko* and MOTOKI Satoru*®
* Faculty of Agriculture, Meiji University, 1-1-1 Higashimita, Tama-ku, Kawasaki, Kanagawa 214-8571

Asparagus spears continue to grow even after harvest, but their quality may deteriorate over time.
Therefore, methods for maintaining freshness are needed to ensure the quality and function of
harvested asparagus spears. In this study, we examined the changes in the external appearance, Brix
levels, moisture content, and hardness of sixth-year spears of ‘Zenyu Yodel (NJ953)' for spring harvest
under varying conditions of transportation and storage, including their orientation during storage.
Asparagus spears transported and stored at low (chilling) temperatures showed better quality
characteristics than those transported and stored under non-chilling conditions. Furthermore, the
quality of spears stored vertically in water was better than that of spears stored horizontally.
Moreover, in the asparagus spears transported at low temperature, Brix levels were lower in spears —
stored in water than in those stored without water. Wilting was also not observed in the spears
stored in water. These results suggest that transportation conditions, storage temperature, and
orientation of the asparagus spears during storage influence their quality.

(Received Mar. 18, 2015 ; Accepted Jun. 3, 2015)

Key words : External appearance, Brix, Hardness, Orientation during storage, Asparagus speatr,
Sborage condition, Transport condition
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