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ABSTRACT: The present study aimed to determine the volumethrinkage rate of bean
(Phaseolus vulgarit.) seeds during air-drying under different conditiafisair, temperature and
relative humidity, and to adjust several mathenahtinodels to the empiric values observed, and
select the one that best represents the phenom8nomathematical models were adjusted to the
experimental values to represent the phenomenaomadtdetermined the degree of adjustment of
each model from the value of the coefficient ofedetination, the behavior of the distribution of the
residuals, and the magnitude of the average reland estimated errors. The rate of volumetric
shrinkage that occurred in bean seeds during diigibgtween 25 and 37%. It basically depends on
the final moisture content, regardless of the amditions during drying. The Modified Bala &
Woods’ model best represented the process.
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MODELOS MATEMATICOS PARA DESCREVER A TAXA DE CONTRA CAO
VOLUMETRICA DE FEIJAO-VERMELHO DURANTE A SECAGEM

RESUMO: O objetivo deste trabalho foi determinar a tagacdntracdo volumétrica de sementes
de feijdo Phaseolus vulgaris.) durante a secagem sob diferentes condi¢coes, denaperatura e
umidade relativa, e ajustar varios modelos matewositpara os valores empiricos observados,
selecionando o que melhor representa este fenérir@nam ajustados seis modelos matematicos
aos dados experimentais para representar o fendrb&terminou-se o grau de ajuste de cada
modelo através dos valores de coeficiente de detegdo, do comportamento da distribuicdo dos
residuos e da magnitude dos erros médios relativesimados. A taxa de contracdo volumétrica
gue as sementes de feijdo sofreram durante a se@age torno de 25 a 37%, e é basicamente em
funcdo do teor de agua final e praticamente inddgetle das condicdes do ar de secagem. O
modelo de Bala e Woods modificado foi 0 que metlbpresentou o processo.

PALAVRAS CHAVE : Phaseolus vulgarik., teor de agua, volume, secagg@nopriedades fisicas.

INTRODUCTION

Drying of agricultural products is the process mivetjuently used to ensure quality and
stability during storage, inhibiting the growth oficroorganisms and reducing the rates of
enzymatic or non-enzymatic reactions.

Reducing grain moisture content is a complex phemam, which mechanisms have not been
fully elucidated (RAMOS et al., 2005). It simultanesly relates heat and mass transfer processes
(BROOKER et al., 1992). Mathematical models aremisal to predict and simulate the behavior of
the materials that undergo a certain process. Tdrerethe use of mathematical models during
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drying helps in the execution of projects and disi@ning of the equipment, as well as in
understanding of the related processes.

Models that have been used to represent the dofirgricultural products were developed,
to a large extent, without considering the volumseshrinkage rate of the products during the
dehydration process (BROOKER et al., 1992). Theedats are being revised to incorporate the
parameter in order to improve the simulation ofdelydration process and guarantee the accuracy
of the results (LANG & SOKHANSANJ, 1993; BENNAMOUS& BELHAMRI, 2006; HASHEMI
et al., 2009).

Volumetric changes of the products due to dehyoimatare the primary cause of the
alterations in the main physical properties of picid (RATTI, 1994). According to RAMOS et al.
(2005) and CARMO & LIMA (2004)these changes should also be included in the mdoleks
complete description and analysis of the phenomenon

The removal of water during drying of biologicaloducts leads to cellular structural
modifications due to reduced tension inside théscdlhis phenomenon causes alterations in the
shape and dimension of products. Such changes,datgdo YAN et al. (2007), affect the physical
properties of products (including volume shrinkagi) and modify the final texture and transport
properties of dry foods.

RATTI (1994) observed that the volumetric shrinkagee of plant products during drying
does not depend exclusively on its moisture conteat also on the environmental conditions
during the process and the geometry and constitatiche products.

The theoretical bases for the knowledge about thegss of volumetric shrinkage rate are
related to complex laws of mechanics and deformadibmaterials (TOWNER, 1987). However,
various academic projects are being developed wgdpgoximations and empirical models, in an
attempt to better represent this complex phenomangnoducts of biological nature (MAYOR &
SERENO, 2004).

KHRAISHEH et al. (2004) observed that the volunwetshrinkage rate of agricultural
products varies during drying. At the beginningtloé drying process, products seem to keep their
structure intact and maintain their original shapat they shrink with water removal, which
contributes for the distortion of particles.

CORREA et al. (2004) modeled the volumetric shrg&kaate of coffee berries during the
drying of the product. The authors observed thatas not possible to adjust one single model to
the three varieties in the study. The models MedifBala & Woods, Linear and a third model
proposed by the authors were recommended to refirélse volumetric shrinkage rate of the
varieties and species “Catuai Vermelho”, “Mundo bdloand “Conilon”, respectively.

In the modeling of the drying process of agricwdtyproducts, several researchers describe the
parameters that vary with temperature through ttreekius representation (CORREA et al., 2007;
MOHAPATRA & RAO, 2005; BABALIS & BELESSIOTIS, 2004RAMOS et al., 2004), in
accordance with the following equation:

— - Ea
k=kg EEXF{RDTJ (1)

where,
k - parameter of the product that varies with tempegatu
ko- pre-exponential factor;
Ea- activation energy, kJ kmd
R - universal gas constant, 8.314 kJ khof', and
Ta- absolute temperature, K.
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Considering the absence of data in the speciditsedture, the present work aimed to determine
the volumetric shrinkage rate of bed&héseolus vulgaris.) seeds during drying under different air
conditions, and adjust different mathematical medelthe experimental values, selecting the model
that best describes this phenomenon.

MATERIALS AND METHODS

Bean seeds of the red group, hand picked, with ton@iscontent of approximately 0.92 (kg
water/kg dry matter) were used in this experimdrite moisture content of the product was
determined through the stove method, 105 + 1 °@l, econstant mass.

The drying of the product was performed at différeanditions of controlled drying air
temperature (25; 35; 45 and 55 °C) and relativeitiiyn(between 20 and 75%), totaling fourteen
different air conditions. Drying of the bean seetlas interrupted when the product reached
hygroscopic equilibrium with the air.

The different conditions of air temperature andtiee humidity were supplied by the use of
an atmosphere conditioning unit. The air flow wasnitored with a hot wire anemometer and kept
constant at 4 ths® m? Air temperature and relative humidity were morétbby a psychrometer
installed close to the trays where the samples plaed.

The volumetric shrinkage ratep)(of the beans during drying was determined by rtite
between the seed volume for each moisture cortghiaid the initial volume ().

Vg
¢=v_ (2)
go
where,
@ - volumetric shrinkage rate;
V- volume for each moisture content, mnd

V go- initial volume, .

We obtained the grain volume by measuring eacmgraall three orthogonal axes (length,
width and depth), considering the spheroid graiapsh(Figure 1), as proposed by MOHSENIN
(1986).

FIGURE 1. Schematic design of the bean grain, cdemed spherical-oblate, with its characteristic
dimensions.

We determined the characteristic dimensions (and @ with the aid of a digital caliper,
0.01 mm accuracy, in ten grains, during the drymmgcess. The volume was described by the

following equation:
n @bl
Vg:T (3)

where,
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a - longest grain axis, mm;
b - average grain axis, mm, and
C - shortest grain axis, mm.

The experimental values of the volumetric shrirkagte were adjusted to the mathematical
models expressed by the following equations:

Model reference Model

MODIFIED BALA & WOODS (1984) ¢=1- atﬁ 1- exp{ - 0O X% )}} (4)
LANG & SOKHANSANJ (1993) Q= a+p E(]X -X o) : By=a+ bHRH)+ d(T) (5)
RAHMAN (1995) @=1+p, X -X ) (6)
CORREA et al. (2004) 9= Y(a+ Hexp(X) (7)
Linear @=a+ X (8)
Exponential ¢ =alexy HIX 9)
where,

X - moisture content of the product, kg water/kg hatter;

Xo - initial moisture content of the product, kg wétg dry matter;
RH - relative humidity, decimal;

T - air temperature, °C;

a, b and c: fitted parameters of the models, difoaless;

B1 - volumetric shrinkage coefficient, dimensionlessg

B2 - volumetric shrinkage coefficient, dimensionless.

We adjusted the mathematical models with a-lm@ar regression analysis, using the Gauss
Newton method, with the aid of the STATISTICA 5.@®8ftware system. The degree of fit for each
model considered the significance of the regressasificient in the-test at 1% probability level,
the value of the determination coefficient)Rhe values of the mean relative error (P) andrme
estimated error (SE), and the prediction of thealar of the distribution of residuals. The
estimated and relative median errors, for eachhefrhodels, were calculated by the following
eguations:

100 |Y -V 10
i n Z Y (0

~\2
SE= M (12)
GLR

where,
P - mean relative error, %;
SE - mean estimated error, %;
Y - value observed empirically;
Y - value calculated by the model;
n - number of experimental observation, and
GLR - degrees of freedom of the model.
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RESULTS AND DISCUSSION

72C

Figure 2 presents the experimental values of tHanwetric shrinkage rate of bean seeds
during drying under different conditions of air teemature and relative humidity.
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FIGURE 2. Experimental values of the volumetricirskeige rate ¢, decimal), according to the
conditions of moisture content (X, kg water/kg dmgtter) for 25 °C (A), 35 °C (B), 45
°C (C) and 55 °C (D), air temperature and relatumidity (%) during bean drying.

Figure 2 shows that the final volumetric shrinkajebean seeds ranged between 0.75 and
0.63 for the different drying conditions, due tdueed initial grain volume of 25% to 37%, directly
related to the specific equilibrium moisture comtem each air temperature and relative humidity
condition. AFONSO JUNIOR et al. (2004) observed®#&3lecrease in the volume of cherry coffee
beans with an initial moisture content of 2.27 thvais reduced to 0.11 (kg water/kg dry matter).
RAMOS et al. (2005pbserved a reduction of 35% of grape berries dultiygng, and pointed out
that this significant variation in the volumetribrskage rate of the product must be included in
mass transfer models. It is also evident that timnlking rate of bean seeds is higher at the
beginning of the drying, when moisture content ighkr. At a lower moisture content, the
volumetric shrinkage rate does not reflect acclydte loss of water during drying. We found that
the effect of the drying air temperature and re&@tiumidity can be neglected in the volumetric
shrinkage rate process. Similar results were obthiny TALHA et al. (2004) in a study on the
volumetric shrinkage rate of banana during dryingjer different air conditions.

Tables 1 and 2 present the values of coefficieftdetermination, relative and estimated
mean errors, and the trend of the distributiorhefresiduals for the six models analyzed, durirg th
drying of bean seeds under different conditionginfemperature and relative humidity.
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Table 1 shows that, for all fourteen combinatiofsio temperature and relative humidity
conditions used during the drying of bean seedsMabdified Bala & Woods’ model offered higher
values for coefficient of determination?Rand lower values for relative and estimated meaor,
compared to the other models analyzed. Table 2 @ésoonstrates that this model presents a
random distribution of the residuals for all dryiegnditions. Therefore, the Modified Bala &
Woods’ model proved to be adequate for the matheatatescription of the volumetric shrinkage
rate of bean seeds.

TABLE 1. Determination coefficients (R%), mean relative error (P, %), mean estimatedr er

(SE, decimal), for the six models adjusted to théadof volumetric shrinkage rate
during the drying of bean at air temperatures o¥@535 °C, 45 °C and 55 °C.

Temperature 25 °C

RH 40% 60% 75%
Model R? SE P R SE P R SE P
(4) 99.9 0.010 0.85 98.7 0.011  1.07 99.2 0.010 0.90
(5) 745  0.049  4.46 845 0.038  3.47 934 0.031 266
(6) 549 0.065 6.21 739 0.050 4.78 90.0 0.038  3.40
(7) 91.1 0.029 2.82 96.0 0.019 1.82 99.1 0.011  0.99
(8) 845 0.038  3.47 845 0.038 347 934 0.031 2.66
(9) 87.7 0.034 321 87.8 0.034 321 958 0.024 221
Temperature 35 °C
RH 30% 50% 60% 75%
Model R?> SE P R SE P R SE P B SE P
(4) 99,5 0.007 0.77 99.70.007 0.75 99.7 0.005 0.51 97.9 0.015 1.27
(5) 91.2 0.030 2.88 91.40.03¢ 3.23 85.6 0.038 3.38 86.7 0.039 3.65
(6) 84.1 0.041 4.13 85.60.04¢ 4.26 73.8 0.051 4.68 81.3 0.046 4.47
(7) 99.2 0.009 0.99 99.40.00¢ 0.78 96.7 0.018 1.72 96.7 0.019 1.69
(8) 91.2 0.030 2.88 91.40.03¢ 3.23 85.6 0.038 3.38 86.7 0.039 3.65
(9) 93.9 0.025 2.48 94.50.027 2.68 88.7 0.033 3.10 90.3 0.033 3.17
Temperature 45 °C
RH 30% 40% 50% 60%
Model R? SE P R SE P B SE P R SE P
(4) 96.7 0.014 1.27 98.0 0.012 1.18 98.7 0.011 1.24 8 99.003 0.31
(5) 93.0 0.020 1.61 93.8 0.020 1.67 90.0 0.031 2.78 5 88.026 2.85
(6) 91.9 0.022 155 92.6 0.022 1.70 85.0 0.038 3.48 4 85.030 3.13
(7) 96.8 0.014 1.28 98.1 0.011 1.23 982 0.013 1.14 7 9D.012 1.27
(8) 93.0 0.020 1.61 93.8 0.020 1.67 90.0 0.031 2.78 5 88.026 2.85
(9) 94.3 0.018 1.53 95.3 0.018 1.55 92.7 0.026 2.4319D.023 2.53
Temperature 55 °C
RH 25% 40% 50%
Model R? SE P R SE P R SE P
(4) 945 0.021 212 988 0.010 0.99 99.8  0.004 0.5
(5) 92.3 0.025 2.16 88.7 0.031 243 97.2  0.018 2.04
(6) 91.7 0.026 2.02 837 0.037 281 96.1 0.022 2.33
(7) 93.8 0.023 204 975 0.015 1.37 99.5 0.008 0.83
(8) 92.3 0.025 216 88.7 0.031 243 97.2 0.018 2.04
(9) 935 0.023 203 91.0 0.027 2.23 98.7 0.012 1.43
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TABLE 2. Behavior of the distribution of residuatdjowing trend (Td), or at random (A), for the
six models analyzed, during the drying of beanseundifferent conditions of air
temperature and relative humidity (RH %).

Temperature (°C)
25 °C 35°C 45 °C 55 °C
RH (%) RH (%) RH (%) RH (%)
Model 40 60 75 30 50 60 75 30 40 50 60 25 30 40

(4) A A A A A A A A A A A A A A
(5) Td Td Td Td Td Td Td Td Td Td Td Td Td Td
(6) Td Td Td Td Td Td Td Td Td Td Td Td A Td
(7) Td A A A Td Td Td A A A Td A Td Td
(8) Td Td Td Td Td Td Td Td Td Td Td Td Td Td
(9) Td Td Td Td Td Td Td Td Td Td Td Td Td Td

Figure 3 presents the comparison of the modelssejuto the experimental values of
volumetric shrinkage rate for air temperature of@5and 40% of relative humidity during the
drying of the bean, demonstrating that the Modifitala & Woods’ model was the best of all
models analyzed.

o experimental values
1.1,
—————— Rahman
—— - Correaetal.
1.0 1 _ linear / Lang and Sokhansanj
\\\\ ................ exponencial
‘—g 004 ~ —  modified Bala and Woods
O
s}
Z
o 0.8
0.7 1
0.6 ; . . : :
1.0 0.8 0.6 0.4 0.2 0.0

X (kg water/kg dry matter)

FIGURE 3. Comparison of the models adjusted toettperimental values of volumetric shrinkage
rate for air temperature of 25 °C and 40 % of netatumidity during bean drying.

CORREA et al. (2004) also observed that the Modifiala & Woods’ model was the one
that best fitted the experimental values of theinwdtric shrinkage rate of coffee berries during the
drying process.

The estimated coefficients used in the descriptibthe volumetric shrinkage rate of beans
for different conditions of air temperature andatede humidity for the Modified Bala & Woods’
model are presented in Table 3.

In general, we observe in Table 3 that toefficient “a” for the Modified Bala & Woods’
model does not clearly correlate with air tempaest@nd relative humidity. The coefficient “b”
presents a similar behavior in relation to relativemidity, when temperature is maintained
constant.
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TABLE 3. Coefficients of the Modified Bala & Woodsiodel, adjusted to represent the volumetric
shrinkage rate of bean grains at different condgi@f temperature (T) and relative
humidity (RH) of the drying air.

Air Condition Coefficients Air Condition Coefficies
T (°C) RH (%) A b T (°C) RH (%) a b

40 0.3153  4.8139 25 0.4534  1.0880°

25 60 0.3208  3.3399 55 40 0.3116  2.9917
75 0.4291  2.2040° 50 0.4877  1.4827
30 0.3631  2.44627 30 0.2999  1.8791

35 50 0.4083  2.5664 45 40 0.3247  1.9853
60 0.3278  3.8510° 50 0.3518  2.5503
75 0.3728  3.2275 60 0.2744  3.2740

" Significant at 1% probability level by theest.

However, when the air temperature raises (Tabtae8yoefficient “b"decreases. Its influence
on the volumetric shrinkage rate of the bean dutivegdrying process could be described through
the Arrhenius representation, as indicated in Fagur

2.0

1.6

25°C
35°C

1.2 o -
2 45°C
£

0.8 95°C

[m]
0.4
0.0
30 31 32 33 34
T x 10 (K™

FIGURE 4. Arrhenius representation of the coefficith” in the Modified Bala & Woods’ model
during the drying of the bean.

Based on the Arrhenius representation, we can wdacthat the coefficient “b” of the
Modified Bala & Woods’ model presented a lineariaton throughout the drying of the bean,
demonstrating that the variation rate of the phesrmon remained uniform within the temperature
range used in the study.

Equation 12 shows the values of the constants tadjusr the coefficient “b” of the Modified
Bala & Woods' model, as calculated from equatioradd used for the description of the bean
volumetric shrinkage rate.

15736.5j

b=0.00552] exE (12)

a

The activation energy for bean shrinkage was 13.ihklI" for temperatures between 25 °C
and 55 °C, a value slightly lower than those regbrin literature for the drying of green bean,
35.4 kJ mof (DOYMAZ, 2005); carrot, 28.36 kJ mbdl(DOYMAZ, 2004); Macassar bean,
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26.9 kJ mof (SILVA et al., 2008). However, ZOGZAS et al. (199®inted out that the activation
energy of agricultural products ranges between 48d7110.0 kJ mdl

Thus, by the use of the average value of the aeffi “a” of the Modified Bala & Woods’
model expected for the different air conditionsg trolumetric shrinkage rate of bean during the
drying of the product within the temperature rarsgedied is expected to be described by the
equation:

. )  15736.51 ]
0=1 0.3562:E T exE M 0.005528 6%5-31 e 273]1 X O)<N (13)

This equation presents a maximum mean relative efr@.12% and lowest determination
coefficient of 94.5% (Table 1) at storage condsiah 55 °C and 25%.

Figure 5 displays the values of the volumetric rskage rate, both experimental and
calculated with the Modified Bala & Woods’ modelrahg the drying process of red bean under
different conditions of air temperature and relatnumidity.

1.09 o volumetric shrinkage
wn
% 0.9
T Y
E 08
208 oo,
= 0. ° 0o
£ o8 O
— 00
LUU) 0.717 o O
0.6 ‘ ‘ ‘ |
0.6 0.7 0.8 0.9 1.0

Experimental values

FIGURE 5. Values of the volumetric shrinkage rateperimental and expected by the Modified
Bala & Woods’ model, during drying of bean unddfatient temperature and relative
humidity conditions.

CONCLUSIONS

Based on the results obtained, we conclude thavahenetric reduction of red bean seeds
ranges between 25 and 37% during drying, basiclEpending on the final moisture content, and
almost independently from the air conditions duinging. Among the models tested, the Modified
Bala & Woods’ model best represents the phenomehwalumetric shrinkage rate of beans during
the drying process.
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