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Abstract

In this work, the effect of the radiation intensity, slice thickness, and the distance be-
tween slices and infrared lamps under natural drying air and the effect of slice thick-
ness and air velocity under forced drying air on the moisture diffusion characteristics
and the drying rate of kiwifruit slices during infrared drying were investigated. The
drying of kiwifruit happened in the falling rate period, and no constant-rate period
was observed in the drying curves. One hundred models were fitted to the dry-
ing data. Among the models, the exponential dsecay function model and modified
two-term exponential-V model and the artificial neural networks with 4-5-7-1 and
3-5-5-1 topologies, hyperbolic tangent sigmoid transfer function, and Levenberg-
Marquardt training algorithm presented the best results and showed the goodness
of fit with the experimental data for the former and latter systems, respectively. The
diffusivities varied between 1.216 x 107°-8.997 x 107'° m%s and 2.567 x 107'%-

10.335 x 1071° m% for natural and forced drying air systems, respectively.
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molecules almost totally absorb wavelengths >3 um (Celma, Rojas,
& Lopez-Rodriguez, 2008).

Drying is one of the oldest moisture removal method, which has
always been a great way of preserving foods by human beings
(Ertekin & Firat, 2017). Infrared (IR) heating has been surveyed
either alone or in combination with the other drying methods
for food and agricultural materials with different moisture con-
tents such as rough rice (Abe & Afzal, 1997), potato (Afzal &
Abe, 1998), red pepper (Nasiroglu & Kocabiyik, 2009), and peach
(Wang & Sheng, 2006). This is due to its many attributes such as
the simplicity of the required equipment, shortened drying time
and more uniform heating along with improved product quality,
and lower airflow through the product. It is particularly empha-
sized in the literature that IR drying method is valid for products

with considerable moisture content, owing to the fact that water

The mathematical modelling of the drying process and the equip-
ment are the most relevant aspects of the drying technology (Togrul,
2006). It is widely applied to foresee drying behavior of materials
being dried, design new dryers, and control of the process (Beigi,
Torki-Harchegani, & Mahmoodi-Eshkaftaki, 2016).

Having a thin-layer drying equation representing moisture ex-
change between a thin layer of the drying product with its surround-
ing air is fundamental to the drying simulation (Wang, Fon, Fang, &
Sokhansanj, 2004). Because of the appearance of one or more pa-
rameters in such models, the parameters can be found as a func-
tion of the drying conditions (Jurendi¢, 2012). Despite numerous
studies on mathematical modelling of drying, no theoretical model

was found that is practical and can unify the calculations and the
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observed progress has largely limited to experimental ones (Erbay
& Icier, 2010).

Thin-layer drying equations involve theoretical, semitheoretical,
and empirical models. The former based on the conceptions of the
fundamental phenomena (Beigi et al., 2016). It has been proved that
semitheoretical and empirical models are only useful and practical
when designing dryers (Ertekin & Firat, 2017).

In general, food drying happens under a falling rate period and
during which diffusion is considered as the most likely physical mecha-
nism governing the moisture movement (Das, Das, & Bal, 2009). Fick's
second law of diffusion takes into account the dependence of the
transport attributes on temperature, moisture content, and pressure.
Assuming no temperature gradient within the product and the negli-
gible effect of pressure on most drying processes, its Lumped model
emerges. The values of effective moisture diffusivity predicted by an-
alytical solution of the Lumped model for an infinite slab (Equation 1)
were in close proximity to the experimental values (da Silva, Precker,
& de Lima, 2009).

2
= 2n+1)2 22Dt
MR:% 1 o | )Zn et (1)
7520 (2n+1) L

where, MR is the dimensionless moisture ratio, L is the thickness of the
slice if drying occurs from only one side (m), t is time (s).

The effective moisture diffusivity, D (m?/s), is assumed as rep-
resentative of all mechanisms influencing the mass transfer phenom-
enon, which illustrates the moisture movement toward the outside
(Corréa, de Oliveira, Baptestini, Diniz, & da Paixao, 2012).

Equation 1 can be reduced for sufficiently long drying times
(MR < 0.6) as follows (Doymaz, 2014b):

2D ot
MR=%exp<—7r eff) (2)

LZ

The method of slopes is employed in the estimation of effective
moisture diffusivity of samples at corresponding moisture contents
under different drying conditions (Caglar, Togrul, & Togrul, 2009).

2p
|nMR=|n<§>—’r eff ¢ (3)

72 L2

Equation 3 indicates that the change of In (MR) values versus t is
linear. After determining the slope, the D can be calculated easily
by replacing the values of the slice thickness in Equation 3.

Moisture diffusivity and activation energy are fundamental
to design an appropriate dryer of food and agricultural products
(Chayjan, Kaveh, & Khayati, 2014). Some authors studied the signifi-
cant effect of temperature on D and presented an Arrhenius type
exponential relationship to describe it (Celma et al., 2008; Darvishi,
Najafi, Hosainpour, Khodaei, & Aazdbakht, 2013):

E
D.=D _fa
et = Do €xp < RT) (4)

where, D, E_, R, and T are the reference diffusion coefficient at in-

finitely high temperature (m2/s), the activation energy for diffusion (J/

mol), the universal gas constant (J/mol.K), and the drying chamber tem-
perature (K), respectively.

Increase in diffusivity with reduction in moisture content is as-
signed to higher product temperature in the final stage of drying
process, which leads to maximum effective diffusivity at the end of
drying process (Das et al., 2009).

When it is not possible to measure the quantity of temperature
in the radiation power level during the drying process, a product
mass and a power level-dependent Arrhenius type diffusivity are
used to calculate the activation energy in different drying systems
(Doymaz, 2015a):

_ E.m
Dess =Dy exp | -5 (5

where D,, m, P, and E, are the pre-exponential factor, the weight of
the raw material (g), the infrared output power (W), and the activation
energy for the drying of the product (W/g).

If the determination coefficient cannot be high enough, other
factors affecting D have to be considered. The most appropriate
method in this situation is reflecting these factors to D and per-
forming nonlinear regression analysis to fit the data (Jurendi¢, 2012).
The values of D for food systems are mostly in order of 1078 to
1072 m?/s (Doymaz, 2015b).

In addition, in recent years, numerous authors have applied the ar-
tificial neural networks (ANNs) modelling methods for simulation of
drying processes. Jurendi¢ (2012) found the ANN with 4-9-9-1 topol-
ogy trained with LM algorithm and LOGSIG transfer function as the
most suitable model to forecast response values. Topologies of 3-2-3-1
and 3-3-3-1 with the LM training algorithm and transfer functions of
TANSIG, TANSIG-LOGSIG -TANSIG as the best structures were sug-
gested by Chayjan et al. (2014) for the prediction of effective diffusivity
and energy consumption at sour cherry drying process, respectively.

Although alarge number of thin-layer mathematical models have
widely been applied to describe the drying process, a very little in-
formation is available for moisture diffusivity of kiwifruit under in-
frared drying conditions. However, there is little-to-no information
available about the effect of infrared power (IP), slice thickness (1),
slices distance from the IR lamps (A), and air velocity (V) on drying
behavior of kiwifruit slices under natural and forced drying air sys-
tems in the literature according to the authors' knowledge.

The main goals of this investigation were to study the effect of
the aforementioned parameters on the drying kinetics; to find the
best model to describe infrared radiation drying; and to compute
the effective moisture diffusivity and activation energy of kiwi-
fruit slices. Note that these approaches are crucial for the design

and the setting-up of dryers for particular sample products.

2 | MATERIALS AND METHODS

2.1 | Materials

Kiwifruits were prepared from a local market in Amol, Iran. In order

to decelerate the respiration, physiological, and chemical changes
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(Mohammadi, Rafiee, Keyhani, & Emam-Djomeh, 2009), all samples
were stored in a refrigerator at 4 + 0.5°C for at least 48 hr prior to
the drying process. The samples were placed outside of the refrig-
erator for approximately 1 hr to reach room temperature and then
peeled and sliced into 2, 4, and 6 mm thick and about 40 mm diam-
eter. The initial moisture content found to be around 4.7 g water/g
dry solid (d.b.). The drying tests were carried out down to a final
moisture content of about 0.20 d.b. similar to that reported for kiwi-
fruit (Diamante, Durand, Savage, & Vanhanen, 2010).

2.2 | The experimental equipment and procedures

Thin-layer drying of kiwifruit slices was done in a laboratory-scale
single tray IR dryer that was designed and made at the Babol
Noshirvani University of Technology, Iran. Airflow can easily enter
into drying chamber through holes at the bottom of the dryer and
leave by natural convection through some holes provided on the
two opposing walls.

To leave airflow as forced convection, the drying chamber is re-
placed with a similar one equipped with a variable speed fan located on
one of the walls. The slices were uniformly distributed on the tray in-
side the drying chamber. To obtain the drying curves, moisture loss was
continuously recorded by using a digital electronic balance of +0.1 g
accuracy (EK-6100i series, A&D Company). Thin-layer drying experi-
ments of kiwifruit slices were done at three levels of radiation intensity,
1,000, 1,500, and 2,000 W, three levels of slice thickness, 2, 4, and
6 mm, and three levels of distance between slices and infrared lamps,
550, 700, and 850 mm; and three levels of slice thickness, 2, 4, and
6 mm and three levels of air velocity, 1, 1.25, and 1.5 m/s, under natural
and forced drying air systems, respectively.

A data acquisition system, which was connected to the com-
puter, was applied to measure the weight loss of the kiwifruit
slices at specified time intervals. Prior to the drying experiments
in order to ensure steady state in tests and to avoid the drift of the
weighting arising from the increase of the air temperature inside the
chamber, the IR dryer was left running without any slice for about
80-100 min.

The drying experiments were carried out with respect to a Box-
Behnken design and a central composite design formularized by
Design Expert 7.0 software (DX7) for natural and forced convection
runs, respectively. The changes in moisture ratios of the samples
over the drying time obtained from each run under fixed operating
parameters were fitted to the mathematical models (Table 1) using
the Minitab 18 statistical software. The constants of each model
were computed based on Levenberg-Marquardt (LM) algorithm
up to 200 iterations with convergence tolerance of 0.000001 and
a confidence interval of 95%. These values were then correlated
with operating parameters using the DX7 software under the same
design. In the same way, the diffusivities were correlated with op-
erating parameters. The constants of mathematical models and the
diffusivities were chosen as response variables, and IP, 4, A, and V
were selected as the main operating variables depending on the type
of experiments underway.

CWILEY- -

2.3 | Mathematical modeling of drying

Equation 6 shows the moisture content of slices at any time of drying
(M,, (d.b.)) (da Silva et al., 2009):
M, = ez Wam ©)
Wam
where, W, and W, are the weight of the kiwifruit slices at any time of
drying (g) and their dry solid weight (g), respectively.

Dimensionless moisture ratio (MR), representing the existing
moisture content at any time in the kiwifruit slices to the amount of
initial moisture, and calculated using Equation 7 (Caglar et al., 2009;
Celma, Lépez-Rodriguez, & Cuadros, 2009):

MR= Me=Me

= (7)
MO - Me

where, My, M,, and M, are the initial moisture content, the mean
moisture content at time t, and the equilibrium moisture content,
respectively. Since at IR process, slices may be dried as much as dry
solid content (Celma et al., 2008). Hence, M, is relatively small com-
pared to M, or M, and is considered zero. Therefore, MR can be re-
written as in Equation 8 (Darvishi et al., 2013; Shi et al., 2008):

= e

MR (8)

The drying rate (DR) of kiwifruit slices, with regard to the change
in moisture content in each consecutive time interval, was calculated
according to Equation 9 (Doymaz, 2014b, 2015a; Doymaz, Karasu, &
Baslar, 2016):

_ M =M, at
At

DR 9

where, M, ¢ is moisture content at t+At.

In addition, in this study, feed-forward networks trained with
Levenberg-Marquardt backpropagation algorithm (trainlm), con-
taining sigmoid function in hidden layer(s) and linear output func-
tion as transfer functions, were employed to fit experimental data.
In this work 70%, 15%, and 15% data were used for training, vali-
dation, and testing, respectively. The input layers were composed
of four datasets of radiation intensity, slice thickness, distances be-
tween slices and infrared lamps, and drying time, and three datasets
of slice thickness, air velocity and drying time for natural and forced
drying air systems, respectively. ANNs with different neurons in the
hidden layer(s) in the range of default 0-1,000 epochs were tested.
The optimal number of neurons in the hidden layer(s) was sought by

trial and error method and accordingly to statistical analysis.

2.4 | Effective moisture diffusivity

The D values are designated by plotting empirical drying data of
each run in terms of In MR against drying time (Equation 3) and follow-
ing that the E value can be calculated by performing linear regression
analysis and plotting In D against 1/T (Equation 4) and or plotting In
D¢ against m/P,_ at a given thickness of slices (Equation 5) depending



3592
52 | WiLEY—

SADEGHI eT AL.

TABLE 1 Mathematical models employed for fitting of infrared radiation experimental data

Model
no.

0o N o0t A WN e

10

11
12
13

14

15
16
17
18
19
20

21
22
23
24
25

26
27
28
29
30
31
32
33
34
35
36
37

Model name
Lewis (Newton)
Page

Modified Page -I
Modified Page -II
Modified Page -1l
Modified Page -1V
Modified Page -VI
Modified Page -VII

Modified Page -VIII
Modified Page -IX

Otsura et al.
Henderson and Pabis

Logarithmic (Asymptotic)

Midilli-Kucuk (Midilli or Midilli et al.)

Modified Midilli-1
Modified Midilli-11
Modified Midilli-lI
Demir et al.
Two-term exponential

Modified two-term exponential -1

Modified two-term exponential -1l
Modified two-term exponential -1l|
Modified two-term exponential -1V
Modified two-term exponential -V

Modified two-term exponential -VI (Verma et
al.)

Modified Henderson and Pabis -1
Modified Henderson and Pabis -l
Simplified Fick

Thompson

Wang and Singh

Hii et al.

Weibull distribution -I

Weibull distribution -IlI
Vega-Galvez et al. -1
Vega-Galvez et al. -1l
Vega-Galvez et al. -lll

Jena Das

Model

MR =exp (—kt)

MR =exp (—kt")

MR =exp [(—kt)"]
MR=exp [ (kt)"]
MR=exp [— (-kt)"]
MR=a exp [- (kt)"]
MR =exp [kt"]
MR=exp -k (t/L2)"
MR=exp { - [k (t/L2)]"}
MR =k exp | (~/L2)"]
MR=1—-exp [- (kt")]
MR =a exp (—kt)
MR=a exp (—kt)+c

MR =a exp (—kt")+bx t

MR=exp (—kt")+bxt

MR =exp (—kt)+bxt

MR=a exp (=kt)+bxt

MR=a exp [(—kt)"] +b

MR=a exp (—k;t) +b exp (—kt)
MR=a exp (-kt)+ (1-a) exp(—kat)

MR=a exp (kot) + (1—a) exp (—kyt)

MR=a exp (kot) + (1—a) exp (k;t)

MR=a exp (—kot) +a exp (—k;t)
(=kot") +b exp (—kit)
(_

kot) +(1—a) exp (—kjt)

MR=a exp
MR =a exp

MR =a exp (—kt)+b exp (—gt) +c exp (—ht)
MR =a exp (—kt")+b exp (—gt)+c exp (—ht)
MR=k exp [-c (t/L?)]

t=aIn (MR)+b [In (MR)]’

MR = 1+at+bt?

MR =a exp (—kt")+c exp (—-gt")

MR=a-b exp [—kt"]

MR=exp [- (t/a)"]

MR =n+k+/t

MR =exp (n+kt)

MR=(a+bt)?

MR=a exp (—kt+bﬁ)+c

References

Sharma et al. (2005a)
Abe and Afzal (1997)
Beigi et al. (2016)
Celma et al. (2009)
Ertekin and Firat (2017)

Das et al. (2009)

Beigi et al. (2016),
Corréaetal. (2012)
and Darvishi et al.
(2013)

Abano et al. (2014) and
Corréa et al. (2012)

Doymaz (2014a)
Ertekin and Firat (2017)
Doymaz (2014a)
Chayjan et al. (2014)

Celma et al. (2009),
Doymaz (2014c) and
Erbay and Icier (2010)

Ertekin and Firat (2017)

Doymaz (2014a)
Corréa et al. (2012)

Celma et al. (2009)
Ertekin and Firat (2017)
Togrul (2005)

Erbay and Icier (2010)

Doymaz (2014a)
Ertekin and Firat (2017)
Doymaz (2015a)
Ertekin and Firat (2017)
Doymaz (2014c)
Doymaz (2015b)
Ertekin and Firat (2017)

(Continues)
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TABLE 1 (Continued)
Model
no. Model name
38 Wang et al. (one term)
39 Wang et al. (two term)
40 Wang et al. (three term)
41 Diamente et al.
42 Haghi and Angiz -|
43 Haghi and Angiz -1l
44 Haghi and Angiz -llI
45 Haghi and Angiz -IV
46 Sripinyowanich and Noomhorm
47 Noomhorm and Verma
48 Hasibuan and Daud
49 Henderson and Henderson -I
50 Henderson and Henderson -II
51 Parabolic
52 Geometric
53 Logistic
54 Power Law
55 Regression -1
56 Regression -lI
57 Chavez-Mendez et al.
58 Aghbashlo et al.
59 Modified Henderson and Perry
60 Alibas

Growth curve models

61 Baroreflex five-parameter function (baro 5)

62 Brain-Cousens (BC.4)

63 Brain-Cousens (BC.5)

64 Four-parameter Cedergreen-Ritz-Streibig func-
tion (CRS.4a)

65 CRS.4b

66 CRS.4c

67 Four-parameter Cedergreen-Ritz-Streibig
function for describing u-shaped hormesis
(UCRS.4a)

68 UCRS.4b

69 UCRS.4c

70 Five-parameter Cedergreen-Ritz-Streibig func-
tion (CRS.5a)

71 CRS.5b

72 CRS.5c¢

CWILEY--®%

Model References

MR=a exp (bkt)+ (1-a)
MR=(1-a) exp (bkt)+a exp (ckt)
MR=(1-a—-b) exp (ckt)+a exp (dkt)+b exp (fkt)

Wang et al. (2004)

In [~1n (MR)] =a+b In(t)+c [In (b)) Ertekin and Firat (2017)

MR =a exp (—bt")+dt? +et+f

MR =a+bt+ct? +dt3

bt
MR = bt
1+ct+dt?

MR=a exp [—%]

MR =exp (—kt")+bt+c

MR =a exp (—kt)+b exp (—gt)+c¢
MR=1-at" exp (—kt™)

MR =c |exp (=bt)+ % exp (—9kt)]
MR =c exp (-bt)+ % exp (—9kt)

MR =a+ bt +ct? Doymaz (2015a)

MR=at™" Ertekin and Firat (2017)
___a ;

MR= TS Chayjan et al. (2014)

MR = at? Ertekin and Firat (2017)

MR =exp [~ (ct?+bt)]
t=a (MR)*+b (MR)+c
MR=a+b In(t)

_ kyt Doymaz et al. (2016
MR=exp |- 25 i 2019
MR =a exp (—kt") Ertekin and Firat (2017)

MR=a exp [(—kt)" +bt] +g

Ritz Strebig and Ritz
(2016)

_ d—c
MR=c+ 1+f exp{ b, [log(t)—log(e)] } +(1—f) exp{ b, [log(t)-log(e)] }
f= :

2b1by |
1+exp{ |”1”’21{+[f|t0g(t) Iog(e)]}

MR= 1+exp{b[log(t)-log(e)] }
_ d—c+ft
MR=c+ 1+exp{b[log(H—log(e)] }

L _ d+f exp(—1/t%)
UCRS4a;a=1 MR = 1+exp{b[log(t)-log(e)] }
CRS.4b;a=0.5
CRS.4¢;0=0.25

L _ d+f exp(=1/t*)
UCRS4a;a=1 MR=d- 1+exp{b[log(t-log(e)] }
UCRS.4b;a=0.5

UCRS.4¢;a=0.25

d—c+f exp(-1/t)

CRS.5a;a=1 1+exp{b[log(H)-log(e)] }

MR=

CRS.5b;a=0.5
CRS.5¢;2=0.25

(Continues)
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TABLE 1

Model

no.

73

74
75
76

77
78
79
80
81
82
83
84
85
86

87
88
89

90

91

92

93
94

95
96

97
98
99

100

on the available data. The Equations 4 and 5 are usually provided for
a given thickness of the samples in the literature. The equations of
D, were presented as Equations 4 and 5 using Excel 2013 and the
Minitab 18. To consider other factors affecting D, polynomial equa-

tions were presented using the DX7 software under the same design

SADEGHI eT AL.

(Continued)

Model name

Five-parameter Cedergreen-Ritz-Streibig
function for describing u-shaped hormesis
(UCRS.5a)

UCRS.5b
UCRS.5c

Six-parameter Cedergreen-Ritz-Streibig func-
tion (CRS.6)

Two-parameter log-logistic function (LL.2)

Three-parameter log-logistic function (LL.3)

Three-parameter log-logistic function with the

upper limit 1 (LL.3u)

Four-parameter log-logistic function (LL.4)

Five-parameter log-logistic function (LL.5)

Exponential dacay function (EXD.3)
Gompertz growth (G.4)

Log normal functions

Two-parameter Weibull functions

Three-parameter Weibull functions

Four-parameter Weibull functions

Feed-forward neural networks

for both systems.

2.5 | Statistical analysis

Generally, determination coefficient (R?), reduced chi-square ()(2)

Model

Lo _ d—c+f exp(-1/t%)
UCRSSaia=1 MR=ctd- 00
UCRS.5b;a=0.5

UCRS.5¢;a=0.25

_ d—c+f exp(-1/t)
CRS.6 MR=c+ 1+exp{ b[log(H-log(e)] }

_ 1
MR= 1+exp{b[log(t-log(e)] }

_ 1
MR= 1+exp{b[log(t—e] }

- d
MR = 1+exp{b[log(t)-log(e)] }

_ d
MR= 1+exp{b[log(t—e] }

_ 1-c
MR=c+ 1+exp{b[log(t—log(e)] }

_ 1-c
MR=c+ 1+exp{b[log(t—e] }

_ d—c
MR=c+ 1+exp{b[log(t)-log(e)] }

_ d—c
MR=c+ 1+exp{b[log(t—e] }

Y
MR=c+ (1+exp{ b[log(t)-log(e)] })'

_ d—c
MR=c+ (1+exp{b[log(t)—e] })f

MR=c+(d—c)exp(-t/e)
MR=c+(d—c) [exp(—exp (b(t—e)))]

. —_1 _ tiny-p)?
LN.2: MR= v &P { oz }
. -1 _ {In(t=p-u}?
LN.3: MR= vz &P { 3 }
_ __ 1 _ tIntt=p-p}?
LN3u(0=1) MR=-——"—exp { L }

In(%)—y 2
LN4: MR= (Q;h exp {—%}

References

W1.2: MR=exp(—exp(b(log t)—e))
waz MR=(2)'(£) e (- (1))
W1.3: MR=d exp(—exp (b(log(t)—e)))
. a o a-1 —u \ @
w23 MR=%(54)" exp (- (1))
W14: MR=c+(d-c)exp(—exp(b(log(t)—log(e))))
W14: MR=c+(d-c)(1-exp(—exp(b(log(t)—log(e)))))
k-1 k
W2.4 MR=§(;7‘;) t‘iexp<—(;7;) )

most common methods for fitting quality of the experimental data
to the models in the literature. In addition, modeling efficiency (EF),
mean bias error (MBE), and mean relative percentage error (P) were
utilized as the criteria to choose the best equation to account for

all of the changes observed in the drying curves of the dehydrated

samples (Beigi et al., 2016; Doymaz, 2014b, 2015b; Doymaz et al.,

2016; Ertekin & Firat, 2017).

N
Rz -1- Zi:l

(M Rpre,i - MRexp ,i)z

T

test, and root mean square error (RMSE) analysis were applied as the

<mpre -M Rexp ,I)2

(10)
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N 2
2 Zi:l (MRexp,i - MRpre,i) (11)
7%=
N-n
N 2
RMSE = \/ it (MRorei ~MRerp ) (12)
N
p= m N |MRpre,i - MRexp,il (13)
N & MReyp i
2 2
Zi,\il (MRexp,i - MRexp) - Z;,\il (MRpre,i - MRexp,i)
EF= — (14)
Z,{i1 (MRexp,i - MRexp)
1 N
MBE:N 2 (MRpre,i_MRexp,i) (15)
i=1
MR MR_ . are the ith experimental and predicted moisture ratios;

exp,i’
N and n are the number of observations in every run and the number

pre,i

of constants in the model, respectively.

The closer the value of R? to 1, the better the agreemt be-
tween the empirical and predicted values. The lower values of ;(2
and RMSE result in the better goodness of the fit (Togrul, 2005,
2006). The values of P <5%, <10%, and >10% show a very high, a
good, and a poor goodness of fit for practical purposes, respec-
tively. EF exhibits the fitting strength of the model and the high-
est value of it is 1. The ideal value of MBE is zero (Ertekin & Firat,
2017).

3 | RESULT AND DISCUSSION

Kiwifruit slices with an initial moisture content of about 4.7 d.b. were
dried until the final moisture content of 0.2 d.b. in the IR dryer. The
product in question is considered as an infinite slab. Drying is inter-
preted by the decreasing of the moisture ratio of the product, which
is the appearance of all the curves of Figure 1.

The studies display an exponential decay and the lack of a
constant drying period. In addition, it can be deduced from curves
that increasing the slice thickness of the dried product; the dis-
tance between slices and infrared lamps; the drying air velocity;
and decreasing radiation intensity lead to lengthening of the dry-
ing time, as found by Abano, Le Ma, and Qu (2014), Sadin Chegini
and Sadin (2014), Sharma, Verma, and Pathare (2005a) and Shi et
al. (2008), respectively. The curves reduce rapidly at the begin-
ning and then decrease slowly with increasing drying time, sug-
gesting that diffusion is the most dominant mechanism governing
moisture movement in the product under all conditions. The lack
of a constant drying rate period can be because of the thin-layers
of the slice that did not provide a constant supply of moisture

during drying (Figure 2).

CWILEY--®%

3.1 | Influence of operating parameters

Figure 1a shows that the radiation intensity is an influential parameter,
as was the case in studies presented by Abe and Afzal (1997), Cao et al.
(2016), Chayjan et al. (2014), Das et al. (2009), Doymaz (2014a, 2014b,
2014c, 2015b), Kocabiyik and Tezer (2009), Nasiroglu and Kocabiyik
(2009), Pathare and Sharma (2006), Wang and Sheng (2006), Wu et al.
(2014) and Sharma, Verma, and Pathare (2005b). The considerable ef-
fect of the radiation intensity on the drying time can be assigned to that
with an increase in the radiation intensity duration drying, the extra en-
ergy emanated from IR lamps results in the enhanced surface tempera-
ture of slices and drying chamber temperature, leading to an increase in
the water vapor pressure and moisture diffusion within the material and
its surface, respectively, and finally, results in reducing the drying time.

Figures 3 and 4 show after an initial short period of drying, the
drying rate attains a maximum value and then it pursues a falling
rate in all drying conditions. Reduction in the moisture ratio leads to
a continuous reduction in the drying rate. In the initial stages of dry-
ing, the temperature of the kiwifruit slices enhanced sorely owing to
absorption of more infrared radiation heat, which indicates a short
warming-up period. It led to the increase of the internal water vapor
pressure to enforce the opening of more pores, and thereby a rapid
short-time increase in the drying rates. After this period, drying rates
reduced continuously with time under all drying conditions, which
demonstrated that the original stage of drying was the falling rate
period. Due to the drying of the product surface, heat penetration
thru the dried layer reduced thus retarding the drying rates. In ad-
dition, the reduction of drying rate might be due to a reduction in
porosity of samples due to shrinkage, which enhanced the resistance
to moisture movement leading to further fall in drying rates.

During drying stages, the absorption of radiation is affected by
the moisture content of the product. Radiation absorption decreases
with a reduction in the moisture content of the product, resulting in
a lower rate of evaporation, thereby reducing the drying rate.

The average drying rates increased more than two times as in-
frared intensity level increased from 1,000 to 2,000 W (Figure 3a).
These result are in compliance with previous studies on infrared dry-
ing of foodstuff (Das et al., 2009; Doymaz, 2014a; Doymaz et al.,
2016; Kocabiyik & Tezer, 2009; Sadin et al., 2014; Shi et al., 2008).

The effect of the slice thickness on the drying time can be in-
terpreted as that increasing the exposed surface area resulting in
increased diffusion path of moisture out of the slices and following
that the increase in the conductive resistance and the moisture gra-
dient of the slice due to the increase of thickness led to an exten-
sion in drying time. It would seem that with an increase in the slice
thickness, the rate of moisture transfer reduces due to an enhance-
ment of mass transfer resistance (Figures 3b and 4a), thereby lead-
ing to the higher moisture content of infrared-dried kiwifruit slices,
as found in previous studies for fruits and vegetables (Abano et al.,
2014; Doymaz, 2012; Nowak & Lewicki, 2004; Sharma et al., 2005a).

The significant effect of the distance between slices and infra-

red lamps on the drying time can be attributed to the fact that the
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FIGURE 1 Drying curves of kiwifruit slices at different conditions, (a) under the natural drying air system, (b) at IP = 2,000 W and

A =550 mm under the forced drying air system

FIGURE 2 Drying curves of kiwifruit
slices at different drying air velocities
under the forced drying air system

IP =2000 W, A =550 mm, A =4 mm- Natural convection
IP =2000 W, A =550 mm,A=4 mm, V=15m/s
IP=2000 W, A =550 mm,A=4 mm, V=125m/s

IP =2000 W, A =550 mm, A =4 mm, V=10 m/s

Dimensionless moisture ratio (MR)

0.0

80 100
Drying time (min)

40 60

reducing the slice distance from the IR lamps caused to obtain a large
amount of heat by material and then resulted in excess enthalpy ac-
cumulation within it, which was displayed by an increase in product
temperature and finally, led to the reduction of drying times. It was
further revealed that as slice thickness increased, the conductive re-
sistance of the slice proliferated, thus leading to reduction of final
product temperature. The result is in agreement with previous stud-
ies such as infrared drying of tomato slices (Abano et al., 2014) and
apple slices (Nowak & Lewicki, 2004).

The drying rates displayed the significant difference with dif-
ferent irradiation distances (Figure 3b), which was similar to result
reported by Abano et al. (2014) and Nowak and Lewicki (2004) and
was contrary to result reported by Cao et al. (2016). The different
results might be owing to the difference in distances and materials
used.

As authenticated by the experimental studies performed by
Afzal and Abe (1998, 2000), Nowak and Lewicki (2004) and Sharma
et al. (2005a), Figures 1b and 2 display that the air velocity is not

as influential a parameter as the slice thickness and, in addition,

140 160

the influence reduces with extension of the drying process. There
is no significant change in the positive direction in the drying time
for drying air velocity more than 1 m/s (Nowak & Lewicki, 2004).
On the contrary, evidence indicates the drying time changes with
air velocity.

Increasing the air velocity, as a dissipative parameter, at a given
radiation intensity accelerated the cooling effect due to the in-
crease in the mass of air passing through the drying surface, which
resulted in lowering of the drying chamber temperature, followed
by the slices temperature and moisture vapor pressure, and conse-
quently, the moisture driving force and the drying rate. Its repercus-
sions on the kinetics of drying emerge as the increase in drying time.
Researchers such as Afzal and Abe (1998) and Sharma et al. (2005b)
have presented similar results. Aghbashlo (2016) reported undesir-
able loss of the major portion of the absorbed energy without useful
application for the moisture removal to the ambient with increasing
the air velocity in the infrared drying system.

Similar to scientific findings (Kocabiyik & Tezer, 2009; Nasiroglu
& Kocabiyik, 2009; Pathare & Sharma, 2006; Wang & Sheng, 2006),
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system

the results suggest that drying rate changes with velocity. It is nega-
tively correlated with air velocity (Figure 4b).

3.2 | Effective moisture diffusivity

Figure 5 shows a schematic of the changes in the logarithms of
moisture ratios against drying time at different drying conditions
for both systems. It is clear that the D enhanced with a reduc-
tion in moisture ratio under all drying conditions. It was estimated
using Fick's second diffusion (Equation 3). The D values varied
from 1.22-9.0 x 1071° m?/s and 2.57-10.33 x 107'° m?/s along the
experimental range of conditions for natural and forced drying air
systems, respectively.

The values of D are in fact consistent with those in the lit-
erature, e.g., 1.17-8.13 x 107° m?/s for infrared drying of sour
cherry (Chayjan et al., 2014), 0.73-7.29 x 107° m?/s for infrared
drying of carrot slices (Togrul, 2006), 2.24-16.4 x 107 m?/s for
blueberry infrared drying (Shi et al., 2008), 0.62-3.5 x 107° m?/s
for onion slices infrared drying (Sharma et al.,, 2005b), 0.21-
5.39 x 107° m?/s for seedless grape infrared drying (Caglar et al.,
2009), 1.31-3.66 x 107° m?/s for sweet potato infrared drying
(Doymaz, 2012), 8.04-20.62 x 107 m?/s for mushroom slices in-
frared drying (Darvishi et al., 2013), 0.72-3.78 x 1070 m?/s for

watermelon seed infrared drying (Doymaz, 2014a), and 2.38-
10.30 x 107 m?/s for catalytic infrared drying of carrot slices (Wu
et al., 2014).

The D values increase with a reduction in distance between
the IR lamps and surface of kiwifruit slices, other drying conditions
being the same.

When the distance between the IR lamps and the slices is
decreased, the temperature of kiwifruit slices is increased and
thereby resulting in more evaporation of moisture from the slice
surfaces. Similar results were reported for tomato slices (Abano
et al., 2014) and onion slices (Sharma et al., 2005b). But, Cao et al.
(2016) reported radiation distance shows no significant influence
on D

A two-factor interaction polynomial relationship and a linear re-
lationship with high R? were found to correlate the effective mois-
ture diffusivity with corresponding operating parameters using DX7
software under the same designs for natural and forced convection
systems, respectively, and are given as follows:

Doyt =—4.523x 10704+ 3.145x 107 %1P+ 1.102x 107104
+6.098x107"°A+8.347x 107 IP41-4.655x 107 *IPA (1¢4)

~1.721x10-33;A (m2 /s) R2=0.9974
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Do =1.285x10710+1.711x107%°1 - 1.667x 10 °V R?=0.987 (17)

It can be seen from above equations that in the both systems, the
slice thickness is more influential than other operating parameters on
D Therefore indicating that the experimental D values were sig-
nificantly increased with the slice thickness. For the former system,
the highest effective moisture diffusivity derived at IR radiation of
2,000 W, distance of 700 mm between slices, and infrared lamps and
slice thickness of 6 mm. It obtained at drying air velocity of 1 m/s and
slice thickness of 6 mm for the latter system. It can also be seen from
Equation 17 that in the latter system, the air velocity has an effect
onhe D value during infrared drying. Clearly, drying time was pro-
longed with increasing air velocity and consequently led to further
energy consumption (Figure 2).

It was found that the D enhanced with an increase in IR radi-
ation intensity. This may be because, the increase in radiation in-
tensity led to more energy adsorbed on the sample surface from
infrared radiation for moisture evaporation and following a signifi-
cant variation in the sample internal temperature, which in turn led
to the increase in the vapor pressure and consequently led to faster
diffusion of moisture toward the surface or the high diffusivity val-
ues. The results are similar to the earlier studies of drying red pepper
(Caoetal., 2016), blueberry (Shi et al., 2008), sour cherry (Chayjan et
al., 2014), and onion slices (Pathare & Sharma, 2006).

The relationship between effective diffusion coefficient, radia-
tion intensity, and activation energy can be given by an Arrhenius
equation, other drying conditions being the same.

R2=0.9963 (18)

thickness 2mm: D ¢ =4.292x107%° exp (— w)

16,731m

thickness 4 mm: D = 1.085x 107 exp ( 5

) R?=0.9953 (19)

16,410m

thickness 6 mm: D4 =2.303x 1077 exp (— 5

) R2=0.9987 (20)

In the former system, the activation energy for diffusion
was calculated to be 21,376, 16,731, and 16,410 W/kg for the
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Drying time (min)

(a) under the natural drying air system, (b) at IP = 2,000 W and

thickness of 2, 4, and 6 mm, respectively, and activation energy
value at slice thickness of 2 mm was more than other thicknesses.
It can also be seen that activation energy decreased for increase in
slice thickness during IR drying of kiwifruit. Therefore, the results
indicate that the higher effective moisture diffusivities obtained
for slices of higher thickness are due to a reduction in activation
energy. Afzal and Abe (1998) reported a similar behavior between
slice thickness and effective diffusion coefficient and then with
activation energy in the product during infrared drying.

The relationship between effective diffusion coefficient, drying
medium temperature established by infrared radiation, and activation

energy can be given by an Arrhenius equation in the latter system.

2,568.7
T

thickness 2mm: D¢ =9.31x 107 exp (— ) R?2~0.9998 (21)

The E, value of infrared drying of kiwifruit was 21.36 kJ/mol,
lower than those of hot air drying (23.6 and 29.6 kJ/mol) reported by
Diamante et al. (2010) and Orikasa, Wu, Shiina, and Tagawa (2008),
respectively. The E, value denotes the sensitivity of moisture diffu-
sivity to temperature, which is related to the structural attributes
of the product. So, a higher E, value, a greater temperature sensi-
tivity of D As the infrared radiation increases, the temperature
increases as well, resulting in increased energies for the drying pro-
cess and thus decreases the activation energies. In general, the E,
values for food and agriculral pructs are in the range 12-130 kJ/mol.
(Chayjan et al., 2014).

3.3 | Modelling of the infrared radiation drying
curves of kiwifruit

The moisture content data at the different drying conditions were
transformed to the more usable moisture ratio phrase. Results show
that drying of kiwifruit slices occurs entirely in the falling rate perd
(Figures 1 and 2).

In the present study, 100 models were examined to describe the
drying curves of kiwifruit at different conditions (Table 1). It should

be noted that some of the models listed in Table 1 were omitted
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due to issues such as an inadequate fitting with experimental data,
failure to implement the model for some experimental data in the
software of Minitab 18, the selection of the best mode of a particu-
lar model especially in growth models, etc.

The constants of the remaining models were estimated by non-
linear regression technique using software of Minitab 18 for each
drying run. A regression analysis was carried out for these models
by relating the drying time and dimensionless moisture ratio at dif-
ferent drying conditions with respect to designs proposed by DX7.
Then, the operating parameters were correlated with the constants
to make the prediction equation more versatile and useful depend-
ing on the kind of runs under the same designs. Afterward, the best
correlation was selected with testing different transformations for
obtaining the highest value of determination coefficient using DX7.
After replacing the correlated equations of constants in the models,
the predicted values of each model were ultimately compared with
the experimental ones.

Goodness of fit of the models is characterized by the higher val-
ues of R? and EF and lower values of ;(2, RMSE, P, and MBE. The
statistical results of the different models, comprising the criteria
mentioned above to evaluate goodness of fit were presented in
Table 2.

Among the empirical, semitheoretical and the growth curve
models, model 87 gave a highest R?, EF values and lowest RMSE,
)(2, and MBE and thus, was selected to represent the infrared dry-
ing of kiwifruit for the natural drying air system. In the same man-
ner, models 24 or 27 were selected for the forced drying air system.
Because the statistical results of the two models are the same. In
other words, model 24 and model 27 are statistically similar. In this
case, it seems that model 27 is chopped form of model 24. model 87

and model 24 are given as follows:

Model exponential dacay function (87) :MR=c+(d-c)exp (-t/e)

1/c=-7.7959+9.61x 10~*IP-0.507551+1.96x1072A-8.7
x107%IPA+2.6x1077IPA+7.36x 104 1A - 2.5x 1077 IP*
—0.014174%2-1.6x107°A2
d=0.962504+1.39x107°IP+0.006396 1+ 1.72x 10~%A
+4.29%1076IP1—1.5x 10~IPA—9.5x 104 1A - 7.9% 10~?IP?
—~0.000724%-1.2x 1077 A?
1/4/e=1.296293+3.47x1074IP—0.134141— 1.79%x 1073A
—1.5x10751P1-2.2x 1077 IPA+1.68x 1075 AA + 3.43x 10-81P?
+0.0125794%+1.04x 1074 A2
Model modified two - term exponential -V (24)
MR=a exp (—kot") +b exp (—kit)
a=1.146-2.54x10"21-0.84833V+1.95x 10724V

—0.00114%+0.30144V?
ko=6.599259-1.6631-2.61162V +0.1461V

+0.13400242 +0.620853V2
n=0.869619-0.09111+2.40274V-0.05194V

+0.0131114%2-0.81963V2

b= -0.1297+0.025456 1+0.853694V —-0.02024V
+0.0013424%2-0.30192V?2

k,=7.871613—1.42021—3.20975V+0.10178 4V +0.103414 42
+0.88928V?2

Model 100 in Table 2 summarizes the list of the best neural net-
works published in the literature and as well suggested topologies.
The total data obtained for natural and forced systems are 8,705 and
4,806, respectively. In order to compare the empirical, semitheoret-
ical and the growth curve models with neural networks, LM training
algithm has been used for all of them. It can be seen from the sta-
tistical analysis (Table 2) that the all topologies presented in Table 2
provide better results toward the empirical, semitheoretical and the
growth curve models.

In general, computing time and accuracy increase with an in-
crease in the number of hidden layers and neurons. In addition,
their values alter with the change of transfer functions. If statisti-
cal analysis is the only criterion of the assessment of the process,
the topologies of 4-18-18-1 and 3-5-7-1 with the LOGSIG -LOGSIG
transfer functions are the best choices for natural and forced drying
air systems, respectively. If the computing time and simplicity of the
topology are considered, the best choices are the topology of 3-7-1
with the TANSIG transfer function and the topology of 4-7-1 with
the LOGSIG transfer function for ANNs with one hidden layer for
the former and latter systems, respectively. If attention is focused
on more accuracy, computing time and analytical simplicity simul-
taneously, the topologies of 4-5-7-1 and 3-5-5-1 with the TANSIG-
TANSIG transfer functions for ANNs with two hidden layers for
natural and forced drying air systems, respectively, are the best op-
tions to predict the infrared drying curves of kiwifruit.

Experimental data were compared with those predicted by
the model 87 and model 24 for relevant systems in Figure 6. The
predictions using the model 87 and model 24 displayed MR val-
ues banded around a 45° straight line on the plots for natural and
forced drying air systems, respectively, which displayed the suit-
ability of these models to describe the infrared drying behavior of
kiwifruit under various conditions. In addition, experimental data
were compared with those predicted by the ANNs with the topol-
ogies of 4-5-7-1 and 3-5-5-1 for relevant systems in the figure. The
comparison between models 24, 87 and the best ANNs showed
that ANNs modelling could be effectively used for prediction of

infrared drying curves.

4 | CONCLUSION

Kiwifruit drying behavior in a laboratory infrared dryer at three lev-
els of radiation intensity, slice thickness, and distance between slices
and infrared lamps under natural drying air system, at three levels
of slice thickness and air velocity under forced drying air system
was studied. It was dependent on the radiation intensity, the slice

thickness, the distance between slices and infrared lamps, and the
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(a) comparison of the experimental and predicted moisture ratio values from model 87, (b) variation of experimental and

predicted moisture ratio with drying time for the selected model, (c) predicted values of moisture ratio using ANN with topology of 4-5-7-1
versus experimental values under the natural drying air system and, (d) comparison of the experimental and predicted moisture ratio values
from model 24, (e) variation of experimental and predicted moisture ratio with drying time for the selected model, (f) predicted values of
moisture ratio using ANN with topology of 3-5-5-1 versus experimental values under the forced drying air system

drying air velocity; i.e., the drying time decreased with increasing the
radiation intensity and decreasing the slice thickness, the distance
between slices and infrared lamps, and the drying air velocity. The
falling drying rate period was only observed during infrared drying
of kiwifruit slices in all runs for both systems.

The effective moisture diffusivities of the kiwifruit slices in-
creased and correlated to a polynomial relationship with decreasing
distance between infrared lamps and surface of slices and increasing
radiation intensity and slice thickness for natural drying air system.

In addition, they increased and correlated to a linear relationship

with decreasing drying air velocity and increasing slice thickness for
forced drying air system.

Slice thickness was found to be dominant for internal moisture
movement during IR drying of kiwifruit for both systems. The effec-
tive moisture diffusivities ranged between 1.22-9.0 x 107° m? and
2.57-10.34 x 107 m%s for natural and forced drying air systems,
respectively, and were in agreement with values reported in the lit-
erature for IR drying of foodstuff.

For the former system, activation energies of 21.376, 16.731,

and 16.41 kW/kg were obtained and were inversely proportional to
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the thickness of slices, and for the latter system, an activation en-
ergy of 21.36 kJ/mol was obtained by an Arrhenius equation for the
slice thickness of 2 mm.

Among the empirical, semitheoretical and the growth curve
models fitted to the infrared drying data, model 87 and model 24
gave the best fit for the former and latter systems, respectively. The
ANNs with topologies of 4-5-7-1 and 3-5-5-1, TANSIG transfer func-
tion and the LM training algorithm were found to be the best for pre-
diction of variations in the kiwifruit moisture ratios during infrared
drying for natural and forced drying air systems, respectively.
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