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Abstract— The objective of this study was to opti-
mize the process conditions (in terms of air tempera-
ture, air velocity and thickness of the slices) using re-
sponse surface methodology (RSM) to achieve mini-
mum specific energy consumption and maximum
moisture diffusivity during drying of melon slices
with a closed loop heat pump drying (HPD) system.
An optimum drying temperature of 45 °C, air velocity
of 1 m/s and slice thickness of 5.04 mm were recom-
mended with following predicted responses close to
experimental values: drying time 216.58 min, total en-
ergy consumption 2.94 kWh, coefficient of perfor-
mance heat pump (COPhp) 3.08, coefficient of perfor-
mance system (COPuws) 2.75, specific moisture extrac-
tion rate (SMER) 0.22 kg/kWh, drying rate 2.53, L*
value 82.53, a* value -1.83 and b* value 25.82. The
most suitable models to represent the drying behavior
of optimum melon slices was chosen Wang & Sing. Ef-
fective moisture diffusivities (Defr) of the melon slices
were ranging from 7.075E-10 - 1.843E-07 m?™ and
increasing drying air temperature, drying air velocity
and slice thickness led to an increment of Der.

Keywords— Heat pump drying, Melon, Response
surface methodology, Drying characteristics, Mathe-
matical modelling

I. INTRODUCTION
Dried fruits function as the concentrated form of their
fresh properties in terms of energy, nutrients, dietary fi-
ber and antioxidants (Bennett et al., 2011). Melon (Cu-
cumis melo L.) is a popular fruit grown in European,
Asian and African countries (Dias da Silva et al., 2016).
In addition to its rich nutritional composition and bioac-
tive substances, melon has excellent flavour properties
(Petkova and Antova, 2015). Since melons are highly
perishable and rapidly get decomposed, they can easily
deteriorate after harvesting (Welti-Chanes et al., 2002).
For this reason, drying is a useful process to extend the
shelf life of melons (Azuara et al., 2009; Dias da Silva et
al., 2016) and to increase their added value by transform-
ing them in to a healthy snack, especially in over produc-
tion seasons. On the other hand, drying can cause adverse
effects on melon by reducing its quality in terms of col-
our, texture and bioactive compounds (Dias da Silva et
al., 2016). It is very important to select a proper drying
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method in terms of its technology, energy consumption,
and frequency of requirements to maintenance (Kirbas et
al., 2019). Due to the prolonged exposure to high tem-
perature and/or heat and oxygen, traditional drying pro-
cesses adversely affect typical fresh fruit colour, aroma,
and overall flavour (Zanoni et al., 1999; Abano et al.,
2011). Therefore, there is a need to establish a proper dry-
ing method to increase the amount of vitamins and fla-
vour in the final dried product in addition to decreasing
the rate of pigment deterioration (Perera and Rahman,
1997). The studies in the literature prevailed that Heat
Pump Drying (HPD) system played an important method
to retain the colour, vitamins, and other heat sensible
components of agricultural products (Prasertsan, 2010;
Jeyaprakash et al., 2016; Coskun et al., 2017). Moreover,
it was proven that HPD consumes the lowest energy
among the other drying methods (Tunckal and Doymaz,
2020). The objective of this study was to optimize the
process conditions (in terms of air temperature, air veloc-
ity and thickness of the slices) using the response surface
methodology to achieve minimum specific energy con-
sumption and maximum moisture diffusivity during dry-
ing of melon slices with a closed loop HPD system.

Il. METHODS

A. Materials

Fresh melons (Futuro F1) were purchased from local pro-
ducers in Yalova, Turkey. Following washing under tap
water, melons were peeled and sliced into 5 mm, 7 mm
and 9 mm-thick slices. 5 g of melon slices were weighted
to measure moisture content in an oven at 105+3 °C.
Moisture analysis was ceased once the two successive
weights of the sample less than 1% (Kosan et al., 2020).
It was obtained that the initial moisture content of fresh
melon slices ranged between 5.337 g water/g dry matter
and 9.967 g water/g dry matter.

B. Drying system procedure

Melon slices were dried with a heat pump dryer whose
technical properties and detailed figure were given before
by Coskun et al. (2017). Before starting the drying pro-
cess, the dryer was operated for about 30 min. to reach
steady state conditions. The process input variables in-
cluded drying air temperature, velocity and slice thick-
ness ranging by 35 -45°C,0.5-1.0m/sand 5 - 9 mm,
respectively. Following weighing of 635 g of melon
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slices, they were distributed homogeneously on the dry-
ing tray, and consequently the drying process was started.
During drying process, the mass loss of samples was
measured by using the load cell at every four min. and all
data were recorded by a computer connected to the sys-
tem. The temperature and relative humidity of air within
the drying system were measured every one minute by a
data collector. When the moisture content of the melon
slices decreased about 8+0.5 % (wet basis), the drying
procedure was finished. Energy consumption of the com-
pressor was measured by a digital wattmeter (Makel,
Turkey) every one hour followed by recording the data.
Drying system operates with + 0.8 °C sensitivity by a dig-
ital thermostatic control.

C. HPD system analyses

The performance of HPD system is expressed in terms of
specific moisture extracted ratio (SMER) and the coeffi-
cient of performance (COP). SMER is defined as the wa-
ter extracted from the product per consumed energy; and
COP is the ratio between the heat delivered to the drying
air through the condenser(Q.,) and energy consumed at
the compressor (mep) (Jia et al., 1990). COP for HPD
system was calculated by Eq. 1.

COPy, = WQ—ip 1)
where COPy,, represents coefficient of performance of
heat pump.

The COP of the overall system (COPF,,;) was based
on Eq. 2:
— Qcd
CORsys - Wcomp"'Wfan,i"'Wfan,e (2)
where Wfan,l- and Wfan,e represents power consumption
(kJ/s) of the internal and external condenser fan, respec-
tively.
Heat transfer rate (kJ/s) of the internal condenser was
used to increase the enthalpy of the drying air as given in
Eq. 3.

Qca = Mg (hy — hg) 3
where m,, hy, and hg represents mass flow rate of air
(kg/s), specific enthalpy of air at the exit and at the inlet
(kJ/kg) of the condenser, respectively.

SMER (specific moisture added ratio) represents the
total amount of energy consumed per the moisture ab-
sorbed from the product and calculated using the follow-
ing equation (Jia et al., 1990).

SMER = - Tw___ (4)
WeomptW ran,itWrane
where 1, represents amount of water evaporated from
the melon during drying process (kg/s).

D. Mathematical modelling of drying kinetics

Seven drying models were applied to determine the best
model for drying characteristics of melon slices. These
models were given as following equations (Ozkan
Karabacak et al., 2020):

Page: MR = exp(—kt™) (5)
Modified Page: MR = exp[(—kt)"] (6)
Logarithmic: MR = aexp(—kt) + ¢ @)

Lewis: MR = exp(—kt) (8)

Henderson & Pabis: MR = a exp(—kt) 9
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Two Term Exponential: MR = a exp(—kt) +
(1 —a) exp(—kat) (10)
Wang & Singh: MR = 1 + at + bt? (11)
where a, b, and n represent model constant, k is the co-
efficient in the drying model (1/s) and t is the drying pe-
riod ().

The moisture ratio (MR) and drying rate of the sam-
ples (DR) (g/s) were estimated from the following equa-
tions:

M-M,
MR = o, 12)

In Eq. 12, MR, M, M;, M, are the moisture ratio, the
moisture content at a specific time (g water/g dm.), mois-
ture content (g water/g dm.) of the sample prior to drying,
moisture content (g water/g dm.) at equilibrium state, re-
spectively (Tiifekci and Ozkal, 2017). Equilibrium mois-
ture content was accepted as zero since M,, is much lower
than M and M; values.

_ Mo—M¢

DR = = (13)

where M, and M, represent the weight (g) of the melon
before drying and after drying, respectively. At refers to
the duration of the drying process (s).

The highest correlation coefficient (R?) and lowest
root mean square error (RMSE), Chi square (%) were
used as the statistical parameters to identify the integrity
of the fit models describing the drying kinetics of melon
slices (Gaml et al., 2018). Subsequent equations were
used for the calculation of these values:

1 211/2
RMSE = [ﬁZ?:l(MRexp,i - MRpre,i) ] (14)
2 — (MRexp,i_MRpre.i)z (15)
N—-n
Here, MR,,,,; and MR, ; are the experimental and di-
mensionless moisture ratios, respectively for the test i. N

is the number of observations and n is the constant num-
ber for the models.

E. Effective moisture diffusivity (De)

Fick’s second diffusion law is broadly utilized for the es-
timation of effective moisture diffusivities of agricultural
products (Sufer and Palazoglu, 2019). The mathematical
explanation of Fick’s law is given in Eq. 16, based on the
assumptions including uniform initial moisture diffusion,
negligible shrinkage, constant diffusion coefficient
throughout the process and symmetric mass transfer in an

infinite slab,
Sy exp (- SE2eL) (16)

MR = 72 4i=1 o _1)2 412
In Eq. (16) MR, D¢, L and n represents dimension-
less moisture ratio, effective moisture diffusivity (m?/s),
half thickness of the slab in the melon slices (m) and pos-
itive integer, respectively. For sufficiently extended dry-
ing periods, Eq. (17) can be abbreviated to the first term
in the series by using a logarithmic form as follows:

8 w2Dgst
MR = — €xp <— Tf) a7

D.sy was computed through the slope of a straight

line which was plotted In MR versus time in drying ex-
periments. The equation was expressed as follows:
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Table 1. Box—Behnken matrix of independent variables used in
the RSM design

Values Parameter Levels
-1 0 1
X Drying air temperature (°C) 35 40 45
X, Slice thickness (mm) 5 7 9

X3 Drying air velocity (m/s) 05 075 1

Table 2. Experimental Design
Uncoded values

Run Coded Values

X X, X3
1 -1 -1 0 35 5 0.75
2 +1 -1 0 45 5 0.75
3 -1 +1 0 35 9 0.75
4 +1 +1 0 45 9 0.75
5 -1 0 -1 35 7 0.5
6 +1 0 -1 45 7 0.5
7 -1 0 +1 35 7 1
8 +1 0 -1 45 7 1
9 0 -1 -1 40 5 0.5
10 0 +1 -1 40 9 0.5
11 0 -1 +1 40 5 1
12 0 +1 +1 40 9 1
13 0 0 0 40 7 0.75
14 0 0 0 40 7 0.75
15 0 0 0 40 7 0.75
16 0 0 0 40 7 0.75
17 0 0 0 40 7 0.75

slope 4L?

F. Colour analysis

Colour measurements were carried out with a chroma
meter (CR-5, Konica Minolta, Osaka-Japan). L* value in-
dicates the change from vertical luminous intensity to
darkness, (+a*) redness, (—a*) greenness, (+b*) yellow-
ness, (—b*) blueness. Measurements were performed in
triplicate, and the average was used for further calcula-
tions.

G. Experimental design

Response Surface Methodology (RSM) was applied to
evaluate the effect of independent variables including air
temperature (X;), slice thickness (X,) and drying air ve-
locity (X3) on depended variables which include drying
time (Y;), total energy consumption (Y3), COP,,(Y3),
COPys(Y,), SMER(Ys), drying rate (Yy), and colour pa-
rameters (L*, a*, b*) (Y, Y-, Y5). A three level of Box-
Behnken design was used for RSM study. Three factors
and their levels (-1, 0, 1) were determined based on the
preliminary experimental trials. 1, 0, and -1 represent
high, optimal and low value. This experimental design
involved 17 experimental trials carried out in a random-
ized order. Factors, their levels and experimental design
including coded and uncoded values were illustrated in
Table 1 and Table 2.

All experiments were performed in triplicate, and
each sample was analyzed in duplicate. Average analysis
results of each trial were used to draw three dimensional
contour plots and consequently were evaluated to estab-
lish an optimization model. The contour surface as a bi-

dimensional projection of RSM was a proper tool to de-
termine a relationship between drying parameters of the
process and the studied variables.

A second order polynomial equation (Eq. 19) was fit-
ted to model each responses, i.e. depended variables as a
function of independent variables.

Y = by + by Xy + by X, + by Xs + by X, X, + bs X1 X5 +
beX, X3 + b, X7 + bgX2 + boX3 (19)
In this equation, coefficients of the model were b, (con-
stant), by, by, b (linear), by, bs, bg (interaction), b,, bg,
by (quadratic).

Second-order coefficients of model equations were
generated by regression analysis with Minitab statistical
software (version 17, Minitab Inc., Pennsylvania, USA).
The goodness of fit of the model was evaluated by the
coefficient determination (R?). The significance of the es-
timated regression coefficient for each response variable
was assessed by using a 5% test of significance at a prob-
ability (p) of 0.05. Moreover, optimum levels were deter-
mined by optimizing the responses.

I1l. RESULTS AND DISCUSSION

A. Analysis the Response Surface Models
The analytical results obtained from all the experiments
designed based on Box—Behnken model for drying of
melon slices were given in Table 3. Those experimental
data were used to determine the coefficients of the
quadratic polynomial equations given Eq. 19. The
resulting model parameters were demonstrated in Table
4 providing regression coefficients for each dependent
variable. The determination coefficient (R?) for most of
the responses except colour ranged from 0.9772 and
0.9928, indicating a high correlation between predicted
and observed values. The alterations in moisture content
of melon slices over time were illustrated in Fig. 3. Dry-
ing time of the melon samples changed between 244 -
792 min.
Drying time:
Drying time (Y;) of the melon samples changed between
244 and 792 min. The quadratic model for drying time
can be expressed by the following equation.

Y; = 0432 - 68.00X; + 170.00X, — 28.00X; —

32.0X,X, + 14.0X, X, +
10.0X,X; + 8.4X2 + 70.4X% — 55.6X%  (20)

From the Eq. (20), it can be observed that while linear
terms of drying air temperature (X, ) and drying air veloc-
ity (X3) had negative impact on drying time, slice thick-
ness (X,) had positive effect on it. Quadratic term of slice
thickness (X2) had the highest positive effect. However,
drying time significantly negative influenced by the
quadratic terms of drying air velocity (XZ2) (p<0.05).
Maximum drying time was determined for in Run 11.
However, minimum drying time was found in Run 3. It
was prevailed that drying time decreased by reducing the
slice thickness and increasing the drying air velocity and
temperature (Fig. 1a). Those results were in line with the
previous studies reported in the literature in which in-
creasing air temperature (Phahom et al., 2021) and drying
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air velocity (Ndukwu, 2009) and reduced slice thickness
(Sadin et al., 2014) led to a reduction on drying time.

Total energy consumption
Total energy consumption (Y,) in kWh changed between
3.008 - 9.258 kWh. The quadratic model for total energy
consumption can be expressed by the following Eq. (21):
Y, = 5.294 — 0.4196X; + 2.1585X, — 0.3119X, —
0.514X,X, + 0.293X,X; +

0.298X,X; + 0.191X? + 1.760X% — 1.391X2 (21)
From Eq. (21), it can be monitored that while linear terms
of drying air temperature (X;) and drying air velocity (X3)
had negative impact on total energy consumption, slice
thickness (X,) had positive effect on it. Similar to drying
time, quadratic term of slice thickness (X2 had the high-
est positive effect on total energy consumption. How-
ever, total energy consumption was significantly influ-
enced by the quadratic terms of drying air velocity (X2)
in a negative manner (p<0.05). Maximum total energy
consumption was determined for in Run 3. In contrast,
the lowest total energy consumption was found in Run
11. The graphical representation of the influence of slice
thickness (X,) and drying air temperature (X;) on total
energy consumption (Fig. 1b) revealed that when drying
air temperature increased to 40 — 45 °C and minimum
slice thickness was applied, total energy consumption
was the lowest. Also it can be observed that lower drying
air velocity (< 0.8 m/s) and lower drying air temperature
(35 °C) had negative influence on total energy consump-
tion. The effect of slice thickness (X,) and drying air ve-
locity (X3) at center point of drying air temperature
(40°C) demonstrated that increase of slice thickness re-
sulted in higher total energy consumption.

HPD system analyses
COPy,
COPy, (Y3) changed between 1.430 and 3.074. The quad-
ratic model for COPy,;,can be expressed by the following
Eq. (22):
Y; =2.2234 + 0.1452X; — 0.0028X, + 0.6765X;5 +
0.0005X,X, + 0.0260X; X5 — 0.0060X,X;
—0.0074X% — 0.0069X7 + 0.0100X2  (22)
From the Eq. (22), it can be monitored that while linear
terms of drying air temperature (X, ) and drying air veloc-
ity (X3) had positive impact on COPy,, slice thickness
(X,) had negative effect on it. Quadratic term of drying
air temperature and slice thickness (X and XZ had nega-
tive effect on COPy,. However, COP, positive influ-
enced by the quadratic terms of drying air velocity (X2)
(p<0.05). Maximum COPy,, determined for in Run 8.
However, minimum COPy,,, was found in Run 5. Factorial
plots for COP,,, demonstrated that when drying air tem-
perature increased, COP,, was also increased (Fig. 1c).
It can be also observed that lower drying air velocity (<
0.8 m/s) had negative influence on COP,,. The effect of
slice thickness (X,) and drying air velocity (X5) at center
point of drying air temperature (40 °C) was represented
in Figure 1c, demonstrated that increase of drying air ve-
locity (> 0.75 m/s) resulted in higher COPy,,.
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COP,
COP,; (Y,) changed between 1.359 and 2.749. The quad-
ratic model for COPy,, can be expressed by the following
Eqg. (23):
Y, = 1.9756 + 0.1440X; — 0.0015X, + 0.5600X; —
0.0002X,X, + 0.0597X,X; — 0.0063X,X;
+0.0058X7 — 0.0232X% + 0.0233X%  (23)
From the Eq. (23), it can be determined that both linear
and quadratic terms of slice thickness (X, and X2) had
negative effect on COB,,¢ (p <0.05). Although maximum
COP,,; determined for in Run 8, minimum COP,,; was
found in Run 9.
Those results were consistent with previous studies per-
formed with HPD in which 2.72 COP value was obtained
for banana at 48 — 52 °C drying air temperature and 0.4
m/s drying air velocity conditions (Kuan et al., 2019) and
COP values between 2.11-2.96 were obtained for grated
carrots at 56 °C drying air temperature (Aktas et al.,
2019). On the other hand COP values of the melon slices
were found lower than mint leaves were dried by heat
pump dryer at 40 °C drying air temperature and 1.8 m/s
drying air velocity conditions. Factorial plots for COPR,,¢
showed that when drying air temperature (X;) was in-
creased, COP,,; was also increased (Fig. 1d). It can be
seen that drying air velocity (X3) (> 0.8 m/s) had positive
influence on COP,,.. The effect of slice thickness (X,) and
drying air velocity (X3) at center point of drying air tem-
perature (40°C) was showed in Fig. 1d,demonstrated that
increase of drying air velocity (> 0.75 m/s) resulted in
higher COP,;.

SMER

SMER (Y) changed between 0.125 and 0.215 kg/kwh.
The quadratic model for SMER can be expressed by the
following Eq. (24):

Y; = 0.1642 + 0.00738X; — 0.027X, + 0.00762X; +

0.00100X,X, — 0.00075X, X5 — 0.0060X,X5 +

0.00423X? + 0.00402XZ + 0.00977X2  (24)
According to Eq. (24), both drying air temperature (X;)
and drying air velocity (X3) had positive correlation, but
slice thickness (X,) had negative correlation on SMER
value. Moreover, it was significantly negative influenced
by the quadratic term of drying air temperature (X?2).
Quadratic terms of slice thickness (X2) and drying air ve-
locity (X2) had highest positive effect on it (p < 0.05).
Similar to drying time and total energy consumption,
maximum SMER was determined for in Run 11. How-
ever, minimum SMER was found in Run 3. In previous
studies SMER values were obtained as 2.05 kg/kWh for
mango by Wang et al. (2019), 0.6 kg/kwh for banana by
Kuan et al. (2019), 1.64 kg/kWh for red jujube by Yuan
et al. (2019) and 0.06 kg/kwh for ginger by Chap-
chaimoh et al. (2016).

The graphical representation of the influence of slice
thickness (X,) and drying air temperature (X,) on SMER
value (Fig. 1e) revealed that when both drying air tem-
perature decreased and slice thickness increased (> 6
mm), SMER value was reduced. From Fig. 1e it can be
seen that lower drying air velocity (< 0.8 m/s) and lower

104



C. TUNCKAL, A. OZKAN-KARABACAK, C.E. TAMER, P. YOLCI-OMEROGLU, Z. GOKSEL

08¢0 0 1600 2596°0 6.76°0 05.6°0 §€86°0 €6.6°0 0v.6°0 2o vy
L6¥.0 AN AN L1690 8786°0 CLL6°0 0686°0 8¢66°0 26860 98860 zd
6550 96¢£°0 11440 2200 €100 0 0 G80°0 560°0 114 JO Xoe7]
ov'e- 0T'¢- €T0 0T¢C0 116000 €€¢00 00T00 T6E'T- 9°6G- (z8X 10y) 6q
T7'0 260 or'9 00%0°0- ¢0¥700°0 ¢ecoo- 6900°0- 09T 7'oL (22X 10y) 8q
80'T- 09°0- 6.'G- STE00 €¢v00°0- 85000 ¥.00°0- T6T°0 '8 (z'X 104) 1q
LE'T 960 66°0- LCET0- 00900°0- €900°0- 0900°0- 86¢°0 00T (ex 2x 1oy) 9q
1A €L0 Y 8.T0°0- G/000°0- L6500 09200 €620 oVt (ex TX 10y) 5q
06T 590 910~ €190°0- 007000 2000°0- S000°0 Y150~ 0ce- (ex X 104) q
599°0- 60°T- ¥e'T- 85€T0 29.00°0 009S'0 59/9°0 6TTE0- 00'8¢- (Awooan Jte Bulfig-ex Joy) £q
T26°0 117 - S6617°0- 00.20°0- ST00°0- 8200°0- G8aT'¢ 00°0.T (ssauxoIuyy 9a11S-2X 104) 2q
60€'T 9’0 8¢'¢ G120 8€.00°0 ovvT 0 [As174%0] 96T¥'0- 00'89- (aumesadway Jre Bulkiqg -1x 10j) 1q
€T0€ 80°€ 6EV.L 876¢'T 0¢v9T'0 96/6'T vEcl'¢ 762°G CEV'0 0q
(s/b) (Unw1/6) (um1) uondwns
«0 ] 1 ayes buiug H3INS sMdoD duqoD -u02 ABasua [e10 | (utw) swn buifug 1USI21}J209 uoIssaifioy
asuodsal sisAJeue uolssalbal Jo Arewwns "y ajqeL
06'G¢ 0T 8E'T18 0T-3JceEr'6 08¢'T T9T°0 0.6'T 6T¢'¢C 0cr's (01474 SL'0 L ov LT
T0°CE €L9 VLEL 0T-31¢8'8 99¢'T 7970 V.6'T Tece ¥8€'S 8¢y SL'0 L ov 9T
18'¢CE €L0- T19'SL 0T-30€C°6 06¢'T S9T°0 G/6'T veee Tce's ey S0 L ov ST
LT'6¢ 0oge 80'7L 0T-3¢EV'6 €8¢'T S9T°0 9/6'T éaece 9€e’g 17474 S0 L ov VT
69°0€ 60°G ¢e’'l9 0T-3S€9°6 GGe'T 99T°0 €86'T T€C¢C L00°S 00 SL'0 L ov €T
90'0€ qc'v G8'18 ,0-38T18'T 166°0 0ST'0 085°¢ GE6'¢C €1¢’L 899 T 6 ov T
69'G¢ LET 8T'18 60-3TL0'T S6¢°¢ G120 S65°¢C ¥56°¢ 800°¢ e T S ov T
€8'G¢ 0€'T 29'¢8 L0-3EV8'T 2¢6°0 €510 69€'T T1S'T 059°2 Z19 S0 6 ov 0T
96'9¢ 89°0 00'8L 07-3869'8 S69'T 76T°0 6S€'T 90S'T o'y 8¢€ S0 S ov 6
¥9'8¢ S6°¢C- 6S'TL 60-385C'T L06'T ¥8T°0 6vL'¢ I ZA0 R €Ty 00€ T L 14 8
1981 8¢ 0€'6S 0T-3.EL°6 96E'T LLT0 L12C 879'¢ €LY 14014 T L 1 L
1L2'9¢ LLT 0,69 60-39vT'T VEL'T 7970 €197 ¢SL'T ee'y 0ce S0 L 14 9
9T'6¢ 8T'G 6C'17.L 0T-30¢S'8 ¢ST'T 12140 08€'T 0er'T 899'S 08Yy S0 L 158 S
0C’ee 'S ceeL £0-39€9'T G680 810 890°¢ T1€¢C 8008 889 S0 6 14 14
8L'LC 70y 8€'89 L0-3¢LC'T 8TL°0 STAN0] S8'T €0T'¢ 8GC'6 6L SL'0 6 158 €
€e'Le wT ¢6'18 0T-3966'6 686'T T0C°0 ¢L0¢ v1€7¢ G6L°€ 9/¢ S0 ] 14 4
¢5'6¢ 79°C GE'9L 07-3G20°L EVS'T Z¢8T°0 878'T 80T'¢ 910'Y [A1 SL0 ] Ge T
(um) (s/w) (Do)
(s7,w1) (s/6) ayeu (uni/6x) uondwnsuod (uw) swn FSTRIIETY (wwi) ssau aimeJsadwal
0 R Ny g puifiqg HINS Md00  “d0D ABJaus [eyo L puikig dre buikag -1y 1S e buikag uny

S801]S UOJaLU palip 10J sasuodsal pazAjeue Jo s)nsal 8yl '€ o|qel

105



52(2):101-110 (2022)

Latin American Applied Research

(s/w) sanpojan e Bukiq (ww) ssawpiy 3311S (2) 2amesaduia) Jie Buikiq

sues|y pand
anjen .q 104 30]d 510943 utleN

(s/w) sanpojan e Buikig (ww) ssowpiyy 9215 | (3e) aamesadwiay sre Buikig

sues|n pan4
a1es buifiqg J1oj 10]d 109443 Uiy

(s/w) sanpojaa Jie buikig (W) 141 1S (D) 24 di aie buikig

sueay paxl4
dydoD 104 10|d S129443 uley

8z

62

(3

2

000L

00zL

009L

008L

0002

osee

00sz

0sL2

000€

anjen ,q Jo ueajy

9jes buifiq jo uespy

dydoDd jo ueay

\

\

(s/w) sanpojan ste buikiq (ww) ssawpiy d1|S (D0) 1myesadway ate buikiq

sues|\ panid
anjeA ,e 10j 10|d 519913 ulel\

~\

(s/w) sanpojan ite buiiq (ww) ssawpiyl a1 (D0) @amesadway sie buikigq

suea|y paniy
(UM/BA)YINS 104 301d S193433 Ule|N

(s/w) sanojan e buikig (ww) ssawppIyy IS (Do) 24n3esadwiay Jte Buikig

sues|y pany
(Ym>)) uondwinsuod ABJaus |e10] 10§ 10|d S199443 ule|y

09L

oLL

08L

00z

(UI/BX)EIINS 4 ues I anjen e jo ueapy

(Ymy) uondwnsuod ABIsus €30 Jo u

o

AN|BA 4 PUR 3NJBA 4B ‘BNJeA 4 ‘a1el BulAip
“H3INS ‘SMdOD ‘dydo?D ‘uondwnsuod ABisua [e10] ‘awil BulAip ay) Uo SaiIdoleA Jie BulAip pue ssauxdlyl 891)s ‘inyesadwsl Jie BulAip Jo s198448 ayr Buimoys 10]d [e1i01oe) asuodsay ‘T ainbi

J— —
(s/w) sanpojan Jie buikig (ww) ssawpiyy 1S (2.) @4n3zeaadwiay ate buikig
suea| panid
dNjeA 7 10} 10|d S12343 uleN

-
—
. R _—
\\
—
(s/w) sanpojaA aie buikig (ww) ssawpiyy 1S (2.) @anjesadway e Buikig
suea|y pard
SMdQD 4104 10|d S123}43 uleiN
~
/
/
/
(s/w) sanpojan ite buikig (ww) ssawpiys ad1Is (o) @anjesadwiay e buikig

suea|n panid
(uw) awn Bulkiq 104 10|d S123443 UteN

(o728

0002

o0sze

00SZ

00s

00L

anjeA (] Jo ueajy

SMd0D 40 UESN

(unw) awn buikiqg jo uesy

106



C. TUNCKAL, A. OZKAN-KARABACAK, C.E. TAMER, P. YOLCI-OMEROGLU, Z. GOKSEL

drying air temperature (35 °C) had negative influence on
SMER value. The effect of slice thickness (X,) and dry-
ing air velocity (X3) at center point of drying air temper-
ature (40 °C) demonstrated that increase of slice thick-
ness resulted in lower SMER value.
Drying rate
Drying rate (Y;) changed between 0.718 and 2.295. The
quadratic model for SMER can be expressed by the fol-
lowing Eq. (25):
Ys = 1.2948 + 0.2145X; — 0.4995X, + 0.1358X; +
0.0673X,X, — 0.0178X,X; — 0.1327X,X; +
0.0315X% — 0.0400X3 + 0.2210X2 (25)
According to Eq. 25, while drying air temperature and
drying air velocity (X; and X3) had positive correlation,
linear and quadratic terms of slice thickness (X, and X2)
had negative correlation on drying rate. Quadratic term
of drying air velocity (X2) had highest positive effect on
it (p < 0.05). Accordingly drying time, total energy con-
sumption and SMER value, maximum drying rate was
determined for in Run 11. However, minimum drying
rate was found in Run 3. Factorial plots demonstrated that
drying rate was reduced when both drying air tempera-
ture (X;) decreased and slice thickness (X;) increased (>
5 mm) (Fig. 1f). It can be observed that lower drying air
velocity (X3) (< 0.8 m/s) and lower drying air tempera-
ture (X;) had negative influence on drying rate. The ef-
fect of slice thickness (X,) and drying air velocity (X3) at
center point of drying air temperature (40 °C) indicated
that decreased slice thickness (X,) and increased drying
air velocity (X3) resulted in higher drying rate.

Colour values
L* value
L* value (¥;) changed between 59.30 and 82.62. The
quadratic model for L* value can be expressed by the fol-
lowing Eq. (26):
Y, = 74.39 + 2.28X, — 1.41X, — 1.34X, —
0.16X, X, + 4.22 X, X; — 0.99X,X; —

5.79X% + 6.40X% + 0.13X?2 (26)
While drying air temperature (X;) had positive correla-
tion, slice thickness and drying air velocity (X, and X3)
had negative correlation on L* value. Moreover, L* value
was significantly negative influenced by the quadratic
terms of drying air temperature (X?). Quadratic term of
slice thickness (X2) had highest positive effect on it (p <
0.05). While maximum L* value was determined for in
Run 10, minimum L* value was found in Run 7. Factorial
plots showed that L* value was reduced when minimum
drying air temperature (X;) applied and slice thickness
(X;) was between (6 — 8.5 mm). Especially 39 - 43 °C
drying air temperatures caused the highest L* value (Fig.
19). It can be seen that low drying air velocity (X3) (0.5
— 0.65 m/s) and lower drying air temperature (X;) (37 -
41 °C) had highest positive influence on L* value. The
effect of slice thickness (X,) and drying air velocity (X5)
at center point of drying air temperature (40 °C) was rep-
resented in Fig. 1g, demonstrated that 6.5 — 8 mm slice
thickness and drying air velocity > 0.8 m/s resulted in
lower L* value. Moreover it can be seen from Table 3,

when the other two parameters were constant, reduction
in slice thickness and increase in drying air temperature
and drying air velocity caused higher L* value. In gen-
eral, non-enzymatic Maillard browning reactions and the
decomposition of pigments are responsible for the ad-
vancement of discolouration in dried melon slices (Ibarz
etal., 1999).

a* value
a* value (Ys) changed between -2.95 and 6.73. However
Oliveira et al. (2020) reported a* value as between -0.74
and 3.22 in melon snack enriched in calcium. The quad-
ratic model for a* value can be expressed by the follow-
ing Eq. (27):
Yg = 3.08 — 0.46X,; + 1.11X, — 1.09X; +
0.65X,X, + 0.73X, X5 + 0.56X,X; —

0.60X? + 0.92X% — 2.10X2 (27)
From the Eq. (27), it can be observed that both of the
terms X; and X5 (drying air temperature and drying air
velocity) had negative impact, while X, had positive ef-
fect on a* value. Moreover, a* value was significantly
negative influenced by the quadratic terms of drying air
temperature (X? and X2). Quadratic term of slice thick-
ness (X2) had positive effect on it (p < 0.05). When the
highest a* value was found at Run 16, the lowest a* value
was found at Run 7. From the Fig. 1h the influence of
slice thickness and drying air temperature on a* value
demonstrated that when 38 - 43 °C drying air temperature
and the highest slice thickness (9 mm) applied, a* value
was the highest. Minimum a* value was obtained when
43 - 45 °C drying air temperature applied to melon slices
having thickness below 7 mm. It can be also observed
that 0.6 - 0.7 m/s drying air velocity and drying air tem-
perature below 40 °C caused highest a* value. The effect
of slice thickness (X,) and drying air velocity (X) at cen-
ter point of drying air temperature (40 °C) showed that
0.9 — 1 m/s drying air velocity and slice thickness lower
than 7 mm resulted in lower a* value. The increase of a*
value in dried melon slices might be due to the Maillard
reaction and degradation of pigments such as carotenoids
(Ozkan Karabacak et al., 2020).

b* value
b* value (Y5) changed between 18.51 and 33.20. The
quadratic model for b* value can be expressed by the fol-
lowing Eq. (28):
Yo = 30.13 + 1.309X; + 0.921X, — 0.665X; +
1.90X, X, + 3.25X, X5 + 1.37X,X; —

1.08X? + 0.41X7 — 3.40X?2 (28)
According to Eq. (28), while linear terms of drying air
temperature and slice thickness (X; and X,) had positive
correlation, drying air velocity (X;) had negative correla-
tion on b* value. Moreover, b* value was significantly
positive influenced by the quadratic terms of (X2). Quad-
ratic terms of drying air temperature and drying air ve-
locity (X2 and X2) had negative effect on it (p < 0.05).
Maximum b* value was determined for in Run 4. Similar
to L* value and a* value, minimum b* value was also
found in Run 7. Factorial plots depicted that b* value was
minimum when drying air temperature was 35 °C and
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Table 5. Criteria for optimization for process conditions

experi-
Response goal lower  upper mental -
condition condi-
tion
Drying Min 792.00 205.00 216.58
time
(min)
Total en-  Min 9.26 3.93 2.94
ergy con-
sumption
(kWh)
COPnp Max 1.43 2.88 3.08
COPws Max 1.36 2.65 2.75
SMER  Max 0.13 0.21 0.22
(kg/kwh)
Drying Max 0.72 2.37 2.53
rate
L*value Max 59.30 81.67 82.53
a*value  Min 6.73 -1.35 -1.83
b* value Max 18.51 26.33 25.82

Composite desirability = 0.9125

slice thickness was between 6.5 - 9 mm. Besides that,
when drying air temperature was between 43 —45 °C and
slice thickness was below 6 mm, b* value also reduced
(Fig. 1i). It can be observed that drying air velocity be-
tween 0.65 - 0.95 m/s and drying air temperature higher
than 39 °C resulted in higher b* value. The effect of slice
thickness and drying air velocity at center point of drying
air temperature (40 °C) was represented in Figure 1i,
demonstrated that slice thickness between 8.5 — 9 mm
and drying air velocity 0.65 —0.85 m/s resulted in higher
b* value. Oliveira et al. (2020) determined that all dried
melon samples showed higher b* values (17.40 - 26.47)
than fresh melon. Similarly, the b* values found in our
research were obtained in a range of 18.51 - 33.20.

B. Optimization of levels of independent variables

In order to optimize the levels of the independent varia-
bles for drying melon slices having high quality, the re-
sponses were assigned equal importance on the basis of
their effects on the quality of final product. The used cri-
teria, actual and predicted responses were given in Table
5. The optimal condition for all responses with composite
desirability of 0.9125 was: 45 °C (X;), 1 m/s (X3) and
5.04 mm (X,).

C. Effective moisture diffusivity (Dsy)

Effective moisture diffusivity (D,ff) values obtained for
each runs were presented in Table 3. D, values of
melon slices were in the range of 7.075E-10 - 1.843E-07
m2st. These values were stated in the common range
(10'1'- 10® (m?st)) determined for the dehydration of
food products (Surendhar et al., 2019). Increasing drying
air temperature, drying air velocity and slice thickness
(X1,X; and X5) led to an increment on D, ¢, of the melon
slices. Higher drying temperatures and velocities lead to
higher heating energy and thus water molecules with in-
creased activity cause high moisture diffusion (Akoy,
2014; Phahom et al., 2021). The effect of slice thickness

52(2):101-110 (2022)

(X2) on Dgy was more important than the other parame-
ters. Because slice thickness (L) is directly related with
Desr (Eq. 18). If a melon slice is thin, diffusion occurs in
one direction from internal part of the slice through its
external surface, while side diffusion is negligible. On the
other hand, considering a thick melon slice, diffusion
may also take place from side surfaces which enhance the
removal rate of water from a slice. In addition, surface
hardening effect occurs faster at thinner melon slices
which will hinder the diffusion of moisture in thin melon
slices, resulting lower effective moisture diffusivity in
thinner melon slices (Chin et al., 2015). In accordance
with our results, Xia et al. (2014) found that D, of
Hami-melon slices varied from  10.65x10° to
33.76x1071° m?/s and from 8.06x101° to 39.97x102° m?/s
with increasing drying temperature (from 50 °C to 80 °C)
and sample thickness (from 3 mm to 11 mm), respec-
tively. Our results are also consistent with this existing in
the literature for dried melon (Cucumis melo) slices ob-
tained by air drying varied from 1.21x10°® m?s to
4.18x107® m?/s for slice thickness of 4 mm, and from
1.69x107% to 8.54x107* m?s for slice thickness of 6 mm
(Azadbakht et al., 2012).

D. Thin layer drying models

Drying behavior of melon slices with optimal conditions
(45 °C drying air temperature, 1 m/s drying air velocity
and 5.04 mm slice thickness) acquired with Box-
Behnken design, was evaluated with seven different thin
layer drying models. The statistical parameters based on
R?, RMSE and y? values ranged from 0.8804 to 0.9940,
0.001459 to 0.0.024127 and 0.000136 to 0.037927, re-
spectively. The most proper model to represent the dry-
ing characteristics of melon slices were chosen Wang &
Sing model. This result was coherent with previous study
reported that Wang & Singh model for mint leaves was
accepted as the most suitable theoretical model (Kavak
Akpinar, 2010). Regarding the studies based on melon,
Azadbakht et al. (2012) found Midilli model as the most
appropriate one and da Cunha et al. (2020) reported that
the best fit was obtained by using the Logarithmic and
Wang & Singh models for ethanol pre-treated melon
samples while The Two Terms exponential gave good
statistical values for the dried melons without the pre-
treatment during convective drying.

IV. CONCLUSIONS
In this study, the optimization process was obtained by
using RSM for having high quality drying melon slices
with closed loop HPD system. An optimum drying tem-
perature of 45 °C, air velocity of 1 m/s and slice thickness
of 5.04 mm were recommended with following predicted
responses close to experimental values: drying time
216.58 min, total energy consumption 2.94 kWh, COPyp
3.08, COPys 2.75, SMER 0.22 kg/kWh, drying rate 2.53,
L* value 82.53, a* value -1.83 and b* value 25.82. The
most suitable model to represent the drying behavior of
optimum melon slices was chosen as Wang & Sing. Ef-
fective moisture diffusivities (D) of the melon slices
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were ranging from 7.075E-10 - 1.843E-07 m?s™and in-
creasing drying air temperature, drying air velocity and
slice thickness led to an increment of D.¢¢. By the opti-
mization of drying parameters of melon slices novel
healthy snacks were provided with minimum energy con-
sumption and maximum moisture diffusivity and attrac-
tive colour properties.
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