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Table 1- Treatments in response surface methodology
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Drying time (S)  sample diameter ~ Sample thickness Inlet air velocity Temperature Run

(cm) (mm) (m/s) (°C) Number

6000 5 0.3 25 60 1
10000 4 0.3 25 40 2
6000 4 0.3 0.5 50 3
10000 6 0.7 25 50 4
8000 4 0.7 25 60 5
10000 4 0.5 0.5 60 6
10000 5 0.7 0.5 40 7
6000 6 0.5 25 40 8
6000 4 0.7 15 40 9
6000 6 0.7 0.5 60 10
8000 5 0.5 15 50 11
10000 6 0.3 15 60 12
8000 6 0.3 0.5 40 13
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Table 2- The characteristics used in the simulation of apple drying

&y v S
Reference Amount Characteristics
(Hussain et al., 2021) 0.6 S
Porosity

(Hussain et al., 2021)

(Hussain et al., 2021)

0.3860 (W/m.K)

3850 (J/(kg.K)

K) &)l colan
Conductive heat transfer
Coefficient
(Co)osg ol S wud)ls
Special heat coefficient

(Hussain et al., 2021) 960 (kg/m?) P)) dmsls
Density
(Hussain et al., 2021) 3.05x10% (m?/s) (Dif) 395 v 2

Diffusion Coefficient
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Figure 1- The simulated apple slice (a) and the dryer meshing (b) in COMSOL simulation

1- Moving mesh



Oldos ool (6 jlwannd Jo—o (o yliel
OO PSS

slsosls , 1l o B iulejl clacols jlog s
mod (s g oy ST 50 00 (gl
(Abbasnia et al., 2021) ol o,y ool
3l Joimo o e o800 3 )Ll sl
ol

a8 5 JaST )53l 5 asgs Lo log0d o)
ped a0 alal; SO L Al sle e 0l plo]
O o) eog 4 LB as el Sl (A akal))

(Abbasnia et sg aisly e slo i g il

al., 2021)
2 2 2
Y =0+ Z.Bixi + Z.Biixiz + Z BijXij M)
‘U"‘ )s) 4\5

$9) 4 Mo Lpjiite = Xj 9 Xi ce—uly= ¥
s Aa= B s i i o 5 2SS e
(b el 5l e lile Gew S cul o
il g Jas Coo La piSen p g pgd 42y
oills LT g )Ll g loline 5 (bgew S
s ol & ST ply s 5o ANOVA L g
s (Sl pos 5 G5, ul b s )
(10 ma o) p-value R? g Ll sl

NUCR W)

o g s

o §LBATg0 (6l (1 o L
U Sins

Ol s (amgbo ) oo ¢ Sugdo ) Cons Ol s

A

L ,5 Jls! Jow
P 3 e oA S5 (58, S 8 5l ey
Djg—o dm Ol (S Si LS gl Gly»
D b oo JUEI aasged golas plos 4y (800
e sl i daa g e ) L
e 5 o5 lea sles g Lo
S JLasl o)l 09-dge S 05y sl S pd
S8 Ioeigmd 3555 4 n g | Sebyen 3o
Lo )5 Jlasl Jow leme an B 9 F Slobee 5l .auS o0

0,5 ool gilwacs gl o

pcpg—:+pcpu-VT+V'q=Q+Qp+de ®
q = —kVT ()
‘u] )Q 45

loo=T (el [Lid 0 0509 sl 5= Cp cailo=p
U o((—Lls (65,0l Ol 5 pcy, Z—:) Ol—oj=t
(4,98 9LE) ()l S e dd Jlo =0 e, e
Jssilea—s Ll ¥ ahal) o> ceaw o )le
el Jlom 035 ol | 56 >
o2 JUsl Juao

o oS )0 oo oy LA (o) 2 6T
V7 ol doles oSSt o5l sle—n 10 0 g

o oolawl
V-]i+u-Vcl~=Rl~ (?)
Ji = —DiV¢; )
‘U] )b 45

=Ri 6u]éﬁ_mw)__.«0=D| ‘UT‘S——JP))L—AJJ:\]l



gl i g, b Silwd e g Jogmels' b (gaas (g 5lwdns

Sty A eS A ) S (S
e Dol Gl 4 (Jlo o ails jls usb,
A 83V e lw /0 g oIV Culbs L ages
Gl o a S el T samao L ¥ S b 09
PS5 SiS ple 5 Cgbe lade Gl o ol
Olo) 40 S Culis L digas g aiildS Sl ladiges
oy oz Cgl ) Jlade a9 SiS (g,

=5 lwosls 5l Jmol> dad ol ois g Culs
Y cwb o Lo o glod 35 0 S S_is
g ol Kilw az o0 fe glwo ;o e il /Y g ¢/
YoV o Jsi joa il o e +/0 Slop Co s
e VSl a i L g o o0l LS
o e ailw oIV Culbeo L asgel jo 00,5 St
aS Jo o ccul oo, el o 4 (g in oy

Oley adds Feooany ;e gl oIV Cwlbs L abiges

Cagb y Comnd

§ —&— 0.3
® ----05
S

o - X--0.7
S

=

=7

o

]

2 ,

0 40 80 120 160 200

w(i3) ol

(&)
(b)

6
=
s A —4&—0.3
& ‘g’ --@--05
9 o, \ - X--0.7
o
42
3 20
S 0 40 80 120 160 200
(4835) oo
Time (m)
()

()

a3 e ol (glos )3 (ALejl (gl 55 o Sedyg (13 S Sutd (b () (Sasb ) S 5 (W) Cagh, ylade O puds -Y JSWS
(o digei Crolus sadd (Ui +/Y g +/0 o /Y pdlie) abl o Jio +/0 Cas puw U (glg by 9 3 Silw

Figure 2- Moisture content (a) and Moisture ratio (b) changes during apple drying in a lab oven with 60°C and 0.5 m/s
(The 0.3, 0.5, and 0.7 refers to the thickness of samples.)
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Figure 3- The shrinkage of Diameter (a) and thickness (b) of apple samples during drying at lab oven with 60°C and
0.5 m/s (The 0.3, 0.5, and 0.7 refers to the thickness of samples.)

(5,5 Sl Sl sled (o draiged Cwls ol
Dl S SUsh Caogb ) Hlaie o pieS A o oo

o ;3 ey d asdllae ol o s e 4
o SBA el 0 Sl o g, o Lo eS8

e dea b e b V) ahal) oo e Sl
b Joe S pl g S Sis (b e Sugh,
(53523 Sl D)l 4z sla Sl LU o
dsiged ;b dSged Sl (5099 Slg—o oy
ol b 69955 Sle—p 4z yd iSen 5 Ol
¥ UL la,logei dillaz oy Ly il L yg25T5
an by ye slooe (ST (plims Jl8la 5 0 Y g
5 Lelbs )0 (ST, b, Jlade wwsb, &5
gl ¥ o b LB 0 (S Sgpx
A Caad |y i3l o iton b oo ol aia
ot a9 ol s 0g 3 5l allisle;l slascsls
2 e gl pls—s oy Lol 5l Jds

D ooliiwl JgualS 18ls 5 awgs ST (o 5luacds

TR RCE JUNUPPUCUINCY PR TVC R =S NV

ool HLis ¥ IS jo (oS S b Cgb,
A oY Calbes L dbgad (o Ol pnss ol 0g-i o
el U s gy 4 Ly /0) copsb, &, 5l
98 2 0 a S Jlo> oo wlosuw, 0,5 S i
Sldos sLgl L5 oY 5 + 10 ol s Ly agas
3o Oalidlasgy ol ogle —aslidl g, oo S Sis
Y Cls L adiged 5l i + /0 Cubs L dges
Ceoles Ly abged 3l p > Jlaul |05 . cwl oogy
T 5 Smsb Hlaie Olss el gaS p iy
2 oS S—is Sldes Gl am Cod Cgb,
Slallhas Ly gllae LLalS oo a8 ioles] sladiges
el 500 ol o Sl zogeo glel o SSis

(o) ¥ Js—2)
2000;

(Biatobrzewski, 2007; Golestani

et al, 2013; Moreira et al,

Nguyen et al., 2018; D. I. Onwude et al.,

Lo cou—w 45,0 .2018; Rafiee et al., 2010)




gl i g, b Silwd e g Jogmels' b (gaas (g 5lwdns

(! Cugby Sludle X) Cum (33,5 S 2Ruilo;l sodId 31 ool Cowd 4y o1y g J0 —Y Joui>

Table 3- Empirical models from experimental data of apple drying (x is moisture content)

R2 alayl &b (©mM) cuwlis
Model Parameter Thickness (cm)

0.9968 y= 1.2554-0.2384x+0.0129x? (Moisture ratio) cusb, &5

0.9968 y= 6.7802-1.4776x+0.0799x? (Moisture content) cogb, jlais

0.9973 y=-0.7143+0.1984x+0.4356x? (Thickness shrinkage) ;s (SasSs,2 >

0.9775 y= -7.6917+0.1984x-0.3279x? (Diameter shrinkage) cleis SaSs,>

0.995 y= 1.2005-0.1984x+0.0094x2 (Moisture rate) cusb, ¢

0.995 y=6.1741-1.1855x+0.0562x? (Moisture content) cosb, e
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Abstract

This study aimed to combine the response surface methodology and COMSOL simulation to
reduce the number of studied treatments, find the effective factors and their interactions and also
the prediction model for final dried orange characteristics, and find the shrinkage model of apple
fruit concerning the studied drying process factors. A definitive screen design of response
surface methodology was designed by Design-Expert software. Factors such as drying time (A:
20-60 °C), air velocity (B: 0.5-2.5 m/s), sample thickness (C: 3-7 mm), sample diameter (D: 4-6
cm), and drying time (E: 6000-10000s) were investigated. These treatments were simulated in
COMSOL software 5.3a. After finding the treatments in Design Expert software, the simulation
starts. Results show apple samples results show, that the air temperature and its interaction with
other investigated factors, the sample thickness, and the air velocity are effective on the central
temperature of the sample. The moisture rate and moisture content are depending on drying time.
Apple shrinkage is a logarithmic model as a function of air temperature, sample thickness, and
process time. Apple shrinkage during drying significantly affects the thickness of samples. To
control the shrinkage rate during apple drying, controlling the time of process and sample
thickness is more effective than other processing factors. This leads to a prediction model for
drying apples and process control. The optimization is shown the minimum shrinkage is at
0.7mm thickness, 5.45cm diameter, and 9938s process time.

Keywords: Shrinkage, Apple drying, Modeling, Response surface, Simulation
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