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Introduction

Solar energy is one of the sources of renewable energy that can be used in both buildings, industry and
agriculture in the form of heat or electrical energy. According to previous researches, energy consumption in the
world is doubling every 20 years. However, the use of renewable energy is still less than fossil fuels, which has
caused environmental problems in the world. In recent decades, the tendency to use renewable energy, especially
solar energy, has increased. A significant portion of the world's energy (about 30%) is spent on agriculture, and
about 3.62% is used to dry agricultural products (Iranmanesh et al., 2020). However, thermal and drying efficiency
of the solar collectors are not in acceptable range. Applying different ways to improve the performance of solar
dryers such as using thermal energy storage system, air recirculation mechanism and using desiccant system. In
this paper, phase change materials were placed vertically in consecutive rows at different distances inside the
collector and the thermal performance of the collector was investigated. Also, the drying process of Oleaster were
evaluated using PCM and air recirculation system.

Materials and Methods

The indirect solar dryer used in this study includes the chassis, flat plate collector, electric fan, drying cabinet,
pipes containing PCM and sensors. 25 copper tubes containing PCM are placed on the absorber plate with fixed
intervals. The insulated cabinet of the dryer has three trays. A 220 volt 60 W electric fan is placed in the inlet of
the collector and causes to flow air inside the system. The process of drying Oleaster in a solar dryer was carried
out for 9 consecutive days in August 1401. The drying process was performed at three positions of PCM pipes at
5, 10 and 15 cm intervals with air flow rate of 0.5, 1 and 2 m/s. The drying kinetics of Oleaster was investigated
using five mathematical models considering drying time and related constants. The selected model is selected
based on the degree of fit (the highest R? and the lowest RMSE) on the experimental data. Thermal efficiency was
calculated according to ASHRAE standard 2003 (Eltawil et al., 2018). Moreover, to determine the drying
efficiency the amount of energy required to heat the dryer and the product and extract water from the Oleaster and
the total energy (electrical and thermal) input to the dryer was considered. SCE is defined as the energy required
to dry one kilogram of the product.

Results and Discussion
The drying time of the product by the dryer is reduced from 2.09 to 4.16% on average by changing the position
of PCM from 5 cm to 15 cm. On the other hand, with the increase of air velocity from 0.5 to 2 m/s, the drying time
decreased from 8.32% to 16.64%. Henderson and Pabis model was the best model to describe and define the drying
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process of Oleaster with solar dryer. The curves of the drying rate against the time in different conditions illustrated
that in the initial stage of drying of samples. The amount of moisture evaporation is high due to the high water
content in Oleaster, and a major part of the drying process took place in this period. The value of SEC for the dryer
without PCM was 4.26 MJ/kg, while for the case with PCM, it was 2.04 MJ/kg with a distance of 15 cm. By
increasing the distance between the tubes, the drying efficiency increases due to the reduction of drying time and
energy consumption. In this case, the consumption of electrical energy by the fan (for fluid flow in the dryer and
collector) and the thermal energy input to the dryer are reduced. However, with the increase of air speed from 1
m/s to m/s?, there is a significant reduction in drying efficiency. The highest drying efficiency was 36.72% and the
lowest was 25.65% for distance 15 cm, air velocity of 1 m/s and distance 5 cm, air speed 2 m/s, respectively.
Drying efficiency was improved by at least 12% using PCM.

Conclusion
In this research, the analysis of the thermal process in the solar dryer system in three positions of the tubes
containing PCM inside the flat plate collector for the distances of 5, 10 and 15 cm between the tubes at three air
velocities of 0.5, 1 and 2 m/s was investigated. Using the return flow system and the phase changing material at
the same time improved the thermal efficiency of the flat plate collector by 19.12%.

Keywords: Oleaster, Phase change materials, Recirculation system, Thermal efficiency
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Table 1- Details of the solar collector and dryer system

132 Ml g Slise
Components Details and dimensions
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Absorber plate Galvanized sheet insulated with foam, covered with matte black color, with dimensions of 900 x 1800 mm, and thickness
of 1 mm, inclination angle of 45 degrees, north-south to south direction
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Transparent Single-layer glass with a thickness of 4 mm, the distance between the cover and the surface of absorber plate is 180 mm,
with transmission, absorption and reflection coefficients of 0.89, 0.06 and 0.08, respectively.
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Air circulator A 220V, 60W axial fan (Damandeh, Iran, 2153)
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Drying cabinet Fiberboard (MDF) with thickness of 10 mm, dimensions of 300-400 mm and a height of 600 mm.
s Fogsko Yoo XY¥eeslal 4y (gopls (slooji b 5318 i
Tray Metal sheet with circular holes of 300-400 mm
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Phase change Copper tubes with a diameter of 20 mm and a thickness of 1 mm, 25 pieces, in 5 rows, with 5, 10 a3AVYa5Y,- V/=n
material vvd 15 cm intervals on the row, filled with RT50 paraffin
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Air Recirculation
system

Galvanized pipe with a diameter of 150 mm, outlet from the end of the cabinet and inlet to the collector, with the ability to
control the air flow, insulated with 3 mm thick foam.
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Table 2- Properties of paraffin wax used as PCM inside the collector
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Value 325 783 0.000561 166 0.2 2.1 317.3
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Table 3- Details of mathematical models applied to describe the drying kinetics of oleaster

Row Model Name Mathematical equation Reference

3, Je pb oL, s &
1 Page MR = exp(—kt™) Agrawal and Singh (1978)
2 Henderson and pabis MR = a exp(—kt) Westerman et al. (1973)
3 Logarithmic MR = aexp(—kt) +b Yagcioglu et al.(1999)
4 Midilli et al MR = aexp(—kt") + bt Henderson (1974)
5 Wang and Singh MR =1+ at + bt? Wang and Singh (1978)

slesas slasaly

Fox 4 0dd odwl (gdudyed Ll cud (WSSle ¥ S 0
2 Glbyes (b bweie Caol ol 03l LS (gaudyed oalS
B Y celo o g asl il Ae celo I kel clajo,
O dawy o Sl (mope gio ypr lg ADY £ VD 2ga5) VFie e
d905) Jlas Voo s ol 3 g aidly (2ol (g8 BB ol 4
Olej &5 a3 LS Jlges sy (e oy lg VO EY
ol cus &S Slele > il GGl 0 ln sl
oile3l slajgy plas 5> sl 1S5 4 Y il iy (s>
351 Blo ool § caslio ago Loyl

19:45
19:15
18:00
16:00

H

=

=l

e

|
e |

gl g Jpame g (S SiS 035 p)5 sl pfY (551 ke

(S 2 53939 (o) 5 SeSI) JS 551 g o Sl

Al-) 235 o blod VO daly (0,8 Suis 5L pus lp
(Kayiem & Yaseen, 2015

Qout Jdryer

in dryer +E mec

(SEC) o329 535 B o yial)l b (g00d)55 (S s 5 Sloe
S 5 S sl oY (55l ©jget SCE 035 o0 dnnlxe

Vodaly )3 b Sppots & 290 oy Joare I p)SekS
Lol 64 03l uL.vJ

77dryer = Q (\i))

_Qn
SEC W (V$)

14:00

Local time

12:00

o S35 4 0L

10:00

9:00

8:30
8:00 i

TN T T TR Y NN T Y TN T Y TN TN N MY SN N N S |

0 100 200 300 400

500 600 700 800 900 1000

(W.M?2) iy 5 il ks

Solar radiation (W.m-?)

Aol S59,) Job y3 (Gl yoh L (Sl Oyt —E JSS
Fig. 5. The variations of average solar intensity changes during the test days



Yo 55 i olgo 4 o (g ya8 o S (55581 033 9 (30,5 S 0 S (51 ()50 9 (gekeo!

40 1 - ( 14 —o—5cm, 0.5 m/s
Ve — - ‘?’-\»\\-\‘ 1.2 —@—10cm, 0.5 m/s
_ 35 - .//} 3 RS/
s & / ‘i"‘% 1 —4—15cm, 0.5 m/s
<., 2 /“/f' a) " 5cm, 1m/s
] }._-930— A~ | 08 g
3 27 E f}" Ty 3 —10cm, 1mis
g, —5;) -§ 4 - 06 J S —e—15cm, Im/s
£ s 2 o
e i‘} S04 f 5 cm, 2m/s
® 20 1 é 10 cm, 2m/s
- 0.2
‘ 15 cm, 2m/s
15 ~ T T T T T T el T T T 0 RH
8 9 10 11 12 13 14 15 16 17 18 19 20 ) )
ol Win Velocity
Local time

Cbalojl (5B, Jsb 53 bas 3l 46 pus 5 Igh Cugh, cod S yuadd —0 JS3
Fig. 5. Variation in temperature, air humidity and ambient wind speed during the test days

b slod (]38l b s 5l a8 Canl asuidio S & a5 b sl
gl S (oo Iy G381 oo plod gy 2B b 38l
Ui )‘J.s.n 9 J.J‘L;o dL&vl VWieo Celw )9 DJJ.SCQJ? L$'>9)> le).g ')
0AS e 4y (63959 (lod pIRB (] 50 Dy (womudis 4y FO/Y
o.).;;féo.? L5>9)> 95299 LgLo.) a5 Cawlins ul.).: w‘ Dy U»M
Dy YL L (clod 4 o ugandas 433 VY/D

Sl 63909 sl 23Sk (b wlolo s92g pas 51
Sy dalgs (iSk by b bl S Gugmdi )3 V410
Slelu jd 0imd8 puss odlo dgzg oy oJJ.;SéA? 5l o sled
O Dy dalgs axad B 4w sole ek bl g0l ol
Sl Gl 08iiS en 4 0l 00l (655 5l ewd Qs Jdoay
08 uusi 0dle (gl yen il cud ials L VWi celw
Cygody Lod o3l cels g 0oly cuwd 11y 263 53 0l 008> (65
9 Losalislh ((g5lwo pd i b (g5 (SIS (3 ga (slod
boto (lod 4 Comd womdaw a2 )0 ¥o B Y 2o 8L5L (slgn
(Amer et al., 2018) c.él, yul58l kb 4

gy Job 53 I (s Casb) 9 lame (slod il (e
S il 3l L lgn (slod ol ond o3l Lis & S5 55 Liolej]
S5 5 s )de oS amd so U5 cnl g Wbioe I3 A8 )0 B
ok baugs yal 258 00 a3 LS &) (30 & (Bl )l
oS 138l o 3l lgn clo JsSge 5 S )b alen 5 laes <l
L Ll .(Rashidi et al., 2018) 55,5 oo Lo (slod yiulj8l cely
o JsSgo o) ol (sl 590 s 1 5 e ysd (b 38l
b (R a2y JB Ol 4 (o Cagb) (192

sobds e (slad (lod cunl asuin & S5 )0 &S jglailen
Wiee o Olelu jd g a8l (l58] ss SIYO/E VN 51 1Ske
s 9 0uany (pgemdes )3 VY £ V0 jlade dipiiy 4 V0o U
Jlsl 3l 5 o> [l 38 b bz (lgp caglo) (lojen b oo ol
o 2o WOIY & oy bawlgl 3 g adl jials ss > YY/Y | s
oMo ol ol 38I Ve celio a0 005 L lad cuglsy iy
OB O S ) (glopels slajg) > 56 ok Cs s 5Sike ]
a5l o e VY U /¥ s joy Jobo )0 ol (59 Csyu wCansl 00
DS (0 S

OSSA Gauls da (g9 9,9 ¢l slea

(8399 9 OIS @e> (29)5 9 8399 Slaled 4 by e s
IXWENN uL“‘ 4 Jf\w 5 OL‘} A Cowd Of; s cols 95 9



VFeY 50105 ¥ oylous ¥e ade> oyl ] (2138 2y luo g pole Glocidg iy 4 p25

A\AR)

—e—>5cm, 0.5 m/s
=15 cm, 0.5 m/s

—#—10cm, 0.5 m/s
5cm, 1m/s

=== 10 cm, 1m/s , === —&— 15 cm, 1m/s

v
o

Los
Temperature (°C)
o
w

N
o

w
v

w
o

N
wv

8 9 10 11 12 13 14 15 16 17 18 19 20
Ol

Local time

Las

Collector in
Cabinet in

—o— Ambient Temp
Collector out
65 - === Cabinet out

70 4

60 -

w w
o v
I

B
o

Temperature (°C)
N
(V2]

w
w

w
o

N
wv

N
o

8 9 10 11 12 13 14 15 16 17 18 19 20
Ol

Local time

95 8l (Slod Wil i () ¢ o 3lo A Comd (Gl y9 (F Suid diloluw Blishe S Comd (glod il i Jrwgio (A1) -1 UK
Blite bl pad 1 (gome (yloj 4 S 04 22> ]
Fig. 6. (a) Average temperature changes of different parts of the solar dryer system relative to local time, (b) temperature
changes of the air coming out of the collector against local time at different conditions

@ polo V0 g Ve Jold (dly (Sl el lawgie
wlobs 3905 a8L] ] yr09Me 395 ZLOF/YA 4 OF/AR AYIVS i y5
INVFD s Glies o (Sl plosily dgut el (2S3b 0l
Slodlazal K> cjledy il iS5l b e <l 4 s
ol olojen 9o IS gl Sl 5 ariasilh i oilo
VAN Bl e & Cod domius 0diS zes ()l 035l g0
ol b osel Cowddy guls g ¥ MLST (clon e pur (¢l doyd
S5l ol alols g okmdil i odle 5 &S b imgd mbo
Barghi et al., 2022; Rashidi et ) cuily cdllas c5dges ooliw!
[(al., 2021; Raj et al., 2019

Jyans Gud Suid gy
cilis (oBly ) Jas ol

Gaclls 3w fus Sis gloy blis > MR &l i
b b abols > adbply> oo copuw lp e
IS )0 Co0 amius 008 zen (90 okidd HB8 pus dlge I calises
25 3lgo D59 &S Gl asuidie JSS 4 d gl bl 00l L A
gzl o gbme Sl uls (S Sis dhdo > odiad
&S Cuoline oy ol g (P<+/+0) 315 somiww Jgare il Cugb,
cbljl PCM aliwgay oS aen & (9399 (5551 jl o2bj Lo
o s B ul3sl ey 5 St 3,Skae ol 25500
gl lp baiges slos (il sl b 390 (Sl 55
(Aghbashlo et al., 2008) b o dgu0 s,

sanispan )l ou)ls

e Jolgh )3 €56 dxio suiSgex (F)lp 033l lpus
Ol ¥ IS5 53 (e g 4y (loj dr S 0018336 535 g
celw ) gadyes ool oldl b gyls a3l .Cawl sad eal
DS 0395 4 il Ngy ol 5| e g 4Bl ial3El (Ve e BA .
i g ol clinl 4l )5l (51 5l i oS e ol
Cosine ) LwgimS @lali > a5 044 0 il baoylgys 5,k 51 0o
(Verer A ) oo @lge 10 (J)ly> 035l b yod yiul (loSs
«ly (Wang et al., 2016) cul yiaS (VAie+ B VFiv ) puas
by gl Sl eslinal (Gl losily dgse 5 (B cul (e
Sy GG (wginS S GEalS el g 03 e sl
el slp gyl oty (Kalogirou et al., 2006) 15 salgs
Gl ) S e by ) L5 osimdjlh i oole b lncls
P LS 5l sy b pl ol odd odlitwl edle (] 5l &S
551 P 53 0CM alold gl (5l 035k 9o ol L
D35 N5 s pie Moty ol K3 Sl 3 st 58
b oS gex jl g8 L ()l 55l g bl ;3 PCM
olo 53 oad i (g3l gdedyph (b ©AB ialS b e e
4 e 9 0l by oS g ) Al by (glop 4y 0indB i
o 0 o) (SST,y ser 95 0n Colin SS9
el 5l glwalil aS WY celw N0 CM dlols ol oaisS
Jdes pal cpl il iy Jolgd as 4 s ()l > 033k 90
ol o gildlil g (6550 Jolaie (gjlue pu3d



YVN 51 i olge 4y ame ol ya5 S SClis (65531 0330 9 (10,5 S 0 Shas 5 )5 9 (ga]

5¢cm 20:00 70 4

10¢em 19:45\ 60 -
50 -

15cm 19:30 7

™
19:15 \/

8:15

19:00 /—17’!\

18:00 — k
17:00 /

16:00

15:00

y

14:00

o338yt dgo 3l CAlieo Jolgd 1> S doxbuo oS Roa Tyl 003l Wil s -V JSUS
Fig. 7. Variations of thermal efficiency of flat plate collector at different distances of PCM

Motahayyer ) 5,8 & yus doyd £V J8las 1) ol Sis o)l
Valerina) ool olS pSSis zbs (et al, 2019
2 ol Gilweydd albols Jlesl &8 1 o lis (jatamansi
My ials 7 Y/0 dgs |y ladiges (S SKis ploj (oS Suis
b ol Ollllas plo ¢l 3 09Me (Bhardwaj et al., 2020)
laaiges 5 31 T SialS oy Cugby Camd (sl izt G &S
.(Atalay, 2020; Antal et al., 2016) wb o bl o) y950 4
853l Y game gljcag; Ll b Uiy g Chog (sl
B x> ge)S) oo cplpls sl (wlie B9y (5L sla e
b plodl (Matlab, V.2019) cie l38le 5 5 (oo (3l )3l b
L ool oad bl ol dble <ol polie ¥ o> jo
& a9 b .ol 00l Cunypd RMSE ¢ R? ol (g )lol (slo yzal, b
%) RMSE jliio [ihis 5 ((Stuon clsis) R olis yShis
oy sy Jro oy (bl Cluje (ke ady) lyie
A OS] dotaw sgre (0, Sid wnlyd ) Sis S
ulio Jio s 9 (oo yiin (2L Jio &5 a0 00 (LT Jga>
sloyiehl @ a5 b ol oMo ) cilas (025 oy L
ol b el a8 58 sdalie (g oo (0 S sla o
oRlPl A gl Cepe g sumdjlh S ladly) (yn alole
Togrul & Pehlivan, 2002; Rashidi et al., 2021; ) sl
.(Blanco-Cano et al., 2016

ORI Gl ©AD o 2980 il (Sloj 0dd 53 390

O S G &S WD o s A S copl g ogMe Ll
b ol ol Ign (slod Jidsay (08 (SKiS 0)93 g9 ) St
Sbise GBI Glej s9pe 4 Cagby Cand sl (b SUiS goie
ORI L ioren b oo SR wushy (RS e ol 5
Al Jpaze (b Suis ploj Sllo (19,0 la by Cop
G G Sl loj o (B2l lom (b ey Jlbl o
Jloel bl it oxind 56y dlge (65 )13 ol i &
Slobo Sl & (o 4y s b S ploj (LS5l slgs by
Db Rl (g5 JB Gl 298 o3 ool (1355l ()b >
bug Joae ui Sis b (Motahyyer et al., 2019)
N0 CemBacm jlosims jB 1w odle CunBgo o b S SUis
alols (il bl o ials ao ) ¥V B Y/l lawgio jobo
dbizmo (19)> 0did B s Slge (Sen @98 Joe Sl adlg) oy
OB b &S (HBlge 3 (Sl 5Pl Gilwepdd @S zex
Sl S5 ol a5 4 g aBS Coso iy casl YU sand s
o Coge @y (M SIS Kg) g o (S SUES )y gyt
Slo 458 0 e YU /0 3l s ce o ()38 L S0 B )b 5l 0,5
- S gl bl jials 1o )0 VS BAIYY j ad Sis los
CuiSil T gk alie lajially b sdedyes Rl oS
0imd By dlge b o (sladdyg ad Suis oy Gt oyl >
)y (Iranmanesh et al., 2020) cél zals 7 VY Jolo
oo (35 5 JodStie p1ilSe jl osliil ((K5)8en 5 ()3, Suis



VFo¥ 5ui—010,5 ¥ olods Fo il oyl (1€ @sboo g pole likghy 49 pis  YVY

1 14
5cm D=10cm
0.9 - all 0.9
0.8 - a 0.8 - b
0.7 - 0.5 J
o m0.5m/s 0.7 m0.5m/s
o V.0 7 —_ 4
S | m1m/s S 0.6 = 1m/s
T 05 m2m/s x 0.5 1
0.4 - S o4 - m2m/s
031 0.3
0.2 A '
01 - 0.2 -
0 | 0.1
0 0 -
SS) 0 o)
Time (min) Time (min)
1
0.9
0.8
0.7
g 0.6 -
x 05
= 04
0.3
0.2
0.1
0
0 o
Time (min)

) 0 3yt 3o 31 Aiteo Juolgd (61 Axinw Jguae (51 (48aB3) (ylo; Jilio 45 (7) MR Cugb ) Commd Ol pauis —A JS
4l 9 o ¥ g ) o/0 Lilideo (Slgp (SCUE g 45 (sio il 10 9 Vo
Fig. 8. Variations of MR(%) versus time (minutes) for Oleaster product at different distances of PCM (5, 10 and
15 cm) at different air velocities of 0.5, 1 and 2 m/s

St bmogi (5153 03] D590 ol ) CY3lro s 31 i QLT Lol Adlro lgpsds utls 9 (ygaw yid Wdlro Coli pdlie - Joua
bl palie g somiuw fyuwi S

Table 4- Constant values of Henderson and Pabis equation as a mathematical equation selected among the mathematical
equations used to describe the drying kinetics of oleaser and statistical values
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T i . R RMSE
Air velocity (m.s™) Distance t();tr‘]")’een PCM Constants
5 k=0.00019, a=1.905 0.9916 0.03118
0.5 10 k=0.00023, a=1.826 0.9900 0.03145
15 k=0.00020, a=1.921 0.9906 0.03145
5 k=0.0033, a=1.195 0.9957 0.02397
1 10 k=0.0036, a=1.193 0.9959 0.02347
15 k=0.0035, a=1.203 0.9971 0.01946
5 k=0.0012, a=1.759, b=-0.67586 0.9842 0.04414
P 10 k=0.0014, a=1.650, b=-0.6142 0.9909 0.03721

15 k=0.0012, a=1.626, b=-0.6201 0.9935 0.03540
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