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1. Introduction

Nowadays, wind turbines is a controversial subject
among researchers. Wind turbines, based on the
rotational axis direction, are separated into
horizontal axis wind turbines and vertical axis
wind turbines. In the horizontal axis wind turbine
type, the rotational axis is parallel with the earth,
and in the vertical axis wind turbine, the rotational
axis is perpendicular to the earth surface. The
vertical axis wind turbines are desirable choices
for urban areas. The vertical axis wind turbines
could be used in several places such as at the top
of the roof, beside railways and highways. Many
studies have been conducted to investigate the
operation of these turbines on the highway for
harnessing the energy which is stored in the wake
of wvehicles. The vertical axis wind turbine is
separated into two different types for instance
drag-based (Savonius) and lift-based (Darrieus).
Darrieus wind turbines have high efficiency in
comparison with Savonius wind turbines. On the
contrary, Darrieus wind turbines are weak in self-
starting capability in comparison with Savonius
wind turbines.

In this study, the operation of Darrieus wind
turbine on the one-way highway was measured by
simulating the turbine beside the highway. The
CFD method is used by utilizing the URANS
method. In order to model the rotation of the
turbine, the sliding mesh method was used.
Moreover, the dynamic mesh technique was
applied to simulate the vehicle movement. First of
all, mesh independency was evaluated. After that,
the validation of the present work was performed.
Furthermore, the effect of the vehicle on the
turbine was assessed at different tip speed ratios.

2. Case Study

Specifications of the 4-blade Darrieus wind turbine
which is considered in this study are shown in
Table 1.

Table 1. Turbine specifications

Feature Value

Radius of the rotor (R) [m] 0.515

Number of blades 4
Blade profile NACA 0021
Swept area [m?] 1.03

Blade chord [m] 0.0858

The computational domain and boundary
conditions that was applied in this simulation is
shown in Figure 1.
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Figure 1. Computational domain

3. Mesh Independency and Validation

In  the numerical simulation, the mesh
independency plays a substantial role in time in
terms of time-consuming and of results accuracy.
Therefore, the mesh independency should be
prepared. The mesh independency is illustrated in
Figure 2. Consequently, in order to decrease the
time solution and enhance the outcome accuracy
the fine mesh was selected for simulations.
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The domain (Figure 1) is used to validate the
numerical simulation. Power coefficients of the
present study were compared with experimental
outcomes that were created by Raciti Castili. The
validation is shown in Figure 3. As Figure 3 shows,
the results of the present study are in line with
experimental results.

Validation
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o= = « CFD| Present work)
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Figure 3. Validation

4, Computational Domain

In the next stage, the turbine beside a highway was
simulated. The proposed computational domain is
shown in Figure 4. For the purpose of simulating
the rotation of the turbine and vehicle movement,
the sliding mesh and dynamic mesh technique
were used, respectively. The velocity of the
vehicle is 32 meter per second.
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Figure 4. Computational domain and boundary conditions

5. Results

For the aim of evaluating the turbine performance
on the highway, the toque coefficient of the turbine
against the time at several tip speed ratios were
examined according Figure 5. According to Figure
5, the turbine torque coefficient at A = 0.644 has
a better operation compared to the other tip speed
ratios.

)
Nr\,."\, UNAA

S rrag

Figure 5. Torque coefficient against time

6. Conclusion

The mean power coefficient of the turbine versus
tip speed ratios is demonstrated in Figure 6. As
Figure 6 shows, the power coefficient of the
turbine has a rising trend firstly and after the power
coefficient touches the maximum value at 1=
0.644 the trend of the power coefficient starts to
decline. Consequently, the optimum tip speed ratio
is 1 =0.644 in which the power coefficient is
maximum.
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Figure 6. Power coefficient against time
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1. Introduction

A parabolic dish concentrator is used to
concentrate solar radiation at one point. This dish
is able to generate a lot of heat flux in its focus.
This heat can be used to generate electricity, heat
refrigerant, desalination plants, etc. These dishes
usually have a solar tracker and absorber as
follows. In the present study, a parabolic
concentrator of solar points (Figure 1) is used
numerically and experimentally in two closed and
open cycles using two different absorbers, the
design and construction idea of which was done in
the same project.

Figure 1. Parabolic Dish Solar Concentrator

2. Modeling and Simulating the System with
COMSOL Software

Many simulation conditions must be specified in
the flow simulation section. First, the analysis
inside the adsorbent path is selected. Water is
selected as the working fluid in this simulation.
Mesh production of this model with emphasis on
improving and modifying cells was created by
SolidWorks software and transferred to COMSOL
software. At the inlet, the mass flow rate of the
inlet water and the uniform temperature were
selected as the boundary condition of the sorbent
inlet and the boundary condition of the outlet, the
static pressure at the sorbent outlet was adjusted
based on the ambient pressure. The last boundary
condition is to determine how heat is transferred
between the external surface of the adsorbent and
the environment. After this step, the level of
reflective radiation was determined as a
symmetrical surface to reflect the sun's rays. To

model the dish, in the library section, COMSOL
software used it for the desired model by changing
the dimensions and size.

In this system, two types of finned plate and
helical tube absorbers were designed and made. In
finned plate absorber (type 1), which is made of
aluminum, a chamber is designed and in which
blades are used for heat transfer. In helical tube
absorber (type 2), 8 mm diameter aluminum tubes
are wound in a coil-like manner (Figure 2).

Figure 2. Absorbents used in solar dish

Closed cycle: In this cycle, the fluid (water)
enters the pump after loading the flow control
valve (with a maximum flow rate of 15 lit/min),
which is located after the 9-liter tank, which is then
pressed with high pressure and, passing through
the fluid transfer pipes, enters the absorber. At this
stage, by absorbing the adsorbent heat and
increasing the temperature, it enters the tank again
and the cycle continues. Open cycle: In this cycle,
a tank that is located at a higher height than the
absorber is used, a flow regulating valve and a
rotameter are installed at the outlet of the tank. The
fluid flow flows from the tank and after passing
through the absorber, is directed to the surrounding
environment. A thermocouple is installed at the
outlet of the absorber.

3. Results

Figure 3 shows the dish modeled in the software
and the heat flux created in its focal plane.

v

Figure 3. The collector and its reflected rays on the focal
plane as well as the heat flux created on the focal plane
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Figure 4. Temperature changes of closed and open cycles
in the adsorbent

Figure 4 shows the trend of temperature
changes of the second type adsorbent for closed
and open cycles. The simulation results for the
closed cycle, like the experimental results, show
that the changes in mass flow rate have little effect
on the temperature changes, the maximum value of
the changes is about 0.5 °C, which is much larger
in the open cycle. Tables 1 and 2 show the
comparison  of  simulation  results  with
experimental results which include outlet
temperature and calculation of collector efficiency
in closed and open cycle at different flow rates,
respectively. The minimum simulation error in
closed cycle is 1/2 and the maximum is 4.9%.
Moreover, the minimum simulation error in the
open cycle is 1.2 and the maximum is 5%. As the
flow rate increases, the output temperature
decreases and the second type adsorbent has better
performance compared to the first type adsorbent
due to the greater absorption of solar energy.
Efficiency also increases with increasing flow rate.

4. Summary

In this research, the solar system of point parabolic
solar concentrators was simulated using COMSOL
software. This system was also designed, made,
and tested on the solar site of Vali-e-Asr
University. Simulations and experiments were
performed in three different discharges with two
helical tubular absorbers and a fin-shaped plate in

two closed and open cycles with water.
Comparison of experimental and simulation
results shows a good agreement. As the flow rate
increases, the output temperature decreases and
also the second type absorber has better
performance compared to the first type due to the
absorption of more solar energy. Moreover, the
collector efficiency increases with increasing flow.
The results show that in the closed cycle, the flow
rate changes do not have much effect on the output
temperature. In the open cycle and the adsorbent
of the first type, the temperature is fixed much
faster than the adsorbent of the second type and in
the open cycle, the performance of the second type
of adsorbent is more suitable than the performance
of the first type of adsorbent. The focal plane
temperature in the open cycle is higher than the
closed cycle, which is the main reason for the low
flow rate in the open cycle.

Table 1. Comparison of results (output temperature and
efficiency) of experimental and numerical for closed cycle
in different discharges

absorbent | flow Tou (°C) Effl((;/loe)ncy
L/min | Exp | Nu [ Exp | Nu
3 292 | 31230 |34
Typel 4 207 [ 302 [ 41 |42
5 325|339 |61 |66
3 348363 |42 |45
Type 2 4 341|356 |53 |57
5 33.7 | 35.3 | 65 71

Table 2. Comparison of results (output temperature and
efficiency) experimental and numerical for closed cycle in
different discharges

absorbent flow Tout (°C) Effl((;/loe)ncy
kg/s | Exp. | Num. | Exp. | Nu

0.0025 | 52.5 | 53.7 | 39 | 40

Type 1 0.0035 | 49 | 49.7 | 49 | 51
0.0045 | 445 | 465 | 56 | 59

0.0025 | 75 | 759 | 55 | 56

Type 2 0.0035 | 56.3 | 485 | 59 | 61
0.0045 | 46.2 | 485 | 62 | 66

38




Jr‘qug;JLM:W.«j‘;wJLﬂ V@'K.aj;uj[’,wlznj‘_;)jy&/»jb@/&'

¥ 8551 B0 w3 9 Wb Wod Hguls™ b wls” (Sl 395 (o Kl S0 gigS Tl 905 oy g
g% Yl

(

o« . g ) a. - .
VJW\WdaLa YM‘ﬂlbw ‘)JAJ@?‘;J{@L&M

bty 52t S St (G 3 Slas i Sl GiiSo 53 O sme 45 POM) 0lind 6 poaks Slge il oslie ol 50 uioer ol o 0SS
Ui ploil 4 ot /6 5 0/ F ot ¥ 3 Sl 33 (Sl 5 o SASY/T /50 1/08 bV 5 PCM (sl ba oo .ol i oy 0
3 b 22 S ol ST ks 33 DS 5 S o e o g3 VVE G VoY oS e il 033 Slows 0 15
Sl SSCE S S 0l s O sl e kol o s S S /AT 1 E/60 5 VXV L NXIF) Ly ity i 200/
o SV LIV 4is o /E 5 Sl o ey 31°0/00 G YVAY il ais oo/ 3 sl OF ks 5 4l )35/ PCM

e ) @jfﬂ.fjé:_ﬂ‘/'l O jorts PCM ldo b adds i o /Y o3 (S S S o0l 5 0305 (6501 ppoldo wam il oo

o] Ceosy oloTo gl diloles (6l tlo pr CESTL G 53 ol O3 S

ks 3B as sl (Jhw pomm> 3 ;aJ;;Scw_- ol el (sl = (65 6.\.,& Ey Gj'j

Olpl ol 4 S 513 65 51 Oludige 5 Ol b a5
oot BYO o oWl CanBae 53 18 S5 L
(2Bl e hagme 5 33 dx 300 LAY 5 s
Shed s b Sl eslial gl Gble oy Suates
e [2] el O3 S 05 g4 b glaisy s
SoasWS fioe 53 Ol 5 5 551 Lo
02 S S gl O o p2)Y 25 oS 358 o b e
Jpame [3] 3500 edlimal (55)5LS DY pame
Cod et CadS hoa gmio s 4 el S
e e B9 4 S O35S 551 (6 Sl
S eslimal Wsay s ol 53 bl S e a5 0T 4
ORI e AA SIS J s By pa hod a5
[4] a5 oS Jpame L pl8 5 AL o
ol b glacs e Sl eslinad Ol el
S Wb Jasecays OOSEe Oals o sey
[5] 555 0 len S50 5 slolsdS a3l ol

4o e
sbaalele o5 3 easl (g5 5l 655 Lol sla goea
S s o & (S S g hed SaS S Sl B
S5Al eSS pae saabile iluane 5 S5
03 520LLar s, wax Sl wdlS glaans o bl asd
G pas 3l ol 5T 5 s o s b
MJ\ M).)Y" VSC’-M’; J\ib \iV~JL.~UCM~\ ol
S 3y el plkdod 5 8 Al
ngf‘ 4 .bj.of M)J\O Bl U’:‘?' O‘,}:" Q'l\ j\
crle o b pl by sy el gl
# Al S5 b Jies Ll &S plaslels
So3r2 3 o Sl LS ol e plidides
$ LA e b Sl i S5 L] e

B 03 i g 3 5 Gl Jdsa 5 e

DOI: 10.22067/jacsm.2021.56640.0

3L e 48/)4/78 ol Y '@)U}M/\/% Jlae sl '@JU*

M.Tﬁfl._q 6))& B ;L.obu_ < Qy\mam“ 5 AK.:«J‘: 465;7‘ Jﬂ_u E) J.i.L.L:M 6\.&654,.»‘ ,..«.AL )_;”,.; a)jg ;.Li)‘g;wu)ls w—;.«l;l.»‘) (\)

Ol S

QLAJS gwf;.:_{ 6))&5) ";&,..p M QM aL{.:.J\: gé)f\ J‘i“)”‘;))i')‘i‘)‘i’\’-: Lsué)f\ gf;“a).;“i a)_)f S)Li;taﬂ‘ (Y)
Email: h.samimi@uok.ac.ir . 0lkws S Olws S o850 (g3, 5LaS sl R gt e dign 05,5 bslial o st sk 5 ()



’T“?‘? :g{f ;Ju‘lﬂj.}j‘;ﬂd/.w

;SJ.K#_).}‘;?L',“W‘}L;)ﬁJK’ﬁjLP i

oolil &S Hsbolen mw sy 4 03 SSUS
oS Sis Sl eslinal 5 3l e CokS (L
© ks A B bl oo oS 5 sl s b s>
LS S U pzres QAESES Co s 5SS 3 gg
Ay ediSmer 4 jeme 0l A SIS
S Gl GEA etSe sy O 5 s
O3 S gy mps Sl embe et
el Slle 3 Slas 5 g kS il
S8 5 Ol o Y Wy sdS e
DA 5 Gy aleld Sl DGl (el
32015 555 dsb o (Bl o 2) oS Gla b
LS bl Sodan Sl ) 03 gl Jsas
ol 5 033 [15,18] S s sl 3 1, Sl a5
& 3 i Aoy YO U £ o3lla LAeJ.L}S@;.- ¢
JSU g5 5 i dops A [19] cosviemin
gp ol Ol el [20] ol ol o33 e
Sy 7 Sl S il ¢l 5l s LaediS per
5heslizal b ol 5 Slee 5 [21-23] a5 &) 50
[24-26] il o5 S Iy s ns slagosle
AL Ol il g, sl s S
okas 30 s slge 5l eslatul (gl o gla SIS
WS el ol 650 ekiSs s O3be 45 (PCM)
Obey als Lol clalu 53 an65 3l Oley 2l 531 L
o3l a8 s e Jpame USSR
slse sleslanal a5 das o 0L (IEA) (65 51 Ml
s Slheas S gladsl b gl edasl s
Al g 3 Ve B Y wlele Sl >
Silwe s Cob ol A= U 5 ol 3 sl
o=l B G 5y dsb s [27] 553 e wleler 55 (655
il SOl A Adn s B ol
S5 g0 02> odas b s slse 5 Il 3 oJ;.;S@q-
S5 A edkns 3l x5 sl ge 5 Jlw A s L
Dbl s DA Wy wslsl gl 1y 555 ol
Slee 31 Golems Oliime das o I3 S
o ool e sladbele (ol odas 3l aS
Sy sl SSix 3 PCM ) eslinal tlas

Ll o Gty slagSSis Sheslanad (menlys
o pl 53 hed Glacs s a5l (g3l A= B
Jpams oS GRlBl 2 edle 5 A4S S
e gl ol pals csl easslis
Shoeslizal Loy g5 oS Gledes [Sie [6] 550
3 oml o Shes ol s gl gla S
ek Gl 35 4 e WOT WS el
Cedls b 5o ehsa el pl 4wl (S
S dgeame A= Gl R OYG1 5 sl e
ol sheslaal 4 Ll O1,5LiS 5 col ol a5
Fla glen Gla S Sis Lanslin o o SSUx ¢ 5
Szl 5 0o Vs S My e
A b (Dl 8 Sl ey J granme OB SLES
03 3 e dsb 03 Jpame o JWEEI Ol s
5 25b e dpame 4 g, CES5L Cel bl
o Ul Olpe [4] &S e oS 15 05 SCist o33k
Wyams Culis dpn by Laslit Sbess
pame & oddiodns Slsp o Cosb, 5 o
o il (S 35 bl ($luang S S
S Ll el s cpl s 7] AsL el ol
Slwting 53 Shas 55 5 Aty 5 Sla SSES
e3lizul 1Sle (ol 0 ol (g3aze Dlikos al
LSS e oS e oS 8] S s bl
oG SlaeiS S ate [9] (Ssag SIS S ke
Sl ey b eSS 5 10] s,
Sl eslizal J12] oS mam slasl 5 Skt 3 50g [11]
5l eslinad [13] il dmis 5 aipd 5 PVT sl
53 Jedsme tmio 1 eslizad 1] leeasS S
5 [15] Wadle 56 51 oslinal [14] o5 oS o
Ay Gla g sy ndnd B LS a5l eslinad
[16]
Y=o 51 S (Malus domestica) o
AV 5 L 0Ll 5 LT e et 4 0Ll 3 e 2L
Oler 3 1y ot el bacw g5l 51 05 0 gekea¥IVA
G pan p oMl a5 [17] ol o3l olanst] 34 4
Syhe e poedee glayyis o b




e b SEl ol (ebd2 SSES Ken 55T g0 5 ) o

e (AT slaesls Sl eslinul b oo !
o Sy Sl ool b J peame OASSES Ly
033k 5 oS0 3 Oy (Jol 2 025l ek oL
350 e s 5 Lol o 63551 S SSis
ol o33k AL Gl b e (3 5 5L

Pyt S

I TPIIRe
S S G ol 3 eddeslizal SSCas
g B Y st eSper K
S S ol Jde PCM L ol e 00iSs 503
SK-) Bt 4y sdiS e il (St S
i e\ A b ol s 00 Jals (H15-45
ARy (e iSOl b e VA SR b
& [48] ol e JwOA 5 80 > 5 A
el i Sl sl il O Syl S 3
Calbs 5 e dealrr gLl e a0 Slsa
Fagkett Calhon aid i LS cal e Y
Geos pl )5 eddeslinal PCM ol sl s 5le
0303 5l 3 o sle e A0 SO s 2 48 5 1L
Ly odd g5 ,0 o Aol Sl Lagg s el FPE W
oKaws L85l (gl ol 03 5 1y aalsl YEcsla
S8 cele S Gll a4 Oy 5 Los b
o313 13 Ay e b (5 me 3 o8aws (guls pesls
Ol Ol ey GRb Sl il Lo
I slos OF wiay 5 ol il 2331 oS e
o3 Uil Jae 53 OF 31 ooy 45 S e i 5l 531
e 3o,k 5l Ko Jise 5 cl el 6,53 PCM
ol 5 0l CiIS L s gl e S SCis alales 35l
s Yelels 5l gl e (LD ol
v 5 35800 iy oS par St Jow &5 >
(SOl ddas 5 oS 5 e (BLOL o b b
ol s e 03 S 6l L 3550 )~
Sy SKES 4 by S Clir S e

Coxvs 5y Sl eSO Olgea [28-31]
Jsb 53 S5 ekiSe s Olgear ([32] Olela
S S Lk e B3] il Slio
Gl Se S b s s [34] sl
L) 5 Gldes Olidss Ol pesdle [35,36]
Se s gladble b Jsol 5 gsledd
sl 0l rL;;;\ PCM 1 eslawal b (gl o (555!
PCM Lol (iledis & 0l 5 oo 0T daxjl oS
son O] s O3 SSES Gl st S
Sslwdde 5w 515 3 PCM lad 5 S 51 eslizal
Ope 53 PCM L, sl gsledde [37] O
Sge 5 O 5l S50 s 5 [38] oS ot
35 0 L2 [39] ol > Jie s 53 PCM
S ol Ol s sla0knl 51 S 0L S
Glgd 5w Sl (o3b3 Glogse DY puans
B I e
3 Sl p Dbl Sl (ol Ol 58 50 Ol poay
el o3ls gl st g 1y Bl Y s (gt
B3 OV bl jhor Zgmd s 53 (3 513 L 4 0
Vers Olsemas ¥l (b 5 Jlad o joT0/E 5 35
el Gl b e mppe p IS
Gyt Sl SSis Wil gy 5 Sl
Cosd ) S par Blle ¥ S 5 Ol e de o
b Wl e PCM L ol en St a5 S
das il S sl gl 633l (6550
Gesis S Kast ¢ g cnl Sl eslizal a4 1 015,5LES
55 sdd o33 513 PCM lade &l skt oy LS
Cewddy Sk bl 55 Jlw Ol > o 5 alela
Sl Ol Gl 5550 Olag 3 Jlgn &S 555 63,51
I ol s S al b S SCis Bl sl 1 05Y
s Sl i (S Gy Dol 4 Ll
Wy war sl il Sl b o)l >
shge 5l S 5 bsliad 30 o)Ly Sl Sl
LS U GlaediSpes 5 edasil
55 ol el ol bl (g sl ssis

A\



’T“l‘l u.,q :3[4..54/»})}‘;..:9/[“

&'L(aj;ujl&.:lpmjd)ﬂjﬁfjlp A it

Mt_Me

MO_Me

MR = Q)

sk Sl 54 Mo s Me My 0T s oS
sl s s by (Glgee calasd o s
kg water/kg dry ) Jsy—am=e &J5l b, gy
Az (solid
Lo oSas cilite slacand Oyl > a3
Cmomen ol 0dd 2313 K LS e 5l eslizal
S 5 S Ll s gl Gl e
Testo-454,) J.s T Sl sl Ls gl gn
A e J S 4l e /) &35 L (Lutron, Taiwan
s gy Sl ealizal b 55 lae (glsn 2o
Ao, s L (HT, 3600, Lutron, Taiwan)
Slids S e 3 batlesl plas s e (5 S e3100
eSS s MR i slags )

VY Sl e 3550 3 Ol S a iy (o5l 5 amis
el AT G

RGP AP U:iLu ") ‘_}KM 33
o SASY 5 V/E0 5V/08 0357 (sl s ilosl
)'\ @Jﬂﬁ}'/ﬁ 9 /Y e LS'GY jPCM :‘y )\
@ oddoded Slaa o oo i a S b s Jl
i s S ks b e IS0 5 S
Gladd s 5l pame S SES bl plowil (sl
oslital e dw0 Culhoa
S e SVAY o (sl yod A5l b 035 slesey
Yosles boosl s 1S58 s ek pas
SSle A ey I Cslel ek e ek

Gl el Coests o 3AY/AEY Lo yad a5l s

o

+

:\D.-JJ\'O

b s (S30 o slatd s 51 p SN0 nlesT s
Dis St A esls L3 St =l 5 e
o3l Sl eslal b QuESis e 3 s
&)‘ﬁfﬁ'/'b&géu‘jc;NO"C,.:éjﬁd.{dttaunb
o5 Sl g e gl Cogb, el S

L dnlome (1) Al 3 eslizd L Qudciis Ly,

Jion (€ lgm ses 3 (F el 6,53 O5e (Y S ) S e (V1 als 2l (st (SSCis 0 b je Sl VS
o bS50 5 OV edlw JWal D8 (Ve s, (4 (K Sl 3 J 28 (A e gas s (V ol (VS SCi ilS (0 5l >

[47,48]

fY



e b SEl ol (ebd2 SSES Ken 55T g0 5 ) o

dewles ALl sae 5 sl sde ) eslaad L oS
Q)‘F 42.-)} v.;JSA.J Tpcm 3 Tc,m 4Tf'm J}.:JL;&
cPCM Q)\J} &)é‘jw;)\ﬁ} 4Jk:~4 Ls\j" h,wjld
;)‘}:’." C,Abwtc 3 U LS:J‘J} qﬁ\.u g_,.;”j.p kw
e 153 POM L sdicir 5l 555

Shestize | b Qpem) 5ol 55 (gl 35T 3

Qpcm = MpemCs (Tpcm - Tmelt) Tpcm < Tmelt

Qpcm =0

Tpcm melt

Qpem = MpemC(Tpem — Tmelt) Tpem > Timele

t)
R s
dsl = s el dal GL: G EE W P
5 Al pss S s coss sles Sl S PCM gles
ol el Ol ol b4 PCM ¢y I
Jlpe 5l plaS 1 53 PCM Sl eassll 56 3 (6550
Shedde 3 IS (65 51 o g dal s O sline oo LI
3 b o edd 03 (G55 ¢ pams Sl Aol 5 b
330 o Jol=PCM 3 oo ;503 (55

Est = Q¢ + Qpem (0)
S ol 63l 5n 3 L o lal &S boles

O3k 1) a5 pland 5 (SO ol odads 5o
Gl osbe b 5 XS o Lt Sltle y
ol o 65 Sl 3 slakilelu s esliz
G 2 pstlasl 8 S wole nl Ol el
Sl p s S 2lesT 55 Wl 5 e IS 5 3,10 Ol
ool A8 eslinal e D 5D s esle 0151 3
ot o3ls (hled (V) Jsdor 03 (3Ll (Sesdse s

]

Sy 55 oS par 0350
Jolo s ol b S B 0 S 6l
PCM asbe gl= b J ol Cannd a5 sl Cacn BY
53 Sl bl e 3 Cend ) pe sle 4y Olan
Jols (351 0kiSe s e )l lie oY) S
OLE S (o) bl B3le G 5 5 il ale L
e s 3ok 3l L S ool o osls
s Jls bl 4 ccoldn G b Sl e 5 e
eﬁywa)lfdbdljz.aﬁ&ﬁu@)u
Loy bl s dmw b (gl 5 oS o

Q
— 4
Kpem Ac

Te  AAAA S AANEEANOAN—
1 t

2| |

bl 5 e )l sl Ol JUl e Y S

PCM 33 Ol goay

iyl 3l eslizal b Jhw b sddodor 5l L

3 o yaeia (V)

Qf = rhcp(Tf,in - Tf,out) )
ol C,i\.)uh ‘_;?)\J;-)LZ }m)b ‘Ujj J“""g)‘ﬁj
Szt () alaly &) 5ot 3Ll 4 gpple A4

Qconv = hcAco(Tf,m - Tc,m)

(Tc,m - Tpcm)

Qcond = Kw Aco t
c

()

Fr



’T“?‘? :g{f ;JuAfij‘;\#JLﬂ

@'&,;J"pwj&)ﬁjb/’,,b i

OA S W gy 5 ol 550 ediiSe 3
G s A e3lite] SKES 0330 Sl (J g
03508 Sl el me (S 5 541 >)
4 Qm) Js—ame 3l Cush 2l il 5 Jpamme
Jold 03 Sl agl b 5 eddd e IS (655
Emee) SlKe 55,51 5 Q) o S5~ 551
33 a8 a5 (SSES 033k Ol gea S ol

[41]

Qm

—_m )
Qf + E:mec

Nef

L& el 5o sby gl sl Y (655
059 (_guj-fj J}—~Dr~° L;‘-’jk) Sl g ;):‘3;114")5
155 0 dnlea J seas

Qm = Wdcm(TmZ - Tml)

@)

(Vo) dayly 31 0l o |y (Cm) 4gms 5315 S S

:JMT Cowdu

1465 + 3560 My
‘m = + (1 + Mp)

Mp=(WWTde)

(\+)
Sk 055 e Wa s Wi 88 dlaly 5o oS
ijlfinu.om Sl iole O35 5 eole 5l edd s

RO

Sheslial b gy (Sl s Shas
N Veme 58 b)) el (S 505 a2l
sl [42] BEC) o35 551 G pan Oy alily
S 03 S sl Sl sy 5550 03,5l
L oS spie eslital () Jsame Sl p S5k
558 oo deloee (V) iyl 5l eslina

Qm

SEC = -2 v
Wo
US&,;- DL o.x.i:mb)\)} :b}w d)jWo QT DL 4\5
Sad 4 S 53 0 SIS

ol (Sopbge 5 ol N Joi

Hldie S

A (KIKkg K) o5 b S
<Y WImK) g, cslaa
\$5 kIkg) olg sl S

e e OF) UK) oz bl o 0

YAY (kg/m?®) J&~

YO (K) gle b sles

FAVY K) bl I sl

St s SIS S bl e Sl S
el ol 033kl S A0l S S (g e mar
oS oz 3l 2 2 SOl 655l jle S
Tl 4 ek (Ghdo) SOl G5
e & edes S350 Olpe Awlbmn (5l oS e
258 g eliial (1) iyl Sl oS e

Qu = AFR([Ipr(t0)] = Uy (T, = To))

Il s Fr oS o e A 0T 5 S

T (Gl Al Sl S T oS e sb S

QY

Tacoder b 5000 S 02 o >
) oo o2 Sl Ti 5 laes sles
RS
aJ.MS@> SIS cdUp () dlayly 5o pomen
ol il o @wpwlﬂ\ﬁdcml
Sl G 3l e Sl s s 5 o3l U
N
g sS e sl el daule S5l > 033,
(V) dasly 3lesline | b 5 el (glabam &y 5 4 S

Qe rcy(Teo — Trs) V)

T ALy Alyr

n

SHed 5 S KIS 35l

£ble 5PCM Sl estizal 43U K8 Civo 5 sl 5

¥F



e b SEl ol (ebd2 SSES Ken 55T g0 5 ) o

o g

Loy o 2 Sy 5 6 s Sl et (KL
sl o303 0Lz (CallY) S 55 iyl slags, oo
BERNT-R OB V1 RGN WG] U0 ]| SOV RGN
Ab Sl gl s ey G Gl sl
Olsee ol a2l 03 St Lgy p (Gols s
8 s b (Vesls) meo Ll Sl ey 6
3a0 Sl Dol 5o 5 Al oo Gl e e s
e DA G e ST 4 (V8 sl
Casby sl a3 Dl Olsee rzeas Ay 8
Slebe 3 bt s sba b Glpa Co 5 o
ol o3ls OLE (-F) IS s Jgamee 03 S
50L5 gl Jsame ol 03 S g o
SOWT ST S RN S I SEOH ¢S o Zusbs
@by oo Sl a3 2SOl ged e 5L
V) cl 0s S dul g sl clel
b i Cusby oS ol J0s Gl 5 (e
(Ao )sVV/Y) ol 3 5 Hlde aiy ps el ) s
o8l e ol am s (UL us Al L
R R I SR R N SIR I
3 iite b Olel e 03 S K2
Sl Ll Ll e Gl VEY cele )5 b Ol >
S5 e wdy w VEoele s i) AU
RN Y LS Ly N VR W
UL e los o (s1sa Agay Slaiianls
oz [T] b o il gl o b 4 s
Ol et 48 3 S sdalis Ol 55 o (=T IS 4 e 5L
4l s 2t /O L0 /Y sl od g Sl g lsa e o

S o end O3 S Olela s
calizes Lol L5 55 05 S Glos Ol ks Ol e

o313 LS (8) JSKS 53 0les 5l Ll &y poas Sioles]

CL&J leﬂi Q.LZ\)‘J..:L: LS\;’ 450{.‘ 4_:49-)5‘.’ &;«d‘ ol
eMw;Jb)Jub)Mb&laewL@jw
G Aesle 3l paacslas dolp g, Sesls oy

PSS wlble gobail v
on 3 SISt Sabae s LT el
Bloday ol o3V 01 5ol 033k 2 S3e Julse
By e Jolge 20t ) 5 g3LaBl
b S e 1 Ol &8 1,108 Lo 56 Jsae A g5
(S o SSE qoliinn ;b 5 pelins Slaay pa Y
xS e S slaaspa Olgsas ) -0 4y
143] 553 0

v

C; = Direct cost + Indirect cost

"Lit‘ CJL&'.{JJ 6)‘-'\§44.L°)—- 6‘): gQTﬁa)W

39d 3540 ciS5l by Sde 53 s csloyor Ol 5o

iS5l ey 5 SSb VL el 5L [44,45]
T e ety (V8) 5 OF) Aol Sl ale e

1_(1+u)x
C
Ge

(L) o3 2 53 SSLcatls 3k B T 3 oS
Ol e X (U)o e U (dL ) (SLpls s
G s aloy 2 S ensnt 5 (Jlo) ol sl 3
Shglasds (V) Jods oo sl Jseamen VL 5 50
Sl Gl 0 o s i 5 eils Glad 52
Ll 0 &) gaen 03 SIS 5 S

5 A golal dlows Ly 5l glasds Y s

ofien of Sk pa 4 s yga =5 IS Ly pe

e Slaas o i o Slaay 3o
Sl gl adsl slpe cond Sk
jufj&boﬁ\@}h JL}JAJ-

ran B i S s sl

C)A.?u Lo s\ )\ dj“‘\“"
O:JSS\.J:;'- Sl ol as s
cle slaay s

03U JMC,.@”@

Yo



’T“l‘l 4& ;JL«JT}JJ‘;.AJLA

&J’Kd})‘}j@w[:;ﬁj&)ﬂjglﬁjlﬁ A it

sliSmar A S Jw ol G550
Sz Gl B o 058 o ol S B s
Rl b e Slbl L L 0T 05 Sbsea 5 PCM
= PCM S e gl sl (5550 Ol
sles OF w5 Ll SRl Bl s (g iy
Loy (rl 48] 35 0 oS (SSEs 0Bl
YA gds )5 b b oS Sl pm VAol b
of 5l ot 3 K e My aslsl el e e D
Sl SSKEs Sl amps 505 0 e sSs Ly
Ll 4 Cawd sl iy PCM Q\}:,«AS@K;A
0 S s ) Il sl e i LS
Cole G 100 @ ccnl aids ol /8 Jlw ez
O E R W EY P U e T RGN R b PR | P R
PSS @ b Goob Sl ool 5 PR
S adss Jdsa 5, SLL clele s e s L
U Gl 03 SSEE Sl 4y (5
crl Bl g QLB adds o 1) WY SIS e 4dids 1)
PCM I 54 wble j5 a5 Oladses damed b ased

[28,36] coils cillas (s g 03 S eslanal

=== Ambient Temperature

40 «=@== Relative Humidity r 06
35 0.5
S
~<
0330 - 0.2
23 5
§525 0.3,
< =20 0.2
-2 23_,
4
1538 > 0.1
10 0

7 8 9101112131415161718192021222324
Local Time (hr)

Gl G55l o SRE s
©bos amD 53 5 Ll Sl Jhw 4 e i
e e RIS S Cals L2
fea s SSGE CiglS F s s ol 4
e ol 4 A5l e G110 BTl oy bl 2
w):.w.l.w 4}).}*/‘” Gy/o o)\Ju\nb Uﬁi‘L:ﬂ )}.E‘U (|
ol e b /8 Jlw s oS il oK 1zl
3w s G5 S5 e ol sy
65‘);‘ QJAL;Y‘}L B S el L;J.:..l-)? a.,\.LS@;_-
Q)\f@)b})ﬁ&f&i} JJ‘)LS"L”).Q;)‘J"
Y5 Y/80) il i ) il o S SLSV /08
50t PCM & Ly, o Jlikie 208 5 sl (p S 5kS
SoMis &S ol OF sty ol pl ol o S 4LS ¥/

1000 -
900 -
800 -
700 -
600 -
500 -
400 -
300 -
200 -
100 -

0 -

Solar radiation(W.m-2)

7 8 9 1011 12 13 14 15 16 17 18 19 20
Time (Hour)

Ol 55 Jame (5158 S s 5 o Cushy (Dl 4 s 5 S0ke (O (sl il Sl 0le () O ¥ S
05 S

\td



b SBl ElS d  SCES Sa ST o e

Temperature (0C)

20 +—T—TTTTT"TT—T—T—T—T—

8 9101112131415161718192
Local Time (hr)

)

212223

24

Temperature (0C)

0.4 I/min g%t

60

62
o

ey
o

30

8 9 1011121314151617 1819202122 23 24
Local Time (hr)

()

() 5 /Y (D) v oy (23 Y 53 0 iSe 153 O35 53 PCM 5l cilises slagsss 5o (S glos Ol i £ IS

aids

]
o
)

m0.2 I/min
2 0.4 I/min

w S a1 D
o o o o
1 1 1 1

Collector Efficiency (%)

Ny
o
1

=
o
'

8 9 10 11 12 13 14 15 16 17 18 19 20
Local Time (hr)

VA ATRYAL LSLAO__:J)AS&;'-U}J o.l...f@;- o33l ol 0 S
05 S slajsy s aids i)

Gladd )5 DUESES Ly, e () K3 s

53 sk Cad e il Ll S s o
w5l Sl sl osls OLE S Ol Jilie
Sy JH 5s PO plie J4isl L s
oS Jpame 03 SSKE Ol Wl aliSe S

JSCa 55 S U S e 033b i Ol
S Al o.,\;,S@q- o33L &S das e olis (o)
OB GBSl g O3 it 5 A 52 U
CAs alS L e 355 Ol STa 4 5 Al o
5358 e oS sdaCdn (6551 Olge (Shdn s GRU
PCM o Ol il oo 18 5 oS e o33l
/00) b3 gme b Jlw 5,3 Oyee 53 a3 S )3
NG N HRP-R WP Pe S.,\;,S@q- o33l ol s o (P<
SSSEF 5 ol dlw 23 Rl oS mar 0330,
S s s Wlg e el cpl ol e )58l
o Sl o b bl 5 0iS ma Sl U (55
sliSpar lady) dhsey by S35 Ay
S A sdiS e sl 033k [12,23,46] sl
Lalgl 53 ks y308/8 1 sl adds /Y s
Ol Gl LS (0 5ot 55 Sl 53 Ao 3V /8 U 5,5
emS L3 Y/ BY/E ) aids oxde/t s sl
&S o

fv



’T“l‘l uij ;JL«JT}J}‘;.AJLA

&'de.}‘}j[rw[::ﬁjc;)ﬂjg/ﬁjl.ﬁ i

E s Y e Uil Lauld s S U
OLis o SLS YA 5 /80 N /08 PCM 5 aids 5 2
S PCM 3l Lol el wam 5L sl ol osls
ol Bl edde b (551 Ol ediSe 2y O
Sy o eiS e Sl e 5 5 Ll e
S5 Wl 23 SRl L Slosed a4 a5l e
GO St Al GRIBL 5 edddr Sl
Ja3EAYY B AV Sl aids p ) Y s gl
Shadds p mde /e o Gl Ol ad ) 5 LS o S
G5 dw s b o Ja3Ka VEAY BV /80
O i [29] Sl PCM ol ot 51 i (g, 55
(C=V) U8 s gl (S IS el
Sl s el PCM il booS s e oL
YYAY Sl aids pmd Y o5 gl Of i 5 b e
G YYANA aids o o) v/8 o5 gl 5 Ao Yo/00 U
L gl s (S o33l .l it Ao ;3 Y/ Y
ol Bl s Jpame LSS Oleg O SY b
0> b oS e ks 5 Ol my (B Ol
Blole s33L o o3 i3l LPCM (gl OLSS uslis

AS oo g (G1d e oS

0.2 I/min

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

3.6 kg

MR

8 9 11 13 15 17 19 21 23
Time (min)

(<)

u154kg
m2.45kg

PCM Ol5s &S Sloy (gl 03 St il b o 5le]
s oS el s 51 iy ol p SoLSV 08
ol s el cplcl V;M/-\ s Y/80 PCM
olas 3l ks olpe 3 b Sl ol (550 ) (ol
Ol L gy oo ol 4y S 5l s andl &S
O 5l o 3385 g0 5l 1 opl gy g2 2l s
Sl SO sk R o Lals L
Olys 5 25800 oS FSir LS 4 el
Ll [30,33] Wb oo fialS 50 Jgeames 3l (5,8 b,
Sls 5 by eddodr 55 WO 3 PCM 555 L
S3A Ol pdip dgame 03 S8 o
33 Olge op i 0 S ST LPCM (gl osal s
o > ORI L (O S e gl ies
Ol 5 i s Sl aldpl Cusby (Jlw
J:j.M{ Ll oo ol cpl Sde 555 0 (S BRI GE
Sty 57 oS mam Sl ol (55 S ol
PCM 3 b 5l s edle oS Al Jl A s
los b a5l 05 S Zoly 5 (ol e 205
Bpde SSES 3L
w2 Solm SSH (A=) e s
Gled > e liSpar s Gl S

0.4 I/min

m1.54 kg
m2.45Kkg
3.6 kg

0.9
0.8
0.7
06

Zos
0.4
03
0.2

0.1

(1))

0 kiSe o3 b (g, cilizee gla o3 5 il G PCM s o Sladd )5 0UE S poee 1 S




164 m®  0.2l/min
5
2 _ 0.2 lI/min
<15 - mE  04[/min 40
g 35 - 0.4 l/min
g —
5 14 a0 |
g ey
£13 c 25 A
s ks
= o
= £ 201
3 12 - 2
E 315
© g 7
E 1 | g
¢) ®

10 - 0 -

1.54kg 245kg 36kg 1.54kg 245kg 36 kg 154 kg 2.45 kg 3.6 kg 1.54 kg 2.45 kg 3.6 kg
Drying condition Drying condition
() ()

b Lyl 5 (el 2 (SSES IS 035l () 5 eyt e diS e A st (S 4 $2555 Sl 5 (D) VIS

15 - 04 04 04
02 02 02

13 4

[y
=
1

Specific Energy (MJ/kg)

=, W 0N ©
1

1.54 kg2.45 kg 3.6 kg 1.54 kg2.45 kg 3.6 kg
Drying Condition

()

Specific Energy (MJ/kg)

1.54 kg2.45 kg 3.6 kg 1.54 kg2.45 kg 3.6 kg
Drying Condition
)

Sl 551 Glila (G JS 551 Glila (O) 03 S Sas il ) 3 )3 o sladd s 03 S 355 (551 (D A IS
Os&:&b.eﬁ:)b

el 0 03l QL&.: ‘éﬁ"K” 65]:‘ K] u':J‘J" szf‘ :\.L:.,w_jd.: OJV::&_‘;]@A 63;:\ CJ‘)’:’:’J (/\) JKJ B
5 Sble s ol b amm s LRl L Bl bl 4 eisyls S 551 shla oSKes

¥4



’T“?‘? :g{f ;JuAfij‘;\#JLﬂ

@'&,;J"pwj&)ﬁjb/’,,b i

s e Sl oSN JKaY
eSS 5 KAV B YYE Sl aids )/t
S35 Slslp 5 edd S5 Ll 3 war 5L el sy
Blle oS 55 Oledl Ol o e 5 (gul )
PCM Jlais 5 adds p i /Y om0 L (S
03 S8 gl ol D= 0 S ASY Ol sea
I bosdalowsa bnd AL o gladds
Cillas [7,13,21] sy s oSSt Sl el o158

NG
52 S el 51 S et oyl o5 4 S0ln
on 3 eddpled laay e (S S bl
e (5l s b (Jpmamme Lvay ol OF (303l
Sl ey St sy el 5 oS G551 S b
oS Jpame ol b gl s Jpame codS
kSt g Ll oo Ll Ooyse Ol 53 el
gl o RS0 51 5 el s 8 L Sl s el
e Ddadily 53 355w g SOT 05 S U 5
S okl Ol Lol G 3 A dalet
Jads 53 Ol Aodlst oS U el (gl 5 (S

RGO PSS AP B U,L.:”Lw (Y')

O3 S Gl Ban ol 55 PCM laas
Ol (it il sn SRl o 4503 0SS S
PCM 5 ai3s v/t o (03 55 (B0 (55
s ol ol oS 18l e Bl o S SLSV/08 Ol ens
S3Al 5 skl S5 oy S e
S5A AL Jgame 00 S G 5y S
S B Y e > Gl 5 S
TR RN FURRT R WEREA | AR S VRN WREA L JAVA
Do el b dsssY 6V B VYA 5l aids 2o/
Uil LPCM 1 0Ly pslie . 4S e 35 PCM
Sipan 550 Ol i /e Y S
Slp SO i sl may eslaad e
Lyl Shal bl 53 Jlw 03,51308 >4,
0P A L dsame 03 S Gl sy 55 D s
2 Ul 5 UK St s 555 S
S A 5 S s s el i
Ly el 0l ols Jiled bl Gob 5l b e
Sl s Ol 5 Sl (DHA) J&w Libe ool ,oss
ey 03 S8t Gl B S 55
G VA Sl o adt /T om0 b

b S8l Ol 5 ey S okl LT Y s

ltie

bl by

¢

(Ao y3) (U 3 g

OO
3 3

(0l 5) sl 1wl

Vo () S Ao jas

£YAYA (Ol sh) Sl b rae 3 5 5,5, &usa

VY040 (Ole g5) VL LLLSI

AALBER (Ol s 5 bbb stuany &y 5e
Qeres (Ol g) 036 J g o
Tow (0o 5) 055351 o dpms o

(obe Yo Jsles) VIV

R BLEEE




e b SEl ol (ebd2 SSES Ken 55T g0 5 ) o

Ol &S sl OlEs o3 b 5 K1 0 S
Slr o I YT walejlex 5L Gl ol iS50
53 6] el slo £Y (iS e o) Jiw S
S S sl e ST 5L Ol e i G
sl oa slacile 03 S gl oS st
dol s VMY Il IS Szl b e g0 ol esliz
33 Jgames 05 SSix Gl wbe o 2850 [49]
03 St gl Jl 3lsle A Cleas| L i 438
Slle 5l S ol s el cwsa JLaV/0

[31] >4 ok ealaiul ng_).:‘ eJ.LJSoJ.:}LS

& S 4o
G Sl S 3 Sles G ol o
Ad bl PCM L ehes St U ediS e
e A A S e Jald sl S
3 Sl e sl sl S )
5 ekSrer SLil Gl m S S
e 3 el i slse b b hlel (S
v om0 5 oSS YA 5 VL0 /08
Wis /8 5 Y mlan Y s ailile s aslol -
OB LAl el AT le S o Slse slass, o
ool o gl Al LD oul
5 Ol SIS L Wb e il s sles
b 55 b o byt st 4 OABSes
ol il G G0 DAd S Sbe G
kS e by sldodr Sl 65
Jsb 3 55580 03 PCM 5 Jlw 5 (s 55
oslitul 3,10 se s gy Sb S Sl
033kl o aelsl 03 S SCat il 3 0T wiay 5555 0
Bdsp pde /b 5 /Y Dl 2 Sl oS pax Sl
Yo/e U 5y eyl 5o s )3NV/E 500/4 0 S S
Sleas S o nd 3, bl s Lo VY
VN Sl aids o mdo /Yl ez 03 sl 655
2> Sl e ol s XS e i Ja3Ke\ YT

23 Gt (SSES s b aSepl a5

Lozl 555 53 p S S Y (o S LS YA Ol jeea, PCM
°MCJBJM@L€JCA}E)LQJWU‘3J§)L)J
J\:.Sj; BEBESL] M [ t; oq\1 Lﬂ[i.:.vi.: L)'i‘ )\
G S 58 S s LS el S5 e sl
Qf»‘ Y Ca.w‘ ol u.oj_é gkﬁa’w DL 4.»:@.’ LSJ-:':“)_}"
CJL:.LAP .z\al}:da JL& )‘ olel BE] Lags US&:.;-
°y‘dWA:J}3‘6JL°))MJCBU‘1)U>)S&*;>
(J}JL;«LJNL,;-\MQJ;&J.}MJL:\;)QM‘Q}
L1 o ¢SSV s Ol e el
ol Gl oS A S e e A Sl
Q}Agbkﬂjﬂ\d\"g"' ULJWQFH]A‘:LJ
eLa-\J},wo.i‘ﬁt.{.MJJJT‘}{QU}‘YVO‘"'&)})
Sl ele Vs g s osls Lol =5 45 (V1Y) 5 ()
LS‘JJ)L;J.)))A‘}SHLAJ«-M}dkﬁ):\‘o'\“/\v“ )‘.Lz.au.i\
M\f QLA}: Ocrvvrnn J._J_,S)UJ.A UJ»‘ de))}TJJ
calil.ﬂé J.:AA S UJA;JIG.:JJ L> 9 J“L"\ui‘f D4
o el Cama oY gl 255U Ol
Sl 2 Gl S SE o5 s sy 55 sbailele
ad pan S ks cotle gl yaS Al sa e
Yo adaen LOT Llo pu ¢t 50 5 el 5l btes
.))\)bkﬂ\)ﬁw}_&)}alﬁ\/\“Uh{"ﬁwﬁe))ou
VSF@LA\YUC«L?J'QUJJL;.:SJSQJWQJ&;;ﬁ
o
4.2.\.‘4‘)3 S 9> UG slieslanal us;ﬁ.ll:— MJL;‘: olis

M 2—3‘;‘)«»’ CMI._?)L 09> [6,43] JJ.JIL;&:

Y S e e hl e el G d I pae
Ol S alpas byl b 4 a5l a8 ol (655050 &
B Ol o 03 S e ile Slonas Ll S s
385 S 1 gl SES5L 0l 5 0ls Ll Sl
CI>) oS 5 g (S (ool oL
Glp eddale (Gl cdiSmex L glollS

o)



’T“?‘? :g{f ;Ju‘lﬂj.}j‘;ﬂd/.w

;SJ.K#_).}‘;?L',“W‘}L;)ﬁJK’ﬁjLP i

WIM? (sai, = b oo
WIm K (s Sl colis o0
kg water/kg «Jsks cIb- s cosby glges
dry solid
kg water/kg Js—ame Ll oy sby (Gl gime
dry solid
kg water/kg dry b s 3 cusb; gl g
solid
J PCM asle ;5 e o3 5l = (555
J il ol 55
J a5l b ol 5l
(JL) (S els
K (Jlws Lo g2e glos
K (e 850505 Lo
K PCM osle o)l > 4z s
K s glos
K oS par 5w ms 5 sles
wlo e 285k 0550
M ol e U5 5155 aliess
(L )3) o,
WIMZK oS wa 51 IS 2l 3301
(dWels watls 5k 0oy ke
s o
BE g
S 2

oS e o33k

loT
Kw
Me

Mo

Mt

Qpem
Qr
Qnm

Tim
Tem
Tpem
Ta
Ti

tc

UL

3N E/AY B V880 3l aids p i /E e
Gy St S 033l Ol i el sy
Wb a3l o33l POM 2150 L oS s o OLES
G OYYAY Slwiss p ndo/Y s gl of i
G WY aidsp ndv/t o gl 5 Lo aYo/oo
S (65 51t Ol e ol e Ao, STV Y
o2 ORIP L o gladd s 05 St Gl s
0350800 5 Sl e 5l b o 5l
Blle &5 038wl Ol o 300 ey S35
Olseets PCM lis 5 aids o xJo/Y s b S Sis
Gladdys 03 St lp mle 45 SLSTA
Ol ey s (S (ol o sl o
Il lelel 2 8 Jai 53 b ole e S50 oo oS 5l
05 8 el sla¥r i ladd Oy SSEE 6l
sl Colin 53 g
4ol o5l
LT

mm ¢, =S98 colus A

o355 o 55 SSb st il B

IKGK (mle Il 53 e ol S b b C

IKGK ctelr = fons gLS e b G

ol 5 b b 5ol e (SO 55 Emec

J
sdiSper sl S Jusl y o FR
Jyame VL 3 5 Gt

WIM? K en &l Uil o o he

agly

Salami, P., "Design and construction of the PVT system to increase the energy efficiency of solar flat

plate collector”, Ph.D. Thesis, University of Tabriz, Tabriz, Iran, (2016).

Edalati, S., Ameri, M., Iranmanesh, M., and Tarmahi, H., "Modelling and drawing energy and exergy

of solar radiation”, International Journal of Exergy, VVol. 19.4, pp. 544-568, (2016).

Ghasemkhani, H., Keyhani, A., Aghbashlo, M., and Rafiee, S., Mujundar, A., "Improving exergetic




‘}JW/WL;)LA—JJ;@Q/;M—‘/KQJ}CJQM e bl olS (e 52t SIS (Ko 47 5ST g0 T

10.

11.

12.

13.

14.

15.

16.

17.

performance parameters of a rotating-tray air dryer via a simple heat exchanger"”, Applied Thermal
Engineering, Vol. 94, pp. 13-23, (2016).

Akhijani, Samimi, H., Arabhosseini, A., and Kianmehr, M. H., "Effective moisture diffusivity during
hot air solar drying of tomato slices”, Research in Agricultural Engineering, Vol. 62.1, pp. 15-23,
(2016).

Panwar, N. L., Kaushik, S. C., and Surendra, K., "Role of renewable energy sources in environmental
protection: A review", Renewable and Sustainable Energy Reviews, Vol. 15.3, pp. 1513-1524, (2011).
ELkhadraoui, A., Kooli, S., Hamdi, I., and Faraht, A., "Experimental investigation and economic
evaluation of a new mixed-mode solar greenhouse dryer for drying of red pepper and grape",
Renewable Energy, Vol. 77, pp. 1-8, (2015).

Eltawil, M., Mostafa, A., Azam, M., and Abdulrahman, O. A., "Solar PV powered mixed-mode tunnel
dryer for drying potato chips”, Renewable Energy, Vol. 116, pp. 594-605, (2018).

Perumal, R., "Comparative performance of solar cabinet, vacuum assisted solar and open sun drying
methods", Diss. McGill University, (2007).

Khouya, A., and Draoui, A., "Computational drying model for solar kiln with latent heat energy storage:
Case studies of thermal application™, Renewable Energy, Vol. 130, pp. 796-813, (2019).

Fleming, A., Folsom, C., Ban, H., and Ma, Z., "A general method to analyze the thermal performance
of multi-cavity concentrating solar power receivers", Solar Energy, Vol. 150, pp. 608-618, (2017).
Mortezapour, H., Ghobadian, B., Khoshtaghaza, M. H., and Minaee, S., "Drying kinetics and quality
characteristics of saffron dried with a heat pump assisted hybrid photovoltaic-thermal solar dryer",
Journal of Agricultural Science and Technology, Vol. 16, pp.33-45, (2014).

Abokersh, M. H., EI-Morsi, M., Sharaf, O., and Abdelrahman, W., "An experimental evaluation of
direct flow evacuated tube solar collector integrated with phase change material”, Energy, Vol. 139,
pp. 1111-1125, (2017).

Motevali, A., "Design and Evaluation of a Parabolic Sun Tracking Collector for Drying of Mint [Ph.D.
Thesis.]", TarbiatModares University, Tehran, Iran, (2013).

Motahayyer, M., Arabhosseini, A., Samimi-Akhijahani, H., and Khashechi, M., "Application of
computational fluid dynamics in optimization design of absorber plate of solar dryer", Iranian Journal
of Biosystem Engineering, Vol. 49 (2), pp. 285-294, (In Persian), (2018).

Sharafeldin, M. A., and Gyula G., "Evacuated tube solar collector performance using CeO2/water
nanofluid", Journal of Cleaner Production, Vol. 185, pp. 347-356, (2018).

Samimi-Akhijahani, H., and Arabhosseini. A., "Accelerating drying process of tomato slices in a PV-
assisted solar dryer using a sun tracking system", Renewable Energy, Vol. 123, pp. 428-438, (2018).
FAOSTAT Statistics Database, FAO, (2016).

ov


https://www.researchgate.net/journal/Journal-of-Agricultural-Science-and-Technology-1680-7073

’T"‘?‘huﬂijw‘fjgjf‘//“ ;@'Kxj;y”pbuj&)ﬁjlf’;jb@j@'

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

Morrison, G. L., Budihardjo, 1., and Behnia, M., "Water-in-glass evacuated tube solar water heaters",
Solar Energy, Vol. 76.1-3, pp. 135-140, (2004).

Sabiha, M. A., Saidur, R., Mekhilef, S., and Mahian, O., "Progress and latest developments of
evacuated tube solar collectors", Renewable and Sustainable Energy Reviews, Vol. 51, pp. 1038-1054,
(2015).

Tong, Y., and Honghyun Ch., "Comparative study on the thermal performance of evacuated solar
collectors with U-tubes and heat pipes", International Journal of Air-Conditioning and Refrigeration,
Vol. 23.03, pp. 1550019, (2015).

Sundari, AR. U., Neelamegam, P., and Subramanian, C. V., "Performance evaluation of a forced
convection solar drier with evacuated tube collector for drying Amla", International Journal of
Engineering and Technology, Vol. 5, pp. 2853-2858, (2013).

Rajagopal, T., Sivakumar, S., and Manivel, R., "Development of solar dryer incorporated with
evacuated tube collector”, International Journal of Innovative Research in Science, Engineering and
Technology, Vol. 3.3, pp. 2655-2658, (2014).

Lamnatou, Ch., Papanicolou, E., Belessiotis, V., and Kyriakis, N., "Experimental investigation and
thermodynamic performance analysis of a solar dryer using an evacuated-tube air collector"”, Applied
Energy, Vol. 94, pp. 232-243, (2012).

Ersdz, M. A., "Effects of different working fluid use on the energy and exergy performance for
evacuated tube solar collector with thermosyphon heat pipe", Renewable Energy, Vol. 96, pp. 244-256,
(2016).

Kim, Y., and Taebeom, S., "Thermal performances comparisons of the glass evacuated tube solar
collectors with shapes of absorber tube", Renewable Energy, Vol. 32.5, pp. 772-795, (2007).
Mahendran, M., Ali, T. Z. S., Shahrani, A., and Bakar, R. A., "The efficiency enhancement on the
direct flow evacuated tube solar collector using water-based titanium oxide nanofluids"”, Applied
Mechanics and Materials, VVol. 465, pp. 308-315, Trans Tech Publications Ltd, (2014).

Tay, N. H. S., Bruno, F., and Belusko, M., "Experimental validation of a CFD model for tubes in a
phase change thermal energy storage system", International Journal of Heat and Mass Transfer, Vol.
55.4, pp. 574-585, (2012).

Rabha, D. K., and Muthukumar, P., "Performance studies on a forced convection solar dryer integrated
with a paraffin wax—based latent heat storage system", Solar Energy, Vol. 149, pp. 214-226, (2017).
Shalaby, S. M., Bek, M. A., and EI-Sebaii, A. A., "Solar dryers with PCM as energy storage medium:
A review", Renewable and Sustainable Energy Reviews, Vol. 33, pp. 110-116, (2014).

Shalaby, S. M., and Bek, M. A., "Drying nerium oleander in an indirect solar dryer using phase change

material as an energy storage medium", Journal of Clean Energy Technologies, Vol. 3.3, pp. 176-180,

of



‘}JW/WL;)LA—JJ;@Q/;M—‘/KQJ}CJQM e bl olS (e 52t SIS (Ko 47 5ST g0 T

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,
45.

(2015).

Jain, D., and Pratibha, T., "Performance of indirect through pass natural convective solar crop dryer
with phase change thermal energy storage”, Renewable Energy, Vol. 80, pp. 244-250,(2015).
Hamada, Y., and Jun, F., "Latent heat thermal energy storage tanks for space heating of buildings:
comparison between calculations and experiments"”, Energy Conversion and Management, Vol. 46.20,
pp. 3221-3235, (2005).

Belusko, M., and Bruno, F., "Design methodology of PCM thermal storage systems with parallel
plates”, EUROSUN, (2008).

Riffat, S. B., and Gan, G., "Determination of effectiveness of heat-pipe heat recovery for naturally-
ventilated buildings", Applied Thermal Engineering, Vol. 18.3-4, pp. 121-130, (1998).

Wang, T.y., Diao, Y. h., Zhu, T.t., Shao, Y. h., Liu, J., and Wei, X. q., "Thermal performance of solar
air collection-storage system with phase change material based on flat micro-heat pipe arrays", Energy
Conversion and Management, Vol. 142, pp. 230-243, (2017).

Esakkimuthu, S., Hassabou, A. H., Palaniappan, C., Spinnler, M., Blumenberg, J., and Velarj, R.,
"Experimental investigation on phase change material based thermal storage system for solar air
heating applications”, Solar Energy, Vol. 88, pp. 144-153, (2013).

Liu, M., Wasim, S., and Frank, B., "Validation of a mathematical model for encapsulated phase change
material flat slabs for cooling applications”, Applied Thermal Engineering, Vol. 31.14-15, pp. 2340-
2347, (2011).

Fortunato, B., Camporeale, S. M., Torresi, M., and Albano, M., "Simple mathematical model of a
thermal storage with PCM", AASRI Procedia, Vol. 2, pp. 241-248, (2012).

Hed, G., and Rickard, B., "Mathematical modelling of PCM air heat exchanger", Energy and Buildings,
Vol. 38.2, pp. 82-89, (2006).

Esen, M., Durmus, A., and Durmus, A., "Geometric design of solar-aided latent heat store depending
on various parameters and phase change materials”, Solar Energy, Vol. 62.1, pp. 19-28, (1998).
Vieira, M. G. A,, Estrella, L., and Rocha, S. C. S., "Energy efficiency and drying kinetics of recycled
paper pulp”, Drying Technology, Vol. 25.10, pp. 1639-1648, (2007).

Fudholi, A., Sopian, K., Yazdi, M. H., Ruslan, M. H., Gabbasa, M., and Kazem, H. A., "Performance
analysis of solar drying system for red chili, Solar Energy, Vol. 99, pp. 47-54, (2014).

Ziotis, N., and Papadas, Ch. T., "Supply of money and food prices: The case of Greece", Agricultural
Economics Review, Vol. 12, (2011).

Pulford, A. L., "monetary factors and the us retall food price level", (2012).

Akhijahani, Samimi, H., Arabhosseini, A., and Kianmehr., M. H., "Comparative quality assessment of

different drying procedures for plum fruits (Prunus domestica L.)", Czech Journal of Food Sciences,

ob



’T“?‘?‘uﬂijw‘fjgjfdb ;@'Kxj;‘)j[’,w/;ujc;)jy&fjl.p@jﬁ'

46.

47.

48.

49,

Vol. 35.5, pp. 449-455, (2017).

Felinski, P., and Sekret, R., "Experimental study of evacuated tube collector/storage system containing
paraffin as a PCM", Energy, Vol. 114, pp. 1063-1072, (2016).

Iranmanesh, Masoud, Hadi Samimi Akhijahani, and Mohammad Saleh Barghi Jahromi., "CFD
modeling and evaluation the performance of a solar cabinet dryer equipped with evacuated tube solar
collector and thermal storage system", Renewable Energy, Vol. 145, pp. 1192-1213, (2020).
Iranmanesh, M., and Barghi Jahromi., "Effect of forced convection and PCM materials on an indirect
solar dryer equipped with evacuated heat pipe collector”, Modares Mechanical Engineering,
Vol. 19.11, PP. 2607-2614, (2019).

Fudholi, A., Ruslan, M. H., Yahya, M. A., and Zaharim, A., "Technoeconomic analysis of solar drying
system for seaweed in Malaysia”, Proc. of the 7th IASME/WSEAS Int. Conf. on Energy, Environment,
Ecosystems and Sustainable Development (EEESD, 11), Vol. 11, PP. 89-95, (2011).

oF



Journal of Applied and Computational Sciences in Mechanics

Vol. 32, No. 1, 2021

Evaluation of Thermo-Economic
Cabinet Solar Dryer with Evacuated
Heat Pipe Collector and Energy
Storage

Mohammad Saleh Barghi Jahromi?
Masoud Iranmanesh? Hadi Samimi Akhijahani 4

1. Introduction

One of the main axes in the field of energy is the
energy efficiency of energy supplying systems. As
Iran is a country that due to the abundance of fossil
fuels, less attention is paid to how to consume
energy and optimize energy consuming systems.
However, in recent decades, due to the depletion
of fossil fuel sources and pollution that comes from
consumption of this type of energy sources, the
comprehensive development document of the
country stipulates that by 2051 at least 30% of the
electricity generation network must be provided
from new and renewable energy sources, of which
more than 15% will be from solar energy.
Therefore, designing and building systems that can
use new and renewable energy independently or in
combination is important and necessary. More
than 30% of the world's energy production is used
in agriculture, of which about 12% is used to dry
agricultural products. The use of fossil fuels causes
environmental problems such as greenhouse gases
and air pollution. The use of solar dryers can
greatly prevent the consumption of fossil fuels in
this area. Moreover, the quality of the dried
product increases and the environmental pollution
decreases considerably. In this research, using
laboratory data, the drying process of the product
using apple slices was evaluated and the thermal
efficiency of the storage tank and the drying
efficiency were obtained and the required volume
and mass flow rate were obtained to get the highest
thermal efficiency.

2. Experimental Setup

The dryer used in this research is a cabinet dryer
including a vacuum tube solar collector, storage
source with PCM, heat exchanger, electric fan and
dryer cabinet. Vacuum tube collector (SK-H15-45)
consists of 15 double-walled tubes with a length of
1800 mm, with an effective area of 1.9 m? with a
copper absorber with internal and external
diameters of 45 and 58 mm. The schematic of the

drying system assisted with collector, cabinet and
storage system is depicted in Figure 1. The fluid
flow rate at two levels of 0.2 and 0.4 I/min and
three levels of PCM mass 1.54, 2.45 and 3.6 kg
were considered to do the experiments.

Figure 1. Details of cabinet solar dryer including: 1)
vacuum tube collector, 2) fluid storage tank, 3) air
blower fan, 4) heat exchanger, 5) dryer cabinet, 6)
chassis, 7) sample tray, 8) electric fan controller, 9)
output, 10) fluid transfer tube, 11) thermocouples

3. Solar Collector and Drying Efficiency
The energy absorbed during the heating process
consists of two parts: the first part of the container
is the PCM, the copper coil tube, and the second
part, paraffin. Figure 2 shows the heat circuit of an
energy storage source including fluid, adsorbent,
and adsorbent (copper) shell. Heat is transferred by
the fluid through convection to the copper wall and
then through conduction to paraffin inside the
helical tube. In this case, the heat transferred from
the solar collector is stored or released by the fluid
and paraffin. Dryer efficiency was used to describe
the effect of using PCM and thermal energy
storage system on the drying process of the
product. The ratio of energy (thermal and
mechanical) used to heat the product and extract
moisture from the product to the total energy used
during the drying process, including fluid thermal
energy and mechanical energy as the drying
efficiency considered to calculate drying
efficiency.

4. Results and Discussion

The rate of change of drying temperature under
different test conditions as a function of time is
shown in Figure 2. Due to the fact that it took one
hour to stabilize the temperature of the whole set
with the environment, the data collection of the
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3, Assistant Professor, Renewable Energy and Energy Conversion Research Department, Graduate University of Industrial and
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drying process started at 8:00 AM. For two fluid
discharges (0.2 and 0.4 I/min) as the intensity of
solar radiation increases, the solar energy
transferred to the fluid increases and as a result the
temperature inside the dryer cabinet increases.

70
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Figure 2. Dryer temperature changes at different weights
of PCM in the storage tank at two fluid flow rates, 0.2 and
0.4 l/min

Figure 3 shows the thermal energy input to the
solar dryer by the vacuum tube solar collector in
different conditions with flows of 0.2 and 0.4 I/min
and PCM 1.54, 2.45 and 3.6 kg. Changes in the
overall efficiency of the solar dryer in Figure 7 as
well. It shows that with increasing PCM, the
efficiency also increased and its value for flow of
0.2 I/min from 32.92 to 35.55 percent and for flow
of 0.4 I/min varies from 32.19 to 36.02%.

The rate of change of electrical energy used for
drying apple slices increases with increasing
volumetric flow rate, and considering the
abundance and freeness of solar energy, it can be
concluded that the drying system with a flow rate
of 0.2 I/min and the amount of PCM to 3.6 kg is a
good option for drying apple slices.

16 1 0.31/min

0.#1/min
15

14 A

13 |

12

11

Overall input thermal energy (MJ)

154 kg 2.45kg 3.6 kg 1.54 kg 2.45 kg 3.6 kg
Drying condition

m 0.2 l/min
m 0.4 l/min

= N W W b
a1 o O o1 O
1

Overall efficiency (%0)
N
o

=
o o
1

1.54kg2.45kg 3.6 kg 1.54 kg 2.45kg 3.6 kg
Drying condition

Figure 3. Thermal energy input to the dryer by solar
collector and total efficiency of the solar dryer in different
conditions

5. Conclusion

In this study, the performance of a solar dryer
equipped with a vacuum tube collector with PCM
was evaluated. To evaluate the collector and dryer,
experiments with phase change materials in three
masses of 1.54, 2.45 and 3.6 kg and volumetric
flow of fluid flowing in the system at two levels of
0.2 and 0.4 I/min was performed on continues days
in July 2017. During the day, when the intensity of
solar radiation is maximum, the heat energy
absorbed by the solar collector is stored in fluid
and PCM, and is used during the night when there
is no solar radiation, and consequently the drying
process continued. Collector thermal efficiency for
the fluid flow of 0.2 and 0.4 1/min varies between
59.9 and 62.4% in the middle of the day to 20.4
and 20.2% at the end of the day, respectively.
Energy changes for fluid volume flow of 0.2 I/min
vary from 13.31 to 13.63 MJ, and this value for
volume flow rate of 0.4 I/min from 14.45 to 14.92
MJ. Changes in the overall efficiency of the solar
dryer show that with increasing PCM, the
efficiency increases and its value for 0.2 I/min
from 32.92 to 35.55 % and for flow of 0.4 I/min it
varies from 32.19 to 36.02%. The economic
analysis of the solar dryer showed that the return
period of the investment, considering six months
of the year for drying apple slices, is 20 months,
which is within the acceptable range.
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1. Introduction

The heat generation during laser-induced
thermotherapy can damage healthy tissue.
Therefore, it is necessary to predict the
temperature distribution and the possibility of
tissue damage due to temperature rise. To
determine the appropriate duration and intensity of
laser irradiation on the tissue, simulation tools can
be used to predict the thermal and mechanical
responses of the tissue. Skin is the largest sensory
organ that can respond to stimuli such as
temperature, touch, vibration, pressure, and pain.
During heating, mechanical stress is created due to
the thermal denaturation of the skin, which leads
to contraction. Then, mechanical and thermal
energy are transduced to an ionic current that
leads, in turn, to the sensation of pain. As a result,
thermal stress, thermal damage, and pain are
closely related.

In this research, temperature changes and
thermal stresses caused by the laser's heat on a
healthy and cancerous tissue of human skin, are
modeled using a numerical algorithm based on the
finite element method. It is necessary to mention
that the laser beams are considered in the Gaussian
form and the laser beam attenuation in the skin
layers is based on the Beer-Lambert law and the
deformation in all points of the element is
expressed by equilibrium equations.

Numerical solution results include the effect
of the laser wavelength, irradiation intensity, and
beam radius on the temperature distribution, von-
Mises stress, and also the impact of the blood
perfusion on the temperature distribution. The
thermal damages caused by the laser on the
cancerous tissue are also examined based on the
Arrhenius theory. Current results can be provided
for the physicians as basic information and to
provide an exact prediction of the occurrences
during the treatment for them.

2. Formulation and Governing Equations
At first, a cylindrical human skin element
consisting of the three layers of epidermis, dermis,

and a fat layer with the thickness of 0.05, 1.95, and
10 millimeters respectively (as shown in Figure 1)
is modeled in axial symmetric form and the
mechanical, thermal and the optical properties of
each layer are determined.

Figure 1. Two- and three-dimensional models of skin tissue
under laser irradiation

In the second step, a spherical tumor with a
radius of 3 millimeters is considered in the depth
of 6 millimeters in the tissue and with the exact
centrality of the tissue in the middle of the third
layer which is the fat layer.

Another hypothesis is that the approximately
uniform tissue is homogeneous and isotropic,
meaning that there is no difference in the thermal
and optical parameters in any layer. In addition to
that, the laser source is considered to be circular.
The surface between the tissue layers is also
considered to be smooth, and the heat transfer is
considered transient. To express the generated heat
in the tissue that is under the laser beam, Pence
equations are used. This equation is expressed as
follows

oT
pCE = V.(kVT)+prboab (Tb -T)+Qme‘ Quer (1)

Equilibrium equations, stress-strain equations,
and strain-displacement equations are expressed in
equations (2) to (8).
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To calculate the heat loss fraction of cells in
tumors and tissues, the Arrhenius equation is used
as equation (9).

Q= ln£ C(m)] = jA.exp(— E,

c(r0)) 3 RT

)dt 9)

3. Results and Discussion

The variation of von-Mises stresses in 600 seconds
in the wavelengths of 532 and 800 nanometers and
the radiation radius of 1 millimeter are derived and
compared to Pacharaporn and colleagues in Table
1. According to the Table 1, when the wavelength
increases, von-Mises stress is decreased in the
center of the tissue facing the direct beam. This is
because the absorption coefficient is higher in the
skin tissue in the wavelength of 532 nanometers
compared to the wavelength of 800 nanometers
which causes more heat absorption in the surface
and that comes along with higher stress.

Table 1. Comparison of maximum von-Mises stresses
obtained from the present study with that of Pacharaporn
etal. [25] in r=0 and z=0 for s=1mm and 1=2 W/mm?

A=532 nm A=800 nm

Wongchadakul et
al. [25] 0.0172 Mpa | 0.0128 Mpa
Present study 0.0071 Mpa | 0.0067 Mpa

The impact of the blood perfusion on the heat
distribution in the dermis layer of the skin is shown
in Figure 2. As shown, the amount of blood
perfusion is inversely related to the heat
distribution which means that if the blood
perfusion is increased, the maximum temperature
is decreased. It is because of the convection heat
transfer in the skin tissue and the increase in the
blood perfusion during the laser therapy.

The impact of heat on the tumor tissues is very
more intense compared to the healthy tissues. The
blood flow velocity in the healthy tissue increases
immediately when the temperature increases. But
in the tumors when the temperature is increased,
vascular occlusion occurs. The increase in the
blood speed can cause heat transfer during the
therapy but in the tumor, the heat transfer is low
because of the low blood speed and the vascular
damage. As a result, in the thermotherapy with the
laser, more damage is done to the tumor tissue
compared to the healthy tissue. Moreover, the
temperature is higher in the tumor in comparison
to the healthy tissue. As Figure 3 shows, a sudden
increase is observed in temperature distribution in
the longitudinal direction at o=1mm and
A=532nm. These two points are in the boundary of
the tumor and healthy tissue and this indicates the
temperature increase in the cancerous tumor in
comparison to the healthy tissue. Figure 3 shows

that in z=3mm to 9mm, which is the space that the
tumor exists on, there is no noticeable temperature
change and this is caused by the low blood speed
in the cancerous tissue.

b=0.0031(1/s)

10

®b=0.00031(1/s)

36
V¥ 35.906

Figure 2. Temperature distribution in the dermis layer of
the skin in t=600s in two different blood perfusions at
1=2w/mm?, 6=2mm and A=532nm
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Figure 3. Variations of cancerous tissue temperature in the
longitudinal direction at s=1mm and A=532nm

12

4. Conclusion

Results showed that the temperature distribution
and the laser penetration depth and the von-Mises
stress depend on the radiation time, wavelength,
laser irradiation intensity, laser beam radius, and
the amount of blood perfusion. The differences in
the thermal, optical, and mechanical properties
between skin layers during the thermotherapy
cause changes with greater intensity in the tissue in
upper levels (in the form of expansion and
contraction). The study showed that the control
and change in the effective parameters on laser
beam during the treatment is necessary and any
inaccuracy in the selection of these parameters
results in injury and pain.
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1. Introduction

In recent decades, manipulating, sorting, and
separating microparticles and suspended cells in
the fluid have attracted much attention in many
medical applications. The separation of cells
effectively diagnoses and treats diseases such as
cancer, malaria, and HIV. Different methods
have been used for the separation and sorting of
microparticles in recent years. The microfluidic
methods are divided into two active and passive
classes. In passive methods, the force applied to
the particle caused by the fluid flow depends on
particles’ properties such as size, shape, density,
etc. In these methods, by changing the channel
geometry, for example, use of obstacles in the
channel, expansion, and contraction of the
channel, the use of curved and spiral channels,
and so on, particles can be separated.
Conversely, in active methods, the forces applied
to the particles are external forces and depend on
the particle properties, including dielectric,
optical, magnetic, acoustic, and so on. These
methods include dielectrophoresis,
magnetophoretic, optics, and acoustophoresis. In
acoustophoresis, sound waves manipulate
suspended particles in water or suspended cells
in the blood. Sound waves are mechanical
pressure waves that propagate in a medium with
a specific pressure amplitude and frequency
range. The nature of this method depends on the
physical properties of the particle and therefore
attracts a lot of attention. Sound waves are
divided into two groups based on the separation
of particles and the formation of waves: standing
surface acoustic wave and traveling surface
acoustic wave. Two interdigital transducers are
placed on the piezoelectric substrate at the two
sides of the microchannel to produce a standing
surface acoustic wave. In contrast, to create a
traveling surface acoustic wave, the interdigital
transducer is required for only one side of the
channel. The acoustic wave is applied only from
one side to the microchannel. In this paper, a
two-stage microchannel is used to separate white
blood cells from prostate cancer cells of the same
size. At the first stage of the microchannel, a pair

of IDT is located on both sides of the channel to
focus particles without any need for
hydrodynamic flow in the channel center. At the
second stage of the microchannel, only one IDT
is used to create traveling surface acoustic
waves. In this way, particles with more ARF
factor (Y1) are driven to the opposite side, and
separation is performed. Moreover, the effects of
flow rates and different pressure amplitudes were
investigated to find optimal conditions.

2. Working Mechanisms

Figure 1 shows the schematic of the
microchannel used in this study. As shown in the
figure, at the first stage, a pair of IDT is located
on both sides of the channel to focus the particles
at the middle of the channel without any need for
sheath flow. At the second stage, the
microchannel uses only one IDT to create a
traveling surface acoustic wave. In this way, the
particles are driven to the opposite side due to the
ARF factor, and the separation is carried out.

e

N

=
Figure 1. Schematic of the microchannel used in
research for separating particles under traveling waves

3. Numerical Simulation

The width, height, and length of the channel are
200 pm, 70 um, and 7 mm, respectively. Figure 2
shows the grid of the computational domain The
grid independence of the results is analyzed by
increasing the number of computational cells.
Thus, the hexahedral element with a maximum
size of 0.01 um is used for the microchannel. As
Figure 2 shows, the total number of 433440
elements was generated in GAMBIT software.
First, the fluid’s governing equations, considered
as phosphate-buffered saline (PBS), are solved
using a steady incompressible OpenFOAM solver.
Then the particle trajectory is solved by using the
unsteady Lagrangian solver. The inlet velocity,
which is calculated from the flow rate, is used as
the boundary condition of the inlet. The no-slip
boundary condition is applied to the channel walls.
A pressure outlet is also used for outlet boundary
conditions. Finally, the fluid flow solution results
are used as input data in the Lagrangian solver, and
the governing equations of the particles are solved.
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Figure 2. Hexahedral mesh used for the numerical
simulation

4. Results and Discussion

Figure 3 shows the particle recovery rates for
different flow rates. As the figure shows, the
TSAW force effect decreases with increasing flow
rate, so the optimal flow rate is 1.2 pL/min with a
recovery rate of 100% and the highest throughput.
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Figure 3. Recovery Rate for separation of WBC and
DU145 due to acoustic radiation force for different flow
rate (a) DU145, and (b) WBC
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Figure 4. Recovery Rate for separation of WBC and
DU145 due to acoustic radiation force for the flow rate of
1.2 pL/min and different pressure amplitudes (a) DU145,

and (b) WBC

Moreover, Figure 4 shows the recovery rate for
different pressure amplitudes at the flow rate of 1.2
pL/min. The radiation force applied to the particles
increases with increasing pressure amplitude. At
higher pressure amplitudes, the recovery rate of
cancer cells decreases at the middle outlet, and
thus the separation disrupts. As Figure 4 shows, the
optimal pressure amplitude for separating white
blood cells from prostate cancer cells is 100 KPa.

5. Conclusion

In this study, the effect of flow rates and pressure
amplitudes was numerically investigated on the
separation of white blood cells from prostate
cancer cells in a two-stage microchannel. In the
first stage, the particles are focused in the middle
of the channel with the help of standing surface
acoustic waves. As Figure 1 shows, at a flow rate
of 0.5, 1, and 1.2 ulL/min, the particles were
separated with a 100% recovery rate. As the flow
rate increases, the recovery rate of prostate cancer
cells does not change at the middle outlet, but the
white blood cell recovery rate for the top outlet
decreases from 84% in the flow rate of 1.3 pL/min
to 46% the flow rate of 1.5 pL/min. Since the
throughput for the flow rate of 1.2 pL/min is higher
than the two other flow rates, this was chosen as
the optimal flow rate. In addition, the effect of
acoustic pressure amplitude on optimal flow rates
was also investigated in this study. At an acoustic
pressure amplitude of 100 KPa, the cells were
separated with a 100% recovery rate. The
separation did not occur at 50 KPa, and the
recovery rate is reduced at higher pressure
amplitudes. For example, for pressure amplitude of
150 KPa, the white blood cell recovery rate is
100% for the top outlet, but 83% and 17% of the
prostate cancer cells are exited from the middle
and top outlet, respectively. Similarly, at a pressure
amplitude of 200 KPa, 93% of prostate cancer
cells are exited from the top outlet, and only 7% of
them exit from the middle outlet. As a result, the
optimum pressure amplitude is 100 KPa at optimal
flow rates of 1.2 uL/min.
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Numerical analysis of mix convection
non-Newtonian Nano fluid in a channel
with block

Kourosh Javaherdeh! Habib Karimi?

1- Introduction

Mixed convection is one of the process of the heat
transfer that used in the most applications such as
HVAC systems, heat exchangers and refrigerant
industrials for Newtonian and Non-Newtonian
fluids. Nano fluids is used to increase heat transfer.
In this research, studied a mixed convection heat
transfer based on Non-Newtonian Nano fluids in
rectangular channel with blocks. These blocks
have same geometry with various height. Sodium
Alginate is as Non-Newtonian fluid and used
Aluminum dioxide as Nano particles. Some
parameters are as variable parameter such as effect
of the number and height of the blocks, Reynolds
number, Richardson number, volumetric fraction
of Nano particles, Nusselt number and friction
coefficient.. It’s used SIMPLE algorithm to solve
the governing equations including Continuity,
momentum and energy. Temperature of the inlet
fluid is constant and it’s less than wall
temperatures. Also, wall temperature have in
Isothermal and difference temperature is 50 C
between wall and inlet temperatures. .

2-Geometry and governing equations
Height of the channel is H, length of the channel
is L, length and height of the blocks are H/2 and
H/3 respectively. Figure 1 shows geometry of
channel with blocks.
s,

»:
Lad]
'

A

1=20H

NHAT

< 14H. >

Fig. 1. Channel with three blocks

To simplify the governing equations, assumed
that fluid is incompressible, laminar, single phase
Wall of temperature is more than fluid temperature
and Continuity, momentum and energy equations

are as follows:

du N ov 0 1)
ox  dy
ou dou _ 1 dp 9%u | 9%u
S i a0 ML)
v ov __ _ia_p &
”a*’”@‘ Pnf 0y nf (ax2 T ®)
az_v (PBInf
6y2> + Pnf gAT
6T+ aT 02T+62T 4
Yax TVay T Mnf\ ez T 5y2
HUnf
Vpp = —— 5
nf Pnf ( )
knf
QApf = 6
nf (pcp)nf ( )

Effective densityp,s, effective dynamic
viscosityuns, thermal capacity (pcp)ye and
effective thermal conductivity k&, are as follows :

U
Pnt = W (7
Pue = (L= @)pe + @ps ®)
(pcp)nf =(1- 90)(pcp)f + (p(pcp)s (9)

@ _ kg + 2ke — 2 (ke — k)
ke ks 2k + (ke — k)

(10)

Top and bottom plates of the channel are in the
same temperature (T =T,,).

3-Numerical solution method

Number of the mesh is considered 40*800 for
geometry of the channel. Discretization of
equations are used finite element method and it
used Simple algorithm to solve pressure and
velocity equations. Also, it used forwards first
order for discretization of convection and
diffusion.

For validation, results of this research are
compared with Ref.[29] for volumetric friction and
Reynolds number. Figure 2 shows Nusselt number
for this study compared with Ref. [29].

4-Results

This research has been investigated effect of the
length and height blocks, Reynolds number (Re)
and volumetric fraction on mixed convection heat
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transfer. Richardson number (Ri) is between 0.5 <
Ri < 1.5 and Re=1. Figure 3 shows isothermal
lines for Ri=1 in channel with five blocks. By
increasing volumetric fraction of Nano particles,
thermal boundary layer increased.
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Fig. 2. Nusselt number on top wall by Re=100, ¢=10%
compared with [29]

Fig. 3. Isothermal lines in Ri=1 and ¢=1%

Nusselt number on bottom of the wall had a bit
increases with increasing volumetric fraction of
Nano particles. Fig. 4 shows change of friction
coefficient for various volumetric fraction of Nano
particles in Ri=1. As seen, friction coefficient had
a bit increases by increasing volumetric fraction of
Nano particles.
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Fig. 4. Friction coefficient on bottom wall in Ri=1 and

$=1%

Figure 5 shows isothermal lines in Re=50. By
increasing Reynolds number, thermal boundary
layer decreased. As seen, isothermal lines got
closer to each other by increasing Reynolds
number. Itis showed that the temperature gradient
increased near to the blocks. Figure 6 showed
change of the Nusselt number on the bottom walls.

As seen, temperature gradient is increased on near
to blocks that led to increase Nusselt number. By
increasing number of the blocks, space of the locks
are reduced and flow couldn’t move between
blocks very well therefore, average Nusselt
number is reduced almost 3.5%. By increasing
Richardson number, Nusselt number is reduced
and average Nusselt number is increased by
increasing volumetric fraction of Nano particles.
Friction coefficient isn’t remarkable change by
increasing volumetric fraction of Nano particles.
Nusselt number is increased almost 20% by
increasing height of the blocks.
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Fig. 5. Isothermal lines for Re=50
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Fig. 6. Local Nusselt number on bottom wall in Ri=1
5-Conclusion

This research investigated a mixed convection heat
transfer of Non-Newtonian Nano fluids in two
dimension rectangular channel with blocks.
Increasing volumetric fraction of Nanoparticles is
caused increasing heat transfer, Nusselt number
and friction coefficient. Heat transfer is increased
with increasing Reynolds number. By changing
the height blocks from H/2 to H/3, Nusselt number
increased almost 20% with increasing temperature
gradient. Also heat transfer and friction coefficient
increased almost 10% and 13% respectively. By
increasing number of blocks from, space of
between the blocks is reduced therefore, Nusselt
number is decreased. However, by increasing
Richardson number, average Nusselt number and
friction coefficient are reduced.
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1. Introduction

In the elastoplastic analyses, when the loading
continues beyond the vyielding stress and the
materials endure the plastic deformations, the
stress and the internal variables in the plasticity
should be updated by integrating the constitutive
equations. In this kind of non-linear finite element
analysis, the integration process is performed on
Gauss points of the elements in each iteration of
every loading increment. On the other hand, since,
generally there is no closed-form analytical
solution for this process, usually numerical
methods for stress-updating process are used.

It should be noted that the accuracy of the
integration method of the constitutive equations
influences strongly the final answers of the
analysis. Therefore, many researches have tried to
develop and increase the accuracy and the
efficiency of integration schemes.

In this research, to increase the accuracy of the
stress-updating process, a semi-implicit method
for integrating the elastoplastic constitutive
equations is suggested. In fact, here, the von Mises
yield surface along with Chaboche nonlinear
isotropic hardening and Armstrong-Frederick non-
linear kinematic hardening are considered.

For using the exponential based integration
algorithm, the system of the differential
constitutive equations must be firstly transformed
into the augmented stress space to develop the
augmented system of the differential equations in
the general form of X = BX. In this equation, X is
an augmented stress vector with n + 1 components,
and B is an X-dependent matrix in a nonlinear
hardening model. Therefore, if the coefficient
matrix B is considered to be constant during a load
step, the aforementioned system of the differential
equations can be solved in a closed-form way.

2. The Semi-implicit Exponential Method

In the present study, to solve the augmented
system of the differential equations the authors
used a semi-implicit procedure. To do this, in the
first stage, the value of the yield surface radius and
the back stress in the middle of the elastic-plastic
part of the load step are calculated, and then the
values are applied for computing the coefficient
matrix B. As a result, this process will increase the
accuracy of the solution as well as the convergence
rate of the solution from the first-order
convergence rate to the second-order convergence
rate.

In this research, firstly, the scheme is
developed in a general form for a desired point in
the elastoplastic part of the load step. Then, the
calculations are done for a special case in which
the radius of the yield surface is taken from the
midpoint of the elastoplastic part of the load step.

Moreover, the solution is done based on the
computation of the radius of the yield surface for
three points located in the first quarter, the last
quarter, and the midpoint of the interval of the
elastoplastic load step. Afterwards, by plotting the
stress relative errors of the solution, it is examined
to see picking up the data from which point of the
elastoplastic load step leads to the most accurate
answers.

3. Numerical Tests

In order to evaluate the correctness, accuracy and
convergence rate of the new integration scheme,
the answers of the proposed method are examined
by the numerical tests and comparing the solution
with the backward Euler method, the forward
Euler method and the explicit exponential method.

To check the accuracy of this method, two
strain loading histories are applied to the two
materials and the corresponding stresses are
updated.

In the calculations of this section, for the
proposed method, the plastic internal variables are
taken from the midpoint of the elastoplastic load
step. The comparison of the resulting diagrams for
three methods in question, considering very fine
load step, clearly shows that the updated stress of
the proposed method as well as the response
obtained from the backward and forward Euler
methods are practically the same and the
correctness of the derived relationships can be
concluded.
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To evaluate the accuracy of the method, the
relative stress errors are calculated by Ef =

% for the practical load steps. In the
n

aforementioned equation, a,, is the updated stress
at the time t = ¢t,, by the integration method and
G, is the stress calculated by the backward Euler
method with very fine load step which is
considered as an exact solution.

The stress relative error diagrams illustrate
that the accuracy of the proposed method is much
higher than the other methods in question, which
proves the high capability and accuracy of the new
semi-implicit method.

Moreover, to check the convergence rate to the
exact answer, the total stress relative errors for the
different load steps are computed by the
integration schemes. The findings show that all the
forward Euler method, the backward Euler method
and the explicit exponential method have the first-
order convergence rate as it is expected; However,
the proposed new semi-implicit method poses a
second-order convergence rate, i.e., by halving the
loading step, the error of the updated stresses is
reduced in a quarter.

Finally, it is examined that for the new
proposed semi-implicit method, taking data from
which point of the elastoplastic part of the load
step will lead to the most accurate answers. The
results demonstrate that the midpoint of the
elastoplastic part of the load step yields the most
accurate answers.

4. Conclusion

In this research, the von Mises yielding model
along with the mixed non-linear hardenings was
considered in the small strain realm, and a semi-
implicit integration based on the exponential
mapping method was proposed.

The obtained augmented system of differential
equations is solved, using the value of the variables
by a point in the interval of the elastoplastic part of
the load step. This strategy leads to the high
precision as well as the second-order rate of the
convergence which is a desirable feature for an
integration algorithm in plasticity.

In order to examine the suggested semi-
implicit integration scheme, a broad range of the
numerical tests was performed. In the numerical
studies, the classical forward Euler and backward
Euler methods and the explicit exponential
mapping scheme are utilized to compare the results
of the new method with the aforementioned
schemes.

All the findings demonstrated the high
performance and robustness of the proposed semi-
implicit second-order exponential-map algorithm.
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1. Introduction

In recent years, laser ultrasonic testing has found
many applications in industry. In general, laser
ultrasonics is used in either thermoelastic or
ablation regime. If the laser power is lower than
the material evaporation threshold, the regime is
thermoelastic and if the laser power is sufficient
for evaporation of the material, the regime is
ablation. The advantage of the ablation regime
over thermoelastic regime is that it produces
stronger signals and makes it possible to inspect
thick blocks and high-temperature parts. However,
due to the small surface damage induced in
ablation regime, its use is limited to certain
applications. In this paper, laser ultrasonics in
thermoelastic regime was modeled by finite
element method and the thermal behavior of the
material due to laser beam radiation as well as the
propagation of the generated ultrasonic wave was
investigated. Due to long computational time in
laser ultrasonics process, especially in inspection
of thick components, and since the required
element size and time increment is different for
solving the thermal and mechanical aspects of the
problem, these two sections were modeled
separately. The effect of separating these two parts
on the reduction of computation time was then
examined. First, the element size and time
increment required to solve the thermal problem
were found by repeating the analysis. These results
were then used as input load to mechanical
analysis. The results were validated by comparison
with other numerical and laboratory results.
Furthermore, the capability of the Code-Aster
computational solver in modeling the laser
ultrasonics process in thermoelastic regime was
also evaluated.

2. Numerical Simulations

Code-Aster solver was used to perform finite
element calculations. The calculations were
divided into two parts: thermal and mechanical.
Unlike the common method, a different meshing
was used for each of the two analyses. In the first
part, the laser pulse radiation on the body surface
was modeled and the temperature distribution in
the specimen was calculated as a function of time.

In the second part, the results of thermal analysis
were used as input load to the mechanical analysis
and node displacements due to instantaneous
surface expansion and ultrasonic wave formation
were examined dynamically. A Nd: YAG laser
with 5 ns pulse rise time and 0.354 mm spot radius
were used in finite element calculations. Two-
dimensional calculations were performed on a
piece of tungsten with dimensions of 3.12 x 8 mm?.
Due to the symmetry of the test piece along its
horizontal axis, only half of the specimen was
modeled. Element size is of particular importance
in finite element analysis and convergence is
achieved when the elements size is sufficiently
small. The optimum value is usually found by
repeating the analysis while gradually reducing the
elements size. In our case, the analysis was
repeated several times with different element sizes
and the results converged when the elements size
in the area close to laser spot reached 100 nm
(Figure 1). For the areas away from the laser, the
analysis was also repeated several times and each
time, the elements were made slightly larger. It was
observed that with elements as small as 30 um or
less, the results remain unchanged.

Mechanical analysis does not require such a
fine mesh. As Figure 2 shows, by reducing the
elements size to 15 pm, the time it takes for the
transverse wave to reach at the bottom of the
specimen gradually increases and then remains
constant. Therefore, this part of the analysis was
carried out with an element size of 15 pm.

Another factor affecting the accuracy and
computation time is time increment. The higher the
laser energy density, the smaller the time
increment that is required to solve the problem. For
the 3.9 mJ laser, the results converged when using
a time increment of 100 ps. Calculations for the 10
mJ laser were performed with a time increment of
50 ps. The cooling step was repeated with the
larger time step than the calculated value and no
change was observed in results; therefore, time
increment of 11.5 ns was used in this step.
Mechanical analysis was performed explicitly with
a time step of 2 ns and propagation of ultrasonic
waves for 1180 ns after laser irradiation was
modeled.
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Figure 1. Relationship between elements size (close to laser spot) with temperature at a point above the surface and in the
center of the laser beam. The pulse energy is 10 mJ and pulse rise time is 5 ns.
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Figure 2. Relationship between element size and the time it takes for the transverse wave to reach the bottom of the
specimen in mechanical analysis

Thermal and mechanical computation times with
Ubuntu operating system, 2.7 GHz x 8 core i7-
6700HQ processor and 16 GB of RAM were 47
and 68 minutes, respectively. The use of different
mesh sizes and different time increments for each
of thermal and mechanical analyses made the wave
propagation problem to be executable in a short
time. For comparison, the thermal and mechanical
calculations were repeated with identical time
steps and mesh sizes. The computation time turned
to become several times longer in this case.
Thermal analysis took two hours and seven
minutes to be completed and mechanical analysis
took 11 hours and 29 minutes.

3. Results and Discussion

Variations of temperature as a function of time at a
point on the surface and in the center of the laser
spot were extracted for a laser with a pulse energy
of 10 mJ and a maximum power of 228 MW/cm?

and compared with numerical results of Every et al.

(2013) (Figure 3).

As shown in Figure 3, the results are in good
agreement with those reported by Every et al.
(2013). To compare our results for the mechanical
part of the problem with experimental results of
Reese et al. (2013), a laser with a pulse energy of
3.9 mJ was modeled and ultrasonic waves resulting
from instantaneous expansion of the surface were
extracted. Figure 4 shows the time-displacement
diagram for a point at the bottom of the specimen
along the laser beam. From the time the laser beam
hits the surface until ¢t =574 ns, the curve is
horizontal, and the displacement is almost zero.
Since longitudinal wave velocity is higher than
transverse wave velocity, the initial displacement
observed at approximately t =574 ns is due to the
arrival of the longitudinal wave at the bottom
surface of the test piece. The peak of the diagram
also corresponds to the arrival of the transverse
wave at the bottom surface. The transverse wave
arrival time is 1052 ns in our simulations and 1008
ns in the practical experiments of Reese et al.
(2013). The corresponding time for the arrival of
longitudinal wave is 574 ns in finite element model
vs. 560 ns in experiments.
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Figure 3. Variations

of temperature as a function of time at a point on the surface and in the center of the laser spot were

extracted for a laser with a pulse energy of 10 mJ and a pulse rise time of 5 ns
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Figure 4. Time-displacement curves for a point at the bottom surface of the specimen along the laser beam. The laser
pulse energy is 3.9 mJ and pulse rise time is 5 ns.

Comparison of the results shows an error of 2.5%
for the longitudinal wave and 4.4% for the
transverse wave. Different values have been used
in references for Young’s modulus of tungsten. The
Young's modulus measured for tungsten by other
researchers is reported to be 407+87.8 GPa.
Therefore, the mechanical analysis was repeated
with different Young’s moduli and it was observed
that with a Young’s modulus of 440 GPa, the
simulation results turn out to be in good agreement
with experimental results reported by Reese et al.
(2013). Therefore, it is likely that one of the
reasons for the difference between our simulation
results with experiments is the value of the Young's
modulus used for tungsten. Good agreement
between our numerical results with experiments
confirms the capability of the Code-Aster solver in
modeling ultrasonic waves generated by laser
radiation as well as the accuracy of mechanical
modeling of laser ultrasonics.

4. Conclusion
Laser ultrasonics in the thermoelastic regime was

modeled in 2D using Code-Aster solver and the
thermal behavior of the material as well as the
generation of ultrasonic waves by a Nd: YAG laser
beam with a wavelength of 532 nm, pulse rise time
of 5 ns, and spot radius of 0.354 mm were studied.
In the finite element method, the computation time
of complex processes is very high and therefore, it
is necessary to find the optimized size of elements
that results in shortest computation time. In
previous studies, thermal and mechanical analyses
in solving the problem of laser ultrasonics have
been carried out simultaneously and in one step. In
this study, the size of the elements required to
perform these two analyses were chosen to be
different. Due to large differences in element sizes
required for thermal and mechanical analyses, it is
suggested that laser ultrasonics and similar
thermo-mechanical  coupling  processes be
modeled in two stages with different time
increments and mesh sizes. This would lead to
significant reduction of computation time.
Moreover, good agreement of thermal and
mechanical analyses results with both numerical
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and experimental results available in the literature
indicates that the Code-Aster solver is a good
choice for finite element analysis of laser
ultrasonics problems. Code-Aster solver is free
and non-commercial.
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Heat Transfer of Nanofluid in a Channel with

Magnetic Field and Porous Obstacle using the

Darcy-Brinkman-Forchheimer Model in the
LBM Method

Saed Bazkhane Iman Zahmatkesh?

1. Introduction

Forced convection heat transfer in pipes and
channels occurs in many practical applications
including heat exchangers, solar collectors,
boilers, chemical reactors, and cooling of
electronic equipment. To elevate heat transfer in
these devices, the use of porous media, utilization
of nanofluids, and insertion of magnetic fields
have been employed in recent years. However, the
combination of these three methods has not been
discussed thoroughly. Hence, forced convection
heat transfer of nanofluid in a channel with an
externally—applied magnetic field and a porous
obstacle is simulated and discussed in this study.
Schematics of the problem is depicted in Figure 1
and Table 1 reports the geometric and working
parameters.

Table 1. The geometric and working parameters

Parameter Symbol value
Channel length L 40 cm
Channel height H 8cm
Obstacle size w 1,2,4cm
Obstacle location a 4cm
Obstacle location b 20 cm
Inlet temperature Tin 300K
Wall temperature Tw 340 K

2. Simulation Approach

To simulate the flow field, the Darcy—Brinkman—
Forchheimer model is implemented in the Lattice
Boltzmann Method (LBM) method. To this aim,
the following distribution functions are solved for
the velocity and temperature distributions,
respectively:

filx + e;0t, t + 8t) — fi(x,t)
ot

1
=- ;(fi(x, £) (1

— D)+ Fy

gi(x +e;8t,t + 6t) — g;(x,t) ()
ot 1
= (9:—9{")

Here, f; and g; are the distribution functions for
the wvelocity and temperature, respectively.
Moreover, 7, and 7, are the corresponding
relaxation times while £ and g/ are the
equilibrium distribution functions, x is the spatial
coordinates, e; is the unit vector, t is time, and &t
is the time step.

To incorporate the magnetic field insertion and

the presence of the porous obstacle, the body force
term is obtained from the following equation:

1 ei.E
Fi = wipn¢ (1 - _>

2Tf CS2
(V.e;)(E.e;)
t—a 0
V. E]
ecé i=0-8
with
Vnf Fs ] (4)
E=¢|Fp——V - —|V|V
e|rL K \/Kl |

In the above equations, ¢ is the porosity and K
is the permeability of the porous obstacle and Fy, is
the Lorentz force:

F., = A[vsin B cos B — usin? B]i
+ Afusinpcosp 5)
—vcos? BJj
with B8 being the magnetic field inclination angle
and A being the magnetic index. Meanwhile, u and
v are the velocity components in the x and y
directions, respectively.

For the numerical simulation, f; and g; are
obtained in each time step, according to equations
(1) and (2). The solution of these equations
includes the collision and propagation steps. In the
collision step, each particle is relaxed towards a
local equilibrium condition while in the
propagation step, the particles move in the f; and
g; directions towards the nearest grid point. This
procedure is implemented in a FORTRAN code.

To obtain a suitable grid system, a grid
independence test is undertaken and a 40x200 grid
is found sufficient. Figure 2 shows the gird system.

» Paroas ahivtacin

X
» "

.- -L
Figure 1. Schematics of the current problem
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Figure 2. The employed grid system
3. Results
The current influential parameters include the
Reynolds and Hartmann numbers, the type and
fraction of the nanoparticles (NPs) as well as the
size, type, porosity, and the Darcy number of the
obstacle. Due to the variety of these parameters
and to provide a systematic survey, the Taguchi
experimental design method is adopted here. Table
2 reports the levels of the selected parameters.

For the current number of parameters and their
levels, the L27 orthogonal array is available for the
Taguchi method. This reduces the number of
required experiments from 3%=6561 experiments
to just 27 tests.

The LBM code is run for the 27 cases provided
in the L27 orthogonal array and the results are
obtained in terms of the mean Nusselt number.
Thereafter, the Taguchi method is applied to these
outcomes which provides the rank of each of the
current parameters. The results are listed in Table
3.

Table 2. The current parameters and their levels

Levels
Parameter 1 5 3
Reynolds number 100 200 300
Hartmann number 0 100 200
NPs type Cu CuO Fes04
NPs fraction 1% 2% 4%
Obstacle size (cm) 1 2 4
Obstacle type Al Steel Cu
Porosity 0.5 0.7 0.9
Darcy number 1073 10+ 10
Table 3. The rank and contribution of the current
parameters
Parameter Rank | Contribution (%)

Reynolds number 3 7.58

Hartmann number 4 3.36

NPs type 1 62.79

NPs fraction 5 3.20

Obstacle size (cm) 2 20.71

Obstacle type 6 0.69

Porosity 8 0.26

Darcy number 7 0.31

Table 3 shows that the nanoparticles type is the
most influential parameter, followed by the
obstacle size and the Reynolds number.

To verify the findings of the Taguchi method
and to obtain the percent of contribution of each of
the parameters, the analysis of variance is applied
to the results of the Taguchi method. The outcomes

are reported in Table 3. It is evident that the
nanoparticles type has the greatest effect on the
heat transfer, with the contribution ratio of
62.79%. The second and the third influential
parameters were found to be the obstacle size and
the Reynolds number, with the contribution ratios
of 20.71% and 7.58%, respectively. The results
also show that the contribution ratios of the
Hartmann number and the nanoparticles fraction
are about 3%. In spite of that, it is clear that the
influences of the porosity, type, and the Darcy
number of the obstacle on the mean Nusselt
number are almost negligible.

The Taguchi method shows that in the current
flow problem, the optimum case belongs to: the
Reynolds number of 300, the Hartmann number of
100, the nanoparticles fraction of 4%, the
nanoparticles and the obstacle made up of copper,
and the obstacle having the size of 4cm, the
porosity of 0.5, and the Darcy humber of 0.001.

4. Conclusion

In this study, the Darcy—Brinkman—Forchheimer

model was implemented in the LBM method to

simulate forced convection heat transfer of
nanofluid in a channel with an externally—applied
magnetic field and a porous obstacle. Then, effects
of the Reynolds and Hartmann numbers, the type
and fraction of the nanoparticles as well as the size,
type, porosity, and the Darcy number of the
obstacle on the heat transfer rate were analyzed
through the Taguchi experimental design method.

Based on the presented results, the following

conclusions may be drawn:

1. The nanoparticles type produces the highest
contribution on the heat transfer rate, with the
contribution ratio of 62.79%.

2. The second and the third influential parameters
are the obstacle size and the Reynolds number,
with the contribution ratios of 20.71% and
7.58%, respectively.
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1. Introduction

The way of creating a flow in a microchannel is
one of the challenging issues in this field of
microfluidics and Micro Electro Mechanical
Systems (MEMS). Nowadays, the electroosmotic
flow (EOF) is extensively used for pumping and
transferring fluids due to its significant advantages
over the pressure-driven flow. Lorentz force is the
main force causing fluid motion in the EOF owing
to the application of an external electric field in the
Electric Double Layer (EDL).

Regardless of how the flow is generated, fluid
mixing is a major issue in microchips. Based on
the method of mixing, the micro-mixers are mainly
classified into active and passive categories. In
active micro-mixers, a time-variant external
energy source is applied to create mixing in
addition to fluid pumping energy. Although, active
micro mixers enjoy from higher efficiencies, their
fabrications are associated with some levels of
complexities.

Nevertheless, an external force is not applied in
passive micro-mixers to create mixing, and mixing
is achieved only by twisting the flow geometry.
Furthermore, due to the laminar flow, the mixing
is essentially based on molecular diffusion. One of
the strategies to improve the efficiency is to
increase the interface of the two fluids and reduce
the diffusion path between them.

One of the methods that can be exploited in
passive electroosmotic mixing is the use of a
permanent magnetic field in the microchannel.
However, the application of the magnetic field
location can have a different effect on the mixing
efficiency. A review of the previous studies reveals
that this study has not been done yet. In the present
paper, the effect of the magnetic field location on
the passive mixing efficiency in the electroosmotic
flow were investigated and important parameters
were identified.

2. Statement of the Problem

Figure 1 shows a schematic of a planar
microchannel, in which the microchannel width
and length are H and L=10H, respectively. Since
the application of the magnetic field requires the z-
direction normal to the flow plane, it is assumed
that the microchannel is positioned at z=0. L is the
EDL length and L is the length of the magnetic
field applied in the present work in three different
locations. For example, in Figure 1, the magnetic
field is applied to the middle region of the
microchannel by overlapping part of the length L.

B R ETET
++—+EDL+—++

@ B @®®E® EoF E (Volt/mm) u @2
¥

t x ++-+EDL+—++
fidtddadd iy

L, L L,

Figure 1. Schematic of a two-dimensional EOF between
two parallel plates in the presence of a magnetic field

(B,)

3. Governing Equations and Numerical
Solution Method

The governing equations of the problem, including
modified momentum equations (Navier-Stokes)
for the fluid flow field, the equations of external
and internal electric potential fields, the equations
of distribution of the positive and negative ions
(Nernst-Planck), the magnetic field equation, and
the concentration equation for species were solved
using the finite volume numerical method.

The link between velocity and pressure fields
was established through the SIMPLE algorithm.
To avoid the possible checkerboard effects in the
pressure and velocity fields, the Co-located mesh
with Rhie-Chow interpolation was used for
velocity values on the faces. To evaluate
simultaneously the diffusion and convection
terms, a power-law scheme was used in the
location of faces. The system of algebraic
equations was solved using the Tridiagonal Matrix
Algorithm (TDMA) by Alternative Direction
Implicit (ADI) method and the results were
reported while the residual of double precision
solution of governing equations is up to 1072,
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4. Numerical Results

In order to gain an insight about the effects of the
magnetic field on the mixing phenomenon in the
EOF according to Figure 1, an electroosmoatic flow
in the presence of a magnetic field for different
locations was examined first. The numerical
results were reported for selective values, the flow
Reynolds number Re=0.02, the wall zeta potential
¢=-50 (mVolt), the molar concentration of the
electrolyte solution Co=10° (kmol/m?), and the

L . re ter k=32. Given the values s ecte
» values of the microchanne 1
: r h  actric field strength Eges =
56.5( > /. the external voltage at the

input ; = 5.65 (Volt) were obtained and applied
in the numerical code.

Figur 2 v wsthe streamlines t 2 luidinthe
microcl 1 : for the two values B, = 0 in Figure
2aand B, = 4 in Figures 2b, 2c and 2d at differ nt
locations. It can be seen that with increasing
magnetic flux intensity, the streamlines in the Ly
region under the downward magnetic force
gradually separate from the upper and lower
channel walls and finally, form two vortices in the
vicinity of the walls with the opposite rotation
directions. The vortices near the lower and upper
walls are clockwise and counterclockwise,
respectively. The generated vortexes act as
obstacles to the main flow and strongly affect the
flow pattern in such a way that can be employed
for mixing enhancement.

Figure 2. EOF streamlines in the presence of
different magnetic field

Figure 3 shows tl  results of the mixing
efficiency variations (g,,,) along the microchannel

in the presence of a magnetic field at different
locations. It can be observed that the mixing
efficiency increases with increasing magnetic flux
intensity.

100

gof TYPel_

60 50
—e—— B=0.0

S
o
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& B,=4.0
Eq.~56.5 (Volt/mm)
{=-50 mVolt
Re=0.02
20 k=32
L,=1.5xH
L=5xH
0
1 1 1 1 1 1
0 2 4 6 8 10

Figure 3. Mixing efficiency along the microchannel

5. Conclusion
In this study, the effects of the magnetic field with
different locations were examined numerically on
the mixing efficiency of an electroosmotic micro-
mixer. For this purpose, numerical distribution of
the stream lines, distribution of species
concentration and mixing efficiency were obtained
and reported by solving the correspor r
tions. Numerical result : « 2d that for )

micr¢ s o ‘ /)  number Re =
0.02, the = 1 2, the wall zeta
potential e 1 ), d electric field

strength Eg.r = 56.5 (Volt/mm) , the mixing
efficiency increased with increasing the magnetic
field, such that this increase in the mixing
efficiency for the first type of micro-mixer is
93.3% and in the other two types is 90%.
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1. Introduction

Thermal power plants are one of the most
important industrial sectors for electricity
generation in many countries. Therefore, it is
necessary to study and analyze components of the
power plant to predict their performances at
operational conditions. Several factors cause the
power output of a steam turbine to be less than
expected. One of these factors is that the power
plant's cooling water does not cool well when
passing through the cooling tower. One of the most
widely used power plant cooling towers is the
natural draft dry cooling tower (NDDCT). In this
type of cooling tower, the need for make-up water
is small and therefore, it is appropriate for areas
with lack of water such as arid and semi-arid
regions. Natural draft dry cooling towers would be
affected by environmental conditions more than
other types of cooling towers. Engineers are always
looking for a quick and optimal method to calculate
the NDDCTs’ performance in different
environmental conditions. This method should
give an initial estimate of the NDDCTS'
performance without any special software or heavy
computational runs. Obtaining simple algebraic
models for such a purpose is beneficial. Theoretical
studies and models derived from this type of
studies can mainly be helpful in achieving such
general mathematical relations. In this study, a
single NDDCT of Fars Combined Cycle Power
Plant was wused and a simple algebraic
mathematical model was obtained by applying a
recently presented theoretical method. This model
calculates the performance of the mentioned
cooling tower under different environmental
conditions  (wind  velocity and ambient
temperature). The performance of the single
NDDCT and the three aligned NDDCTs of Fars
Combined Cycle Power Plant were analyzed under
different environmental conditions by using the
proposed model.

2. Measurements and Analysis

The studied cooling towers are three aligned
Heller-type NDDCT located in the Fars Combined
Cycle Power Plant. For creation and validation of
the mathematical model, the following data were

collected every 15 minutes during a day for each
NDDCT and were averaged over every hour: mass
flow rate of water, inlet, and outlet water
temperature, ambient temperature, wind velocity,
and direction. The amount of heat released from the
water in the tower (Q) is obtained from the
conservation of energy equations. The &-NTU
method is used for analyzing the thermal
performance of radiators around each cooling
tower. ¢ is the effectiveness of heat exchanger and
NTU is the number of transfer units.

3. Results and Discussion

Mathematical modeling of the single NDDCT.
Previous studies have shown that at low wind
velocities, the performance of three aligned
NDDCT is almost the same as a single NDDCT
exposed to wind. Therefore, at a proper ambient
condition, the data of NDDCT in the attack line of
wind were measured and was set as a reference
condition to create the mathematical model.
Reference condition is the actual performance data
of a cooling tower, measured under a controlled
data of environmental conditions (ambient
temperature and wind velocity). Equation 1 is the
mathematical relation created to calculate the
performance of NDDCT under any desired
condition. This model is only applicable for wind
velocities less than critical velocity, which is
usually large and uncommon in operational
conditions.

Q = M;M;M; Qref (1)

Q and Qs are the amount of heat transferred
in the NDDCT at the desired and reference
condition, respectively. The values of M, Mz and
Ms coefficients depended on the values of wind
velocity and initial temperature difference (ITD) of
NDDCT at the reference and desired conditions.

Effect of environmental parameters on the
performance of the single NDDCT. The effect of
ambient temperature and wind velocity on the
performance of a single NDDCT is investigated by
using the created mathematical model. Figure 1
shows the effect of wind velocity on heat transfer
rate in the NDDCT for different ambient
temperatures. It is assumed that the flow rate and
temperature of the water entering the tower are the
same as the reference condition. As shown, when
the wind velocity increases, the rate of heat transfer
in the tower as well as its thermal efficiency
decrease. Moreover, it is shown that in high
ambient temperatures, as the wind velocity
increases, the rate of heat transfer in the cooling

1. Corresponding author: PhD Candidate, Department of Thermo-Fluid Engineering, School of Mechanical
Engineering, Shiraz University, Shiraz, Iran. Email: am.khodakaram@shirazu.ac.ir
2, Associate Professor, Department of Thermo-Fluid Engineering, School of Mechanical Engineering, Shiraz

University, Shiraz, Iran.
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tower decreases with a lower slope. Figure 2 shows
the effect of ambient temperature on the cooling
tower's heat transfer rate. As shown, the NDDCT's
heat transfer rate decrease linearly as the ambient
temperature increases and assuming that the other
parameters remain constant. Moreover, it is shown
that, as wind velocity increases, the slope of the
curve of heat transfer rate decreases in the same
range of ambient temperatures. Thus, ambient
temperature plays an important role in the cooling
tower's performance at low wind velocities.

- ambient
erature=50°C
350 temperature=50"C
-===-ambient
temperature=45°C

300
- — —ambient

temperature=35°C
— —ambient
temperature=30°C
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The rate of heat transfer from the

«eses ambient
15°C
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2 4 6 t: l’fl
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Figure 1. The effect of wind velocity on the rate of heat

transfer in the NDDCT for different ambient temperatures
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Figure 2. The effect of ambient temperature on the rate of
heat transfer in the NDDCT for different wind velocities

Effect of environmental parameters on the
performance of the three aligned NDDCTs

With the new theoretical method, the performance
of three aligned cooling towers is investigated in
the two conditions of wind direction, perpendicular
to the towers and in line with the towers'
direction.When the wind direction is perpendicular
to the cooling towers, each tower is exposed
directly to the wind and when the wind is not strong
enough, the exiting air plume of each tower has no
impact on the other two towers. Therefore, the
method can be applied to each tower by
considering low wind velocities. Moreover,
because the inlet water conditions and ambient
temperature are different for each tower, it is wrong
to compare their performances. For solving this
problem, a specific condition is assumed for each
cooling tower and by using the new method, the
performance of the three NDDCT is compared
under the same condition. It is shown that as wind
velocity increases, the performance of the middle
NDDCT gets worse than the two side NDDCTs. At
this condition of wind direction, the efficiency of

each tower is lower than the single tower in the
same condition. When the wind direction is in line
with the direction of towers, one of the towers gets
directly in the wind attack and others get in the
back of this tower. Therefore, the new method
cannot be applied to the three NDDCTs. In order to
compare the towers' performance in this condition,
the data of the tower in the wind attack line is set
as the reference condition for the other two towers.
Since all three towers have the same structure, this
assumption is appropriate. It is shown that the
performance of the tower in the wind attack line
will reduce compared to a single tower exposed to
wind due to the suction of the rear tower and its
effect on the front tower. Moreover, it is shown that
when the wind is in line with the direction of
towers, the efficiency of the rear towers will
increase from the tower in the wind attack line. The
reason is that the tower in the wind attack line acts
as a shield against the wind for the rear towers and
as a result, the vertical component of the exiting air
plume velocity vector of these towers increases.
This velocity component indicates the volume rate
of air entering the tower; therefore, air suction of
the rear towers increases and makes the heat
transfer rate increase.

4. Conclusion

In this study, a simple mathematical model was
created to predict the performance of the Heller-
type natural draft dry cooling tower (NDDCT)
located in the Fars Combined Cycle Power Plant.
The thermal behavior of a single cooling tower in
different environmental conditions was analyzed
by using this model. It was obtained that as the
ambient temperature increases, the increase in
wind speed causes the heat transfer rate in the
cooling tower to decrease with a lower slope.
Moreover, it was shown that at low wind velocities,
ambient temperature plays an important role in the
performance of NDDCT. Using the new theoretical
method, along with the measured data, for
calculating the performance of three aligned
cooling towers in the Fars Combined Cycle Power
Plant, the following results were obtained:1. When
the wind direction is perpendicular to the
NDDCTs, the performance of a single tower will
be better than all the three aligned cooling towers'
performance. Also, it was shown that as wind
velocity increases, the performance of the middle
NDDCT gets worse than the two side NDDCTSs. 2.
When the wind direction is in line with the
direction of towers, the cooling tower in the wind
attack line reduces the effect of wind on the exiting
air plume of the rear towers and, therefore,
increases the efficiency of the rear towers than
itself. Moreover, it was shown that the performance
of the cooling tower in the wind attack line would
reduce compared to a single tower exposed to
wind.
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1. Introduction

Nowadays, because of the rapid expansion of the
construction industry in Iran and the extensive
human and financial losses that can be heard from
time to time from the corners of the country due to
natural disasters such as earthquakes, boosting
accuracy and safety in production and then
execution of engineering structures is essential.
Concrete is known as one of the most widely used
building materials in the world. With the
expansion of the use of concrete, properties such
as durability, quality, density and optimization get
special importance. Self-compacting concrete is
very fluid and smooth and a homogeneous mixture
that solves many problems of ordinary concrete
such as separation, watering, water absorption,
permeability, etc. and in addition without the need
for any internal vibrator or body vibration, the
mold compresses under its own weight.

2. Specimens

The reinforced specimens were made in such a
way that two sheets at the top and bottom of the
specimen were used during the construction. Also
to investigate the effect of sheet thickness one
sample was made with 0.8 mm thick sheet and the
other sample was made with 1 mm thick sheet. For
better bonding and adhesion of concrete and sheet,
4 g of Dezobuild D-10 lubricant is used per kg of
cement. Samples were placed in water for 28 days
after fabrication for fabrication. Figure 1 shows the
construction and concreting steps.

3. Drop Hammer Test Machine 7500 J

The device used for impact testing is DH-TM-
7500J. The maximum adjustable height of this
device is 3 meters and the impact mass can be
adjusted from 180 to 250 kg. The height of the fall
in this study was considered to be 25 cm. The
impact mass of four concrete samples in this study

was 180 kg. The impact tester consisted of several
parts: the central control unit of the device, the
system for measuring and recording information
(accelerometer with accurate measurement of
microseconds and used as WiFi), engine impact
support bases, impact weights (180-250 kg) and
impact head in different shapes (flat, conical,
hemispherical). This device is made in Iran and
belongs to Lorestan University. Figure 2 shows a
view of this device and accelerometer sensor.

Figure 1. Stages of construction and concreting of
samples

(b)

Figure 2. a) Impact testing device, b)
Accelerometer sensor
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4. Experimental Method

In the experimental method, sheetless samples
have more acceleration than reinforced samples.
Moreover, samples reinforced with sheets have
less displacement than samples without sheets,
which clearly shows the effect of the presence of
sheets on the fabrication of samples. On the other
hand, samples reinforced with sheets of 1 mm
thick due to greater thickness compared to the
sample reinforced with 0.8 mm thick sheet, have
less displacement, which indicates that with
increasing the thickness of the sheet, the
displacement of the sample decreases after the
impact.

5. Numerical Modeling

In order to numerically investigate the behavior
of concrete samples under impact due to free fall
and compare it with laboratory data, finite
element modeling was performed using Abacus
software for all four samples. For modeling
concrete, the properties of self-compacting
concrete and modeling of mesh sheet are
considered as the characteristics of st37 steel.
Acceleration-time  and  force-displacement
diagrams of the samples are extracted by
applying the reference point in the striking ball,
which can be seen as a black line in Figure 3.

Figure 3. Sphere and sample modeling

In the numerical method, it is observed that, like the
experimental method, the acceleration of sheetless
samples is higher than that of reinforced samples.
Moreover, the acceleration in the sheetless
specimen under the conditions of double-trapped
support is more than the acceleration of the sheetless
specimen in the quadrilateral position. The
acceleration of a sample reinforced with a 1 mm
thick sheet is higher than that of a sample reinforced
with a 0.8 mm thick sheet, which indicates that a
thicker sheet increases the acceleration.

6. Results and Discussion
Comparing the acceleration-time and force-

displacement diagrams of the specimens, it can be
seen that the experimental values are higher than
the numerical values and this difference is less than
7%, This value is due to reasons such as friction
between the impactor bearings, the weight-bearing
rods, as well as the presence of damping, which is
not applied in the numerical model. However, it
should be borne in mind that the support conditions
and possible errors in the construction of samples
are important factors affecting results.

7. Conclusion

In this research, laboratory study and numerical
simulation of the behavior of two concrete samples
without sheets with dimensions of 15x15x10 cm
and two reinforced concrete samples with
dimensions of 15x15x5cm under low-speed
impact due to free fall of weight were performed.
Based on the results of this study, in both methods
of analysis, the acceleration of sheetless specimens
was higher due to the greater thickness of the
specimen compared to the reinforced specimens
with smaller dimensions. The higher the
acceleration of the samples, the greater the amount
of force. The deformation of the reinforced
specimens was less than that of the specimens
without sheets, which shows the importance of
sheets in the fabrication of specimens. Moreover,
the thickness of the sheet has a significant effect
on the deformation of the samples as the sample
made with a thicker sheet has less deformation and
displacement than the sample made with a thinner
sheet. The acceleration of the sample made with 1
mm sheet is higher than the acceleration of the
sample made with 0.8 mm sheet. Also, the
comparison of the graphs obtained from numerical
and laboratory analysis of all four samples also
shows a difference of less than 7%, It shows the
appropriate accuracy and close to the experimental
method with the numerical method.
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1. Introduction

Gas leakage from the transmission, supply, and
urban distribution network pipelines, in addition to
triggering the loss of a large volume of gas and,
sometimes, gas-flow shut off, can result in human
and environmental damages. Thus, the non-
controlled leakage will bring annually expensive
losses to the National Iranian Gas Company.
Unlike the exertion of all technical conservations
and predictions in the design, implementation, and
exploitation from the distribution networks and gas
transmission lines, we can never estimate the gas
leakage emergence possibility at zero. Hence, the
calculation of the gas leaked from natural gas
pipelines is an extensively important and most
demanded issue. Majority of the previous studies
in this regard have addressed gas leakage from
above-ground  pipelines. However,  few
investigations on buried or under-ground pipelines
are available. Furthermore, in some cases, the
numerical studies have been conducted using two-
dimensional simulation and with low accuracy.
Likewise, no study has so far examined the buried
supply and transmission pipelines, whose gas
pressure is between 150 and 1050 psi (10.3-72.4
bar), to calculate the volumetric flow rate of leaked
gas. Concerning the importance of this topic in the
natural gas distribution companies, this research
estimates the rate of gas release from supply and
transmission pipelines and presents high-accurate
correlational relationships for the estimation of gas
leakage from these lines according to pipe
diameter, hole diameter, and line pressure.

2. Problem Modeling and Numerical Solution
Method

To model the problem, the researchers used a hole,
whose diameter is smaller than the pipe diameter,
over the pipe surface. The gas flow leaked from

this hole to the outer ambient. This condition is
called the hole model. Figure 1 illustrates the
computational domain inside and outside of the

pipe.
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Figure 1. Schematic view of buried pipe

In this study, the flow inside the pipe is steady
and turbulent. Accordingly, the problem governed
by equations include the conservation of mass,
momentum, conservation of energy, and
conservation of chemical species. These equations
are solved for the compressible fluid and in steady
and three-dimensional conditions. Regarding the
high pressure of the natural gas in the damaged
pipe, the study employed the real gas equation, and
the compressibility factor of the natural gas is
obtained by the AGA method. Moreover, the
turbulent flow is modeled by the use of k-¢
realizable terbulence model.

For soil simulation, a porous medium is
defined around the buried pipe. The distribution of
the pores is irregular and disordered. The flow
equations in the porous medium are defined
independently from the inner side of the pipe. The
governing equations consist of conservation of
mass, momentum, and energy depended on the
porosity as well as the permeability and inertial
resistance coefficients of the soil. In this research,
the porosity of the soil equals 35%, and other
coefficients were calculated by the empirical
formulas presented by Ergun.

3. Results and Discussion

Parameters such as pipe diameter, hole diameter,
pipeline pressure, pipeline temperature, pipe
length, loss of pressure within the pipe, and
thermal properties of soil can affect the amount of
gas leakage from the pipe. However, due to
insignificant temperature changes along the

!. MSc Student, Department of Mechanical Engineering, Najafabad Branch, Islamic Azad University,

Najafabad, Iran.

2, Corresponding author. Assistant Professor, Department of Mechanical Engineering, Najafabad Branch,
Islamic Azad University, Najafabad, Iran. Email: abdollahi@pmc.iaun.ac.ir
3, Assistant Professor, Department of Mechanical Engineering, Najafabad Branch, Islamic Azad University,

Najafabad, Iran.




Presenting a Correlation to Obtain ...

Reza Sabzian - Ali Abdollahi - Sobhan Emami

natural gas pipe, the effect of inlet temperature on
the amount of gas leakage can be disregarded.

Evaluation of the pipe radius and hole radius’
effect on the amount of gas leakage . Pipe and
hole diameters are two of the most effective
parameters on the amount of gas leak in pipelines.
Therefore, in this research, pipes with different
diameters are evaluated. For supply lines, pipes
with 4, 6, and 8 inch diameters and for
transmission lines, pipes with 8 and 10 inch
diameters, which are the most commonly used
sizes for supply and transmission lines, were used.
Moreover, the hole diameter was evaluated with
respect to different quantities. In Figure 2 the
changes in the volumetric flow rate of the gas
leaked from supply lines are shown with respect to
the hole diameter and different pressures on the
four-inch-diameter pipe. As expected, as the hole
diameter increases, gas leakage also increases.
According to this figure, the volumetric flow rate
of leaked gas has a direct and second-order relation
with the hole diameter.
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Figure 2. The volumetric flow rate of the gas leaked from
supply lines, with respect to hole radius in different
pressures on the four-inch-diameter supply line

Evaluation of the effect of pipeline inlet pressure
on the amount of gas leakage. In Figure 3 the
changes in the volumetric flow rate of the gas
leaked from transmission lines are shown with
respect to different hole diameters and different
pressures on the eight-inch-diameter pipe.
According to this figure, the volumetric flow rate
of the leaked gas has a direct aad first-order
relation with pipe inlet pressure.

According to the results from the numerical
simulations, correlational relationships are
introduced for determining the volumetric flow
rate of the leaked gas, Q (m®/hr), from supply and
transmission lines. The fitted equations are in
different ranges and with respect to hole diameter,
d(mm), pipe diameter, and pressure at the inlet of

the pipeline, p(psi). For example, for a ten-inch-
diameter transmission line in the 400 < p < 1050
psi pressure range and 10 < d < 70 mm hole
diameter, the following correlational relationship
is achieved:

L2000
- 70 mm -
& 60 mm
10000 ~6- 50 mm ~°
# 40 mm o
* 30 mm -
~& 20 mm C
1000
o 10 mm gl -
- .
& o - . )
e 6000 S ey Y- L
E o a o
> o
.
000 »
-0 o
< &>
&> -
. .
2000 ® > P
-
- -
e
b s g R =
i ¢ 9 - |
0o 500 600 o0 oo o 1000
ppsl)
[V r— et et ettty et
276 3% 176 576 6746
p (bar)

Figure 3. The volumetric flow rate of the gas leaked from
transmission lines, with respect to different hole diameters
and pressures on the eight-inch-diameter transmission line
Introducing the correlations to measure the flow
rate of the leaked gas

Q=1091-73.17 p-1.791 d + 0.9126 p? + 1)
0.1727 pd + 1.066e3d?

This fitted equation has a 0.9988 correlation
coefficient and is highly precise.

4. Conclusion

The effect of factors, such as pipe diameter, hole
diameter, and pipeline pressure on the amount of
natural gas leakage from a damaged pipeline, was
evaluated and highly precise correlations were
extracted for estimating the amount of gas leaked
from high-pressure supply and transmission
pipelines. The results show that the relations
between the volumetric flow rate of leaked gas and
hole diameter and pipe pressure, respectively, are
of the second and first order. Unlike above-ground
pipes, in under-ground pipes, the choked outflow
from the damaged section is not seen, even in high
pressures. According to the results, parts of the
released gas from the pipe move towards the lower
area of the pipe, after colliding with soil particles,
which shows that the leakage flow has a three-
dimensional character and it is not possible to
provide precise corelations for estimating the
leakage through two-dimensional simulation.
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