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Numerical and statistical study of cylindrical heat sink performance with interrupted

minichannels and twisted vortex generator

R. Deriszadeh?!, A.R. Falahat?*
! MSc., Department of Mechanical Engineering, Mahshahr Branch, Islamic Azad University, Mahshahr, Iran
2 Assist. Prof., Department of Mechanical Engineering, Mahshahr Branch, Islamic Azad University, Mahshahr, Iran

Abstract
In the current study, fluid flow and heat transfer characteristics of water flow in a cylindrical heat sink with
interrupted minichannels and twisted vortex generators are numerically evaluated. This study focuses on the
determination of the influential design factors and their optimum levels. The design factors were selected at four
levels comprising the angle of the vortex generators, twist angle of the vortex generators, the Reynolds number
and the spacing of the vortex generators from the beginning of the interrupted section of minichannels. The
output parameters in this study are included the Nusselt number, the Fanning friction factor and the total
hydrothermal performance factor. To investigate the effect of design factors on output parameters, Taguchi
statistical method with L16 orthogonal arrays and analysis of variance was carried out. The results demonstrated
that the vortex generators, the Reynolds number and the spacing of the vortex generators play a vital role in JF
with the contribution ratios of 61.59%, 11.89% and 19.22%, respectively. The twist angle of vortex generator
has a small contribution to the output parameters. The optimized model is improved by 100%, 16.8% and 94%
for Nu, f and JF, respectively, compared with the original model.

Keywords: Cylindrical heat sink; Interrupted minichannel; Twisted vortex generator; Taguchi method; Analysis

of variance.

R N LU
ar.falahat@iau.ac.ir : g xSl Cony w0l



e o 59 0 Wl g e SBJBIS ino ) 1481 gl il o5 ol 115 (5507 g G0 axdllae | 1OF

Sl g2y LoyS JUsil sgge sl p (it sl b,
2 eSS,y eanSode Sl eolatul wilygly sl i,
S8 o 1 pam Azl 8,50 fadge (pl Wl b LI
son & V] oLes 5 ol ] [NOIY] sl ais 5
Ji g Se So 50 ol pl] Gl LS Jlasl oo
Ll bl by Job w55 eaisSade b Lot
U5, S 0 Job oS0 caiSadss aS ol las
V] L Sen o bls w05 oo Lo )8 JWil 1Kot dguge el
S0 b ol s Lo Uil wlasie goae asllhas &
b Sy sleearSads b JUSsSen oS ol
Gl Joly 5 n55 cazSaly ik by b Jsbs
a8l yo LT owd )5 ks o ) JUIS'g S0 (699,9 40 s
Sy a0 Veagly o ol ol (IS LB (e &S
50 Bl o 3l Fee 51 YL sadgn slacl g WSS g 0aisS
0S5 oS adgs sbilgy ¢Sl jadsn, slasl sl oS>
oSSy S ade b daias ol S o>y LS il
iz olass g Job alold (5 e o Job 05U aisle, Job
IR oS 5w Syse 1) (Job oS5 )5 caSads o
Aidgal ookl (gilwaiigs lp 28U By, 5l g wsle
slosisSads Jsb alols 5 slows a5 ols ojlis Ll @l
5 9l jaleny sas 1) 6 i (b SS)s
slroaSady Job alols 5 Jsb a5 azdl o o
ol IS gleS @bl 5 NS0 Lol sl 55 (oSS )
28 sy Jl 5,5 005055 il anllias g (g0
So e el gy Sdpue —oleS o Slee
)l s ol el b sl Lt JUS g S
Woged gy ) eSS eaiSady sl 5 Jsb (e
Wlgy Jb S5 ,9 oaisSade a5 ol olis Ll goae =l
Iy led cdl e o daue |, bl ol !
Sl b 3 el b JUISs oo 5l ol S, [T+
dwdid 93 dges oy |y leg Ol Jlowgils 5 UKo V
Oglate Sl oz L (S8 Vg i) JUSg S0 IS
JUS5,50 a5 ol ylis sl guls oad 5 Las yo 1, ellas]

S 5 oS oSlee wyn 2l Gladle o
Ol 5l (g ks 4z g8 9,90 JU gie (2bo)S loolx
ey ol 3l solinal s & gydge ol ool 435 13
Vb ol bt 5l 6ok 1o JUB (e 5 JUB 5,500
sloedle Gl Seig sl S Sl ol
Wl nlply ¥V ol o 5 loyeiST,y 5,800 cs e
2 LS B s Gl Fge (ST S5 S
el 5978 (2lo S slaol>

Fo @ arg b JU coe 9 JW5,80 2l S slacly
A50,8 oo el (Glilgin] g TS s g0 4 ole )T aie
Slides lalgtul (ol S slaoly 2L ogas yo &5
Al o)5en 5 o6 [V-Flowl 435 &go o5 Lws
@lo)S olr S 0 Ol Bz (Silsyam g glo)S Slasie
Iy Bl oad oayy slo 8 b o JUBS e (slailginl
ol ol 5o uSlee Sl e a8 wisBl 15 5 Widgel (guyy
Sl g b Jgone 2le)S o 4 cos LS
Loy olo)F ol ol 53 )Lad 28l g wlygo Gial33) poudiins
peiine SIS e b (Jere 25 ox bl
—eb S claxin [V-44] o )Ken 5 coM il oo
@S ol o0 OT Gl sl a5 (SJgpae
e Syea |y ol gla JUS e b agos slaslgnl
ol bas ol las b ol b aisged gwyp g0as g
SElasl cuyo 5 cdol sae o JUS oo gl 4l;
bee GBS 2o ads s whiee S Sl
90 (SElasl (oo g cdul soe dnlxe Sy pizen
@ [ Jl 5 Liels sl sliiny woe (Kon dlal,
oy Sdsyiee 5 2l @b 28 5 o (o
Tl 5 7o it lo JU (e L sl wilsiul (b 5
Sy e ole S ol o s a8 adl yo Wil assls
ol magle GLJUS e b oL S ol a4 by e
5 Sl aee- ol S Slasie VY] ()5 5 pulodloce
b JUS e b sl ailginl (ple )5 ol SG (g9 08
W39l oy p (§338 g |y (290 g pelien (S ped
U e (Selgyemm gle S QIS a5 ol ol Ll b
e 1l s S JUI (e 5l i o e sl
Ol 4y e g dials Comd igl38] 4S5 s ged caalice
305 (0 2955 Sy fals g b sus

¥ oo /10 0,393 /1F+F Jlu /120 4L g 1o sl SuilSo



100 | coMb gosty gw s

o

g

b JUU (S b (o) ailgsinsl (2l ,5 ol - S
a2l g (Mo (559 00 gl Jolds alatiio
Sl

b slalginl (o1lo)S oly (pwais oo piolyly ) Jgur
ST, eSS Hg oaS udl gl g gl S JUE (S
Jlade e el
EwS (S) ot ol sk
Facka T (D) olof oty L
Fackaa 1 () o5e 8 s
Saskeo \IY (H) JU5S e glis)
Y (W) JUS e e
aclan e sla i Jsb
az 0 FeFOX- N0 (00) oSS 59 0aisS o954yl
Br S5 59 0S8y iy 19
Sl 3] S5 55 glroaisS ass aluls
) ghaits 426
(Hiva) 55,5 oo als glis)|
(LLve) 55355 00 adgs Jsbo
(Wiyg) oS5 59 0aiiS g (o0

az,0 FON N D

rardes BV

Srokie )
LRy
yowdeo 0 /00

Giyo bl g o5l CYolao -Y-Y

ol ;0 (Guw ds 9o Oyl Jlal o g a0 Sz

Y o ko /10 6,98 /1 FoF Jlu /120 4L g o sl SilSio

awain b anglie ;o Loys JUitl (ol con ghie sl
Wldel cale Ll ries g Wgd oo e sl
23,5 50 2lo S (Sdg e o )Slas g Sy

- ebe,S Slasin gods cw,p ol addlas Lol Bon
Ll algial ol ol S o ©f Jlw b2 (Sdg o
oSSy eaSady it ahaiie it sla JUI sie
Slgs agly el ( >k sl Sl LSl el ciomn Job
asly Galsn, dsas (Jsb jemme 4 s 1SS 0alS
20 S35 00S Ay CuBge g S yg 04 Odg om
b oy (Sgyeem ol S 0 Sles  gllaiil slo e
5UT 5 [VE-YA] (2555 g, 51 00,5 oo (s sl
5 >hb Jelse Comlas o 5 528 co bl
97 eyl p el e e wo)s (85 aiie
slo el sl 556 o mhans (e 9 ol o ooliul
sue ol (295 slayial)ly w008 o el (295
el IS S g 5 Sils SISl gy bl
Jolse ot e sl 5000 @l syl Jlo g 450
oz gl ole)S olr )0 Jlo g aee o, Slos » (> )b
T ) edmS s Jolts ahatie o JUI (e b
il sl axlllas 5515

&oue §3lw a9, Y

Wl lu—V-Y

s ol alaie sl JUIS on by shalgind e 5 ol
VS e Sl 4l g phamy SS)s e oS
JUS e V8 Lol oS ol ol el o o0l L
Connd 5 chimgy oS35 slbooiiSulgs a5 cel ghaiie
ol JUS i 5yl 5 s JUIS e alaiite clo
ol iz g ol oaS i3 Jlw )l 13 iz S
Ly gt ek JUS iam o ol e oS
Bl a4 cqz Glabe 4l plsie 4 9l 55
il 0 4355 15 1 Ellona e g 45 Sl (yaibes,
5 el dalr 5 Jlw sle i ol Slslons 450
Ol ) Jsoz o Sl 050 (ale S olr (pwiie slayul )l

Cwloads ool



g o 39 0iS Wl g e SBJBIS (ino ) 1481 gl il 5 ol 1,15 (5 50T g G0 axdllan | 107

—kSVTS = —kaTf TS = Tf
u=v=w=0

Jlw

2 990 syl -Y-Y
Gy ) Sze & Reeh o e syl
b Jbw g g jlid des a5 cenl S5 @ p3Y 005
S JU (e v slos 5 (o052 (S35 eSSle 5l osliul
o 5ol gl S 5 s b i Sl
I

Oypar JUS e (Slgpaen b g jalsh; sue

WS (oo i pj Ll

Re = pinuinDh
Hin )
b, 2wH &
P W+ H

33,5 oo drline yyj alal) ok Siils Shao! (g0
_ APD,
- 2Spfuizn

)]

JUI e 5o 5l el s 5 4 S g AP (598 alal) jo a5

i oSy oSy b gt JU (e Jsb s

Gb (2Sle cdl vae 5 ol b5 Jsl oo

a Tin+Tou )
Ac [T, — (Antlew)]
h D,
=— 3
Nu ke QY

JUE s pbml> b )3 Jlsl maw sbes (Jlow lawgs

.w‘
dnle pj akaly lesliunl b S ol S 2l oo
Il éé;so

OAJ.J..LJ}J 9 é.lam 6LIBJL)L§ LSA.AA l.) Lg‘d..\‘}&w‘ @La;
w515 (9 Jlow &5 Sl 03 )5 (58 (LA S5
0l 3 et o gmae bl 515 250 gl 5 0T il
o (Sojdgars olys [0 ] colono 3 Jlasd o cx )
a8 3 o ol [vo] Lo« Anly o 5 A el g
SYolre conds 48,5 Llas 5 sl 5,8 4 Az gl bl ouls

el 2y Ojga el g Jlow 10 oS>

v.(V)=0 m
pr (VV.V) = —VP + pu;V3(V) ™)
. k

VV.T=—L—v2T )

Pr Cry
25 SozargleS e sl i sl 6550 ol
o

V2T, = 0 ()

2 i 530 Ll sl osh oS S¥olas Jo gr
2o 8l i ol ol (sl 550 Ll 05 403,515

Cawloads ools (L ¥ Jgux

oz 2lo,S 9 Solodgyned 5550 bl -F Jguar
syl g ghaio LJUE (S b sl dilgins! (oS

T, g ol
byl L i
U=y =0127-0382m/s LB Suo 65959
Ty =Ty = 297K abiiie
P =P =0 LJUl (P (o795
q =190 W/cm? b5 o> (b oylgeo
(o555 Jxa)
Se25t5 ol 5)LS sl o)lg2o
b
~kVT; =0 i g (el oylg
oylg0 9 2boyS olx
9 LJUL Juo YL
Loy

¥ oo /10 0,393 /1F+F Jlu /120 4L g 1o sl SuilSo



1AV | codb gesty gu,ys

3 b (Sosdeey elsr wlol  USS Gal s (Rep)
LJLS e 257 5 6o > Jbw oSk leo
O 295 Gl a5 00 5 e csslie el 00y0 )5 Al
el 8 (Son alal) 5 28 @S b gooe mls
g CoM oy @l b ey 4 e sl peu S
P IVP] e 5 e (Swon alaily 5 [V ] o Sen

el YOV g YIVA d90>

10
] Falahat et. al.[10]
————— Present study
sl A Aziziet. al. [26 ] -
A_ -]
_-D
//Er
2 o .
.0
n Er/
s
TN INSTANETE AAVENENS AINANINE SIVANINE AVENENANE AVEVEVANE INRTAVANE AN
%0 100 150 200 250 500 350 400 450 500
Re,,

g M i b goue g lo auslin -Y o
[26] o)ly0n 9 s 32 3¢ 5 [10] o)1y K0

oilslg U1 g (2956 o oSl -
5 Shbes Lyl (090 ange Zux e ol o
Sl U s L sl ailginl (plo S ola (puwain loyall
ZIU ey (et S5y eaSudsi 5 gt
.))L.\JL....J‘ 9 0l C)Lél L}“’j) x_it ‘u.os) UJ‘ Cewloads oolazul
i ol ) lange o Ghalesl (b car oad
Sleslaul b gy ol oo o pleil Lol Jli! g Ll
o ol egluans Slioles slaws seleie slaa))l
A 50 6lay S SO 4 SO ed sl gy (pl 50 e
al,l 5l eolatnl b lojen ol b ,giSTE as ooy 3,5
ool g Slislesl Jgas odgs 2,5 o plnl sslais slo
a5 Casl Gl w4 o] akaw 5 ki 5,50 sla,gS
S9re bbb dagsile 4t b Slislesl slaws o 2a8
a3 590 sla,eS B F Jgam [YV] ai anlgs azs 5 L o

¥ o k0di /18 0393 /1 FF Jlu /120 4 g o sl Sl

JF = (Nu/Nuy)(f/f,)~1/3 )

‘wn as w‘ ‘5]4)‘)....; L JC’}-’)-A 0 wJJ—v‘ s:\_IaJ.‘) u_,‘ )é aS
g SS9 oanSades g gllail eay i JUK

T ylel g 4l anlllao (goue Jo (o9, -F-Y
p oy, 3l eolaiwl b @Sl SYolae pol> ikgh o
e ot S Sl b tels 33l 5 Lt Spaee
HLid g e Sy o5 Sy Gl 00ya )8 o caiBs go Jlid
¥oles (6ot aslonds 0olitul Lyarms pis )5S |
Pl p93 aiyo CawdVL (g, 5l ooliiwl b (6551 5 piiege
peges 5 (Swgey SYolae 6l (2l ,Ken jlrs ool s
48,5 a5 53 51107 208 (55,51 ol sl 5 1070 51 S
Dl YL cBs b zmls 040,5] Candy Cyz Casloss
Joe 5l Sy sl aaloass plodl e Jow den (gl 4
o sk ol 0 955 ol g 45 i gz
asly FO jsn, vae o lalgiul oleS olz sl mbs
oaiSudsi oy dgly @zys Yoo uS555 oo ady
4l ) (o555 eaiiSadg alold g 4z s jho (WSS
oaslive .Cowloads ool HLas ¥ Jgaz j0 jieds ¥ ahadis
las 0o y0 44>y LYYFA- ) aSll slaw jlaS 00,5 0
4 g Al g3k s Sl sae (Jgux (nl 3 (oo
SLl Slaslos Sz 4 plass Geog j9kite Gen

oy
a1 sl g s -Y Jous

% sl N -N

45-34.4 Slaxs Nu | Upase ul x 100
Nubase

1100818 11/61 1/53
1940220 11/76 0/25
2349091 11/78 0/08
2786036 11/79 base

Rl Giagh o Gileand @l (el ol
9 [\’] u‘)li.o.b 9 CA.>)'L9 6’)‘7:" C.:Lu La a..\n] Cewds @Lu
ol 0038 T Aglis [YF] o) Kan 5 (5505 (Kuron alayl
@Lc)f 0L> 6‘)3 cdol sue Lgl)a ‘) MLGA U)‘ Y Ji..u
oaiiSagi gy g gllasil g0y sl JUI o b (sl wslgisl
e, sae a5 col S8 pY e e lid 1) ST g



e o 39 0 Wl g e SBJBIS (ino ) 1461 gl il 5 ol 1,15 (5507 g G0 axdllan | 10A

_ — \2
S = Nk ) (51 = 73) an
_ \2
SSt = Z(Yij - Vi) Q9]
SSk

=— V0

<= b, 00

SSk

CRx = — \&
k=35, )

4 Ng 9 CRg Vi « SST SSk (398 o¥olas ,0 a5

IS @lygdzme ggazme K g @l jgdome goama plp cod s

IS5 555516 5o 8 i auops K yguSTe il g el s
e s o 3 K g

20l g3y sl Lis dalaiio 41,1 -0 Jour

olous K8l

owbil  Re a(deg)  B(deg)  1(mm)
1 150 15 0 1
2 150 30 15 2
3 150 45 30 3
4 150 60 45 4
5 250 15 15 3
6 250 30 0 4
7 250 45 45 1
8 250 60 30 2
9 350 15 30 4
10 350 30 45 3
11 350 45 0 2
12 350 60 15 1
13 450 15 45 2
14 450 30 30 1
15 450 45 15 4
16 450 60 0 3

Gy g b -F

P4 JUKww Cod s -V-F
P A JEKs Cad g go0e Silwas C.;Lu & Jgo=
L 28U piyssdl ol ot (b Jow 035Ls sl
poS polae (Bas (yiogh opl jo aes e lis 1y S

ool 2 &S cl ez ln oS o o] sl 5 b y5ise
gl and IS slows crdaw slass ol g ;5356 slass oy
P9y ool el 2ae YOF il JolS 5556 s, 50
Sypar bgiloans oslas Lis selee al)l TN
SealS oae VF 45 00e YOF v g il oo oS (6 Kot
ol S 8,90 6o, eS sl Lis dwlae al)] 8l salgs
oad ooly lii O Jguz jo LmQT @ by ol g Liogh
T sl o5 by b talosl b s
Slp a8 05 oo oolaiwl e a4 JiKw Canns 3l CoaS
Sl (e S g Sl (e (2 5SS sle S

L
1

SNRg = —10 x log —Z y? )
_n i=1 |
L
1< 1

SNR, = —10 x log _Z_Z an
B i=1 i |

Apler Caway (go3e sl giluand 1Y (398 Ly, o a8
el (65l sl S5 olows T g el

& o Zobs 3 158 31 slo ;9351 —F Jgar

>l slaygs ]
1 2 3 4
A: Re 150 250 350 450
B: a(deg) 15 30 45 60
C: B(deg) 0 15 30 45
D: 1(mm) 1 2 3 4

3yt bl g, S (ANOVA) byl 5JUT

Gl gla ools 380 Jodow g asjo g (50,5 A sl 500
Syl o5 jlie wo)d sl 5 (U by, b o
eeplie 5 oolitul b g, ool jo [YA] wil o b
e 223 ol oo el (Bl gdome ggere wiile (Ll
dlse sty (2gy5 slayelly 5o 551 S il
2 eaadllae ol (29,5 sl el gl il 5T b

¥ oo /10 0,393 /1F+F Jlu /120 4L g 1o sl SuilSo



109 | codb gosty g8

el 2l 51 o 45 sl o stalyél o5 il pdniie 4ol
49959 50 Ohyz Vb Ly Langh (oS5 55 00 W g oS
S bl el g 5,5 o 5 il oo aliie iy
Selgh Cety eSS dngh 5935 (o0 Gl 5o FYL b
ogdle (15559 0aS U5 S92 g WIS (g0 SeS S5 )9 oS
LS el amoco il |y LoyS Uil plans 45)
I, JU s 0,0 (gloo el 1o 9 00,5 s Jlow yiicg
@ arg bt s |y LS JEl 5 aas e ral8
Lo JUl ogup (gly AUBACIDL aigs Jow V Jgoo

.CA.AA)‘ )SU-\.MJ“ - l-LA

due (gl po a JUSKow Comnd (5155 -V Jgua

cdwl
Level A B C D
1 17/01 19/76 20/27 20/57
2 19/64 19/91 20/10 20/51
3 21/29 20/22  20/06 19/82
4 22/58 20/63 20/08 19/62
Delta 5/56 0/86 0/21 0/94
Rank 1 3 4 2

Tobw o Fhb sl kx4 Sl Cod

odls lid A Jaaz ;0 Sl SKlasl o gl p lizee
Cand ial38l (Jgaz ol joas cenl ;S8 4y oY el ouls
Sl SBhasl oo ol Glae 4 g @ JUSew
sae il b Sasl oo 55 4 JiSm Cond ol
ORIBIL g rals (S5 )5 saiiSadgh aygly Lhals g jalen,
oS g5 alols aliEl g SS9 eanSudsi o gl
So @Y b (oo a5 ghiie 4ol gl I S5
2 el (S5 eaiSady agly Gl L ocel
odd odgen Jsb il )3 g oad 58,5 (b bshs
JLid 2l gk 55,5 4 ke o by oo Gl Bl Jlow Lags
odel Coway @l b aBl pl 005 o SKlasl (8 g
Ol38l izman 05l Ciyllas ['v] Ol Ke g Lls lawgs
WS oo e |) Jlew 0Ly Sl (oS5 55 caisS s 4yl
a5 b oo S oo Shaol cpo 5 Lid il Al el
oaiS gl agly g salen) sae oS Coul e (Jgoa cnl @

¥ o k0di /18 0393 /1 FF Jlu /120 4 g o sl Sl

2e A JiKew S g o0e @l -7 Jgo

s Nu  SNRyy f SNR¢ JF SNRyp

1 7/14  17/074  0/0847  21/442  1/304  2/306
2 7/16  17/098  0/0837  21/545 1/312  2/357
3 7/08  17/001  0/0838  21/535  1/297  2/259
4 6/98  16/877  0/0836  21/556  1/280  2/144
5 8/77  18/860  0/0597  24/481  1/410  2/984

6 9/26  19/332  0/0630  24/013  1/470  3/346
10/0

7 8 20/069  0/0649  23/755  1/580  3/973
8 1(31/3 20/290  0/0679  23/363  1/60 4/082
9 1%/3 20/307  0/0490  26/196  1/460  3/287
10 1%/6 20/547  0/0492  26/161  1/50 3/521
11 1%/3 21/819  0/0581 24/716  1/640  4/296
12 13/3  22/477  0/0620  24/152  1/940  5/756
13 1:;/8 22/816  0/0509  25/866  1/640  4/297
14 1%/5 22/645 0/0466  26/632  1/660  4/402
15 125/5 21/973  0/0463  26/688  1/530  3/694
16 1:;'_/9 22/867  0/0533  25/465  1/620  4/190

i b s 5 s 5o sl 255 JUK i e
Ol ALY sl gaz 40 g 00l fpuuss AY VY L,
a | Jols esls (g)lel Jdo g a5 5o .l 00l 00ld
(Minitab 5 o 1380 p 5 5l oolaiwl b (goue sl (g5l
Gl 00 pleil 20)
gobe 2 Pk Gyl ny 4 JuSew Cud
Cawloads ools HLas ¥V Jgaz jo cdl sae gl calize
oaiiSagr alold alen ) sae o i 4y aS 89,5 e canline
(0S5 59 oS0y al; g ghadie 4l laml 5l S5
b o 56 polie a5 wijls cdul soe oz BB ,5U
S35 00 adgs alols Gl ; sus sl ¥ Jgor &b
2l i a4 S5 005 adg 4yl g alaiie 4l gl
il b as el pl ol s el <JAR 5 < /AF 0/0F
Oz g 03,5 o0 o5 Siye Y Calis Galsn) sue
o 1 LS sl 5 wboe G ol L3S
G & o oS5, oS g5 alals 288 L ams



e o 39 O i g i SBJUS ino s it giul 1o 5 oy 1,5 5 ,leT g O axlllas | 174

oo §lp g a JUSw o (2 ke -1 Jgur

F bs 2t
Level A B C D
1 2/27 3/22 3/54 4/11
2 3/60 3/41 3/70 3/76
3 4/22 3/56 3/51 3/24
4 4/15  4/04  3/48 3/12
Delta 1/95 0/83  0/21 0/99
Rank 1 3 4 2

2olie ALY slajouzr )5 ange Ll 4 axgi b
20 5 odel Cawds 0l dinge sl ae 5,5 sla el
oo b sl ailginl oo )T ol conloads ools Ll Ve Jgo
Sae 3 (SS9 eaiS g (e g gllalil (e s JUE
a2y bad ad s s o ol Jae Glyie 4 YO salen,
cupo ol das a5 008 o onrlie N oo @
dnte sadoe JS obeS 2l pd s Sl Sl
ol e a4 e AFL g VPN N oY 4y eald
Sl 8L o33

JUU (Famo b ouds e sl Joo o Ve Jgur
o 59 00aS A gi (ygey oo

e i s Sols Saol o po (5 iy 30 (S5 s
Pl e A S5 caniSadgl aygly g ol sae 5
g Jdo A Jguz a4 axg Local <720 4 F/P¥
2 s 4y 5 SlSlasl Sl sals g, A4B2C3DA

Sl Famlie Gleoy &8

o pd 6lp e a JUKw Cond (il —A Jgu

Kb S5l
Level A B C D
1 21/52 24/50 23/91 24/00
2 23/90 24/59 24/22 23/87
3 25/31 24/17 24/43 24/41
4 26/16 23/63 24/33 24/61
Delta  4/64 0/95  0/52 0/74
Rank 1 2 4 3

byl
. GholJos  ondaime e (L) B!
Csld
Nu 7/53 15/06 100
f 0/0368 0/043 16/8
JF 1 1/94 94

ol slg 3BT -Y-F
3 Gz ol (25 sla il sl by LT b
ULM..: C"L"" =y Cawloads sals UL"“’ \WE Y 6L‘°J5“\?
o po dal sae ;o 3Wan; Sus g Cod AT G0
Aresiya S ol @bl eyl y Sl Skl
SUVYAUYY L mman sl £V AYIVYL ANYS.
alols 4 by oS ole)S I oo U5 pe S
oS J o ol alatine ide sl 1 oS5 5 oS ades
4 Sl SKlasl Copo g cdal a4 bgy e polie
Sloyehly » SS) caiSady agly pe &5 Gmd e

T > b LSt kr ns a i Cus

oals lid A Jeaz ;o IS b )S o5 o sl iz
sl @B o e og G5l 55 el oad
b il T3l s LS U Sgegs 45 Consl Line (3 oS
a5 00,5 o odwlie F Joux 4 dxgi bl ooged ale
Lol S5l 255 woled 0 5 2b)S @I caye
@b 2L e eyl n S iee A Jgir 4 axy
SS9 eaSadys ol Galgn, sae oS @ S
oY el S5 5 oS adss aysl; 5 alaiie i gl
P S oS3 oSy iy dusly 45 a5
Jouz o a5 6sS lea o)l IS 2l )S L e 2,
adg alold gy, sae sla Sl Jlade el oo oumlin 4
oanSudsi asly g ghaiie (A5 gl I 8559 e
433,8 doms el HIAY 919 VA0l i 4 WSSy
(slooly 55 5,5 025 55 5| ol oslisal & 5550
@S s ghie Gl (coe b slailsial (ole)S
dote Joo A Jooxr 4z bsms oo GRIFN S ol )S
sl (VY Jaw) A3BAC2DL S ole)S ollS s ol

¥ oo /10 0,393 /1F+F Jlu /120 4L g 1o sl SuilSo



151 | oMb g ooty iy

100
g€ %0 %ASBECND
2
£ 60
c
2
3 40
£
o 20
o
0
Nu f JF
Output parameters
S a1 b (519351 e o Y S

B iule)l awl -Y-F
olejl Lk wnlp e alese 5l anl (bl
ol ae gl ag buld Hod asie l am el
ooyl oS le S Ll oy g Sl Shaol o o
Sl sae 6lp lo)giSlh ange gobaw ;o wunl sl
5 (A4B2C3D4) il Slhol wy,o (A4BACIDI)
i abxl JS (A3BAC2DL) IS sleS ol cuyo
wdobivas gl dMpr) 0o (i 3295 4 JiSms Cunnd
Ll o JS aleyS allS iy 5 Siils Shaol (o
dslme (12) B (V) &¥olas 31 ool b v 5 4 ding

0,8

Npre = Naa T Nps +Nc1 +Mp1 —
3n = 22.58 + 20.63 + 20.27 + Ay
20.57 — 3(20.13) = 23.66 dB

Npre = Naa T N2 T N3 + Mpa —
37 = 26.16 + 24.59 + 24.43 + OA)
24.61 — 3(24.22) = 27.13 dB

Npre = MNaz t Nps + N2 +Mp1 —
37 =4.22+4.04+3.70 + 4.11 — %)
3(3.56) = 5.39 dB
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Design Sum of Variance Contribution
factor squares (SS) V)

A 3 90/1204 30/0401 91/26%

B 3 2/9417 0/9806 2/98%

C 3 0/2457 0/0819 0/25%

D 3 4/4025 1/4675 4/46%
Error 3 1/0376 0/3459 1/05%
Total 15 98/7480 100/00%
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Design Sum of Variance
factor DF squares (SS) V) Contribution
A 3 0/002796  0/000932 93/37%
B 3 0/000092  0/000031 3/08%
C 3 0/000021  0/000007 0/70%
D 3 0/000062  0/000021 2/09%
Error 3 0/000023 0/000008 0/76%
Total 15  0/002995 100/00%
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DS or Smel VAT Coniton

A 3 0/283547  0/094516 61/59%

B 3 0/054752  0/018251 11/89%

C 3 0/005887  0/001962 1/28%

D 3 0/088472  0/029491 19/22%
Error 3 0/027722  0/009241 6/02%
Total 15 0/460378 100/00%




e o 39 O i g i SBJUS ino ) 14l giul tlo 5 ol 15 (56T g o axlllas | V7Y

b P <!

bailis 9 p.a)‘.c N

m? Le,5 sl mlas Apt
BN ERV - SLA S RPN CRy
kg K 2ol jLad 10 o529 slo,S Cp
M« Sy, b Dy
m JUS oo glas ) H
Wim? K 5 Jsl o po h
gl @l st JF
Sl sae Nu
Pa s P
Wl Lot o i sbe q
BRVSTRNTS Re
M ole)S ol Job S
K 556 ol jgdome ggane SSk
Slasts 5 Sl jgdone ggorme SSr
K o T
m/s ey u
K 956 bl Vk
m (JUS e o0 w
X b 55,5506 2 (:Sle Xxj
3556 5 g JUiSew S (S0l xij
Sialesl 2 598 4 JUiSms Cond (2Silie Xij
H¥SE e 2l jlade Yi

Slgr e
Pa.s  Soolins 4598 u
kg/m3 o sls p

Jbe f

5999 in
e out
Sl s
)‘9:{.) w

Codoads plal (goae slagile Al 1 Jol> ol el
5 Sl SKlavl co o wdub soe glp angy Ll s
Jr o YYIO0 oy i & o JS oleyS oL oy
sloiolesl bl gl o wo OIVE 5 o wo YYIYY
i ol G (295 Billal o5 358 00 4TS S yunl
e Gl 5 b 0429 goue (gilwad polie goad S
Gl onss giloans polie 4 Cad ol So i polas
S o v s Sl Sl (g o wdul sae

e SNY L g YIXY L NIV plp b i 4 o S

S5 Az -0

Sl it - e S Slatie b ool sl eadllae ol o
B i by sl sl S sl 5y 53 T Sl ol
i s oS oty oLt plite et sla
S0 & by el 3T 5 o255 ool 5l ool
oS adss aysly Jolts (b j5iS Loz 0l (g 2 00
G gly Galg; dae (Job peme 4 S S5
Joee 5o S5 )5 oS adg CaaBge 5 S35 0aniSasS
oo e @l ol a8 5 a5 o mhaws oz o gllal slo
el 20 4 addllas cpl 5l ool

oo slal 5l S5 e caSader alols Gale, sae-)
Py JB B S5y eaSady agly 5 aladie
2yl 5 ol S (2L e pl

SISl g b 5 sl 2 )38 36 53516 o sage Y
V75l Gt O ot s 45T el ol d0e (Sl
el

sl 51 S5 59 oS oy alold g Cand 0 i Y
Syl p (wSSHy canSady agly 9 phie i
s VWIAR L g VAIYY 7, iy oy 4y gy

cebaite glo JUIS iae 15 (S5 5 0aisS a5 5l oaliil ¥
el g v go Gl plejen jsha | jLid il Lo 57 L]
2050 IS ol S oL b 25

At bl gs a4 JUSw (5l (lacond 4 4z 55 L-0
(2l ABBAC2DL s JS b))l ey 6l
Loakly o oanl slos )5 sln Wlgion Ghass cnl @l
Oeole slas b aiile slailginl ol )8 b fogel S
malgil gleyguST, 9,80 5 Vb s sloy 5 gy slo

¥ oo /10 0,393 /1F+F Jlu /120 4L g 1o sl SuilSo



15T | cod goat; puys

[12] Abdulhaleem A.A, Jaffal H.M and Khudhur D.S
(2019) Performance optimization of a cylindrical
mini-channel heat sink using hybrid straight-wavy
channel. Int. J. Therm. Sci. 146: 106111.

[13] Hsiao K.Y, Wu C.Y and Huang Y.T (2014) Fluid
mixing in a microchannel with longitudinal vortex
generators. Chem. Eng. J. 235: 27-36.

[14] Khoshvaght-Aliabadi M, Zangouei S and Hormozi
F (2015) Performance of a plate-fin heat exchanger
with vortex-generator channels: 3D-CFD simulation
and experimental validation. Int. J.Therm. Sci. 88:
180-192.

[15] Ebrahimi A, Roohi E and Kheradmand S (2016)
Nanofluid flow and heat transfer in a microchannel
with longitudinal vortex generators: Two-phase
numerical simulation. Applied Thermal Engineering
100: 179-189.

[16] Ebrahimi A, Roohi E and Kheradmand S (2014)
Numerical study of liquid flow and heat transfer in
rectangular microchannel with longitudinal vortex
generators. Applied Thermal Engineering 78: 576-
583.

[17] Datta A, Sanyal D and Kumar Das A (2016)
Numerical investigation of heat transfer in
microchannel using inclined longitudinal vortex
generator. Applied Thermal Engineering 78: 1008-
1019.

[18] Zhang J.F, Jia L, Yang W.W, Taler J and Oclon P
(2019) Numerical analysis and parametric
optimization on flow and heat transfer of a
microchannel with longitudinal vortex generators.
Int. J. Therm. Sci. 141: 211-221.

[19] Kumar Das A and Hiremath S.S (2022)
Investigation on the Thermohydraulic Performance
and Entropy Generation of Novel Butterfly-Wing
Vortex Generator in a Rectangular Microchannel.
Thermal Science and Engineering Progress 36:
101531.

[20] Mohammadi M, Mazloumi S.H, Hassani S.M,
Khoshvaght-Aliabadi M (2017) Improvement of
hydrothermal performance of microchannel heat
sinks using V-shap pin-fins and Al.Os/water
nanofluid, J. Solid Fluid Mech., 7: 211-228.

[21] Bazkhane S and Zahmatkesh | (2020) Taguchi
based sensitivity analysis of hydrodynamics and
heat transfer of nanofluids in a microchannel heat
sink  (MCHS) having porous substrates.
International Communications in Heat and Mass
Transfer 118: 104885.

[22] Heydari O, Miansari M, Arasteh H and Toghraie D
(2021) Optimizing the hydrothermal performance of
helically corrugated coiled tube heat exchangers
using Taguchi’s empirical method: energy and
exergy analysis. J. Therm. Analysis Calorimetry
145: 2741-2752.

¥ o k0di /18 0393 /1 FF Jlu /120 4 g o sl Sl

&y

[1] Fan Y, Lee P.S, Jin L.W, and Chua B.W (2013) A

simulation and experimental study of fluid flow and

heat transfer on cylindrical oblique-finned heat sink.
Int. J. Heat Mass Trans. 61: 62—72.

[2] Zhou H, Zhou F, Zhang Q, Wang Q and Song Z
(2019) Thermal management of cylindrical lithium-
ion battery based on a liquid cooling method with
half-helical duct. Applied Thermal Engineering
162:11425761.

[3] Aghel B, Rahimi M, Sepahvand A, Alitabar M, and
Ghasempour H.R (2014) Using a Wire coil insert for
biodiesel production enhancement in a microreactor.
Energy Conversion Management 84:541-549.

[4] Khosravi R, Rabiei S, Bahiraei M, and Teymourtash
A (2019) Predicting entropy generation of a hybrid
nanofluid containing  graphene—platinum
nanoparticles through a microchannel liquid block
using neural networks. International
Communications in Heat and Mass Transfer
109:104351.

[5] Jeong J.H, Hah S, Kim D, Lee J.H, and Kim S.M
(2020) Thermal analysis of cylindrical heat sinks
filled with phase change material for high-power
transient cooling. Int. J. Heat Mass Trans
154:119725.

[6] Bahoosh R. and A.R. Falahat (2020) Heat transfer
of  nanofluid through helical minichannels with
secondary branches. Heat and Mass Transfer 57:
703-714.

[7] Rabiei S, Khosravi R, Bahiraei M, Raziei M, and
Ahmadian Hosseini A.J (2020) Thermal and
hydraulic characteristics of a hybrid nanofluid
containing graphene sheets decorated with platinum
through a new wavy cylindrical microchannel.
Applied Thermal Engineering 181:115981.

[8] Fan Y, Lee P.S, Jin L.W. and Chua B.W (2014)
Experimental investigation on heat transfer and
pressure drop of a novel cylindrical oblique fin heat
sink. Int. J. Therm. Sci. 76: 1-10.

[9] Falahat A.R, Bahoosh R and Noghrehabadi A.R
(2018) A numerical investigation of heat transfer
and pressure drop in a novel cylindrical heat sink
with helical minichannels. J. Heat mass trans.
research 5: 11-26.

[10] Falahat A.R, Bahoosh R, Noghrehabadi A.R and
Rashidi M.M (2019) Experimental study of heat
transfer enhancement in a novel cylindrical heat sink
with helical minichannels. Applied Thermal
Engineering 154: 585-592.

[11] Khalifa M.A and Jaffal H.M (2019) Effects of
channel configuration on hydrothermal performance
of the cylindrical mini-channel heat sinks. Applied
Thermal Engineering 148: 1107-1130.



R o 39 0 Wl g e SBJBIS (ino ) 1481 gl il 5 ol 115 (5 50T g G0 axdlla | 1FF

[27] Etghani M.M and Hosseini Baboli S.A (2017)
Numerical investigation and optimization of heat
transfer and exergy loss in shell and helical tube
heat exchanger. Applied Thermal Engineering 121:
294-301.

[28] Li Y, Yang B, Wang Zh and Guo Q (2024)
Investigation on the thermal and hydraulic
characteristics of the micro heat sinks with grooves
and pin fins by Taguchi-based sensivity analysis.
Applied Thermal Engineering 249: 123454,

[29] Roy R.K (2001) Design of experiments using
Taguchi approach. Jhon Wiley & Sons, New York.

[30] Krishnaiah K and Shahabudeen P (2012) Applied
Design of Experiments and Taguchi Methods. PHI
Learning Pvt. Ltd.

[23] Falahat A.R (2023) Sensitivity analysis of boehmite
alumina nanofluid in a novel cylindrical heat sink
with hybrid helical-straight minichannels using the
Taguchi method and statistical analysis. Int. J.
Therm. Sci. 185: 108035.

[24] Khaki Jamei M and Abbasi M (2017) Numerical
investigation of nano-fluid on mico channel heat
sink efficiency using the Taguchi method. J. Solid
Fluid Mech., 7: 275-287.

[25] Chai L, Xia G, Zhou M, Li J and Qi J (2013)
Optimum  thermal design  of interrupted
microchannel heat sink with rectangular ribs in the
transverse  microchambers.  Applied Thermal
Engineering, 51: 880-889.

[26] Azizi Z, Alamdari A and Malayeri M.R (2016)
Thermal  performance and friction factor of a
cylindrical microchannel heat sink cooled by Cu-
water nanofluid. Applied Thermal Engineering 99:
970-978.

¥ oo /10 0,393 /1F+F Jlu /120 4L g 1o sl SuilSo


https://www.sciencedirect.com/journal/applied-thermal-engineering
https://www.sciencedirect.com/journal/applied-thermal-engineering

