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Experimental and numerical investigation of heat transfer coefficient and
pressure drop of subcooled boiling flow of nanofluid in the horizontal tube
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Abstract

Nowadays boiling phenomenon, as well as, the addition of nanoparticles to pure fluid has been an important issue in various fields such as petroleum
industries and nuclear power plants due to enhancement of the total heat transfer coefficient. In this study, firstly, experimentally the heat transfer
coefficient and pressure drop of pure fluid and nanofluid during subcooled boiling were investigated. A test setup was designed and built for this purpose.
Then, by modeling the geometry of the test section, the experiments were simulated for pure fluid and nanofluid using computational fluid dynamics
(CFD). In this study, water pure and water based aluminum oxide nanofluid were used. Experimental results showed that adding nanoparticles to the
base fluid increases the heat transfer coefficient and at the same time increases the pressure drop. Also, by increasing the constant heat flux on the tube
wall, the amount of heat transfer coefficient increased significantly. Increasing Reynolds number also slightly increased the heat transfer coefficient of
pure fluid and nanofluid. In the numerical simulation for the flow field analysis the equations of continuity, momentum and energy for each phase are
used in the Eulerian-Eulerian perspective for the boiling conditions. The numerical simulation results were in good agreement with the experimental
results.
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Fig. 2 Photograph of test setup
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Table 1 Thermophysical properties of nanofluid

4595 g S bl bl
oy sl sles
(kg/ms) (kg/m®)  @/kgk)  (w/mk)
0.0005928  1117.02 4024.85 0.7635 Jbwsib

oliil JSs 55 Jlossil (59,51,5 <5 a2 sl 3550 51 555 ey
9 995 o0 Sloml iS50 oz (20 yielig) sems ;O 00l ki il oo
-0 S Gl sl @ 5359 (sles 5 L8 e g i Lid 5l e b
D¢

=550 Sl ()l Sl T 3l shmme Ol el 5 peed 85 b, L
Sy B2y 5l ) 0len slales o9 o Jloel iulejl g o)lgs 4 i
Aol 5l Sl 79,5 L gl oo ud g oo Jais Los [ Kisled ascio 4y Les
SBu s JralS g ool cadBs i5n o)ly (2, sles g jlad oS
Oy Oloj e 09d g0 Jlw (350 059 0)bgs g 00l oo 4 s
Dy ABBS Canes 390> bl Ha lp b cll w4 lalis g lales
e O 5 G585 sl Jalors 51 oalil b GialesT o 5l amy (prizren
S 5 00l 55 p 5 cysmshiaST g5, b 65,5 e |, (g e soles
55 o0 plsl Hauadl 1 jLad g ol 5 il a0 90 los jo s oyl

1 o :':'
1)z [ ()T
riﬁ\q g glaldy | 1

YO
\Va

=9

Fig. 1 schematic of testing setup

il ol&iws Sless 1 s

! Eulerian



2nd National Conference on Computational
and Experimental Mechanics, SRTTU, Tehran
27 Feb 2020

SuilSn o bl 3iiS Gaagd
G S 9 Plwlae
1398 o Losiciwl 8

dagdd 3D OuyS o LKy () g
L2y

.. 1 eolas T ; dp,a,H
[8] s5so oler (11) Sl oolinal b IS jobo 22 T2 (55 PEEL 9. (ppagushy)

Fisge = = Cise 1 (ug — w) X oty an & = V][aghg(VTp)] + (hgh — IyHg) ~ (6)

b Jhie Oyse 4wl T capd & Gl ol 5ludas 5o
=35y e sl eolaiul b mole 5 50 Lo )S JUl .l oo ax3 )5 ka0 0.05
5 JSaze 1y 0 gole Gidisz sz 50 ey Lo dplona * L35
o s e 5 8L sleyS 5l GBS mle lyr plmlr b S L
S g0 S (oo bz gle 3 L) 1)AS ale 5 ke, 5l (256 Lo S
wle)S Sl Ty B 1 (8,5l (g0 SBSS Gl o LS L]
[8] 55 s0 dumloes (12) b, 5 oolazasl b a5 sioli o axas] olools

p1 Gy
Qc = Asr T+7p (T — TV (12)
y*r(@)
A =1— A 5 (13)
ad
At = min (1‘[ ( 4_w) ,1) 14)

56 s (14) b, 0 8 5 sws sles Ty «(12) b, o
el oo a3 5 a0 T (610 2 ke 45wl oo ol
I8] 555 e umlne (15) alad 3l oolial b s 31 (30 sle S )L
Qe = 1ty heg (15)
IS Sailez blas j0 a8 ol glacls oy La My, b, ool o
[8] sl oas 00,51 (16) alolas ;o ,Lis ool (gabad ) 055 o

. 2d,
my, = pg§ ? A Ny f (16)

)5 0lses b oS salold g 35 o oz sl o gy 5 ol as be
abe o5 sloslail & alols cl Ll e 8 o 518 0 535 5 b oy Jlows
0 3929 olulr sl ,S JEnl Jlaw g 0)lg0 a5 S lgi cad 45
55 i oSl b ol o 1y U les b e 36 ol oe e (32
ol 1y aslios ojls 5 Jlow opl o Sl al o a8 ole)s Jlin]
S5m0l (17) alady 3l ool b lo 4L ol aialis 1,35 loy$
[8]

0w = (= JlamCorf ) ey — T a7

tc N 1P1Cp1 teTw 1

o £l 5lod | Jlaw 355 (slos Sl 0 30l gz oz 0
2 Jl glod cojlgas ar (le S L Jlosl b il oo eS¢ e jL28 5o
Wy oo ELGN Glos 4y Jlow sloo oS oS g il oo (il 6 jlgns (SGo 3
~alyz sl Ko o5 gl o)lges 45 e e ;5 sl 5 ool 3l yuies
Oz 5 ol S e S USD @ g9yd Wshioe 0ol (55
“eoEip g oud I bl s e Eal38 L 0gd oo 5T glatis
ol byl sloay 5 0ad laz ojles 5l anw; o 995 aion ojlul 4y oS
bl JBs Sl Na 398 Luly) jo a0 655 IS5 @ g958 6,500
Al ol Gialar (53T 5 Jld jals

4 Favre averaged drag force
5 Ranz- marshal

B Iy sy wUg g U g @) Py Py Yol pl (oled o
Sy ) 5B ez S e SB ez S Gl B S mle
il (4) dolae jo pg 5 (3) dolee jo y aiien Jlow ey 5 b
9 (5) aolas yo kg by Hg Hy il oo [0 56 5 b 5B Selus
@l sllsy s mle b S @bl b (T imle T (6) dles
S

5 9 (o 3)ls e 5B sl 5 a5 el (095 Fig ((3) dolee
9 d9s0 03l (Lad Fgp & j90 4y ) 56 4 mole 56 5l oud Jlosl (55,05
Fig =-Fg ool )13 blie galal) 955 99 onl G

3y ygoble gule ;0 5 90 o oy Jlanl Sl Ig <39 ©Yolas yo
A7) sl yobais 5l 56 a5 asly oo

_ haigTsup

fjg = ——% 7

Ig hfg

s 558 90 e boyS JEl o pd oy 4 Aip 5 (7)) dolas o

a oS col )b oy Saal Ty aniloe o wxly 5l 90 S e

J 55 e 5 o s o 0z sloclir IS o 5

heg «(8) asbas ;0 058 oo drnlone (8) dolae &jgo 4y g 358 0 433 )5
[17] ol olo 56 505 o slo )5 (sooamolis

Qe

g ®

ASe (g 3 )8 (o0 56 500 56 5 e (55l sz slaglh x> )

Slogys g by log s Jold bag i cnl S oo 3l 5B 93 (o oy
295 sl Joe 5158 50 o Ly oy sl sl 058 on Lay é
ST 5 0150 (6,8l T slog s Jalds Ly 1o (slog s ool

Iy

] =

.«A—AZL"LSA “ ;ﬁ-&aﬂ/" 9 :‘—‘
Slay Lwgio (59,5 Joo 8] 2y Babo (Sl (59,0 (sarmlne s
3Cpus Va,
Fpisp = " adgor (ug—w) = ©

5 @le 5B oS il pe ol Ly 5555 cap2 Cp (9) doles o
il 0031 51 ez S Ay o Suanl cosil sue 0y

ol aiS je0 oless T ol aS o)l hled oylgs (6, Sls, (59,
ol 00 dunlies [18] LT alsl 5l eoliul b pol> IS )0 9,5

P dp
& (CW1 — Cw1 7) Urzeln (10)

Fyan = ———
89yt (oo i oo Upe] 9 JUIS 01530 5 050e 510N ((10) alay jo

L Lift force
2 \Wall lubrication force

3 Turbulent dispersion force



2nd National Conference on Computational
and Experimental Mechanics, SRTTU, Tehran
27 Feb 2020

Su LS o gus | yiiS Gaagd
325 5 Sl

1398 o Lodiiw! 8

dagdd 3D OuyS o LKy () g

-4 ooy slaw 4 Ko ojle w1l g mhaw g 05 4 Siaily blis JE
e @Al sl ol (S ojlps pab )5 9l 5 gl (SWedy e 5,

‘@)‘)—" Juel LgLam.;ﬂ)é 3 sl asgomme Jolis (g &l Jlas! MT)S
sl 5 ol (Ger mhe jslre mlbe Y 0 (G calse Jels
i Llse & sz &)l Ji b 10 il o Jlw 5 ool
gl o Sly 9 Uidex gl el (sl (Sosdee s olo e
Syl (K Jbw
5 ol 5 a¥ySe pss 50 Jhw 2boS Colas oyl o5 Luil
21 e sl G Sl LSas e SLLE ples (550 Y S35
Oyl JUL S crge Wlgi e S (o0 Wl (idgxr o)l Jla
Jow 0 1y ety &l Jl S35 o525 (o w0 s
5 sl ogr slrals bols sleals 2l 6,k sleles LS
ghw 9) Udez o> Sd Gl Iy aedee Il Y95
Jbé bl g ools posi |y mhaw Oleogas woldl plo 4y Ol )3 ol aiiaii oo
cou |y l)dgl lawg o)l colas plply e oo (rals 1) oljais
59 O By OYLwgil idigr a5 G lgl go (e 220 o0 ) 8 glad]
mal ey (ol )S colae il sl sl ol sl aliEl gessay
gl 3lee (o ) (B0 )l Jsl palS g (Jlw Y95 5 2>
ol sl pljaies Jbd bli slass ol o 5 &l,3e6 alwy 4
00,5 ade _zals Jale y oiol38l Jole doiolej] 51 50 10 a8 sl sols
by S50 4 (s Ghaleyw s &z b ol il oo
q

= To—T, (26)

Sewday (VF D 55 5 (S0 2SI by o podel> 517 (5l Lo o5
SIb slod g lod (sl jgains sLos (puSles 51 Toy ) o (slos 3] o
Bl oo Sty (65,3 a3l90 3l ool b T o Jlows

h

Sl ) Sl S e Oyl JEl o Jloges 3 S
20 o i3 17500 ju0si, 50 Sl aly p pariagd] o Jlwsil 5 alls
il 33l &l JE oy e 4 gl S5 39381 b 05 e ssnline
Oz 095 o0 i & i SV Sl sl )ls o Gl cnl
Lo Gl L Al Ol sl o2 s Sl sln oo o e Ol s
e i3l Sl JE s o 5>

Sl Gl ) s, sae s Oyl JEH (g 5 Jlogei 4 IS
55 kwim? )l Lo 5o ol aly 2 pssiagl] aaST Jlowsils 5 alls
sl @)l Jal (o po caslagy jloges 5l as joblen s oo ol
Gien, sae ol b isren el 00,8 o ali8l Al Jlew @ s
il 428l 33l 532l e 4 ) U]

3 Jlwgil g T sl 1) (ol 5l e p jlad 2l loges 5 IS
wol a4 gl O3 0558l 45 0 o ealine amd o lis 17500 ja0sn,
Slr e s Al O Gly oo rizmen 955 o0 jlid il LI Case
sy 8l il Crge e Lo Ll bl

odd oolaiwl Yl ¢ ojlend (o2 galail, 51 Siailex bl JBs acule

[19] el
Na[m™2] = (185ATy,, [K])+8°5 (18)
drmlre SgziinsS 5 (Seingly 5l slalal; Gob Ol ulae kb
[20] 25 oo
dy, = min (0.6[mm] exp (_A:;%) , 1.4-[mm]) (19)

14 ) oTas o 5V 5 ol oo gl yseil O Gritigm sl alal, oyl
oy JsS salal, 5l oslatul b ol ilaz LulS 3 .ol (dpyy =mm
121] w2l e (20) o,

_ |4g(pr— pg)
f= ,73%[)1 (20)

ol 9058 laz o )lgs 5l ol G aSLI b oS oo Job a5 Slojy S
L aS 09l o0 onpel Gl laml flo ol ol 6 Hlea jo 6,500
[22] b o (21) aba, & jg0as (Swgols g J,S sk, 5l ool
0.8

tw= 7 (21

Jlwgili & bgryo bailg, -3-1
Hebay Ol aS il ol 5 8,8 (Jlew o @ld el Sl gsleand 6l
a5 e (Ses 5SS O ygody g dilodds bale Jw IS 0 CS1eSS

5 4k Jbw 2l 5l S husio b lgiee | Jmsll (ole> 0580
clale @ byl o a5 o)l cawsas (25) U (22) c¥olrs &0 0,346

[23] sl &l,356 oz

pnt = (1 — @)ps + @pp (22)

(pcp)nf =(1- <P)(PCp)f + q’(pcp)p (23)

% = 123(p2 +73p+1 (24)
f

knf _ 2

k_ =497¢p°+2.72¢ + 1 (25)
f

aly Jw 5 poeinsl] 2eST 50,350 (Sisidsa Sloogas 2 o
OLis 526lS 360 sled g yaanail 1 jLid o 1, Gaios ol o eoliiul 3,40
.\_\.‘bo‘sa

035l g ol (Susbses olys 2 Jgur
Table 2 Thermophysical properties of water and nanoparticle

AL 5559 S ooyl =l
o9 lo)S b
(kg/ ms) (kg G/kgk)  W/mK)
- 3880 773 36 S|
poimosl
0.00032 967 4205 0.6655
J




2nd National Conference on Computational
and Experimental Mechanics, SRTTU, Tehran
27 Feb 2020

¢

75

Experimental

B000

SuS LS oo i | ihS Gaogd
25 3 o L lae
dagdd 3D OuyS o LKy () g

L2y
1398 o Louiiw! 8

Experimental

7O

T T
—=— nanofluid
—&— pure water

65

B0+

85 -

a0+

a5

Pressure drop (pa)

40t

35+

30+

25 L L L L L L
12 14 16 18 20 22 24 26
Reynolds number *1 o?

Fig. 6 Variation of pressure drop of water and pressure drop with
Reynolds number

Jlwsib g ol gl ja0gm, sae b jlad cél ol s 6 JSb

gous gl —4-2
800 Jobo b ome iz 5 ) S5 a5 ool s dsiin (292 i 5o
0lisil b e yio oo 27 Loyl ylab g o oo 26 L5l b 5 s Lo
e SBgld Sl e 3 e g AL (GBRe 5 ey SeneT 3Bl 05
-l 3 87 (glod 1 a5 el Jlwwsil g o (615 s s ol (55l
50 — > Lo eogame 5 12500-25000 j0)sn, e egaze S
Sy os algd 3 )l5 70 kw/m?

b Lol grw a8)F O g0 Slsle plos o Zenl S5 4 03Y
150 575 (gosgamme 0 ¥ lime (5285 Sl 50 bojlps (oo ;0 4t
Glisin slop 5 53lolme 3 oins & ool Slanliss ol e 5
sl Jaw calio Gl LS jo ¢ glawe SYolas ;o jidy ¢ alals 5l el
< eie gl s e ST ettt S ol 5 oy eyl Ui
22l 1074 a5y 5l Gadigz Jald (536 50 Gl s sl

Sl iln Gl S ol Sl oy Jloges 7 S5
w0 go (L 17500 505t po T el 2 poeiosll 9T Jlomssili 5 (ol
el I3 JET 5 o a0 5 5 58 b 535 e oali
Legalls o Gl mo g Jlwgil sl o0 w00 o (i @l izpan ool
e G Sl Jl 5 g L T

Sl Gl ) s, sae o &)l JUEl g o Jlogei 8 IS
55 KW/m? (), L 55 ol 2 paeieasl] oSl Jloaslh 5 alls
Jlogils )l JUESl gy el Jloged 5l as jsbples aas oo plis
Vg sae RIBIL eizmen Sl 008 Iy (B AL Jlew 4 S
Szl laie 4 Yl pan j0 g cull Y a0 o)l Jll oy o
sl iy iyl

3 gl 5 T 6l 1) (G5l HLs e jlad il Jlogei 9 S
ol ay gl @l g8l aS 858 e oadline a2 o i 17500 j0)e0,
Slr oo s Al Sl Gly oo Grizmen 35800 JLid SO (Ll e
Do jLad S8l alS cage (5l L (Rl Ll

5800

—&— nanofluid
—S— pure water

5600

B B th M N
D oD O KB
o o o o o
& & o g o

Heat transfer coefficienturk)

4400

4200

L
52 o4 56 o8 B0 B2 B4 315} 68 70
Heat flux (kw.fmz)

4000 L L .
50

Fig. 3 Variation of heat transfer coefficient of water and nanofluid with
heat flux

Tl 5 T sl ()l Lo b oyl Jimil o o St 3 S

Experimental
5000 T T

—&— nanofluid
4900 L —&— pure water i

= I £
@ =~ @
s} =] s}
a =] a
T T T
I L L

.
m
o
=]
T
L

Heat trangfer coefficientwintk)

4400 - B

4300 L L L L L L
12 14 16 15 20 22 24 26

Reynolds number =10°

Fig. 4 Variation of heat transfer coefficient of water and nanofluid with
Reynolds number

Tl g ol sl 3l 0 b ol JEl o po Slyeis 4SS0
3 Jlaogil g T slp 1 5lg; s0e s  jlad 2l loges 6 S
$b Slyd o958l G b cpl jo amose olid 55 kw/m? Sl s

Hlid el Gadgny sae iuli8l b iores el o HLid <8l ]38l g
ol a8l 53l

Experimental

B
=

—&— nanofluid
—S— pure water

.
o
T

.
n
T

=
=
T

.
[}
T

Pressure drop (pa)
o
i)
1

et

Fils

3

a L L L L . . . L L
a0 52 54 a6 a8 B0 B2 B4 B6 [=i=) 70
Heat flux (kw!m2)

Fig. 5 Variation of pressure drop of water and nanofluid with heat flux
Jlwsib g o (sl Sl sl b jlad cdl ol s 5 sl



2nd National Conference on Computational Sl o gl pidS a0y
and Experimental Mechanics, SRTTU, Tehran =y g S lwleas
27 Feb 2020 G dagdd 3D OuyS o LKy () g
L2y

1398 o Loidw! 8

2 Jlmsil s ST sln 1y 5adsi; e oz jLad 21 Jlo5ai 10 IS =00 Numerical

—&— nanofluid
—&— pure water

36 s og3l il opl e s e lis 55 kw/m? g )l,> L .

Hlid cdl Gadany sae iuli8l b yioras Ll ol jlid .l il 8l Coge -

el il il

S5 A -5
5 oAl O lad cdl g o)l il oo alie Gaios ul 5l Gas
oz 2253 g gl 20 D13 e b ol b poriregll apnST Jlowgil
G 5 (275 g e o9dle Sl Bsr (b )0 9,0 0.05
Mgty o5 b 5l 5 ol AEELGT e S slite a0y

. = = n
B ] il ]
=] ] = =
o =1 =1 =1

Heat transfer coefficientlw/mek

4200

4000

S 00,90 1y Liulejl slasls k5 52 54 &6 & @ 52 6 8 6@ 70

3800 L L .

2
o, T cilu a3 87 (659,50 s y90ke (5lod g yawedl JLid o la yioles] Haat flux (ki)
P 420087 59905 0y 05 Sl 9 ST TR Fig. 7 Variation of heat transfer coefficient of water and nanofluid with

A plodil alies 3yl slo L g j0sn ) slael jo g heat flux
SVl Seslind SIS a4 iolosl Lyl g dwasis (gload b o Juwsib 5 T slp &) Lo b ol JESl cu po Sl pess T Y50
sl o (S Langie S¥olas S gz e Sloe 5 (snlons

Nurnerical
4800

950 Laulg, JUS 0 alflaz & yg0a 51 50 (6l o bl oy o S gl | | | | | I
51 ol ol b ool sty olis (idiem oty ciogs S 5L 47””'@,’49/9/ |
RO SSWRGY ‘5:)23 —&— nanofluid T
—&— pure water

ol 00s 4ME 15 O g0t odal Cavsdy s

.
@
o
=1

.

im

=]

=1
L

JESN coyo il Jlw 4 66 &3 0938l b oy 5 0 @

=

=

o

=1
1

8l Gl ae 0 13 6 o)l >

o

jin]

=]

=1
1

Heat transfer coefficientfwirtk)

8l Gl sl Jlo & 5 S5 ol o8 S 5 @

a0y 8 Sl olee 4 Lad 420“'/#@%‘%—% ]
2oy0 12 Jlwgl o)l JEl oo (oo ilo 4l )0 @

4100 L L L L L L
;,‘BL\ u“-’|J3| 4.’[.’ JL....; @ S 12 14 16 14 20 22 24 26
. Reynolds number *10%

bal Jlw & Cond Jlowgilb jlid cdligone g3l 4l o @ Fig. 8 Variation of heat transfer coefficient of water and nanofluid with

Reynolds number

A dzlge g, 5 ol i
sl s ST sl jlsis; sas b ol JEl o ol pis 8 S50

Murnerical
75 T T T T T T Murnerical
—=— nanofluid 45 T T T
il e |
—&— pure water
65 44 ]
B0 1
Esst — 43
3 =
e 0F 1 g
E )
g a5r 1 z
o 2
0+ R =
St
B 1
0r b 40
25 . . . ‘
12 14 16 18 0 2 24 26
. a9 . ‘ : . . . . . .
Reynolds number "10° 50 52 54 BB 53 B0 B2 B4 BB BB 7D
Heat flux (kw.frn2)
Fig. 10 Variation of pressure drop of water and nanofluid with
Reynolds number Fig. 9 Variation of pressure drop of water and nanofluid with heat flux
sl 5 OF sl jodyin; sae b Led cdl ol i 10 g Sl 5 T sl 5> HLa b jLed il ol s 9 Js



2nd National Conference on Computational
and Experimental Mechanics, SRTTU, Tehran
27 Feb 2020

SuilSn o bl 3iiS Gaagd
G S 9 Plwlae
1398 o Losiciwl 8

dagdd 3D OuyS o LKy () g
L2y

) g P

G b s O

(o) o) 3139 0 0 Jlii Sial T
(G2) () 3 39 o o JUitl Sl T

Lo 9539
Fyo oly>  eff
S b 8
sl 1
U"'i‘l"" avg
bt 0f
&zlye =7

[1] S. G.Kandlikar, Development of a flow boiling map for subcooled
and saturated flow boiling of different fluids inside circular tubes,
Journal of Heat Transfer, VVol. 113, No.1, pp. 190-200, 1991.

[2] A.Gupta, J. S. Saini, H. K. Varma, Boiling heat transfer in small
horizontal tube bundles at low cross-flow velocities, International
Journal of Heat And Mass Transfer, Vol. 38 , No. 4 , pp. 599-605,
1995.

[3] S. Kumar, B. Mohanty, S. C. Gupta, Boiling heat transfer from a
vertical row of horizontal tubes, International Journal of Heat And
Mass Transfer ,Vol. 45, No. 18, pp. 3857-3864, 2002.

[4] G. Ribatski, M. José, J. Saiz, E. Fockink, D. Silva, Modeling and
experimental study of nucleate boiling on a vertical array of
horizontal plain tubes, Experimental Thermal and Fluid Science ,
Vol. 32 ,No. 8, pp.1530-1537, 2008.

[5] A.K. Sadaghiani, A. Kosar, Numerical and experimental
investigation on the effects of diameter and length on high mass flux
subcooled flow boiling in horizontal microtube, International
Journal of Heat and Mass Transfer, VVol. 92, No. 1, pp. 824-37, 2016.

[6] G. Tryggvason, A. Esmaeeli, N. Al-Rawahi, Direct numerical
simulations of flows with phase change, Computers & structures,
Vol. 83, No. 6 , pp.445-453, 2005.

[7] E. Chen, Y. Li, X. Cheng, L. Wang, Modeling of low-pressure
subcooled boiling flow of water via the homogeneous MUSIG
approach, Nuclear Engineering and Design , Vol. 239, No. 10, pp.
1733-1743, 2009.

[8] E. Krepper, B. Konéar, Y. Egorov, CFD modelling of subcooled
boiling—concept, validation and application to fuel assembly design,
Nuclear Engineering and Design, Vol. 237, No. 7, pp. 716-731,
2007.

[9] H. Aminfar, M. Mohammadpourfard, R. Maroofiazar, Numerical
study of non — uniform magnetic fields effects on subcooled
nanofluid flow boiling, Progress in Nuclear Energy, Vol. 74, pp. 232
— 241, 2014.

[10] M. Boudouh, H. Louhalia Gualous, M. De Labacheleria, Local
convective boiling heat transfer and pressure drop of nanofluid in
narrow rectangular channels, Applied Thermal Engineering Vol. 30,
pp. 2619 — 2631, 2010.

[11] K. Henderson, Y. G. Park, L. Liu, A. M. Jacobi, Flow-boiling heat
transfer of R-134a — based nanofluids in a horizontal tube,
International Journal of Heat and Mass Transfer, Vol. 53, pp. 944 —
951, 2010.

[12] L. Xu, J. Xu, Nanofluid stabilizes and enhances convective boiling
heat transfer in a single microchannel, International Journal of Heat
and Mass Transfer, Vol. 55, pp. 5673-5686, 2012.

[13] E. Abedini, A. Behzadmehr, S. M. H. Sarvari, S. H. Mansouri,
Numerical investigation of subcooled flow boiling of a nanofluid,
International Journal of Thermal Science, Vol. 64, pp. 232 — 239,
2013.

(8998 (Silw ad g (2,75 I 5l o] Cewdds bl awslis b @

59,00 3525 odel Cewdds gl (p (o255 HillaT 4 Al jatuise
el Cdts 30,0 T B2y (5038 5 (02,28 @l s DS

e Caw o8 -6

04 o oy ol b oS aaw 5l s A
(i) oz g 56 90 S i mhas
(k;—K) wbos cws b Cp
(kgLK) ol oS i Cw

(m) ks d

(M) Jlw J31s ,5 ol ks dp
(M) s 55, 5 P> inlozr jhé dw
(N) cmle 69, 250 G5 o2 2 69, Flg
(N) B s, 2 mle 555 o 2 59,0 Fal

(Hz) ol plas s f

(Sﬂz) owlsobs g

@) et

(o3) 36 50 o sloyS Jinl gy B
() s ol slos g

(%) b, bl k

(kg) oz ™

(m™) alyr blis Jz N
N .
G s P

(22) b 0oy 5o szl ol sl s Jlaml Qe
() o 32y 5 s J 25 slo g Jil - Qe
() g 05 53 138 il sle s Jlal - Qre
ORI
BV STRRRETRpIRT Re
(K) Tsat = Ty Jlow 35 593k slos Tsub
Kybs T
(K) T = Taat oo 5 Gsilo slos Toup
(K) oo slos  Tw
(K) Jlw S slos T

() ol  E
() e pm
oyl 5l amy o alold y*
g pdle

(Pa.s) Swluo ey W
)l’uusw)‘“‘s a



2nd National Conference on Computational
and Experimental Mechanics, SRTTU, Tehran
27 Feb 2020

S (oo ) S Gaegd

S 9 Plwlae

dagdd 3D OuyS o LKy () g
L2y

1398 o Lotiiw!l 8

[14] A. A. Chehade, H. L. Gualous, S. L. Masson, F. Fardoun, A. Besq,
Boiling local heat transfer enhancement in minichannels using
nanofluids, Springer open Journal, Nanoscale Research Letters, pp.

8-130, 2013.

[15] T. Lee, J. H. Lee, Y. H. Jeong, Flow boiling critical heat flux
characteristics of magnetic nanofluid at atmospheric pressure and
low mass flux conditions, International Journal of Heat and Mass
Transfer, Vol. 56, No. 1, pp. 101-106, 2013.

[16] Wamg, X.Q. and A.S. Mujumdar, Heat transfer characteristics of
nanofluids; a review. International Journal of Thermal Sciences, pp.

1-19, 2007.

[17] S.C.P. Cheung, S. Vahaji, G.H. Yeoh, J.Y. Tu, Modeling subcooled
flow boiling in vertical channels at low pressures—Part 1:
Assessment of empirical correlations, International Journal of Heat
and Mass Transfer, Vol. 75, pp. 736-753, 2014.

[18] S. P. Antal, R. T. Lahey JR, J. E. Flaherty, Analysis of phase
distribution in fully developed laminar bubbly two — phase flow,
International Journal of Multiphase Flow, Vol. 17, No. 5, pp. 635652,

1991.

[19] M. Lemmert, J. M. Chawla, Influence of flow velocity on surface
boiling heat transfer coefficient, Heat Transfer in Boiling, pp.237-
247, 1977.

[20] V. 1. Tolubinsky, D. M. Kostanchuk, Vapour bubbles growth rate
and heat transfer intensity at subcooled water boiling, Proceedings
of the 4th international heat transfer conference, Vol. 5. 1970.

[21] Cole, Robert, A photographic study of pool boiling in the region of
the critical heat flux, AIChE Journal, Vol. 6, No. 4, pp. 533-538,

1960.

[22] N. Kurul, M. Z. Podowski, On the modeling of
multidimensionalffects in boiling channels, Proceedings of the 27th
national heat transfer conference, pp. 301-314 1991.

[23] M. Akbari, N. Galanis, A. Behzadmehr, Comparative assessment of
single and two-phase models for numerical studies of nanofluid
turbulent forced convection, International Journal of Heat and Fluid
Flow, Vol. 37, pp. 136- 146, 2012.



