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ABSTRACT: The main objective of this paper is to investigate the effects of the orientation of
heater and cooler on the mass flow rate and temperature distribution in a natural circulation loop. The
governing equations of the natural circulation loop — mass conservation, momentum, and energy- are
written in the non-dimensional form. Cu-Water nanofluids considered as the working fluid and the effect
of nanoparticles percentage on mass flow rate is investigated. Also, the effects of other parameters such
as pipe diameter, height of the loop, loop inclination angle and the heater power on the mass flow rate
of the loop and temperature distribution are investigated. The results show the mass flow rate increases
43% when the diameter of pipes increases 20% for all orientations of the heater and cooler. For heater
power 50 W, the mass flow rate increases 12.8% almost, when the percentage of nanoparticles increases
2%. The mass flow rate increases 22.4% almost as the power heater increases from 20 W to 30 W (50
% increasing) for all orientations. For heater power 20 W and 2% nanoparticles, the temperature at the
end of heater (hot leg) for horizontal heater and horizontal cooler and vertical heater and vertical cooler
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is 34 °C, and 97 °C, respectively.

1- Introduction

A simple rectangular Natural Circulation Loop (NCL)
consists of a heater, a cooler, cold leg and a hot leg. The
main aim of NCLs is heat transfer from a heat source to a
heat sink without using a mechanical pump. NCL is used
in various energy systems, such as solar heaters, nuclear
reactors, geothermal power production, and engine and
computer cooling. The capability of heat transfer depends on
the mass flow rate in an NCL that the latter is a function of
cooler and heater orientations. In a rectangular NCL, there
are four orientations for the heater and cooler that are [1]:
(1) Horizontal Heater and Horizontal Cooler (HHHC), (2)
Horizontal Heater and Vertical Cooler (HHVC), (3) Vertical
Heater and Horizontal Cooler (VHHC) and (4) Vertical
Heater and Vertical Cooler (VHVC). Fig. 1 shows the
schematic of four orientations. Vijayan et al. [2] obtained the
steady state mass flow rate as a function of just one similarity
group. In 2002, the effect of loop diameter on the stability
of single phase natural circulation in rectangular loops was
investigated by Vijayan [3]. An experimental investigation of
single-phase natural circulation behavior in a rectangular loop
with AI203 nanofluids was performed by Nayak et al [4].
In 2011, a generalized flow equation was proposed for cases
where a single friction law is not applicable for the entire
loop by Swapnalee and Vijayan [5]. The proposed equation is
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tested with experimental data generated in a uniform diameter
rectangular loop and is found to be in good agreement. In
2018, Seyyedi et al. [6] studied the behavior of a rectangular
natural circulation loop at steady state. They considered
HHHC orientation for loop and investigated the effects active
parameters on the mass flow rate and temperature of fluid. In
2019, the behavior of a rectangular natural circulation loop
was analyzed experimentally and numerically by Seyyedi et
al. [7] and Hashemi-Tilehnoee et al. [8]. The type of their
loop was HHHC and pure water was considered as working
fluid. In the present work, a rectangular single-phase natural
circulation mini-loop is considered and the effects of heater
and cooler orientations are investigated on the steady state
mass flow rate and the steady state fluid temperature. Cu-
Water nanofluid is considered as the working fluid and the
influences of active parameters such as heater power, diameter
of tube, the height of loop, nanoparticle volume fraction and
0 on are investigated.

2- Governing Equations
The non-dimensional form of governing equations
(momentum and energy) can be written as follows [7]:

do _Gry oy PLO” (1)
dr  Rel 2DRe’,
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Fig. 1. Schematic view of natural circulation loop with different
orientation
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3- Results and Discussion

Fig. 2 presents the steady state mass flow rate versus the heater
power for three values of volume fraction of nanoparticles
for HHHC orientation. The figure shows that the mass flow
rate increases as the nanoparticle volume fraction increases
for each value of heater power. For example, the mass flow
rate increases 12.8% when the nanoparticle volume fraction
increases from 0 to 2% for heater power 50 W.
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Fig. 2. Mass flow rate versus heater power for three different
values of nanoparticle volume fractions

Fig. 3 demonstrates the steady state mass flow rate at three
values of heater power for different orientations of heater and
cooler. The figure shows that the mass flow rate for HHHC
is more than other orientations and VHVC is less than other
orientations for each heater power. Also, the mass flow rate
ascends with increasing the heater power. For example, the
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mass flow rate increases 22.4% as power heater increases
from 20 W to 30 W for all orientations.
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Fig. 3. Mass flow rate at different heater powers for all orientations

Fig. 4 shows the effects of loop diameter on the mass flow
rate for all orientations. The figure shows that the mass flow
rate increases 43.47%, 41.59%, 43.62% and 43.84% for
HHHC, HHVC, VHHC, and VHVC, respectively when loop
diameter increases from 5 mm to 6 mm.
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Fig. 4. Mass flow rate at different diameters for all orientations

Fig. 5 illustrates the nanofluid temperature along the loop
for all orientations. For a constant location of the loop,
the nanofluid temperature for VHVC is more than other
orientations and HHHC is less than other orientations. For
example, the nanofluid temperature at the end of heater is
31°C and 97°C for HHHC and VHVC, respectively.

4- Conclusion

In the present work, the performance of a rectangular natural
circulation mini loop was investigated. The working fluid was
selected Cu-water and the effects of active parameters such
as hater power, and loop diameter was studied on the mass
flow rate and nanofluid temperature. The results show that
for heater power S0W, the mass flow rate increases 12.8%
almost when the percentage of nanoparticles increases 2%.
Also the results show the mass flow rate increases 43% when
the diameter of pipes increases 20% for all orientations of the
heater and cooler.
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Fig. 5. Temperature distribution at Qh =20W for different

orientations
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different orientation

ans e olis el
A5 9 Fer xS Je s slayeST) glsil o
sho)l £8 S ol gy 5T, o Jlte plste ool Sglice
Sile dr = (owgy £95 50 5 S350 J5S - (090 yiuo £l e
2 Geiod adl.coul (B oS — (090 yim g4 5l - et 5955,
g oo o Slas glge ;0 (anb (152 Coale 58 @ )
Sla b Logas 5 Syman 5551 a5 sy9iST, 5 (5 ksl
sodle G alols jo el S Jo ) st 5 Wee (Sl
YT gy YISl (e G Kameh (sodho 199+ B VAV
s a1y b olrals sla e p WSl SYolas [F] Gy >
Olsie 41y Ll b o ey 0 (0] llSen 5 lhlryg o
b [FT hlng syl s & a9 09,5 S0 5l (a5
390 2Bialel 5 (Lo Sjgo ) b Slralr oo SO
elal Jae ok V] Kes g SLL sl 13 addlas
Syge 4 |y portrad] wnST Jlw 5 g5l g piline (rmb
g Wlie YVY Jlo jo ol 18 asdllas 0,50 aBislej]
a1 Jlwgils 1 oy 4 (2EaslejT &g [A] ] SCen

¥Yeg



FYVE B YY Y Glio TR Jlo ) o)l @Y 0593 « S yual Silo owigen 4 il

Sl ol e s Gty Saol g po Sl (e E,
S lohagh il )0 eizmen aibge Zusal o b > (sl
Sz 3l 3j5n 50 5 Sl 00y (Bl £ 51 55 5 yiam 65 )
oS Sloj oy 4 el s plnil (chagh oS g e 0518
3 03,8 Sl Jlw 6b 5 Jele Jlw 5 08l 65 5lkie e
Sl allas s oS im0y SYolae 5l 0alizul b ol g},
Aoy oS8 A s jlae o asgly lawe glay o glealg) Jlad
lpolae po les @3g8 5 (0> (295 Sy 2 SeB Ul 50,0 5L
WS (oo oy 2 b plralr e S s L Sl Lals

Dygo & ey Oliind & Sond ol gk slagssly
51 a5 )Le asds>

Syl cojae b adje 4isiS clajingly 4o -l
5,8 0 ol s 0y50 Hlas cwdis Slasie Years
Slasin i Sl Gols sy (0 a5 Jise ;0 Cwl 0dd
DyS oo ) B wyp dy5e (Glae glasl g ylad aisle) (cwase

@ 2 J559 Fer 6x5 R Sax Pl el Gagh - o
V8] ezl 0 a5 Jlo 50 00,5 o g Sl slod 5 052
Wloads a3 8 i o sl JeSy ym [V

Ay ool Ol = us Sl 536 Jsle Jlow ool (tg3 50 -2
V8] ezl 5o (Jg 05ticn gm sl 585 2 Sl 9L ao o
delne 0 bgs yo S¥0les ol b .l 009 O ole Jlow [V
30 5 e a8lal Jlew ol olg>

ool o a5 ol SarsS e slasl o3l ol gy 45—
V3] g2l o (Jg gbige 4US ()5l o) b )]

sl Sy3 e slal o3lst [¥Y

Sl oYole Y
lal lae SO 6lp 655l g piege oy sl SYolee

o 56 5285 a5 50 b gom So o153 R e LSS b
Fl el oaal (M) b (V) @¥olae 4o sy 4y Jole Jlow lsie &

Dag

om
0 \
0Os o

.2
L, dn S (L ), m
- - n'dz _ N (Y)
TR 2D pyA>

¥veo

Sy 9 05 ol e b (orpe abiine S (9,0 wkS] ol
Sl byl goae D50 4 Ol goges ool 9, az
oo b Jlw oy bapl ad oy p DAL oS 5 00l;
3 $b oz S g los i 1) Jwgib il 5 (55> Colia
Jedos @ VAl sl g o YA Jlo jo as 5 s o
o o]z, LL a0 b obals lae SO LS,
@ 2 NS b oyl 1y axs S L s w1, JsS
sladasie TN Jlo 00005 (wyp |y Jlw glos g (o>
Loy 6)pliw JSG Jhine olral> jlae S o)l > Jl]
Sl o] o owyp 2Eale] &g w0 [Ye] ol Sn 5 Kix
@S Gimes Lol s Sl s el Jbw Olsie 1) e
Sl 2Ll e Slaslre OV Sl (g5l 4l
ata Ly, g siliee Jhe 45 aziils ol lapy] is,S anylie
A55 5 Bl e g5 5l ol anlllas 3550 Jlae o)l ()l 4 oo
ENES SRS | A ) AN OVNPEPRVINIA SO L I WV £ |
S8l yup £ 5l b bl e S Llos 4 alRalesl
2 Al Sllegl Gragsy o Jele Sl wisloyy (81158
oz 5l o 35 5 S5 slayie)b 5l )l Sl al axd S ks
NN Jlo 50 0,5 (e p 1y S 9 5 O og oslEb
lal e SO gildae 4 [YY] ) 5ke 5 o9 als odla
Ay Csld gy slaaST S8 o)Ll e b (b
Ol 9t 4 B Glaiagy 2 ise [YYIA] @2l o
sl)lhe 55, » 1) 993 Dlidiod (e 5l (g ke el 00
L slapiuss 5l 9 wilos S Bshane S5 ol b (ol olrasl>
el Como S _alfin ailoas B (i siliie) SsS sla
e oS olul bl 4 S s il 098 o0 (69l
OO S5 6Pl Hlae Sy 3 aatiin gl il 5SS
Gllae ol S5 Sl b Glaptns 4 Cond e sladly) L
(P23l sla 53 Logasee) 393 sn oalive gl o 43 azsl
Joe 5 e ol sl e V3 a8 e yld ST Yaane
Bl 5l 6 )yplins lojlae dasin 0gd oo Cgmie ) pliine
2 ok oo pll (ol gleaasie 5 5o Sles sl
Sl all s wlod s (oSl SYoles Ll 5l el o ales

A ol Lol o s 0925 (5,55l o 9 5 ol bl oy



FIVE BV Y Glio YR Jlo ) oylad @Y 6)53 S prol Sl untiges 4y

L
L—’for heater (0<S <S,, )

h
%+Z—’w%= 0 for pipes (S, <S <§,, and S, <S§ <§,) @
—St,,0 for cooler (S,, <S <S8, )
DA 58] s ) 5 (0) Ly, yo a5
' c UL
Re= mD ;Pr:'u"f PNy = —L; St = UA,;
Hoy 4 by K Conh
4Nu 2B, D’ py O H cosa )
St, = ;Gr, = 3
RessPr A:unfcpnf

adl> Clis Gl (V) aal) jo a5 0ad SO b aSS

20,5 wal8 e

Jlow 936 (ol dnlons -7

S a4y s 5 alls (V) 5 (V) Lasly, 5o a8 Jhw 56 ol
i dpsloes L 5 als,

980 drle (A) abaly Loyt Jlow 5iU S

pn/ :pf (1_¢)+pv¢ (A)

g A Py Progcwled gl ws e P N akl, o a5
Sz 2Bl (e Ll 59) 0,8 5 S 5 O JBs
ol oo 5 [VF] aSi oo b Jlw b (Seolio
s e BB [YF] S5 psilion Joe bawss o] 5,1~
Wigdse 03l HLas (V+) 5 () leakal) jo o5 4y oS

_;

Hy = ( ) )
hup _ kg +(m =)k —(m —1)g(k, —k, )
k, ey +(m —1)kf +¢(k, —k,) )

el 0,3 gl IS Sloaims slasm sl o(Ve) akaly yo

Ui G g e blal coyo cohy ol )S cud b
dolee (WYY B (VY) Laily, bawg cody & Jlw o6 ole)S

:.).;o)fsa
(pC,), =(pC,), (1=9)+(pC,) ¢ v
(B),, =(pB), (1-¢)+(pB), ¢ aY)

4 for heater (0<s <s, )
or , n or _ DACom ™)
—+————=1<0 forpipes (s, <s <s,, ands, <s <L, )
Ot Ap0 ds
W (T T, )for cooler (s, <s <s, )
D poC pny

(slome DB a5 el e IS ge Jsbo (Lo ), « (V) alad 5o
Foo Job g Jlaid o e ST 51 ST 05l e lo 41,
gl Al gl el (b plrale e () Jsb b ol
o be bayls s oles s allis J> 9 SYolss

Dedse 2R S5 Bl (b -

Dgb oo (2,8 Ay jemme L) ;o g gom SO b -

Bedhee (B CSESy e o Ayl ahate mlan -

Kgdoo 22 Ble s g yue Job > ladly) ples -

dgdige opb i (T) Js8 30 oSS Jlw slos -

Dedise 28 Lol e o gl L -

Sire L) ead Plal gmbial sae (5550 Ll pd Jlosl o -
(o S (S0 byh) oad ol 1S dae 5 (oS o
gl S Wb

ST 5 g 9me calan 15 () alyl, g5l dolee 4 -
ol oas Hlaid o 55Sas

OO Suplie Jo 4 il ragh jo Sl S5 LB)
Said o jeSuny S
Sy vae (309 ml S @ s Solan I e 0ged
(0gd oo b o - Jil p due ;0 sulen ) due o palol>—

ax e 2 syl ey bos5yl g pitege Y olae

Olgss oyl col a1 L= law

g g0
T-T
a):_i;ez o ;rzt—;S:iandZ:i 9
m (AT, )SS t H H
o ool b asbser, =V py /iy, (F) abal, o

IS o(F) adaly jo oo &l am e sla el )b g 'S e
4 () 5 ) kly) ©yge & 55l 5 piege SYslas dny o

do Grm
dr Re

p Lt w2—b
2DRe”.

—5-$0d. ®)

1 Boussinesq approximation

AL



FYVE B YY Y Glio TR Jlo ) o)l @Y 0593 « S yual Silo owigen 4 il

iyl (Vo) abaly jo oS
I, =$0,dz v

@ (S crmb plraly e gl (M) alal) 2l Slo
L lade 3l las (lgiee a5 o) oS 5 yim (6505,18 o
Lo Cawd 4 (YO) b (YY) sloalal, ;| calises slacdl> sy
Ivol

w2l (Hl JJeS g (B8l e sl (D

Iss JHHHC — 1 AAD)

e2)ld gogee JoS g (B8l e (sl ()

L 1 Ly L
I mnve T 5L +§3—ﬁ YY)
1_e , m
ls Bl IsS g (goges yio sl (@)
L,+0.5L
I vimc =% ")
0,0 (6050 JoS g (g0ges s (5l (D)
L Fale X 05L, +L,—L,—L, /S
ISS,VHVC :Fc{e L —IJ +——h i 1_1_12 AL Yo)
238,58 (o953l 23 Dype 4 (V0) alal) cnlpls
L -
2 36
Re,, = [G—FIJ =C [Gr’” J (¥%)
PNg G
L] au s o yo a8
L i
Ng=2to=| 21 | o (V)
D p 3-b

ozl polie el Cgpme by abal, 4 (V8) alal,
(pbMia 5,138 oyl by m3) g9 4 (YY) al, 0 b 5 p
7] wgis oo oolitul 35
-b

_ P _po
4 _Reb - Re® A

SS

Sk 50 (65,80 sl alaly sleolatwl b yie w50 (sled S

FYey

k.
of S QAD)
’ (pcl’)nf

LL <> Jo-F

ool 13 S plp b wlgoo Ll S Jo bk gl 22 L

Slyeds 310 )13 jho (olae (izmed g S (g (02 (23 E

9 g S¥olre 13 ax (g sled 5 a3 0 @20 S
2] Caws 4 (55,

w=1,do/dtr=00/0r=0 (\H

oy 2o le ((F) dolee) 6550 dolas 5l oslanl b opl ol

4 a5 anloe Cund & JsS 5 e 0 aw e sbes @y sl
loads oolo QL......! (\9) 9 (\(b) SYolro o w.i).i

H
[0, (5], =(8), +2s O
Ss S Lh
[0.(5)], =(6) exp(srmHS"’L—‘Sj 0%
s sS ‘

clagles iy a (), g (0)y «(19) 5 (V0) Lag, o
SYolee 5l 5 a5 awlly oo 0,5 90y Caoms (Slog 3l S (g
il oo Caws 4 (VA) 5 (VY)

-1

(6,),=|e ™ -1 Ov)
-St,, L. -
(6 ), =|1=¢ © an

A oy sles BMSTLL cll> > j0 05l az gy ol Ll

w2l VA 5 V) Ll a4 azgi b (im
(0 ), =(6:),, =1 09

oles O jg0 45 ((Q) Aolrs) pitoge alolro 5l LU Il >

Db oo (V4)

1

3-b
ISSJ )

=

Q

Il

|

Q

>
=l



FIVE BV Y Glio YR Jlo ) oylad @Y 6)53 S prol Sl untiges 4y

035 93l 9 O (K58 9055 (olg5 Y Jour
Table 2. Thermo-physical properties of pure water and
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Table 3: The values of nanoparticle shaping factor
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Table 1. Geometrical specification of the NCL

Sl lade Sl el
HHHC | HHVC | VHHC | VHVC
I I I N D (mm)
Y.. Y. Y.. Y. W (mm)
Yo Yo Yo Y- H (mm)
VY- VY- VY- \We | Ly (mm)
e e e We | L, (mm)
f- f 50 #0 | L; (mm)
o v o Y- | Ly (mm)
o \ o Y- | Ls(mm)
f- f 50 #0 | Ly(mm)
(7
% % % q L: (mm)
(A1), = (0

TS )y 9 Sy -0
o aYolee Jo g ormb sloals o Jdow 6l
Sl oad atdg e oy aelip Jame 10 (5 genslS 05 L

o o 3o Al s ol 00 casy p cilisis (gl szl
(55l Glajlae o sl SBhol oyl el lae LG
aboly 2 b 3P eyl polie calpln 5 cosl ol 0l > y?"-’“’
b s P sloyiol polie) il o) 5 8F ply s 4 (TA)
Ohgide 0Ly sl s /VF G VYFY i cos 5 a8 ol
&z o e Sldyz gl (aidlgo + /YD 5 +/YVF plp iy
4L cdl> o 6T b > 6lp (YA) abal) cpl ol o |, [val

139,50 (smshil n) S)ge

64
= Y.
f Ro )

§S

] dslore BB 5 O jgo a4 soin ) agie
v-— % )
7DL AT,

2 ey O30 Sojlae owiis adgl polie ) IS 4 axgi b

1  MATLAB

FYeA



FYYE B PV ¥ Sloio AYAR Lo ) oylos DY 053 ¢5usS pool Kl susigen 4l

Q=780 W and 8%, =2

T T

o D=225mm

2 ¢ D=300mm

O D=375mm
D =225 mm

Ref [19])
Ref.[19]) B
Ref [19])

Presenlwork)
Presenlwork) |

Presentwork)

D =300 mm
——D =37T5mm

(<)

0.02 T T
O $=0% and Ref [7]
B $=03% and Ref. [7]
ooial P ¢=1%andRef [7] z ]
@ 6=2% andRef [7]
©  $=0% and Present work :
0016 kL O  $=0.3 % and Present waork ‘ ]
—_ -4 ¢=1 % and Present wark I
e ¢ $=2% and Present work * k
E, 8
L0014 - ; I 4
: 3
& g 8
0012 - E B
8
L
0.0 F B
5}
5] . . . ‘
. DDEEEI 100 150 200 250 300 3580
Qn (W)
()

e Job 30 Jlow (slod 22598 1 [V] 2250 (0) 5 bl cllo (02 (20 Ol 512 [V] 22 po (I L pilo gy oo st 1Y IS
Fig. 2. Validation of present work with (a) Ref. [7] for variations of steady state mass flow rate (b) Ref. [19] for

fluid temperature distribution along the loop
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Fig. 3. (a) Schematic of experimental loop, (b) comparison between the results of present work with experimental results
and Ref. [21] for fluid temperature distribution along the loop
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Fig. 4. (a) Mass flow rate versus heater power for three different values of nanoparticles volume fraction (b) Re,, versus

Gr,, / N atdifferent values of heater powers and nanoparticle volume fractions
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Fig. 5. (a) Mass flow rate in different heater powers and diameters for HHHC (b) Re  versus Gr, /N, at different
values of heater powers and diameters
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Fig. 7. (a) Mass flow rate at different heater powers for all orientations (b) Re,, versus Gr, /N, at different heater
powers for all orientations
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Fig. 16. Dimensionless temperature distribution in different modified Stanton numbers for all orientations
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