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A B S T R A C T  

Effi ci e nt  t h er m al m a n a g e m e nt  i n c o nfi n e d  s p a c e s  i s a  criti c al  r e q uir e m e nt i n v ari o u s  fi el d s, i n cl u d-
i n g bi o m e di c al  a p pli c ati o n s  li k e ur et er o s c o p y,  w h er e  pr e ci s e  t e m p er at ur e r e g ul ati o n i s e s s e nti al  
f or p ati e nt  s af et y  a n d  pr o c e d ur al  effi c a c y.  T hi s  st u d y  i n v e sti g at e s t h e fl o w a n d  h e at  tr a n sf er c h ar -
a ct eri sti c s  of  c o p p er- w at er  n a n ofl ui d s  wit hi n  a  t w o- di m e n si o n al c h a n n el  c a vit y,  e m p h a si zi n g  t h e 
c o m bi n e d  eff e ct s  of  c o n v e cti o n  a n d  n a n o p arti cl e  d y n a mi c s.  U si n g  t h e fi nit e el e m e nt  m et h o d,  t h e 
r e s e ar c h s y st e m ati c all y  e v al u at e s  t h e i nfl u e n c e of  k e y  p ar a m et er s,  i n cl u di n g R e y n ol d s  n u m b er  ( R e), 
Gr a s h of  n u m b er  ( Gr), a n d  n a n o p arti cl e  v ol u m e  fr a cti o n (φ ), o n  t h er m al a n d  fl o w b e h a vi o ur s.  Q u a n -
tit ati v e a n al y si s  r e v e al e d t h at a s  Gr  i n cr e a s e d, i s ot h er m s ali g n e d  m or e  h ori z o nt all y  d u e  t o e n h a n c e d  
b u o y a n c y- dri v e n  c o n v e cti o n,  wit h  a  c orr e s p o n di n g  i n cr e a s e i n t h e N u s s elt  n u m b er  o n  h e at e d  w all s  
b y  u p  t o 8 5 %.  C o n v er s el y,  a n  i n cr e a s e i n φ  r e d u c e d t h e N u s s elt  n u m b er  b y  a p pr o xi m at el y  1 2 %,  hi g h -
li g hti n g t h e tr a d e- off b et w e e n  n a n o p arti cl e-i n d u c e d  vi s c o sit y  a n d  t h er m al c o n d u cti vit y.  T h e  st u d y  
al s o  f o u n d t h at ki n eti c  e n er g y  i n cr e a s e d li n e arl y wit h  b ot h  R e  a n d  Gr,  d e m o n str ati n g  i nt e n sifi e d fl ui d 
m oti o n  a n d  t ur b ul e n c e wit hi n  t h e c a vit y.  T h e s e  fi n di n g s ar e  si g nifi c a nt  f or o pti mi zi n g  fl ui d d y n a mi c s  
a n d  t h er m al effi ci e n c y  i n m e di c al  pr o c e d ur e s  li k e ur et er o s c o p y,  w h er e  eff e cti v e  c o oli n g  a n d  irri g a-
ti o n s y st e m s  ar e  criti c al.  T h e  i n si g ht s i nt o n a n o p arti cl e  eff e ct s  a n d  c o n v e cti o n  m e c h a ni s m s  pr o vi d e  
a  f o u n d ati o n f or d e si g ni n g  e n er g y- effi ci e nt  a n d  t h er m all y o pti mi z e d  s y st e m s  i n bi o m e di c al  d e vi c e s  
a n d  b e y o n d.  F ut ur e  w or k  s h o ul d f o c u s  o n  e x p eri m e nt al  v ali d ati o n a n d  e x pl ori n g  h y bri d n a n o p arti cl e  
f or m ul ati o n s t o f urt h er e n h a n c e  s y st e m  p erf or m a n c e.  

A R TI C L E  HI S T O R Y  
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A c c e pt e d  8  S e pt e m b er  2 0 2 5  
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1.  I ntr o d u cti o n 

Ki d n e y  st o n es ar e  s oli d mi n er al  a n d  s alt d e p osits  t h at 
f or m i nsi d e y o ur  ki d n e ys.  T h e y  c a n  c a us e  i nt e ns e p ai n  
a n d  dis c o mf ort  as  t h e y p ass  t hr o u g h t h e uri n ar y  tr a ct 
( St a m at el o u et  al.,  2 0 0 3 ; S c al es et al.; K u m  et al.,  2 0 1 6 ). 
Tr e at m e nt  o pti o ns  c a n  v ar y  d e p e n di n g  o n  t h e si z e a n d  
l o c ati o n of  t h e st o n es, as  w ell  as  t h e s e v erit y of  y o ur  
s y m pt o ms. Ur et er os c o p y  is a  v al u a bl e  m e di c al  pr o c e d ur e  
t h at pl a ys  a  cr u ci al  r ol e i n t h e di a g n osis  a n d  tr e at m e nt 
of  v ari o us  c o n diti o ns  a ff e cti n g  t h e uri n ar y  tr a ct, p ar -
ti c ul arl y t h e ur et ers  a n d  ki d n e ys.  It is c o m m o nl y  us e d  
f or t h e r e m o v al of  ki d n e y  st o n es. S m all  i nstr u m e nts 
c a n  b e  p ass e d  t hr o u g h t h e ur et er os c o p e  t o br e a k  u p  
or  r e m o v e st o n es l o d g e d wit hi n  t h e uri n ar y  tr a ct. T his  
mi ni m all y  i n v asi v e a p pr o a c h  r e d u c es t h e n e e d  f or o p e n  
s ur g er y a n d  c a n  h el p  r eli e v e t h e s y m pt o ms ass o ci at e d  
wit h  ki d n e y  st o n es, s u c h as  p ai n  a n d  uri n ar y  o bstr u c -
ti o n. Is hii et  al.  (2 0 1 5 ) ill ustr at e d a  r e vi e w f or r e m o v al 
of  st o n es i n i nf a nts usi n g  ur et er os c o p y.  O m ar  et  al.  
(2 0 1 5 ) e x pl or e d  t h e c urr e nt  tr e n ds i n i m a gi n g m et h o ds  
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us e d  aft er  ur et er os c o p y  f or st o n e r e m o v al. Wri g ht  et  al.  
(2 0 1 4 ) pr es e nt e d  a  d et ail e d  st u d y o n  t h e pr es e nt  sit u ati o n 
a n d  u p c o mi n g  a nti ci p ati o n  of  st o n e cl e ar a n c e  pr o c e d ur e.  
Willi a ms  et  al.  (2 0 2 0 ) ill ustr at e d t h e pr o p erti es  of  fl ui d  
m o v e m e nt  wit hi n  a n  e n cl os e d  s p a c e a n d  t h eir pr a cti c al  
us es  i n t h e c o nt e xt  of  e xtr a cti n g  ki d n e y  st o n es. M o or e  
et  al.  (2 0 0 5 ) c o n d u ct e d  a  t h e or eti c al st u d y o n  st o n e d et e c -
ti o n a n d  t h eir r e m o v al t e c h ni q u es. 

N e wt o ni a n  fl ui d  d y n a mi cs  is a  br a n c h  of  fl ui d  
m e c h a ni cs  t h at d e als  wit h  t h e b e h a vi o ur  of  fl ui ds  t h at 
f oll o w N e wt o n’s  l a w of  vis c osit y.  I n N e wt o ni a n  fl ui ds,  
t h e r at e of  s h e ar d ef or m ati o n  is dir e ctl y  pr o p orti o n al  t o 
t h e a p pli e d  s h e ar str ess. T h e  i m p ort a n c e a n d  a p pli c a -
ti o ns of  N e wt o ni a n  fl ui d  d y n a mi cs  ar e  v ast  a n d  e n c o m -
p ass  v ari o us  fi el ds  of  s ci e n c e, e n gi n e eri n g,  a n d  e v er y d a y  
lif e. Bl o o d, s y n o vi al fl ui d,  a n d ot h er  b o dil y  fl ui ds oft e n  
b e h a v e  as  N e wt o ni a n  fl ui ds  u n d er  c ert ai n  c o n diti o ns.  
M e di c al  pr o c e d ur es,  dr u g  d eli v er y,  a n d  t h e f u n cti o ni n g 
of  m e di c al  d e vi c es  r e q uir e a  gr as p  of  h o w  t h es e fl ui ds  
fl o w.  A  n a n o fl ui d  is a  s us p e nsi o n of  n a n o p arti cl es  i n a  
b as e  fl ui d,  oft e n  w at er  or  oil.  T h es e  n a n o p arti cl es  ar e  
t y pi c all y o n  t h e n a n o m et er  s c al e ( 1 t o 1 0 0  n a n o m et ers)  
a n d ar e  dis p ers e d wit hi n t h e  b as e  fl ui d. T h e  a d diti o n  
of  n a n o p arti cl es t o t h e  fl ui d  c a n l e a d t o c h a n g es  i n  its  
pr o p erti es,  s u c h as  t h er m al c o n d u cti vit y  a n d  vis c osit y.  
C h oi  (2 0 0 9 ) pr es e nt e d  a  d et ail e d  r e vi e w o n  n a n o fl ui d  
i n his  st u d y. M u nir  a n d  A mi n  (2 0 2 4 ) e x pl or e d a n o v el  
r e al m i n n a n o fl ui d  st u di es i m pl e m e nti n g n a n o fl ui ds  i n 
t w o-l a y er c h a n n el  fl o w.  Ya n  et  al.  (2 0 2 0 ) Utili z e d  m ol e c -
ul ar  d y n a mi cs  si m ul ati o ns t o e x a mi n e  t h e fl o w  of  Wat er-
C o p p er  n a n o fl ui d  wit hi n  a  t hr e e- di m e nsi o n al n a n o c h a n-
n el,  c o nsi d eri n g  v ari o us  s urf a c e r o u g h n ess g e o m etri es,  
ai m e d  at  e n h a n ci n g  e n er g y  e ffi ci e n c y  m a n a g e m e nt.  I n fl u-
e n c e  of  p arti cl e  m or p h ol o g y  a n d  r a di ati o n i m p a ct o n  t h e 
M ar a n g o ni  b o u n d ar y  l a y er fl o w  a n d  t h er m al c h ar a ct er -
isti cs of  a  c o p p er- w at er  n a n o fl ui d  pr o p ell e d  b y  c h a n gi n g  
t e m p er at ur e w as  d e m o nstr at e d  b y  Li n  et  al.  (2 0 1 6 ). Wa n g  
et  al.  (2 0 1 3 ) st u di e d t h er m al e x c h a n g e  m e c h a nis m  i n a  
c o m p a ct l o o p h e at pi p e usi n g  a w at er- c o p p er n a n o fl ui d  
a n d  f o u n d t h at c o p p er  n a n o fl ui d  h as  b ett er  t h er m al c o n -
d u cti vit y  t h a n or di n ar y  fl ui d.  G a n es a n  et  al.  (2 0 1 8 ) pr e-
s e nt e d a n  e x p eri m e nt al  st u d y o n  t h e us e  of  c o p p er- w at er  
n a n o fl ui d  f or s m all s c al e gr e asi n g  i n t h e b e n di n g  pr o c ess  
of  st e el. 

T h e  fi nit e  el e m e nt  m et h o d  ( F E M) is a  n u m eri c al  t e c h-
ni q u e  us e d  f or s ol vi n g a  wi d e  r a n g e of  e n gi n e eri n g  a n d  
s ci e nti fi c pr o bl e ms  t h at i n v ol v e p arti al  di ff er e nti al  e q u a -
ti o ns ( P D Es). It’s p arti c ul arl y  w ell-s uit e d  f or pr o bl e ms  
w h er e  t h e g e o m etr y  is c o m pl e x  or  irr e g ul ar, a n d  a n a -
l yti c al s ol uti o ns ar e  di ffi c ult  t o o bt ai n.  T h e  b asi c  i d e a 
b e hi n d  F E M  is t o di vi d e  a  c o m pl e x  pr o bl e m  d o m ai n  
i nt o s m all er, si m pl er s u b d o m ai ns c all e d  ‘ fi nit e el e m e nts’.  
M a n y  s ci e ntists h a v e  utili z e d  F E M  i n fi n di n g  t h eir r es ults 

o n  N e wt o ni a n  a n d  n o n- N e wt o ni a n  fl ui d  d y n a mi cs.  Ei d  
et  al.  (2 0 2 2 ) utili z e d  fi nit e  el e m e nt  a p pr o a c h  t o a n al y z e  
t h e m a g n et o h y dr o d y n a mi c  fl o w  of  a  vis c o us  fl ui d  c a us e d  
b y  a  p or o us  s urf a c e. Ali  et  al.  (2 0 2 1 ) i n v esti g at e d t h e  
e ff e cts  of  m a g n etis m  o n  t h er m al e x c h a n g e  c h ar a ct eris -
ti cs  i n a li d- dri v e n c a vit y fill e d  wit h  n o n- N e wt o ni a n fl ui d  
i n t h e pr es e n c e  of  a n  o bj e ct.  Bil al  et  al.  (2 0 2 1 ) st u di e d  
c o n d u cti n g  fi nit e  el e m e nt  c al c ul ati o ns  t o m a n a g e  n o n-
N e wt o ni a n  fl ui d  d y n a mi cs  wit hi n  a  s p a c e c o nt ai ni n g  a  
c ol d  r o u n d c yli n d er.  I n fl u e n c e of  a  h e at- c o n d u cti n g  h ori -
z o nt al  s q u ar e bl o c k  o n  mi x e d  c o n v e cti o n  wit hi n  a  s q u ar e 
c a vit y  wit h  v e ntil ati o n  usi n g  fi nit e  el e m e nt  m et h o d  w as  
e x pl or e d  b y  R a h m a n  et  al.  (2 0 0 9 ). R ef er e n c es  ( A h m a d 
et  al.,  2 0 2 4 ; D utt a  et  al.,  2 0 2 1 ; G a o  et  al.,  2 0 1 9 ; M ali k  
et  al.,  2 0 2 4 ; M u nir  &  T ur a bi,  2 0 2 4 ; N g u y e n  &  S a g ar,  
2 0 2 4 ; T ur a bi & M u nir,  2 0 2 4 ) pr o vi d e  f urt h er i nsi g ht  o n  
di ff er e nt  n u m eri c al  s c h e m es i n cl u di n g F E M  f or si mil ar 
pr o bl e ms.  

Mi x e d  c o n v e cti o n  h ol ds  si g ni fi c a nt i m p ort a n c e i n 
fl ui d  d y n a mi cs  d u e  t o its fr e q u e nt o c c urr e n c e  i n b ot h  n at -
ur al  a n d  e n gi n e er e d  s yst e ms. It i n v ol v es t h e c o m bi n e d  
e ff e cts  of  b u o y a n c y- dri v e n  fl o ws  a n d  e xt er n all y  i n d u c e d 
f or c es, w hi c h  g o v er n  t h e tr a ns p ort of  h e at  a n d  m o m e n -
t u m. T his  p h e n o m e n o n  s er v es as  a  li n k b et w e e n  p ur e  
n at ur al  c o n v e cti o n  a n d  f or c e d c o n v e cti o n,  e n a bli n g  a  
m or e  c o m pr e h e nsi v e  a n al ysis  of  fl ui d  b e h a vi o ur  i n r e al-
w orl d  s c e n ari os. A mi n  et  al.  (2 0 2 4 ) e x pl or e d  t h e c o n -
v e cti v e  tr a ns p ort of  C ass o n  h y bri d  n a n o fl ui d  i n a  t w o 
l a y er e d v erti c al  c h a n n el.  A h m a d  et  al.  (2 0 2 4 ) pr es e nt e d  
a n  i n v esti g ati o n of  mi x e d  c o n v e cti v e  fl o w  i nsi d e a  c a vit y  
wit h  p or osit y  e ff e cts  a n d  f o u n d t h at t h e N uss elt  n u m -
b er  i n cr e as es wit h  t h er m al c o n d u cti vit y  b ut  d e cr e as es  o n  
i n cr e asi n g p or osit y.  L u  et  al.  (2 0 1 8 ) st u di e d a  c o m p u -
t ati o n al a n al ysis  of  a  N e wt o ni a n  fl ui d  i n a  t hr e e-l a y er 
c h a n n el  wit h  c o n v e cti o n  e ff e cts  usi n g  O H A M.  B as a k  
et  al.  (2 0 0 9 ) i n v esti g at e d a mi x e d c o n v e cti o n a n al ysis i n a  
c h a n n el  wit h  e q u al  si d es. 

As  r es e ar c h el u ci d at e d  e arli er,  n u m er o us  r es e ar c h ers 
h a v e  d e di c at e d  t h eir e ff orts  t o i n v esti g ati n g t h e i ntri c a-
ci es  of  fl o w  d y n a mi cs  wit hi n  c a viti es  usi n g  fi nit e  el e -
m e nt  m et h o d  t his st u d y d el v es  i nt o t h e i ntri c at e d y n a m -
i cs of  c o p p er  n a n o fl ui d  fl o w  wit hi n  a  c h a n n el  c a vit y.  
T his  u ni q u e  c a vit y  str u ct ur e is c h ar a ct eri z e d  b y  t w o 
w alls,  b ot h  of  w hi c h  ar e  m ai nt ai n e d  at  el e v at e d  t e m-
p er at ur es.  U nli k e  c o n v e nti o n al  fl ui ds,  n a n o fl ui ds  o ff er  
e n h a n c e d  t h er m al pr o p erti es,  y et  t h eir b e h a vi o ur  wit hi n  
t h e g e o m etri c  c o nstr ai nts  of  a  s q u ar e c a vit y  r e m ai ns 
u n d er e x pl or e d.  T h e  r es e ar c h f o c us es o n  t h e e ff e cts  of  
n a n o p arti cl e  p ar a m et ers  (t y p e, si z e, a n d  v ol u m e  fr a cti o n) 
a n d  g o v er ni n g  f a ct ors ( e. g. R a yl ei g h  n u m b er)  o n  fl o w  
a n d  h e at  tr a nsf er. T h e  n o v elt y  li es i n o pti mi zi n g  c o n -
v e cti v e  tr a ns p ort, u n d erst a n di n g  n o n-li n e ar  i nt er a cti o ns, 
a n d  mi ni mi zi n g  e ntr o p y  g e n er ati o n,  wit h  a p pli c ati o ns  
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i
n microelectro

nics
 c

o
oli

ng, s
olar e

nergy syste
ms, a

n
d 

bi
o

me
dical

 devices.
 

T
he

st
u
dy

of
 na

n
o
fl
ui

d
 fl
o

wi
n

a
s
q
uare

cavityisi
n
n
o-

vative d
ue

 t
o its foc

us o
n
 e

n
ha

nci
ng heat

 tra
nsfer t

hro
ug

h 
a
dva

nce
d na

n
o
fl
ui

d
 pro

perties
 u

n
der

 c
o
n
fi
ne

d c
o
n
di-

ti
o
ns. It ex

pl
ores t

he i
nter

play of
 na

n
o
particle

 c
haracter-

istics, cavity ge
o

metry, a
n
d t

her
mal para

meters,
 a

d
dress-

i
ng ga

ps i
n u

n
dersta

n
di

ng
 
n
o
n-li

near
 
fl
o

w
 dy

na
mics

 
a
n
d e

ntro
py ge

nerati
o
n. Scie

nti
fically, it provi

des
 i

nsig
hts 

i
nt

o o
pti

mizi
ng

 t
her

mal perfor
ma

nce,
 wit

h
 a

p
plicati

o
ns 

i
n e

nergy-e
fficie

nt syste
ms like microelectro

nics
 c

o
ol-

i
ng, s

olar c
ollect

ors, a
n
d bi

o
me

dical
 devices,

 a
dva

nc-
i
ng

b
ot

h
fl
ui

d
dy

na
mics

researc
h

a
n
d

 practical
t
her

mal
 

ma
nage

me
nt

 s
ol

uti
o
ns. Rece

nt
 researc

h has
 foc

use
d o

n 
t
he be

havi
o
ur

 of
 na

n
o
fl
ui

ds
 i

n a variety of
 a

p
plicati

o
ns, 

wit
h

 maj
or

 a
dva

nces i
n u

n
dersta

n
di

ng
 t

heir fl
o

w
 a

n
d 

heat
 tra

ns
missi

o
n pro

perties.
 Z

h
o
u

 et al. (2024)
i
nvesti-

gate t
he cavitati

o
n perfor

ma
nce

 of
 ice-

bl
ocke

d pro
pellers,

 
e

m
p
hasizi

ng t
he i

m
p
orta

nce of
 s

urface e
ffects o

n
 fl

ui
d
 

dy
na

mics,
 w

hic
h

 ca
n als

o be
 use

d
 t

o u
n
dersta

n
d
 t

he 
be

havi
o
ur

 of
 na

n
o
fl
ui

ds
 i

n c
o
n
fi
ne

d areas. Z
ha

ng
 et al. 

(2025) i
nvestigate t

he i
m
pacts of

 s
oft mag

netic
 parti

-
cles i

n c
o

m
p
osite materials,

 yiel
di

ng i
m
p
orta

nt i
nsig

hts 
i
nt

o t
he i

nteracti
o
ns of

 mag
netic

 fiel
ds

 wit
h

 na
n
o
fl
ui

d
 

dy
na

mics
 i

n c
o

m
plex fl

o
w
 c

ha
n
nels. F

urt
her

m
ore,

 Z.
 

Li
 et al. (2024) l

o
ok i

nt
o t

he perfor
ma

nce
 o

pti
miza-

ti
o
n of

 mag
netic

 fl
ui

d
 seals, provi

di
ng

 a fra
me

w
ork for 

u
n
dersta

n
di

ng
 t

he m
ulti-

p
hysics

 be
havi

o
ur

 of
 na

n
o
fl
u-

i
ds u

n
der

 di
ffere

nt
 c

o
n
diti

o
ns. Ze

ng
 et al. (2024)

diag-
n
ose

 m
ulti-cavitati

o
n

 states i
n v

ortex p
u

m
ps,

 w
hic

h
 is 

sig
ni

fica
nt

for
t
he

 devel
o
p

me
nt

of
na

n
o
fl
ui

d-
base

d
t
her-

mal
 syste

ms. D.
 Li

 a
n
d Li

 (2024) i
nvestigate electro-

mag
net

o
hy

dro
dy

na
mic

 (
E

M
H

D) fl
o

w
 i

n microc
ha

n
nels,

 
w
hic

h
 is i

m
p
orta

nt for u
n
dersta

n
di

ng
 t

he be
havi

o
ur

 of
 

na
n
o
fl
ui

ds
 i

n c
o
nstrai

ne
d s

paces. S
u
n et al. (2024)i

nves-
tigate s

hear t
hicke

ni
ng fl

ui
ds

 ex
peri

me
ntally, provi

di
ng

 
i
nsig

hts i
nt

o na
n
o
fl
ui

d
 dy

na
mics

 t
hat ca

n be
 a

p
plie

d t
o 

da
m
pi

ng
 syste

ms i
n t

her
mal ma

nage
me

nt
 a

p
plicati

o
ns. 

Ha
n

 et al. (2018) i
nvestigate s

u
perl

u
bricity a

n
d its p

ote
n
-

tial i
m
pact o

n
 na

n
o
fl
ui

d
 be

havi
o
ur.

 Sar
mie

nt
o-

La
urel 

et al. (2022) provi
de

 a m
o
del

 for e
ntro

py for
mati

o
n i

n 
fl
ui

d
 fl

o
ws,

 w
hic

h
 c

o
ul

d hel
p
 i

m
prove t

he e
fficie

ncy of
 

na
n
o
fl
ui

d
 t

her
mal ma

nage
me

nt
 syste

ms. Za
n
die

 et al. 
(2022) 

i
nvestigate 

t
he 

e
ffect 

of
 
mag

netic
 
fiel

ds
 
a
n
d 

na
n
o
particles

 o
n
 p

hase
 tra

nsiti
o
n materials,

 w
hic

h
 has

 
direct

 i
m
plicati

o
ns for i

ncreasi
ng na

n
o
fl
ui

d
 t

her
mal c

o
n-

d
uctivity. Fi

nally, Ma
h
davi

 et al. (2020)
re

p
ort

a
si

m
u-

late
d a

nalysis of
 na

n
o
fl
ui

d
 fl

o
w
 bet

wee
n
 parallel

 plates,
 

w
hic

h
 a

d
ds t

o o
ur

 u
n
dersta

n
di

ng
 of

 s
hear layers a

n
d 

heat
 tra

nsfer mec
ha

nis
ms.

 T
hese

 researc
h c

ollectively 
i

m
prove o

ur
 u

n
dersta

n
di

ng
 of

 na
n
o
fl
ui

d
 be

havi
o
ur

 a
n
d 

its pros
pective

 a
p
plicati

o
ns i

n a variety of
 sect

ors, i
ncl

u
d-

i
ng e

nergy-e
fficie

nt syste
ms, microelectro

nics
 c

o
oli

ng, 

a
n
d bi

o
me

dical
 devices.

 T
h
us,

 a n
ote

w
ort

hy
 a

p
plicati

o
n 

of
 t

his researc
h lies wit

hi
n

 t
he fiel

d
 of

 ureterosc
o
py,

 
a me

dical
 proce

d
ure

 i
nv

olvi
ng t

he ex
pl

orati
o
n of

 t
he 

uri
nary

 tract usi
ng

 s
pecialize

d i
nstr

u
me

nts. E
n
ha

nce
d
 

k
n
o

wle
dge

 of
 fl

ui
d
 be

havi
o
ur

 a
n
d te

m
perat

ure distri
b
u
-

ti
o
n ca

n ai
d i

n o
pti

mizi
ng

 t
he desig

n
 of

 i
nstr

u
me

nts, 
i

m
provi

ng vis
ualizati

o
n d

uri
ng

 proce
d
ures,

 a
n
d e

ns
uri

ng 
patie

nt
 c

o
mfort a

n
d safety. 

We
ack

n
o

wle
dge

t
hat

t
his

st
u
dy

has
vari

o
us

li
mita-

ti
o
ns t

hat may
 a

ffect t
he i

nter
pretati

o
n of

 o
ur

 fi
n
di

ngs.
 

Firstly,
 as a t

he
oretical a

nalysis base
d
 o

n
 F

E
M
 si

m
u-

lati
o
ns, t

he w
ork

 lacks ex
peri

me
ntal vali

dati
o
n, w

hic
h

 
c
o
ul

d
lea

d
t
o
i
nc

o
nsiste

ncies
 wit

h
 real-

w
orl

d
be

havi
o
ur.

 
I
dealize

d 
ass

u
m
pti

o
ns, 

s
uc

h 
as 

u
nifor

m
 
na

n
o
particle

 
dis

persi
o
n
 a

n
d c

o
nsta

nt t
her

m
o
p
hysical c

haracteristics, 
may

 
n
ot

 
a
de

q
uately 

re
flect 

real-
w
orl

d 
setti

ngs 
w
here

 
particle

 aggl
o

merati
o
n a

n
d n

o
n-

h
o

m
oge

ne
o
us

 distri
b
u
-

ti
o
ns mig

ht
 i

n
fl
ue

nce fl
o

w
 dy

na
mics.

 F
urt

her
m
ore,

 o
ur

 
st

u
dy foc

uses s
olely o

n
 stea

dy-state setti
ngs a

n
d d

oes
 

n
ot

 i
nvestigate tra

nsie
nt be

havi
o
urs,

 w
hic

h
 may

 be
 cr

u-
cial i

n ti
me-

de
pe

n
de

nt syste
ms. T

he
 st

u
dy als

o excl
u
des 

extri
nsic e

ffects like as te
m
perat

ure c
ha

nges, press
ure

 
gra

die
nts, a

n
d n

o
n-

Ne
wt

o
nia

n
 fl

ui
d
 be

havi
o
ur,

 all of
 

w
hic

h
 
c
o
ul

d 
have

 
a
n 

i
m
pact 

o
n
 
real-

w
orl

d 
a
p
plica-

ti
o
ns. F

urt
her

m
ore,

 w
hile

 we
 i

nvestigate
d t

he e
ffects of

 
Rey

n
ol

ds
 n

u
mber,

 Gras
h
of

 n
u

mber,
 a

n
d na

n
o
particle

 
v
ol

u
me fracti

o
n, we

 di
d
 n

ot
 a

d
dress fact

ors s
uc

h as parti
-

cle size, s
ha

pe, c
o
nce

ntrati
o
n distri

b
uti

o
n,

 or
 t

he p
ote

n
-

tial i
m
pact of

 hy
bri

d
 na

n
o
particles.

 F
ut

ure
 w

ork
 c

o
ul

d 
a
d
dress t

hese li
mitati

o
ns by i

nc
or

p
orati

ng ex
peri

me
n-

tal vali
dati

o
n, tra

nsie
nt fl

o
w
 a

nalysis, a
n
d ot

her
 releva

nt 
para

meters.
 

2.
 
Fl

o
w
 m

o
d
el

 a
n
d
 g

e
o

m
etr

y
 

T
he

 
researc

h 
foc

uses 
o
n
 
i
nvestigati

ng 
t
he 

i
ntrig

ui
ng 

be
havi

o
ur

 
of 

water-c
o
p
per-

base
d

 
na

n
o
fl
ui

ds
 
wit

hi
n

 
a 

s
q
uare cavity c

ha
n
nel c

o
n
fig

urati
o
n. T

his
 c

ha
n
nel wit

h
 a 

le
ngt

h L
 =

 1, serves as a c
o
ntrolle

d e
nviro

n
me

nt t
o st

u
dy 

t
he fl

ui
d
 dy

na
mics

 a
n
d heat

 tra
nsfer p

he
n
o

me
na

 occ
ur-

ri
ng wit

hi
n

 it. To
 create disti

nct
 t

her
mal gra

die
nts, h

ot
 

a
n
d

c
ol

d
te

m
perat

ures
are

 a
p
plie

d
t
o
t
he

c
ha

n
nel’s

rig
ht

 
a
n
d left walls

 res
pectively. T

he
 left wall

 have
 te

m
pera-

t
ure T

h , t
he rig

ht wall
 have

 T
c a

n
d t

he re
mai

ni
ng walls

 
(
de

n
ote

d as 
wall

) are a
diabatic. T

he
 na

n
o
fl
ui

d,
 c

o
m-

p
ose

d
 of water

 a
n
d c

o
p
per na

n
o
particles,

 is i
ntro

d
uce

d 
t
hro

ug
h t

he i
nlet l

ocate
d at {(x, y); x =

 0, y[0.4, 0.6]}. 
It 

exits 
t
he 

c
ha

n
nel 

t
hro

ug
h 

t
w
o 

o
utlets

 
de

fi
ne

d
 
as 

{(x, y); x
=

 0, y[0,
0.15] ∪

[0.85, 1]}. 
T
he

 
p
hysical

 
m
o
del

 
of

t
he 

pro
ble

m
is 

ill
ustrate

d 
i
n Fig

ure
 1, a

n
d t

he t
her

m
o
p
hysical pro

perties
 of

 t
he 

na
n
o
fl
ui

d
 a

n
d base

 fl
ui

d
 ca

n be
 fo

u
n
d i

n Ta
bles

 1 a
n
d 2, 

res
pectively. 



4  S.  M U NI R  E T  A L.  

Fi g ur e  1.  S c h e m ati c  di a gr a m  of  t h e c a vit y  fl o w.  

T a bl e  1.  T h er m o p h ysi c al  pr o p erti es  of  n a n o fl ui d  ( D utt a et  al.,  
2 0 2 1 ). 

C h ar a ct eristi cs  N a n o fl ui d  (C u  − w at er ) 

µ  ( vis c osit y) µ nf  
µ f 

= (1  − φ C u ) − 2. 5  

ρ  ( d e nsit y) ρ nf  
ρ f 

=  
  
(1  − φ C u ) + φ C u  

ρ C u  
ρ f 

  

ρ c p  ( h e at c a p a cit y)  
( ρ c p )nf  
( ρ c p )f 

=  
  
(1  − φ C u ) + φ C u  

( ρ c p )C u  
( ρ c p )f 

  

k  ( T h er m al c o n d u cti vit y)  k nf  
k f 

=  k C u + 2 k f − 2 φ C u  (k f − k C u  ) 
k C u  + 2 k f + φ C u (k f − k C u  ) 

β ( T h er m al e x p a nsi o n  c o e ffi ci e nt)  
( ρ β )nf  
( ρ β )f 

=  
  
(1  − φ C u ) + φ C u  

( ρ β )C u  
( ρ β )f 

  

T a bl e  2.  T h er m o p h ysi c al  pr o p erti es  of  c o p p er  n a n o p arti cl es  a n d  
w at er  ( D utt a et  al.,  2 0 2 1 ). 

Pr o p erti es  W at er  C o p p er  

k  0. 6 1 3  4 0 1  
ρ  9 9 7. 1  8 9 5 4  
β  2. 1  × 1 0 − 4  1. 6 7  × 1 0 − 5  

c p  4 1 7 9  3 8 3  
µ  8. 9 1  × 1 0 − 5  −  

F oll o wi n g  ass u m pti o ns  ar e  c o nsi d er e d  f or t h e u n d er -
l yi n g fl o w  pr o bl e m:  

•  T h e  fl o w  is m o d ell e d  as  t w o- di m e nsi o n al a n d  st e a d y-
st at e, e ns uri n g  a  si m pli fi e d y et  r e pr es e nt ati v e a n al ysis  
of  t h e pr o bl e m.  

•  T h e fl ui d is ass u m e d t o b e i n c o m pr essi bl e, all o w-
i n g t h e n e gl e ct  of  d e nsit y  v ari ati o ns  d u e  t o pr ess ur e  
c h a n g es.  

•  T h e  c a vit y  c h a n n el  u n d er  c o nsi d er ati o n  h as  a  n o n-
di m e nsi o n ali z e d  l e n gt h L  = 1 , pr o vi di n g  a  st a n d ar d-
i z e d fr a m e w or k f or c o m p ar ati v e  st u di es. 

•  T h e  d e nsit y  a n d  s p e ci fi c h e at  c a p a cit y  of  t h e n a n o fl ui d  
ar e  ass u m e d  t o r e m ai n c o nst a nt,  si m plif yi n g t h e m at h -
e m ati c al  m o d elli n g  w hil e  m ai nt ai ni n g  p h ysi c al  r el e-
v a n c e.  

•  T h e  t h er m o p h ysi c al pr o p erti es  of  t h e n a n o fl ui d,  s u c h 
as  t h er m al c o n d u cti vit y  a n d  vis c osit y,  ar e  c o m p ut e d  

b as e d  o n  M a x w ell’s  e ff e cti v e  m e di u m  t h e or y, e ns uri n g  
a c c ur at e  r e pr es e nt ati o n of  t h e n a n o fl ui d  b e h a vi o ur.  

•  Di ff er e nti al  h e ati n g  is a p pli e d,  wit h  t h e c h a n n el’s  ri g ht 
w all  m ai nt ai n e d  at  a  h ot  t e m p er at ur e a n d  t h e l eft w all  
at  a  c ol d  t e m p er at ur e, cr e ati n g  a  t h er m al gr a di e nt  
dri vi n g  t h e fl o w.  

T h e  di m e nsi o nl ess  c o nti n uit y,  m o m e nt u m  a n d  e n er g y  
e q u ati o ns  ( Ali et  al.,  2 0 2 1 ) ar e:  

∂ u  

∂ x  
+  

∂ v  

∂ y  
= 0,  ( 1) 

u  
∂ u  

∂ x  
+ v  

∂ u  

∂ y  
= −

∂ p  

∂ x  
+  

A  

R e  

  
∂ 2  u  

∂ x 2  
+  

∂ 2  u  

∂ y 2  

  

, ( 2) 

u  
∂ v  

∂ x  
+ v  

∂ v  

∂ y  
= −

∂ p  

∂ x  
+  

A  

R e  

  
∂ 2  v  

∂ x 2  
+  

∂ 2  v  

∂ y 2  

  

+ B  
Gr  

R e 2  
θ , 

( 3) 

u  
∂ θ  

∂ x  
+ v  

∂ θ  

∂ y  
=  

C  

R e  Pr  

  
∂ 2  θ  

∂ x 2  
+  

∂ 2  θ  

∂ y 2  

  

, ( 4) 

w h er e  Pr , R e , Gr  d e fi n es  t h e Pr a n dtl  n u m b er,  R e y n ol ds  
n u m b er,  Gr as h of  n u m b er,  r es p e cti v el y. u  b e  t h e v el o c -
it y i n x  dir e cti o n  a n d  v  b e  t h e v el o cit y  i n y  dir e cti o n,  
θ b e  t h e t e m p er at ur e, p  b e  t h e pr ess ur e.  E q u ati o n  ( 1) r e p-
r es e nts t h e C o nti n uit y  e q u ati o n  f or t h e i n c o m pr essi bl e 
fl ui d  ( W hit e &  M aj d al a ni,  2 0 0 6 ) w hi c h  i m pli es t h at t h e 
di v er g e n c e  of  v el o cit y  is z er o,  m e a ni n g  t h e v ol u m e  of  
fl ui d  e nt eri n g  a  c o ntr ol  v ol u m e  e q u als  t h e v ol u m e  l e a v-
i n g it. E q u ati o ns  ( 2) –( 3) ar e  t w o- di m e nsi o n al m o m e n -
t u m e q u ati o ns  i n x  a n d  y  dir e cti o ns  ( W hit e &  M aj-
d al a ni,  2 0 0 6 ) c o m m o nl y  e n c o u nt er e d  i n fl ui d  d y n a mi cs.  
T h es e  i n cl u d e t er ms f or i n erti al e ff e cts,  pr ess ur e  gr a di -
e nts,  vis c o us  di ff usi o n,  a n d  b u o y a n c y- dri v e n  f or c e. L eft  
si d e of  t h es e e q u ati o ns  r e pr es e nt t h e c o n v e cti v e  a c c el -
er ati o n  w hi c h  r e pr es e nt c h a n g es  i n t h e v el o cit y  c o m p o -
n e nt  d u e  t o m oti o n  of  t h e fl ui d  i n x  a n d  y  dir e cti o ns  

r es p e cti v el y. 
∂ p  
∂ x a n d  

∂ p
∂ y  r e pr es e nt t h e f or c e dri vi n g  fl ui d  

m oti o n  i n x  a n d  y  dir e cti o n  c a us e d  b y  a  pr ess ur e  di ff er -
e n c e  r es p e cti v el y. S e c o n d  t er m i n E q u ati o ns  ( 2) a n d  ( 3) 
d e fi n es  t h e vis c o us  di ff usi o n.  It r e pr es e nts vis c o us  e ff e cts  
t h at r esist m oti o n  a n d  s m o ot h o ut  v el o cit y  gr a di e nts  i n 
x a n d  y dir e cti o ns  r es p e cti v el y.R e d e n ot es  R e y n ol ds  n u m -
b er.  Gr

R e 2  θ d e n ot es  t h e b u o y a n c y  t er m w hi c h  a c c o u nts  f or 
b u o y a n c y  e ff e cts  d u e  t o t e m p er at ur e v ari ati o ns  i n t h e 
fl ui d.  Gr  b e  t h e Gr as h of  n u m b er  a n d  θ  b e  t h e di m e n -
si o nl ess t e m p er at ur e fi el d.  E q u ati o n  ( 4) is t h e e n er g y  
e q u ati o n  ( W hit e &  M aj d al a ni,  2 0 0 6 ) of  t w o di m e nsi o n al  
fl o w w hi c h d es cri b es t h e tr a ns p ort of di m e nsi o nl ess t e m-
p er at ur e  fi el d.  I n t his e q u ati o n,  t er ms o n  l eft si d e r e pr e-
s e nts c o n v e cti v e  h e at  tr a nsf er. T his  t er m s h o ws h o w  t h e 
t e m p er at ur e fi el d  c h a n g es  as  fl ui d  p arti cl es  m o v e  i n t h e x  

( 0, 1) 

........ 

O utl et :::: :: : 
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T h 
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a
n
d y directi

o
n.

 Ter
m

 o
n
 t

he rig
ht si

de de
n
otes

 t
he di

ff
u
-

sive heat
 tra

nsfer w
hic

h
 re

prese
nts t

he heat
 c

o
n
d
ucti

o
n 

wit
hi

n
 t

he fl
ui

d.
 Pr

 be
 t

he Pra
n
dtl

 n
u

mber,
 a di

me
n
-

si
o
nless n

u
mber

 t
hat is rati

o of
 m

o
me

nt
u

m
 di

ff
usivity

 t
o 

t
her

mal di
ff
usivity.

 
T
he

 b
o
u
n
dary

 c
o
n
diti

o
ns ass

ociate
d wit

h
 t

he gover
n-

i
ng pro

ble
m
 are as foll

o
ws (

Willia
ms et al., 2020): 

u
=

1
−

y 2 , v
=

0 o
n 

i
n , 

(5)

2 ∂
u
 

∂
x −

 P
=

0, 
∂
u
 

∂
y +

 ∂
v 

∂
x =

0 o
n 

o
ut 

(6) 

u
 =

v =
0 o

n 
wall

 
(7) 

θ =
0 o

n T
c 

(8) 

θ =
1 o

n T
h . 

(9) 

havi
ng

 di
me

nsi
o
nless

 b
o
u
n
daries

 de
fi
ne

d
 as 


i
n =

{
(x, y); x =

0, y[0.4, 0.6]} 
(10) 


o
ut =

{
(x, y); x =

0, y[0, 0.15] ∪
[0.85, 1]} (11) 

c
o
ol wall

 =
{

(x, y); x =
1, y[0, 1]} 

(12) 

heate
d
 wall

 =
{

(x, y); x =
0, y[0.15, 0.4] ∪

[0.6, 0.85]} 
(13)


wall

 =
 

 \{
i
n ∪


o
ut } 

(14) 

A
 =

(1 −
φ)

 −
2.5 , C

 =
 k

nf
 

k
f , B

 =
 (

ρ
β)nf

 

(
ρ
β)f 

Pr
 =

 ϑ
 

α
 , Re

 =
 U

L
 

ϑ
 , Gr

 =
gβ(

T
h
 −

T
c )L

3 

ϑ
2 

2.
1.

 
Gri

d
 c

o
nver

ge
nce a

n
alysis

 

To
 
assess 

t
he 

e
ffective

ness 
of

 
t
he 

prese
nt

 
res

ults, 
a 

broa
d
 ra

nge of
 gri

ds is e
m
pl

oye
d u

n
der

 s
peci

fic c
o
n
di-

ti
o
ns wit

h
 para

meters
 s

uc
h asGr

 =
10

3 , Pr
 =

6.8, Re
 =

 
1a

n
dφ

 =
0.01. T

hese
 gri

ds are detaile
d
 i

n Table
 3,

wit
h
 

varyi
ng degrees

 of free
d
o

m (
D

O
Fs) s

pa
n
ni

ng fro
m 532 

t
o 36152 a

n
d t

otal n
u

mber
 of

 ele
me

nts (
N
E
L) ra

ngi
ng 

fro
m 180 t

o 16441. Notably,
 t

he average Nusselt
 n

u
mbers

 
ex

hi
bit negligi

ble
 di

ffere
nces

 for t
he last t

w
o gri

ds (
Gri

ds 
7 a

n
d 8). C

o
nse

q
ue

ntly,
 a gri

d wit
h

 D
O
Fs

 of
 14556a

n
d 

N
E
L

 of
 6435 e

ns
ures gri

d i
n
de

pe
n
de

nce, a
n
d t

he n
u

mer
-

ical res
ults are re

p
orte

d base
d
 o

n t
hese s

peci
fic D

O
Fs

 a
n
d 

N
E
L

 val
ues. 

2.
2.

 
Aver

a
ge

 N
usselt

 n
u

m
b
er

 a
n
d
 ki

netic
 e

ner
gy

 

T
he

 average Nusselt
 n

u
mber

 is deter
mi

ne
d
 by

 calc
u-

lati
ng t

he average of
 l

ocal Nusselt
 n

u
mbers

 across t
he 

Ta
ble 3. Gri

d
 co

nverge
nce a

nalysis for avera
ge N

usselt
 n

u
m
ber

 
(
u
p
per a

n
d lo

wer wall)
 a

n
d ki

netic e
nergy (K.E). 

Gri
d
 

NEL
 

D
OFs

 
N

u
avg

 

(
U
p
per wall)

 
N

u
avg

 

(Lo
wer wall)

 
K.E

 

1 
180 

532 
1.4721 

2.6796 
1.1184 

2 
334 

928 
1.5710 

2.7819 
1.1518 

3 
534 

1396 
1.6737 

2.8855 
1.1546 

4 
963 

2428 
1.8297 

3.0290 
1.1564 

5 
1466 

3560 
1.9378 

3.1274 
1.1585 

6 
2442 

5668 
2.0150 

3.2097 
1.1696 

7 
6435 

14556 
2.2323 

3.4579 
1.1749 

8 
16441 

36152 
2.3781 

3.6292 
1.1764 

overall
 t

her
mal exc

ha
nge s

urface, a
n
d its mag

nit
u
de

 is 
i
n
fl
ue

nce
d by

 t
he s

peci
fic ge

o
metry or

 s
urface pro

perties
 

i
nv

olve
d i

n t
he heat

 tra
nsfer process.

 T
he

 average Nusselt
 

ca
n be

 c
o

m
p
ute

d fro
m t

he foll
o

wi
ng ex

pressi
o
n (

D
utta 

et al., 2021): 

N
u

avg =
1 
∫0 Nu

d
Y

 

w
here

 Nu
 de

n
otes

 t
he l

ocal Nusselt
 n

u
mber

 as 

Nu
 =

−
 k
nf

k
f 

∂
θ
 

∂
X

 . 

I
n a

d
diti

o
n t

o t
he para

meters
 ab

ove, it is i
nteresti

ng 
to calc

ulate a
n
d exa

mi
ne a q

ua
ntity

 k
n
o

w
n as t

he total 
ki

netic e
nergy, de

fi
ne

d
 as: 

Ki
netic

 e
nergy =

 12

1 
∫α

 U
2d

α

W
here

 U
 is t

he vel
ocity vect

or (u
, v). 

3.
 
R
es

ults
 a

n
d
 disc

ussi
o
ns

 

To
 st

u
dy t

he c
urre

nt pro
ble

m
 of

 na
n
o
fl
ui

d
 fl

o
w
 a

n
d heat

 
tra

nsfer, we
 have

 take
n a s

q
uare c

ha
n
nel a

n
d set dis

-
ti

nct h
ot

 a
n
d c

ol
d te

m
perat

ures o
n
 t

he rig
ht a

n
d left 

walls
 res

pectively. F
E

M
 base

d
 C

O
MS

O
L

 Multi
p
hysics

 is 
utilize

d
 t

o si
m
ulate t

he fl
o

w
 wit

h
 t

he n
o
n-

di
me

nsi
o
nal

 
g
over

ni
ng e

q
uati

o
ns. It is a versatile s

oft
ware platfor

m
 

t
hat is i

n
dee

d c
o

m
m
o
nly use

d
 for o

bservi
ng

 a
n
d si

m
u-

lati
ng fl

o
w
 dy

na
mics

 a
n
d heat

 tra
nsfer i

n vari
o
us e

ngi-
neeri

ng
 a

n
d scie

nti
fic a

p
plicati

o
ns. It provi

des
 a p

o
werf

ul
 

e
nviro

n
me

nt for setti
ng u

p
 a

n
d s

olvi
ng c

o
m
plex pro

b
-

le
ms, i

ncl
u
di

ng fl
ui

d
 fl

o
w
 a

n
d heat

 tra
nsfer si

m
ulati

o
ns. 

Vel
ocity

 strea
mli

nes a
n
d is

ot
her

m patter
ns

 are pl
otte

d
 t

o 
vis

ualize
variati

o
nsi

n
distri

b
uti

o
ns.

 

3.
1.

 
Vel

ocit
y

 stre
a

mli
nes 

Fig
ure

 
2(a

–f) 
ill

ustrates 
t
he 

ha
p
pe

ni
ngs

 
i
n 

vel
ocity 

strea
mli

nes for di
ffere

nt
 Rey

n
ol

ds
 n

u
mbers

 (
Re). T

his
 

st
u
dy deals

 wit
h

 Rey
n
ol

ds
 n

u
mber

 ra
nges fro

m 1 t
o 1000. 



6  S.  M U NI R  E T  A L.  

At  l o w R e y n ol ds  n u m b ers,  t h e fl o w  m o v es  wit h  mi ni m al  
mi xi n g a n d o n e cl o c k wis e r ot ati n g e d d y is o bs er v e d i n t h e  
c e ntr e  of  t h e c h a n n el. T his e d d y is w e a k a n d  h ar dl y  m a d e  
a n  i m p a ct o n  fl o w  d y n a mi cs  d u e  t o l o w ki n eti c  e n er g y  as  
gi v e n  i n Ta bl e  5 . F or  R e  =  5 0  a n d  1 0 0,  t w o c o u nt er  r ot at-
i n g str u ct ur es of  s a m e m a g nit u d e  ar e  o bs er v e d  n e ar  t h e 
i nl ets w hi c h  l at er gr e w  i n si z e. T h es e  v orti c es  stirr e d t h e 
fl ui d,  a n d  a  l ar g e a m o u nt  of  s urr o u n di n g fl ui d  is tr a p p e d 
b y  t h e e n g ul fi n g  s urf a c e. L at el y,  t h es e v orti c es  tr a ns-
p ort e d  m ol e c ul ar  fl ui d  i nt o t h e m e a n  fl o w.  T his  m e c h a -
nis m  e v e nt u all y e n h a n c es s yst e m e ffi ci e n c y b y i m pr o v e d  
mi xi n g.  T h e  t ot al cir c ul ati o n  of  t his d o m ai n  is e q u al  t o 
z er o  b e c a us e  e a c h  v ort e x,  alt h o u g h  it h as  t h e s a m e m a g ni -
t u d e, is o p er ati n g  i n o p p osit e  dir e cti o ns.  M or e o v er,  d u e  t o 
n o  sli p c o n diti o ns  at  t h e c h a n n el  w alls,  t h e v orti c es  d e v el -
o p e d  m or e  s h e ar a h e a d  t h a n b el o w.  F or  R e  =  5 0 0  a n d  
1 0 0 0,  t h e v ort e x  i n t h e u p p er  r e gi o n of  t h e c h a n n el  g ai n e d  
m o m e nt u m  fr o m t h e m e a n  fl o w  a n d  m o v e d  i n t h e l at er al 
dir e cti o n.  T his  v ort e x  d e v el o p e d  r e cir c ul ati o n z o n es  a n d  
s u p pr ess e d t h e v ort e x  b e n e at h  it. T h e  pr es e n c e  a n d  si z e 
of  t h es e r e cir c ul ati o n z o n es  a n d  v orti c es  d e p e n d  o n  t h e 
R e y n ol ds  n u m b er.  

T h e  cr u ci al  fi n di n g  fr o m t his dis c ussi o n  st at es t h at as  
t h e R e y n ol ds n u m b er i n cr e as es, fl o w  d y n a mi cs  e v ol v e  
si g ni fi c a ntl y, wit h  c o u nt er-r ot ati n g  v orti c es  e n h a n ci n g  
mi xi n g  at  m o d er at e  R e  ( 5 0 – 1 0 0) a n d  t h e f or m ati o n of  
d o mi n a nt  r e cir c ul ati o n z o n es  at  hi g h  R e  ( 5 0 0 – 1 0 0 0). 
T h es e  r e cir c ul ati o n z o n es  ar e  cr u ci al  as  t h e y i m pr o v e 
mi xi n g  e ffi ci e n c y  a n d  hi g hli g ht  t h e str o n g d e p e n d e n c e  of  
fl o w  b e h a vi o ur  o n  R e y n ol ds  n u m b er.  

Fi g ur e  3 ( a – d) s h o ws t h e e ff e ct  of  Gr as h of  n u m b er  o n  
v el o cit y  str e a mli n es. T h e  Gr as h of  n u m b er  is a  di m e n -
si o nl ess p ar a m et er  t h at r e pr es e nts t h e r ati o of  b u o y a n c y  
f or c es t o vis c o us  f or c es i n a  fl ui d  fl o w  d u e  t o t e m p er a-
t ur e  di ff er e n c es. It is oft e n  us e d  t o  pr e di ct t h e  o ns et of  
n at ur al  c o n v e cti o n,  w hi c h  is t h e fl o w  of  fl ui d  i n d u c e d 
s ol el y b y  t e m p er at ur e gr a di e nts.  I n t h e c o nt e xt  of  a  c h a n -
n el  c a vit y  wit h  h e at e d  w alls  a n d  t h e i ns erti o n of  a  c o p p er  
n a n o fl ui d,  t h e Gr as h of  n u m b er  will  i n fl u e n c e t h e f or m a-
ti o n of  v orti c es  a n d  t h e b e h a vi o ur  of  str e a mli n es d u e  t o 
n at ur al  c o n v e cti o n.  T h e  Gr as h of  n u m b er  dir e ctl y  a ff e cts  
t h e si z e a n d  i nt e nsit y of  t h e v orti c es.  I n a  c h a n n el  c a v -
it y wit h  h e at e d  w alls,  hi g h er  Gr as h of  n u m b ers  will  l e a d 
t o t h e d e v el o p m e nt  of  l ar g er a n d  m or e  e n er g eti c  v orti c es.  
F or hi g h er v al u es of Gr as h of  n u m b er, t h e  d o mi n a n c e of  
b u o y a n c y  f or c es s q u e e z es t h e v ort e x  n e ar  t h e c e ntr e  of  t h e 
c a vit y  a n d  d u e  t o t his a n ot h er  s m all v ort e x  is f or m e d at  
t h e ot h er  e n d.  T h es e  v orti c es  c a n  i n fl u e n c e t h e mi xi n g  of  
t h e c o p p er  n a n o fl ui d  a n d  t h e distri b uti o n  of  t e m p er at ur e 
wit hi n  t h e fl ui d.  S u m mi n g  u p,  hi g h er  Gr as h of  n u m b ers  
i nt e nsif y b u o y a n c y  f or c es, l e a di n g t o l ar g er a n d  m or e  
e n er g eti c  v orti c es  i n t h e c a vit y.  T his  r es ults i n e n h a n c e d  
mi xi n g  a n d  t e m p er at ur e distri b uti o n  wit hi n  t h e c o p p er  

n a n o fl ui d.  At  hi g h er  Gr as h of  v al u es,  a  d o mi n a nt  v ort e x  
n e ar  t h e c a vit y c e ntr e c o m pr ess es,  f or mi n g a s e c o n d ar y  
s m all er v ort e x,  f urt h er i n fl u e n ci n g fl ui d  b e h a vi o ur  a n d  
h e at  tr a nsf er. 

3. 2.  R e s ult s  of  i s ot h er m s 

Fi g ur e  4 ( a – d) pr es e nts  t h e i n fl u e n c e of  R e y n ol ds  n u m -
b er  o n  is ot h er ms. As  t h e R e y n ol ds  n u m b er  ris es, t h e 
is ot h er ms b e c o m e  v erti c al  a n d  p ar all el.  T his  is b e c a us e  
i n l a mi n ar fl o w,  is ot h er ms t e n d t o b e  m or e  g e ntl y  c ur v e d  
f oll o wi n g t h e or d erl y  fl o w  p att er ns.  T h e  t e m p er at ur e dis -
tri b uti o n i n l a mi n ar fl o w  is m or e  i n fl u e n c e d b y  c o n d u c -
ti o n wit hi n  t h e fl ui d  a n d  t h e d e v el o p m e nt  of  t h er m al 
b o u n d ar y  l a y ers. As  t h e R e y n ol ds  n u m b er  i n cr e as es i n 
l a mi n ar fl o w,  t h e b e h a vi o ur  of  is ot h er ms m a y  b e c o m e  
sli g htl y m or e  c ur v e d  or  dist ort e d,  b ut  t h e y still e x hi bit  a  
r el ati v el y or d er e d  p att er n  c o m p ar e d  t o t h e m or e  c h a oti c  
b e h a vi o ur  o bs er v e d  i n t ur b ul e nt fl o w.  It is als o  e vi -
d e nt  t h at f or hi g h er  v al u es  of  R e y n ol ds  n u m b er,  t h e 
t e m p er at ur e t e n ds t o s pr e a d t o t h e f ar e n d  of  t h e c a v -
it y w hi c h  w as  i niti all y n e ar  t h e i nl et z o n es  f or s m all 
R e y n ol ds  n u m b er.  Bri e fl y  s p e a ki n g, t h e R e y n ol ds  n u m -
b er  i n cr e as es, is ot h er ms tr a nsiti o n fr o m c ur v e d  t o v er -
ti c al a n d  p ar all el,  i n di c ati n g e n h a n c e d  c o n v e cti o n  a n d  
r e d u c e d c o n d u cti o n  d o mi n a n c e.  Hi g h er  R e y n ol ds  n u m -
b ers  als o  c a us e  t h e t e m p er at ur e distri b uti o n  t o e xt e n d  
f urt h er i nt o t h e c a vit y,  m o vi n g  a w a y  fr o m t h e i nl et 
z o n es  o bs er v e d  at  l o w er R e y n ol ds  v al u es.  T his  r e fl e cts 
t h e i n cr e as e d t h er m al tr a ns p ort e ffi ci e n c y  wit h  risi n g 
R e y n ol ds  n u m b ers.  

Fi g ur e  5 ( a – d) r e v e als t h e e ff e ct  of  Gr as h of  n u m b er  o n  
is ot h er ms. O n  i n cr e asi n g Gr as h of  n u m b er,  t h e is ot h er ms 
b e c o m e  h ori z o nt al  a n d  p ar all el.  T h e  Gr as h o ff  n u m b er  
is a  di m e nsi o nl ess  p ar a m et er  t h at q u a nti fi es  t h e r el a-
ti v e str e n gt h of  b u o y a n c y  f or c es t o vis c o us  f or c es i n a  
fl ui d  fl o w  a n d  h e at  tr a nsf er pr o c ess.  W h e n  t h e Gr as h of  
n u m b er  is s u ffi ci e ntl y hi g h,  t h e b u o y a n c y-i n d u c e d  fl ui d  
m oti o n  c a us es  t h e f or m ati o n of  w ell- d e fi n e d,  h ori z o n -
t al is ot h er ms. T h es e  is ot h er ms i n di c at e t h at t h e t e m-
p er at ur e  gr a di e nt  a cr oss  t h e fl ui d  is pri m aril y  i n t h e 
v erti c al  dir e cti o n,  wit h  mi ni m al  t e m p er at ur e v ari ati o n  
i n t h e h ori z o nt al  dir e cti o n.  T h us,  as  t h e Gr as h of  n u m -
b er  i n cr e as es, is ot h er ms b e c o m e  h ori z o nt al  a n d  p ar all el,  
i n di c ati n g a  d o mi n a n c e  of  b u o y a n c y  f or c es o v er  vis c o us  
f or c es. T his  p att er n  r e fl e cts a  v erti c al  t e m p er at ur e gr a -
di e nt  wit h  mi ni m al  h ori z o nt al  v ari ati o n,  c h ar a ct eristi c  
of  b u o y a n c y- dri v e n  c o n v e cti o n  i n hi g h  Gr as h of  n u m b er  
fl o ws.  

Fi g ur e  6 ( a – d) s h o ws t h e e ff e ct  of  n a n o p arti cl es  v ol -
u m e  fr a cti o n ( φ ) o n  is ot h er ms. N a n o p arti cl es  t y pi-
c all y  h a v e  hi g h er  t h er m al c o n d u cti vit y  t h a n b as e  fl ui d.  
As  w e  i n cr e as e φ , t h e o v er all  t h er m al c o n d u cti vit y  of  
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Fi g ur e  2.  ( a –f) Str e a mli n es  v ari ati o n  f or R e  =  1,  1 0,  5 0,  1 0 0,  5 0 0,  1 0 0 0.  

t h e n a n o fl ui d  i n cr e as es. Hi g h er  t h er m al c o n d u cti vit y  
m e a ns  t h at h e at  is c o n d u ct e d  m or e  e ff e cti v el y  wit hi n  
t h e fl ui d.  T his  c a n  l e a d t o fl att er  is ot h er ms, es p e ci all y  
n e ar  t h e h e at e d  s urf a c e, as  h e at  s pr e a ds m or e  e v e nl y  
t hr o u g h t h e n a n o fl ui d.  E v e nt u all y,  as  t h e n a n o p arti cl e  

v ol u m e  fr a cti o n i n cr e as es, t h e t h er m al c o n d u cti vit y  of  
t h e n a n o fl ui d  i m pr o v es, l e a di n g t o m or e  e ffi ci e nt  h e at  
c o n d u cti o n.  T his  r es ults i n fl att er  is ot h er ms, p arti c ul arl y  
n e ar  t h e h e at e d  s urf a c e, as  h e at  s pr e a ds m or e  u nif or ml y  
t hr o u g h t h e n a n o fl ui d.  
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Fi g ur e  3.  ( a – d) Str e a mli n e  v ari ati o ns  f or Gr  =  1 0 2 , 1 03 , 1 04 , 1 05  . 

Ta bl e  4  s h o ws as e x p e ct e d t h e  d e cr e asi n g  b e h a vi o ur  
of  a v er a g e  N uss elt  n u m b er  f or b ot h  w alls  o n  i n cr e asi n g 
R e y n ol ds  n u m b er  a n d  Gr as h of  n u m b er.  N u a v g  f or u p p er  
a n d  l o w er w alls  d e cr e as es  o n  i n cr e asi n g R e  w hil e  o p p osit e  
b e h a vi o ur  h as  s e e n i n c as e  of  Gr  f or b ot h  w alls.  Ta bl e  5  
pr es e nts  t h e v ari ati o n  of  ki n eti c  e n er g y  o n  i n cr e asi n gR e  
a n d  Gr . T his is b e c a us e at l o w R e y n ol ds n u m b ers, t h e fl o w  
is oft e n  l a mi n ar, c h ar a ct eri z e d  b y  s m o ot h a n d  or d er e d  
fl ui d  m oti o n.  As  t h e R e y n ol ds  n u m b er  i n cr e as es, t h e fl o w  
is m or e  li k el y t o tr a nsiti o n fr o m l a mi n ar t o t ur b ul e nt. 
T ur b ul e nt  fl o w  i n v ol v es c o m pl e x,  c h a oti c,  a n d  irr e g ul ar 
fl ui d  m oti o n  wit h  v ari o us  e d di es  a n d  v orti c es  f or mi n g i n 
t h e fl ui d. T h es e e d di es a n d v orti c es c o ntri b ut e t o a gr e at er  
ki n eti c  e n er g y  c o nt e nt  i n t h e fl ui d.  

Hi g h er  Gr as h of  n u m b ers  i n di c at e str o n g er b u o y a n c y  
f or c es r el ati v e t o vis c o us  f or c es. T his  l e a ds t o m or e  
si g ni fi c a nt fl ui d  m o v e m e nt  d u e  t o n at ur al  c o n v e cti o n.  As  
fl ui d  p ar c els  e x p eri e n c e  d e nsit y  v ari ati o ns  d u e  t o t e m p er-
at ur e  di ff er e n c es,  t h e y b e c o m e  b u o y a nt,  l e a di n g t o fl ui d  

T a bl e  4.  V al u es  of  a v er a g e  N uss elt  n u m b er  ( u p p er a n d  l o w er 
w all)  o n  v ar yi n g  R e y n ol ds  n u m b er  a n d  Gr as h of  n u m b er.  

R e  Gr  
N u a v g  

( U p p er w all)  
N u a v g  

( L o w er w all)  

1  2. 3 9 4 1  3. 6 3 3 7  
1 0  0. 4 7 3 7 3  3. 4 1 8 0  
5 0  3. 5 4 9 3  ×  1 0 − 4  0. 1 8 3 4 5  
1 0 0  2. 3 1 6 5  ×  1 0 − 4  0. 0 0 7 9 6  

1 0 2  1. 5 4 7 4  1. 7 8 3 1  
1 0 3  2. 3 7 4 1  3. 6 3 3 7  
1 0 4  5. 6 4 5 6  8. 5 9 7 9  
1 0 5  1 3. 7 6 6  1 9. 8 8 0  

m oti o n  c h ar a ct eri z e d  b y  v orti c es  a n d  cir c ul ati o n  c ells.  
H e n c e,  ki n eti c  e n er g y  i n cr e as es. 

Fi g ur e  7 ( a – b)  e x pl or es  t h e i n fl u e n c e of  Gr  o n  N uss elt  
n u m b er  f or b ot h  u p p er  a n d  l o w er h e at e d  w alls.  Hi g h er  
Gr as h of  n u m b ers  r es ult i n m or e  vi g or o us  fl ui d  m o v e -
m e nt,  w hi c h  e n h a n c es  h e at  tr a nsf er t hr o u g h i n cr e as e d 
fl ui d  mi xi n g  a n d  c o nt a ct  wit h  h e at e d  w alls.  T his  c a n  l e a d 
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Fi g ur e  4.  ( a – d) Is ot h er m distri b uti o n  f or R e  =  1,  1 0,  5 0,  1 0 0.  

T a bl e  5.  I n fl u e n c e of  R e y n ol ds  n u m b er  a n d  Gr as h o ff  n u m b er  o n  
Ki n eti c  e n er g y.  

R e  Gr  Ki n eti c  e n er g y  

1  1. 1 7 6 4  
1 0  2. 0 1 9 7 2  
5 0  4. 0 2 3 2 4  
1 0 0  7. 0 3 7 5 1  

1 0 2  0. 0 5 6 1 1 1  
1 0 3  1. 1 7 4 9 0  
1 0 4  1 0. 1 9 8 0  
1 0 5  5 4. 4 6 3 1  

t o a  hi g h er  N uss elt  n u m b er  o n  b ot h  h e at e d  w alls,  i n di-
c ati n g  i m pr o v e d c o n v e cti v e  h e at  tr a nsf er c o m p ar e d  t o 
c o n d u cti v e  h e at  tr a nsf er. 

Fi g ur e  8 ( a – b) s h o ws t h e d e cr e asi n g  b e h a vi o ur  of  
N uss elt n u m b er f or  u p p er a n d l o w er h e at e d w all  o n  

i n cr e asi n g v ol u m e  fr a cti o n of  n a n o p arti cl es.  T h e  a d di -
ti o n of  n a n o p arti cl es  c a n  als o  alt er  t h e vis c osit y  of  t h e 
fl ui d.  A n  i n cr e as e i n vis c osit y  c a n  hi n d er  fl ui d  fl o w,  
r e d u ci n g t h e c o n v e cti v e  h e at  tr a nsf er. As  N u  is d e p e n -
d e nt  o n  c o n v e cti v e  h e at  tr a nsf er, t his c a n  l e a d t o a  
d e cr e as e  i n N u . I n f a ct, i n cr e asi n g t h e v ol u m e  fr a cti o n 
of  n a n o p arti cl es  i n a  b as e  fl ui d  r ais es its vis c osit y,  a ff e ct -
i n g fl o w  b e h a vi o ur  dr a m ati c all y.  Hi g h er  vis c osit y  l o w ers 
t h e m o bilit y  of  fl ui d  p arti cl es,  r es ulti n g i n a  sl o w er fl o w.  
T his,  i n t ur n, r e d u c es t h e e ffi ci e n c y  of  c o n v e cti v e  h e at  
tr a ns missi o n si n c e fl ui d  m o bilit y  is ess e nti al  f or t h er-
m al  e n er g y  tr a nsf er. F urt h er m or e,  gr e at er  vis c osit y  c a n  
pr e v e nt  t h e pr o d u cti o n  of  t ur b ul e nt e d di es,  w hi c h  ar e  
r e q uir e d f or e ff e cti v e  h e at  mi xi n g  i n c o n v e cti v e  pr o c ess es.  
As  a  r es ult, t h e h e at  dissi p ati o n  c a p a bilit y  dr o ps,  w hi c h  is 
r e fl e ct e d i n t h e l o w er N uss elt  n u m b er.  
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Fi g ur e  5.  ( a – d) Is ot h er m distri b uti o n  f or Gr  =  1 0 2 , 1 03 , 1 04 , 1 05  . 

4.  C o m p ari s o n  of  r e s ult s 

Aft er  d oi n g  a  gri d  c o n v er g e n c e  a n al ysis,  w e  c o m p ar e d  
t h e c o m p ut ati o n al  r es ults wit h  t h e l a mi n ar fl o w  a v ail a bl e  
i n Willi a ms  et  al.  (2 0 2 0 ). Fi g ur e  9 ( a – b) s h o ws v el o c -
it y str e a mli n es fi x e d  at  R e  =  3 4  f or e xisti n g  a n d  pr es e nt  
r es ults r es p e cti v el y.  It is e vi d e nt t h at pr es e nt  n u m eri -
c al  r es ults ali g n  w ell  wit h  t h e c al c ul ati o ns  b as e d  o n  t h e 
c orr el ati o n.  

5.  C o n cl u si o n s  

I n t his st u d y, w e  e m pl o y e d  F E M  t o i n v esti g at e t h e 
i m p a ct of  c o n v e cti o n  o n  t h e fl o w  of  a  n a n o fl ui d,  c o n -
sisti n g of  a  N e wt o ni a n  fl ui d  a n d  n a n o p arti cl es,  wit hi n  
a  c h a n n el  c a vit y.  T hr o u g h  o ur  a n al ysis,  w e  e x pl or e d  t h e 
e ff e cts  of  k e y  p ar a m et ers  i n cl u di n g R e y n ol ds  n u m b er,  

Gr as h of  n u m b er,  a n d  v ol u m e  fr a cti o n of  n a n o p arti cl es.  
T h e  k e y  c o n cl usi o ns  dr a w n  fr o m o ur  i n v esti g ati o n ar e  as  
f oll o ws: 

•  As  t h e Gr as h of  n u m b er  ( Gr) i n cr e as es, i n di c ati n g a  
str o n g er i n fl u e n c e of  b u o y a n c y  f or c es r el ati v e t o vis -
c o us  f or c es, w e  o bs er v e d  a  n ot a bl e  alt er ati o n  i n t h e 
is ot h er m p att er ns.  S p e ci fi c all y,  t h e is ot h er ms b e c a m e  
m or e  h ori z o nt all y  ori e nt e d  a n d  p ar all el  t o e a c h  ot h er.  
T his  b e h a vi o ur  is attri b ut e d  t o t h e i nt e nsi fi e d c o n v e c -
ti v e h e at  tr a nsf er wit hi n  t h e c a vit y.  

•  Wit h  a n  i n cr e as e i n R e y n ol ds  n u m b er  ( R e), r e pr e-
s e nti n g t h e  r ati o of i n erti al f or c es t o vis c o us  f or c es,  
t h e is ot h er ms e x hi bit e d  a  v erti c al  a n d  p ar all el  p at -
t er n. T his  p h e n o m e n o n  i n di c at es e n h a n c e d  fl ui d  mi x -
i n g a n d  c o n v e cti v e  h e at  tr a nsf er wit hi n  t h e c h a n n el,  
l e a di n g t o m or e  e ffi ci e nt  h e at  dissi p ati o n.  
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Fi g ur e  6.  ( a- d) Is ot h er m distri b uti o n  f or φ  =  0. 0 1,  0. 0 3,  0. 0 5,  0. 0 7.  

•  T h e  N uss elt  n u m b er,  w hi c h  c h ar a ct eri z es  t h e c o n -
v e cti v e  h e at  tr a nsf er c o e ffi ci e nt,  d e m o nstr at e d  a  
si g ni fi c a nt i n cr e as e f or b ot h  h e at e d  w alls  as  t h e 
Gr as h of  n u m b er  w as  el e v at e d.  T his  tr e n d r e fl e cts t h e 
h ei g ht e n e d  c o n v e cti v e  h e at  tr a nsf er r es ulti n g fr o m t h e 
i nt e nsi fi e d fl ui d  m oti o n  i n d u c e d b y  b u o y a n c y  f or c es. 

•  C o n v ers el y,  a n  i n cr e as e i n t h e v ol u m e  fr a cti o n of  
n a n o p arti cl es  l e d t o a  d e cr e as e  i n t h e N uss elt  n u m -
b er  f or b ot h  h e at e d  w alls.  T his  o bs er v ati o n  s u g g ests 
t h at t h e pr es e n c e  of  n a n o p arti cl es  hi n d ers  c o n v e cti v e  
h e at  tr a nsf er wit hi n  t h e n a n o fl ui d,  p ossi bl y  d u e  t o 
i n cr e as e d vis c osit y  a n d  r e d u c e d t h er m al c o n d u cti vit y.  

•  T h e  ki n eti c  e n er g y  f or b ot h  w alls  e x hi bit e d  a  c o n -
sist e nt i n cr e as e wit h  i n cr e asi n g v al u es  of  R e y n ol ds  
n u m b er  a n d  Gr as h of  n u m b er.  T his  b e h a vi o ur  i n di-
c at es  e n h a n c e d  fl ui d  m oti o n  a n d  t ur b ul e n c e wit hi n  t h e 
c a vit y,  c o ntri b uti n g  t o m or e  e ffi ci e nt  h e at  tr a nsf er. 

•  F urt h er m or e,  t h e a v er a g e  N uss elt  n u m b er  e x hi bit e d  
a  d e cli n e  wit h  risi n g v al u es  of  t h e v ol u m e  fr a cti o n 
of  n a n o p arti cl es.  T his  tr e n d u n d ers c or es  t h e n e g ati v e  
i m p a ct of  n a n o p arti cl e  a d diti o n  o n  c o n v e cti v e  h e at  
tr a nsf er e ffi ci e n c y  wit hi n  t h e n a n o fl ui d.  

T h e  c o n cl usi o ns  of  t his t h e or eti c al st u d y g a v e  a  fr a m e-
w or k  f or pr a cti c al  a p pli c ati o ns,  s u c h as  ur et er os c o p y.  
W hil e  t his st u d y d o es  n ot  i n cl u d e e x p eri m e nt al  v ali d a -
ti o n or  dir e ct  e vi d e n c e  fr o m ur et er os c o p y,  it d o es  pr o -
vi d e  a  f o u n d ati o n b y  e x a mi ni n g  t h e e ff e cts  of  i m p ort a nt 
p ar a m et ers  li k e R e y n ol ds  n u m b er,  Gr as h of  n u m b er,  a n d  
n a n o p arti cl e  v ol u m e  fr a cti o n o n  n a n o fl ui d  d y n a mi cs.  
T h es e  c h ar a ct eristi cs  h a v e  a  si g ni fi c a nt i m p a ct o n  fl o w  
b e h a vi o ur  a n d  h e at  dissi p ati o n,  w hi c h  is vit al  f or b uil d -
i n g e ff e cti v e  t h er m al m a n a g e m e nt  s yst e ms i n m e di c al  
e q ui p m e nt.  S p e ci fi c all y:  

@ 

0 .8 

0 .7 
0 .7 0 .9 7 

0 .9 3 

0 .7 0. 8 8 
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0 .4 0 .7 2 

0 .6 8 

0 .6 3 

0 . 4 0 .5 7 

( a) ( b) 
0. 5 3 

0. 4 7 

0. 4 2 

0 .3 8 
0 .8 

0 .7 0. 3 3 

0 .7 0. 2 8 

0 .2 3 

0 .6 0. 1 7 

0 . 6 0 .1 3 

0. 0 7 

0 . 4 0 

0 . 4 

0 .7 

( c) ( d) 
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Fi g ur e  7.  ( a – b) N uss elt  n u m b er  f or l o w er a n d  u p p er  h e at e d  w alls  f or v ari o us  Gr as h of  n u m b er.  

@ 

4 0 
- - Gr = l 0' 

- - Gr =l 0' 

3 5 - - Gr = l 04 

- - Gr =l 0 S 

3 0 

2 5 

2 0 

::, 
z 1 5 

1 0 

5 

-----
0 0. 0 2 0 .0 4 0 .0 6 0 .0 8 0 .1 0 .1 2 0 .1 4 0 .1 6 0 .1 8 0 . 2 0 .2 2 0 .2 4 

y 

( a) 

2 6 - - Gr =l 0' 

- - Gr =l 0' 
2 4 - - Gr =l 0 4 

2 2 
- - Gr =l 0 S 

2 0 

1 8 

1 6 

::, 
1 4 z 

1 2 

1 0 

8 

6 

4 

2 ---
0 0 .0 2 0 .0 4 0. 0 6 0 .0 8 0 .1 0. 1 2 0 .1 4 0 .1 6 0 .1 8 0 .2 0 .2 2 0 .2 4 

y 

( b) 



E N GI N E E RI N G  A P P LI C A TI O N S  O F  C O M P U T A TI O N A L  F L UI D  M E C H A NI C S  1 3  

Fi g ur e  8.  ( a – b) V ari ati o n  of  N uss elt  n u m b er  o n  c h a n gi n g  v ol u m e  fr a cti o n of  n a n o p arti cl es.  
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Fi g ur e  9.  C o m p ar ati v e  str e a mli n es. ( a) Willi a ms  et  al.  (2 0 2 0 ). ( b) Pr es e nt  r es ults. 

•  Is ot h er m a n d  str e a mli n e p att er ns  s h o w e n h a n c e d  
fl ui d  mi xi n g  a n d  c o n v e cti v e  h e at  tr a nsf er, pr o vi di n g  
i nsi g hts f or i m pr o vi n g c o oli n g  a n d  irri g ati o n d uri n g  
ur et er os c o p y.  Pr e cis e  t e m p er at ur e r e g ul ati o n is cr u ci al  
f or tiss u e pr ot e cti o n.  

•  T h e  o bs er v e d  i m p a cts of  n a n o p arti cl e  v ol u m e  fr a c-
ti o ns o n  h e at  tr a nsf er e ffi ci e n c y  pr o vi d e  g ui d eli n es  f or 
c h o osi n g  n a n o fl ui ds  wit h  s uit a bl e t h er m al c h ar a ct er -
isti cs. F or  e x a m pl e,  t h e d e cr e as e  i n N uss elt  n u m b er  at  
gr e at er  n a n o p arti cl e  c o n c e ntr ati o ns  ai ds  i n s el e cti n g 
t h e b est  f or m ul ati o ns. 

•  E ffi ci e nt  h e at  e v a c u ati o n  fr o m l as er a bl ati o n  sit es is 
criti c al  i n ur et er os c o p y.  T h e  fi n di n gs  of  t his st u d y, 
w hi c h  i n cl u d e t h e i m p a ct of  R e y n ol ds  a n d  Gr as h of  
n u m b ers  o n  ki n eti c  e n er g y  a n d  h e at  dissi p ati o n,  i n di-
c at e  d esi g n  i m pr o v e m e nts f or irri g ati o n s yst e ms a n d  
r es er v oirs i n s ur gi c al e q ui p m e nt.  

F ut ur e  r es e ar c h o n  n a n o fl ui d  fl o w  i n a  s q u ar e c a vit y  
s h o ul d f o c us o n  e x p eri m e nt al  v ali d ati o n  t o c o m pl e m e nt  
n u m eri c al  st u di es, e ns uri n g  a c c ur at e  r e al- w orl d a p pli c a-
bilit y. F urt h er, s p e ci fi c  m o d elli n g t ail or e d t o ur et er os c o p y  
t o str e n gt h e n t h e c o n n e cti o n  b et w e e n  n a n o fl ui d  d y n a m -
i cs a n d  o p er ati o n al  b e n e fits  i n m e di c al  s c e n ari os c a n  
als o  b e  t h e t o pi c of  i nt er est. A d diti o n all y,  i n c or p or at-
i n g h y bri d  n a n o p arti cl es  c a n  f urt h er e n h a n c e  t h er m al 
pr o p erti es  a n d  s yst e m p erf or m a n c e.  

A c k n o wl e d g e m e nt s  

All  pr o c e d ur es  w er e  c o n d u ct e d  i n r es e ar c h t h at di d  n ot  e nt ail  
h u m a n  or  a ni m al  s u bj e cts or  d at a.  

A ut h or s’  c o ntri b uti o n  

All a ut h ors c o ntri b ut e d e q u all y  h a v e  r e a d  a n d a p pr o v e d t h e  
fi n al  v ersi o n  of  t h e m a n us cri pt.  

Di s cl o s ur e  st at e m e nt  

N o  p ot e nti al  c o n fli ct  of  i nt er est w as  r e p ort e d b y  t h e a ut h or(s).  

U s e  of  Artifi ci al  I nt elli g e n c e ( AI) t o ol s 
d e cl ar ati o n  

T h e  a ut h ors  d e cl ar e  t h at t h e y h a v e  n ot  us e d  AI  t o ols i n t h e 
cr e ati o n  of  t his arti cl e.  

D at a  a v ail a bilit y  st at e m e nt  

T h e d at a t h at s u p p ort  t h e fi n di n gs of t his st u d y ar e a v ail a bl e  
fr o m t h e c orr es p o n di n g  a ut h or  u p o n  r e as o n a bl e r e q u est. 
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