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A B S T R A C T  1  

T h e  ass e m bl y of a 2 D n e m ati c li q ui d cr y st al at a n i nt erf a c e b et w e e n t w o li q ui d s c a n b e e x pl oit e d t o ass e m bl e d e n s el y p a c k e d  a n d 2  

hi g hl y -ali g n e d arr a y s of r o d -li k e n a n o p arti cl es. T his m et h o d is es p e ci all y r el e v a nt t o cr e ati n g arr a y s of s e mi c o n d u cti n g c ar b o n 3  

n a n ot u b es ( C N Ts) f or hi g h -p erf or m a n c e el e ctr o ni cs. W h e n a d e n s e s ol v e nt c o nt ai ni n g C N Ts fl o ws o v er a l ess d e n s e w at er s u b p h as e i n 4  

a c o nfi n e d c h a n n el, t h e l o c all y ali g n e d arr a y s of n a n o p arti cl es ali g n gl o b all y wit h t h e fl o w dir e cti o n a n d c a n b e tr a n sf err e d t o t h e 5  

s u b str at e. F or l ar g e s u b str at es a n d l o n g c h a n n els, t h e d e n s e s ol v e nt t e n d s t o sl o w a n d cr e at e a p o ol, w hi c h t h e n dr o p s t hr o u g h t h e 6  

i nt erf a c e a n d dist ur b s t h e d eli c at e d e p o siti o n pr o c e ss. U n d er st a n di n g t his p h e n o m e n o n is criti c al t o i m pr o vi n g a n d s c ali n g u p si mil ar 7  

m a n uf a ct uri n g pr o c e ss es. H er e, d at a is c oll e ct e d, a n d a n e m piri c al m o d el is d e v el o p e d t o u n d er st a n d a n d pr e di ct t h e p o oli n g b e h a vi or 8  

of a s u s p e n d e d fl ui d fl o wi n g o v er a l ess d e n s e s u b p h as e. T h e m o d el is d e m o n str at e d w it h t w o diff er e nt s ol v e nts a n d pr o v es t o b e 9  

a c c ur at e wit hi n +/ - 1 5 %. Wit h a b ett er u n d er st a n di n g of t h e p h y si cs g o v er ni n g t h e s y st e m, t h e m o d el is t h e n u s e d t o s u g g est m et h o d s 1 0  

f or mi ni mi zi n g p o oli n g b e h a vi or. 1 1  

K e y w or d s:  E x p eri m e nt al te c h ni q u es,  d u ct, c h a n n el, a n d pi p e fl o ws,  fil ms, fr e e s urf a c e fl o ws, fr e e s h e ar l a y er s, su s p e n si o n s, fl ui d 1 2  

in st a bilit y, st a bilit y, a n d tr a n siti o n.  1 3  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
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N O M E N C L A T U R E  1 4  

B o   b o n d n u m b er  1 5  

D h   h y dr a uli c di a m et er  1 6  

g   gr a vit ati o n al a c c el er ati o n  1 7  

h   fil m t hi c k n ess 1 8  

H f  h e a d l o ss  1 9  

L   fr o nt dist a n c e  2 0  

L c   c a pill ar y l e n gt h  2 1  

P   p o oli n g p ar a m et er  2 2  

Q   fl o w r at e 2 3  

v   v el o cit y  2 4  

w   c h a n n el g a p wi dt h  2 5  

x f d  h y dr o d y n a mi c f ull y d e v el o p e d l e n gt h  2 6  

θ   st ati c c o nt a ct a n gl e   2 7  

μ   d y n a mi c vis c o sit y  2 8  

ρ   d e n sit y  2 9  

σ   s urf a c e t e n si o n  3 0  

 3 1  

S u b s c ri pt s  3 2  

X 1   pr o p ert y at p o siti o n 1  3 3  

X 2   pr o p ert y at p o siti o n 2  3 4  

X c b   c hl or o b e n z e n e  3 5  

X cf   c hl or of or m  3 6  

X crit   criti c al h ei g ht  3 7  

X sf   s u p p ort e d fl ui d  3 8  

X w, air   pr o p ert y at w at er -air i nt erf a c e  3 9  

X w, cf   pr o p ert y at w at er -c hl or of or m i nt erf a c e  4 0  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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1  I N T R O D U C TI O N 4 1  

1. 1 B a c k g r o u n d a n d M oti v ati o n  4 2  

C ar b o n n a n ot u b e ( C N Ts) fi el d eff e ct tr a n sist or s ( C N F E Ts) h a v e t h e p ot e nti al t o i m pr o v e t h e p erf or m a n c e a n d effi ci e n c y of 4 3  

s e mi c o n d u cti n g el e ctr o ni c d e vi c es. L o gi c d e vi c es c o n str u ct e d fr o m hi g hl y ali g n e d a n d d e ns el y p a c k e d arr a y s of C N Ts will o ut p e rf or m 4 4  

si mil ar Sili c o n b as e d d e vi c es b y 5 t o 2 0 ti m es i n c h ar g e tr a n s p ort, effi ci e n c y a n d s wit c hi n g s p e e d. [ 1 -4]. T h e e x c ell e nt pr o p erti es of 4 5  

C N F E Ts c a n o nl y b e r e ali z e d wit h d e n s el y p a c k e d, hi g hl y r e g ul ar ali g n e d arr a y s of n a n ot u b e fil ms t h at ar e d e p o sit e d o n a s u b s tr at e 4 6  

u p o n w hi c h F E Ts c a n b e c o nstr u ct e d. S e v er al s ol uti o n -b as e d a p pr o a c h es h a v e s u c c essf ull y cr e at e d t h es e n a n ot u b e arr a y s, i n cl u di n g 4 7  

s h e ar ali g n m e nt [ 5], e v a p or ati v e s elf -ass e m bl y [ 6], dir e ct e d e v a p or ati o n [ 7, 8], D N A dir e ct e d ass e m bl y [ 9], di m e n si o n -li mit e d s elf-4 8  

ali g n m e nt [ 1 0], as w ell as t h e L a n g m uir Bl o d g ett a n d S c h aff er m et h o d s [ 6, 1 1]. W hil e all t h es e m et h o d s s h o w pr o mis e, si g nifi c a nt 4 9  

a d v a n c e s i n pr o c e ssi n g m et h o d s a n d t e c h n ol o g y ar e n e c ess ar y t o m a n uf a ct ur e t h e hi g h -q u alit y arr a y s of C N Ts d e m a n d e d b y C N F E Ts.  5 0  

O n e p arti c ul arl y pr o misi n g m et h o d of ali g ni n g C N Ts a n d ot h er r o d -li k e n a n o p arti cl es utili z e s t h e f or m ati o n of a 2 D n e m ati c 5 1  

li q ui d cr y st al at a li q ui d-li q ui d i nt erf a c e [ 1 2]. N a n o p arti cl es s u c h as C N Ts ar e dis p er s e d i n a n or g a ni c s ol v e nt w hi c h is d e p o sit e d o n a 5 2  

w at er s u b p h as e. S elf -ass e m bl y of a 2 D n e m ati c li q ui d cr y st al o c c ur s at t h e li q ui d -li q ui d i nt erf a c e, w h er e i n di vi d u al C N Ts (a p pr o xi m at el y 5 3  

1 n m i n di a m et er a n d  0. 7 μ m i n l e n gt h)  c oll e ct t o f or m or g a ni z e d, l o c all y ali g n e d gr o u p s. T h e s elf -ass e m bl y t h at o c c ur s at t his i nt erf a c e 5 4  

r es ults i n d e n s el y p a c k e d, l o c all y ali g n e d arr a y s of C N Ts.  5 5  

Ta n g e nti al Fl o w I nt erf a ci al S elf -Ass e m bl y ( Ta FI S A) is o n e n o v el m et h o d t h at utili z e s li q ui d cr y st al f or m ati o n at a li q ui d -li q ui d 5 6  

i nt erf a c e; t his t e c h ni qu e is t h e f o c u s of t his p a p er [ 1 3]. A si m plifi e d s c h e m ati c of Ta FI S A is s h o w n i n Fi g ur e 1. T h e pr o c e ss utili z e s a 5 7  

t hi n ( 3 m m) c h a n n el cr e at e d b et w e e n t w o p ar all el s u b str at es t h at a re  p arti all y s u b m er g e d i n a w at er r es er v oir  a n d o p e n o n b ot h e n d s . 5 8  

T h e fl ui d l e v el b et w e e n t h e pl at es f or m s a r ais e d m e nis c u s w hi c h is hi g h er t h a n t h e b ul k w at er l e v el. T his is d u e t o c a pill ar y ris e b et w e e n 5 9  

p ar all el pl at es, w hi c h e x pl ai n s t h at t h e c o h esi v e f or c e s b et w e e n t h e li q ui d a n d t h e b arri er a cts t o lift t h e li q ui d m ass u ntil t h e gr a vit ati o n al 6 0  

f or c e is b al a n c ed . 6 1  

A n e e dl e i n s ert e d i nt o t h e c h a n n el d eli v er s a s ol v e nt wit h dis p er s e d c ar b o n n a n ot u b es (r ef err e d t o as C N T i n k) t h at fl o ws o n 6 2  

t o p of t h e r ais e d w at er s urf a c e. As t h e C N T i n k is i nj e ct e d, s urf a c e t e n si o n i nt er a cti o n s b et w e e n t h e w at er a n d t h e i n k l e a d s t o t h e 6 3  

f or m ati o n of a 2 D n e m ati c li q ui d cr y st al at t h e s ol v e nt-w at er i nt erf a c e. N a n ot u b es mi gr at e fr o m t h e b ul k s ol v e nt ( s h o w n i n r e d i n F i g ur e 6 4  

1) t o t h e w at er -s ol v e nt i nt erf a c e.  T his li q ui d cr y st al c o nfi n es t h e n a n ot u b es i nt o d e n s el y p a c k e d, l o c all y ali g n e d arr a y s. Wit h t h e a d diti o n 6 5  

of fl o w t hr o u g h t h e c h a n n el, vis c o u s s h e ar at t h e c h a n n el w alls a cts t o ali g n t h e C N T gr o u ps wit h t h e fl o w dir e cti o n, cr e ati n g a gl o b all y 6 6  

ali g n e d n a n ot u b e fil m at t h e i nt erf a c e. As t h e s u b str at es ar e lift e d fr o m t h e r es er v oir, t h e fil m is d e p o sit e d o nt o t h e s u b str at e at t h e 6 7  

i n k/ w at er i nt erf a c e [ 1 3].  6 8  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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 6 9  

 

Fi g . 1: S c h e m ati c s h o wi n g i nt erf a ci al a s s e m bl y i n T a FI S A  7 0  

Ta FI S A h as d e m o n str at e d p arti al m o n ol a y er c o v er a g e wit h li n e ar p a c ki n g d e n siti es of 1 0 0 m m -1  m e a s ur e d p er p e n di c ul ar t o t h e 7 1  

C N T’s a xis, a n d gl o b al ali g n m e nt wit hi n ± 6°  o v er r o u g hl y 6 0 % of a w af er [ 1 3].  Al o n g t h e C N T a xi s, t h e C N Ts arr a n g e t h e m s el v es 7 2  

n e arl y e n d t o e n d, l e a vi n g n e gli gi bl e  s p a c e b et w e e n t h e m . F ull w af er c o v er a g e is a m aj or b e n efit i n d e vi c e pr o d u cti o n, as it all o ws t h e 7 3  

e ntir e s urf a c e of t h e s u b str at e t o b e u s e d t o m a n uf a ct ur e el e ctr o ni c  d e vi c es. Ta FI S A h as b e e n c o n d u ct e d  s u c c essf ull y o n w af e r s fr o m 7 4  

2 x 2 c m 2  u p t o 6 x 1 0 c m 2 , s u g g esti n g t h at t h e pr o c e ss is s c al a bl e. Ta FI S A r eli e s o n pri n ci pl es u s e d i n L a n g m uir-Bl o d g ett a n d S c h a ef er 7 5  

m et h o d s [ 1 1] i n c o m bi n ati o n wit h fl o w, b ut  all o ws f or m u c h f ast er pr o c e ssi n g.  T h e p ar a m et er s a n d r el ati o n s h i p s t h at aff e ct t h e d e p o siti o n 7 6  

q u alit y s u c h as p a c ki n g d e n sit y a n d ali g n m e nt ar e e x pl or e d i n d et ail b y Ji n ki n s [ 1 3] b ut ar e n ot a f o c u s of t his p a p er.   7 7  

W hil e m et h o d s li k e Ta FI S A s h o w gr e at p ot e nti al, t h er e ar e c h all e n g es t h at r e q uir e att e nti o n b ef or e t h e pr o c e ss c a n b e s c al e d 7 8  

a n d a d o pt e d b y i n d u str y. T h u s f ar, c hl or of or m h as b e e n s h o w n t o b e a g o o d or g a ni c s ol v e nt f or Ta FI S A; h o w e v er, c hl or of or m is d e n s er  7 9  

t h a n t h e s u b-p h as e ( w at er) t h at it r ests o n. C o n s e q u e ntl y, o n e of t h e m aj or h ur dl es i n Ta FI S A is s u s p e n di n g a d e n s er s ol v e nt a b o v e a l ess 8 0  

d e n s e s u b -p h as e o v er l o n g c h a n n el l e n gt h s  w hil e a v oi di n g “ p o oli n g ” p h e n o m e n o n. P o oli n g is d efi n e d as a n a c c u m ul ati o n of s ol v e nt at 8 1  

a si n gl e l o c ati o n al o n g t h e c h a n n el , s o t h at t h e fl o w f ails t o r e a c h t h e e n d of t h e c h a n n el. O n c e a p o ol b e gi n s t o f or m, it cr e at es a s m all 8 2  

d e pr essi o n w hi c h gr o ws u ntil it f alls t hr o u g h t h e i nt erf a c e  a n d si n k s . A n y a m o u nt of p o oli n g  i n t he  s u s p e n d e d fl o w r es ults i n a f ail e d 8 3  

d e p o siti o n.  U n d er st a n di n g, d es cri bi n g, a n d c o ntr olli n g t h e d eli c at e s u s p e n si o n of a d e n s e or g a ni c s ol v e nt o n t o p of a w at er s u b -p h as e is 8 4  

t h e f o c u s of t his p a p er. 8 5  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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 8 6  

1. 2 E x p e ri m e nt al A p p ar at u s  8 7  

T h e e x p eri m e nt al a p p ar at u s u s e d  i n t his p a p er t o st u d y t h e Ta FI S A pr o c e ss is s h o w n i n Fi g ur es 2 a n d 3. T h e a p p ar at u s utili z e s 8 8  

t w o al u mi n u m fr a m es w hi c h h ol d r e m o v a bl e gl ass b arri er s t h at a ct as t h e c h a n n el. T h e tr a n s p ar e nt gl ass pl at es all o w t h e b e h a v i or of t h e 8 9  

li q ui d s i n t h e c h a n n el t o b e o bs er v e d d uri n g t h e d e p o siti o n pr o c e ss. P ar a m et er s s u c h as n e e dl e i n s erti o n h ei g ht, i n k fil m t hi c k n ess, a n d 9 0  

w at er l e v el v ari ati o n s a n d vi br ati o n s c a n b e o b s er v e d a n d m e a s ur e d. T h e al u mi n u m fr a m e is c o n n e ct e d t o a li n e ar st a g e t h at li fts t h e 9 1  

fi xt ur e fr om t h e w at er tr o u g h at a c o ntr oll e d r at e.  T h e a n gl e of t h e pl at es r el ati v e t o t h e w at er s urf a c e is a n ot h er pr o c e ss p ar a m et er t h at 9 2  

aff e cts t h e d e p o siti o n q u alit y b ut n ot t h e fl o w st a bilit y i n t h e c h a n n el. N ot e F i g ur es 2 a n d 3 s h o w t h e pl at es ori e nt e d 4 5 ° t o t h e w at er 9 3  

s urf a c e, h o w e v er h er e all d at a is c oll e ct e d i n t h e v erti c al c o nfi g ur ati o n, as s h o w n i n fi g. 1.  T h e pr o c e ss is als o s e n siti v e t o t h e w at er l e v el 9 4  

h ei g ht i n t h e c h a n n el. T h er ef or e, as t h e pl at es ar e lift e d fr o m t h e tr o u g h a w at er l e v eli n g d e vi c e  is u s e d t o m ai nt ai n a c o n st a nt w at er l e v el 9 5  

i n t h e tr o u g h.  9 6  

 

Fi g . 2:  E x p eri m e nt al a p p ar at u s. Fr o m l eft t o ri g ht: ( a) t h e w at er l e v eli n g d e vi c e, ( b) fl o ati n g st ati o n ar y p o st, ( c) al u mi n u m 

pl at e s, ( d) li n e ar st a g e, ( e) gl a s s b arri er s, (f) s a crifi ci al t ar g et s u b str at e  

T h e s u b str at e, a P -t y p e Si O2  w af er wit h 9 0 n m t h er m al o xi d e , is h el d i n pl a c e a g ai n st t h e gl ass b arri er u si n g a s m all cl a m p 9 7  

p o siti o n e d b et w e e n t h e pl at es. T his cl a m p c o v er s a s m all ( < 1 c m 2 ) p orti o n of t h e s u b str at e, w hi c h is t h e o nl y ar e a t h at c a n n ot b e c o at e d 9 8  

wit h a n a n ot u b e fil m. T h e n e e dl e t h at d eli v er s t h e i n k is h el d i n pl a c e u si n g a n al u mi n u m p o st fi x e d r el ati v e t o t h e pl at e m oti o n; a s eri es 9 9  

of h ol es i n t h e p o st c a n b e u s e d t o p o siti o n t h e n e e dl e at v ari o u s a n gl es r el ati v e t o t h e w at er l e v el. T h e p o st fits wit hi n a  s m all r e c ess 1 0 0  

b et w e e n t h e al u mi n u m pl at es wi t h t h e n e e dl e p o siti o n e d b et w e e n t h e gl ass b arri er s; as s h o w n i n F i g ur e 3. T h e p o st a cts as a b arri er t o 1 0 1  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E

A c
c e

pt
e d

 
M a

n u
s c

ri
pt 

N o
t 

C o
p y

e d
it

e d

D
o

w
nl

o
a
d
e
d fr

o
m 

htt
p://

as
m
e
di

git
alc

oll
ecti

o
n.

as
m
e.

or
g/fl

ui
ds

e
n
gi

n
e
eri

n
g/

articl
e-

p
df/

d
oi/

1
0.

1
1
1
5/

1.
4
0
6
2
9
9
5/

7
0
2
6
1
3
7/f

e-
2
3-

1
1
3
4.

p
df 

by 
U
niv

ersity 
Of 

Wisc
o
nsi

n 
M
a
dis

o
n 

us
er 

o
n 

2
5 J

uly 
2
0
2
3



F E -2 3 -1 1 3 4  Pr u ss a c k  6  

pr e v e nt b a c kfl o w of t h e C N T i n k o ut of t h e c h a n n el, dir e cti n g all of t h e i n k fl o w t hr o u g h t h e c h a n n el. T h e p o st is m o u nt e d t o  a n 1 0 2  

i n d e p e n d e nt a n d m a n u all y c o ntr oll e d li n e ar st a g e t h at all o ws f or a c c ur at e c o ntr ol of t h e n e e dl e h ei g ht p o siti o n r el ati v e t o t h e w at er l e v el 1 0 3  

a n d e n s ur es t h at t h e n e e dl e r e m ai n s st ati o n ar y as t h e pl at e is lift e d fr o m t h e w at er.  1 0 4  

 

Fi g.  3 : E x p eri m e nt al a p p ar at u s s h o wi n g t h e n e e dl e i n s ert e d i nt o t h e c h a n n el. T h e n e e dl e i n s erti o n h ei g ht i s m e a s ur e d 

r el ati v e t o t h e w at er i nt erf a c e. S h o w n h er e i s a “ n e g ati v e” i n s erti o n h ei g ht (i. e., t h e n e e dl e i s a b o v e t h e w at er); a n i n s ert i o n 

h ei g ht of “ z er o” c orr e s p o n d s t o t h e c e nt er of t h e n e e dl e c oi n ci di n g wit h t h e w at er i nt erf a c e.  

 1 0 5  

1. 3 C h all e n g e s F a ci n g T a FI S A  1 0 6  

F or Ta FI S A t o b e a d o pt e d o n a l ar g e s c al e, t h e d e p o siti o n pr o c e ss n e e d s t o b e r e p e at a bl e o n t h e st a n d ar d w af er si z es c urr e ntl y 1 0 7  

u s e d i n i n d u str y. T h es e st a n d ar d si z es r a n g e fr o m di a m et er s of 1 i n c h ( 2 5 m m) t o 1 8 i n c h ( 4 5 c m) a n d t h er ef or e Ta FI S A will r e q uir e 1 0 8  

c h a n n el l e n gt h s t h at ar e e q u al t o or sli g htl y l ar g er t h a n t h es e d esir e d w af er si z es. T his p a p er f o c u s es o n s c ali n g t h e c h a n n e l l e n gt h t o 1 0 9  

a c c o m m o d at e a 4 i n ( 1 0 c m) cir c ul ar s u b str at e, a n i m p ort a nt i n cr e m e nt al i n cr e a s e fr o m tr a diti o n al Ta FI S A [ 1 3]. As t h e  i n k fl o ws, fri cti o n 1 1 0  

wit h t h e c h a n n el w alls a n d t h e w at er s u b p h as e a cts t o sl o w t h e m o vi n g i n k l a y er w hi c h m a k es it diffi c ult f or t h e i n k t o r e a c h  t h e e xit.  1 1 1  

T his is p arti c ul arl y tr u e at l ar g e c h a n n el l e n gt h s a n d l o w fl o w r at es. E x p eri m e nts wit h l o n g er c h a n n el l e n gt h s s h o w t h at t h e i n k m a y 1 1 2  

c oll e ct i n t h e c h a n n el at s o m e i nt er m e di at e p o siti o n a n d f or m dr o pl ets ( or p o ols). E v e nt u all y t h e p o ol b e c o m es l ar g e e n o u g h t h at it si n k s 1 1 3  

a n d f alls b el o w t h e w at er s urf a c e, c a u si n g l ar g e dist ur b a n c e s of t h e w at er s urf a c e wit hi n t h e c h a n n el a n d r ui ni n g t h e d e p o siti o n pr o c e ss. 1 1 4  

O n c e a n i n k p o ol is est a blis h e d, t h e fl o w a cr o ss t h e c h a n n el is disr u pt e d a n d t h e i n k will c o n sist e ntl y si n k at t h at l o c ati o n ; t his is s h o w n 1 1 5  

b y t h e s e q u e n c e of i m a g es i n F i g ur e 4.  1 1 6  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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Fi g.  4 : E v ol uti o n of dr o pl et f or m ati o n i n t h e T a FI S A c h a n n el. T h e s c al e b ar s h o w n i s 1 c m  
 1 1 7  

T h e iss u e of p o oli n g a n d si n ki n g i n k m u st b e a d dr ess e d i n or d er t o all o w a n i n k fl o w t o b e est a blis h e d t hr o u g h t h e e ntir e l e n gt h 1 1 8  

of a l o n g c h a n n el i n a c o n sist e nt a n d c o ntr oll a bl e m a n n er. T o s c al e Ta FI S A a n d ot h er s ol uti o n -b as e d pr o c e ssi n g m et h o d s t o l ar g e r w af er s, 1 1 9  

it is i m p ort a nt t o d e v el o p a g e n er al u n d er st a n di n g of t h e b e h a vi or of t h e fl ui d s i n v ol v e d ( C N T i n k a n d w at er) wit hi n t h e c h a n n el a n d t h e 1 2 0  

i m p a ct of v ari o u s o p er ati n g p ar a m et er s o n t h e a c hi e v a bl e fr o nt dist a n c e (i. e., t h e dist a n c e t h at t h e C N T i n k tr a v els b ef or e p o oli n g).   1 2 1  

T h e fl o w wit hi n t h e c h a n n el i n Ta FI S A c a n b e cl assifi e d as a str atifi e d fl o w of i m mis ci bl e li q ui d s b et w e e n p ar all el pl at es. I n 1 2 2  

t his c a s e, t h e l o w er fl ui d p h as e is a d e e p r es er v oir of st ati o n ar y w at er. T h e u p p er fl ui d is a hi g h er d e n sit y l a y er of li q ui d fl o wi n g t hr o u g h 1 2 3  

t h e c h a n n el; t his fl o w is b o u n d e d b y t h e 2 gl ass pl at es b ut r e m ai n s o p e n t o t h e at m o s p h er e a b o v e  a n d at t h e e xit .  R es e ar c h o n si mil ar 1 2 4  

str atifi e d g as -li q ui d a n d li q ui d-li q ui d fl o w h as f o c u s e d o n i nt er nal pi p e fl o w, pri m aril y wit h t h e l ess d e n s e fl ui d o n t o p [ 1 4]. T h e pri m ar y 1 2 5  

f o c u s of t h es e pri or st u di es is t h e c h ar a ct eri z ati o n of t h e i nt erf a c e t h at s e p ar at es t h e t w o fl ui d s a n d t h e pr e di cti o n of pr e ss ur e dr o p a n d 1 2 6  

li q ui d h ol d-u p. F e w st u di es h a v e b e e n d o n e o n str atifi e d li q ui d -li q ui d fl o w b et w e e n p ar all el pl at es a n d t h o s e t h at d o e xist f o c u s o n 1 2 7  

sit u ati o n s i n w hi c h t h e l ess d e n s e li q ui d is s u p p ort e d o n a hi g h er d e n sit y s u b p h as e.  F or e x a m pl e, t h e w or k b y K e ul e g a n [ 1 5] f o c u s es o n 1 2 8  

t h e i nt erf a c e b e h a vi or i n t his sit u ati o n, s p e cifi c all y t h e f or m ati o n of w a v es a n d t h e r es ulti n g mi xi n g t h at o c c ur s as a f u n cti o n of t h e fl o w 1 2 9  

r at e. T his st u d y s h o ws t h at t h e fl o w v el o cit y, fl ui d d e n sit y, a n d vis c o sit y all pl a y a s u b st a nti al r ol e i n t h e i nt erf a c e b e h a vi or . F or all t h e 1 3 0  

c o n diti o n s t h at w er e t est e d h er e i n t h e Ta FI S A c h a n n el , n o w a v es or ot h er i nt erf a ci al i n st a biliti es ar e  o b s er v e d.   1 3 1  

A n ot h er ar e a of r es e ar c h t h at is r el e v a nt t o t h e p o oli n g a n d si n ki n g b e h a vi or o b s er v e d d uri n g Ta FI S A is t h e gr a vit ati o n al 1 3 2  

st a bilit y of li q ui d l e n s es t h at ar e s u p p ort e d o n a li q ui d s u b p h as e. R es e ar c h i n t his fi el d pri m aril y f o c u s es o n t h e w etti n g/s pr e a di n g 1 3 3  

b e h a vi or of l o w er d e n sit y li q ui d l e n s es o n a hi g h er d e n sit y s u b p h as e, wit h f e w st u di es dis c u ssi n g t h e o p p o sit e c a s e [ 1 6, 1 7]. Ot h er st u di es 1 3 4  

i n v esti g at e t h e st a bilit y of w at er dr o pl ets a n d s oli d c yli n d er s s u s p e n d e d o n a li q ui d s u b p h as e [ 1 8 ,1 9 ]. R es ults fr o m t h es e st u di es s h o w 1 3 5  

t h at i nt erf a ci al s urf a c e t e n si o n f or c e s a n d c o nt a ct a n gl es pl a y a si g nifi c a nt r ol e i n t h e st a bilit y of t h e s u s p e n d e d li q ui d; h o w e v er, n o n e of 1 3 6  

t h es e w or k s a d dr ess t h e d et ail s of p o oli n g a n d si n ki n g of t h e u p p er fl ui d. A d diti o n all y, t his pri or w or k h as b e e n c arri e d o ut  o n st ati c 1 3 7  

s y st e m s a n d d o es n ot c o n si d er t h e d y n a mi c f or c e s t h at aris e i n a fl o wi n g sit u ati o n. T o t h e a ut h or s’ k n o wl e d g e, t h e st a bilit y of a d e n s e 1 3 8  

li q ui d fil m fl o wi n g o v er a l ess d e n s e li q ui d s u b p h as e b et w e e n p ar all el pl at es h as n ot b e e n pr e vi o u sl y i n v esti g at e d.  1 3 9  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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T his p a p er is di vi d e d i nt o a n e x p eri m e nt al s e cti o n i n w hi c h t h e e x p eri m e nt al pr o c e d ur e a n d d at a c oll e cti o n pr o c e ss ar e 1 4 0  

d es cri b e d. T h e d at a ar e t h e n pr es e nt e d,  a n d s o m e o b s er v ati o n s ar e i d e ntifi e d i n or d er t o m oti v at e t h e s u b s e q u e nt a n al y sis. T h e r es ults 1 4 1  

a n d dis c u ssi o n s e cti o n i n v esti g at es t h e d o mi n a nt f or c e s ass o ci at e d wit h t h e str atifi e d fl o w t h at e xists wit hi n t h e c h a n n el a n d i d e ntifi es 1 4 2  

r el e v a nt di m e n si o nl ess n u m b er s t h at ar e u s e d t o d efi n e a criti c al c o n diti o n w h er e p o oli n g b e h a vi or is li k el y t o  o c c ur. T his criti c al 1 4 3  

c o n diti o n is u s e d i n t h e c o nt e xt of a si m pl e m o d el t o d e v el o p a c orr el ati o n f or fr o nt dist a n c e. Fi n all y, t h e r es ults fr o m t h e  c orr el ati o n ar e 1 4 4  

u s e d t o s u g g est m et h o d s f or i n cr e a si n g fr o nt dist a n c e s f or l o n g er c h a n n el wi dt h s.  1 4 5  

2  M A T E RI A L S  A N D M E T H O D S  1 4 6  

2. 1   D at a C oll e cti o n  1 4 7  

 T h e p o oli n g a n d si n ki n g b e h a vi or of a s u s p e n d e d, hi g h -d e n sit y li q ui d s u p p ort e d o n a l o w er -d e n sit y li q ui d a n d fl o wi n g i n a t hi n 1 4 8  

c h a n n el is st u di e d u si n g t h e e x p eri m e nt al a p p ar at u s d e v el o p e d f or Ta FI S A t h at is d es cri b e d i n S e cti o n 1. 2 a n d s h o w n s c h e m ati c all y i n  1 4 9  

Fi g ur e 5 .  1 5 0  

 

Fi g . 5 :  S c h e m ati c of e x p eri m e nt al a p p ar at u s wit h t h e n e ar pl at e a n d b arri er o mitt e d  

T h e c h a n n el is cr e at e d b et w e e n t w o 1 0 c m s q u ar e gl ass pl at es t h at ar e s e p ar at e d b y s p a c er s t h at c o ntr ol t h e c h a n n el g a p. T h e 1 5 1  

gl ass pl at es ar e h el d i n a n al u mi n u m fr a m e w hi c h is att a c h e d t o a m ot ori z e d li n e ar st a g e. T h e pl at es ar e p arti all y s u b m er g e d v erti c all y 1 5 2  

i n a tr o u g h fill e d wit h cl e a n, 1 MΩ w at er.  T h e w at er c o nt a ct li n e is visi bl e t hr o u g h t h e tr a ns p ar e nt gl ass pl at es. T h e i n k ( c hl or of or m) is 1 5 3  

i ntr o d u c e d i nt o t h e c h a n n el t hr ou g h a 1 m m i n n er di a m et er n e e dl e t h at is h el d i n a p o st at t h e e ntr a n c e of t h e c h a n n el. T h e n e e dl e is h el d 1 5 4  

at a 5 ° a n gl e fr o m t h e h ori z o nt al a n d c e nt er e d i n t h e c h a n n el. T h e c hl or of or m fl o w r at e is c o ntr oll e d u si n g a N E X U S 3 7 0 0 s yri n g e p u m p. 1 5 5  

T h e d at a c oll e cti o n pr o c e ss st arts b y p arti all y s u b m er gi n g t h e pl at es i n w at er, aft er w hi c h t h e n e e dl e h ei g ht is s et u si n g a li n e ar st a g e t o 1 5 6  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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m o v e t h e p o st v erti c all y. A fl o w r at e is s el e ct e d, t h e s yri n g e p u m p is a cti v at e d, a n d i n k fl o w is i niti at e d. T h e b e h a vi or of t h e i nt erf a c e is 1 5 7  

r e c or d e d u si n g a Di n o-Lit e B asi c A M 2 1 1 1 c a m er a. D uri n g e a c h t est, eit h er t h e i n k fr o nt r e a c h es t h e e n d of t h e c h a n n el a n d e xits 1 5 8  

s u c c essf ull y, or t h e fr o nt sl o ws a n d p o ols b ef or e t h e e xit. I n t h e l att er c a s e t h e fr o nt dist a n c e (i. e., t h e dist a n c e b et w e e n t h e p oi nt t h e i n k 1 5 9  

e xits t h e n e e dl e a n d t h e p oi nt t h at it p o ols) is r e c or d e d. Aft er e a c h r u n, t h e pl at es ar e f ull y r e m o v e d fr o m t h e tr o u g h wit h t h e li n e ar st a g e 1 6 0  

a n d t h e i n k is all o w e d t o e v a p or at e fr o m t h e pl at es a n d t h e w at er s urf a c e. T h e pl at es  ar e t h e n r e -i n s ert e d, a n d t h e pr o c e ss is r e p e at e d f or 1 6 1  

t h e n e xt t est. 1 6 2  

 A s c al e is att a c h e d t o t h e pl at e t o all o w t h e fr o nt dist a n c e t o b e m e a s ur e d a c c ur at el y b as e d o n vi d e o r e c or d e d d uri n g t h e pr o c e ss. 1 6 3  

T h e p o ol t y pi c all y h as a wi dt h of r o u g hl y 1 c m, a n d t h e p o oli n g l o c ati o n is t a k e n t o b e t h e c e nt er of t h e p o ol. M e as ur e m e nts ar e o nl y 1 6 4  

r e c or d e d f or t ests d uri n g w hi c h p o oli n g a n d si n ki n g o c c ur. F or t ests w h er e t h e i n k s u c c essf ull y r e a c h es t h e f ar e n d of t h e c h a n n el, a fr o nt 1 6 5  

dist a n c e c a n n ot b e m e a s ur e d a n d t h er ef or e t h es e tri als w er e n ot c o n si d er e d i n t h e d at a c oll e cti o n. U n d er s o m e c o n diti o n s, p o oli n g 1 6 6  

i niti all y o c c ur s a s h ort dist a n c e fr o m t h e n e e dl e a n d t h e l o c ati o n of p o oli n g s u b s e q u e ntl y sl o wl y m o v es t o w ar d s a m a xi m u m v al u e. 1 6 7  

U n d er t h es e c o n diti o n s, t h e fr o nt  dist a n c e w as r e c or d e d aft er t h e p o oli n g a n d si n ki n g l o c ati o n h as st o p p e d m o vi n g.   1 6 8  

T h e fr o nt dist a n c e as a f u n cti o n of n e e dl e h ei g ht w as i niti all y st u di e d t o d et er mi n e h o w s e n siti v e t h e pr o c e ss is t o t his p ar a m et er. 1 6 9  

A n e e dl e h ei g ht of z er o c orr es p o n d s t o t h e b ott o m e d g e of t h e n e e dl e j u st c o nt a cti n g t h e w at er s urf a c e. A n y f urt h er m o v e m e n t i nt o t h e 1 7 0  

w at er is t a k e n t o b e a n i n cr e a s e i n n e e dl e h ei g ht. Fi g ur e 6 s h o ws t h e fr o nt dist a n c e as a f u n cti o n of n e e dl e h ei g ht m e a s ur e d at fl o w r at es 1 7 1  

of 4 m L/ mi n a n d 6 m L/ mi n f or a 1. 5 m m pl at e s e p ar ati o n. F or a gi v e n fl o w r at e, fi g. 6 s h o ws t h at t h e fr o nt dist a n c e r e m ai n s c o n st a nt t o 1 7 2  

wit hi n a b o ut 0. 5 c m r e g ar dl ess of n e e dl e h ei g ht, i n di c ati n g t h at t h e eff e ct of t his p ar a m et er is r el ati v el y i n si g nifi c a nt. F o r t h e r e m ai n d er 1 7 3  

of t h e d at a c oll e ct e d, a n e e dl e h ei g ht of 0. 7 5 m m is u s e d. T his l e a v es  t h e n e e dl e p arti all y s u b m er g e d i n w at er. A b o v e 1. 5 m m, t h e n e e dl e 1 7 4  

is f ull y s u b m er g e d w hi c h c a u s es t h e c hl or of or m t o si n k i m m e di at el y aft er e xiti n g t h e n e e dl e.   1 7 5  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  1 0  

 

Fi g . 6 : Fr o nt di st a n c e a s a f u n cti o n of n e e dl e h ei g ht f or t w o diff er e nt fl o w r at e s  

 Fl o w r at es r a n gi n g fr o m 2 m L/ mi n t o 8 m L/ mi n w er e u s e d i n 1 m L/ mi n i n cr e m e nts. A b o v e 8 m L/ mi n, t h e fl o w c o n sist e ntl y 1 7 6  

r e a c h es t h e e n d of t h e c h a n n el. C h a n n el g a p s b et w e e n 1. 5 m m a n d 3 m m w er e t est e d i n 0. 5 m m i n cr e m e nts. Fi g ur e 7 d e pi cts t h e p l at es 1 7 7  

a n d p o st  fr o m a b o v e.  A b o v e a c h a n n el g a p of 3 m m t h e p o st h ol di n g t h e n e e dl e n o l o n g er o c c u pi es t h e e ntir e c h a n n el g a p a n d a 1 7 8  

si g nifi c a nt b a c kfl o w of i n k o ut of t h e c h a n n el is o b s er v e d d u e t o t h e g a p b et w e e n t h e p o st a n d pl at es; as a r es ult, it is n ot  p o ssi bl e t o 1 7 9  

a c c ur at el y m e a s ur e t h e fl o w r at e t h at p ass es t hr o u g h t h e c h a n n el. B el o w a c h a n n el g a p of 1. 5 m m, t h er e is i nt erf er e n c e b et w e e n t h e 1 8 0  

n e e dl e a n d t h e c h a n n el. E a c h c o m bi n ati o n of c h a n n el g a p a n d fl o w r at e w as t est e d t hr e e ti m es a n d t h e r es ults of t h es e t hr e e t ests ar e 1 8 1  

a v er a g e d.  1 8 2  

 

Fi g . 7 : S c h e m ati c of e x p eri m e nt al s et u p d e m o n str ati n g t h e l o w er a n d u p p er li mit s of c h a n n el wi dt h s  

 T h e p ar a m et er s t h at ar e h el d c o n st a nt i n t his e x p eri m e nt i n cl u d e t h e st ati c c o nt a ct a n gl e of t h e pl at es wit h r es p e ct t o w at er , 1 8 3  

n e e dl e i n s erti o n h ei g ht, n e e dl e di a m et er a n d n e e dl e a n gl e; t h e v al u es of t h es e p ar a m et e r s ar e s u m m ari z e d i n Ta bl e 1 . T h e st ati c c o nt a ct 1 8 4  
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J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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F E -2 3 -1 1 3 4  Pr u ss a c k  1 1  

a n gl e is m e a s ur e d b y pl a ci n g a s m all dr o p of d e -i o ni z e d w at er o n a h ori z o nt al pl at e s urf a c e. T h e r es ulti n g c o nt a ct a n gl e is m e a s ur e d at 1 8 5  

fi v e l o c ati o n s o n t h e pl at e s urf a c e a n d t h es e v al u es ar e a v er a g e d. I m a g es ar e t a k e n a n d m e a s ur e m e nts of t h e c o nt a ct a n gl e ar e c arri e d 1 8 6  

o ut u si n g M A T L A B.  Pri or t o t esti n g, t h e gl ass pl at e s ar e ri n s e d wit h is o pr o p yl al c o h ol t o r e m o v e a n y l ar g e c o nt a mi n a nts, t h e n U V 1 8 7  

O z o n e tr e at e d t o r e m o v e a n y or g a ni c c o nt a mi n a nts a n d t o m a k e t h e s urf a c e h y dr o p hili c. T his tr e at m e nt yi el d s a c o n sist e nt st ati c c o nt a ct 1 8 8  

a n gl e f or w at er t h at is n e ar 1 0° . M e as ur e m e nts of t h e c o nt a ct a n gl e b ef or e a n d aft er t h e tri als s h o w t h at t h e c o nt a ct a n gl e is u n aff e ct e d 1 8 9  

b y r e p e at e d tri als wit h i n k a n d cl e a n w at er.  1 9 0  

 1 9 1  

2. 2 D at a  A n al y si s  1 9 2  

 All d at a w er e c oll e ct e d i n a si n gl e s essi o n a c c or di n g t o t h e d at a c oll e cti o n pr o c e d ur e d es cri b e d i n t h e pr e vi o u s s e cti o n. T hr e e 1 9 3  

d at a p oi nts f or e a c h c h a n n el wi dt h a n d fl o w r at e c o m bi n ati o n w er e r e c or d e d a n d a v er a g e d. T h e r a w d at a ar e pr es e nt e d i n Ta bl e 2  a n d 1 9 4  

t h e a v er a g e d v al u es ar e pr es e nt e d i n Ta bl e 3 . D at a p oi nts l a b el e d “ n/ a ” r e pr es e nt c o n diti o n s w h er e t h e fl o w r e a c h es t h e e n d of t h e c h a n n el,  1 9 5  

a n d n o p o oli n g o c c ur s.  It is a p p ar e nt t h at t h er e is s o m e v ari ati o n i n t h e fr o nt dist a n c e m e a s ur e d f or a gi v e n s et of c o n diti o n s. O n e 1 9 6  

p o ssi bl e e x pl a n ati o n is i n h er e nt i n c o n sist e n ci es i n t h e c o nt a ct a n gl e ( ± 3 °) t h at ar e o b s er v e d i n s oli d-li q ui d s y st e m s [ 2 0]. T h e u n c ert ai nt y 1 9 7  

ass o ci at e d wit h t h e m e a s ur e d d at a is esti m at e d as t wi c e t h e st a n d ar d d e vi ati o n ( s) of t h e tri als, w hi c h is c al c ul at e d b y t a ki n g t h e s q u ar e 1 9 8  

r o ot of t h e v ari a n c e of e a c h gr o u p of t hr e e d at a p oi n ts. T h e a v er a g e st a n d ar d d e vi ati o n f or all d at a p oi nts is f o u n d t o b e 0. 2 6 c m s o t h e 1 9 9  

u n c ert ai nt y is t a k e n t o b e 0. 5 2 c m.  2 0 0  

 Fi g ur e 8 s h o ws t h e m e a s ur e d fr o nt dist a n c e as a f u n cti o n of fl o w r at e f or s e v er al c h a n n el wi dt h s. T h e r el ati o n s hi p b et w e e n 2 0 1  

fr o nt dist an c e a n d fl o w r at e a p p e ar s t o b e a p pr o xi m at el y li n e ar f or a gi v e n c h a n n el wi dt h. I nt uiti v el y, i n cr e a si n g fl o w r at e s h o ul d l e a d  2 0 2  

t o a l ar g er fr o nt dist a n c e as m or e m o m e nt u m is ass o ci at e d wit h t h e li q ui d l e a vi n g t h e n e e dl e w hi c h all o ws it t o r e sist sl o wi n g d o w n a n d 2 0 3  

e v e nt u all y p o oli n g.  2 0 4  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E

A c
c e

pt
e d

 
M a

n u
s c

ri
pt 

N o
t 

C o
p y

e d
it

e d

D
o

w
nl

o
a
d
e
d fr

o
m 

htt
p://

as
m
e
di

git
alc

oll
ecti

o
n.

as
m
e.

or
g/fl

ui
ds

e
n
gi

n
e
eri

n
g/

articl
e-

p
df/

d
oi/

1
0.

1
1
1
5/

1.
4
0
6
2
9
9
5/

7
0
2
6
1
3
7/f

e-
2
3-

1
1
3
4.

p
df 

by 
U
niv

ersity 
Of 

Wisc
o
nsi

n 
M
a
dis

o
n 

us
er 

o
n 

2
5 J

uly 
2
0
2
3



F E -2 3 -1 1 3 4  Pr u ss a c k  1 2  

 

Fi g . 8 : Fr o nt di st a n c e a s a f u n cti o n of fl o w r at e f or v ari o u s v al u e s of t h e c h a n n el wi dt h  2 0 5  

Fi g ur e 9 s h o ws t h e fr o nt dist a n c e as a f u n cti o n of c h a n n el wi dt h f or v ari o u s fl o w r at es. Fl o w r at es of 7 a n d 8 m L/ mi n w er e 2 0 6  

e x cl u d e d, as t h er e w er e f e w er d at a p oi nts f or t h es e hi g h fl o w r at es si n c e t h e fl o w s u c c essf ull y r e a c h e d t h e e n d of t h e c h a n n e l i n m a n y 2 0 7  

of t h es e tri als. T h e eff e ct of c h a n n el wi dt h is l ess dr a m ati c t h a n fl o w r at e, b ut i n g e n er al a l ar g er c h a n n el c orr es p o n d s t o a l o n g e r fr o nt 2 0 8  

dist a n c e.  2 0 9  

 

Fi g . 9 : Fr o nt di st a n c e a s a f u n cti o n of c h a n n el wi dt h f or c hl or of or m  

 E vi d e ntl y, i n cr e a si n g eit h er fl o w r at e or c h a n n el wi dt h h as a p o siti v e eff e ct o n fr o nt dist a n c e. T o u n d er st a n d t his r el ati o n s hi p, 2 1 0  

t h e f or c e s t h at g o v er n t h e fl o w i n t h e c h a n n el ar e i d e ntifi e d a n d u s e d t o cr e at e a si m pl e s c ali n g m o d el d es cri bi n g t h e a c hi e v a bl e fr o nt 2 1 1  

1 1. 5 2 2. 5 3 3. 5 4
0

2

4

6

8

C h a n n el wi dt h  ( m m)

Fr
o

nt
 

di
st

a
n
c
e 
(
c

m)

2 m L/ mi n2 m L/ mi n
3 m L/ mi n3 m L/ mi n
4 m L/ mi n4 m L/ mi n
5 m L/ mi n5 m L/ mi n

6 m L/ mi n6 m L/ mi n

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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F E -2 3 -1 1 3 4  Pr u ss a c k  1 3  

dist a n c e i n t h e s u b s e q u e nt s e cti o n.  T his m o d el is u s e d t o g et h er wit h t h e d at a t o d e v el o p a s e mi -e m piri c al r el ati o n s hi p f or t h e fr o nt 2 1 2  

dist a n c e.  2 1 3  

3  R E S U L T S A N D DI S C U S SI O N  2 1 4  

3. 1  M o d el D e ri v ati o n  2 1 5  

A w or ki n g m o d el of s u s p e n d e d fl ui d fl o w i n a t hi n c h a n n e l c a n b e u s e d t o u n d er st a n d a n d o pti mi z e t h e Ta FI S A pr o c e ss as w ell 2 1 6  

as ot h er, si mil ar s ol uti o n -b as e d m at eri als pr o c e ssi n g m et h o d s. S u c h a p h y si cs -b as e d m o d el will h el p t o d esi g n a n d s c al e t h e pr o c e ss 2 1 7  

wit h o ut e x p e n si v e tri al a n d err or. T h e d o mi n a nt f or c e a c ti n g t o s u p p ort t h e s u s p e n d e d fl ui d l a y er is t h e s urf a c e t e n si o n f or c e at t h e i n k-2 1 8  

gl ass i nt erf a c e. T h e f or c e a cti n g t o i n d u c e p o oli n g is gr a vit y. T h e di m e n si o nl ess n u m b er t h at c o m p ar es t h e r ati o of t h e gr a vi t y t o t h e 2 1 9  

s urf a c e t e n si o n f or c e s is t h e B o n d n u m b er, w hi c h is g e n er all y d efi n e d a c c or di n g t o:  2 2 0  

                                                                                                    𝐵 𝑜 =  
𝜌  𝑔  𝐿 2

𝜎
                                                                                            ( 1) 2 2 1  

T h e B o n d n u m b er is oft e n u s e d t o u n d er st a n d t h e b e h a vi or of a dr o pl et or a b u b bl e. H o w e v er, t h e B o n d n u m b er is als o r el e v a nt 2 2 2  

f or li q ui d-li q ui d s y st e m s or f or s y st e m s c o n si d eri n g o nl y a si n gl e fl ui d [ 2 1]. I n m o d els of dis p er s e d m ulti p h as e fl ui d fl o ws, t h e l e n gt h 2 2 3  

s c al e is oft e n t a k e n t o b e t h e di m e n si o n of t h e b u b bl es, dr o pl ets, or p arti cl es t h at ar e s u s p e n d e d i n t h e fl o w [ 2 2]. H o w e v er,  t h e sit u ati o n 2 2 4  

st u di e d h e r e c o nt ai n s n o n e of t h es e dis cr et e el e m e nts a n d i n st e a d t h e s q u ar e of t h e l e n gt h s c al e is r e pl a c e d b y t h e pr o d u ct of t h e r a di u s 2 2 5  

of c ur v at ur e of t h e m e nis c u s at t h e w all, a p pr o xi m at e d as t h e c h a n n el wi dt h di vi d e d b y t h e c o si n e of t h e s ol v e nt -b arri er c o nt a ct  a n gl e, 2 2 6  

a n d t h e i n k l a y er h ei g ht, w hi c h is pr o p orti o n al t o t h e v ol u m e of t h e li q ui d t h at is b ei n g s u p p ort e d. T h e d e n sit y is r e pl a c e d b y t h e d e n sit y 2 2 7  

diff er e n c e b et w e e n t h e d e n s e i n k a n d l ess d e n s e w at er, Δ ρ , w hi c h is t h e p ar a m et er t h at gi v es ris e t o t h e gr a vit ati o n al f or c e .  A m o difi e d 2 2 8  

B o n d n u m b er is d efi n e d f or t his c a s e a c c or di n g t o:  2 2 9  

 𝐵 𝑜 =  
∆ 𝜌  𝑔  𝑤  ℎ

2  𝜎 c o s ( 𝜃 )
                                                                                             ( 2) 2 3 0  

w h er e σ  a n d θ  ar e t h e s urf a c e t e n si o n a n d c o nt a ct a n gl e, r es p e cti v el y, of t h e s u p p ort e d fl ui d wit h t h e b arri er. T h e s urf a c e t e n si o n t er m is  2 3 1  

m ulti pli e d b y 2 b e c a u s e t h e f or c e is e x ert e d o n eit h er si d e of t h e m e nis c u s b y b ot h pl at es.  2 3 2  

 T h e m o difi e d B o n d n u m b er pr o vi d es a crit eri o n f or p o oli n g; a criti c al B o n d n u m b er of u nit y is ass u m e d b e c a u s e i n t his 2 3 3  

c o n diti o n t h e c o m p eti n g f or c es ar e cl o s el y b al a n c e d [ 2 1]. Sit u ati o n s d o mi n at e d b y s urf a c e t e n si o n h a v e B o < 1 w hil e t h o s e d o mi n at e d 2 3 4  

b y gr a vit y h a v e B o > 1. E q u ati o n ( 3) c a n b e r e arr a n g e d a n d si m plifi e d t o s ol v e f or t h e m a xi m u m fil m t hi c k n ess t h at a gi v e n i nt erf a c e 2 3 5  

c a n s u p p ort, or t h e criti c al t hi c k n ess w h er e t h e fl ui d l a y er b e c o m es u n st a bl e:  2 3 6  

ℎ 𝑐 𝑟𝑖 𝑡 =  
2  𝜎  c o s  ( 𝜃 )

∆ 𝜌  𝑤  𝑔
                                                                                           ( 3)  2 3 7  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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T his d efi niti o n is o nl y p h y si c all y m e a ni n gf ul f or i m mis ci bl e or i n s ol u bl e fl ui d s t h at a v oi d mi xi n g, s u c h as t h e str o n g s ol v e n ts 2 3 8  

a n d w at er u s e d h er e. It s h o ul d als o b e n ot e d t h at t his d efi niti o n is p h y si c all y m e a ni n gf ul f or c h a n n el g e o m etri es a n d fil ms t h at r es ult i n 2 3 9  

a c o nti n u o u sl y c ur v e d m e nis c u s (i. e., o n e i n w hi c h t h e r a di us of c ur v at ur e is dir e ctl y r el at e d t o t h e g a p wi dt h). T h e c a pill ar y l e n gt h is a 2 4 0  

fl ui d pr o p ert y t h at pr e di cts t h e b e h a vi or of m e nis ci b y r el ati n g gr a vit y a n d s urf a c e t e n si o n f or c e s [ 2 3, 2 4]. T h e ass u m pti o n t h at t h e 2 4 1  

m e nis c u s is c ur v e d is r e a s o n a bl e at s m all c h a n n el wi dt h s, w h er e t h e r a di u s of t h e r es ulti n g m e nis c u s ( w / 2) is s m all er t h a n t h e c a pill ar y 2 4 2  

l e n gt h, gi v e n b y:    2 4 3  

𝐵 𝑜 =  √
𝜌

∆ 𝑔  𝐿
                                                                                                ( 4)                                                                                                     2 4 4  

w h er e ∆ 𝜎  is t h e diff er e n c e i n d e n sit y b et w e e n t h e fl ui d s of i nt er est, i n t his c a s e t h e s ol v e nt a n d w at er . T h e c a pill ar y l e n gt h f or c hl or of or m 2 4 5  

is 1. 3 5 m m, i n di c ati n g t h e m o d el b e c o m es l ess v ali d at c h a n n el wi dt h s gr e at er t h a n 2. 7 m m. At l ar g er c h a n n el wi dt h, t h e s ol v e nt t e n d s 2 4 6  

t o s pr e a d t o f or m a fl at l ay er t h at b e h a v es diff er e ntl y fr o m a c o nti n u o u sl y c ur v e d m e nis c u s. T o a c c o u nt f or t his c h a n g e i n i nt erf a c e s h a p e 2 4 7  

t h at o c c ur s f or l ar g e wi dt h s, t h e p ar a m et er w  i n E q. ( 3) is r e pl a c e d wit h t h e mi ni m u m of t wi c e t h e c a pill ar y l e n gt h a n d t h e c h a n n el wi dt h. 2 4 8  

T h u s,  at l ar g e c h a n n el wi dt hs, w h er e t h e i nt erf a c e s h a p e n o l o n g er c h a n g es dr asti c all y wit h g a p wi dt h, t h e r a di u s of c ur v at ur e is 2 4 9  

d et er mi n e d b y t wi c e t h e c a pill ar y l e n gt h di vi d e d b y t h e c o si n e of t h e c o nt a ct a n gl e. E q . ( 3) is m o difi e d a c c or di n gl y:  2 5 0  

ℎ 𝐵 𝑜 𝜌 𝑔 =
2  𝑤  c o s  ( 𝜎 )

∆ 𝜃  𝑐  [𝑟𝑖 𝑡  ( 𝜎 ,2 𝜃 𝜌 ) ]
                                                                                 ( 5)                                                        2 5 1  

 T h e s u p p ort e d i n k l a y er is fl o wi n g o n t o p of a w at er s u b -p h as e (i n t h e dir e cti o n t h at is i nt o t h e p a g e i n F i g ur e 9). T h e a ct u al 2 5 2  

fil m t hi c k n ess is g o v er n e d b y t h e fl o w r at e of t h e i nj e ct e d fl ui d a n d its v el o cit y a c c or di n g t o c o nti n uit y.  T h e fl ui d s t h at ar e u s e d as t h e 2 5 3  

s ol v e nts ar e i n c o m pr essi bl e a n d t h er ef or e c o nti n uit y di ct at es t h at t h e v ol u m etri c fl o w r at e at a n y p oi nt i n t h e c h a n n el is c o n st a nt. T h u s, 2 5 4  

t h e s u p p ort e d fl ui d l a y er t hi c k n ess h fil m is gi v e n b y:  2 5 5  

ℎ 𝑤𝑔𝑙 𝑚 =  
𝑄

𝑤  𝑣  
                                                                                            ( 6) 2 5 6  

w h er e w is t h e g a p wi dt h a n d v is t h e a v er a g e ( or b ul k) l o c al v el o cit y. Fi g ur e 1 0  s h o ws a n e x a g g er at e d i m a g e t h at will r es ult fr o m t h e 2 5 7  

sl o wi n g li q ui d fr o nt ( d u e t o fri cti o n) c a u si n g a gr o wi n g i n k l a y er i n t h e c h a n n el; e v e nt u all y, t h e criti c al fil m h ei g ht is r e a c h e d, a n d t h e  2 5 8  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  1 5  

s u p p ort e d fl ui d b e gi n s t o p o ol.  T h e dist a n c e b et w e e n t his p o oli n g l o c ati o n a n d t h e i nj e cti o n p oi nt is r ef err e d t o as t h e fr o nt dist a n c e, L , 2 5 9  

a n d s h o ul d b e m a xi mi z e d t o all o w l ar g er d e p o siti o n ar e a s.   2 6 0  

 

Fi g . 1 0 : T h e s u p p ort e d fl ui d l a y er sl o w s a s fri cti o n a ct s t o d e c el er at e t h e fr o nt w hi c h c a u s e s it s h ei g ht t o gr o w; e v e nt u all y 

t h e criti c al h ei g ht i s r e a c h e d w hi c h c a u s e s p o oli n g t o o c c ur 

It is w ort h n oti n g  t h at t h e i n k tr aj e ct or y s h o w n i n fi g. 1 0 c h a n g es dir e cti o n t o f oll o w t h e w at er s urf a c e aft er e xiti n g t h e n e e dl e . 2 6 1  

T his is a r e a s o n a bl e a p pr o xi m ati o n b e c a u s e t h e a n gl e of t h e n e e dl e is s m all, o nl y 5 °, s o t h at t h e v erti c al c o m p o n e nt of t h e i n k v el o cit y 2 6 2  

is n e gli gi bl e, a n d it c h a n g es dir e cti o n t o f oll o w t h e w at er s urf a c e i m m e di at el y u p o n e xiti n g t h e n e e dl e . T h e l o c ati o n w h er e t h e i n k is 2 6 3  

i nj e ct e d is x 1  a n d t h e fil m t hi c k n ess at t his l o c ati o n ( h 1 ) is e q u al t o t h e di a m et er of t h e n e e dl e at t h e st art of t h e  c h a n n el.  T h e l o c ati o n 2 6 4  

d o w n str e a m w h er e t h e i n k will p o ol is x 2  a n d t h e fil m t hi c k n ess at t his l o c ati o n is t h e criti c al fil m t hi c k n ess. T h e fr o nt dist a n c e, L , is t h e 2 6 5  

diff er e n c e b et w e e n t h es e l o c ati o n s:  2 6 6  

𝐵 = 𝑜 2 − 𝜌 1                                                                                       ( 7) 2 6 7  

T h e c o n s er v ati o n of e n er g y e q u ati o n is a p pli e d b et w e e n p oi nts x 1  a n d x 2  al o n g a str e a mli n e i n t h e c h a n n el s e p ar at e d b y dist a n c e 2 6 8  

L,  ass u mi n g t h at t h e fl o w is st e a d y, a n d t h e fl ui d is i n c o m pr essi bl e.  2 6 9  

   
𝑔 1

𝐿  𝜎  
+

𝐵 1
2

2 𝑜
+ 𝜌 1 =

𝑔 2

𝑤  𝜎  
+

𝜃 2
2

2 𝑐
+ 𝑟 2 + 𝑖 𝑡                                                              ( 8)  2 7 0  

As t h e fl ui d fl o ws, vis c o u s fri cti o n f or c e s wit h  t h e w alls of t h e c h a n n el a n d t h e li q ui d-li q ui d i nt erf a c e a ct t o d e c el er at e t h e fl ui d. 2 7 1  

T h es e l o ss es ar e c a pt ur e d b y t h e p ar a m et er H f, t h e h e a d l o ss d u e t o fri cti o n. T h e c h a n n el is o p e n t o t h e at m o s p h er e, s o P 1  a n d P 2  c a n b e 2 7 2  

ass u m e d t o b e e q u al. T h e v erti c a l h ei g ht c h a n g e is ass u m e d t o b e s m all s o t h e el e v ati o n s z 1 a n d z 2 ar e als o ass u m e d t o b e e q u al. T h er ef or e, 2 7 3  

t h e e n er g y b al a n c e c a n b e si m plifi e d t o: 2 7 4  

𝜎 1
2

2 𝜃
=

𝜌 2
2

2 𝑤
+ 𝑔 𝑙                                                                                      ( 9) 2 7 5  

T h e h e a d l o ss d u e t o fri cti o n is a p pr o xi m at e d u si n g t h e D ar c y -Weis b a c h e q u ati o n f or pr ess ur e h e a d l o ss i n a pi p e [ 2 5], w h er e 2 7 6  

fd  is t h e D ar c y-Weis b a c h fri cti o n f a ct or . 2 7 7  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  1 6  

    𝐵 𝑜 = 𝜌 𝑔
𝐿

𝜎

𝐵 𝑜 𝜌 𝑔
2

2 𝑤
                                                                                     ( 1 0) 2 7 8  

T h e v el o cit y u s e d i n E q. ( 1 0) is t h e a v er a g e b ul k v el o cit y i n t h e c h a n n el (t h e a v er a g e of t h e v el o citi es at l o c ati o n s 1 a n d 2):  2 7 9  

𝜎 𝜃 𝑐 𝑟 =
𝑖 1 + 𝑡 2

2
                                                                                     ( 1 1) 2 8 0  

E q u ati o n s ( 6) t hr o u g h ( 1 1) c a n b e si m plifi e d a n d r e arr a n g e d t o s ol v e f or t h e fr o nt dist a n c e n or m ali z e d b y t h e c h a n n el wi dt h: 2 8 1  

𝜎

𝜃
≈

4

𝜌 𝑤
[

1

ℎ 1
2 −

1

ℎ 𝑔 𝑙𝑚 𝑄
2 ] [

1

ℎ 1
+

1

ℎ 𝑤 𝑣𝑖 𝑡
]
− 1

                                                                         ( 1 2)  2 8 2  

  2 8 3  

F or l a mi n ar f ull y d e v el o p e d fl o w, t h e fri cti o n f a ct or will b e i n v er s el y pr o p orti o n al t o t h e R e y n ol d s n u m b er:  2 8 4  

𝑓 𝑑 =
𝑘

𝑅 𝑒
                                                                                              ( 1 3) 2 8 5  

w h er e k  is a c o n st a nt t h at d e p e n d s o n t h e c h a n n el g e o m etr y. F or e x a m pl e, f or f ull y d e v el o p e d fl o w b et w e e n p ar all el pl at es k = 9 6 w h e n 2 8 6  

t h e R e y n ol d s n u m b er is d efi n e d b as e d o n t h e h y dr a uli c di a m et er [ 2 5]. T h e R e y n ol d s n u m b er u s e d h er e is d efi n e d u si n g t h e c h a n n el 2 8 7  

w i dt h, w , as t h e c h ar a ct eristi c l e n gt h: 2 8 8  

  𝑅 𝑒 =  
𝑄  𝜌

𝜇  ℎ
=

𝜌  𝑣 𝑎 𝑣 𝑔  𝑤

𝜇
                                                                            ( 1 4)  2 8 9  

w h er e µ  is t h e d y n a mi c vis c osit y of t h e s u p p ort e d fl ui d a n d v a v g  is t h e a v er a g e v el o cit y gi v e n b y E q. ( 1 1). S u b stit uti n g e q u a tio n s ( 1 3) 2 9 0  

a n d ( 1 4) i nt o E q. ( 1 2) a n d si m plif yi n g yi el d s a n a p pr o xi m at e r el ati o n s hi p f or t h e di m e n si o nl ess fr o nt dist a n c e:  2 9 1  

𝐿

𝑤
≈

2  𝑄  𝜌 𝑠 𝑓

𝑘  𝜇 𝑠 𝑓
[

1

ℎ 1
2 −

1

ℎ 𝑐 𝑟𝑖 𝑡
2 ] [

1

ℎ 1
+

1

ℎ 𝑐 𝑟𝑖 𝑡
]
− 1

                                                                     ( 1 5)  2 9 2  

F or si m pli cit y, t h e ri g ht si d e of E q u ati o n ( 1 5), l ess t h e c o n st a nt k , is c all e d t h e p o oli n g p ar a m et er, P  2 9 3  

𝑃 ≈
2  𝑄  𝜌 𝑠 𝑓

 𝜇 𝑠 𝑓
[

1

ℎ 1
2 −

1

ℎ 𝑐 𝑟𝑖 𝑡
2 ] [

1

ℎ 1
+

1

ℎ 𝑐 𝑟𝑖 𝑡
]
− 1

                                                                      (1 6 ) 2 9 4  

T h e a p pr o xi m at e r el ati o n s hi p f or t h e di m e n si o nl ess fr o nt dist a n c e is t h e n:  2 9 5  

𝐿

𝑤
=

𝑃

𝑘
                                                                                             ( 1 7) 2 9 6  

I n t h e f oll o wi n g s e cti o n, t h e r el ati o n s hi p b et w e e n di m e n si o nl ess fr o nt dist a n c e a n d p o oli n g p ar a m et er is e x a mi n e d u si n g t h e 2 9 7  

e x p eri m e nt al d at a a n d a c orr el ati o n is d e v el o p e d f or fr o nt dist a n c e.  2 9 8  

 2 9 9  

3. 2 E x a mi n ati o n of E x p eri m e nt al D at a u si n g t h e M o d el  3 0 0  

A v ari et y of or g a ni c s ol v e nts c a n b e u s e d t o dis p er s e n a n o p arti cl es i n s ol uti o n t o f a cilit at e tr a n sf er of p arti cl es t o a s u bstr at e.  3 0 1  

T h er ef or e, fr o nt dist a n c e d at a w er e als o c oll e ct e d f or c hl or o b e n z e n e u si n g t h e s a m e m et h o d d es cri b e d i n S e cti o n 2. 1 f or t h e c hl or of or m 3 0 2  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  1 7  

t esti n g. T h e s a m e r a n g e of fl o w r at es w er e t est e d wit h c h a n n el wi dt h s of 1. 5 a n d 2 m m. T h e pr o p erti es of c hl or of or m a n d c hl or o b e n z e n e 3 0 3  

ar e gi v e n i n Ta bl e 4 .   3 0 4  

It is w ort h n oti n g h er e t h at it is ass u m e d t h at t h e pr o p erti es of t h e b ul k fl ui d ar e n ot si g nifi c a ntl y aff e ct e d b y t h e a d diti o n of 3 0 5  

n a n o p arti cl es, i n t his c a s e si n gl e w all c ar b o n n a n ot u b es ( S W C N Ts). A t y pi c al c o n c e ntr ati o n of S W C N Ts f or Ta FI S A is 1 0 0 μ g/ m L,  3 0 6  

w hi c h c orr es p o n d s t o a p er c e nt a g e b y w ei g ht i n c hl or of or m of 6. 7 %. Lit er at ur e s u g g ests t h at s urf a c e t e n si o n of s ol uti o n s c o nt ai ni n g 3 0 7  

m ulti -w all C N Ts ( M W C N Ts) w hi c h ar e l ar g er i n di a m et er a n d l e n gt h, o nl y sli g htl y aff e cts  t h e b ul k fl ui d s urf a c e t e n si o n . I n t h e c a s e of 3 0 8  

[2 6] , a 5 wt.  % a d diti o n of M W C N Ts c orr es p o n d s t o a 1 % d e cr e a s e i n s urf a c e t e n si o n of t h e b ul k et h yl e n e gl y c ol s ol uti o n. R e g ar di n g  3 0 9  

ot h er fl ui d pr o p erti es s u c h as d y n a mi c vis c o sit y, t h e a d diti o n of n a n o p arti cl es m a y  h a v e a si g nifi c a nt eff e ct. T h e  w or k b y Xi a o k e  3 1 0  

d e m o n str at es t h at wit h 5 wt.  % a d diti o n of M W C N Ts, t h e vis c o sit y of t h e b as e fl ui d ( w at er) i n cr e a s es b y 2 2 ti m es. T his eff e ct is li k el y 3 1 1  

s e n siti v e t o ot h er f a ct or s s u c h as t h e b as e fl ui d, t h e n a n o p arti cl e si z e, a n d t h e pr es e n c e of a st a bili zi n g a g e nt t o m ai nt ai n i n di vi d u ali z ati o n 3 1 2  

of t h e n a n o p arti cl es  [ 2 7]. I n t h e a ut h or’s e x p eri e n c e, e x p eri m e nt ati o n wit h t h e a d diti o n of 1 0 0 μ g/ m L of S W C N Ts h as n ot d e m o n str at e d 3 1 3  

a si g nifi c a nt d e vi ati o n fr o m t h e r es ults s h o w n h er e. It is li k el y t h at i n ot h er s y st e m s wit h diff er e nt b as e fl ui d s a n d n a n o p arti cl e t y p es a n d 3 1 4  

c o n c e ntr ati o n s, t h e n a n o p arti cl e c o n c e ntr ati o n will h a v e a si g nifi c a nt eff e ct o n t h e fl ui d pr o p erti es.  T h e di m e n si o nl ess fr o nt dist a n c e 3 1 5  

m e a s ur e d f or b ot h c hl or of or m a n d c hl or o b e n z e n e ar e pl ott e d as a f u n cti o n of t h e p o oli n g p ar a m et er, P , i n Fi g ur e 1 1.  3 1 6  

 

Fi g . 1 1 : Di m e n si o nl e s s fr o nt di st a n c e a s a f u n cti o n of p o oli n g p ar a m et er f or c hl or of or m ( bl a c k) a n d c hl or o b e n z e n e (r e d)  

 3 1 7  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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 N oti c e t h at t h e d at a f or e a c h fl ui d c oll a p s e s e p ar at el y wit h a n a p pr o xi m at el y li n e ar r el ati o n s hi p. I d e all y, t h e d at a f or b ot h  fl ui d s 3 1 8  

s h o ul d c oll a p s e t o a si n gl e li n e si n c e t h e m o d el c o n si d er s fl ui d pr o p erti es. T his s u g g ests t h at t h e fri cti o n f a ct or c o effi ci e nt, k , m a y n ot 3 1 9  

b e i d e nti c al f or b ot h fl ui d s.  T h er ef or e, it is w ort h e v al u ati n g t h e ass u m pti o n s m a d e a b o ut t h e fri cti o n f a ct or k i n E q. ( 1 3) t o c o nfir m t h at 3 2 0  

t h e y ar e a p pr o pri ate. T h e u s e of a si n gl e k v al u e ass u m es t h at t h e fl o w i n e a c h c a s e is l a mi n ar a n d f ull y d e v el o p e d. E v e n f or hi g h fl o w 3 2 1  

r at es, t h e R e y n ol d s n u m b er f or b ot h fl ui d s r e m ai n s i n t h e l a mi n ar r e gi m e. T o e v al u at e t h e ass u m pti o n t h at fl o w is f ull y d e v el o p e d, t h e 3 2 2  

h y dr o d y n a mi c e ntr y l e n gt h f or i nt er n al fl o w [ 2 8 ] is c o m p ut e d a c c or di n g t o: 3 2 3  

𝐵 𝑜 𝜌 ≈ 0 .0 6  𝑔 𝐿  𝜎 ℎ                                                                           ( 1 8) 3 2 4  

w h er e D h  is t h e h y dr a uli c di a m et er.  3 2 5  

 B y i n s p e cti o n of E q. ( 1 8) a n d t h e fl ui d pr o p erti es, c hl or o b e n z e n e b e c o m es f ull y d e v el o p e d m or e q ui c kl y t h a n c hl or of or m, b y 3 2 6  

a p pr o xi m at el y a f a ct or  of t w o. T h er ef or e, it is r e a s o n a bl e t h at t h e fri cti o n f a ct or p ar a m et er k  will b e s m all er f or c hl or o b e n z e n e t h a n it is 3 2 7  

f or c hl or of or m, w h er e t h e h y dr o d y n a mi c e ntr y l e n gt h is a si g nifi c a nt fr a cti o n of t h e c h a n n el l e n gt h. T h e g e o m etr y ass o ci at e d wit h t h e 3 2 8  

fl ow i n t his e x p eri m e nt d o es n ot c o nf or m t o a t y pi c al, c o nfi n e d i nt er n al fl o w a n d t h er ef or e it is n ot p o ssi bl e t o pr e cis el y pr e d i ct t h e k 3 2 9  

v al u es b as e d o n lit er at ur e. H er e, t h e fri cti o n f a ct or k a b s or b s t h e eff e cts of u n k n o w n f a ct or s s u c h as t h e i m p a ct d e v el o p i n g l e n gt h i n t his 3 3 0  

u ni q u e c h a n n el g e o m etr y.  3 3 1  

 Usi n g t h e d at a i n Fi g ur e 1 1 , it is f o u n d t h at t h e m o st a p pr o pri at e v al u e of k  f or c hl or o b e n z e n e is k c b  =  1 0 w h er e a s t h e fri cti o n 3 3 2  

c o effi ci e nt f or c hl or of or m is k cf  = 2 0. T h es e v al u es ar e c h o s e n b e c a u s e t h e y mi ni mi z e t h e d e vi ati o n of t h e d at a c oll e ct e d f or e a c h fl ui d. 3 3 3  

N ot e t h es e diff er b y a f a ct or of t w o; t his diff er e n c e m a y b e r el at e d t o t h e diff er e n c e i n f ull y d e v el o p e d l e n gt h e x pl ai n e d b y E q. ( 1 8) , or 3 3 4  

b e c a u s e m a n y of t h e ass u m pti o n s m a d e i n d e v el o pi n g t h e m o d el i ntr o d u c e err or, w hi c h is a b s or b e d i nt o k f or e a c h fl ui d. Usi n g t h es e 3 3 5  

p ar a m et er s, t h e m e a s ur e d di m e n si o nl ess fr o nt dist a n c e as a f u n cti o n of t h e r ati o of t h e p o oli n g p ar a m et er t o t h e fri cti o n f a ct or p ar a m et er 3 3 6  

k , E q. ( 1 7), is s h o w n i n Fi g ur e 12 . Als o s h o w n i n Fi g ur e 12  is t h e b est fit a n d ± 1 5 % d e vi ati o n li n es.  3 3 7  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  1 9  

 

Fi g.  1 2 : Fr o nt di st a n c e n or m ali z e d b y g a p wi dt h a s a f u n cti o n of t h e p o oli n g p ar a m et er f or c hl or of or m a n d c hl or o b e n z e n e  

Usi n g t h es e v al u es of t h e fri cti o n c o effi ci e nt, t h e d at a f or b ot h fl ui d s c oll a p s e  t o a si n gl e li n e. O v er 8 0 % of t h e d at a f all wit hi n 3 3 8  

± 1 5 % of t h e b est fit li n e, s u g g esti n g a str o n g r el ati o n s hi p b et w e e n di m e n si o nl ess fr o nt dist a n c e a n d t h e p o oli n g p ar a m et er di vi d e d b y 3 3 9  

t h e fri cti o n c o effi ci e nt. It is w ort h n oti n g t h at at l o w fl o w r at es t h e eff e cts of fri cti o n a n d s urf a c e t e n si o n ar e r el ati v el y hi g h,  a n d t h es e 3 4 0  

ar e l ess c o ntr oll a bl e, l e a di n g t o a l o w er d e gr e e of c ert ai nt y, as s e e n i n Fi g ur e 1 2 . T h e b est fit li n e yi el d s a c orr el ati o n f or fr o nt dist a n c e 3 4 1  

as a f u n cti o n of g a p wi dt h, p o oli n g p ar a m et e r, a n d t h e fri cti o n c o effi ci e nt: 3 4 2  

𝐵 = 𝑜 [1 .6 1 (
𝜌

𝑔
) − 8 .1 4 ]                                                                             ( 1 9) 3 4 3  

𝐿 ≈
2  𝜎  𝐵 𝑜 𝜌

 𝑔 𝑤 𝜎
[

1

ℎ 1
2 −

1

ℎ 𝜃 𝑐𝑟 𝑖
2 ] [

1

ℎ 1
+

1

ℎ 𝑡 𝜎𝜃 𝜌
]
− 1

                                                                      (1 6 ) 3 4 4  

𝑤 𝑔 𝑙 = 1 0 ,𝑚 𝑄 𝑤 = 2 0  3 4 5  

A li n e ar c ur v e fit t o t h e d at a yi el d s t h e b est fit li n e  gi v e n i n E q. ( 1 9 ) a n d h as a sl o p e of 1. 6 1 w hi c h d e vi at es si g nifi c a ntl y fr o m 3 4 6  

t h e pr e di ct e d sl o p e of o n e  i n t h e a n al yti c al s ol uti o n gi v e n b y E q. ( 1 7). T his m o st li k el y st e m s fr o m t h e f a ct t h at t h e m o d el  o nl y 3 4 7  

a p pr o xi m at es  t h e d o mi n a nt f or c e s g o v er ni n g t h e b e h a vi or i n t h e c h a n n el, a n d m a n y ass u m pti o n s ar e m a d e i n or d er t o si m plif y its 3 4 8  

d eri v ati o n. T h er e ar e s e v er al p ot e nti al r e a s o n s as t o w h y t h e sl o p es diff er. T h e first is t h at t h e D ar c y -Weis b a c h fri cti o n l oss t er m i n E q. 3 4 9  

(1 0) ass u m es t h at t h e fl o w is f ull y d e v el o p e d a n d l a mi n ar. It c a n b e ass u m e d t h at t h e fl o w is l a mi n ar, h o w e v er t h e d e v el o pi n g l e n gt h f or 3 5 0  

c hl or of or m a n d c hl or o b e n z e n e at 6 m L/ mi n a n d 3 m m wi dt h is 5 a n d 2. 5 c m r es p e cti v el y, b ot h of w hi c h ar e a si g nifi c a nt p o rti o n of t h e 3 5 1  

c h a n n el a n d w o ul d li k el y c a us e b e h a vi or diff er e nt fr o m t h e i d e al s c e n ari o d es cri b e d b y E q. ( 1 0). A s e c o n d p ot e nti al r e a s o n f o r t h e 3 5 2  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  2 0  

d e vi ati o n i n cl u d es t h e u s e of a n a v er a g e v el o cit y w h e n c al c ul ati n g fri cti o n i n st e a d of i nt e gr ati n g t o s ol v e f or fri cti o n l o ss as a f u n cti o n 3 5 3  

of t h e v el o cit y. A t hir d p ot e nti al d e vi ati o n is b e c a u s e h er e fri cti o n is o nl y c o n si d er e d b et w e e n t h e s ol v e nt a n d t h e b arri er s , a n d n ot wit h 3 5 4  

t h e u n d erl yi n g w at er s urf a c e. A n y or all t hr e e of t h es e f a ct ors li k el y a c c o u nt f or t h e d e vi ati o n o b s er v e d i n t h e sl o p e.   3 5 5  

E q u ati o n ( 1 9) d es cri b es t h e r el ati o n s hi p g o v er ni n g t h e fr o nt dist a n c e f or a s u p p ort e d fl ui d l a y er fl o wi n g b et w e e n p ar all el pl at es, 3 5 6  

a n d is d e p e n d e nt o n t h e c h a n n el g e o m etr y w , a di m e n si o nl ess p o oli n g p ar a m et er P , a n d t h e fricti o n c o effi ci e nt p ar a m et er k, w hi c h e q u als 3 5 7  

1 0 a n d 2 0 f or c hl or o b e n z e n e a n d c hl or of or m r es p e cti v el y. R e c all t h e p o oli n g p ar a m et er, d efi n e d i n E q. ( 1 6) is a f u n cti o n of f l ui d 3 5 8  

pr o p erti es, t h e i niti al fl ui d l a y er t hi c k n ess, h 1  ( or m or e si m pl y t h e i nl et di a m eter), a n d t h e criti c al fl ui d l a y er t hi c k n ess, h crit  w hi c h is 3 5 9  

d et er mi n e d u si n g t h e m o difi e d B o n d n u m b er. T h e c orr el ati o n si m plifi es t h e c o m pl e x r el ati o n s hi p b et w e e n t h e b u o y a n c y, s urf a c e t e n si o n, 3 6 0  

gr a vit y, a n d fri cti o n f or c e s as t h e y aff e ct t h e fr o nt of a fl o wi n g s u s p e n d e d fl ui d. It als o h el p s t o i d e ntif y t h e i m p a ct of p ar a m et er s s u c h 3 6 1  

as c h a n n el wi dt h a n d fl o w r at e o n p o oli n g b e h a vi or. U n d erst a n di n g t h es e r el ati o n s hi p s is a n i m p ort a nt st e p i n s c ali n g s ol uti o n -b as e d 3 6 2  

m at eri als pr o c e ssi n g m et h o d s t h at r el y o n li q ui d -li q ui d i nt erf a c es, s u c h as Ta FI S A. T h e n e xt s ecti o n a p pli es t h e c orr el ati o n t o m a k e 3 6 3  

pr e di cti o n s a b o ut fr o nt dist a n c e a n d t o s u g g est m et h o d s f or a v oi di n g p o oli n g.  3 6 4  

 3 6 5  

3. 3  M et h o d s t o I m p r o ve  F r o nt Di st a n c e  3 6 6  

T h e o bj e cti v e of t h e e x p eri m e nt al a n d m o d eli n g w or k i n t his p a p er is t o u n d er st a n d t h e b e h a vi or o f a d y n a mi c fr o nt c o nfi n e d 3 6 7  

i n a t hi n c h a n n el a n d t o i d e ntif y m et h o d s t h at c a n b e u s e d t o i n cr e a s e fr o nt dist a n c e. Fi g ur e 1 3  s h o ws t h e fr o nt dist a n c e as a f u n cti o n of 3 6 8  

g a p wi dt h f or v ari o u s v al u es of fl o w r at e pr e di ct e d b y t h e c orr el ati o n gi v e n i n E q. ( 1 9), o v erl a y e d wit h e x p eri m e nt al d at a.  3 6 9  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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Fi g . 1 3 : C orr el ati o n r e s ult s fr o m E q. ( 1 7) a n d d at a f or c hl or of or m fr o nt di st a n c e a s a f u n cti o n of t h e c h a n n el wi dt h f or 

v ari o u s v al u e s of fl o w r at e  

T h e c orr el ati o n pr e di cts a n i n v er s e p ar a b oli c r el ati o n s hi p b et w e e n fr o nt dist a n c e a n d c h a n n el wi dt h u ntil t h e c h a n n el wi dt h 3 7 0  

b e c o m es l ar g er t h a n 2 𝐵 𝑜 , at w hi c h p oi nt fr o nt dist a n c e b e gi n s i n cr e a si n g li n e arl y. T his r el ati o n s hi p c a n b e e x pl ai n e d c o n c e pt u all y b y t h e 3 7 1  

b al a n c e b et w e e n fri cti o n a n d s urf a c e t e n si o n f or c e s. S m all c h a n n el wi dt h s l e a d t o m u c h hi g h er l o ss es d u e t o fri cti o n t h at a ct  t o q ui c kl y 3 7 2  

d e c e l er at e t h e fr o nt a n d e n c o ur a g e a gr o wi n g fl ui d l a y er. As c h a n n el wi dt h i n cr e a s es, l o ss es d u e t o fri cti o n ar e l ess si g nifi c a nt  a n d t h e 3 7 3  

fr o nt c a n m o v e m or e e a sil y t hr o u g h t h e c h a n n el. As c h a n n el wi dt h i n cr e a s es f urt h er, t h e s urf a c e t e n si o n f or c e s r e m ai n r el ati v el y c o n st a nt, 3 7 4  

a n d t h e fl ui d b e h a v es as it w o ul d o n a f e at ur el ess w at er s urf a c e.  3 7 5  

T h e pr a cti c al a p pli c ati o n of t h e m o d el li es i n its a bilit y t o pr e di ct t h e g e n er al tr e n d s t h at ar e o b s er v e d as fl o w r at e, c h a n n el 3 7 6  

wi dt h, a n d fl ui d pr o p erti es ar e v ari e d. F or  e x a m pl e, if a gi v e n d e p o siti o n m et h o d r e q uir es s u s p e n d e d fl o w a cr o ss a 1 0 c m s u b str at e, 3 7 7  

Fi g ur e 1 3  c a n b e u s e d t o s el e ct a fl o w r at e a n d c h a n n el wi dt h c o m bi n ati o n f a v or a bl e t o t h e d e p o siti o n p ar a m et er s. T his e x a m pl e c a s e 3 7 8  

w o ul d s u g g est a fl o w r at e n e ar 7 m L / mi n a n d a c h a n n el wi dt h n e ar 4 m m.  3 7 9  

 S ol uti o n b as e d d e p o siti o n m et h o d s li k e Ta FI S A oft e n d e p e n d h e a vil y o n t h e fl ui d c o n diti o n s d uri n g t h e d e p o siti o n pr o c e ss. 3 8 0  

T his u s u all y m e a n s o p er ati n g wit hi n t h e l a mi n ar fl o w r e gi m e i n or d er t o a v oi d t ur b ul e nt e d di es n e ar t h e i nt erf a c e, w hi c h c a n l e a d t o 3 8 1  

p o or d e p o siti o n q u alit y [ 1 3].  It f oll o ws t h at i n m a n y c a s es hi g h er fl o w r at es ar e u n d esir a bl e, d es pit e b ei n g o n e of t h e si m p l est m et h o d s 3 8 2  

t o i n cr e a s e fr o nt dist a n c e. F or e x a m pl e, a n 1 8 c m s u b str at e mi g ht s u g g est fl o w at 1 0 m L/ mi n i n a 5 m m c h a n n el wi dt h t o r e a c h t h e 3 8 3  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  2 2  

d esir e d fr o nt dist a n c e. T h es e c o n diti o n s r es ult i n a R e y n ol ds n u m b er n e ari n g t h e tr a n siti o n t o t ur b ul e n c e w hi c h w o ul d b e u n d e sir a bl e, 3 8 4  

a n d l e a d t h e u s er t o s el e ct a l o w er fl o w r at e, 7 m L/ mi n, a n d l ar g er c h a n n el  wi dt h, s u c h as 7 m m.  3 8 5  

 F or c o n diti o n s w h er e l a mi n ar fl o w is criti c al, t h e m o d el h el p s i d e ntif y ot h er m et h o d s of i n cr e a si n g fr o nt dist a n c e. F or e x a m p l e, 3 8 6  

i n s p e cti o n of t h e criti c al fil m t hi c k n ess gi v e n b y E q. ( 5): 3 8 7  

ℎ 𝐵 𝑜𝜌 𝑔 =
2  𝐿  c o s  ( 𝜎 )

∆ 𝐵  𝑜  [𝜌𝑔 𝑤  ( 𝜎 ,2 𝜃 𝑐 ) ]
                                                                               ( 5)                                                        3 8 8  

s u g g ests t h at u si n g a l o w er d e n sit y s ol v e nt or  a hi g h er d e n sit y li q ui d s u b -p h as e w o ul d i m pr o v e st a bilit y of t h e s y st e m.  A n o t h er p o ssi bl e 3 8 9  

m et h o d  w o ul d  b e t o u s e a s ol v e nt wit h a hi g h er s urf a c e t e n si o n , a n d t o m a k e eff orts t o mi ni mi z e t h e s ol v e nt-b arri er c o nt a ct a n gl e .  3 9 0  

 A n ot h er pr o misi n g m et h o d of i n cr e a si n g fr o nt dist a n c e is t o a d d a n a d diti o n al st a bili zi n g t er m t o t h e e n er g y b al a n c e gi v e n i n  3 9 1  

E q. ( 9):  3 9 2  

𝑟 1
2

2 𝑖
=

𝑡 2
2

2 𝜎
+ 𝜃 𝜌                                                                                     ( 9) 3 9 3  

I n t his e q u ati o n, t h e w at er s urf a c e is as s u m e d t o b e fl at s o t h at t h e v erti c al h ei g ht c h a n g e m a y b e t a k e n as b ei n g i n si g nifi c a nt. 3 9 4  

H o w e v er, a n a d diti o n al f a v or a bl e p ot e nti al e n er g y t er m c o ul d b e u s e d t o i n cr e a s e fr o nt dist a n c e. Usi n g t h e l a ws of c a pill ar y ris e b et w e e n 3 9 5  

p ar all el pl at es [ 2 9 ], a d o w n hill sl o p e c a n b e i n d u c e d b y u si n g a t a p er e d c h a n n el t h at e x p a n d s i n t h e fl o w dir e cti o n. N e ar t h e c h a n n el 3 9 6  

e ntr a n c e t h e m e nis c u s is p ull e d u p t o hi g h er el e v ati o n, w hi c h i ntr o d u c e s a h ei g ht diff er e nti al Δ h  i nt o t h e e n er g y b al a n c e: 3 9 7  

𝑤 1
2

2  𝑔  
+ ∆ ℎ =

𝑙 2
2

2  𝑚  
+ 𝑄 𝑤                                                                                   ( 2 0)                                                                  3 9 8  

T his h ei g ht c h a n g e c a n b e e x pr ess e d i n t er m s of t h e d e n sit y,  ρ w , c o nt a ct a n gl e, θ w, air , a n d s urf a c e t e n si o n, σ w, air  of t h e s u p p orti n g 3 9 9  

fl ui d ( w at er) wit h r es p e ct t o air.  T h e l a w of c a pill ar y ris e b et w e e n p ar all el pl at es is a p pli e d [ 2 9 ]: 4 0 0  

∆ ℎ =
2  𝑣 𝑖 ,𝑡𝑓 𝑑 c o s  ( 𝑘 𝑅 ,𝑒𝑅 𝑒 )

( 𝑄 𝜌 − 𝜇 𝜌𝑣 𝑎 ) 𝑣  𝑔 1
−

2 𝑤 𝜇 ,𝐿𝑤 𝑄 c o s ( 𝜌 𝑠 ,𝑓𝑘 𝜇 )

( 𝑠 𝑓 − 𝑐 𝑟𝑖 𝑡 ) 𝑐  𝑟 2
=

2  𝑖 𝑡 ,𝑃𝑄 𝜌 c o s  ( 𝑠 𝑓 ,𝜇𝑠 𝑓 )

( 𝑐 𝑟 − 𝑖 𝑡𝑐 𝑟 ) 𝑖  
(

1

𝑡 1
−

1

𝐿 2
)                                          ( 2 1)                                          4 0 1  

E v e n a s m all t a p er a d d e d t o t h e c h a n n el r es ults i n a r el ati v el y si g nifi c a nt p ot e nti al e n er g y t er m. Ta bl e 5  s h o ws s e v er al 4 0 2  

c o m bi n ati o n s of c h a n n el wi dt h s, w h er e w 1  is t h e wi dt h at t h e i nj e cti o n p oi nt a n d w 2  is t h e wi dt h n e ar t h e e xit of t h e c h a n n el, a n d t h e 4 0 3  

ass o ci at e d h ei g ht c h a n g e Δ h . F or c o nt e xt, t h e i niti al v el o cit y h e a d (i. e., t h e ki n eti c e n er g y t er m) i n E q. ( 2 0) f or a fl o w r at e of 8 m L/ mi n 4 0 4  

is o nl y 0. 4 3 m m.  4 0 5  

 T h e eff e ct of t a p eri n g t h e c h a n n el wi dt h w as e x a mi n e d e x p eri m e nt all y t hr o u g h t ests wit h c hl or of or m. M e as ur e m e nts 4 0 6  

w er e m a d e u si n g a c h a n n el wi dt h n e ar t h e n e e dl e of 1. 5 m m t h at i n cr e a s e d t o 2. 5 m m at t h e e xit, c orr es p o n di n g t o a Δ h  of 4 0 7  

a p pr o xi m at el y 3. 3 m m. Fr o nt dist a n c e is m e a s ur e d a n d o v erl a y e d o nt o t h e c o n st a nt c h a n n el wi dt h r es ults t h at w er e s h o w n i n Fi g ur e 4 0 8  

1 2 ; t h es e a d diti o n al r es ults ar e s h o w n i n Fi g ur e 14 . T h e di m e n si o nl ess fr o nt dist a n c e a n d p o oli n g p ar a m et er f or t h e t a p er ar e e a c h 4 0 9  

c al c ul at e d u si n g t h e  a v er a g e c h a n n el wi dt h of 2 m m f or t h es e d at a. F or a gi v e n fl o w r at e a n d a v er a g e c h a n n el g a p, t h e t a p er e d c h a n n el 4 1 0  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  2 3  

pr o vi d es a si g nifi c a nt i m pr o v e m e nt o n fr o nt dist a n c e, all o wi n g t h e u s e of l o w er fl o w r at es a n d c h a n n el g a p s f or a gi v e n c h a n n el 4 1 1  

l e n gt h. 4 1 2  

 

Fi g . 1 4 : Fr o nt di st a n c e n or m ali z e d b y g a p wi dt h a s a f u n cti o n of t h e p o oli n g p ar a m et er o v er fri cti o n f a ct or f or c hl or of or m 4 1 3  
wit h a str ai g ht a n d t a p er e d c h a n n el  4 1 4  

T h e m o d el pr es e nt e d h er e all o ws f or fr o nt dist a n c e t o b e s c al e d t o l ar g er v al u es, w hi c h o p e n s t h e p o ssi bilit y f or m et h o ds s u c h 4 1 5  

as Ta FI S A t o b e s c al e d u p t o l ar g er w af er s. A n u n d er st a n di n g of t h e p h y si cs g o v er ni n g str atifi e d fl o w wit hi n t h e c h a n n el f or m e d b et w e e n 4 1 6  

p ar all el pl at es h el p s t o d efi n e t h e pr a cti c al w or ki n g c o n diti o ns of s ol uti o n -b as e d m at eri als pr o c e ssi n g m et h o d s as w ell as t o u n d er st a n d 4 1 7  

v ari o u s m et h o d s f or i n cr e a si n g fr o nt dist a n c e, s u c h as alt eri n g fl ui d p ar a m et er s, c h a n n el wi dt h, a n d c h a n n el g e o m etr y .  4 1 8  

 4 1 9  

4       C O N C L U SI O N  4 2 0  

S ol uti o n -b as e d d e p o siti o n m et h o d s r e pr es e nt a pr o misi n g r o ut e t o d e p o siti n g w af er -s c al e arr a y s of ali g n e d C N Ts f or hi g h s p e e d a n d 4 2 1  

l o w p o w er s e mi-c o n d u ct or el e ctr o ni cs. Es p e ci all y pr o misi n g ar e s ol uti o n -b as e d m et h o d s t h at e x pl oit t h e f or m ati o n of a 2 D n e m at i c 4 2 2  

li q ui d cr y st al at t h e li q ui d-li q ui d i nt erf a c e b et w e e n w at er a n d n a n o p arti cl es dis p er s e d i n a n or g a ni c s ol v e nt t o a c hi e v e hi g h p a c ki n g 4 2 3  

d e n sit y a n d ali g n m e nt. T h es e m et h o d s als o pr es e nt u ni q u e c h all e n g es t h at b e c o m e si g nifi c a nt a s t h e pr o c e ss s c al es, s u c h  as t h e p o oli n g 4 2 4  

a n d si n ki n g b e h a vi or d es cri b e d h er e.  4 2 5  

T h e w or k pr es e nt e d h er e d e v el o p s a si m pl e, s e mi -e m piri c al m o d el t h at i d e ntifi es t h e si g nifi c a nt f or c e s g o v er ni n g s u s p e n d e d 4 2 6  

str atifi e d fl o w b et w e e n p ar all el pl at es a n d off er s a c orr el ati o n t o pr e di ct fr o nt dist a n c e gi v e n a s y st e m g e o m etr y a n d fl ui d p ar a m et er s. 4 2 7  

T his m o d el is s h o w n t o b e a c c ur at e f or m ulti pl e fl ui d s t o wit hi n a b o ut ± 1 5 %  of t h e e x p eri m e nt al d at a. T his c orr el ati o n c a n b e u s e d t o 4 2 8  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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F E -2 3 -1 1 3 4  Pr u ss a c k  2 4  

s el e ct e x p eri m e nt al p ar a m et ers s u c h as fl o w r at e, c h a n n el wi dt h,  a n d c h a n n el g e o m etr y t o a c hi e v e a d esir e d c h a n n el l e n gt h w h e n s c ali n g 4 2 9  

s ol uti o n -b as e d d e p o siti o n m et h o d s. It als o s u g g ests a n o pti m al s ol uti o n s p a c e t o ai d i n t h e d esi g n of s ol uti o n -b as e d m at eri als pr o c e ssi n g 4 3 0  

m et h o d s w h er e fl ui d s of diff eri n g d e n siti es ar e  u s e d i n c o nt a ct wit h o n e a n ot h er. Fi n all y, t h e m o d el w as u s e d t o i d e ntif y a m et h o d t h at 4 3 1  

s u b st a nti all y i n cr e a s es fr o nt dist a n c e t hr o u g h t h e i ntr o d u cti o n of a mi n or t a p er t o t h e c h a n n el.  4 3 2  

T h e m o d el c a n b e i m pr o v e d t o a c c o u nt f or c h a n g es i n c h a n n el g e o m etr y ( e. g., a s u d d e n st e p c h a n g e i n t h e c h a n n el), c h a n g es i n 4 3 3  

c h a n n el a n gl e ( arr a n g e d at 4 5 ° wit h r es p e ct t o gr a vit y as o p p o s e d t o v erti c all y) or c h a n g es i n i nj e cti o n a n gl e. T h e m o d el c o u l d als o b e 4 3 4  

i m pr o v e d wit h f urt h er t esti n g u si n g m or e or g a ni c s ol v e nts wit h an a p p ar at u s t h at c a n t est at hi g h er fl o w r at es a n d c h a n n el wi dt h s. As 4 3 5  

s ol uti o n -b as e d d e p o siti o n m et h o d s f or d e p o siti n g ali g n e d arr a y s of C N Ts a n d ot h er n a n o p arti cl es gr o w i n s c al e, a d e e p er u n d er st a n di n g 4 3 6  

of t h e f or c e s g o v er ni n g t h e st a bilit y of a s u p p ort e d  fl ui d l a y er will b e c o m e e v e n m or e i m p ort a nt i n t h e d esi g n of r eli a bl e, effi ci e nt, a n d 4 3 7  

pr a cti c al m et h o d s.  4 3 8  

 4 3 9  

A C K N O W L E D G E M E N T S  4 4 0  

T his w or k w as pri m aril y s u p p ort e d b y t h e N ati o n al S ci e n c e F o u n d ati o n ( N S F) vi a S N M -I S A w ar d N o. 1 7 2 7 5 2 3 ( B. P., A. B., 4 4 1  

M. S. A.). S u p p ort is als o a c k n o wl e d g e d fr o m t h e Offi c e of N a v al R es e ar c h A w ar d N o. N 0 0 0 1 4 -2 2 -1 -2 8 4 3 ( S. M. F., M. S. A.). B. P. 4 4 2  

f urt h er m or e a c k n o wl e d g es s u p p ort fr o m t h e U ni v er sit y of Wis c o n si n –  M a dis o n F a bri c ati o n F ell o ws hi p Pr o gr a m a n d t h e f a ciliti es 4 4 3  

pr o vi d e d b y t h e U W D esi g n a n d I n n o v ati o n L a b s. A d diti o n all y, t h e a ut h or s gr at ef ull y a c k n o wl e d g e t h e u s e  of f a ciliti es a n d 4 4 4  

i n str u m e nt ati o n s u p p ort e d b y N S F t hr o u g h t h e U ni v er sit y of Wis c o n si n M at eri als R es e ar c h S ci e n c e a n d E n gi n e eri n g C e nt er ( D M R -4 4 5  

1 7 2 0 4 1 5).  4 4 6  

 4 4 7  

R E F E R E N C E S  4 4 8  

[1 ] T ul e v s ki, G e or g e S., A ar o n D. Fr a n kli n, D a vi d Fr a n k, J os e M. L o b e z, Qi n g C a o, H o n gsi k P ar k, Ali Af z ali, S h u -J e n H a n, J a m es B. 4 4 9  
H a n n o n, a n d Wilfri e d H a e n s c h. “ T o w ar d Hi g h -P erf or m a n c e Di git al L o gi c T e c h n ol o g y wit h C ar b o n N a n ot u b es. ” A C S N a n o  8, 4 5 0  
n o. 9 ( 2 0 1 4): 8 7 3 0 – 4 5. htt p s:// d oi. or g/ 1 0. 1 0 2 1/ n n 5 0 3 6 2 7 h.  4 5 1  

[2 ] Fr a n kli n, A ar o n D., S h u -J e n H a n, G e or g e S. T ul e v s ki, M at hi e u L uisi er, C hris M. Br esli n, L y n n e Gi g n a c, M ar k S. L u n d str o m, a n d 4 5 2  
Wilfri e d H a e n s c h. “ S u b -1 0 N m C ar b o n N a n ot u b e Tr a n sist or. ” 2 0 1 1 I nt er n ati o n al El e ctr o n D e vi c es M e eti n g , 2 0 1 1. 4 5 3  
htt p s:// d oi. or g/ 1 0. 1 1 0 9/i e d m. 2 0 1 1. 6 1 3 1 6 0 0.  4 5 4  

[3 ] X u, Li n, Ji e Y a n g, C h e n g u a n g Qi u, S hi qi Li u, W eij u n Z h o u, Qi u h ui Li, B o w e n S hi, et al. “ C a n C ar b o n N a n ot u b e Tr a n sist or s B e 4 5 5  
S c al e d d o w n t o t h e S u b -5 N m G at e L e n gt h ? ” A C S A p pli e d M at eri als & a m p; I nt erf a c e s  1 3, n o. 2 7 ( 2 0 2 1): 3 1 9 5 7 – 6 7. 4 5 6  
htt p s:// d oi. or g/ 1 0. 1 0 2 1/ a cs a mi. 1 c 0 5 2 2 9.  4 5 7  

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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[5 ] Ji n ki n s, K at h eri n e R., J as o n C h a n, R o b ert M. J a c o b b er g er, Ar g a nt h a ël B er s o n, a n d Mi c h a el S. Ar n ol d. “ S u b str at e‐ wi d e C o nfi n e d 4 6 0  
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htt p s:// d oi . or g/ 1 0. 1 0 0 2/ a el m. 2 0 1 8 0 0 5 9 3.  4 6 2  

[6 ] Jin ki n s, K at h eri n e R., J as o n C h a n, G er al d J. Br a d y, Kj ersti n K. Gr o n s ki, P a d m a G o p al a n, H ar ol d T. E v e n s e n, Ar g a nt h a ël B er s o n, 4 6 3  
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M c Gr a w -Hill, 2 0 2 1.  5 1 1  

[2 6 ] Tr a ci a k, J uli a n, a n d G a w eł Ż ył a. “ Eff e ct of N a n o p arti cl es S at ur ati o n o n t h e S urf a c e T e n si o n of N a n ofl ui d s. ” J o u r n al of 5 1 2  
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U ni v er sit y Pr e ss, 2 0 1 2.  5 1 8  
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Fi g . 3 : E x p eri m e nt al a p p ar at u s s h o wi n g t h e n e e dl e i n s ert e d i nt o t h e c h a n n el. T h e n e e dl e i n s erti o n h ei g ht i s m e a s ur e d 5 3 3  
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T A B L E S  
 

T a bl e 1 : C o n st a nt p ar a m et er s  

P ar a m et e r  V al u e  
S ol v e nt / Pl at e C o nt a ct A n gl e  1 0 °  

N e e dl e h ei g ht  0. 7 5 m m  
N e e dl e a n gl e r el ati v e t o 

h ori z o nt al  5 °  
N e e dl e i n n er di a m et er  1 m m  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
C o p y ri g ht ( c) 2 0 2 3 b y A S M E
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T a bl e 2:  Fr o nt di st a n c e d at a f or c hl or of or m ( c m)  

 

C h a n n el G a p ( m m)  
 

1. 5  2  2. 5  3  
 

Fl
o

w 
R
at

e 
(

m
L/

mi
n)

 
2  

1  0. 0  0. 5  0. 7 5  1. 5  
 

2  0. 2 5  0. 2 5  0. 5  2. 0  
 

3  0. 0  0. 5  0. 7 5  2. 0  
 

3  

1  0. 5  1. 0  1. 2 5  3. 0  
 

2  1. 0  1. 0  1. 5  1. 5  
 

3  0. 7 5  1. 2 5  1. 2 5  3. 0  
 

4  

1  2. 5  3. 0  3. 5  3. 7 5  
 

2  2. 2 5  2. 7 5  3. 5  4. 0  
 

3  2. 7 5  3. 0  3. 2 5  4. 0  
 

5  

1  3. 0  3. 7 5  4. 7 5  5. 5  
 

2  3. 5  4. 0  4. 2 5  5. 2 5  
 

3  3. 0  3. 7 5  4. 5  5  
 

6  

1  4. 5  5. 7 5  6. 5  7. 5  
 

2  3. 7 5  5. 5  6. 5  6. 5  
 

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

7  

1  5. 0  7. 2 5  n/ a  n/ a  
 

2  4. 7 5  6. 7 5  n/ a  n/ a  
 

3  4. 7 5  7. 5  n/ a  n/ a  
 

8  
1  7. 0  n/ a  n/ a  n/ a  

 

2  7. 5  n/ a  n/ a  n/ a   

3  6. 7 5  n/ a  n/ a  n/ a   

 

 

 

 

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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T a bl e 3 : A v er a g e d fr o nt di st a n c e ( c m)  

 

C h a n n el g a p ( m m)  
1. 5  2  2. 5  3  

Fl
o

w 
R
at

e 
(

m
L/

mi
n)

 

2  0. 0 8  0. 4 2  0. 6 7  1. 8 3  
3  0. 7 5  1. 0 8  1. 3 3  2. 5 0  
4  2. 5 0  2. 9 2  3. 4 2  3. 9 2  
5  3. 1 7  3. 8 3  4. 5 0  5. 2 5  
6  4. 1 7  5. 7 5  6. 3 3  7. 0 0  
7  4. 8 3  7. 1 7  n/ a  n/ a  
8  7. 0 8  n/ a  n/ a  n/ a  
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T a bl e 4 : Fl ui d pr o p erti e s a n d fri cti o n f a ct or s of t h e t e st fl ui d s  

 C hl or of or m  C hl or o b e n z e n e  W at er  

D e n sit y ( ρ ) 1. 5 k g -m -3  1. 1 k g -m -3  1. 0 k g -
m -3  

D y n a mi c 
vi s c o sit y ( µ ) 

0. 5 5 m P a -s  0. 8 0 m P a -s  
1. 0 

m P a -s  
St ati c 

C o nt a ct 
A n gl e ( θ ) 

1 0 °  1 0 °  1 0 °  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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T a bl e 5 : S p a c er V al u e s a n d ∆ ℎ  

𝐵 𝑜 ( m m)  𝜌 𝑔 ( m m)  ∆ 𝐿 ( m m)  

1. 5  1. 5  0  

1. 5  2  2. 0  

1. 5  2. 5  3. 3  

1. 5  3  4. 1  

1. 5  3. 5  4. 6  

 

J o u r n al of Fl ui ds E n gi n e e ri n g. R e c ei v e d M a r c h 2 3, 2 0 2 3; 
A c c e pt e d m a n us c ri pt p ost e d J ul y 2 0, 2 0 2 3. d oi: 1 0. 1 1 1 5/ 1. 4 0 6 2 9 9 5 
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