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ABSTRACT	

In	this	work,	a	series	of	experiments	and	numerical	simulations	performed	using	a	

Volume-of-Fluid	approach	were	carried	out	to	investigate	the	flow	of	miscible	viscous	

fluid	systems	through	microfluidic	flow	focusing	devices	with	one	central	inlet	stream	

(with	‘Fluid	1’)	and	two	lateral	inlet	streams	(with	‘Fluid	2’).	The	combined	effect	of	the	

fluid	viscosity	ratio	and	the	inlet	velocity	ratio	on	the	characteristics	of	the	central	

focused	outlet	stream	was	assessed	in	microfluidic	channels	with	different	aspect	ratios.	

An	analytical	expression	for	the	two-dimensional	case,	relating	the	width	of	the	central	

focused	stream	in	the	outlet	channel	with	the	velocity	ratio	and	the	viscosity	ratio,	was	

also	derived	from	first	principles.	The	analytical	results	are	in	excellent	agreement	with	

the	two-dimensional	numerical	results,	and	the	expression	is	also	able	to	represent	well	

the	experimental	findings	for	the	configuration	with	an	aspect	ratio	of	0.84.	The	width	

of	the	central	focused	outlet	stream	at	the	centre	plane	is	seen	to	decrease	with	both	the	

velocity	ratio	and	the	viscosity	ratio.	The	results	of	the	three-dimensional	numerical	

simulations	and	experimental	measurements	are	in	good	agreement,	producing	further	

insight	into	the	curved	interface	known	to	exist	when	high	viscosity	contrasts	are	

present	in	parallel	flow	systems.	It	was	observed	that	the	interface	curvature	across	the	

depth	of	the	channel	cross	section	is	strongly	dependent	on	the	ratio	of	inlet	viscosities	

and	microchannel	aspect	ratio,	highlighting	the	3D	nature	of	the	flow,	in	which	

confinement	plays	a	significant	role.			
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I. INTRODUCTION	
 

Hydrodynamic	flow	focusing	at	the	microscale	has	been	adopted	in	a	number	of	practical	

applications	that	require	bringing	multiple	fluids	into	contact,	such	as	microfluidic	mixing	

(Knight	et	al.	1998,	Nguyen	and	Huang	2005),	droplet	formation	(Cubaud	et	al.	2005),	cell	

analysis	(Ateya	et	al.	2008)	and	in	the	microfabrication	of	fibres,	known	as	microfluidic	

spinning	(Lan	et	al.	2009,	Daniele	et	al.	2015).	Microfluidic	spinning	has	sparked	interest	

over	the	past	few	decades	with	the	ability	to	fabricate	fibres	of	diverse	shapes	and	sizes	

without	the	requirement	for	complex	machinery	(Jun	et	al.	2014).	Improving	the	level	of	

control	and	manipulation	of	fluids	within	these	devices	is	key	for	the	production	of	well	

defined,	predictable,	tuneable	fibres	according	to	their	specific	purpose	(Lee	et	al.	2006,	

Ateya	et	al.	2008).	

 

Typical	 flow	 focusing	devices	 consist	 of	 a	 cross	 shaped	microchannel	with	 three	 fluid	

inlets	(a	central	inlet	stream	with	Fluid	1	and	two	lateral	streams	with	Fluid	2	as	shown	

in	Figure	1)	and	a	longer	outlet	channel,	in	which	a	central	focused	stream	is	produced.	

Different	design	configurations,	in	which	lateral	streams	confine	and	shape	a	central	fluid	

stream,	 have	 been	 used	 depending	 on	 the	 application.	 These	 include	 simple	

configurations	with	lateral	perpendicular	(cf.	Figure	1c)	or	angled	inlets	(cf.	Figure	1b)	

relative	to	the	central	inlet	stream	(Cubaud	and	Mason	2008,	Oliveira	et	al.	2012),	or	more	

complex	configurations	with	additional	geometrical	features,	where	e.g.	an	orifice	smaller	

than	the	channel	width	aids	controlling	the	size	of	the	central	fluid	stream	(cf.	Figure	1a)	

(Anna	et	al.	2003,	Garstecki	et	al.	2005,	Ward	et	al.	2005).	By	changing	the	flow	rate	of	

Fluid	2	relative	to	Fluid	1	(cf.	Figure	1c),	 the	portion	of	 the	cross-section	of	 the	outlet	

channel	occupied	by	Fluid	1	varies,	and	the	size	and	shape	of	the	central	fluid	stream	in	

the	outlet	channel	(referred	throughout	this	work	as	the	central	focused	stream)	can	thus	

be	modified	(Lee	et	al.	2006,	Oliveira	et	al.	2011,	Golden	et	al.	2012)	.	Throughout	this	

work	we	will	refer	to	the	ratio	between	the	inlet	velocities	(or	flow	rates	-	equivalent	only	

if	the	cross-sectional	areas	of	all	inlets	are	the	same	as	is	the	case	in	the	present	work)	as	

the	velocity	ratio,	!" = $!/$",	as	defined	in	Figure	1c.		
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FIG	1.	Examples	of	various	flow	focusing	configurations	used	for	bringing	fluid	streams	into	

contact:	a)	where	an	orifice	at	the	centre	of	the	geometry	is	used	to	aid	control	of	the	shape	of	

the	outlet	central	focused	stream;	b)	with	angled	lateral	inlet	streams,	and	c)	with	perpendicular	

lateral	inlet	streams.	The	latter	configuration	is	used	in	this	work	and	important	variables	are	

identified	in	the	schematic,	where	µ!, Q!	and	U!	indicate	the	viscosity,	flow	rate	and	velocity	of	
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each	of	the	fluid	streams,	respectively.	The	subscripts	i	 = 	1	and	i = 2	refer	to	the	fluid	in	the	

central	and	lateral	inlets,	respectively.		

 

The	 flow	 of	 different	Newtonian	 fluid	 pairs,	 both	miscible	 and	 immiscible,	 have	 been	

considered	 experimentally	 and	 numerically	 within	microfluidic	 flow	 focusing	 devices	

(Knight	 et	 al.	 1998,	 Lee	 et	 al.	 2006,	 Hu	 and	 Cubaud	 2016),	 highlighting	 the	 various	

parameters	 that	 affect	 the	 shape	and	 size	of	 the	produced	 central	 focused	 stream.	An	

early	 study	 by	Knight	 et	 al	 (1998),	 showed	 that	within	 channels	 of	 rectangular	 cross	

section	 (with	 aspect	 ratio	defined	 as	&"	 = 	(/),	where	(	 refers	 to	 the	depth	of	 the	

channel),	 when	 using	 the	 same	 fluid	 in	 all	 inlets	 (arguably	 the	 most	 common	 case	

considered	 in	 the	 literature),	 the	 produced	 central	 focused	 stream	 at	 the	 outlet	 also	

exhibits	 an	 approximately	 rectangular	 cross	 section.	 This	 central	 focused	 stream	 is	

known	to	have	a	width	that	depends	on	the	ratio	of	the	inlet	velocities,	with	this	width	

decreasing	significantly	as	!" > 1	 (Knight	et	al.	1998,	Lee	et	al.	2001,	Lee	et	al.	2006,	

Oliveira	et	al.	2012).	 	The	ratio	of	viscosities	of	 the	 inlet	 fluids	(, =
-!

-". )	 is	another	

parameter	 that	plays	 a	 crucial	 role	 in	 the	 formation	and	 characteristics	 of	 the	 central	

focused	fluid	stream	in	microfluidic	flow	focusing	devices.	It	is	important	to	distinguish	

the	 different	 flow	 patterns	 that	 can	 be	 observed	 depending	 on	 the	 arrangement	 and	

characteristics	of	the	fluids.	For	both	miscible	and	immiscible	fluid	pairs,	when	the	fluid	

in	the	central	stream	(of	viscosity	-")	is	significantly	more	viscous	than	the	fluid	in	the	

laterally	 injected	streams	 (of	viscosity	-!),	 so	 that	 the	 ratio	between	 the	viscosities	 is	

smaller	 than	 0.06,	 a	 cylindrical	 thread	 is	 formed	 (Cubaud	 and	 Mason	 2012).	 This	 is	

usually	referred	to	as	a	“lubricated	viscous	thread”	or	“core-annular	flow”	(Cubaud	et	al.	

2012,	Cubaud	and	Mason	2012,	Cubaud	2020).	Under	these	flow	conditions	the	thread	

diameter	 has	 been	 found	 to	 be	 independent	 of	 the	 viscosity	 ratio,	 provided	 the	

abovementioned	 conditions	 are	 met	 (Cubaud	 and	 Mason	 2006,	 Cubaud	 2020).	 	 In	

contrast,	when	the	central	fluid	is	less	viscous	than	the	laterally	injected	fluid	streams	i.e.	

, > 1,	fluid	stratification	occurs	where	each	fluid,	occupies	a	layer	that	spans	the	whole	

depth	 of	 the	 outlet	 channel	 from	 the	 top	 to	 the	 bottom	 channel	walls.	 This	 yields	 an	

interfacial	 curvature	 between	 streams	 across	 the	 channel	 cross-section	 (Cubaud	 and	

Mason	2008,	Cubaud	and	Mason	2012),	with	larger	portions	of	the	regions	of	high	shear	

being	occupied	by	the	lower	viscosity	fluid	(cf.	Figure	2)	where	we	show	an	example	of	
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the	cross-sectional	shape	of	the	central	focused	stream	in	the	outlet	channel	obtained	in	

our	numerical		simulations).		

 

	

FIG	2.	Example	of	the	cross-sectional	shape	of	the	central	focused	stream	in	the	outlet	channel	
obtained	in	our	numerical	simulations	for	viscosity	ratio	* > 1	(	,- = 1,* = 9.56)	and	2- =

0.84,	where	Fluid	1	is	shown	in	grey	and	Fluid	2	is	shown	in	black.	

 

There	 have	 been	 a	 number	 of	 correlations	 proposed	 in	 previous	 research	 works	 to	

quantify	the	size	of	the	central	outlet	focused	stream,	which	have	shown	good	agreement	

with	experimental	results	under	certain	specific	circumstances.	In	microfluidic	devices	

(such	 as	 those	 considered	 in	 this	work),	 the	microchannels	 are	 typically	 planar	with	

constant	depth	throughout,	and	a	summary	of	proposed	correlations	for	such	channels	is	

compiled	in	Table	I.	Please	note	that	the	list	in	Table	I	is	not	exhaustive,	but	we	strive	to	

provide	relevant	information	about	the	fluid	systems	used	and	conditions	under	which	

each	correlation	applies.

Flow focusing with miscible fluids in microfluidic devices



   6 

TABLE	I.	Summary	of	previous	studies,	proposed	correlations	for	estimating	the	size	of	the	Newtonian	fluid	focused	stream,	and	conditions	under	

which	they	apply.	For	variable	definitions	see	Figure	1.	

Reference	 Analytical	Expression	 Fluid	Information	
Experimental	

(Exp)/Numerical	
(Num)	

Channel	Cross-Section	

(Knight	et	al.	
1998)	

	
"!
"

= $
(1 + 2) − 2)+)
(1 + 2)-+)

	

where	)	and	-	reflect	geometrical	parameters,	B	is	a	constant	of	order	1	
dependent	on	channel	geometry	and	+	is	the	ratio	of	inlet	pressures	=

/"
/#
0 .	

Viscosity-matching	streams		
(1 = 1)	 Exp	

Rectangular:	Channel	with	changing	
Aspect	Ratio:	

Side	and	outlet	channels	23 = 1	
Central	inlet	channel	tapers	down	to	

a	nozzle	of	23 = 5	

(Wu	and	
Nguyen	
2005)	

	
"!
"

=
1

1 + 2	(53)	1
= [1 + 2	(53)	1]$#	

	

Newtonian	Miscible	Fluids:	
Small	variation	in	viscosity	ratios		

(1/1.8 ≤ 1 ≤ 1.8)	

Exp/2D	Num/	
Analytical	(Hele-Shaw	

Limit)	

Rectangular	(Exp):	
23 = 0.06	

(Cubaud	and	
Mason	2006)	 "! ≈ ?

1
2	53

@
%.'
	

	
Newtonian	Miscible	Fluids:	Viscous	
fluid	is	fully	surrounded	by	a	less	
viscous	fluid.	Lubricated	viscous	

thread.	
Low	Viscosity	Ratios		
(0.001 < 1 < 0.06)		

Exp	 Square:		
23 = 1	

(Lee	et	al.	
2006)	

"!
"

=
B#

-(B# + 2B")
= -	(1 + 2	53)	

- =
C̅!
C̅(
=
1 − ?192F G)"!	0 @∑ 1

(2I + 1)) 	
JKIℎM(2I + 1)	G"!	/2FN
OPJℎ[(2I + 1)	G"/2F]

*+,%

1 − Q192F G)"0 R∑
STIℎ[(2I + 1)	G"/2F]

(2I + 1)) 	*
+,%

	

	
where	C̅!	and	C̅(	represent	the	average	velocities	in	the	focused	stream	

and	outlet	channel	respectively.	

	
Newtonian	Miscible	Fluids:	
Viscosity-matching	streams		

(1 = 1)	

Exp/	Analytical	 Rectangular:		
0.05 < 23 < 1.78	

(Cubaud	and	
Mason	2008)	

"!
"

≈ ?
B#
2B"

@
# "-

= ?
1

2	53
@
# "-
	

Newtonian	Immiscible	Fluids:	
Viscous	fluid	is	fully	surrounded	by	a	

less	viscous	fluid.	
Lubricated	viscous	thread.	
Low	Viscosity	Ratios		
(0.0007 ≤ 1 ≤ 0.04)	

Exp	 Square:		
23 = 1	
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(Cubaud	and	
Mason	2008,	
Cubaud	and	
Mason	2012)	

"!
"

≈ [1 + 2	(53)	1]$#	

	
Newtonian	Miscible:	

High	viscosity	fluid	surrounded	by	
less	viscous	fluid:	low	viscosity	ratios	

(1 = 0.002, 0.008, 0.016)	
Low	viscosity	fluid	surrounded	by	
more	viscous	fluid:	range	of	viscosity	

ratios	(1 = 1.7, 6.3, 83, 625)	
	

Exp	
Rectangular:		
23 = 0.05	

(Cubaud	et	al.	
2012,	Cubaud	
and	Mason	
2012)	

"!
"

≈ Y1 + 2	(53)	1
# "- Z

$#
	

	

	
Newtonian	Miscible	Fluids:	Low	
viscosity	fluid	surrounded	by	more	

viscous	fluid.		
Large	Viscosity	Ratios	(1 > 10)	

	

Exp	 Square:		
23 = 1	

(Hu	and	
Cubaud	
2016)	

	
"!
"

≈
1

1 + 0.67	(2	53)
" .- (1)

# "-
	

	

?\P]	
"!
"

>	10$"@	

	

Newtonian	Miscible	Fluids:	
Low	viscosity	fluid	surrounded	by	

more	viscous	fluid.	
Large	viscosity	contrasts		
(100 ≤ 1 ≤ 10000)	

Exp	
Square:		
23 = 1	

(Cubaud	
2020)	

"!
"

≈ ^
1
2530

2 + _1 2530 `
a

# "-

	

Small	flow	rate	ratios:	
"!
"

≈ ?
1
53
@
# "-
	

	
Newtonian	Miscible	and	Partially	

Miscible	Fluids:	
Viscous	fluid	fully	surrounded	by	less	

viscous	fluid.	
Lubricated	viscous	thread.	

Low	Viscosity	Ratios	(1	 ≤ 	0.1)	
	

Exp	
Square:		
23 = 1	
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As	 illustrated	 in	 Table	 I,	 past	 research	 focuses	 mainly	 on	 conditions	 of	 either	 high	

viscosity	ratios,	low	viscosity	ratios	or	cases	where	the	viscosity	ratio	is	equal	to	1.	To	

date,	studies,	which	cover	a	range	of	intermediate	viscosity	ratios,	where	differences	have	

a	large	impact	on	the	development	of	the	central	fluid	focused	stream,	are	limited.		

 

In	this	paper,	we	report	experimental	and	numerical	simulations	of	miscible	Newtonian	

fluid	flows	in	microfluidic	flow	focusing	devices	to	study	in	detail	the	combined	effect	of	

the	viscosity	ratio	(for	a	range	of	intermediate	,:	1 ≤ , ≤ 15.07),	the	velocity	ratio	(1 <

!" < 20)	 and	 geometrical	 aspect	 ratio	 on	 the	 characteristics	 of	 the	 central	 focused	

stream	 in	 the	 outlet	 channel.	 This	 work	 focuses	 on	 flows	 where	 every	 fluid	 stream	

remains	 in	 contact	with	 the	 top	and	bottom	channel	walls	 and	we	 report	 results	 that	

provide	further	insight	into	the	curved	interface	that	has	been	observed	along	the	depth	

of	the	cross-section	when	high	viscosity	contrasts	are	present	in	parallel	 flow	systems	

(Knight	 et	 al.	 1998,	 Cubaud	and	Mason	2008,	 Cubaud	et	 al.	 2012,	 Cubaud	and	Mason	

2012).	We	also	present	a	2D	analytical	expression	derived	from	first	principles	for	scaling	

the	findings.
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II. EXPERIMENTAL	METHODOLOGY	
 

The	 flow	 focusing	 configuration	 considered	here	 is	 composed	of	 four	 identical	 planar	

orthogonal	channels	(cf.	Figure	3a)	with	two	opposing	lateral	streams	that	shape	a	third	

central	inlet	stream.	The	reference	fluid	(Fluid	1),	which	is	characterised	by	a	dynamic	

viscosity	-",	is	inserted	into	the	central	inlet	channel	with	a	volumetric	flow	rate	6".	Two	

additional	fluid	streams	(Fluid	2,	with	a	dynamic	viscosity	-!),	are	symmetrically	injected	

into	each	of	the	lateral	fluid	inlets	with	a	volumetric	flow	rate	6!.	The	flow	rates	of	the	

two	opposing	lateral	streams	are	always	kept	equal	to	each	other	ensuring	symmetric	

inlet	 flow	conditions.	 In	 this	 case,	 the	 total	 flow	rate	 in	 the	outlet	 flow	stream	can	be	

calculated	as:	6# = 6" + 26!.	The	corresponding	average	velocity	in	each	of	the	streams	

can	be	calculated	as	$$ =
%!

&!'!
,	where	8	represents	either	the	core,	lateral	or	outlet	fluid	

streams	 (8 = 1, 2	or	3,	 respectively).	 It	 is	worth	 noting	 that	 in	 this	 type	 of	 device,	 the	

extensional	rate	can	be	varied	by	varying,	for	instance,	the	ratio	between	the	flow	rates	

in	the	lateral	inlet	streams	and	the	central	inlet	stream	(Oliveira	et	al.	2007,	Sousa	et	al.	

2009).	

 

All	microchannels	were	fabricated	using	polydimethylsiloxane	(PDMS;	Sylgard	184,	Dow	

Corning)	with	a	SU-8	mould	using	standard	soft-lithography	techniques.	Subsequently,	

the	microchannels	were	bonded	to	a	PDMS	coated	glass	slide	to	ensure	that	all	surfaces	

had	similar	characteristics.	A	schematic	diagram	of	 the	microfluidic	geometry	and	 the	

experimental	set	up	are	shown	in	Figure	3.	The	microfluidic	flow	focusing	devices	used	

exhibit	a	rectangular	cross	section	of	width,	) = 	109	 ± 2	-=	and	a	uniform	depth,	( =

	92	 ± 1	-=,	which	results	in	an	aspect	ratio,	defined	as	the	ratio	of	the	channel	depth	to	

the	channel	width	(&"	 = 	(/))	that	is	constant	throughout	the	device	and	equal	to	0.84.	

To	analyse	the	effect	of	the	channel	aspect	ratio,	an	additional	geometry	having	width	

) = 125	 ± 2	-=	and	depth	( = 27	 ± 1	-=	(aspect	ratio	of	&" = 0.22)	was	also	used.	
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FIG	3.	Schematic	of	a)	3D	Microfluidic	flow	focusing	device	used	in	this	work	showing	relevant	

variables	and	coordinate	system,	and	b)	experimental	flow	visualisation	set	up.	

 

To	 study	 the	 effect	 of	 viscosity	 ratio,	 aqueous	 solutions	 of	 glycerol	 of	 varying	

concentrations	were	prepared.	The	solutions	were	then	divided	into	three	samples	for	

flow	visualisation	purposes:	sample	(A),	in	which	Rhodamine-B	dye	(Sigma-Aldrich)	at	a	

concentration	 of	 approximately	 0.016%	was	 added;	 sample	 (B),	 in	which	 fluorescent	

tracer	particles	with	nominal	diameter	of	1μm	(FluoSpheres	carboxylate-modified,Nile	

Red	 (Ex/Em:	535/575))	were	added	at	 concentration	of	approximately	0.02%wt;	and	

sample	(C)	which	was	 left	as	the	original	solution.	A	summary	of	the	composition	and	

properties	of	these	fluids	is	given	in	Table	II,	with	GLY52	being	used	as	the	reference	fluid.	

The	 density	 of	 the	 solutions	 was	 measured	 using	 pycnometry	 and	 the	 viscosity	 was	

characterised	in	steady	shear	on	a	DHR-2	hybrid	rotational	rheometer	(TA	Instruments)	

with	a	cone-plate	geometry	(60	mm	diameter,	1°	cone	angle)	at	a	temperature	of	20°C.	
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TABLE	II.	Characteristics	of	the	fluids	used	in	the	experimental	work	including	fluid	composition	

and	physical	properties	(density	and	viscosity)	at	20	°C.	

Fluid	ID	 Composition	
Density	

(kg/?()	

Viscosity	

(Pa	s)	

Viscosity	

Ratio	(K)*	

Water	 Deionised	Water	 1000	 1.00x10-3	 0.15	

GLY52	 *51.7	%	Glycerol	 1172	 6.81x10-3	 1	

GLY61	 61.4	wt%	Glycerol	 1181	 1.20x10-2	 1.76	

GLY71	 71.2	wt%	Glycerol	 1190	 2.55x10-2	 3.74	

GLY76	 75.6	wt%	Glycerol	 1195	 3.84x10-2	 5.64	

GLY81	 80.5	wt%	Glycerol	 1209	 6.51x10-2	 9.56	

GLY84	 84.4	wt%	Glycerol	 1222	 1.03x10-2	 15.07	
*Viscosity	ratio	calculated	relative	to	GLY52	used	as	reference	fluid. 
 

The	 fluids	 were	 injected	 into	 the	 three	 geometry	 inlets	 simultaneously	 at	 controlled	

flowrates	 using	 a	 high-precision	 syringe	 pump	with	 independent	modules	 (neMESYS,	

Cetoni	GmbH).	SGETM	gastight	glass	syringes	were	connected	to	the	microchannel	using	

Tygon	tubing,	and	the	geometry	outlet	was	left	open	to	the	atmosphere.	The	flow	was	

illuminated	with	a	100W	metal	halide	lamp	and	visualised	using	an	inverted	microscope	

(Olympus	 IX71).	 The	microscope	was	 equipped	with	 a	 20X	 objective	 lens	 (numerical	

aperture	NA	=	0.4)	and	an	adequate	filter	cube	(Olympus	U-MWIGA3).	The	images	were	

acquired	at	 the	centre	plane	of	 the	microchannel	 (@	 = 	(/2),	unless	stated	otherwise,	

using	a	CCD	camera	(Olympus	XM10)	and	the	exposure	time	was	adjusted	according	to	

the	flow	conditions.	
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FIG	4.	Example	of	a	microscope	image	obtained	with	the	central	fluid	stream	dyed	with	

Rhodamine-B	and	undyed	lateral	streams,	highlighting	the	region	over	which	the	measurement	

of	the	outlet	central	focused	stream	width	was	performed	(the	reported	value	of	6b	being	an	

average	across	the	highlighted	region).	

 

We	used	image	analysis	to	assess	the	impact	of	viscosity	ratio,	velocity	ratio	and	aspect	

ratio	of	the	device	on	the	shape	and	size	of	the	generated	central	fluid	focused	stream.	

The	width	of	the	central	focused	stream	in	the	outlet	channel	at	the	centre	plane,	)) ,	was	

measured	 using	 the	 image	 processing	 software	 ImageJ	 in	 the	 region	 of	 the	 bounding	

rectangle	 indicated	by	 the	 red	box	 in	 Figure	4.	 The	bounding	measurement	 rectangle	

spanned	~100µm	along	 the	 x-direction	 in	 the	 region	 of	1.7	 ≤ 	A/)	 ≤ 2.7	where	 the	

newly	 formed	 central	 focused	 stream	 exhibited	 an	 approximately	 constant	 shape.	 An	

average	value	for	the	focused	stream	width	over	this	length	was	then	determined.	It	is	

important	 to	 note	 that	 defining	 the	 exact	 boundaries	 for	 these	 measurements	 is	 not	

straightforward	due	to	a	small	gradient	in	the	interface	region	between	the	two	fluids	as	

illustrated	by	the	gradual	variation	of	grayscale	intensity	profile	shown	in	Figure	5.	For	

consistency,	the	mid-point	was	considered	for	the	measurements	presented	in	this	work.		
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FIG	5.	Normalised	grayscale	profile	along	the	width	of	the	outlet	channel	at	location	 c
d
= 2.5	

(within	the	experimental	measurement	region)	for	2- = 0.84,	* = 1		and	,- = 1.	The	profile	

highlights	the	variation	of	grayscale	intensity	in	the	regions	of	the	interface	between	the	undyed	

outer	fluid	and	the	central	focused	fluid	stream	dyed	with	Rhodamine-B.	

 

For	 all	 3D	 simulations,	 measurements	 were	 taken	 at	 a	 location	 in	 the	 downstream	

channel,	 corresponding	 to	 A/) = 2.5.	 This	 location	 lies	 within	 the	 experimental	

measuring	 window	 to	 ensure	 comparable	 results.	 This	 measurement	 location	 is	 also	

comparable	 to	 that	used	 in	 the	work	of	Cubaud	et	al	 (2008)	ensuring	the	 flow	 is	 fully	

developed	 in	 the	 outlet	 stream	 without	 being	 too	 far	 downstream	 thus	 avoiding	

significant	diffusion	effects,	as	witnessed	by	Wu	et	al	(2005).	

 

III. DIMENSIONLESS	PARAMETERS	
 

Dimensionless	 parameters	 of	 interest	 for	 the	 flow	 under	 consideration	 include	 the	

Reynolds	number,	"B,	the	viscosity	ratio,	, = -!/-",	and	the	velocity	ratio,	!" = $!/$",	

which	 in	 our	 case	 is	 equal	 to	 the	 flow	 rate	 ratio	 6!/6",	 given	 the	 incompressibility	

constraint	and	to	the	fact	that	the	inlet	channels	have	the	same	cross-sectional	area.	Given	

the	significant	role	played	by	the	velocity	ratio	on	the	characteristics	of	the	central	outlet	

stream,	 the	 effect	 of	 this	 parameter	 was	 systematically	 investigated	 throughout	 this	

work.	To	this	end,	the	central	flow	rate	was	maintained	constant	throughout	the	whole	

set	 of	 experiments,	 while	 the	 flow	 rate	 of	 the	 lateral	 streams	 was	 systematically	
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increased.	When	the	fluid	is	the	same	in	all	inlet	streams	(,	 = 	1),	for	low	values	of	!"	

(i.e.,	for	!" < 1)	the	central	stream	encompasses	a	large	portion	of	the	outlet	channel,	

leaving	only	a	thin	region	for	the	flow	of	the	outer	fluid	streams	(Hu	and	Cubaud	2016).	

In	this	work,	however,	we	focus	on	larger	values	of	!"	(i.e.,	!" ≥ 1),	 for	which,	as	we	

shall	see,	a	relatively	narrow	central	focused	stream	is	observed.	Inertial	effects	are	not	

important	since	the	Reynolds	numbers	considered	here	are	small	(0.01 < "B < 0.5).		

 

IV. NUMERICAL	METHOD	

In	addition	to	experiments,	a	set	of	selected	three-dimensional	simulations	were	carried	

out	using	a	Volume-of-Fluid	(VOF)	method	using	the	opensource	computational	toolbox	

OpenFOAM.	In	such	an	approach,	the	interface	between	the	fluids	is	described	through	

the	adoption	of	a	volume	fraction	phase,	D.	This	represents	the	volume	average	of	one	

fluid	(arbitrarily	defined	between	two	possible	choices)	with	respect	 to	 the	 total	 fluid	

encapsulated	in	one	computational	cell.	Thus,	this	function	takes	values	0 < D < 1	at	the	

interface,	 while	 the	 values	 0	 and	 1	 characterise	 the	 two	 bulk	 phases	 away	 from	 the	

interface.	 Such	 quantity	 is	 then	 evolved	 numerically	 in	 space	 and	 time	 through	 an	

advection	equation	of	the	type	reported	below	(albeit	particular	modifications	required	

to	 avoid	 excessive	 smearing	 of	 the	 interface	 introduced	 in	 the	 implementation	 of	 the	

method	in	OpenFOAM	e.g.,	see	(Capobianchi	et	al.	2017)	for	more	details):	

ED

EF
+ ∇ ∙ (JD) = 0. (1) 

Finally,	 since	 we	 are	 considering	 miscible	 fluids,	 capillary	 forces	 are	 not	 taken	 into	

account,	 and	 the	 ‘one-fluid’	 formulation	 of	 the	momentum	 equation	 reads	 (note	 that	

gravity	is	not	accounted	for	due	to	the	small	length	scale	and	similar	density	of	the	two	

fluids):	

K L
EJ

EF
+ (J ∙ M)JN = −Mp + M ∙ (2µR), (2) 
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where	R =
*
+ (MJ + (MJ)

,)	is	the	rate-of-strain	tensor.	In	such	an	approach,	variables,	

i.e.,	velocity	and	pressure,	are	defined	continuously	throughout	the	whole	domain,	while	

the	fluid	properties	are	continuous	functions	of	the	volume	fraction:	

K = DK" + (1 − D)K!,																				- = D-" + (1 − D)-!. (3) 

The	 problem	 was	 discretised	 numerically	 using	 a	 structured	 mesh	 consisting	 of	

approximately	 3 × 10-	 identical	 cubic	 cells	 and	 an	 adaptive	 octree	 mesh	 refinement	

approach	has	been	applied	at	the	region	of	the	interface	(only	for	the	3D	cases),	where	

larger	 resolution	was	 deemed	necessary.	 It	 should	 be	 noted	 that	 the	 thickness	 of	 the	

central	 stream	 undergoes	 substantial	 variations	 depending	 on	 the	 flow	 conditions	

considered	 (i.e.,	 velocity	 ratio	 and/or	 viscosity	 ratio),	 hence	 the	 level	 of	 refinement	

adopted	was	selected	on	the	basis	of	this	constraint.	In	other	terms,	since	the	density	of	

the	unrefined	mesh	was	always	the	same,	the	dimension	of	the	cells	to	be	employed	at	

the	 interface	was	 necessarily	 different	 for	 different	 flow	 conditions	 across	 the	whole	

region	of	the	flow	parameter	explored	to	have	a	sufficiently	high	resolution.	

 

V. ANALYTICAL	SOLUTION	FOR	THE	TWO-DIMENSIONAL	

PROBLEM	
 

In	 this	 section,	 an	 exact	 solution	 for	 the	 two-dimensional	 creeping	 flow,	 obtained	

assuming	 absence	 of	 confinement	 in	 the	 spanwise	 z-direction,	 is	 derived	 by	 taking	

advantage	of	the	symmetry	of	the	flow	established	at	a	sufficient	distance	downstream	of	

the	cross	junction.	Owing	to	these	hypotheses,	the	problem	can	be	simplified	to	that	of	a	

pressure-driven,	 creeping	 flow	 between	 2	 parallel	 plates	 (cf.	 Figure	 6)	 in	 which	 the	

interface	between	the	fluids	is	perfectly	flat.	A	schematic	of	the	problem	highlighting	the	

coordinate	 system	 adopted,	 and	 the	 equivalent	 symmetric	 counterpart	 of	 the	 flow	 is	

shown	in	Figure	6.		

	

The	 problem	 under	 consideration	 is	 governed	 by	 the	 steady-state	 Navier-Stokes	

equations	for	incompressible	creeping	flows	for	the	two	fluids	considered:	
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0 = −

ET

EA
+ -"

E
!

EU!
(V",/), 

 

(4) 

 
0 = −

ET

EA
+ -!

E
!

EU!
(V!,/),	 

 

(5) 

 

where	 V",/	and	 V!,/	 are	 the	 x-component	 of	 the	 velocities	 of	 Fluid	 1	 and	 Fluid	 2,	

respectively.	The	origin	of	the	y-axis	is	taken	at	the	centreline	(dashed	line	in	Figure	6).	

The	central	stream	is	characterised	by	a	half	height	ℎ = )) 2⁄ ,	while	Z = ) 2⁄ 	represents	

the	vertical	extension	of	the	semi	portion	of	the	domain.		

 

 
 

FIG	6.	Schematic	of	a)	the	full	2D	geometry	used	to	replicate	the	outlet	channel	of	the	flow	

focusing	device	highlighting	the	region	of	symmetry	and	the	employed	coordinate	system,	b)	

the	2D	geometry	used	to	derive	the	2D	analytical	expression	considering	the	symmetry	of	the	

flow.	

	

The	general	solutions	of	equations	(4)	and	(5)	are:	

 

V",/ =
[U

!

2-"
+ &U + \, 																														V!,/ =

[U
!

2-!
+ ]U + (, (6) 
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where	[	is	the	applied	constant	pressure	gradient	defined	as	[ = ∆T/`,	`	is	the	length	of	

the	domain	in	the	x-direction	and	&,	\,	]	and	(	are	yet	to	be	determined	constants of	

integration.	Given	the	geometrical	constraints	of	the	flow	and	its	boundary	conditions,	

the	 y-component	 of	 the	 velocity	 is	 null	 everywhere,	 i.e.,	 V",0 = V!,0 ≡ 0.	 At	 the	 fluid	

interface	(U = ℎ),	continuity	of	the	velocity	and	of	the	shear	stress	is	imposed,	while	at	

the	upper	wall	(U = Z),	we	impose	the	no-slip	boundary	condition,	i.e.	

 

	V",/b012 = V!,/b012	 (7) 

 

-"
EV",/
EU

c

012
= -!

EV!,/
EU

c

012
	 (8) 

 

V!,/b013 = 0.		 (9) 

 

By	 substituting	 these	 boundary	 conditions	 into	 equation	 (6)	 we	 found	 the	 following	

expressions	for	each	constant:	& = 0, \ =
4563"7#42"7#82"7"9

!7#7"
	 , ] = 0, ( = 	−

53"
!7"

,	which	

allows	determining	V",/	and	V!,/	as:	

 

V",/ = −
5:63"42"97#87"62"40"9;

!7#7"
,																				V!,/ = −

563"40"9
!7"

, (10)

  

The	average	velocities	of	each	fluid	stream	(i.e.	V",/	and	V!,/)	can	then	be	calculated	as	

follows:	

 

$",/ =
1

ℎ
eV",/fU

2

<
= −

g(Z
!
− ℎ

!)-" +
2ℎ

#
-!
3

h[

2-"-!
, (11)

 

 

$!,/ =
1

(Z − ℎ)
e V!,/fU

3

2
= −

(2Z + ℎ)	[	(Z − ℎ)

6-!
. (12) 
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Substituting	 the	 following	 variables	 for	 the	 dimensionless	 focused	 stream	width,	i =

ℎ/Z	 and	 the	 viscosity	 ratio,	 , = -!/-"	 into	 the	 previous	 equations,	 we	 obtain	 the	

following	expression	for	the	velocity	ratio:	

 

!" ≡
$!,/
$",/

=
(i + 2)(i − 1)

!

(4, − 6)i# + 6i
. (13) 

 

For	a	desired	value	of	 the	velocity	 ratio	 and	viscosity	 ratio,	 it	 is	 therefore	possible	 to	

determine	the	dimensionless	thickness	i	which	satisfies	equation	(13).	

 

VI. ANALYTICAL	SOLUTION	AND	NUMERICAL	RESULTS	FOR	

THE	2D	PROBLEM	
 

The	dimensionless	width	of	 the	central	 focused	stream	(normalised	using	 the	channel	

width)	 in	 the	 fully	developed	 region	of	 the	outlet	 channel	 of	 the	 flow	 focusing	device	

obtained	 in	 the	 2D	 flow	 numerical	 simulations	 is	 compared	 with	 the	 analytical	 2D	

solution	 derived	 in	 Section	 V.	 A	 strong	 effect	 of	 the	 velocity	 ratio	 (especially	 for	 low	

!"	values)	on	the	width	of	the	central	 focused	stream	is	observed	as	seen	in	previous	

work	(Wu	and	Nguyen	2005,	Oliveira	et	al.	2012),	with	 the	width	decreasing	as	!"	 is	

increased.	The	viscosity	ratio	 is	also	seen	to	 impact	 the	size	of	 the	 focused	stream	for	

!" = 1,	however	this	effect	is	not	as	significant	for	higher	values	of	,	over	the	ranges	

considered.	 There	 is	 excellent	 quantitative	 agreement	 between	 the	 2D	numerical	 and	

analytical	results	for	a	range	of	!"	(Figure	7a)	and	,	values	(Figure	7b)	with	a	maximum	

relative	error	of	7%.	It	is	worth	noting	that	the	relative	errors	are	smaller	for	lower	values	

of	!"	and	,.	The	analytical	solution	also	shows	that	for	higher	values	of	!",	the	effect	of	

,	becomes	less	and	less	significant	(for	!" = 5	e.g.,	as	shown	in	Figure	7b,	the	relative	

difference	between	the	normalised	width	for	, = 1	and	, = 15	is	≲ 3%).	
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FIG	7.	Comparison	of	2D	analytical	solution	and	2D	numerical	simulations	(at	7 6⁄ = 2.5)	

showing	a)	Impact	of	velocity	ratio	for	*	 = 	1	b)	Impact	of	viscosity	ratio	for	,-	 = 	1,	,- = 2	

and	,- = 5.	

	

Good	agreement	between	the	2D	numerical	and	analytical	results	can	also	be	observed	

in	terms	of	velocity	distribution	in	the	cross	section	of	the	outlet	channel	(normalised	

using	the	maximum	velocity	at	the	centreline	(U/) = 0.5)	for	each	case)	for	a	range	of	

,	values	and	,-	 = 	1	(Figure	8).	When	, = 1	(Figure	8a),	the	velocity	profile	exhibits	a	

symmetric	parabolic	shape	across	the	width	of	the	cross-section	as	expected.	As	,	is	

increased	beyond	unity	(Figure	8b-d),	while	the	profiles	remain	symmetric,	an	

additional	central	peak	can	be	visualised,	becoming	more	pronounced	as	,	increases.	

For	increasingly	larger	viscosity	ratios,	it	can	be	noted	in	both	Figure	7	and	Figure	8	that	

the	agreement	becomes	less	accurate,	which	can	be	attributed	to	the	numerical	

approach	which	considers	the	two	fluids	as	a	single	entity	characterised	by	generally	

different	material	properties,	such	as	the	viscosity,	as	appropriate	in	this	context.	

Discontinuities	in	properties	across	the	interface	are	linearised	by	means	of	equation	

(3).	This,	in	turn,	inevitably	introduces	inaccuracies	in	the	numerical	solution	which	

become	less	reliable	for	increasingly	large	viscosity	ratios:	an	issue,	which	could	be	

partially	mitigated	by	the	adoption	of	larger	mesh	resolutions.		
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FIG	8.	Comparison	of	2D	analytical	solution	and	2D	numerical	simulations	(at	7 6⁄ = 2.5)	

showing	the	impact	of	viscosity	ratio	when	,- = 1	on	the	normalised	velocity	profile	

(normalised	using	the	maximum	velocity	at	the	centreline	(9/6 = 0.5)	for	each	case)	in	the	y-

direction	for	a)	* = 1	b)	* = 1.76	c)	* = 3.74	and	d)	* = 5.64.	

 

VII. RESULTS	AND	DISCUSSION	
 

In	this	work,	a	series	of	experiments	supported	by	3D	numerical	simulations	were	

conducted	to	investigate	the	influence	of	various	parameters	on	the	characteristics	

(shape	and	width)	of	the	central	focused	outlet	fluid	stream.	As	anticipated,	we	focus	on	

those	conditions	where	inertia	can	be	assumed	negligible,	and	the	flow	is	always	steady	

and	symmetric	about	the	x-axis	(Lee	et	al.	2006).	We	also	neglect	molecular	diffusion	as	

in	most	cases	the	Peclet	number	(defined	as	sB = $#) (=⁄ ,	where	(= 	is	the	diffusion	

Flow focusing with miscible fluids in microfluidic devices



   21 

coefficient	for	each	fluid	pair,	as	detailed	by	Petitjeans	and	Maxworthy	(1996)	is	large	

(sB	 > 10
#)	suggesting	the	two	miscible	fluids	flow	side	by	side	without	mixing	

(Petitjeans	and	Maxworthy	1996,	d'Olce	et	al.	2009).	It	is	important	to	note	that	when	

interfacial	tension	is	relatively	low	or	miscible	fluids	are	considered,	the	flow	may	

experience	an	instability	referred	to	as	viscosity	stratification	(Yih	1967).	To	avoid	such	

instabilities,	previous	researchers	have	reported	that	high	values	of	interfacial	tension	

can	be	used	(Hooper	and	Boyd	2006)	or,	as	this	instability	is	said	to	be	of	inertial	origin,	

low	Reynolds	number	flows	(Bonhomme	et	al.	2011).	It	is	possible	that	our	system	may	

not	be	truly	steady	state;	however,	since	for	all	cases	considered	here,	the	Reynolds	

number	was	always	below	unity	and	no	visible	instabilities	were	identified,	in	

agreement	with	the	results	of	Bonhomme	et	al.	(2011),	we	will	treat	the	system	as	being	

stable	throughout	this	work	(as	done	previously	in	Davoodi	et	al.	2021).		

 

A. Effect	of	Velocity	Ratio	

 

To	 assess	 the	 impact	 of	 the	 velocity	 ratio,	 experiments	 were	 conducted	 considering	

viscosity	matching	streams	(i.e.,	considering	, = 1),	in	which	the	velocity	ratio,	!",	was	

adjusted	 from	 !" = 1	up	 to	 the	 maximum	 value	 of	 !" = 20.	 Simulations	 for	 some	

selected	cases	were	also	performed	for	comparison.	Typical	flow	patterns	encountered	

for	the	base	case	geometry	(&" = 0.84)	can	be	observed	in	Figure	9.		
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FIG	9.	Flow	patterns	observed	in	the	flow	focusing	geometry	with	2- = 0.84	and	=e =

0.02	ml/h,	with	matching	fluid	in	all	inlets	(* = 1)	and	different	velocity	ratios	a)	,- = 1,	b)	

,- = 5.	i-ii)	Experimental	images	obtained	by	adding	i)	fluorescent	tracer	particles	to	all	inlet	

streams	to	show	the	pathlines	and	ii)	Rhodamine-B	dye	to	the	central	fluid	inlet	only.	iii)	3D	

numerical	simulations,	where	Fluid	1	is	shown	in	gray	and	Fluid	2	is	shown	in	black.		

 

For	the	cases	shown	in	Figure	9,	a	converging	flow	region	is	present	at	the	centre	of	the	

flow	focusing	device,	producing	a	centralised	straight	focused	stream	downstream	of	the	

central	 region	 that	 extends	 along	 the	 outlet	 of	 the	 microchannel.	 In	 agreement	 with	

previous	works	for	, = 1	(e.g.	Lee	et	al.	2006),	the	width	of	the	central	focused	stream	

decreases	as	the	velocity	ratio	is	increased,	and	its	cross	sectional	area	is	approximately	

rectangular	 (Knight	et	al.	1998).	For	all	!"	 tested	here	 (1 < !" < 20),	 the	separating	

streamlines	in	the	central	region	of	the	device	where	the	three	inlet	fluids	meet	display	a	

concave	shape	(as	seen	in	the	experimental	flow	patterns	of	Figure	9ai	and	bi,	and	in	the	

numerical	results	shown	in	Figure	10)	as	expected	when	!" > ,
4#/?

2⁄ 	(Hu	and	Cubaud	

2016).	The	 streamlines	 in	 the	 converging	 region	near	 the	 centre	of	 the	 geometry	 (c.f.	

Figure	9)	exhibit	a	near	hyperbolic	shape	characteristic	of	extensional	flows	(Oliveira	et	

al.	2007).	Increasing	!"	to	higher	values,	increases	the	curvature	of	the	streamlines	and	

reduces	the	width	of	the	central	outlet	focused	stream	(Nguyen	and	Huang	2005,	Oliveira	
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et	al.	2012).	Under	these	conditions	the	viscous	stresses	from	the	lateral	fluid	streams	

dominate	how	the	central	fluid	profile	is	formed.	Similar	experimental	observations	are	

discussed	in	the	work	of	Lee	et	al	(2006)	where	the	range	of	0.1 ≤ !" ≤ 8	was	studied	

for	, = 1.	

 

 
 
FIG	10.	Outline	of	the	separating	streamlines	observed	from	numerical	simulations	at	the	centre	

plane	with	increasing	velocity	ratio	within	the	flow	focusing	geometry	of	2- = 0.84,	for	* = 1.		

 

The	size	of	the	central	focused	stream	developed	in	the	outlet	channel	 is	quantified	in	

Figure	 11,	 where	 the	 measured	 central	 focused	 stream	 thickness	 measured	

experimentally	at	the	centre	plane	is	normalised	using	the	channel	width.	In	this	figure,	

results	predicted	by	the	simulations	and	by	the	analytical	solution	(Equation	(13))	are	

also	included.		
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FIG	11.	Experimental	measurements	and	3D	numerical	simulation	results	of	the	normalised	

width	of	the	central	focused	outlet	stream	at	the	centre	plane	of	the	flow	focusing	geometries	of	

2- = 0.84	and	2- = 0.22	with	increasing	velocity	ratio	for	* = 1.	Comparison	of	the	results	

with	the	derived	2D	analytical	solution	(Equation	(13))	and	Hele-Shaw	solution	

d!
d
= [1 + 2	(,-)*]fe	(Wu	and	Nguyen	2005)	are	also	shown.	

 

The	 experimental	 and	 3D	 numerical	 results	 show	 an	 excellent	 agreement.	 The	 two-

dimensional	 analytical	 solution	 also	 captures	 well	 the	 experimental	 and	 numerical	

results	 in	 the	 channel	 with	 &"	 = 0.84,	 showing	 the	 ability	 of	 the	 two-dimensional	

analytical	solution	to	capture	reasonably	well	the	dynamics	of	the	focused	stream	in	these	

particular	 conditions.	 In	 addition	 to	 the	base	 case	 of	&"	 = 0.84,	we	 also	 show	 in	 the	

figure	 the	 case	 of	 &" = 0.22.	 Again,	 there	 is	 an	 excellent	 agreement	 between	

experimental	measurements	and	3D	numerical	simulations.	However,	as	expected	in	this	

case,	deviations	from	the	analytical	solution	are	observed,	which	can	be	attributed	to	the	

fact	that,	as	the	microchannel	becomes	shallower,	 the	2D	approximation	becomes	less	

accurate	 and	 the	 experimental	 values	 are	 better	 captured	 by	 the	 analytical	 solution	

proposed	by	Wu	and	Nguyen	(Wu	and	Nguyen,	2005)	in	the	Hele-Shaw	limit.		

 

B. Effect	of	Viscosity	Ratio	

 

The	effect	of	the	viscosity	ratio,	,,	was	analysed	experimentally	by	increasing	the	glycerol	

concentration	in	the	two	lateral	inlet	streams,	while	maintaining	the	same	reference	fluid	

in	the	central	inlet	stream.	Numerical	simulations	were	also	performed	for	comparison	

and	to	provide	additional	insight	that	would	be	challenging	to	obtain	experimentally	(e.g.,	
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the	detailed	shape	of	the	interface	along	the	depth	direction).	As	shown	qualitatively	in	

Figure	12,	 for	!"	 = 	1,	 the	viscosity	ratio	 is	seen	 to	have	a	small	effect	on	streamline	

curvature	in	the	central	region	of	the	device	where	the	inlet	streams	meet	(particularly	

for	low	values	of	,),	and	strongly	impacts	the	shape/curvature	of	the	interface	along	the	

depth	of	the	microchannel	cross	section,	i.e.	along	the	z-direction.		

 

 
 

FIG	12.	Qualitative	flow	patterns	observed	in	the	flow	focusing	geometry	with	2- = 0.84,	for	

,- = 1	and	three	viscosity	ratios	a)	* = 1,	b)	* = 3.74	,	and	c)	* = 9.56:	i)	comparison	of	

experimental	(top	half)	and	3D	numerical	simulation	(bottom	half)	at	the	O = P/2		centre	plane,	

showing	the	focusing	of	the	central	stream	;	ii)	3D	numerical	simulations	showing	the	filament	

cross-section	in	the	y-z	plane	at	7/6 = 2.5,	where	Fluid	1	is	shown	in	grey	and	Fluid	2	is	shown	

in	black.			

	

Similarly	to	the	effect	of	velocity	ratio,	the	normalised	central	focused	stream	width	at	

the	@ = (/2	centre	plane	was	found	to	decrease	in	size	as	the	viscosities	of	the	lateral	

fluids	increased	relative	to	the	viscosity	of	Fluid	1.	Good	agreement	was	found	between	

the	 dimensionless	 focused	 stream	 size	 obtained	 in	 the	 experiments	 and	 in	 our	 3D	

numerical	simulations	for	&"	 = 	0.84.	(c.f.	Figure	13).		
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FIG	13.	Impact	of	viscosity	ratio	on	the	normalised	width	of	the	central	focused	outlet	stream	at	

the	O = P/2		centre	plane	for	,- =1.	Comparison	of	experimental	and	3D	numerical	

simulations	for	2- = 0.84. 
 

  

FIG	14.	Variation	of	the	cross-sectional	shape	of	the	central	focused	stream	with	viscosity	ratio	

for	,- = 1.	Comparison	of	the	profile	of	the	interface	along	the	channel	depth	with	increasing	*	

obtained	using	3D	numerical	simulations	with	a)	2- = 0.84,	and	b)	2- = 0.22.	

 

When	the	two	fluids	have	the	same	viscosity	(, = 1),	the	central	focused	stream	in	the	

outlet	channel	exhibits	an	approximately	rectangular	cross-section	(cf.	Figure	12aii),	as	

also	reported	in	the	work	of	Knight	et	al	(1998).	When	, > 1,	the	interface	location	varies	

along	 the	 depth	 of	 the	 cross	 section	 (Figure	 12bii	 and	 cii),	 showing	 a	 concave	 shape,	
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where	the	central	focused	stream	width	is	larger	at	the	walls	than	at	the	centre	plane	of	

the	 microchannel	 (@ = (/2),	 where	 our	 experimental	 measurements	 of	 the	 central	

focused	stream	size	are	typically	taken.	Similar	effects	have	also	been	observed	in	other	

type	of	geometries,	such	as	the	microfluidic	cross	slot	(Davoodi	et	al.	2021)	and	in	the	T-

channels	(Guillot	et	al.	2006);	as	well	as	in	flow	focusing	configurations	similar	to	those	

considered	here	 (Guillot	 et	 al.	 2006,	Cubaud	and	Mason	2012,	Hu	and	Cubaud	2016),	

however	 these	 studies	have	not	 shown	how	 the	 shape	 changes	with	 the	 ratio	of	 inlet	

viscosities.	For	parallel	flows,	when	large	viscosity	ratios	are	considered,	the	less	viscous	

fluids	are	known	to	migrate	 towards	 the	regions	of	high	shear	near	 the	channel	walls	

while	the	more	viscous	fluids	move	to	the	regions	of	low	shear	(Joseph	et	al.	1984).	This	

interfacial	 curvature	 is	 therefore	 deemed	 to	 be	 a	 “self-lubricating”	 aspect	 of	 the	 flow	

(Cubaud	and	Mason	2008).		

 

Figure	 14	 shows	 the	 shape	 of	 the	 central	 focused	 stream	 cross-section	 obtained	

numerically	for	a	wide	range	of	values	of	,	for	&" = 0.84	(Figure	14a)	and	&" = 0.22	

(Figure	14b).	It	can	be	observed	that	as	,	increases	beyond	unity,	the	shape	of	the	focused	

stream	interface	moves	away	from	the	case	of	a	nearly	straight	interface	seen	when	all	

fluid	streams	have	the	same	viscosity.	The	difference	between	the	central	focused	stream	

width	 at	 the	 channel	 walls	 and	 the	 minimum	 width	 at	 the	 centre	 plane	 of	 the	

microchannel	 becomes	 larger	 as	 the	 lateral	 streams	 become	 more	 viscous	 than	 the	

central	stream.		
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FIG	15.	Comparison	of	the	normalised	width	of	the	central	focused	outlet	stream	along	the	z-

direction	obtained	in	the	3D	numerical	simulations	and	in	the	experiments	with	2- = 0.84	for	

a)	* = 3.74,	and	b)	* = 9.56.	6b,g	represents	the	filament	width	at	a	particular	z	position	(0 <

O/P < 1)	and	horizontal	error	bars	indicate	the	experimental	depth	of	field	estimated	for	our	

optical	set-up.		

 

Figure	15a	and	b	show	a	quantitative	comparison	between	experimental	and	numerical	

results	of	the	width	of	the	central	focused	stream	along	the	depth	of	the	channel	for	two	

viscosity	 ratios	 (, = 3.74	 and	, = 9.56).	Although	experimental	measurements	 could	

not	be	taken	accurately	over	the	full	length	of	the	channel	using	our	approach,	we	are	able	

to	perform	measurements	in	three	specific	locations:	close	to	each	of	the	channel	walls	

and	the	centre	of	the	cross	section	(i.e.	for	@ = (/2).	Good	agreement	was	found	between	

experiments	and	numerical	simulations	for	all	viscosity	ratios	studied,	showing	the	good	

accuracy	of	the	numerical	framework	(it	should	be	noted	that	only	a	selection	of	results	

is	displayed	here	for	the	sake	of	conciseness).		

 

Contours	of	the	shear	component	of	the	rate-of-strain	tensor,	t/0 ,	and	its	magnitude,	t =

√v: v,	 taken	 for	 a	 cross-section	 in	 the	 y-z	 plane	 at	 A/) = 2.5	 (location	 in	 the	 outlet	

channel	away	from	the	junction),	and	normalised	with	a	reference	stress	(-"$# )⁄ 	where	

-",	$#	and	)	are	defined	in	Section	II),	are	shown	in	Figure	16	for	three	different	values	

of	 the	viscosity	ratio:	, = 1, 3.74, 9.56.	Lines	showing	 the	 location	of	 the	 interface	are	

superimposed	 on	 each	 image.	 Not	 surprisingly,	 for	 , = 1,	 t	 is	 distributed	 almost	
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symmetrically,	since	the	two	fluids	have	the	same	viscosity,	 thus	corresponding	to	the	

stress	field	obtained	in	a	single	fluid	configuration.	Nevertheless,	with	reference	to	Figure	

16a,	due	to	 the	 fact	 that	 the	cross-section	 is	characterised	by	an	aspect	ratio	different	

from	unity	(&" = 0.84),	stresses	generated	at	the	walls	propagate	over	different	lengths	

along	 the	 two	 coordinate	 directions	 resulting	 in	 a	 slightly	 curved	 interface.	 As	 the	

viscosity	of	the	lateral	channels’	fluid	is	increased	(, > 1),	in	addition	to	the	geometrical	

constraint	mentioned	 above,	 the	 stress	 field	 is	 also	 influenced	by	 the	presence	 of	 the	

interface,	 where	 the	 stresses	 experience	 a	 discontinuity	 since	 here	 (t@)"/(t@)! = ,,	

where	t@ = t/0x0 + t/AxA	is	the	projection	of	the	traction	in	the	direction	of	the	motion,	

i.e.,	 tangent	to	the	interface	having	normal	y	(note	that	where	the	interface	is	roughly	

normal	 to	 the	 y-axis,	 (t/0)"/(t/0)! ≈ ,).	 This	 constraint	 impacts	 the	 velocity	 field,	

resulting	in	an	increment	of	the	velocity	within	the	central	stream	(Fluid	1)	as	previously	

displayed	in	Figure	8,	which,	in	turn,	results	in	a	contraction	of	the	central	stream	in	order	

to	satisfy	the	incompressibility	requirements.	Analogous	considerations	apply	to	the	case	

for	&" = 0.22	 (Figure	16b),	where	only	the	contours	for	the	shear	component	t/0	are	

shown.	 In	 this	 case,	 it	 can	be	observed	 that	 for	, = 1	 the	 interface	 is	almost	 straight,	

reflecting	the	fact	that	the	stresses	generated	at	the	walls	have	a	negligible	impact	on	it	

due	to	the	larger	relative	distance	over	which	these	are	produced	compared	to	the	case	

&" = 0.84.	It	can	be	noted,	in	fact,	that	for	the	case	&" = 0.22,	shear	stresses	next	to	the	

interface	are	vanishingly	small,	while,	on	the	contrary,	for	the	corresponding	&" = 0.84	

situation	these	are	non-negligible	in	the	region	of	the	interface.	
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FIG	16.	a)	Contours	of	the	magnitude	of	the	rate-of-strain	tensor,	R,	and	its	shear	component,	

Rch ,	observed	in	the	y-z	plane	in	the	flow	focusing	geometry	with	2- = 0.84	and	,	,- = 1	and	

three	viscosity	ratios	* = 1, 3.74, 9.56	for	full	channel	depth	(0 < O/P < 1)	at	location	7/6 =

2.5.	b)	Contours	for	the	Rch	component	for	the	case	2- = 0.22	(only	half	of	the	domain	is	

shown)	for	the	same	conditions	in	(a).	Solid	white	lines	showing	the	location	of	the	interface	are	

superimposed	to	each	image. 
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The	shape	of	the	central	focused	stream	was	further	investigated	numerically	by	varying	

the	viscosity	ratio	within	a	channel	of	aspect	ratio	0.22	(Figure	17).	

	

 

FIG	17.	Impact	of	viscosity	ratio	on	the	central	focused	outlet	stream	in	flow	focusing	

geometries	at	the	centre	plane	for	,- =	1.	Comparison	of	the	normalised	width	of	the	focused	

stream	for	increasing	values	of	*	obtained	from	3D	numerical	simulations	for	2- = 0.84	and	

2- = 0.22.	

 

As	the	channel	aspect	ratio	is	reduced	to	&" = 0.22,	similar	trends	to	those	obtained	for	

the	case	&" = 0.84	are	observed	for	increasing	values	of	,	with	regards	to	the	decreasing	

dimensionless	filament	width	at	the	centre	plane	(c.f.	Figure	17)	and	changing	interfacial	

shape	 across	 the	 channel	 cross-section	 (c.f.	 Figure	 14b).	 However,	 if	we	 consider	 the	

average	width	(){ f)	of	the	central	outlet	stream	along	the	whole	depth	of	the	channel	(cf.	

Figure	18),	we	can	 see	 that	 for	 the	aspect	 ratio	of	0.84	 the	average	width	varies	only	

slightly	with	,	 (similarly	 to	 the	 2D	 analytical	 solution)	 however,	 as	 expected,	 for	 the	

aspect	 ratio	 of	 0.22,	 the	 average	 value	 varies	 significantly	 with	 ,,	 highlighting	 that	

confinement	plays	a	significant	role	in	the	development	of	3D	viscous	effects.		
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FIG	18.	Impact	of	viscosity	ratio	on	the	central	focused	outlet	stream	for	,- =	1	comparing	the	

normalised	width	obtained	via	the	2D	analytical	solution	with	the	normalised	width	averaged	

along	the	cross-section	obtained	in	the	simulations	for	2- = 0.84	and	2- = 0.22.	

 

VIII. CONCLUSIONS	
 

In	this	work,	a	series	of	experiments	and	three-dimensional	numerical	simulations	were	

carried	out	considering	a	microfluidic	flow	focusing	device	to	investigate	the	impact	of	

flow	parameters	influencing	the	characteristics	of	the	produced	central	focused	stream.	

Hydrodynamic	focusing	was	induced	using	three	fluid	inlets	(two	lateral	streams	and	a	

central	stream	of	miscible	Newtonian	fluids).	Specifically,	we	investigated	the	effect	of	

the	viscosity	ratio,	,,	considering	a	relatively	wide	range	of	conditions	(1 ≤ , ≤ 15.07),	

while	 simultaneously	considering	 the	combined	effect	of	different	velocity	 ratios	 (1 <

!" < 20)	and	aspect	ratio	on	the	characteristics	of	the	outlet	central	focused	stream.	An	

increase	of	the	velocity	ratio	brings	about	a	reduction	of	the	width	of	the	central	focused	

stream	 at	 the	 centre	 plane	 (@	 = 	( 2⁄ )	 and	 enhances	 the	 curvature	 of	 the	 separation	

streamlines	in	agreement	with	previous	work	(Nguyen	and	Huang	2005,	Oliveira	et	al.	

2012).	 Under	 these	 conditions	 the	 viscous	 stresses	 from	 the	 lateral	 fluid	 streams	

dominate	how	the	central	fluid	profile	is	formed.	We	have	also	derived	a	two-dimensional	

analytical	expression,	which	is	in	agreement	with	2D	numerical	results	and	provides	a	
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good	estimate	of	the	findings	for	the	configuration	with	aspect	ratio	&" = 0.84.	As	the	

microchannel	becomes	shallower,	i.e.	(	becomes	progressively	smaller	than	),	the	two-

dimensional	analytical	solution	provides	less	accurate	estimations,	and	the	experimental	

values	are	better	captured	by	the	analytical	solution	proposed	by	Wu	and	Nguyen	(Wu	

and	Nguyen,	2005)	in	the	Hele-Shaw	limit.	The	results	obtained	provide	further	insight	

into	 the	curved	 interface	along	 the	channel	depth	 that	has	been	observed	 in	previous	

research	when	high	viscosity	contrasts	are	present	in	parallel	flow	systems	(Knight	et	al.	

1998,	Cubaud	and	Mason	2008,	Cubaud	et	al.	2012,	Cubaud	and	Mason	2012).	Results	

confirm	 that	a	 jump	 in	 stresses	at	 the	 interface	between	 the	 two	 fluids	 influences	 the	

concave	 shape	 of	 the	 interface	 along	 the	 depth	 of	 the	 channel	 cross-section.	 It	 was	

observed	that	the	curved	shape	across	the	depth	of	the	channel	cross-section	(i.e.	along	

the	z-direction)	is	strongly	dependent	on	the	viscosity	ratio	and	aspect	ratio,	highlighting	

that	confinement	also	plays	an	important	role	in	the	development	of	three-dimensional	

viscous	effects.		
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