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We demonstrate formation of long-lived cylindrical jets of a viscoelastic fluid using hydrodynamic focusing. A
solution of polyacrylamide in water is driven coaxially with immiscible oil and subjected to strong extensional flow.
At high flow rates, the aqueous phase forms jets that a@04m in diameter and several centimeters long. The liquid
surfaces of these jets are then used as templates for assembly of microspheres into novel rigid and hollow cylinders.

Emulsions are common in a host of products and processesin which a water phase and two surrounding oil phases were

within the food, pharmaceutical, and chemical industries. The

focused through a narrow orifice, which created a strong

surfaces of dispersed droplets are also used commonly forextensional flow and stretched the water into a narro’‘jés

purificationt—3and as templates for assembly of ligidscolloidal
particles for novel materiafs:.18 In recent years, a number of
studies have investigated the use of flows developed within
microfluidic devices, which offer precise control of drop size,
shape, and polydispersity.23For example, monodisperse water
droplets in oil were created using a planar microfluidic device
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the length of such jets exceeds the circumference, they become
unstable against breakup into drop2>In the small Ohnesorge
number regimeQh = /v poR < 1, this breakup is resisted by
inertia; the characteristic time for breakup of water jets in oil is
approximately the inertio-capillary or Rayleigh time scales=
(oRI0)2~ 1075 s. Herav is the surface tension of the eilvater
interface Ris the jet’s radiusp is the mass density of the fluid,
andy is its shear viscosity. During this time the jet typically
travels a relatively short distance; thus, droplets are formed by
steady dripping?26-28 Stabilizing the cylindrical jets, however,
is of great practical utility in spray applications and materials
preparatioriy where hollow cylindrical capsules are desired.
Methods to stabilize fluid jets include application of body forces,
such as from an electric fielc?93! The presence of a strong
extensional flow has also been shown to stabilize jets and drops
of Newtonian fluids®232 Recent studies have also shown that
hydrodynamic confinement can dramatically slow the break-up
of liquid jets when the radius of the jet approaches the radius
of the confining tub&*-36

Additionally, the viscoelasticity of the interior phase can
forestall the break-up of laminar capillary jéf<=or these fluids
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the Ohnesorge number is typically largegh > 1, the breakup
of the jet is resisted by the fluid viscosity, and the characteristic (a)
time scale for breakup is the visco-capillary time scale=

nR/o. For a viscoelastic material, elasticity becomes important
when the characteristic viscoelastic time scalepproaches the
characteristic time scale of the flow. In other words, when the

Deborah number based on the extension éatkeveloped within i~ O340 @ 11 |
the jetbecomes greater tharDie(= A¢ > 1). For these viscoelastic T,
fluids, itis the extensional viscosify: and not the shear viscosity ".,*

that resists the breakup of the fluid jet. The characteristic time :
for jet breakup is given by the viscoelastic-capillary time scale R l’A(,]LIEBOLIS et
e = neR/0.38 For polymer solutions, the extensional viscosity R 2
can increase by several orders of magnitude as the extension rate ol
and the accumulated strain are increased (the TroutonTatio '..*‘
= ne/y > 1000)3%-41 Consequently, strain hardening has been
shown to delay the breakup of viscoelastic jets by dramatically
increasing the viscoelastic-capillary time sc&é? If the
viscoelastic capillary time scale is significantly larger than the
residence time of the fluid in the flow focusing regiaa> tres
then continuous fluid jets rather than periodically dripping droplets (b)
will be formed. |

In this article, we experimentally investigate the microfluidic
flow focusing of an aqueous-phase coaxial with an immiscible
oil phase. We demonstrate that using a viscoelastic polymer
solution for the inner (aqueous) phase increases both the range
of flow rates for which coherent jets can be produced and the '
duration of time over which the jets remain coherent downstream
of the orifice. We present a scaling analysis based on balancing

the destabilizing capillary stress with extensional and shear Figure 1. (a) lllustration of the flow apparatus in which an aqueous

stresses to predict the form of the flow stability diagram. The iy mer phase undergoes coaxial flow with an oil phase (hexadecane).
results of the scaling analysis are in qualitative agreement with (b) Image of a jet of 1 wt % polyacrylamide (PAA) in water, coaxial
our experimental data. We also show that the stabilized fluid jets with hexadecane. The jet is approximately in diameter, and

live long enough that they can be used as templates for thethe inner diameter of the upstream capillary is20. The distance
assembly of microparticles at the interface between the agqueoud€tween the upstream and downstream capillaries is approximately
and oil phases. The result is a collection of long, rigid, and pm.

hollow cylinders that may find applications in encapsulation, as
ultra-low-weight fillers for tough materials, and for basic studies
of the morphology of crumpled elastic cylinders. Moreover, the
results may be relevant to the use of non-Newtonian fluids in
microfluidic applications, such as materials fabrication and lab-
on-a chip device& 45
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extensional (gap) region was sealed with a glass cover slip to
allow imaging with a video camera. The flow rate of each phase
was controlled independently by separate syringe pumps that
operate under constant flow-rate conditions.
The viscoelastic interior fluid consisted of high molecular
. - . . weight polyacrylamide (PAA) (6 1 g/mol; Scientific Polymer
The f'OW geometry is shown in F|gure 1 along ‘_N'th animage Products, Inc., Ontario, NY) in Millipore-filtered water with no
ofastablejet._U pstream ofthe extenS|_onaI flo_vv region the aqueoUSyqged salt or surfactant. We report flow data for polymer
phase was drlvep |n§|de aglass capl.llary.wnh an outer d'ameterconcentrations:p =0, 0.010, 0.10, and 1.0 Wt %. The shear
O.f375/‘m andan m'Fenorcham_berhavmg eltheraoa_ﬁ-dl_ame_ter rheology of the fluids was characterized over a range of shear
circular cross-section (as in Figure 1b) or a 108@-wide interior rates 7 using a cone-and-plate rheometer (TA Instruments

chamber W.ith an apprgximately s.quare.cross-section (P°|Ymi,cr°AR2000) and is presented in Figure 2. The measured zero-shear-
Technologies, Phoenix, AZ). This capillary was secured inside rate viscosities wergo = 0.002, 0.008, and 2.9 Rg and the

a larger glass capillary with an inner diameter of 50@. relaxation times were 0.03, 0.04, and 0.2 s, respectively, for
Hexadecane(= 3.3 mPas) was driven through the gap between olutions withc, = 0.010, 0.10, and 1.0 wt %. At the shear rates
the inner and outer capillaries. The oil and agueous phases eXite‘ibserved in our experiment (up to%0%), the measured shear-
through a downstream cap|llary,. which had a 108 wide, rate-dependent viscosity(j) approached that of watey (=
approximately square cross-section and a Iength of more thano_oOl Pas). Polyacrylamide solutions also exhibit a large
2cm. Inthe 65@“7” Io_ng gap between_the coaxial upstream and oy tensional viscosityg, which increases with the extension rate
downstream capillaries hydrodynamic flow focusing produced .. 4ccumulated strafi-we return to this point below.

a strong extensional flow within the aqueous phase. The gy nerimentation with different flow rates of oil and water
revealed a set of flow ratég3 that separate long-lived coherent
jets from periodic droplet production. The flow stability diagram

(38) Fontelos, M. A,; Li, JJ. Non-Newtonian Fluid Mecl2004 118 1—-16.
(39) McKinley, G. H. InRheology Reews Binding, D. M., Walters, K., Eds.;
British Society of Rheology: Aberystwyth, Wales, UK, 2005; pp4B.
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958.
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36, 381-411.

(45) Quake, S. R.; Scherer, Science200Q 290, 1536-1540.

(Figure 3) was obtained by setting the volume flow rates of the
oil and aqueous phase®d; andQaq, respectively, in r#fs) and
using a video camera to observe the-oilater interface in the
gap and the downstream capillary. All of the viscoelastic jets

(46) Stelter, M.; Brenn, G.; Yarin, A. L.; Singh, R. P.; DurstJFRheol200Q
44, 595-616.
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Figure 2. Measured steady shear viscosify,of agueous poly- E—— S
acrylamide (PAA) solutions. Data points correspond to 00)1@.1 0.1 1 10 100 1000
(m), and 1.0 wt % PAA in waterx). 0 /Q
Ol aq

persisted along the entire observable length of the downstreamb)  0.004 ——rrrm——rrrrm—rrrm—rrrm
capillary, which corresponds to a minimum jet lifetime of 0-@
s. All of the results described here reflect the steady-state B ]
morphology of the aqueous phase. To determine the critical
(minimum) flow rate for the fluid jetsQqi and Qaq Were first 0.003 EONm —
set well within the jetting region and then one of them was
decreased in small increments, waiting for the flow to stabilize
between steps. <

When using a viscoelastic polymer solution for the inner phase, & 0.002
we observed stable jets at flow rates between 10 and 100 times
smaller than when using pure water as the inner phase. It is
important to note thatincreases in the shear viscosity alone would
not result in such dramatic changes in the stability diagram. For 0.001
the 0.01 wt % solution, for example, the zero shear rate viscosity
isn = 0.002Pas; therefore, one would expect that the stable jets - 7
would be observed at flow rates of one-half, not one-tenth, of
the pure water case. In fact, at the shear rates obtained within ~ 0.000 b——ttuml il 1 ionl i
the microcapillariesjy( ~ 10%s1), Figure 2 shows that the shear 0.1 1 10 100 1000
viscosityn of each solution tested shear thins to approximately 0 /Q
the viscosity of watenf(y = 10%s1) ~ 0.001Pas). The elasticity o

of the fluids and hence the extensional rheology thus play a largeFigure 3. Measured flow stability diagram. (a) Measur@g, (in
role in stabilizing the fluid jets. m?3/s) vsQui/Qaq Stable jets were observed at flow rates above the

Increasing the concentration of the polymer and thus the %yrpb(f)ls,t\r/]vhich represten;[.the I0\f/ver|boun(fary.é)f the jetrt]ing reg(i)ogl.
- . ata for three concentrations of polyacrylamide are shown: 0.
elasticity of the aqueous phase further extended the region for(o), 0.10 @), and 1.0 wt % 4). (b) Stability diagram plotted in

which stable jets were observed. With a fixed ratio®fi/Qaq units of the capillary number of the aqueous phase£CgJ/o )
= 10, for example, the critical value ®.q was reduced by  and the ratio of the flow rate€,i/Qaq The line shows the prediction
approximately 50 times ag was increased 100 fold (Figure 3a).  of our scaling analysis for the 1.0 wt % data with no adjustable

When the data are plotted in terms of the capillary number of parameters.
the aqueous phas€a = nU/o, they collapse reasonably well
onto an apparent master curve (Figure 3b). Heiie the shear- by the syringe pumps.) The shape of the jet also changed with
rate-dependent shear viscosity of the aqueous pttaken flow rate: asQyj increased, the base of the jet developed a
directly from shear rheology datandU = Qadf(7Raq,f) is the flange owing to the small but nonnegligible inertia of the oil
average velocity of the aqueous phase in the upstream capillary phase, which resulted in a low-pressure region downstream of
which has a radius dR.ap,u The solid curve in Figure 3 shows  the termination of the upstream capillary. Correspondingly, we
the prediction of a scaling argument that includes both shear andnote that in Figure 4 the Reynolds number of théRgi= pi UR/
extension flow components, as described below. 1, whereR = 250 um is the radius of the capillary in the gap
The jets were observed to taper continuously across the sparregion, increased from approximately 0.1 to 1 as the flange
of the gap as shown in Figures 1 and 4. The reduction in cross-developed. Finally, the steady-state morphology was hysteretic:
section area indicates an increase in jet velocity: the aqueousclose to the limit of stability, stable jets existed only for decreasing
phase accelerated and was stretched within the gap. As expectednd not increasing flow rates. As the critical stability limit was
from conservation of mass, the minimum jet diameter decreasedapproached from above, we observed a series of rapid oscillations
asQqi increased. With a 10@m diameter upstream capillary (as  that propagated across the jet’s surface, eventually resulting in
in Figure 4), the minimum jet diameter decreased from 80 to 30 a transition to dripping (droplet production). Apparently, high
um asQui/Qagincreased from 1.1 to 42. (For these capillaries, rates of shear and extension are needed to stabilize the jet as it
the range of jet diameters was limited by the flow rates provided crosses the gap.
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Figure 4. Images of a jet with a 1.0 wt % aqueous polymer solution
with fixed Qaq = 50 uL/min andQy; increasing from 50 (at left) to

500uL/min (at right). The direction of the flow is from bottom to ) - o )
top. Figure 6. Images of hollow elastic tubes formed by aggregation

of colloidal PMMA spheres on the surface of a stabilized jet

(brightfield optical microscopy). The tubes are approximately 90
1000 T T — T . um in diameter and suspended in hexadecane; no agueous phase
] remains.

s A AR

shear flow upstream of the flow focusing. He¥g; is the first
normal stress coefficient taken from the shear rheology measure-
- . ments, andy = 4Qad(7Raq,) is the shear rate along the wall
of the upstream capillary estimated from the laminar-flow
(Poiseuille) solution of a Newtonian fluid in a pipe. Although
this expression does not account for shear-dependent viscosity,
it is a good first approximatioff. Finally, we consider the

A extensional stres$g = jg¢, produced in the filament as it necks
A down under an extensional flow, wheris the rate of extension.
The extensional Hencky strain that accumulates in the fluid
filament as it is accelerates into the downstream capillagy is
= 2 IN(Rag./Rag,d, WhereRyq qis the downstream radius of the
. aqueous solutioff The value ofR.q,qcan be measured, but for

Hencky Strain simplicity we assume that the flow in the downstream tubing is

Figure 5. Measured transient uniaxial extensional viscosjty of Poiseuille and find

1.0 wt % PAA in water &) as a function of Hencky strain at a
Deborah numbebe = 2/3.

100

7, [Pas]

T
"
|

>

10 1 L P SR S T S A |

Qoil _ [1 - 2(Rcap,JRaq,()2 + (Rcap,JRaq,d)“]

Motivated by our observations, we wish to identify the causes Quq+ Qi [(aq = i)t + (Reap dRaq,d]
of stable jet formation during the hydrodynamic flow focusing ' '
of aviscoelastic fluid. Within a stable fluid jet the Laplace pressure whereRup dis the known inner radius of the downstream capillary.
arising from surface tension mustbe balanced by the flow-induced ossuming a uniform extension rate within the flow-focusing
viscous and elastic stresses within the fluid filament (jet) and by yegion of lengtiL, we define: = e/tres Whereresis the typical
!nert!al stresses. However, because of the |°_W ngnolds number time it takes for the fluid to travel across the flow-focusing region,
inertial stresses can be neglected. To quantify this force balance, — 7L Reap 2 Qaq
we estimate the net stress acting on a disc-shaped slice of the "capillary breakup rheometry measureméhi&of the three
aqueous jet. The surface tension leads to a stress giVea®y  so|ytions were performed using a filament stretching rheom-
20/Raq,u Wher_eRaq,u IS the rad_lus of the aqueous phas_e inthe gtera151 plot of the extensional viscosityg, as a function of
upstream region, which we will equate to the inner radius of the encky straing = ¢t = — 2 In(Rmia(t)/Ro), is shown for the 1.0
upstream capillariReap,, The surface tension was assumed tobe .t o5 PAA solution in Figure 5. HerByig is the midpoint radius
o = 54 mN/m. The radius of curvature of the fluid filamentin ot the fluid filament andR, is the initial midpoint radius. The
the axial direction is significantly larger than in the radial direction, measurements were performedat= 2/3. The 1.0 wt % PAA
and its contribution to the stress can be neglected. The hoopsqytion shows significant strain hardening with increasing strain,
stresses generated by surface tension are destabilizing and Wl|hpproaching an equilibrium value p§ = 420 Pas or Tr = 140
drive the fluid filament to pinch Off into drops. at large Hencky strains. The extensional viscosities of the more
The shear stress exerted on the inner aqueous phase by the ofljjute solutions were not measurable because of their low shear
phase, on the other hand, tends to stabilize the jet by suppressingjscosities and short relaxation times. Nonetheless, we expect

fluctuations along the interface. The shear stress can bethat even though their extensional viscosities would be signifi-
approximated aBs= 17aq X adQadReap,5- IN this low capillary
number regimeCa= U/o < 1072, the surface stresses dominate (47) Bird, R. B.; Armstrong, R. C.; Hassager Mynamics of Polymeric Liquics
the shear stresseg, > Ts. Consequently, we can neglect the John Wiley & Sons: New York, 1987; Vol. 1 (Fluid Mechanics).

(48) Rothstein, J. P.; McKinley, G. H. Non-Newtonian Fluid Mect.999
shear stresses. 86, 61-88.

Because the inner phase is viscoelastic, elastic stresses mu5th(4?)2Fce]ggdi5L.lg.; 2S7cott, T. P.; Cooper-White, J. J.; McKinley, G.Appl.
. . eol. y Le—2f.
also be considered in the force balance. A normal stress equafl® (50) Anna, S. L. McKinley, G. HJ. Rheol 2001, 45, 115-138.

to Ty = Wyp? is generated inside the polymer solution in the (51) Rothstein, J. P.; McKinley, G. H. Rheol.2002 46, 1419.
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cantly smallerthanin the 1.0 wt % PAA solution, their equilibrium
Trouton ratios would be significantly large.

By looking at the relative magnitude of the forces acting on
the fluid jets we can infer much of their behavior. WhEn>
Tn + Tg, the jet will pinch off into droplets. Whefi, < Ty +
Tg, the drops will extend into the downstream capillary and form
jets. The transition from dripping to jetting can then be reasonably
approximated by balancing the stresses suchlihat Ty + Te.

Edmond et al.

large numbers (at least on the order of 100) of coated cylinders
by draining the flow device into a vial. The aqueous phase departed
from these structures, leaving a continuous hexadecane fluid
with no oil-water interface. Figure 6 shows images of three
representative elastic cylinders. We found, as expected from
previous experiments;>*that the PMMA particles had adsorbed
strongly at the hexadecanwater interface during the-110 s
required for a segment of the jet to travel through the device.

As seen in Figure 3b, the scaling analysis for the 1.0 wt % PAA Earlier investigations found single layers of particles, and our
solution has the right form, qualitatively agreeing with our images are consistentwith this, though we were unable to resolve
experimental measurements with no adjustable parameters. Théndividual particles to verify the number of layers. The collected
scaling analysis does, however, underestimate the critical flow hollow tubes were tough, clearly able to maintain their shape
rate by a factor of about two. Although the agreement between even as the water escaped and after having been bent through
our scaling analysis and the experimental measurements isan angle of atleast 3@as in Figure 6a). This toughness suggests
reasonably good, a full linear stability analysis is required to thatthe particles aggregated or were jammed at the interface and

precisely pinpoint the critical flow rate for the dripping-to-jetting
transition for viscoelastic fluids.

formed a two-dimensional sofieiwhose critical stress exceeded
the hexadecanewater surface tension. We anticipate that longer

The stability of the liquid jets can be enhanced through changescylindrical shells can be produced using an optimized collection
to several geometric and rheological parameters. According to geometry, since in our case the shells were forced into an abrupt

our scaling analysis, settirQgi/Qaq= 10, Reap,a= 50 um, and

L = 650um, the criticalQaqdecreases by a factor of 10Rfap J
Reap,qais reduced by a factor of 3 or by 100 if this ratio is reduced
by a factor of 7. In experiments with a smaller upstream capillary
(Reap,u = 10 um), we observed a dramatic reduction of the
minimumQa,g, but quantitative measurements of the volume flow
rate were not accessible at such low flow rates.

Once the fluid jet has been formed, it will remain coherentin
the downstream capillarydespite the absence of extensional
flow—for a time on the order of the viscoelastic-capillary time
7e. For the 1 wt % PAA solutionzge = 0.4 s. At flow rates
corresponding to the transition from periodic dripping to stable
jetting, this corresponds to a stable thread of length 1 mm.

turn in the outflow, which might have broken or severely bent
them.

In summary, we have shown that stable fluid jets with a diameter
of 4—90 um and length of at least 2 cm are readily formed by
hydrodynamic focusing of a viscoelastic solution of poly-
acrylamide in water with immiscible hexadecane. The measured
stability diagrams agree qualitatively with the model presented
here, and the results may be useful more generally, for example,
in predicting the behavior of non-Newtonian fluids in microfluidic
devices. Finally, we demonstrated that stable jets serve as
templates for fabrication of hollow, semipermeable elastic tubes
with potential applications in encapsulation and as lightweight
additives to enhance the toughness of materials.

However, recent studies have also shown that hydrodynamic
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when the radius of the jet approaches the radius of the confining Bhardwaj for the rheological measurements. A.D.D. and K.V.E.
tube34~%6 For a ratio ofA = Reap dRag,a= 2, lattice-Boltzmann gratefully acknowledge support from Kraft Foods, Inc. through
simulationg®show an approximately 3-fold reduction of the rate their NanoteK program as well as a University of Massachusetts
at which capillary undulations grow along a confined filament. Faculty Research Grant. J.P.R. acknowledges support from 3M
Thus, combination of viscoelastic and confinement effects can through their Non-tenured Faculty Award Program and the
keep the jets stable long enough that they can serve as ideaNational Science Foundation through grant no. CTS-0421043.
templates for materials fabrication. LA0G14987

To form hollow elastic tubes using the cylindrical liquid
interface as a template, colloidal poly(methyl methacrylate)  (s2) sardine, R. S.; Bartlett, Rolioids Surf. A: Physicochem. Eng. Asp.
(PMMA) spheres were suspended in hexadecane (exterior phase}002 211, 127-132.
at a concentration of 0.1 vol %. The sphere diameter was (53)6'\';';?'3""%38':{'26[) Ej\aﬁ;ﬁne/*(linyosn“pg"o; 42[)(;”23190_“501\ D.; Brenner,
approximately 0.4im, and spheres were sterically stabilized by (54) Hsu, M. F.; Nikolaides, M. G.: Dinsmore, A. D.; Bausch, A. R.: Gordon,
poly(hydroxystearic acid) and labeled with NBD fluorescent dye V. D.; Chen, X.; Hutchinson, J. W.; Weitz, D. Aangmuir 2005 21, 2963~
(7-chloro-4-nitrobenzofurazafj.An aqueous solution of PAA 2970,

(55) Vella, D.; Aussillous, P.; Mahadevan, Europhys. Lett2004 68, 212—
(co = 1.0 wt %) was used as the interior phase. We recovered 218.




