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Elastic flow instability, curved streamlines, and mixing in microfluidic flows
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Flow instabilities are well known to occur in macroscopic flows when elastic fluids flow along
curved streamlines. In this work we use flow visualization to study the mechanism underlying a
purely elastic flow instability for Poiseuille flow inraicro («)channelhaving a zigzag patfcurved
streamlinesand quantitatively investigate its implications for fluid mixitggudied by fluorescence
microscopy in the uchannel. We find that the instability enhances mixing over the range of applied
flow rates. For Newtonian streams, mixing occurs by molecular diffusion, and, as expected, mixing
worsens with increasing flow rate because of decreasing residence time. However, for elastic fluid
streams, we find substantial enhancement of mixing at sufficiaigtythroughputs, which indicates

a strategy to counter the loss of diffusive mixing at high throughputs by exciting an elastic flow
instability. Flow visualization is done using neutrally buoyant non-Brownian tracer particles added
to the elastic fluids and also to the Newtonian fluids. In the Newtonian fluids, the tracer particles
follow the streamlines. In the elastic fluids, the particlesrackally displaced while flowing around
bends in the zigzagchannel, revealing the presence of secondary flow. This radial secondary flow,
which promotes mixing between adjacent fluid streams, motivates us to draw an analogy between
the instability observed here for the elastic fluids in ghehannel and the elastic instability that
occurs in systems with curved streamlines, e.g., in the viscoelasticinertia) Taylor—Couette,

Dean, and Taylor—Dean instabilitig®Ol: 10.1063/1.1792011

I. INTRODUCTION seen whensYWi=0(1).” Here e=d/R,,, denotes the di-
mensionless radius of curvature,is the gap width(e.g.,

It is well known thatpurely elasticflow instabilitied : . . :
can occur in elastic fluids flowing along curved streamlinesPetween concentric cylinders in a Couette xathd Reyy, is

The appropriate dimensionless parameters that govern tHB€ radius of curvaturgtaken to be the inner cylinder radius
onsetof these flow instabilities (in terms of creating the N the Couette setyp These instabilities are considered
nonlinearities in flow respongare the Weissenberg number Purely elastic as they occur at Reynolds numberRe or,
(Wi) and the Deborah numbeDe).* Wi is the ratio of the ~equivalently, Ta<1, where TazR€? is the Taylor numbet.

first normal stress differencéN,) to the shear stresér), Since microfluidic flows are low Re flows, mixing of
which are both functions of shear rdte). De is the dimen- fluid streams inuchannels is diffusion limited. The charac-
sionless residence time: teristic time scale of molecular diffusion can often exceed
N, () the residence time of the fluid stream iruahannel, requir-
Wi = 1_7 , (1)  ing longer channels for mixing streams at high flow rates
m(y) and/or species with small diffusion coefficients. Mixing of
viscoelastic liquids(e.g., polymer)a7 poses a similar chal-
De :l_ 2) lenge faced in mixing fluids in microfluidic flows, as they are
lres both low Re flows, and scienti§tShave explored the use of

The symbol\ denotes the longest relaxation time of the Chaotic mixing/advection to promote mixing in viscoelastic
polymer chains in the elastic fluid angs is the characteris- liquids. Certainly, an alternative strategy for promoting mix-
tic residence time of the flow. McKinlegt al® have consid- INg in uchannels would be chaotic advection. In this work
ered purely elastic instabilities in several different geom-we focus on exploiting purely elastic flow instabilities. Sci-
etries(Couette, cone-and-plate, eccentric cylinders)emied  entists have proposed different approaches to improve mix-
derived dimensionless criteria, which combine the streamlinéng in uchannels such as a three-dimensional serpentine
curvature and the first normal stress difference, which can bgchannel for passive mixint, three-dimensional microvas-
used to identify critical conditions that govern the growth of cular networks;! placement of slanted wells at the junction
these instabilities. It is also known that these instabilities aref a T ,uchannell,2 hydrodynamic focusinﬂf flow obstacles
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in uchannels; bas relief structures on thechannel floor? O Nl Ne2 N3
use of internal hydrodynamic recirculation in emulsion drop- anaiyte / _/—m
lets under shear flow, electrokinetic flow instabilities’ 8 _/_\_/_\_/_\J N=50

and electrohydrodynamic mixirtd. Many of these ap- s
proaches have been nicely discussed by Setrae?° in their @

recent review on microfluidic flows.
While the nonlinear response of elastic fluids has been 102 102

cleverly exploited for achieving fluidic control and memory A

elements in auchannef! to our knowledge, no study has .\

been published hitherto on purely elastic flow instabilities in o*

upchannels with curved streamlines, and their impact on the & o

mixing of fluid streams. Groisman and Steinberg have pub- * .

lished an experimental study on the effect of fluid elasticity o

on the mixing of streams inmacroscopic curvilinear o’

Stream

(sed)u

100
channel€? Their serpentine channel had a depth of 3 mm, 3 o

and consisted of 60 smoothly interconnected half rings with 102 102 10
inner and outer radii of 3 mm and 6 mm, respectively. While (b) #(s?)
recent reports suggest that Burghekdaal. have extended

10°

this work to microchannelgsee Ref. 16 in Ref. 23it is not -
currently available in the published literature. -5 Bestftoa
Here, we extend the work of Groisman and Steinbergto &, | " Betitod
microfluidic channels. Beyond the practical applications, this =
scaling down of dimensions is of interest because microhy- o
drodynamic flo* can be significantly affected by surface T 50
forces (surface tensiopn van der Waals forces, electrical ©
charges, surface roughness, complicated three-dimension:
geometry, and the possibility that suspended particles or dis 100+ " 1101
solved polymer chains have dimensions comparable to thosy, ofrads™)

of the uchannels. Here we are also concerned with the cross-

over from diffusive mixing(at the smaller flow rates US)Et}b FIG. 1. (a) Schematic of the.channel used in these experimerity.Steady
.. dri by fluid elasticitwat higher fi tes El shear rheology of the model aqueous elastic flga. Oscillatory shear

r.nl.xmg r"ven y ) uid efas |.C| .)(a igher _(?W ratep Elas- rheology of the model agueous elastic fluid.

ticity on its own is not sufficient for exciting these purely

elastic flow instabilities, and we argue that these purely elas-

tic flow instabilities come about due to coupling betweenll. EXPERIMENTAL PROCEDURE

cug\oled streamlines and eIasuc?tryWe no.te. that Ston@t 5 =hannel fabrication

al.“" have also alluded to the use of elasticity as an approach _ ) )

to passive mixing by coupling elasticity with streamline cur- A Zigzag uchannel[see Fig. 1a) for sketcl} was fabri-

vature. Here we show that it is indeed possible to attain th&ated by ablation of a polycarbonate substrate with a 193 nm

critical value of Wi required to trigger a purely elastic uv hexcirr|1er I_I:ser, a_n(rj] Fhen sealed X‘gtshoa F(mgt?)"l-z
instability in auchannel and force mixing between adjacentmet acrylatglid overnight in an oven at Gee Ref.

. for detailg. Inlet ports for the analyte streams were drilled on
fluid streams.

Wi ¢ . _ ts with del el the lid prior to sealing, and then syringe needles were placed
) © carry out our mixing experiments with a model €as-, y,q ports and held in place by cured epoxy. The channel
tic fluid whose rheology and physical chemistry are We”dimensions are widthv=85 um, depthd=60 um and con-

characterized. We prepare a model aqueous elastic fluigh, jengthL =45 mm(from the junction of the analyte inlets
(a dilute polymer solution, essentially a Boger ffifid) g the outle}.

having constant shear viscosity but appreciable elasfity

flected inN;). We excite a flow instability in thezchannel B. Preparation, rheological and physical

flow of this elastic fluid in regimes where Wi/Rel and characterization of Newtonian and elastic fluids

Sllz\Nizo(:.L)' For the channels is defined in- terms of the A solution of 39.15% mass fraction sucrose and 0.6%
channel widthw: s =w/Re,,,. We compare mixing between mass fraction sodium chloride was prepared in de-ionized
fluid streams in theuchannel(quantified from fluorescence \yater as the control Newtonian fluid. An elastic solution con-
microscopy datgin the cases where both analyte streams argajning 6.6x 10°3% mass fraction polyacrylamidéPA) of

(a) Newtonian fluids andb) elastic fluids. We elucidate the mass average molar magsl)=1.8% 107 (Po|yscienceﬁ8
mechanism of the instability by visualization of tracer was prepared in the Newtonian fluid. The PA concentration
particle trajectories in the elastic fluids flowing in the was kept well below the overlap concentrafdn
uchannel. c*(=1/[»y]) where[#] is the intrinsic viscosity, to make a
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dilute polymer solution. We fit the data of Kuliclet al* on The viscoelasticity of Boger fluids and dilute polymer
M dependence dfz] to the Mark—Houwink equatidfi[7]  solutions is captured by the Oldrogf:** constitutive equa-
=KM?, to determine the Mark—Houwink coefficients tion, derived by treating the polymer chain as a dumbbell
K(=1.46x 102 L/kg) and a(=0.72 for polyacrylamide in where two frictional beads are connected by a Hookean
water. The value of is in accord with our expectations for a spring. The stress tenser 7,+ 75 is the sum of the polymer
good solvent(0.7< a<0.8).3' These Mark—Houwink con- stress7, and solvent stresss=-7yy. The term s is the
stants are also in fair agreement with those provided by Kusolvent viscosity ang=Vv+ Vv is the rate of strain tensor
rata and Tsunashinta.We used this Mark—Houwink equa- (the superscripl denotes the transpose of the tensor ob-
tion to estimate the intrinsic viscosity of our aqueous PAtained from the gradient of the velocity vectoy. The solu-
solution at room temperaturfy]=2.4x 10° L/kg, and this  tion viscosity 7 is 7= 75+ 7, where z, is the polymer vis-
the overlap concentration*=4.1x10*kg L™ Since[#]  cosity. Ther, is written as follows:
~R}/M=~1/c*, we estimate the size of the chairR®
=0.4 um. This value ofR is consistent with dimensions of
PA chains of comparable molar mass, as listed by Kuleke Here) is the dumbbell relaxation time angy, is the con-
al.** The PA chains are much smaller than the channel diyected derivative ofr..
mensions and finite size effects on the polymer dynamics are P
unambiguously ruled out.

Sucrose was added to increase the solution viscosity and

thus boost the longest relaxation time of the PA ChalnsD/Dt=d/dt+v-V denotes the substantial derivative in the

therein. Sodium chloride was added to the solution with aEulerian frame. Birdet al? have evaluated the shear stress
view to making electro-osmotic fl m remen . ' L .
ew to making electro-osmotic flouEOR measurements, and the first normal stress difference for the Oldr@/tuid:

but we used Poiseuille flow since EOF gives much lower

Tp+ NaTp(1) =~ p Y- (3

D
Tp(l):a(rp)—[rp- Vv+ Vvl -] (4)

volumetric flow rates(Q) than Poiseuille flow. Achieving T= Ty =— 7Y,
sufficiently highQ, and, hence, high, which enable us to (5)
reach the regime where Wi1, is of paramount importance Ny = 71— T2 = — 27Ag¥2.

for triggering the elastic instability. The solution viscosities

(measured using 50 mm diameter cone-plate tools witf\pplying the results in Eq5) to Eq. (1) yields Wi=2\yy.
0.04 rad cone angle in a Rheometric Scientific ARES rheomWe shall invoke these characteristics of the Oldr@ytluid
eter equipped with a low shear Force Rebalance Transducewhen we discuss the physics underlying the instability ob-
are 7=5.9x10°Pas (Newtonian fluig and z=6.8 served in this work.

X 1072 Pa s(elastic fluid at 22 °C. Thus, the viscosity of

the elastic fluid was quite insignificantly perturbed over theC. Fluorescence microscopy and quantification of

viscosity of the Newtonian fluid. The steady shear rheology™X'"9

of the elastic fluid is shown in Fig.(fh). The control experiment involved mixing of the Newton-
Linear viscoelastic measurements of the angularian fluid in both analyte streams, with RhodamBe&Acros
frequency (w)-dependent complex shear modul¥(w)  Organicg dye added to one stream as a fluorescent probe to
=G'(w)+iG"(w), were made on the elastic fluid at 23 °C yjsyalize flow, and quantifying mixing in thechannel. The
[See F|g 1(:)] The elastic fluid exhibits classical terminal dye concentration was kept Sufﬁcienﬂy Sma“l_l
respons:%3 of a viscoelastic liquid under these conditions, asx 104 mol/L) to prevent self-quenching. The gain on the
G” exceedsG’ over all accessible frequencies. The exactgetector was set carefully to prevent saturation of pixel in-
terminal slopegG’ ~ »” andG"~ w) are not seen due to the tensities. Fluorescence microscop§43 nm He—Ne lasgr
polydispersity of the PA chains. The longest relaxation timeyas performed on a Zeiss LSM 510 confocal laser-scanning
(Zimm time) of the polymer chains is estimated by fitting the mjcroscope. The next experiment involved quantifying mix-
best-fit straight lines t&" andG”, and extrapolating them to jng of two streams, each containing the elastic fluid, with
determine where the best-fit lines intersesg¢e Fig. 8.7 i RhodamineB added to one of the two streams. Poiseuille

Ref. 3]) The fl‘equencyvc Corresponding to the intersection ﬂOW, generated by a Syringe pump, was used to set the ana-
serves as a measure of the longest Zimm relaxation time. Wgte stream flow rates.

determinedw.= 160 rad s* and thus the longest relaxation ~  Quantification of the deviation from mixin@; is based
time for the PA chains in the elastic fIUIM:1/wC:625 on a metric proposed by Liat a|“lo
X 1072 s. No fluid inertia effects were seen, as we operate in -
the so-called gap-loading limit, where the rheometer lyéap 1 5
much smaller than the shear wavelengh... We estimated Di = NZ (1 = Tma) (6)

. . . i=1
Ashearfrom our data using its relation 8* (w) and the phase
angle(8): Aghear= 27/ [w+/(p/ Gg) cog6/2)], wherep denotes N denotes the number of pixels;andl ,,,, denote the inten-
fluid density andGy is defined by the relatio®’ =Gy sin 6,  sity at pixeli and the maximum intensity, respectively, ob-
or, G"=G4 coS 6. Schrad* has shown that wheim< Nshearin served at any pixel in a fully mixed system; was calcu-
the gap-loading limit, the shear wave propagates across thated at several points along the channel, and normalized by
gap without damping and fluid inertia effects are negligible.the value ofD; at the channel junction where the incoming
From our data, we determine 0.04h/\gpea<<0.033. analyte streams meet. It follows from E@) and the nor-
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o = ) FIG. 3. (a) Comparison of the deviation from mixing vs volumetric flow
FIG. 2. Deviation from mixing betweefa Newtonian analyte streams and 5te petween the elastic and the Newtonian cases, at a fixed(Bdnnm
(b) elastic analyte streams in thechannel. The deviation from mixing IS fom the stream junction Lines merely guide the eye. The bars are a mea-
no_rmalized by the corresponding value at the channel junction. Lines merely re of the typical standard uncertainty associated with the data in Figs. 2
guide the eye. 2(b), and 3a), and numerically equal one standard deviatidy The dimen-
sionless numbers Wi, Wit'2, De, Re, ande/ tmix plotted vsQ.

malization that for two perfectly mixed strears ,omajized

fo’ while for two completely unmixed Streani¥ normaized  To understand this result, we calculate WY2Wi, Re, and
=1 De [see Fig. 8)] for the flow of the elastic fluid in the
. RESULTS AND DISCUSSIONS uchannel. Thg residence tinl'(gszl'_/(w, Wher'e(v)' is the
average velocity. As an engineering approximation, we as-
The comparison of the deviation from mixing betweensumed the channel to be nearly circular in cross section and
Newtonian streams and elastic streams is shown in Figs. 2 calculated an averagg=4Q/d?, for calculating Wi. The ra-
and 2b), respectively. Data are shown in Fig. 2 for 2&/h,  tio Wi/Re=52 for our system signifie§n conjunction with
75 uL/h, and 100uL/h. For the elastic fluid onlyQ was Wi>1 and Re<1) that inertial effects are negligible and
pushed up to 15@L/h. For all Q studied, theD; hormaiizeqiS ~ Significant chain stretching occurs.
smaller in the elastic fluids than in the Newtonian fluids, Using the molecular diffusion time estimaté,y
indicating an enhancement of mixing with elasticity. As ex-=w?/D, we determiné,,= 14 s (using the diffusion coef-
pected, theD; omaizea@t @any spot on the channel increasesficient D=10"°m? s™* known for Fluoroscein, a molecule
with increasingQ for the Newtonian fluids, due to decreas- similar to Rhodamind). Residence time effects are impor-
iNg t,es as tes~ QL. In contrast, for the elastic fluids, the tant at 25ul/h [ty /tes=0.75 at 25ulL/h; see Fig. &)]
relationship betwee® and D; pomaiizeqiS NOt strictly mono-  for the Newtonian streams: the streams spend long enough in
tonic: compare the order of the curves in Figg)and 2b).  the channel for diffusion to provide appreciable mixing. On
This is also seen clearly in Fig(8, where a comparison of the other hand, for the elastic fluid @=25 uL/h, both the
Dinormatized VS Q in the two cases is made at a fixed spot,advantageous effects of large residence tand the incipi-
8.5 mm from the junction of the analyte streams. ent elastic flow instabilitye/2Wi = 1) are felt. With increas-
For the elastic fluids, the interesting result of the peak ining Q, the effects of residence time are progressively lost
the D normaiizeaVs Q curve in Fig. 3a) arises due to the com- (e.g., atQ=75 uL/h, t,/ts=2.2) while the effects from
petition between residence time and elastic instability effectsthe flow instability are increasingly felt, giving rise to a peak
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(b

85 um FIG. 5. Position of tracer particle streaks in Newtonian fluid inlobannel
observed ata) timet and(b) at timet+0.03 s. The dashed lines are drawn
to indicate the channel edges. The backgro@ahtaining tracer particles
stuck to the walls of the channetias subtracted, so that only the position of
the streaks is visible in the image. Scale bar from Fig. 4 also applies to Fig.
5. Data were taken at a flow rate of xl./h.

FIG. 4. Position of tracer particle streak in elastic fluid in fhehannel
observed ata) timet and(b) at timet+0.03 s. The dashed lines are drawn
to indicate the channel edges. The backgro@ahtaining tracer particles
stuck to the walls of the channetas subtracted, so that only the position of
the streak is visible in the image. Data were taken at a flow rate @fl50.

Fig. 4(b) yield d,/d;=1.4. Visualization at a higher flow rate

in the curve ofD; yomalizeqVS Q for the elasticfluid streams. (100 uL/h) reveals that this value af,/d; increases to 2.4.
Ultimately, the flow instability effects become sufficiently Clearly, the magnitude of this radial displacement depends
strong on their own to counter the decreased residence tim@n Wi. While secondary flowas discerned from the radial
at higherQ, and thenD; ,omaiizeqd€Creases steadily with in- displacement of the streak while it traverses the bend in the
creasingQ (i.e., increasing Wi channel is clearly seen in the flow of elastic fluids in the

What causes the improved mixing in the elastic streamsychannel, no such secondary motion is displayed by the
kinematically? To gain insight into the mechanism of thetracer particle streaks when both fluid streams are Newton-
underlying elastic flow instability, we performed flow visu- ian. In the Newtonian fluids, the particle paths follow the
alization of tracer particleg-luoresbrite polystyrene micro- streamlines. In Figs.(8) and %b), we show the positions of
spheres, Polysciences;  average  diamedes um; particle streakgqvisualized in the same location as Fig. 4;
concentration=2.8 103% mass fraction added to the flow rate=50 uL/h) in two successive frames. The streaks
streams. The particles are effectively neutrally buoyant anéh the Newtonian fluid follow the channel contours, and no
the Peclét numbeiPe=yr?/ D¢ = 5yr3/KT) associated with  radial displacement is seen.
them is Pe©(10’), signifying the domination of convection Since this radial secondary motigabserved at various
over Brownian motionDgg; denotes the self-diffusion coef- different bends in theechannel is a known characteristic of
ficient of the particler is the particle radiusk is Boltz-  flow instabilities in elastic fluids flowing along curved
mann’s constant and is absolute temperature. In the elastic streamlines, we are inspired to draw an analogy between the
streams[see Figs. &) and 4b); flow rate=50uL/h], the elastic flow instability observed in thechannel and the in-
tracer particles are radially displaced across the channel costabilities observed for elastic fluids in Taylor—Couéfte’
tours as they traverse a bend in thehannel. In Fig. &), Dean and Taylor-Dean flowd:** This instability depends
the particle patfiin that frame is closer to the upper wall as on a complex coupling betweéy and curved streamlines. It
it comes to the bend, while in the next frarf@03 s later; seems that streamline curvature is an essential condition for
Fig. 4(b)] it is closer to the lower wall. Ifd; denotes the the instability, as it has been concluded on the basis of analy-
distance of the streak from the top wall in the straight part ofsis that non-inertial viscoelastic plane Couette flow is stable
the bend, andl, denotes the distance of the streak from theat all Wi.****® For our channel we estimate=0.60 (the
top wall in the upturn section of the bend, then the data imraverage radius of curvature was evaluated at the channel cen-
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d’ng .
Tog+ Ng dt = 2\4 e Ve (8)
dTng . . .
Tt )\dﬁ =NdTir Yot NdTro€ — o Vros 9
dr, .
T+ Ng at 2\yTyrE = 278 . (10

If we assume that the perturbation is steady, de,,/dt=0,
and that the termge <1, then we getr, =—-27,¢e. Sincer,
and¥,, are coupled to each othgsee Eq(9)], the stretching

FIG. 6. Schematic of the axisymmetric mode of the instability in the flow of Of the chains makes them increasingly susceptible to the base

the elastic fluid in the Taylor—-Couette set(gzlapted from Ref. 36

terline). When mapped back to the Taylor—Couette experi-

mental setuﬁf5 this value ofe would correspond to the large

shear flow. The shear stress thus increases Ay,
==37peNg Y Which couples toy,, and causes an increase in
the azimuthal(hoop stress byA,,=-67n,e(\g¥;s)?. Since
N, in the base shear flow ;= 75— 7, ==27,\q(¥%4)? the
first normal stress difference increases b, =A7y— 7,

e N . . 76
gap case. The critical shear rate for the onset of the transition ~27p€[3(\a¥r)“~ 1] due to the perturbation. This increase

decreases with increasing®’

It has been well known since the 1960s that the secon&

normal stress differenc@N,=7,,— 733) is responsible for the

in azimuthal stresgand hence irN;) drives the radial flow,
nd serves to improve mixing between the elastic fluid
streams in theuchannel by increasing the area in contact

development of secondary motions in viscoelastic flows*€tween the streams and thus facilitating diffusion.

through nonaxisymmetric channélsarsort has pointed out
that shear thinning and a nonzexy are predicted to have

strong influences on the stability of viscoelastic flows, ren-
dering the stability characteristics of dilute solutions signifi-

cantly different from those of polymer melts. We can deci
sively rule out this as the mechanism for the observe

secondary motion becau$g is vanishingly small in dilute
polymer solution$® Magdaet al*® have measuredl, in a

Boger fluid of polyisobutylene dissolved in polyisobutene
and found its magnitude to be at least 30 times smaller thang ¢ | arson,
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