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Abstract The non-linear dynamics of a semi-dilute
(c/c* = 15) polydisperse polyethylene oxide (PEO)
solution in microfluidics are studied experimentally us-
ing benchmark contraction–expansion flow geometries
with three contraction–expansion ratios (4:1:4, 8:1:8
and 16:1:16) and two narrow channel lengths (Lc/Dh =
53 and 5.3, where Lc is the length of the narrow channel
and Dh is its hydraulic diameter). Complex flows over a
range of elasticity numbers (El), Weissenberg numbers
(Wi) and Reynolds numbers (Re) are characterized
using micro-particle image velocimetry (μ-PIV) and
pressure drop measurements. The evolution of vortex
formation and dynamics has been visualized through
a step-flow-rate experiment. Various flow dynamics
regimes have been quantified and are presented in a
Wi–Re diagram. The experimental results reveal that
the contraction ratio can result in qualitatively different
vortex dynamics of semi-dilute polymer solutions in
microfluidics, whereas the length of the narrow channel
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merely affects the dynamics at a quantitative level. A
single elasticity number, if defined by the size of the
narrow channel, is not sufficient to account for the
effects of contraction ratio on the non-linear vortex
dynamics.
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Introduction

The abrupt contraction is a benchmark flow geom-
etry commonly used to study non-linear dynamics
of complex fluids in both macroscale geometries
(Cogswell 1972; Williams and Williams 1985; Binding
and Walters 1988) and, more recently, microscale geo-
metries (James and Saringer 1982; Groisman et al. 2003;
Rodd et al. 2005, 2007; Gulati et al. 2008). The flow
phenomena of viscoelastic fluids in macroscale entry
flow have been studied by a large number of exper-
iments including axisymmetric geometries (Cable and
Boger 1978a, b, 1979; Rothstein and McKinley 1999,
2001), planar geometries (Evans and Walters 1986,
1989; White and Baird 1988; Boger 1987; Quinzani
et al. 1994, 1995; Nigen and Walters 2002; Alves et al.
2005) and by numerical simulations (Baloch et al. 1996;
Purnode and Crochet 1996; Xue et al. 1998; Alves et al.
2000, 2004; Aboubacar et al. 2002; Omowunmi and
Yuan 2010).

The earlier studies concentrate on characterizing
flow pattern of various viscoelastic fluids in macroscale
axisymmetric or planar contraction flows over a wide
range of contraction ratios. The experimental works
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(Cogswell 1972; Cable and Boger 1978a; Boger 1987;
McKinley et al. 1991) revealed the importance of the
extensional viscosity of fluids in determining vortex
size. The ratio of extensional and shear flow properties
at steady state can be used as a measure in deter-
mining vortex growth mechanism (Binding 1988), and
the presence or absence of vortex growth (White and
Baird 1988). By using the birefringence measurements,
Quinzani et al. (1994, 1995) found that the extensional
viscosity of polymer solution exhibited slight thicken-
ing followed by apparent thinning with increasing flow
rate. This thinning phenomenon was attributed to the
decrease of the residence time of the polymer mole-
cules in the high-strain-rate region near the contraction
throat. The experimental data can be fitted by Phan-
Thien-Tanner model. The transient behaviour of both
extensional and shear stresses were also considered
by Rothstein and McKinley (2001). For shear-thinning
fluid the size of the salient corner vortex formed in the
axisymmetric contraction was smaller than that of the
planar case. This was attributed to the reduced total
Hencky strain in the planar contraction throat. The nu-
merical results of Purnode and Crochet (1996) reveal a
lip vortex mechanism in flow of large contraction ratios
with negligible inertial effects. The authors pointed out
that the steady-state extensional flow properties of the
fluid cannot fully account for the different vortex dy-
namics, because solutions with different polymer con-
centrations show similar trends in extensional viscosity
with extensional strain rate. This view is also consistent
with the later numerical work by Xue et al. (1998).

Pressure drop across the upstream and downstream
regions is another important quantity for non-linear
flow characterisation. Earlier experiments in axisym-
metric contractions showed a substantial extra pres-
sure drop in polymer solutions, well above the value
obtained for a Newtonian fluid with equal viscosity
at the same flow rate (Rothstein and McKinley 1999,
2001; Nigen and Walters 2002; Binding 1988). However,
in planar contraction flows, no difference in the pres-
sure drop was observed between a Boger fluid and a
Newtonian fluid with the same shear viscosity (Nigen
and Walters 2002). Quantitative characterisation of the
pressure drop in complex flow geometry is of significant
to the extraction of the rheometric properties of poly-
mer solutions and still remains elusive.

By utilizing micro-fabricated geometries, a wide vis-
coelastic flow regime can be readily accessed, in par-
ticular much higher Weissenberg number (Wi) and
moderate Reynolds number (Re) regime, which has
not been explored by the macroscale experiments. The
recent studies (Rodd et al. 2005, 2007; Gulati et al.
2008; Li et al. 2011) begin to map out highly non-linear

dynamic behaviour of polymer solutions in very shallow
flow geometry in term of Wi and Re by varying the
rheological properties of fluids and using a fixed flow
geometry, respectively. The variation of pressure drop
with Wi is closely correlated to different flow regime.
Using a multi-mode PPT model, recent 3-D computer
simulation results on the flow of semi-dilute polymer
solutions through 8:1 planar contraction (Omowunmi
and Yuan 2010) show that varying the aspect ratio of
a planar contraction, defined as the ratio of the depth
to the upstream width of the flow channel, can have a
similar effect to varying fluid properties so as to modify
the elasticity number of the flow. There is no lip vortex
for contraction entry flow with a high aspect ratio or
approximately 2-D flow geometry.

The underlying physical mechanism for vortex
growth or suppression depends on fluid rheological
properties and flow geometry. There is no experimental
work to systematically investigate the effects of the
flow geometry on non-linear dynamics of polymer so-
lutions in shallow flow geometry. In this paper, the
non-linear dynamics of a well characterized 0.3 wt.%
semi-dilute (c/c* = 15) PEO solution in various shal-
low flow geometries will be reported. By using micro-
particle image velocimetry (μ-PIV) and transient pres-
sure drop measurements, non-linear dynamics of the
polymer solution are investigated over wide ranges
of Wi (3 < Wi < 120) and Re (0.05 < Re < 4.3), and
in five flow geometries including three contraction–
expansion ratios of 4:1:4, 8:1:8 and 16:1:16, and two nar-
row channel lengths Lc (Lc/Dh = 53 and 5.3, where Dh

is the hydraulic diameter of the narrow channel) under
the same 8:1:8 contraction–expansion ratio. In Section
“Experimental techniques”, experimental techniques
are briefly presented. Experimental results and discus-
sion follow in Section “Results and discussion”. Various
flow regimes along El lines are classified in a Wi–Re
diagram. The evolution of flow patterns are analyzed
and correlated with the pressure drop measurements.
Conclusions are given in Section “Conclusions”.

Experimental techniques

Materials and molecular characterization

PEO sample is a pharmaceutical grade sample
(POLYOX™ WSR N-60K) kindly supplied by Dow
Chemicals. 0.3 wt.% PEO aqueous solutions were pre-
pared by dissolving PEO powder in de-ionized water.
The solutions were stored in a refrigerator at 4◦C
for about 7 days, with occasional and gentle shaking
by hand to allow complete dissolution of PEO whilst
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Fig. 1 Schematic diagram
of a planar contraction–
expansion geometry including
definitions of important
length scales. The entrance
of the contraction throat
is located as the origin
(x = 0, y = 0, z = 0)

avoiding mechanical degradation. Only freshly made
PEO aqueous solutions were used in each experiment
reported hereafter. The molecular weights and molec-
ular weight distribution of the PEO sample were char-
acterized using standard Gel Permeation Chromatog-
raphy (GPC) with TSK PW 5000 and 6000 columns, an
ERC 751A differential refractometer and a Waters 510
pump, and an aqueous solvent.

Rheometry

The rheometric properties of the PEO solution were
measured using a range of experimental techniques,
including an ARES rotational shear rheometer (TA
Instruments) with a double wall Couette geometry
(cup OD = 34 mm, cup ID = 27.95 mm, bob OD =
32 mm, bob ID = 29.5 mm), a Vilastic-3 Viscoelastic-
ity Analyzer (Vilastic Scientific Inc.), a CaBER cap-
illary breakup extensional rheometer (Thermo Fisher
Scientific). The characteristic relaxation time (λ) and
surface tension (κ) of the solution were measured using
CaBER and CIR100 Interfacial Rheometers (Camtel
Ltd), respectively.

Micro-channel geometry

The micro-channels are made of poly(methyl methacry-
late) and aromatic epoxy, and were fabricated by stan-
dard soft lithographic method (Epigem Ltd, the UK).
The internal surfaces were treated by oxygen plasma to
make them hydrophilic. Figure 1 shows a schematic di-
agram. Table 1 summarizes all the dimensions of micro-
channels (Nos. 1–5), including upstream channel width
wu, downstream contraction width wc, downstream

length Lc, uniform depth h, the hydraulic diameter
Dh (Dh = 2wch/ (wc + h)), contraction–expansion ra-
tio β (β = wu/wc), channel aspect ratio α (α = wu/h),
and Hencky strain εH. The total Hencky strain experi-
enced by a fluid element can be approximated as εH =
ln(wu/wc). The downstream width (wc) was chosen to
be the characteristic length of each flow geometry to
calculate the dimensionless numbers Re, Wi and El.

Differential pressure sensors (Linkam Scientific In-
strument Ltd.) were integrated into these flow cells at
the position P1 and P2 (see Fig. 1) to measure the pres-
sure drop �P12. For all Nos. 1–5 micro-channels, the
pressure taps were fixed far away from the reentrant
region to avoid the vortex disturbance. A syringe pump
(Chemyx Nexus 5000) was used to drive the fluid flow
to achieve a range of volumetric flow rates (Q), within
which the measured pressure drops are smooth and
the pulsation effects are negligibly small in comparison
with the pressure readings.

Micro-particle image velocimetry

A micro-particle image velocimeter (TSI Instrument
Ltd) was used to measure the 2-D velocity field at the
centreplane (x − z) of the flow channel, as used in our
previous work (Haward et al. 2010a, b; Li et al. 2011).
Standard Nikon ×10 objective lens (NA = 0.3) and ×20
objective lens (NA = 0.45) were used. PEO solutions
were seeded with Epi-fluorescent particles (particle
diameter dp = 1.0 μm, Exmax./Emmax. = 542/612 nm,
Duke) by the weight concentrations 0.01 and 0.02 wt.%
for M × NA = 10 × 0.3 and 20 × 0.45, respectively. For
this μ-PIV system setting, the estimated measurement
depth is 26 μm if using ×10 (NA = 0.3) lens or 12 μm

Table 1 Dimensions of five
micro-channels

Micro-channel Contraction-expansion wu wc L Lc h Dh Lc/Dh α εH

no. ratio (μm) (μm) (mm) (mm) (μm) (μm)

1 4:1:4 800 200 40 20 45 73.5 272 17.8 1.4
2 8:1:8 800 102 40 20 45 62.5 320 17.8 2.1
3 16:1:16 400 25 40 20 45 32.1 623 8.9 2.8
4 8:1:8 800 100 12 4 61 75.8 53 13.1 2.1
5 8:1:8 800 100 10 0.4 61 75.8 5.3 13.1 2.1
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if using ×20 (NA = 0.45) lens. These depths of field
are equivalent to 58% or 27% of the channel depth
(h = 45 μm), respectively. The error in the velocity
measurements is about 12∼16% below the true value.

Results and discussion

Molecular and rheological characterization

The GPC results are shown in Fig. 2. The mean radius
of gyration (Rg) of PEO molecules was estimated
from <Rg > = 0.215M0.583±0.031

w (Å) proposed by
Devanand and Selser (1991). The overlap concen-
trations c* are calculated by assuming a simple cubic

packing of PEO molecules, i.e. c* = Mw/
[

NA
(
2Rg

)3
]

(NA is Avogadro’s constant). Note that the estimation
of the c* value based on the simple cubic packing
assumption is about half of the value estimated by
Rodd et al. (2005), who used the closest sphere packing
assumption. Accordingly, 0.3 wt.% PEO solution is
in the semi-dilute regime (c/c* = 15). The viscosity
data obtained from ARES and Vilastic-3 are presented
in Fig. 3 and shown a good agreement between these
two techniques. The key data of the molecular and
rheometric characterization are listed in Table 2. The
comprehensive rheometric results can be found in
Li et al. (2011).

Evolution of vortex dynamics

In order to study the effects of the contraction ratio on
the evolution of vortex formation and dynamics of PEO
solution, flow images were captured in the upstream
zone of various contraction ratio flow by μ-PIV over
a period of several seconds following a step change of
flow rate. Figure 4 displays the transient flow behaviour
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Fig. 2 Molecular weight distribution of PEO measured by GPC
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Fig. 3 Shear viscosity of 0.3 wt.% PEO solution measured by
ARES and Vilastic-3 at 25◦C

of the 0.3 wt.% PEO solution in the 4:1 contraction
(left-hand column), 8:1 contraction (middle column)
and 16:1 contraction (right-hand column).

In the 4:1 contraction flow, the images were captured
after a step change of flow rate from 9.5 ml/h (Re =
2.04, Wi = 17.6) to 10 ml/h (Re = 2.15, Wi = 18.5) at
t = 0 s, here inflecting streamlines are a signature of the
viscoelastic effect becoming significant. At t = 0.25 s, a
small vortex appears at the left salient corner. Then, it
climbs along the channel surface and develops into a
corner vortex as shown in the images at t = 0.5 s and
0.75 s. In the steady state, symmetric vortex appears as
shown at t = 5.25 s.

In the 8:1 contraction flow, the images were cap-
tured after a step change of flow rate from Q =
3.5 ml/h (Re = 1.25, Wi = 24.9) to Q = 4.5 ml/h (Re =
1.6, Wi = 32.0). In the initial state (t = 0 s), the ap-
pearance of inflections in the streamlines due to elastic
effects is evident. A bistable asymmetric lip vortex
appears at t = 0.25 s, followed by symmetric lip vortices

Table 2 The properties of 0.3 wt.% PEO aqueous solution at
T = 25◦C and a range of the dimensionless number flows studied

c (wt.%) 0.3
Mw (g/mol) 4.82 × 106

Mw/Mn 7.5
ρ (kg/m3) 991
Rg (nm) 169.2
c* (wt.%) 0.0206
c/c* 15
η0 (mPa·s) 10.5
κ (mN/M) 60.7
λCaBER (ms) 6
<γ̇ >= 2〈V〉/wc (1/s) 593–23,703
Re = ρ〈V〉Dh/η0 = 2ρQ/(wc + h)η0 0.075–5.4
Wi = λγ̇c = 2λ〈V〉/wc = 2λQ/hw2

c 3.5–142
El = Wi/Re = λη(wc + h)/ρw2

c h 8.6, 16.7, 20, 158
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Fig. 4 Transient flow pattern
of 0.3 wt.% PEO solution in
the micro-channels (Nos.
1–3). The images in left-hand
column are for contraction
β = 4:1 after a step change of
flow rate from 9.5 (Re = 2.04,
Wi = 17.6) to 10 ml/h
(Re = 2.15, Wi = 18.5). The
images of middle column are
for contraction β = 8:1 after a
step change of flow rate from
3.5 (Re = 1.25, Wi = 24.9) to
4.5 ml/h (Re = 1.6,
Wi = 32.0). The images of
right-hand column are for
contraction β = 16:1 after a
step change of flow rate from
0.1 ml/h (Re = 0.08,
Wi = 11.9) to 0.3 ml/h
(Re = 0.23, Wi = 35.6)

β β β=4:1 =8:1 =16:1 

t =0s

t = 0.25s

t = 0.5s

t = 0.75s

t = 5.25s
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β=4:1 

(a)

(b)

(c)

Fig. 5 Transient flow pattern of 0.3 wt.% PEO solution in the
4:1 contraction micro-channel (No.1 and El = 8.6) at a t = 0 s, b
t = 0.25 s and c t = 0.5 s, under two flow rates, Q = 11 ml/h, Re =
2.36, Wi = 20.4 (the left-hand column images) and Q = 20 ml/h,
Re = 4.30, Wi = 37 (the right-hand column images), respectively

at t = 0.5 s and lip vortex growth at t = 0.75 s. At
t = 1.0 s, the lip vortex grows into an unstable corner
vortex. Then, the vortex spreads toward the stagnant
corner. At t = 5.25 s, the radial location of the vortex
centre saturates and the large elastic corner vortex ap-
pears and starts to grow upstream. The vortex evolution
mechanism in the 8:1 contraction flow is different from
the one in the 4:1 contraction flow.

In the 16:1 contraction flow, the images were cap-
tured after a step change of flow rate from 0.1 ml/h
(Re = 0.08, Wi = 11.9) to 0.3 ml/h (Re = 0.23, Wi =
35.6). At t = 0 s, a weak viscoelastic effect is observed
in a form of the gently inflecting streamlines. At t =
0.25 s, the viscoelastic effect is shown as the streamlines
inflecting asymmetrically. At t = 0.5 s, a strongly asym-
metric lip vortex appears. At t = 0.75 s, the inflecting

β =8:1

(a)

(b)

(c)

Fig. 6 Transient flow pattern of 0.3 wt.% PEO solution in the
8:1 contraction micro-channel (No. 2 and El = 20) at a t = 0 s,
b t = 0.25 s and c t = 0.5 s, under two flow rates, Q = 6 ml/h, Re =
2.1, Wi = 42.7 (the left-hand column images) and Q = 10 ml/h,
Re = 3.6, Wi = 71 (the right-hand column images), respectively
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streamlines switch from the right side to the left side of
the contraction entrance. At t = 5.25 s, the lip vortex
begins to grow in size. The overall vortex evolution
in the upstream channel is very different from in the
4:1 contraction flow. The vortex evolution is brought
about by the lip vortex in the 8:1 and 16:1 contraction
flow, whereas in the 4:1 contraction flow, the vortex
evolution initiates from the vortex close to the channel
surface.

Effect of contraction ratio on flow pattern

The time-dependent flow patterns of the 0.3 wt.% PEO
solution in the upstream section of micro-channels Nos.
1–3 with contraction ratios 4:1, 8:1 and 16:1 at t = 0, 0.25
and 0.5 s are presented in Figs. 5, 6 and 7. All these
images were captured sequentially after the pressure
drop had reached a steady state. Figure 5 displays
the results of the 4:1 contraction flow at two flow

β=16:1

(a)

(b)

(c)

Fig. 7 Transient flow patterns of 0.3 wt.% PEO solution in the
16:1 contraction micro-channel (No. 3 and El = 158) at a t = 0 s,
b t = 0.25 s and c t = 0.5 s, under four flow rates. From the left-
hand, the f irst column images are for Q = 0.4 ml/h (Re = 0.30,

Wi = 47.4), the second column for Q = 0.6 ml/h (Re = 0.45, Wi =
71.1), the third for Q = 0.9 ml/h (Re = 0.68, Wi = 107) and the
fourth column are for Q = 1.1 ml/h (Re = 0.83, Wi = 130.4)
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rates: the left-hand column images show Q = 11 ml/h,
Re = 2.36, Wi = 20.4 and the right-hand column images
show Q = 20 ml/h, Re = 4.30, Wi = 37. The corner
vortex size increases as increasing flow rate and remains
stable and symmetric. These results are consistent with
what observed by Gulati et al. (2008) in the 2:1 contrac-
tion flow, in which all vortices were symmetric about
the centreline and stable. No lip vortex was observed in
the 4:1 contraction even at high Weissenberg numbers
(Wi ∼ 209.6). In the 8:1 contraction flow, as shown
in Fig. 6, the vortex structure and size become time-
dependent at relatively low flow rates (Q = 6 ml/h,
Re = 2.1, Wi = 42.7 and Q = 10 ml/h, Re = 3.6,
Wi = 71). The vortex is not only switching from
left to right but also moving up and down. In the
16:1 contraction flow, as shown in Fig. 7, the vor-
tex structures are dramatically asymmetric, in sig-
nificant contrast from the observations made in the 4:1
and 8:1 contractions. At flow rates of Q = 0.9 ml/h
(Re = 0.68, Wi = 107) and 1.1 ml/h (Re = 0.83, Wi =
130.4), two coexisting vortices were observed on one
side of the upstream channel. This phenomenon has
never been reported in the literature. Obviously, the
contraction ratio determines the total Hencky strain
imposed on the fluids and plays an important role
in the vortex dynamics. The extensional deformation
experienced by the PEO solution will be quantitatively
analyzed in Section “Velocity measurement and evalu-
ation of local extensional deformation rate”.

The flow patterns of PEO solutions in different
contraction ratios but at similar El are compared in
Fig. 8. The left-hand column images are from 0.45 wt.%
PEO solution (η0 = 22.5 mPa s, c/c* = 22.5) in the
8:1 contraction micro-channel (No. 2) and El = 120
(Li et al. 2011). The right column images are from the
0.3 wt.% PEO solution in the 16:1 contraction micro-
channel (No. 3) and El = 157. The images in each row
are compared at roughly equal Re and Wi. In contrast
to the asymmetric patterns of the 16:1 contraction flow,
both the lip and corner vortices are symmetric in the 8:1
contraction flow. It is clear that the elasticity number
alone, conventionally defined by the length scale of
the narrow channel, cannot completely account for the
effects of the contraction ratio.

The non-linear dynamics of the 0.3 wt.% PEO so-
lution in the three micro-channels (Nos. 1–3) can be
summarized in a Wi–Re diagram, as shown in Fig. 9,
in term of the elasticity number (El = 8.6, 20 and 158)
and the contraction ratio (β = 4:1, 8:1 and 16:1). For
all the contraction ratios, the flow pattern changes from
Newtonian-like to steady viscoelastic flow with bending
streamlines as flow rate increases. In the 4:1 contraction
flow, the viscoelastic effect emerges at Re = 0.86, Wi =

β =8:1 

Re = 0.25, Wi =30.3 Re = 0.23, Wi = 35.6

Re = 0.33, Wi = 40.3 Re = 0.30, Wi = 47.4

Re = 0.50, Wi = 60.5 Re = 0.45, Wi = 71.1
(c) 

(b) 

(a) 

Fig. 8 Flow pattern of PEO solutions: the left-hand column im-
ages are from 0.45 wt.% PEO solution flow in the 8:1 contraction
micro-channel (No. 2 and El = 120); the right-hand column im-
ages are from 0.3 wt.% PEO solution flow in the 16:1 contraction
micro-channel (No. 3 and El = 158)

7.4. Symmetric and stable corner vortices are formed
in steady-state flow at Wi = 18.5, Re = 2.1, and there
is no lip vortex. However, a lip vortex is observed in
the 8:1 contraction flow at Wi ∼ 28.5 and in the 16:1
contraction flow at Wi ∼ 32. On further increase of
flow rate, the corner vortex replaces the lip vortex but
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Fig. 9 Summary of flow
regimes in Wi–Re space for
0.3 wt.% PEO solution flow
in the micro-channels (Nos.
1–3) with the contraction
ratio β = 4:1, 8:1 and 16:1
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is much less symmetric and less stable than the corner
vortex in the 4:1 contraction flow. The vortices in the
16:1 contraction flow are even more asymmetric and
unstable in higher Wi flow (Wi > 32). The contraction
ratio is a sensitive geometric parameter in classification
of flow regime.

Velocity measurement and evaluation of local
extensional deformation rate

The velocity profiles of the 0.3 wt.% PEO solution in
the upstream channel of the 16:1 contraction flow for
a flow rate (Q = 0.1 ml/h, Re = 0.08 and Wi = 11.9) at
x = 0.4, 0.2, 0.1 and 0.05 mm are presented in Fig. 10a, b.
They were obtained by averaging over a sequence of 30
pairs of μ-PIV images captured by using objective lens
M× NA = 20 × 0.45. All velocities were normalised
by the average flow speed in the narrow channel, i.e.
<V > = Q/(wc · h). On the upstream side there is a
fully developed velocity profile (x = 0.4 mm from
the contraction throat). Approaching the contraction
throat (x = 0.2 mm), the profile near the centre begins
to protrude slightly. This is much more pronounced
close to the throat (e.g. x = 0.1 and 0.05 mm). The
velocity profiles are symmetric at all positions. No sta-
tistically significant wall-slip effects (within the mea-
surement error) were identified.

Under higher flow rate, the velocity data were ex-
tracted from an instantaneous velocity field after the
pressure drop had reached steady state. Although in
general the flow of the 0.3 wt.% PEO solution in
the 16:1 contraction is unstable and time-dependent,
under most flow rates in the 4:1 and 8:1 contractions
the maximum sideways displacement of the fluid core
from the centreline (y = 0, z = 0) is less than 25%
of wc, and the streamline bunch close to the flow axis
is nearly symmetric. The profile of extensional rate
can be readily calculated from the centreline veloc-
ity to reveal the deformation history undergone by
PEO molecules flowing along the centreline and to
provide some physical insight to the non-linear fluid
dynamics.

In the 4:1 contraction flow, Fig. 11a shows that the
axial velocity profile at the flow rate Q = 2 ml/h
(Wi = 3.7) overlaps with the result of water and
the centreline velocity increases monotonically towards
the contraction throat. At the flow rate Q = 6 ml/h
(Wi = 11.1), the velocity profile starts to depart
from the Newtonian-like flow and the region of fluid
acceleration extends towards the upstream area. At the
flow rate Q = 10 ml/h (Wi = 18.5), the vortex begins to
appear and the velocity curve starts to inflect at x/wc =
0.25 approaching towards the contraction throat. The
vortex grows with increasing flow rate. At the flow
rate Q = 20 ml/h (Wi = 37), the axial velocity profile
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Fig. 10 Dimensionless steady-state velocity profiles of the
0.3 wt.% PEO solution at x = 0.4, 0.2, 0.1 and 0.05 mm in the
upstream micro-channel of the 16:1 contraction flow (No. 3)
at Q = 0.1 ml/h (Re = 0.08 and Wi = 11.9, Newtonian-like flow
regime): a Vx/ < V > and b Vz/ < V >

exhibits a minimum at a position around x/wc = 0.4.
Similar trends are also observed in Fig. 11b for the
0.3 wt.% PEO solution flow in the 8:1 contraction, but
more pronounced.

The profile of extensional rate can be readily cal-
culated from the centerline velocity and is shown in
Fig. 12. The extensional deformation rates along the
centreline in the 4:1 contraction flow are compared with
those in the 8:1 contraction flow. At low flow rates
(Wi ∼ 20), there is not much difference between the
extensional rate profile in these two contraction flows.
Further increasing flow rate, the lip vortex (which only
occurs in the 8:1 contraction flow) and corner vortex
regimes eventually occur. The non-linear flow phe-
nomena couple with the appearance of a compression
valley and an extensional peak in the extensional rate
profile. The position of the valley and the peak shift
toward the upstream area as flow rate is increased.
PEO chains are first subjected to compression and
then to strong extensional deformation. Under similar
Wi numbers, much higher volume flow rate in the
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Fig. 11 Axial dimensionless velocity profiles for PEO solution
(c = 0.3 wt.%) and water flow in the upstream of micro-channels
(Nos. 1 and 2) at various flow rates: a β = 4:1 and b β = 8:1

4:1 contraction flow results in its the local extensional
rate significantly higher than those in the 8:1 contrac-
tion flow.
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Characterization of vortex size

Following the convention adopted in White and Baird
(1988), the dimensionless vortex size is defined as χL =
Lv/wu, where Lv is the distance between the detach-
ment point of the salient corner vortex and the con-
cave corner. This is plotted against Wi in Fig. 13 for
the 0.3 wt.% PEO solution flow in the three different
contraction geometries (β = 4:1, 8:1 and 16:1). In the 4:1
contraction flow, the vortex size grows roughly linearly
with increasing Wi over the whole range of flow rate.
In the 8:1 and 16:1 contraction flow, however, there
is a lip vortex flow regime for 28 < Wi < 32. By the
definition, the dimensionless vortex size remains quite
small in this flow regime. However, in the corner vortex
flow regime (Wi > 32), there is a nearly linear rela-
tionship between the dimensionless vortex length and
Wi. The error bar increases with the contraction ratio
because the vortex becomes less symmetric and less
stable with higher contraction ratios, as illustrated in
Fig. 8. For comparable Weissenberg numbers, the vor-
tex size found in this work is larger than that reported
by Rodd et al. (2005). This is probably due to either the
different polymer samples or the different downstream
geometric conditions.

Effect of the narrow channel length

As shown in Table 1, three of the 8:1 contraction micro-
channels have different narrow channel lengths, Lc =
20 mm (No. 2), 4 mm (No. 4) and 0.4 mm (No. 5),
respectively. Similar non-linear fluid dynamics have
been observed in micro-channels Nos. 4 and 5 as were
described previously for the No. 2 micro-channel (see
Fig. 9). The transition from the steady viscoelastic to
lip vortex flow regime is at Wi ≈ 23, which is slightly
lower than what is observed in the No. 2 micro-channel

(Wi ≈ 28). However, the effects of the narrow channel
length on the vortex growth and the pressure drop over
the contraction geometry are significant.

Figure 14 plots the dimensionless vortex size against
Wi for the 0.3 wt.% PEO solution flow in three 8:1
contraction micro-channels. For equal Wi, the longer
the length of the narrow channel, the larger is the
vortex size. In the Nos. 2 and 4 micro-channel, the
dimensionless vortex size grows approximately linearly
with Wi. Whereas in the No. 5 micro-channel, the linear
growth of the vortex size with Wi only holds in the
low Wi range (Wi < 60). At higher Wi, the vortex size
gradually reaches a plateau.

As shown in Fig. 15a, the dependence of the exten-
sional rate profiles along the centerline on Wi for the
0.3 wt.% PEO solution flow in the No. 5 micro-channel
resembles the key features of those described in Section
“Velocity measurement and evaluation of local exten-
sional deformation rate” for the other 8:1 contraction
micro-channels. However, at high flow rates (Wi > 60)
the profiles do not change very much. This is consistent
with the gradual saturation of the vortex growth in the
No. 5 micro-channel shown in Fig. 14. The extensional
rate profiles for the 0.3 wt.% PEO solution flow in
three micro-channels (Nos. 2, 4 and 5) at comparable
Weissenberg number in the corner vortex flow regime
are plotted in Fig. 15b. The shorter the length of the
narrow channel, the higher the extensional deformation
rate at the contraction throat and the shallower the
compression valley is. The vortex size is also reduced.

Figure 16a shows the steady-state pressure drop
�P12 over the upstream and downstream for 0.3 wt.%
PEO solution and water flow in micro-channels Nos.
2, 4 and 5 for a range of flow rates. The pres-
sure drop of the PEO solution increases linearly in
Newtonian-like flow regime for all the flow geometries.
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Fig. 15 a The profile of extensional deformation rate along
the centreline of the No. 5 micro-channel and b comparison
of the extensional rate profiles along the centreline between
8:1 contraction micro-channels (Nos. 2, 4 and 5) at comparable
Weissenberg numbers

A method to extract the meaningful excess pressure
drop in the contraction–expansion flow with long nar-
row channel (such as No. 2) has been suggested by Li
et al. (2011). Here, a simplified method is used to reveal
the effects of the narrow channel length on the pressure
drop between the micro-channel Nos. 4 and 5.

By fitting the pressure drop curves in Fig. 16a at
low flow rates, the gradient d(�P12)/dQ (when Q → 0)
for the flow in micro-channel Nos. 4 and 5 could be
obtained. The pressure drop is normalised as �P =
�P12/ (Q · d (�P12) /dQ). The dimensionless pressure
drop is plotted against Wi in Fig. 16b, which clearly
shows three regimes. In regime (I), including the
Newtonian-like, steady viscoelastic flow and lip vortex
flow regime, �P → 1 as Wi → 0, and the value of the
dimensionless pressure drop fluctuates around unity.
In regime (II), i.e. the corner vortex flow regime, �P
increases rapidly with Wi and approaches a maximum
value. �P measured in No. 5 micro-channel is higher
than that in No. 4 micro-channel, and after the max-
imum point, it decreases as Wi increases in regime
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Fig. 16 Pressure drop between the upstream and downstream for
0.3 wt.% PEO solution flow in micro-channels Nos. 2, 4 and 5:
a �P12 ∼ Q and b �P′ ∼ Wi

(III), probably due to the finite overall strain that
can be imposed on polymer molecules through such a
contraction–expansion flow. The finite strain is limited
by the contraction ratio and the length of the narrow
channel. The shape of the �P vs Wi curve is similar to
that reported in Rodd et al. (2005, 2007). As the length
of the narrow channel increases, the curve �P vs Wi
curve shifts to higher Wi range and the maximum value
of �P decreases. The contribution of shear components
from the narrow channel to the overall �P becomes
significant. The alternative method (Li et al. 2011) to
extract the excess pressure drop should be used.

Conclusions

The effects of the contraction ratio and the nar-
row channel length on non-linear dynamics of semi-
dilute polydisperse polymer solutions in 3-D shallow
contraction–expansion flow geometry are studied by
μ-PIV technique and pressure drop measurement. In
the 4:1 contraction flow, symmetric and stable corner
vortices are observed over a wide range of Re and
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Wi. In the 8:1 and 16:1 contraction flow, the vortex
dynamics initiates from a lip vortex and subsequently
grows into a corner vortex as flow rate increases. Highly
asymmetric and unstable flows are found in the 16:1
contraction flow. There is even coexistence of two
vortices on one side of the upstream channel in high
Wi flow, which has not been observed previously and
is worthy for future study. As the contraction ratio
implies the degree of Hencky strain to be imposed
on polymer chains in the contraction flow, the elastic-
ity number, defined by the dimensions of the narrow
channel, is not sufficient to account for the effects of
the contraction ratio (defined by the upstream channel
width as well as the narrow channel width) on the non-
linear evolution of flow patterns.

Although the flow patterns generated from the 8:1
contraction flow with different lengths of narrow chan-
nels share many common features, the effects of the
narrow channel length on the vortex growth and the
pressure drop over the contraction geometry are sig-
nificant. Decreasing the length of the narrow channel,
the Wi at which flow transition takes place from one
regime to another effectively shifts to a lower value of
Wi. At a comparable Wi, the vortex size is also reduced.
Moreover, the long narrow channel ensures fully devel-
oped flow to be established in the narrow channel. This
decouples the non-linear dynamics in the downstream
expansion channel from the vortex dynamics in the
upstream channel.

The excess pressure drop across the upstream and
downstream regions is a sensitive quantity to charac-
terize non-linear flow of polymer solution. Three flow
regimes can be clearly identified from the excess pres-
sure drop curves and correlated with the flow regime
in term of the upstream vortex dynamics. In addition
to the rheological properties of fluid, the flow geome-
try such as the contraction ratio, the aspect ratio and
the length of the narrow channel can affect the vor-
tex dynamics of polymer solution in the contraction–
expansion benchmark flow, even under comparable
Wi. These experimental results provide not only quan-
titative experimental data for validation of constitu-
tive models and numerical simulations, but also useful
guidance in the optimization of microfluidic design for
high throughput characterization of viscoelastic fluids
in microscopic flow.
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