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Asymmetry in the turbulent flow of a viscoelastic liquid through an
axisymmetric sudden expansion
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Abstract

This paper concerns the asymmetry in mean axial velocity distributions for the flow through an axisymmetric sudden expansion of a
viscoelastic, shear-thinning aqueous solution of a polyacrylamide (PAA). The asymmetry manifests itself as an azimuthal variation in the
length of the recirculation region of the separated flow downstream of the expansion inlet. For water, the flow is found to be axisymmetric. The
asymmetry for the PAA flow, which remained unchanged despite alterations to the flow facility, is attributed to the high viscoelasticity of the
polymer solution. The conclusion is drawn that the asymmetry is a purely physical feature of such a flow, and not the product of upstream or
d xpansion
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ownstream flow conditions deriving from the flow facility, or the result of geometrical imperfections in the axisymmetric sudden e
et-up.
2004 Elsevier B.V. All rights reserved.
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. Introduction

The understanding of turbulence in non-Newtonian fluid
ow is limited despite being of immense scientific interest
nd practical significance. This limitation is directly reflected

n the sparseness of literature that reports anything other than
ully-developed turbulent flow through channels or pipes in
ither experimental or theoretical studies, which is unfortu-
ate given the prevalence of non-Newtonian fluid flows in

ndustrial processes that involve synthetic fluids (the food,
harmaceutical and petrochemical industries for example).

The work presented here follows on from a previous study
1] that examined the flow of a viscoelastic fluid through an
xisymmetric sudden expansion (ASE). The working fluid
as an aqueous solution of a polyacrylamide (PAA), Sepa-

an AP273E, which is both shear thinning and viscoelastic. In
1] we investigated the flow for PAA concentrations of 0.02,
.05 and 0.1% by weight as well as for water. In addition to
ocumenting the increase in reattachment length compared

∗ Corresponding author. Tel.: +44 151 7944804; fax: +44 151 7944848.

with that for water for the polymer solutions downstream
the expansion—up to three times the length for wate
0.1% PAA—it was also observed that for the highest P
concentration (and therefore, the most viscoelastic solu
the mean axial velocity profile was no longer axisymme
The asymmetry was observed as a difference in the leng
the recirculation region on either side of the high velocity
within the plane of measurement, i.e. an azimuthal varia
of the reattachment length. In contrast the asymmetry wa
present for water or for lower PAA concentrations and le
of fluid elasticity. These results suggested that the asymm
was either a purely physical phenomenon of strongly el
fluid flows, or there are experimental conditions assoc
with our flow facility (for example geometric imperfection
upstream or downstream flow conditions) that have an ac
tuated influence on the flow of highly viscoelastic fluids.
latter argument is given credence by the fact that we ar
aware of any reports of such asymmetry in ASE geome
prior to[1]. For example Pak et al.[2] presented observatio
for the flow through an ASE of solutions of the same P
concentrations as[1] but did not comment on the flow sym
E-mail address:m.p.escudier@liverpool.ac.uk (M.P. Escudier). metry. It has to be said, however, that since their work was
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Nomenclature

a Carreau–Yasuda model parameter
A area expansion ratio [(DP/dI )2]
b constant in power-law formula forN1 (Pa1−m)
dI expansion inlet diameter (m)
DP pipe diameter downstream of expansion (m)
DI smooth contraction inlet diameter (m)
DG diameter of test section glass piping (m)
G′ storage modulus (Pa)
G′′ loss modulus (Pa)
h step height (m)
L streamwise distance from smooth-contraction

inlet (m)
m power-law index in power-law formula forN1
n power-law index in Carreau–Yasuda model
N1 first normal-stress difference (Pa)
Q̇ volumetric flow rate (m3 s−1)
r radial distance from centreline (m)
RP pipe radius downstream of expansion (m)
RG test section glass pipe radius (m)
ReB Reynolds number for flow atx/h= 5 based

on bulk flow Carreau–Yasuda viscosity
[ρUBh/µB]

ReH Reynolds number for water [ρUBh/µH]
ReM Reynolds number for flow atx/h= 5 based on

maximum shear rate Carreau–Yasuda viscosity
[ρUBh/µM]

ReW upstream flow Reynolds number based on
wall shear rate Carreau–Yasuda viscosity
[ρUGDG/µW]

U mean axial velocity (m s−1)
UB expansion inlet bulk velocity [4̇Q/πdI

2]
(m s−1)

UG bulk velocity in test section glass piping
[4Q̇/πDG

2] (m s−1)
x streamwise distance from expansion (m)
y radial distance from pipe wall (m)

Greek letters
β diameter ratio [DP/dI ]
γ̇ shear rate (s−1)
γ̇B expansion bulk flow shear rate [UB/h] (s−1)
γ̇M maximum shear rate atx/h= 5 [(dU/dy)max]

(s−1)
γ̇W laminar approach flow wall shear rate

[(dU/dy)wall] (s−1)
λCY Carreau–Yasuda model time constant (s)
µ apparent shear viscosity [= τ/γ̇] (Pa s)
µB inlet bulk shear rate Carreau–Yasuda viscosity

(Pa s)
µCY viscosity corresponding to Carreau–Yasuda

model (Pa s)

µE measured shear viscosity (Pa s)
µH shear viscosity of water (Pa s)
µM maximum shear rate atx/h= 5 Carreau–Yasuda

viscosity (Pa s)
µW wall shear rate Carreau–Yasuda viscosity (Pa s)
µ0 zero-shear-rate viscosity (Pa s)
µ∞ infinite-shear-rate viscosity (Pa s)
ρ fluid density (kg/m3)
τ shear stress (Pa)
τ0 oscillation stress (Pa)
ω oscillation frequency (rad s−1)

limited to flow visualisation, it is questionable whether any
asymmetry in turbulent flow would be revealed by this tech-
nique. Escudier and Smith[3] and Pereira and Pinho[4,5]
both reported axisymmetrical mean axial velocity and tur-
bulence intensity profiles for their measurements of the flow
of xanthan gum solutions (which are of lower viscoelasticity
than the PAA solutions of[1]) downstream of ASE geome-
tries. Castro and Pinho[6] found that the flows of weakly
elastic Tylose solutions were also axisymmetric.

It should be emphasised that in contrast to an axisymmetric
sudden-expansion flow, asymmetry in a plane sudden expan-
sion (PSE) flow is known to occur above a critical (laminar)
Reynolds number. In the plane geometry, a pressure differ-
ence is possible between the ‘top’ and ‘bottom’ recirculation
zones and it is well established[7] for expansion ratios (i.e.
ratio of downstream duct height to inlet duct height) greater
than 1.5, the separated flows above and below the centreplane
interact and result in an asymmetry where one reattachment
length is markedly greater than the other. This asymmetry
has been observed in both the flow of water[8] and in the
flow of highly viscoelastic PAA solutions[9]. As we have
shown previously[10], for PSE expansion ratios below 1.5
the reattachment lengths either side of the centreplane are
equal and the flow symmetrical, even for highly viscoelastic
PAA solutions.
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. Experimental arrangement

A schematic of the flow loop used for this study is sho
n Fig. 1 and is broadly the same as that used by Poole
scudier[1] and by Escudier and Smith[3] for their axisym-
etric sudden expansion measurements. The principal
tions were a modification to the expansion module us

1], and the inclusion of a plenum chamber at the inlet to
est section of the flow loop for some of the measurem
eported here (see Section4.4below).

Fig. 2 shows a schematic diagram of the axisymme
udden expansion. The expansion module comprised a
135 mm in length) smooth contraction (150 mm concave
owed by 75 mm convex radii), located 9.5 m downstream
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Fig. 1. Schematic diagram of flow facility.

the test section inlet (reduced to 9.2 m with the plenum cham-
ber). The initial internal diameter of the smooth contraction
inletDI was 100 mm (which matched the internal diameter of
the upstream glass pipingDG) and the final internal diameter
(i.e. the expansion inlet diameter)dI was 26 mm. The con-
traction was followed by a Perspex pipe of internal diameter
DP = 38.9 mm, giving an expansion step heighth= 6.45 mm
(compared withh= 13 mm in[1]). These dimensions produce
an expansion diameter ratioβ =DP/dI = 1.50 and expansion
area ratioA= (DP/dI )2 = 2.24. The 38.9 mm pipe extended for
900 mm until a second sudden expansion back to the 100 mm
glass piping, which continued for a further 2 m.

The internal diameter of the 38.9 mm pipe was found to
vary azimuthally by±0.05 mm and this imparted a measur-
able out-of-roundness on the expansion conditions. As shown
in Fig. 2 this pipe was sealed to the outer diameter of the
smooth contraction by a rubber O-ring recessed into the sur-
face of the contraction collar, an arrangement which also en-
sured that the expansion pipe was coaxial with the smooth
contraction (see Section4.4below). In addition this arrange-

ment allowed the downstream pipe to be rotated relative to
the smooth contraction. The downstream pipe could also be
extended to 1800 mm, the outlet being located within the
100 mm glass-piping interior for this configuration.

As is also discussed in Section4.4, for some experiments
a cylindrical plenum chamber, 70 L in capacity (720 mm in
length, inner diameter 354 mm), was installed to replace the
inlet bend to the test section as shown inFig. 1. The plenum
chamber was intended to remove any asymmetry in the flow
entering the test section. Within the plenum chamber was
a disc of the same diameter equal to the inner diameter of
the plenum chamber, with a series of symmetrically-placed
holes which combine to give an open area twice that of the
plenum chamber exit area (7.85× 10−3 m2). Immediately
downstream of the plenum chamber inlet was a 90◦ bend
within the plenum interior that directed flow to the rear wall
of the chamber. A crossbeam flow straightener was located at
the plenum chamber outlet to suppress any residual swirling
motions in the fluid entering the test section.

The Dantec Fibreflow laser Doppler anemometer (LDA)
system used for the mean velocity measurements comprised
a Dantec 60X10 probe and a Dantec 55X12 beam expander
in conjunction with a Dantec Burst Spectrum Analyzer signal
processor (model 57N10). The beam separation at the front
lens was 51.5 mm and the lens focal length 160 mm (corre-
s ◦ s
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Fig. 2. Axisymmetric sudden expansion (dimensions in mm).
ponding to an included half angle of 9.14) which produce
measurement volume with principal axis in the radia

ection of length 0.21 mm and diameter 20�m. In view of
he small diameter of the measuring volume, no correc
as applied for the effect of velocity-gradient broaden
s recommended by Tropea[11], transit-time weighting wa
sed to correct the velocity measurements for the effec
elocity bias. Measurements were taken in forward sc
long a horizontal radial line atx/h= 5 (x being the distanc
ownstream of the expansion inlet), starting at the side o
xpansion closest to the LDA transmitting optics. For rea
hat will become apparent later, it is important to note tha
easurements were taken with the transmission optics

rating the flow from the same side of the pipe. Measurem
pstream of the smooth contraction were taken in the s
anner atL/DG =−1 and−26 (L measured axially from th



64 C. Dales et al. / J. Non-Newtonian Fluid Mech. 125 (2005) 61–70

smooth contraction inlet) to examine the approach-flow ve-
locity profile. At each location, nominally 40,000 velocity
samples were collected which resulted in a maximum rela-
tive statistical error, for a 95% confidence interval, of approx-
imately 0.3% in the mean velocity (Yanta and Smith[12]).
The total uncertainty in the mean velocity is estimated to be
in the range 3–4%.

The volumetric flow ratėQ was measured using a Fischer
and Porter electromagnetic flow meter (model 10D1) incor-
porated in the flow loop upstream of the sudden expansion
(seeFig. 1) with the flowmeter output signal recorded via an
Amplicon PS 30AT A/D converter.

All rheological measurements were carried out using a TA
Instruments Rheolyst AR 1000N controlled-stress rheometer.
A temperature of 20◦C was maintained for the rheological
measurements, which was also the average temperature of
the fluid for the duration of the experimental runs. Control of
the temperature of the sample to within±0.1◦C is achieved
in the rheometer via a plate using the Peltier effect.

3. Rheology of the working fluid

The working fluid was nominally identical to one of those
used in[1], i.e. an aqueous solution of polyacrylamide (PAA),
S tion
0 tting
L with
1
c erage
m ined
u
w
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b nt in

both the shear rheology of the working fluid and in the LDA
measurements.Fig. 3presents the apparent shear viscosityµ

versus shear stressτ for a freshly prepared solution of PAA
and for the same fluid after progressive shearing. Progres-
sive shearing involved the fluid being pumped around the
flow loop at the three flow rates at which LDA measurements
were taken (approximately 9.3, 12.3 and 15.3 m3/h) for a total
of 6 h (i.e. 2 h at each flow rate, which is approximately the
time taken to complete one LDA traverse of the test section).

Superimposed onto the rheological data inFig. 3 are the
corresponding Carreau–Yasuda model fits:

µCY = µ∞ + µ0 − µ∞
(1 + (λCY(τ/µCY))a)n/a

(1)

whereµ0 is the zero-shear-rate viscosity,µ∞ the infinite-
shear-rate viscosity,λCY a time constant,na power-law index
andaparameter introduced by Yasuda et al.[13]. The model
parameters, which are listed inTable 1for both the freshly
prepared and progressively sheared measurements, were de-
termined using the fitting procedure outlined in Escudier et
al. [14], in essence minimisation of the standard deviation
of (1 − µE/µCY)2, µE being the experimental estimate of
the shear viscosity. The most noticeable change due to pro-
gressive shearing is a 16% reduction of the zero shear rate
viscosityµ0.

s f fluid
e ro-

T
C

S

F 1.35
P 1.11

degraded (�) 0.1% PAA solution (solid lines are Carreau–Yasuda model fits).
eparan AP273 E supplied by SNF UK limited, concentra
.1% by weight and optically transparent, thereby permi
DA measurements. The solvent was filtered tap water
00 ppm of 40% formaldehyde solution (i.e. 4× 10−3% con-
entration) added to retard bacterial degradation. The av
olecular weight for the PAA used in this study, ascerta
sing gel-phase chromatography, was 1.94× 106 kg/kmol
ith a polydispersity of 1.05.
A principal drawback of the PAA solution is its susce

ility to mechanical degradation, which becomes evide

Fig. 3. Viscometric data for freshly prepared (©) and mechanically
The variation of first normal stress differenceN1 with
hear stress, which is a good measure of the degree o
lasticity, is shown inFig. 4a for the freshly prepared and p

able 1
arreau–Yasuda model parameters for 0.1% PAA

olution status µ0(Pa s) µ∞(Pa s) λCY(s) n a

reshly prepared 4.00 0.00353 43.5 0.658
rogressively sheared 3.35 0.00343 38.6 0.651
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Fig. 4. (a) First normal stress difference for freshly prepared (©) and mechanically degraded (�) 0.1% PAA solution (solid line is power law fit). (b) Recoverable
shear for freshly prepared (©) and mechanically degraded (�) 0.1% PAA solution.

gressively sheared samples of PAA solution. As can be seen
in Fig. 4b, over the measured range the recoverable shear
N1/2τ for both samples is much greater than 0.5 indicating
a highly elastic liquid[15]. No systematic change inN1 is
apparent between the samples within the shear stress range
investigated, which cannot extend to the lower shear stresses
of the rheology curve inFig. 3 where the values ofN1 are
below the sensitivity of our rheometer. A power-law fit to the
N1 data:

N1 = bτm (2)

leads to b= 8.46 Pa1−m and m= 1.47 over the range
1.5 <τ <4.2.

The storageG′ and lossG′′ moduli are shown as a function
of oscillation frequencyω in Fig. 5, measured at an oscillation
stressτ0 of 0.05 Pa which is well within the linear viscoelastic
region of the PAA solution (which was found to lie between
0.01Pa≤ τ0 ≤ 0.2 Pa). As with theN1 data, no systematic dif-
ferences between the fresh and progressively sheared samples
are evident in this measure of the fluid viscoelasticy.

4. Flow measurements

4.1. Reynolds number for the flow of PAA

Reynolds numbers for mean axial velocity measurements
taken downstream of the expansion are defined based upon
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Fig. 5. Storage (©) and loss (♦) moduli for freshly prepared (open symbols) and mechanically degraded (closed symbols) 0.1% PAA solution.

the bulk velocity at the expansion inletUB (= 4Q̇/πdI
2) as

the velocity scale and the expansion step heighthas the length
scale. The density of the polymer solutionρ is practically
unchanged from that of the solvent (water). A dynamic vis-
cosity µB is inferred from the Carreau–Yasuda model for
the freshly prepared polymer solution, using a characteris-
tic flow shear ratėγB = UB/h. As an alternative, we esti-
mate a viscosityµM corresponding to the maximum shear
rate γ̇M = (dU/dy)maxobtained from the velocity distribu-
tions atx/h= 5. These estimates provide two Reynolds num-
bersReB = ρUBh/µB andReM = ρUBh/µM, the latter al-
ways being higher due to the shear-thinning nature of PAA.

To define a Reynolds number for the LDA measurements
in the 100 mm glass tubing preceding the smooth contraction,
we use the bulk velocityUG in the glass pipe and diameterDG
as the velocity and length scales respectively. A wall shear
rate γ̇W = (dU/dy)wall is then estimated from the velocity
profiles to provide a viscosityµW using the Carreau–Yasuda
model. The upstream flow Reynolds number is thenReW =
ρUGDG/µW.

4.2. Water flow

Fig. 6shows the mean axial profile downstream of the ASE
atx/h= 5 for water flow at two Reynolds numbersρU h/µ

c 2.0
a
b
r
p ure-
m orig-
i
s av-
e ed as

a reference curve. Despite the four-fold increase inRethere
is little quantitative difference between the two profiles. As
expected for high Reynolds number flows of a Newtonian
fluid through a smooth contraction, the velocity is essentially
uniform in the high velocity core (r/RP < 0.5). Both profiles
yielded an apparent bulk flow rate (determined by numerical
integration) within 5% of the value indicated by the electro-
magnetic flow meter.

F ata
f
a etween
actual data and measurements rotated aboutr/RP = 0).
B H
orresponding to inlet bulk velocities of approximately
nd 8.0 m s−1. The local mean axial velocityU is normalised
y UB, and the radial distance from the centreliner by the
adius of the pipe downstream of the contractionRP. The
rofiles reveal complete symmetry in the plane of meas
ent, emphasised by the superimposed rotation of the

nal data about the pipe centreline (i.e.r/RP = 0), and by the
olid line which represents the numerically determined
rage between the actual and rotated data and is includ
ig. 6. Axisymmetric flow of water atx/h= 5 (closed symbols represent d
or r/RP > 0 rotated aboutr/RP = 0) forReH = 12810{©}; 51360{♦} (in this
nd subsequent figures, the solid line represents numerical average b
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Fig. 7. Mean axial velocity for 0.1% PAA atx/h= 5 for ReB (ReM) = 5830
(7610){©}; 7820 (9870){♦}.

4.3. 0.1% PAA fluid flow

Fig. 7 shows the mean axial velocity profiles atx/h= 5
for 0.1% PAA for inlet bulk flow velocities of approximately
6.4 and 8.0 m s−1. The profiles are symmetrical in the core

F r
(
{

of the flow (r/RP < 0.65), as revealed by the solid lines. The
core diameter is now larger than for the water flow (0.65DP
as opposed to 0.5DP). As observed previously[1] there is a
bulging of the velocity profile in the core, whereas for water
(Fig. 6) the profile in this region remains entirely uniform.
For this concentration of PAA, an accelerated central core of
uniform velocity is observed with an inflected velocity profile
either side flanked by the shear layer. The non-uniform pro-
file on the central core between the shear layers we attribute
to the highly-viscoelastic liquid interacting with the smooth
contraction, since the effect of shear thinning is normally to
flatten the velocity profile. The core velocity profile is also in-
fluenced by mechanical degradation of the polymer solution
as it is progressively sheared, the principal effect of which we
have already shown leads to a reduction in the zero-shear-rate
viscosity of the fluid flow curve (Fig. 3). The consequence of
degradation on the core velocity is clearly evident inFig. 8,
where the mean axial profile measurements are shown at the
same inlet bulk velocity (4.9 m s−1 compared with 6.4 and
8.0 m s−1 for the data ofFig. 7) prior and subsequent to pro-
gressive shearing, and relate directly to the rheological mea-
surements of the same fluid at each state which we discussed

Fig. 9. Mean axial velocity for 0.1% PAA atx/h= 5 after modifications to
the rig: 180◦ rotation of downstream pipe, forReB (ReM) = 7860 (10170)
ig. 8. Mean axial velocity for 0.1% PAA atx/h= 5 before (©) and afte
♦) progressive shearing forReB (ReM) = 3930 (5220){©}; 3930 (4530)
♦}.

{
c

©}; 180◦ rotation of contraction 7960 (10170){♦}; installation of plenum
hamber 7960 (9620){�}.
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in Section3. For the progressively sheared measurements an
inner core develops within which the velocity has increased
by a further 20% of the bulk velocity. As discussed in[1],
the profile shape in the central core is strongly influenced by
the gradual contraction and it is this flow which appears to be
directly affected by the degradation. In addition the length of
the recirculation zone appears to increase in response to the
increased acceleration of the fluid in the core for the degraded
PAA solution, whereas the gradients in the shear layer remain
largely unaltered. We conclude that both the velocity profile
and shear viscosity are consistent with polymer degradation
in regions of low (tending to zero) shear rate.

We also note a difference between the reattachment
lengths of the recirculation regions on either side of the pipe,
which is marked by a difference in the minimum negative
mean velocity in the separated flow either side of the high
velocity core within the plane of measurement. The degree
of asymmetry is noted to increase withRebut remain in the
same sense for both sets of measurements inFig. 7, and is also
evident in the pre- and post-shearing results ofFig. 8. From
the foregoing we conclude that the asymmetry inFigs. 7 and 8
is either a purely physical phenomenon of such highly elastic
flows (i.e. perhaps an instability related to the relative levels
of elasticity, inertia and viscosity), or it is a feature peculiar to
our flow facility that becomes apparent only for highly elas-
t the
a me-
t act
w y is

that the velocity profiles within the expansion are influenced
by either upstream or downstream flow conditions. As noted
in Section2, the LDA system was operated in forward-scatter
mode with the transmission optics always on the same side of
the pipe. If the optical arrangement of the LDA system were
to be responsible for the asymmetry we observed, it would
have to be the case that the asymmetry would be seen in all
measurements. As can be seen fromFig. 6, no asymmetry
was found for the two water flows, and the LDA system itself
has to be excluded from consideration. It is also the case that
the level of uncertainty in the measurements, at most 4% of
the local mean velocity, is far too low to give rise to an ap-
pearance of asymmetry, either within the regions of reversed
flow or the radial shift of the central core.

4.4. Examining the source of asymmetry for the flow of
0.1% PAA

To investigate which, if any, of the influences suggested
above are responsible for the flowfield asymmetry, a series
of measurements was undertaken following modifications to
the flow facility: 180◦ rotation of the 38.9 mm pipe; 180◦ ro-
tation of the smooth contraction; installation of an upstream
plenum chamber; doubling the length of the 38.9 mm pipe.
The results for the first three modifications are shown inFig. 9
a se of
t ach-
m wn-
s atly

F
(

ic flows. In the case of the latter, one possibility is that
symmetry is a product of imperfections in the flow geo

ry within the vicinity of the sudden expansion which inter
ith the highly viscoelastic solution. A second possibilit
ig. 10. (a) Laminar approach flow of 0.1% PAA in 100 mm pipe forReW = 1700 at
b) Laminar approach flow of 0.1% PAA in 100 mm pipe forReW = 1700 at locati
nd it is evident that none of them affects either the sen
he asymmetry within the recirculation region or the reatt
ent lengths. However, in the case of rotation of the do

tream pipe, the axisymmetry of the central region is gre
locationsL/DG =−1{©}; =−26{♦} prior to plenum chamber installation.
onsL/DG =−1 {©}; =−26{♦} after plenum chamber installation.
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Fig. 11. Mean axial velocity of 0.1% PAA with extension of downstream
(38.9 mm∅) pipe atx/h= 5 for ReB (ReM) = 5760 (7500){©} and 7740
(10050){♦}.

improved although asymmetry in the reversed-flow regions
remains, where the difference in magnitude between the min-
imum velocities in either region (as a percentage of the aver-
age of the two values) is about 30%, i.e. far from negligible.
In addition we note that the plenum chamber was effective in
removing a slight asymmetry in the laminar approach-flow
(upstream of the smooth contraction) that appears to amplify
towards the test-section entrance. The approach-flow asym-
metry is evident inFig. 10a for axial velocity measurements at
L/DG =−26 (relative to the smooth contraction inlet) which
diminishes (but is still apparent) atL/DG =−1. By contrast
the asymmetry is no longer perceptible at the same upstream
locations inFig. 10b with the plenum chamber installed.

The fourth modification altered the downstream flow con-
ditions by doubling the length of the 38.9 mm pipe into which
the flow first expands, thus diminishing any possible upstream
effects a second sudden expansion might impose on the mean
axial flow at the inlet. For the flow of a Newtonian fluid
through a plane sudden expansion (PSE) Mullin et al.[16]
observed that a slight contraction placed some distance down-
stream of the inlet imparted an upstream influence by alter-
ing the critical Reynolds number at which the flow became
asymmetric. As revealed inFig. 11, for our ASE geometry
this final modification also had no influence on the asymme-
try atx/h= 5, which remained unchanged from that ofFig. 7
f

In summary, none of the modifications to the flow facil-
ity have influenced the asymmetry; the asymmetry is not ob-
served in water, in weaker PAA solutions[1] or in other poly-
mer solutions of lower viscoelasticity (xanthan gum in[3–5]
or Tylose in[6]); and the asymmetry is unaffected by flowrate
(note that the majority of measurements were taken for bulk
flow velocities of 6.4 and 8.0 m s−1 but those ofFig. 8were
for the lower velocity of 4.9 m s−1).

5. Conclusions

We have sought to identify the source of asymmetry ap-
parent in the mean axial velocity measurements of a highly
elastic polymer solution (0.1% PAA) downstream of an ax-
isymmetric sudden expansion. The asymmetry contrasts with
the axisymmetric flow of water at two Reynolds numbers
through the same geometry. Our results lead us to conclude
that geometrical imperfections in the sudden expansion test
module are not the source of asymmetry in the flow of the
PAA solution. Neither can the asymmetry be ascribed to the
flow conditions at inlet to the upstream piping which produce
a slight but measurable asymmetry in the laminar approach
flow velocity profile (removed by installing a plenum cham-
ber at the entrance to the test section), or the presence of a
s h we
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p let.

etric
s ted
t The
d axial
v uc-
t uid.
M d the
s n the
m

R

ids
Fluid

non-
ewt.

ear-
Flu-

ning

n a
02)
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42–
or the same bulk inlet velocities.
econd sudden expansion at the test module exit, whic
istanced from the region of measurement by extendin
ipe into which the flow enters after the first expansion in

Our LDA measurements downstream of the axisymm
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