
J. Non-Newtonian Fluid Mech. 127 (2005) 143–155

Observations of asymmetrical flow behaviour in transitional pipe
flow of yield-stress and other shear-thinning liquids

M.P. Escudiera,∗, R.J. Poolea, F. Prestia, C. Dalesa, C. Nouarb,
C. Desaubryb, L. Grahamc, L. Pullumc

a University of Liverpool, Department of Engineering, Mechanical Engineering, Brownlow Hill, Liverpool L69 3GH, UK
b LEMTA-Laboratoire d’Energetique et de Mecanique Theorique et Appliquee UMR 7563, 2, Avenue de la Foret de Haye, BP 160, 54 504

Vandoeuvre-les-Nancy Cedex, France
c Energy and Thermofluids Engineering, CSIRO MIT, Graham Road, Highett, Vic. 3190, Australia

Received 20 December 2004; received in revised form 11 February 2005; accepted 12 February 2005

Abstract

The purpose of this brief paper is to report mean velocity profile data for fully developed pipe flow of a wide range of shear-thinning liquids
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ogether with two Newtonian control liquids. Although most of the data reported are for the laminar–turbulent transition regime, da
ncluded for laminar and turbulent flow. The experimental data were obtained in unrelated research programmes in UK, France an
ll using laser Doppler anemometry (LDA) as the measurement technique. In the majority of cases, axisymmetric flow is observ

aminar and turbulent flow conditions, although asymmetry due to the Earth’s rotation is evident for the laminar flow of a Newtonia
ow viscosity (i.e. low Ekman number). The key point, however, is that for certain fluids, both yield-stress and viscoelastic (all flui
tudy are shear-thinning), asymmetry to varying degrees is apparent at all stages of transition from laminar to turbulent flow, i.e. fro
ndications to almost fully developed turbulence. The fact that symmetrical velocity profiles are obtained for both laminar and turb
f all the non-Newtonian fluids in all three laboratories leads to the conclusion that the asymmetry must be a consequence of a flu
echanism, as yet not identified, rather than imperfections in the flow facilities.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Consistent with the concept of fully developed flow in a
ircular pipe is the expectation that the radial distributions of
ean velocity will be axisymmetric irrespective of whether

he flow is laminar, turbulent or transitional. In fact, as
4] have shown, under certain circumstances significant
epartures from axisymmetry in fully developed laminar
ipe flow of a Newtonian fluid can arise as a consequence
f the influence of the Coriolis acceleration due to the
arth’s rotation. An experimental study of laminar–turbulent

ransition in fully developed laminar pipe flow[5] showed
hat if such a flow is subjected to a relatively high amplitude,
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asymmetrical disturbance upstream, then the mean ve
profiles for the downstream flow exhibited an asymme
distortion. Apart from these rather special situations
far as Newtonian fluids are concerned we are unawa
any evidence to suggest that the expectation of mean
axisymmetry in fully developed pipe flow is unfounded
any of the three flow regimes. As a consequence of the
est in drag reduction, a number of papers have been pub
concerned primarily with the fully developed turbulent p
flow of very low concentrations of high molecular weig
polymers [1,2,9,10,16–18]. The velocity profile data fo
these turbulent flows appear to be axisymmetric as do da
the flow of non-Newtonian liquids (for the most part hig
concentrations of polymers)[11,12,14]. The same can be sa
for the limited data for fully developed laminar flow, whi
these authors included with that for their turbulent flows.

377-0257/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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transitional flow the only published data we are aware of is for
Laponite[6], a synthetic clay, which is shear-thinning with
a yield-stress and is also thixotropic. This flow was found
to be strongly asymmetric and it was originally thought that
minor imperfections in the flow geometry were the cause,
notwithstanding the axisymmetric appearance of velocity
profiles for Laponite flows under laminar and turbulent flow
conditions.

The purpose of this brief paper is to report mean velocity
profile data for the flow of a wide range of shear-thinning
liquids primarily in the laminar–turbulent transition regime.
The data were obtained in three unrelated research pro-
grammes in UK, France and Australia, all using laser
Doppler anemometry (LDA) as the measurement technique.
These data include measurements obtained in the 100 mm
i.d. pipe flow facility in Liverpool additional to those
reported by Escudier and Presti[6], all of which show
departures from axisymmetry in the transition regime.
Other data revealing a lack of axisymmetry are reported for
experiments carried out in a much smaller pipe run (30 mm
i.d.) in LEMTA, Nancy, and in a larger facility (105 mm i.d.)
at CSIRO, Melbourne. Because the data were collected quite
independently and at different points in time, inevitably there
are differences in methodology and completeness. None of
these differences is substantial so far as the conclusions are
concerned.
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used were obtained using a Bohlin CVO50 controlled stress
rheometer.

For the LDA systems used in each of the three laboratories,
the total uncertainty in the mean velocity values is estimated
to be typically 3–4% (see, e.g.[15]). Error bars representing
this low level of uncertainty would be smaller than the sym-
bols used inFigs. 3(a)–13(a) and so have not been included.
It is clear that the measurement uncertainty cannot account
for the observed asymmetry.

3. Rheological data

The working liquids used in Liverpool were aqueous so-
lutions of 1.5 wt% Laponite (which we abbreviate as LAP
LIV) [grade RD supplied by Laporte Industries Ltd.], 0.1%
Carbopol EZ1 (CARB LIV) [Carbopol EZ1 supplied by Sur-
sachem Ltd.], 0.25% sodium carboxymethylcellulose (CMC
LIV) [supplied by BDH Ltd.], 0.2% xanthan gum (XG
LIV) [Keltrol TF supplied by Kelco], a blend of 0.09%
CMC and 0.09% XG (CMC/XG LIV) [same suppliers as
unblended polymers] and 0.125 and 0.2% polyacrylamide
(PAA LIV) [Separan AP 273 E supplied by Floerger]. The
shear viscosity data for Laponite and high (>0.1%) concen-
trations of Carbopol are found to be best characterised by the
Herschel–Bulkley model:
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. Experimental facilities

Full details of the flow facility and instrumentation at
niversity of Liverpool have been given by Escudier
resti [6] and so only the briefest of descriptions is gi
ere. The measurements were obtained using a Dantec
low LDA system with a measuring volume 0.2 mm in len
nd 20�m in diameter (in water) in a glass pipe of inter
iameter 100± 0.4 mm at a location 12 m (120 diamete

rom the pipe inlet. Rheological data for the liquids used w
btained using a Bohlin VOR controlled stress rheomet

The LEMTA, Nancy, measurements were carried ou
plexiglass tube 30 mm i.d. and 4.5 m from the inlet

50 diameters). Details of this pipe flow facility are giv
y Peixinho et al.[13]. These velocity measurements w
arried out using a Dantec FlowLite LDA system with
easuring volume 0.65 mm in length and 77�m in diamete

or the main body of the flow and 0.17 mm length a
9�m diameter for the near-wall region. The rheolog
easurements were performed using a TA Instrument
000 controlled stress rheometer.

The measurements carried out at the CSIRO, Melbo
aboratory were performed in a PVC pipe 105 mm in diam
quipped with a plexiglass section for optical access situ
0 m (190 diameters) downstream of a bend. Details o
ipe flow facility are given by Graham and Pullum[8]. The
elocity measurements were made using a two-colour
DV system and the rheological parameters of the liq
= τY + K(γ̇)n, τ > τY (1)

hile all other liquids are well represented by
arreau–Yasuda model:

CY = µ∞ + µ0 − µ∞
(1 + (λCYγ̇)a)n/a

(2)

n equation(1), τ is the shear stress,τY the “yield-stress”
a consistency parameter,n the power-law index anḋγ

s the shear rate. The additional quantities which appe
quation(2) areµCY, the apparent viscosity according to
arreau–Yasuda model,µ∞ the viscosity at infinite she

ate,µ0 the viscosity at zero shear rate,λCY a time con
tant anda is a parameter introduced by Yasuda et al.[20].
he shear viscosity data are shown inFigs. 1 and 2togethe
ith curves representing the two models, as appropriate
odel parameters for the solutions, which are best re

ented by the Carreau–Yasuda model, are listed inTable 1
nd those well fitted by the Herschel–Bulkley inTable 2.

The working liquid for the LEMTA laboratory was a
queous solution of 0.2% Carbopol 940 (CARB LEMT
upplied by Noveon Inc.

The working liquids for the CSIRO, Melbourne, measu
ents were aqueous solutions of 0.08% Ultrez 10, a varie
arbopol supplied by BF Goodrich (ULTREZ CSIRO) a
.6% sodium carboxymethylcellulose (7HF Aqualon) s
lied by A.C. Hatrick (CMC CSIRO).

It is well known that many of the working liquids used
he various experiments discussed in this paper are to
ng degrees viscoelastic and that this characteristic stro



M.P. Escudier et al. / J. Non-Newtonian Fluid Mech. 127 (2005) 143–155 145

Fig. 1. Viscometric data for various polymer solutions (including
Carreau–Yasuda fit), (�) 0.09% CMC/0.09% XG LIV, (©) 0.25% CMC
LIV, (�) 0.125% PAA LIV, (♦) 0.2% PAA LIV, (�) 0.2% XG LIV, ( )
0.1% CARB LIV, (�) 0.6% CMC CSIRO.

Fig. 2. Flow curves for yield-stress type behaviour (including
Herschel–Bulkely fits), (�) 1.5% LAP LIV, (♦) 0.08% ULTREZ
CSIRO, (©) 0.2% CARB LEMTA.

Table 1
Carreau–Yasuda model parameters for polymer solutions

Fluid µ0 (Pa s) µ∞ × 10−3

(Pa s)
λCY (s) n a

0.1% CARB LIV 5.92 1.65 13000 0.376 7.4
0.25% CMC LIV 0.0599 5.51 0.0125 0.562 0.669
0.09% CMC/0.09%

XG LIV
0.342 1.93 6.26 0.484 0.656

0.125% PAA LIV 0.235 2.19 1.12 0.572 0.910
0.2% PAA LIV 2.94 3.55 11.1 0.660 2.01
0.2% XG LIV 0.431 2.35 0.778 0.673 1.29
0.6% CMC CSIRO 0.344 5.45 0.0378 0.514 0.686

Table 2
Herschel–Bulkley model parameters for yield-stress fluids

Fluid τY (Pa) K (Pa sn) n

1.5% LAP LIV 4.42 0.242 0.534
0.2% CARB LEMTA 9.8 2.31 0.51
0.08% ULTREZ CSIRO 2.39 3.64 0.423

influences the turbulent flow structure and delays transition.
Unfortunately, the set of viscoelastic data (i.e. the storage
modulusG′, the loss modulusG′′, the first normal-stress dif-
ferenceN1 and the extensional viscosity) is far less complete
than is the case for the viscometric data and so no viscoelas-
tic data are included here, although it is worth noting that
attempts to measure viscoelastic behaviour for the CSIRO
Ultrez and Carbopol solutions using a Rheometrics ARES
rheometer (fitted with 50 mm parallel plates) failed to resolve
any significant values forN1 and the second normal-stress dif-
ferenceN2. Such further data as are available can be found
in [7,13].

4. Experimental data

Each set of velocity profiles shown inFigs. 3(a)–13(a)
covers a range of Reynolds numbers which span the three flow
regimes. The definition adopted for the Reynolds number is

Re = ρUBD

µW
(3)

whereρ is the liquid density (essentially that of water for the
low concentrations under consideration here),UB the bulk
velocity (i.e. flow rate/pipe cross-sectional area) andD is
the pipe diameter. The viscosityµ for the non-Newtonian
l ing,
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iquids, all of which to various degrees are shear-thinn
as determined from either the Herschel–Bulkley mode

for LAP and 0.2% CAR) or the Carreau–Yasuda mode
for 0.1% CAR, CMC, XG, CMC/XG and PAA) at a she
ate taken as the velocity gradient at the pipe wall. A
ncluded with each set of velocity profiles are refere
urves corresponding to an average of the velocity da
ither side of the centreline. Where the experimental

ollow a smooth curve, as in the laminar flow regime,
orresponding reference curves are also smooth. In the
itional regime, where the data show much more variab
he reference curves are more jagged in appearanc
till symmetrical (by construction). The sequence of fig
howing the velocity profiles starts with the data for w
nd glycerol (i.e. Newtonian fluids) and is followed by d

or the non-Newtonian liquids, which reveal a progressi
ecreasing degree of asymmetry. The velocity profiles
ach fluid are presented in order of increasing Reyn
umber offset from bottom to top by an amount indicate

he shifted origins depicted by ‘0’ along the ordinate of e
gure. The actual velocity scale is shown in each case fo
rofile at the highest Reynolds number. Below each s
elocity profiles is the variation with Reynolds number of
ear-wall (r/R= 0.8, wherer is the radial location within th
ipe andR is the pipe radius) axial-velocity fluctuation le
′ (rms), which[6] was found to be an excellent indica
f the flow regime. The highlighted symbols in theu′ (Re)
lots in part (b) ofFigs. 3–13correspond to theRevalues

or the velocity profiles in part (a) of each figure. The fl
arameters for all flows are listed inTable 3.
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Fig. 3. (a) Mean axial velocity profiles for Newtonian fluids LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

The slight asymmetry in the velocity profiles for glycerol
(Fig. 3(a)) atRe= 540 and 1000 is consistent with the ob-
servations of Draad and Nieuwstadt[4] and their argument
that asymmetry in fully developed laminar flow is due to the
Earth’s rotation and is governed by an Ekman number defined
as

Ek = µW

2ΩρD2 sinα
(4)

where Ω is angular velocity of the Earth (i.e.
7.272× 10−5 s−1) and α is the angle between the pipe
axis and the rotation axis of the Earth. In fully developed
laminar flow through a straight circular pipe, the streamlines
are parallel, viscous forces are balanced by pressure forces,
the fluid inertia is unchanging and so plays no role in the
fluid-dynamic. The influence of the Coriolis acceleration
due to the combined effects of the Earth’s rotation and the
parallel flow is to generate a component of acceleration
transverse to the pipe axis which leads to a distortion of the
velocity profile. The Liverpool pipe run is oriented along a
west–east axis and the latitude for Liverpool is 52◦N, which
in this case also equals the angleα. The corresponding
Ekman number for the glycerol flow is 5, which is practically
the same as the value of 5.2 for the experiments of Draad and
Nieuwstadt. The lower the value ofEk, the more important

rotational effects become compared with viscous forces. So
far as the present paper is concerned the Ekman number is
certainly relevant for the fully developed laminar flows and
in Table 3the values of the Ekman number are listed only
for this flow condition.

Other influences, which could lead to asymmetry, include
buoyancy arising from ambient temperature gradients and
curvature of the pipe axis. Dean[3] was the first to investigate
systematically the effect of curvature. His work led to the
conclusion that the parameter (now termed the Dean number,
De), which determines the strength of secondary flows due
to curvature is

De = Re

(
D

2RA

)1/2

(5)

whereRA is the radius of curvature of the pipe axis. Curvature
becomes important ifDe> 40 which, for the Liverpool pipe
flow facility, requiresRA < 125 m forRe= 2000 or a 100 mm
departure from straightness over a length of 10 m, which is at
least two orders of magnitude greater than is the case. Buoy-
ancy effects are unlikely to be significant because they require
a sustained uniform temperature gradient in the vicinity of the
pipe run, whereas in practice the ambient temperature is more
likely to fluctuate with time and location.
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Fig. 4. (a) Mean axial velocity profiles for 1.5% LAP LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

Fig. 5. (a) Mean axial velocity profiles for 0.2% XG LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.
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Fig. 6. (a) Mean axial velocity profiles for 0.1% CARB LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

The asymmetry persists for the profile atRe= 2200 and has
almost disappeared for that atRe= 2400. As is well known
(e.g.[19]), transition in fully developed pipe flow for a New-
tonian fluid is normally taken to occur between a Reynolds
number of about 2000 (the start of laminar instability) and
4000 (by which point the flow is fully turbulent), so both of
these profiles correspond to an early stage of the transition
process. A very slight asymmetry is still evident forRe= 2200
and may result from the Earth’s rotation but the degree of
asymmetry is so slight that it would almost go unremarked
were it not under such close scrutiny. The two turbulent flow
profiles for glycerol (Re= 3500 and 36,000) and a third for
water (Re= 61,000) are all symmetrical.

The Laponite data inFig. 4(a) are those originally reported
by Escudier and Presti[6]. In contrast to the flow of glyc-
erol, the absence of asymmetry of the laminar flow profile for
Laponite atRe= 550 can be explained by the fact that this fluid
has a much higher kinematic viscosity (9.45× 10−5 m2/s), a
correspondingly high Ekman number (Ek= 65) and the in-
fluence of the Coriolis acceleration is considerably reduced.
In fact, the Ekman numbers for all the non-Newtonian liquid
flows fall in the range 21–65 as shown inTable 3, so in the
worst case the Coriolis force amounts to less than 5% of the
viscous force compared with 20% for the Newtonian fluid

flow. The two subsequent profiles for Laponite (Re= 1275
and 1650) are both asymmetric. The profile atRe= 2900,
which the near-wall fluctuation levels show corresponds to
the early stages of transition, is the most asymmetric of any
we report here, whereas that forRe= 3400 is practically sym-
metrical but shows far more scatter than all other profiles in
this set due to the very high fluctuation levels associated with
the final stage of transition. The profile for fully turbulent
flow (Re= 25,300) is clearly symmetrical and almost identi-
cal to that for the high Reynolds number flows of glycerol
and water.

Xanthan gum is a semi-rigid polymer with a very different
structure to Laponite, which is a synthetic clay. Nevertheless,
the profile measured in Liverpool shown inFig. 5(a) for the
very start of transition (Re= 1620) is again strongly asymmet-
ric in the same sense (i.e. to the left) as the profile for Laponite
at the start of transition. The three turbulent flow (Re= 6500,
14,100 and 40,500) XG profiles are entirely symmetrical.

In contrast to the data for a higher concentration level
(see,Fig. 9(a)), at a concentration level of 0.1%, Carbopol
EZ1 (CARB LIV) did not display yield-stress type behaviour
and the flow curve for this fluid (Fig. 1) is well represented
by the Carreau–Yasuda model fit. The mean axial velocity
profiles for this fluid are shown inFig. 6(a). The laminar
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Fig. 7. (a) Mean axial velocity profiles for 0.2% PAA LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

Fig. 8. (a) Mean axial velocity profiles for 0.6% CMC CSIRO (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.
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Fig. 9. (a) Mean axial velocity profiles for 0.2% CARB LEMTA (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

flow profile atRe= 670 is symmetrical but that atRe= 1400,
which the fluctuation levels suggest is in the early stages of
transition, is clearly asymmetrical. Pexinho et al.[13] suggest
that transition of yield-stress liquids is a two-stage process
and theu′ variation inFig. 6(b) lends credence to this idea.
The transitional flow profile atRe= 2000 shows a very slight
asymmetry to the right in contrast to the asymmetry to the left
shown by all other asymmetric profiles discussed so far. The
profiles for Carbopol at higher Reynolds numbers, both for
transitional (Re= 3100) and turbulent flow (Re= 5570, 9600
and 24,000) are again all symmetrical.

The profiles for 0.2% PAA LIV (Fig. 7(a)) also show a
change from slight asymmetry to the left atRe= 1870 and
7695 to pronounced asymmetry to the right atRe= 10,950,
whereas the intermediate profile (Re= 3840), for the early
stage of transition, is essentially symmetrical. Due to its
highly flexible molecular structure PAA is highly shear-
thinning and viscoelastic and the much higher and extended
range of Reynolds numbers for transitional flow is associated
with the strongly drag-reducing character of this polymer (see
e.g.[7]). The laminar flow profile atRe= 1085 and the tur-
bulent flow profile atRe= 18820 are again symmetrical.

The first set of profiles from the CSIRO laboratory in
Melbourne (Fig. 8(a)) is for 0.6% CMC, a shear-thinning,

viscoelastic polymer. The laminar (Re= 750) and turbulent
flow (Re= 3570) profiles are clearly symmetric, whereas the
transitional profile (Re= 2180) is skewed significantly to the
right. For this fluid the fluctuation data are more limited (i.e.
Fig. 8(b)).

The second set of data for Carbopol (Fig. 9(a)) is from the
LEMTA laboratory in Nancy and for a higher concentration
(0.2% compared with 0.1%) than the data from the Liverpool
laboratory shown inFig. 6(a). For this concentration the fluid
displays more of a yield-stress behaviour and the viscosity
data, plotted inFig. 2as shear stress against shear rate to em-
phasise the yield-stress behaviour, are well represented by the
Herschel–Bulkley model. The higher concentration produces
much flatter velocity profiles, similar to those for Laponite
(Fig. 4(a)) which also displayed a yield-stress, but the laminar
flow profile at the lowest Reynolds number (Re= 681) is again
symmetrical while the transitional profiles (Re= 1196–4794)
show increasing asymmetry to the left, just as for the lower
concentration. The profile forRe= 5289, which may still
be transitional, and that forRe= 8920, which appears to be
fully turbulent, have again become completely symmetrical.

The 0.08% Ultrez data from CSIRO (Fig. 10(a)) show
much the same trends as the data for 0.2% Carbopol: the
laminar flow profiles (Re= 1370 and 1530) are flat and
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Fig. 10. (a) Mean axial velocity profiles for 0.08% ULTREZ CSIRO (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

Fig. 11. (a) Mean axial velocity profiles for 0.09% CMC/0.09% XG LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate
transition.
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Fig. 12. (a) Mean axial velocity profiles for 0.125% PAA LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

symmetrical whereas the profiles at the start (Re= 1765)
and end (Re= 2956) of transition are asymmetrical but to
the right. The intermediate profile (Re= 2560), which is also
close to the end of transition, however, is symmetrical.

The remaining velocity profiles, for 0.09% CMC/0.09%
XG (Fig. 11(a)), 0.125% PAA (Fig. 12(a)) and 0.25% CMC
(Fig. 13(a)) are all for shear-thinning viscoelastic polymer
flows. Slight asymmetry is apparent for the CMC/XG blend
atRe= 5530, at the end of transition, and for 0.125% PAA
in the latter stages (Re= 5020 and 9170) of transition, but
all other profiles are symmetrical within the measurement
uncertainty.

5. Discussion and conclusions

The experimental velocity profile data, which we have
presented, reveal to varying degrees departures from axisym-
metry in fully developed pipe flow of a wide range of non-
Newtonian liquids with rheological characteristics including
shear-thinning viscosity, yield-stress and viscoelasticity. In
all cases axisymmetry is maintained for laminar and turbulent
flow conditions, and this is also the case for some transitional
flows. For certain fluids, both yield-stress and viscoelastic
(all are shear-thinning), asymmetry, to varying degrees, is

apparent at all stages of transition from laminar to turbulent
flow, i.e. from the first indications to almost fully developed
turbulence. The data were obtained completely indepen-
dently in laboratories in UK, France and Australia in quite
different pipe flow facilities. The fact that symmetrical veloc-
ity profiles are obtained for both laminar and turbulent flow
of all non-Newtonian fluids in all three laboratories leads us
to the conclusion that the asymmetry must be a consequence
of a fluid-dynamic mechanism rather than imperfections in
the flow facilities. This conclusion is supported by the study
of Eliahou et al.[5] on transition of pipe flow of a Newtonian
fluid that found that asymmetric distortion of the mean
velocity profiles required the imposition of a high-amplitude
asymmetric disturbance. A more subtle indication that the
asymmetry is fluid-dynamic in origin is the observation that
the asymmetry can be of either sense and change sense as the
Reynolds number changes, and this also suggests that the ef-
fect is not primarily due to the inherent Coriolis acceleration.
In any event, for most of the flows under consideration here
the Ekman numbers are too high (seeTable 3) for Coriolis
effects to play a role. It is also the case that the influences of
buoyancy forces arising due to ambient temperature gradi-
ents or longitudinal curvature of the pipe runs are both too
weak to induce asymmetry for the experimental conditions
considered.
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Fig. 13. (a) Mean axial velocity profiles for 0.25% CMC LIV (including average data line) and (b) axial fluctuation level atr/R= 0.8 to indicate transition.

Table 3
Fluid and flow parameters for all test fluids

Fluid D (mm) UB (m/s) ρ (kg/m3) γ̇W (1/s) µW (Pa s) Re = ρUBD
µW

Ek = µW
2ΩρD2 sinα

Glycerine LIV 100 0.0398 1119 – 0.0082 540 5
0.0733 – 1000 5
0.160 – 2200 –
0.178 – 2400 –
0.258 – 3500 –

Water LIV 100 0.360 1000 – 0.001 36000 –
0.610 – 0.001 61000 –

0.25% CMC LIV 100 0.580 1000 46 0.0573 1010 39
0.899 72 0.0502 1790 35
1.31 197 0.0351 3740 –
1.45 246 0.0321 4510 –
2.66 1244 0.0160 16600 –

0.09% CMC/0.09% XG LIV 100 0.300 1000 27 0.0384 780 26
0.520 47 0.0304 1710 21
0.917 62 0.0269 3410 –
0.979 166 0.0177 5530 –
3.13 1749 0.0069 45300 –

0.2% XG LIV 100 0.433 1000 59, 17 0.0267, 0.058 1620 18, 40
0.923 167 0.0142 6500 –
1.390 326 0.00988 14100 –
2.52 895 0.00621 40500 –
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Table 3 (Continued)

Fluid D (mm) UB (m/s) ρ (kg/m3) γ̇W (1/s) µW (Pa s) Re = ρUBD
µW

Ek = µW
2ΩρD2 sinα

0.125% PAA LIV 100 0.256 1000 26 0.0379 676 26
0.447 45 0.0276 1620 19
0.939 94 0.0187 5020 –
1.302 169 0.0142 9170 –
1.670 315 0.0111 15000 –
3.360 940 0.0078 42900 –

0.2% PAA LIV 100 0.564 1000 56 0.0520 1085 36
0.791 79 0.0423 1870 29
1.252 125 0.0326 3840 22
1.754 246 0.0228 7695 –
2.340 281, 518 0.0214, 0.0166 10950 –
2.450 1080 0.0130 18820 –

0.1% CARB EZ1 LIV 100 0.328 1000 31 0.0489 670 34
0.547, 57 0.0391 1400 27
0.796 54 0.0398 2000 27
1.05 84 0.0339 3100 23
1.04 236 0.0235 5570 –
1.78 479 0.0185 9600 –
2.95 1660 0.0123 24000 –

1.5% LAP LIV 100 0.52 1000 72 0.0945 550 65
0.84 113 0.0659 1275 45
0.90 144 0.0545 1650 37
1.06 244 0.0366 2900 25
1.09 293 0.0321 3400 –
2.03 2500 0.00802 25300 –

0.6% CMC CSIRO 105 1.22 1000 53 0.170 750 174
3.18 73 0.153 2180 –
4.35 124 0.128 3570 –

0.08% ULTREZ CSIRO 105 2.0 1000 262 0.146 1370 150
2.2 267 0.144 1530 148
2.4 293 0.136 1765 140
2.97 371 0.116 2560 –
3.34 386 0.113 2956 –

0.2% CARB LEMTA 30 2.25 1000 808 0.099 681 1026
3.56 1273 0.089 1196 911
6.13 2169 0.066 2780 675
7.21 2478 0.054 3996
8.13 2788 0.051 4794
6.93 2329 0.039 5289
8.58 2829 0.029 8920

The observations of asymmetry for transitional flow were
not central to any of the experimental investigations reported
here and a systematic study of transitional flow of yield-
stress and other shear-thinning liquids is now underway in
Liverpool and Nancy with emphasis on the issue of asymme-
try. Throughout this paper we have referred to asymmetry in
terms of left hand and right hand with respect to the pipe cen-
treline. We are well aware that the measurements have been
confined to horizontal traverses and that the three dimension-
ality of the mean-flow structures concerned is most unlikely
to be symmetrical about the horizontal plane. Other aspects of
the new study will be to investigate the full three dimension-
ality, including the possibility that the flows develop a helical
structure along the pipe axis, why the asymmetry (or helic-
ity) is fixed rather than precessing and why the orientation is
repeatable for a given fluid and flow.
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