G Model
JNNFM-3114; No.of Pages 16

J. Non-Newtonian Fluid Mech. xxx (2010) xXX-XXxX

journal homepage: www.elsevier.com/locate/jnnfm

Contents lists available at ScienceDirect

Journal of Non-Newtonian Fluid Mechanics

Journal of
Non-Newtonian
Fluid

Mechanics

Laminar, transitional and turbulent annular flow of drag-reducing polymer

solutions
A. Japper-Jaafar®, M.P. Escudier®, R.J. PooleP-*

@ Mechanical Engineering Department, Universiti Teknologi Petronas, 31750 Tronoh, Perak, Malaysia
b Department of Engineering, University of Liverpool, Brownlow Street, Liverpool L69 3GH, Merseyside, United Kingdom

ARTICLE INFO ABSTRACT

Article history:

Received 20 April 2010

Received in revised form 30 June 2010
Accepted 1 July 2010

Available online xxx

Mean and rms axial velocity-profile data obtained using laser Doppler anemometry are presented
together with pressure-drop data for the flow through a concentric annulus (radius ratio x =0.506) of
a Newtonian (a glycerine-water mixture) and non-Newtonian fluids—a semi-rigid shear-thinning poly-
mer (a xanthan gum) and a polymer known to exhibit a yield stress (carbopol). A wider range of Reynolds

numbers for the transitional flow regime is observed for the more shear-thinning fluids. In marked con-

trast to the Newtonian fluid, the higher shear stress on the inner wall compared to the outer wall does

iiﬁwu(l);gzow not lead to earlier transition for the non-Newtonian fluids where more turbulent activity is observed in
LDA the outer wall region. The mean axial velocity profiles show a slight shift (~5%) of the location of the
Transition maximum velocity towards the outer pipe wall within the transitional regime only for the Newtonian

Shear thinning fluid.
Polymer solutions

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

The study of fluid flowing through an annulus has been the sub-
ject of interest since the early work by Rothfus et al. [1] which
concerned a Newtonian fluid. Annular flow of a non-Newtonian
fluid has a number of engineering applications, especially in the oil
industry where the drilling fluid (or ‘mud’) is pumped down the
drill string, through the drill bit and finally up the annulus, during
the oil and gas drilling process. There are also other applications
such as in the food, chemical and pharmaceutical industries, that
involve non-Newtonian fluids flowing through annular pipes [2].

Newtonian and non-Newtonian fluid flow in a circular pipe is
symmetrical in the laminar and fully-turbulent regimes [3-7]. In
such cases the positions of zero shear stress and maximum velocity
coincide. In the transitional-flow regime, however, while the flow
of Newtonian fluids remains symmetrical on average, strong asym-
metry has been observed for a wide range of non-Newtonian fluids
[6,8-12]. In contrast with the pipe-flow situation, fully-developed
annular flow in the laminar and turbulent regimes involves a com-
bination of two boundary layers extending from the pipe walls to a
point of maximum velocity which does not lie in the centre of the
annular gap. The two boundary layers are of different thicknesses
and possibly of different flow regimes due to the different degrees
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of curvature of the inner and outer pipe walls [13]. As a result of the
interaction of these two layers the flow is then asymmetric. Hence,
in this type of flow, the position of zero shear stress will not, in
general, be coincident with the position of maximum velocity. It is
also the case that turbulent transport phenomena are expected to
differ from those of symmetric flows in circular pipes [14-16].
Early investigations for the flow of Newtonian fluids by Knud-
sen and Katz [17], Rothfus et al. [1,18], Walker and Rothfus [19]
and Brighton and Jones [20] assumed coincidence of the position of
zero shear stress and maximum velocity. Lawn and Elliott [21] were
the first to show, using hot-wire anemometry, that the positions of
zero shear stress and maximum velocity for fully-developed tur-
bulent flow are non-coincident. They found that for radius ratios
Kk less than 0.4 the position of zero shear stress was closer to the
inner pipe wall than that of the maximum velocity. The inner veloc-
ity profiles were also found to deviate from the well-known log
law (derived from pipe-flow data). Their findings were later sup-
ported by Rehme [14,22] who studied fully-developed turbulent
flow of air using hot wire anemometry in concentric annuli of
varying radius ratios (x =0.02, 0.04 and 0.1). Nouri et al. [15] were
the first authors to employ laser Doppler anemometry (LDA) for
both Newtonian and non-Newtonian annular-flow measurements
(Re >8900 for Newtonian and Re > 1150 for non-Newtonian flows).
They measured the Reynolds shear stress of a Newtonian fluid in
an annulus of radius ratio of 0.5 and found that within their exper-
imental uncertainty the location of zero shear stress could not be
distinguished from that of the maximum velocity. These positions
were found to be closer to the inner pipe wall and independent of
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Nomenclature
Acy Carreau-Yasuda constant representing onset of
a Carreau-Yasuda parameter shear thinning (s)
A Cross-sectional area (m?2) P Fluid density (kg/m3)
b Diameter of CaBER plates (4 mm) puv Reynolds shear stress (Pa)
c Polymer concentration (%, w/w) T Stress (Pa)
Dcaper ~ Filament diameter in CaBER (mm) Th Average wall shear stress (Pa)
D, Midpoint filament diameter in CaBER following ces- Tw Wall shear stress (Pa) (=ApD/4L)
sation of stretch deformation (mm) Ty Apparent yield stress (Pa)
DR Drag reduction (%) (=((fn — fp)/fn) x 100) & Non-dimensional radial location in annulus
f Fanning friction factor (= th/pUé) (=(r—Ry)/(Ro — Ry))
h Distance between plates in CaBER (mm)
HB Herschel-Bulkley number (=7, /K(Ug/R)") Subscripts
k Power law consistency index (Pas™) H Hydraulic
K Herschel-Bulkley consistency index (Pas™) i Inner pipe
L Pipe length over which the pressure drop was mea- max Maximum
sured (m) n Newtonian
m Slope of linear fitting to CaBER data (mm/s) 0 Outer pipe
n Power-law exponent p Polymer
p Pressure (Pa) w Wall
Ap Pressure drop (Pa)
P Wetted perimeter (m) Superscripts
Q Volumetric flow rate (m3/s) + “wall” coordinates
r Radial location (m)
R Pipe radius (m)
T'max Point of maximum velocity (m) the Reynolds number. In wall coordinates, the inner and outer wall
T Exte_nt of plpg region (m) profiles of Newtonian flows were found to obey the well-known log
T'z=0 Radial location of zero shear str.ess (,m) law. However, due to opacity of the non-Newtonian fluid used, car-
Re Reynolds number based on viscosity at the wall boxymethylcellulose (CMC), the Reynolds shear stress could not be
(E.p.UBDH/ nw) . ) measured and therefore maximum velocity and zero shear stress
Recrie Critical Reynol@s numbgr obtained from time traces coincidence was assumed. By performing Direct Numerical Simula-
of the mean axial velocity ) tions of turbulent concentric annular flow of a Newtonian fluid for
Rey First ngnolds number limit representing onset of radius ratios of 0.1 and 0.5 at Re =8900, Chung et al. [16] confirmed
transition o . that the positions of zero shear stress are closer to the inner wall
Re> Second .R-eynolds number limit representing offset than those of the maximum velocity for both radius ratios though
O,f transition in the k=0.1 geometry the effect is more severe.
t T.1me (s) L Escudier et al. [23] performed LDA measurements together
Tg Filament br.eak-up tlme.m CaBER(s) with numerical simulations of a shear-thinning fluid, a xanthan
Ir Trouton ratio (E_nf(ﬁg)/ n(¥) gum/carboxymethylcellulose mixture, in a concentric annulus of
u Mean axial velocity (m/s) radius ratio 0.506 within the laminar-flow regime. The velocity
U Friction velocity (m/s) ( = rw/p) profiles were again observed to be skewed towards the inner
u rms axial velocity fluctuation (m/s) pipe of the annulgs. The calculated velocity distribut.ions using
Up Bulk velocity (m/s) (= Q/((R% — R2))) the ppwer—law fluid as a mpdel, were found to be.sllghtl.y flat-
Utocal Local mean velocity (m/s) ter with re.duced peak velocity levels (when norm;llsed V}/lth the
Uax Maximum velocity (m/s) bulk \{eloc1ty Ug) when compared to the Newtonian ﬂu1FI flow.
v rms radial velocity fluctuation (m/s) Escudier et al.. [24] gonducted LDA measurements of three different
w rms tangential velocity fluctuation (m/s) non—Newtoqlan fluids - a xanthan gum, a carboxyrqethylcellulose
y Distance from pipe wall (m) and a laponite-carboxymethylcellulose blend - within the lam-
inar, transitional and turbulent annular flow regimes (k =0.506).
Greek letters Measurements were also conducted on a control Newtonian fluid,
B Time ratio a glycerine-water mixture. In turbulent flow, at drag-reduction
2 Strain rate determined from CaBER (1/s) levels greater than 35%, an upward shift of the universal velocity
(=—-(4/Do )(dDcaper/dt)) profile was observed with a slope greater than that of the log law.
v Shear rate (1/s) A slight increase in the peak of the axial rms fluctuation compo-
n Shear viscosity (Pas) nent, normalized with Up, compared to the Newtonian value was
nE Uniaxial extensional viscosity (Pas) seen while the tangential component of fluctuation was distributed
Mo Zero-shear rate viscosity (Pas) almost qniformly across the annular gap and significantly below the
nw Wall shear viscosity obtained from 7y and 4y via Newtonian values. ) ) ) ) N
Carreau-Yasuda fit (Pas) A number of studies have specifically investigated transitional
Moo Infinite-shear rate viscosity (Pas) flow of Newtonian ﬂu1d§ in annul.ar flow. Rothfus. et. al. [1]
P Radius ratio, (=R;/R,) undertook such a study using air flowing through annuli with two-
A Characteristic relaxation time in CaBER (s) differentradius ratios (« =0.162 and 0.650) for a moderate Reynolds
number range (1250 < Re < 21,600). Using a pitot tube to measure
the velocities, it was found that the position of maximum velocity
is the same for laminar and turbulent flow in both annuli. However,
Please cite this article in press as: A. Japper-Jaafar, et al., Laminar, transitional and turbulent annular flow of drag-reducing polymer
solutions, ]. Non-Newtonian Fluid Mech. (2010), doi:10.1016/j.jnnfm.2010.07.001
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Fig. 1. Schematic diagram of the annular pipe-flow loop (flow direction is anti-clockwise).

within the transitional regime the position is shifted closer to the
inner pipe. The extent of the Reynolds-number range for the tran-
sitional regime was found to be a function of the radius ratio and
appeared to be wider than for pipe flow.

Walker and Rothfus [19] also used a pitot tube to study the
behaviour of the radial location of maximum velocity rmax, with
Reynolds number for water flowing in an annulus (x=0.331). The
authors discovered that rpax in fully-turbulent flow corresponds to
that in laminar flow. During transition the values of ryx obtained
from the velocity profiles start to deviate from the laminar flow
position at Re=650. In the early transitional regime, rmax appears
to shift towards the inner pipe wall and then reverses its location as
the Reynolds number is further increased. The outward progression
of rmax continues past beyond the laminar-flow value with increas-
ing Reynolds number and stops only when a critical Reynolds
number of 2200 is attained. As Reynolds number increases further
'max I'e-approaches its laminar value.

Hanks and Bonner [13] performed a theoretical analysis on the
stability of laminar Newtonian flow within a concentric annulus.
Their theory predicts that the inner flow region is the least stable
of the two flow regions and will undergo transition to turbulence
while the flow in the outer region remains laminar. Consequently,
the wall shear stress on the inner surface will increase significantly
due to the change in the momentum-transport mechanism to a tur-
bulent mode. The increase in wall shear stress leads to a shift in the
radial location of the maximum velocity to a higher value, towards
the outer wall. The radial location of the maximum velocity will
reach a maximum once the outer flow region undergoes transition
to turbulence. Beyond this critical Reynolds number the radial loca-
tion of maximum velocity will decrease to a value corresponding
to that in turbulent flow where 'y ax turbulent < "'max laminar-

Unlike the situation for Newtonian fluid flow, there is
a very limited literature of experiment and stability anal-
ysis within the transitional flow regime for non-Newtonian
fluids. Amongst the available literature, Escudier et al. [24]
monitored the axial turbulence intensity of Newtonian and non-
Newtonian fluid flows (xanthan gum, carboxymethylcellulose and
a laponite/carboxymethylcellulose mixture) at the centre of the
annular gap as a means of identifying the onset of transitional flow.
Although departure from the laminar-flow regime was observed for
the friction factor, f against the Reynolds number, Re(=pUgDy/nw)
plot, a sudden increase above the noise level in the normalized
axial turbulence intensity, u’/Ug, was detected at a slightly lower
Reynolds number than what was observed on the f-Re plot for all
the fluids studied. Despite the circumferential asymmetry high-
lighted by the authors, the mean axial velocity distribution for
the Newtonian control case showed a slight shift of the location

of maximum velocity towards the outer wall within the transi-
tional regime, a trend which was absent for the non-Newtonian
fluid flows.

Gucuyener and Mehmetoglu [25] applied Hanks’ stability cri-
terion [13] to shear-thinning and yield-stress fluids. Using the
modified Reynolds number (based on an equivalent diameter and
characteristic parameters of the flow) the authors found that,
regardless of the fluid rheology, two very distinct critical Reynolds
number are obtained in a concentric annulus. They claim that the
inner flow region will always have a lower critical Reynolds num-
ber value compared to the outer flow region. Mishra and Mishra
[26], however, predicted only one critical Reynolds number for the
transition to turbulence using Mishra and Tripathi’s criterion [27]
for power-law fluids. This critical Reynolds number is found to be
an increasing function of the radius ratio. Transition to turbulence
is also predicted to be delayed with increased shear-thinning (i.e.
decreasing power-law index).

What is clear from the foregoing is that there is currently no
complete and detailed experimental data set in the literature, using
reliable measurements techniques (for example laser-based tech-
niques such as LDA or particle image velocimetry), of the mean
flow and turbulence structure (e.g. v’ v/, w’ and the Reynolds shear
stress) for transitional and turbulent flows within an annular pipe
for non-Newtonian fluids. To address this deficit in the current
study we have conducted detailed LDA measurements in an annu-
lar pipe within the three flow regimes (i.e. laminar, transitional and
fully turbulent) with particular attention placed on the transitional
flow region and the drag-reducing behaviour of a semi-rigid poly-
mer solution, xanthan gum. The transitional flow regime is studied
by monitoring the axial rms fluctuation level at fixed radial loca-
tions close to the inner and outer walls (§=0.1 and 0.9) and the
time traces of the mean axial velocity at these locations. Laminar
and transitional measurements are also performed for an additional
polymer, carbopol, which is known to exhibit a yield stress.

2. Experimental arrangement

A 5.81-m long annular-flow facility, essentially a modified ver-
sion of the facility described in detail in Escudier et al. [24],
was utilized as shown in Fig. 1. The test pipe [1] comprised four
1041 mm long, one 625 mm long and one 718 mm long precision-
bore borosilicate glass tubes, with an average internal diameter of
100.4+0.1 mm and wall thickness of 5+ 0.1 mm. The inner cen-
trebody [2] was made of thin-walled stainless steel tube with
an outside diameter of 50.8 mm giving a radius ratio, ¥ =0.506
and a length-to-hydraulic diameter ratio of 117. The thin wall
thickness of the centrebody gave a near neutral buoyancy in a
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Fig. 2. Schematic of the slit module.

water-based solution, minimizing hog and sag; i.e. the possibil-
ity of the centrebody to arch upwards or downwards is reduced.
The centrebody was held in position by a thrust bearing located in
the upstream end and a hydraulic jack [3] tensioned to 3 tonnes
axial load on the downstream end of the annulus. The fluid was
driven from a 5001 capacity stainless steel tank [4] by a positive-
displacement progressive-cavity pump [5] (Mono-type, E101 with
a maximum flowrate of 0.025 m3/s) with three pulsation dampers
[6] to smooth the flow. A Fischer and Porter MAG-SM Series 1000
electromagnetic flowmeter (model 10D1) with a maximum capac-
ity of 0.0333m3/s [7] was also incorporated in the experimental
facility. The temperature of the fluid was monitored using a plat-
inum resistance thermometer positioned inside the tank with an
accuracy of £0.1°C. During a run the temperature of the fluid in
the rig never varied by more than 1°C.

Pressure-drop measurements were conducted using a differ-
ential pressure (transducer GE Druck type LPX9381), between
tappings at 75.8Dy downstream of the inlet to the pipe test and
117.1Dy. Velocity profiles and Reynolds stress measurements were
conducted using a Dantec Fiberflow laser Doppler anemometry
(LDA) system comprising of a 60X10 probe and a Dantec 55X12
beam expander together with Dantec Burst Spectrum Analyzer sig-
nal processors (model 57N10 and 57N20). The lens focal length
is 160 mm and the measured half angle between the laser beams
is 9.14° which produces a measuring volume with a diameter of
36 wm and a length of 0.22mm in air. Profiles of mean velocity
(u) and rms Reynolds normal stress (¢, v and w’) were performed
at a location 104.7Dy downstream of the inlet. Poole [28] has
established that for radius ratios « > 0.5, the required development
length for laminar Newtonian flow is equal to that of the equivalent
channel flow; e.g. a development length of about 88Dy, is required
for Re=2000. As the development length for turbulent flow is sig-
nificantly lower than that for laminar flow [29,30], we consider that
the distance from the inlet to the location of measurements is more
than sufficient for the flow to reach fully-developed conditions. A
water-filled flat faced optical box [8] installed at the measurement
location was used to minimise the refraction of the laser beams
making it possible to obtain data closer to the outer pipe wall where
refraction is most severe due to the curved pipe wall. The velocity
measurements and the respective radial locations were corrected
using the ray-tracing method outlined by Presti [31]. For some mea-
surements a “slit module” [11] was also used. This module is shown
in Fig. 2 and was adapted from the arrangement first used by Poggi
et al. [32] and more recently by Escudier et al. [5]. It consists here
of an open cross slit on the outer pipe of the annulus which allows
both pairs of laser beams to have the same optical path without
any refraction thus providing a means of measuring two velocity
components (axial and radial) simultaneously using LDA and per-
mitting the determination of the Reynolds shear stress (pu'v’). A
flat-faced box was constructed around the outer pipe with the cross

slit to prevent leakage through the slit. The openings of the cross
slit were constructed to be as small as possible to minimise distur-
bance to the flow but sufficient to permit the laser beams to pass
through.

At each location across the annular gap, 10,000-30,000 data
samples were collected and processed using a simple ensemble-
averaging method. Processing the data using a transit-time
weighting method [33], to account for velocity-biasing effects,
produced minimal differences (average of ~2% in the turbulence
component). A maximum statistical error, for a 95% confidence
interval, was less than 0.5% in mean velocity and less than 1.5% in
the turbulence intensity based on the method of Yanta and Smith
[34]. The flowrates obtained from integration of the LDA mean
velocity profiles were found to be within 1.5% of the value provided
by the flowmeter.

3. Working fluid preparation and characterisation

As Newtonian control fluids, we used both water and a
glycerine-water solution. The latter was prepared by first adding
the 60% (weight) glycerine into the 5001 tank. Water was then
added until the total volume of fluid was sufficient to fully fill the
rig (~5001) during pump operation. The solution was circulated
around the whole flow loop until homogeneity was achieved which
was determined by measuring the viscosity of the fluid collected
from the flow loop every 30 min. The final glycerine-water mix-
ture had a density of 1070 kg/m3 and a shear viscosity, measured
at 20°C, of 38.6 mPas.

The first of the two polymers used here was xanthan gum (Ketrol
TF) obtained in powder form from Kelco Co. with the molecular
weight of an individual xanthan gum chain reported by the sup-
plier to be in excess of 106 g/mol. A quantity of approximately
7001 of tap water was used as the solvent for the polymer. Prior to
the addition of polymer powder, water was circulated within the
facility to remove any dissolved air. Mixing of part of the solvent
with the powder was achieved by circulating the polymer solution
within the mixing loop [9] at a low pump speed for at least 5h
before the mixing loop was opened and the solution circulated in
the flow loop, allowing further mixing with the rest of the solvent
in the pipe for at least another 5 h, until the solutions were visibly
homogeneous. The homogeneity of each solution was also checked
by comparing the viscometric data with a small sample solution
(~500 ml) of the same concentration prepared separately. To retard
bacteriological degradation, 37% (w/w) formaldehyde was added to
the polymer solutions at a concentration of 100 ppm. The polymer
solution was left to hydrate in the rig for at least 24 h prior to the
LDA measurements.

Steady-shear measurements were conducted at 20°C on small
sample solutions (~500 ml) of xanthan gum prepared separately
outside the flow loop for concentrations in the range 0.01-0.75%
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Fig. 3. (a) Viscometric data for xanthan gum solutions together with the
Carreau-Yasuda fits. (b) Zero-shear viscosity versus concentration for xanthan gum
at20°C.

(w/w)using a TA-Instruments Rheolyst AR 1000N controlled-stress
rheometer. For low concentrations (<0.1%) a 41.2 mm mean diam-
eter double concentric cylinder was used while for the higher
concentrations a 40-mm, 2° cone-and-plate geometry were uti-
lized. The plot of shear viscosity against shear rate for xanthan
gum in Fig. 3(a) shows increased dependence of the shear viscos-
ity, n on shear rate, y with increasing concentration i.e. increased
shear-thinning. The Carreau-Yasuda model [35] was used to fit the
data:

U/ 1 1
— - . \aqn/a (1)
To=MNee 14 (Aey?)']

where 17, and 7, are the viscosities in the zero-shear and infinite-
shear plateaus while A¢cy, n and a are constants which, respectively,
represent the inverse shear rate at the onset of shear thinning, the
power-law index and a fitting parameter introduced by Yasuda et
al. The fits were achieved using the methodology outlined in Escud-
ieretal.[36] and the parameter values are provided in Table 1. From
Fig. 3(b), a log-log plot of zero-shear viscosity versus concentration
for xanthan gum, the slope was found to be about 1.4 for the semi-
dilute non-entangled region (i.e. below a critical concentration) and
5.2 for the entangled region. These values agree well with values
available in the literature [37-39]. The location of the critical con-
centration for the formation of a polymeric network was found to
be about 0.067%.

Although only possible for concentrations higher than those
used in the fluid-dynamic measurements (¢ > 0.2%, w/w), exten-
sional property measurements were possible for xanthan gum and
were carried out using a Capillary Break-up Extensional Rheometer
(“CaBER”) supplied by Thermo Electron GmbH in conjunction with
a high-speed camera. The CaBER utilizes a laser micrometer, with
aresolution of around 10 wm, to monitor the diameter of the thin-
ning elongated filament, which evolves under the action of viscous,
inertia, gravitational and elastocapillary forces. High-speed digital
imaging of the process was captured by a Dantec Dynamics Nano
Sense MKIII high-speed camera with a Nikon 60 mm f/2.8 lens at
2000 frames per second.

A sample of about 25 mm? was loaded using a syringe between
the 4 mm plates of the instrument, making sure that it was totally
homogeneous with no bubbles within the sample. The initial aspect
ratio (=h/b) of 0.5 was chosen based on the recommendation by
Rodd et al. [40] to minimize the effects of reverse squeeze flow
and sagging. A uniaxial step strain was then applied, resulting in
the formation of an elongated filament. A linear stretching defor-
mation was employed as the mode of the step strain. The stretch
time was set to 50 ms. The final aspect ratio was varied with solu-
tion concentration such that filament thinning was still observed
between the 4 mm plates. For example, a final aspect ratio of 2.2
was chosen for 0.2% XG in order to observe filament thinning over
a timeframe of about 25 ms.

Fig. 4(a) shows the decay of the filament diameter against time
for 0.2% XG which was fitted to an equation of the form:

Dcaper = Do e /3% (2)

as recommended by Stelter and Brenn [41] for viscoelastic flu-
ids, where D, is the midpoint diameter following cessation of
the stretch deformation and A is a characteristic relaxation time
whichrepresents the characteristic time scale for viscoelastic stress
growth in uniaxial elongational flow [40]. A linear fitting character-
istic of “Newtonian-like” thinning:

Dcager = mt + Do (3)

was also fit to the data. The Trouton ratio was calculated using the
equation recommended by Pelletier et al. [42]:

NE (\@8)
Tr=———+ 4
ny) @
with the strain rate calculated from:
4 dDcaper
b dt (5)

Newtonian linear thinning was observed over the entire time to
breakup with a slope of about 40 mm/s. Linear fitting the last six
data points prior to breakup, where the sample most closely resem-
bles the uniform cylindrical shape used in deriving Eqs. (2) and (3),
gave a slope within 10% of the global fit. Linear thinning was also
observed for higher concentrations. Despite this apparent Newto-
nian behaviour, the Trouton ratio plotted against concentration in
Fig. 4(b) confirms the non-Newtonian behaviour of this xanthan
gum as the magnitude for all the concentrations studied was sig-
nificantly greater than that of a Newtonian fluid, i.e. Tr>> 3.

The second polymer used here was Carbopol 980 supplied by
Noveon, France, in white flocculated powder form with a molecu-
lar weight of 4.00 x 10° g/mol. It is a non-toxic version of Carbopol
940 [43,44] and has been reported to show an apparent yield stress
[43] when suitably neutralized. In addition to the procedure listed
above for xanthan gum, therefore, the Carbopol solution was neu-
tralized during mixing using laboratory grade 2N sodium hydroxide
supplied by BDH Ltd, UK. Due to the thixotropic nature of carbopol,
the solution within the flow loop was circulated at 30% of the maxi-
mum pump speed for 30 min prior to any measurements (including
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Table 1
Carreau-Yasuda parameters for xanthan gum solutions.

10°F T T T T T A
N [u} 0.065% carbopol ]
104 L n 0.065% carbopol _
g AA Ap A 0.1% carbopol E
F L88 ATEABAL A 0.1% carbopol E
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Fig. 5. Shear viscosity versus shear stress for carbopol solutions. Hollow symbols:
measured using 40-mm roughened plate, filled symbols: measured using 40 mm, 2°
cone and plate.

rheological tests). This pre-shear was to ensure reproducibility of
the results by standardization of the solution shear history.
Complete rheological characterization of the carbopol solutions
was not conducted due to the well known difficulties associated
with these solutions, such as thixotropy and slip, as outlined by
Presti [31]. Steady-shear measurements were only performed on
0.065% and 0.1% carbopol solutions which were prepared in the
annular rig for the detailed fluid dynamic measurements. Due
to wall-slip artefacts [43] which are known to exist for thicken-
ers such as carbopol, a 40-mm stainless steel roughened parallel
plate geometry was used to characterise these solutions in addi-
tion to the 40-mm, 2° cone-and-plate geometry. Fig. 5 shows
the shear viscosity data against shear stress for 0.065% and 0.1%
carbopol solutions measured using the cone and plate and the
roughened-plate geometries. The viscosity data shows clearly that
slip problems, which are most severe at low shear stresses, exist on
the smooth surface of the cone-and-plate geometry which resulted
in a lower apparent viscosity being measured. For the data mea-
sured using the roughened plate, where the slip effect is minimized,
avery high first Newtonian region is observed at low shear stresses.
Even though a real yield stress may not exist for these solutions,
the abrupt viscosity transition from very high values to low val-
ues within a narrow range of shear stresses is an indication that
a critical shear stress does exist above which the fluid exhibits
more ‘liquid-like’ behaviour. The viscosity data was fitted to the

Concentration Zero-shear Infinite-shear Constant which represents Power-law Carreau-Yasuda
c (%, wlw) viscosity 1, (Pas) viscosity 7. (Pas) onset of shear thinning Acy exponent n parameter a
(s)

0.01 1.73x 1073 1.12x 1073 4.93 x 1072 0.21 29.50
0.0124 3.15x 1073 1.12x 1073 9.53 x 1072 0.33 10.00

0.025 6.02x 103 1.12x 1073 1.53 x 10! 0.35 498
0.0375 9.67 x 103 1.12x 1073 2.52x 107! 0.37 3.35

0.05 1.97 x 102 1.13x 103 3.88x 107! 0.42 2.10

0.07 5.33 x 102 1.33x103 8.34x 107! 0.49 1.12

0.10 2.25x 10! 1.88x 1073 1.77 0.60 0.57

0.15 2.16 2.67 x1073 2.88 0.80 0.31

0.20 3.68 224 %1073 2.15 x 10! 0.66 0.81

0.25 9.83 3.45x 1073 2.34 x 10! 0.75 0.80

0.375 2.85 x 10? 4.60x 103 414 x 10? 0.81 1.47

0.5 8.41 x 10? 525x 1073 7.11 x 10? 0.84 1.22

0.75 1.55 x 103 9.58 x 103 1.04 x 10° 0.85 0.92
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Fig. 6. f-Re data for water and glycerine with u’/Uj,c, levels to monitor transition
for glycerine.

Herschel-Bulkley model:

T=1,+Kp" (6)
where 7y, K and n are, respectively, the apparent yield stress,
Herschel-Bulkley constant and the power-law exponent. The fits
are included in Fig. 5 and the fitting parameters are listed in Table 2.

Measurements of fluid rheology for all solutions were conducted
prior to and after each LDA profile traverse to check for signs of
mechanical and bacteriological degradation where a decrease of
more than 5% from the initial state was taken as a sign of degra-
dation and the fluid disposed of. The first normal-stress difference
was found to be below the sensitivity of the rheometer for all poly-
mer solutions which indicates that the fluids studied are probably
only very weakly elastic in the non-linear regime, at least for the
range of concentrations used here. Seeding particles (Timiron MP-
1005, mean diameter approximately 5 wm, supplied by S. Blanck
Ltd) were added at a concentration of 1 ppm in order to increase the
signal-to-noise ratio and the data rate for the LDA measurements.

4. Pressure-drop measurements and transition
identification

Fig. 6 is a plot of the Fanning friction factor, f against Reynolds
number, Re for water and glycerine. Good agreement is observed
with the theoretical prediction for the laminar-flow regime given

Table 2
Herschel-Bulkley parameters for carbopol solutions.

A method initially suggested by Zakin et al. [47] and subse-
quently adopted by Park et al. [48] was used to detect transition
from laminar to turbulent flow by plotting turbulent intensities
measured at fixed radial locations against the Reynolds number.
This method is especially useful for the flow of non-Newtonian flu-
ids where transition is not always well defined in the f-Re plot. For
circular pipe flows, Escudier and Presti [8] proposed that the near-
wall (r/R=0.8) axial rms fluctuation level is a reliable indicator of
flow regime. For this study, the axial rms fluctuation level was mon-
itored at £&(=(r-R;)/(Ro-R;)) values of 0.1 (inner-wall vicinity) and
0.9 (outer-wall vicinity). In Fig. 6, a plot of the axial rms fluctua-
tion component normalized with the local mean velocity against
the Reynolds number for glycerine, a clear demarcation from the
laminar regime can be detected using this method where abrupt
increases in the values are observed from a level of about 3% up
to 22% of the local mean velocity. The low level axial rms fluc-
tuations (u'[/Ujpcq <3%) detected within the laminar regime are a
consequence of the combined noise in the LDA system and the flow
loop. Normalization by the local velocity is chosen as opposed to
the conventional bulk velocity normalization due to the asymmet-
rical nature of the velocity profile within the annular pipe. The first
Reynolds number limit, Req, identifies the onset of transition seen
as a noticeable increase in the turbulent activity while the second
Reynolds number limit, Re,, identifies the offset (end) of transition
taken as being where the maximum value of turbulent intensity is
reached (all value all given in Table 3). For this study Re; is taken as
the Reynolds number where the axial rms levels exceed the 3% noise
level. For glycerine, the first limit is detected at the same Reynolds
number of 2100 for both the inner and the outer wall while the
second limit is reached earlier for the inner wall at Re ~ 2900 while
for the outer wall Re; is about 3100. Note that transition to turbu-

Concentration ¢ (%, w/w) Rheometer geometry Yield stress 7, (Pa) Consistency index K (Pas™) Power-law exponent n
0.065 Roughened plate 3.88 x 107! 1.10x 1072 0.98
. Cone and plate 4.64 x 1072 3.32x10°2 0.81
o Roughened plate 1.14 6.19x 10! 0.52
: Cone and plate 8.52 x 102 1.03 0.44
Table 3
Reynolds number limits and peak axial rms fluctuation level.
Fluid Req Re “;nax/Ulocal Reit ﬂ (%)
3 0.1 0.9 0.1 0.9 0.1 0.9 0.1 0.9
Glycerine-water 2100 2100 2900 3100 0.20 0.22 2300 26 11
0.07% XG 3700 3700 7700 7700 0.15 0.20 6000 15 35
0.15% XG 2400 2400 14,000 11,600 0.13 0.18 6500 23 31
0.065% CARB 2000 2000 3800 3800 0.19 0.26 2800 8 15
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and v’ [U)yc5—Re data for 0.065% carbopol shown in Fig. 10 also incor- S 0af RN © ° 1 =
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transition, seen as the maximum axial rms value, was also observed M |
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for 0.15% xanthan gum. In Figs. 8-10, Re; values were found to be
higher for the more shear-thinning fluids indicating later transi-
tion offset and subsequently a wider Reynolds number range for
the transitional flow regime. Table 3 lists all the Reynolds number
limits as determined from the near-wall turbulent-intensity mea-
surements and also the peak values of the turbulence intensities for
all fluids. It is interesting to note that these peak values decrease
with increasing shear-thinning.

For the Newtonian and polymer flows, time traces of the axial
velocity at & locations of 0.1 and 0.9 for various Reynolds numbers

1 10 100 1000
Reynolds number, Re

Fig. 11. f-Re and u’[Ujoca1—Re data for 0.1% CARBOPOL.

spanning the three flow regimes were also monitored (although
not measured at the two locations simultaneously). Fig. 12 shows
the time traces for the Newtonian fluid, glycerine-water. The plots
show that the flow is completely laminar for Re=2000 and at
Re =2300 spikes are detected at both locations. The velocity spikes
seen from the time traces are not typical of the puffs and slugs
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Fig. 12. Time series of the axial velocity at £=0.1 and 0.9 for glycerine-water.

observed in pipe flow by Wygnanski and Champagne [49] and
Rubin et al. [50]. The signals appear to be more complex with com-
binations of high- and low-amplitude spikes. The number of spikes
further increases as the Reynolds number is increased to 2600. Even
higher increases in Re results in more complex behaviour resem-
bling that normally observed in fully developed turbulent flow.

In order to attempt to quantify the degree of turbulence at the
onset of the transition region a method known as the it method [51]
is utilized where a time ratio is defined such that:

At
_ turbulent %

= 9)
Attotal

B

where Atyyrbulent 1S taken as the total time for which spikes occur
in the time trace plot over a period Ati,- A spike is considered to
have occurred within the time trace if the peak velocity is differ-
ent by more than 15% of the local mean velocity, Ujyc,. Within the
laminar regime, e.g. at Re = 2000, the velocity varies within +15% of
the Ujoc, but no obvious spikes are observed.

At the onset of transition for glycerine at Re = 2300, the time ratio
for the inner wall was found to be 8 =26% which is higher than that
of the outer wall (8=11%). As the time ratio represents the inter-
mittency within the flow, it can be regarded as a direct measure
of how transitional the flow is. Hence, for the Newtonian fluid, the
inner-wall flow has a higher degree of turbulence than that near the
outer wall at the start of transition. This observation is in agreement
with the behaviour predicted by the theoretical stability analysis
by Hanks and Bonner [13]. At higher Reynolds numbers, the occur-
rence of spikes is more frequent with higher velocity fluctuations;
the assessment of the time ratio becomes somewhat subjective and
subject to a high degree of uncertainty.

Fig. 13 shows the time traces for 0.07% xanthan gum at vari-
ous Reynolds numbers. The velocity data at Re=4300 is essentially
steady indicating laminar flow. At Re=6000, the flow close to the
inner wall is clearly unsteady but with no distinct spikes whereas
high-amplitude (>50% of local mean velocity) spikes are seen for
the flow close to the outer wall. This inner wall unsteadiness could
be a consequence of the high amplitude spikes occurring for the
flow closer to the outer wall, i.e. mass conservation enforcing
changes in velocity near the inner wall but the flow remains lami-
nar. The § values are 15% and 35% for the inner and the outer walls,
respectively, indicating more turbulent activity near the outer wall.
This observation suggests that the flow close to the outer wall
becomes transitional earlier than the flow close to the inner wall in
marked contrast to the corresponding Newtonian case. The number
of high amplitude spikes increases with Reynolds number and at
Re=28,700 the flow is fully turbulent. Similar characteristics were
observed for 0.15% xanthan gum and 0.065% carbopol (not shown)
with the first trace of turbulence found at Re;j; = 6500 and S values
of 23% and 31% on the inner and outer walls for 0.15% xanthan gum
and Re;; = 2800 for 0.065% carbopol with time ratios of 8% for the
inner wall and 15% for the outer wall (see Jaafar [52] for complete
details). Table 3 lists the critical Reynolds numbers obtained from
the time traces and the time ratios of the flow close to the inner
and outer wall at the critical Reynolds numbers.

5. Mean axial velocity measurements

Fig. 14 shows the mean axial velocity profile for glycerine-water
at several Reynolds numbers spanning the three flow regimes. The
velocity profile within the laminar regime at Re=2000 is in good
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agreement with the theoretical profile. Even though spikes were
detected in the time trace at Re=2300, the mean velocity profile
remained essentially unchanged and agrees well with the theoret-
ical laminar profile. At both Reynolds numbers, the velocity ratios
of the maximum velocity to the bulk velocity are within the exper-
imental uncertainty with the theoretical value of 1.51. Deviations
from the theoretical laminar profile are observed at Re = 2600 where
a slight shift towards the outer wall in the location of maximum
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Fig. 14. Velocity profiles for glycerine-water at different Reynolds numbers within
the laminar-, transitional- and turbulent-flow regimes, including the analytical pro-
file for laminar flow of a Newtonian fluid (continuous lines).

t(s)

Fig. 13. Time series of the axial velocity at £=0.1 and 0.9 for 0.07% XG.

velocity is also observed consistent with the higher number of tur-
bulence spots observed at this Reynolds number. As the Reynolds
number is further increased, the shape of the velocity profiles tends
to what would be expected of turbulent flow: a progressively flat-
ter central region with an increase of the velocity gradient near the
walls. The ratios of the maximum velocity to the bulk velocity at
these Reynolds numbers are 1.28 (Re=2900), 1.24 (Re=3700) and
1.15 (Re=9600) respectively.

For the 0.07% xanthan gum solution the mean axial velocity
profile within the laminar, transitional and turbulent regimes is
presented in Fig. 15. The numerical solutions for laminar flow of a
power-law fluid with n=0.61, obtained using Fluent v6.1.22, are
also included for comparison. As expected for a shear-thinning
fluid, the ratio of maximum velocity to bulk velocity within the
laminar-flow regime (Umax/Up < 1.46) is lower than the theoretical
value for a Newtonian fluid (Unax/Up = 1.51). Fairly good agreement
within the laminar-flow regime is obtained with the numerical
results even at Re =6700 where spikes are present in the time trace
plot (Fig. 13). However, due to the flat nature of the velocity profiles
within the three flow regimes, it is difficult to determine the exact
location of the maximum velocity. At the higher concentration of
xanthan gum (0.15%), Fig. 16, the mean velocity profile coincides
with that of the numerical data with n=0.45 even up to Re=8100
when spikes are again present in the time trace. At Re=15,000
where individual spikes could no longer be distinguished, the calcu-
lated profile for laminar flow failed to predict accurately the profile.
The lower value of n for this fluid indicates greater shear thinning of
the higher concentration solution which results in flatter profiles,
i.e. a slightly smaller ratio of maximum velocity to bulk velocity,
when compared to 0.07% xanthan gum.
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Fig. 15. Velocity profiles for 0.07% XG at different Reynolds numbers within the
laminar-, transitional- and turbulent-flow regimes, including the numerical data
from Fluent for laminar flow of a power-law fluid with n=0.61 (continuous lines).
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laminar-, transitional- and turbulent-flow regimes, including the numerical data
from Fluent for laminar flow of a power-law fluid with n=0.45 (continuous lines).

As the yield stress is low for 0.065% carbopol, no plug region
typical of a yield-stress fluid is observed for the laminar-flow pro-
file, and therefore for conciseness, the data is not included here.
However we found better agreement with numerical data for a
Herschel-Bulkley fluid with the parameters obtained from the data
measured in the rheometer using the smooth cone and plate geom-
etry.If the parameters from the data measured using the roughened
plate are used in the numerical simulations, poorer agreement is
observed with the experimental data. These results would seem to
indicate that within the annular flow loop wall depletion, i.e. a thin
layer of essentially solvent near the wall, of the carbopol solution
does indeed take place. The low yield stress has no significant effect
on the transition to turbulence as the behaviour is similar to that
of the non yield-stress shear-thinning fluids. The location of max-
imum velocity within the laminar and transitional flow regimes
was found to be approximately & = 0.44. However, as the Reynolds
number approaches the fully-turbulent regime, the velocity profile
becomes progressively flatter and it becomes difficult to determine
if the location of maximum velocity has in fact shifted. For 0.1%
carbopol, the turbulent-flow regime was not attainable within the

Fig. 17. Velocity profiles for 0.1% CARBOPOL at different Reynolds numbers within
the laminar-flow regime, including the numerical data from Fluent for flow of
a Herschel-Bulkley fluid (continuous lines). The non dimensional plug width
p/(Ro —R;)=0.25, 0.16 and 0.11 respectively for Re=10, 100 and 4200.

operating range of the flow loop. The laminar profiles as shown
in Fig. 17 agree with the numerical results of the Herschel Bulkley
model using the smooth cone and plate parameters suggesting that
wall depletion also occurs in this flow. As can be seen in Fig. 17, the
existence of the plug zone around the central region of the annu-
lar gap is more pronounced for this solution when compared to
0.065% carbopol within the laminar-flow regime as expected from
the fact that the yield stress 7, is higher for 0.1% carbopol than for
the 0.065% solution. As the Reynolds number is further increased
within the laminar regime, the extent of the plug region reduces
due to the higher viscous shear stresses [10], with the profiles also
becoming less flat with the ratio of maximum velocity to the bulk
velocity found to be increasing with Reynolds number.

6. Mean flow and turbulence statistics for fully-turbulent
flow

Axial-velocity profiles for water together with the Reynolds
normal-stress components have been measured for three differ-
ent Reynolds numbers using the “slit module” positioned 96.6 Dy
downstream of the pipe entrance. As we discuss below, the use
of the slit module for Newtonian fluid flow at Reynolds numbers
greater or equal to 30,000 was successful but for lower Reynolds
number Newtonian-fluid flow and for all the non-Newtonian fluid
flows, the slit module was found to have an unacceptably large
effect on the turbulent velocity field and could not be used. The
mean axial velocity profiles normalized with the bulk velocity for
the three Reynolds numbers are plotted in Fig. 18, together with
the measurement at Re=9900 where no reliable measurement of
Reynolds shear stress could be made using the slit module. Data
obtained by Nouri et al. [15] for a concentric annulus with radius
ratio 0.5 for aNewtonian fluid at Re = 26,600 are also shown for com-
parison. Note that the data of Nouri et al. [15] has been rescaled by
6% to match the bulk velocity from the flowrate obtained through
the process of integration of the velocity profiles as shown to
be necessary by Chung et al. [16]. Flatter profiles are observed
with increasing Reynolds number with the location of maximum
velocity found to be located closer to the inner pipe wall at a
non-dimensional location of £ = 0.44 for all Reynolds numbers. This
location is displaced by less than 1% from the location of the zero
shear stress, which is within the experimental uncertainty of the
determination of both locations, as determined from the Reynolds

Please cite this article in press as: A. Japper-Jaafar, et al., Laminar, transitional and turbulent annular flow of drag-reducing polymer
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Fig. 18. Normalized mean velocity distribution at various Reynolds numbers for
water.
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shear-stress data plotted in Fig. 19. Since the location of maximum
velocity cannot be distinguished from the location of zero shear
stress, 'max i taken as both the location of maximum velocity and
zero stress for all the fluids investigated here, as Nouri et al. did
for their CMC results, where measurements of the Reynolds shear
stresses were not possible.

Fig. 20 shows the mean flow data of water in wall coordinates
(i.e. u*(=u/u;) against y*(=pyu./nw) for all Reynolds numbers. The
friction velocity, u; was calculated using the wall shear stresses at
the inner and outer walls. These wall shear stresses were calculated
using the pressure-drop measurements and the zero shear stress
location, in our case we assume r';-g =Imax, Using the equations
below [17,15]:

(Ap) RS -12,
To=—| — —_—
L 2R,

e (&) e —R?
i L 2R;

The limited data close to the walls shown in Fig. 20 are in good
agreement with that expected for the viscous sublayer (i.e. y* <10,
u*=y*). In the turbulent core region, the data for the inner and the

(10)

Fig. 20. Mean velocity distribution for water in wall coordinates. (—) u* =y*; (---)
u*=25Iny*+5.5; (---) u*=2.5Iny* +4.9 (Clauser); (O) inner wall, Re=9900; (m)
outer wall, Re=9900; (A) inner wall, Re=30,600; (a) outer wall, Re=30,600; (¢)
inner wall, Re=61,400; (4) outer wall, Re=61,400; (O) Inner wall, Re=77,000; (v)
outer wall, Re=77,000.
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Fig. 21. Mean velocity distribution for 0.0124% XG in wall coordinates. (=) u* =y*;
(---) u*=2.5Iny*+5.5; (---) u*=2.5Iny* +4.9 (Clauser); (0J) 0.0124% inner wall,
Re=10,600, DR=3.2%; (W) 0.0124% outer wall, Re=10,600, DR=3.2%; (4) 0.0124%
inner wall, Re=30,300, DR=10.3%; (a) 0.0124% outer wall, Re=30,300, DR=10.3%;

(¢) 0.0124% inner wall, Re=57,600, DR=11.6%; () 0.0124% Outer wall, Re=57,600,
DR=11.6%.

outer walls collapse, in agreement with the log law equation with
the constant proposed by Clauser [53], as opposed to the log-law
constant which is applicable to circular pipe flows [54].

Turbulent-intensity measurements were also conducted for
0.0124% and 0.07% xanthan gum. As has been established in many
previous studies [31,55,56,7], amongst others, the effects of drag
reduction are mainly observed in the regions close to the walls
where differences are observed in peak magnitudes and locations
of the fluctuation components in relation to those for a Newtonian
fluid. As a consequence of these near-wall effects, in what follows
wall coordinates are used to highlight this importance.

Fig. 21 shows the mean flow data in wall coordinates for 0.0124%
xanthan gum. The xanthan gum data in the viscous sublayer follows
u* =y* as expected. In the turbulent core region, the data are shifted
upward from but remain parallel to the line representing data for a
Newtonian fluid. The upshift is clear evidence of drag reduction. At
the lowest measured Reynolds number, where the drag reduction

Please cite this article in press as: A. Japper-Jaafar, et al., Laminar, transitional and turbulent annular flow of drag-reducing polymer
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Fig. 23. Axial rms fluctuation levels in wall coordinates for water and 0.0124%
XG. (outer wall data upshifted on u'* axis by 1 wall unit). (O ) Water (inner),
Re=9900, v’} = 2.44; (W) water (outer), Re=9900, u'};,,, = 2.63; (A ) water (inner),
Re=30,600, u'},, = 2.53; (A ) water (outer), Re=30,600, u'/,,, = 2.86; (¢ ) water
(inner), Re=61,400, u',,, = 2.68; (® ) water (outer), Re=61,400, u'},,, = 3.21; (O)
0.0124% XG (inner), Re=10,600, v’} = 2.57; (W) 0.0124% XG (outer), Re=10,600,
wit . =2.41; (A) 0.0124% XG (inner), Re=30,300, '}, = 2.63; (o) 0.0124% XG
(outer), Re=30,300, u'f7,, = 2.63; (¢) 0.0124% XG (inner), Re=57,600, u';,,, = 2.78;

max

(#) 0.0124% XG (outer), Re=57,600, u'},,, = 2.84. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of the
article.)

is only about 3.2%, the outer wall data lie close to the line for a New-
tonian fluid and are progressively upshifted with higher Reynolds
number. Complete collapse of the inner- and outer-wall data only
occurs at DR~ 12%. These observations suggest that the initial con-
tribution of drag reduction comes from the inner wall where the
wall shear stress is higher than on the outer wall. At even higher
levels of drag reduction, seen in Fig. 22 for 0.07% xanthan gum mea-
sured at Re=28,700 where DR=42.3%, both the inner and outer
walls data are no longer parallel shifted from the Newtonian line,
as expected for high drag-reducing flows [55]. The outer wall pro-
file is lower than the inner wall data indicating that the inner wall
flow contributes more to the overall drag-reduction effect (assum-
ing, of course, that the inner:outer split of pressure drop implied
by Eq. (10) is correct).

Fig. 24. Axial rms fluctuation levels in wall coordinates for water and 0.07% XG.
(outer wall data upshifted on u'* axis by 1 wall unit). (A ) Water (inner), Re = 30,600,
Ul =2.53; (A ) water (outer), Re=30,600, u'},,, = 2.86; (A) 0.07% XG (inner),
Re=28,700, u'}, = 3.16; (a) 0.07% XG (outer), Re=28,700, v’} = 2.96. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to
the web version of the article.)

22 T T T T T T

I A A A ‘o ¢ A

2 . A . o ¢ A * A R -

- .. .AI » ‘. A -

1.8 e - . - 7

L n n 4
Am []

08| o EBA
A
0.6 4 4o o -
I:lD .
0.4 |-%F -

0.2 ey -

0 v b b e by s by b e by g by

0 25 50 75 100 125 150 175 200 225 250
!
y

Fig. 25. Radial rms fluctuation levels in wall coordinates for water and 0.0124%
XG. (outer wall data upshifted on v'* axis by 1 wall unit). (O ) Water (inner),
Re=9900, v}, = 0.83; (M) water (outer), Re=9900, v}, = 0.92; (A ) water (inner),
Re=30,600, v, =0.99; (A ) water (outer), Re=30,600, v}, = 1.08; (¢ ) water
(inner), Re=61,400, v’} = 1.07; (® ) water (outer), Re=61,400, v, = 1.18; (O)
0.0124% XG (Inner), Re=10,600, v/, = 0.70; (W) 0.0124% XG (outer), Re=10,600,
Vi = 0.72; (A) 0.0124% XG (Inner), Re=30,300, v';,, = 0.85; (a) 0.0124% XG
(outer), Re=30,300, V'« = 0.90; (¢) 0.0124% XG (inner), Re=57,600, v'}., = 0.92;
(#) 0.0124% XG (outer), Re=57,600, v'{,, = 1.06. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the web version of the
article.)

Normalizing the axial rms fluctuation component with the fric-
tion velocity, as done in Fig. 23, highlights an interesting effect
(note: the outer wall data in Figs. 23-26 is upshifted on the u'* axis
by one wall unit to separate the data). Suppressions can be observed
for 0.0124% xanthan gum at all Reynolds numbers for data mea-
sured near the outer wall while a slight increase is seen on the inner
wall peak values. For the inner wall peak values the differences are
small and essentially within the experimental uncertainty although
the trend is consistent across all the Reynolds numbers. At even
higher levels of drag reduction (DR =42.3% for 0.07% xanthan gum
in Fig. 24), an increase in the peak levels is observed at both walls.
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Fig. 26. Tangential rms fluctuation levels in wall coordinates for water and 0.0124%
XG (outer wall data upshifted on u'* axis by 1 wall unit). (O ) Water (inner),
Re=9900, w'},,, = 0.99; (M ) water (outer), Re=9900, w'},,, = 1.20; (A ) water
(inner), Re=30,600, w'},, = 1.25; (A ) water (outer), Re=30,600, w'}\,, = 1.42; (¢
) water (inner), Re=61,400, w'},, = 1.45; (® ) water (outer), Re=61,400, W'}, =
1.65; (O) 0.0124% XG (inner), Re=10,600, W'}, = 1.34; (W) 0.0124% XG (outer),
Re=10,600, w'i,, = 1.38; (2) 0.0124% XG (inner), Re=30,300, w'},, = 1.44; (a)
0.0124% XG (outer), Re=30,300, W'}, = 1.55; (0) 0.0124% XG (inner), Re =57,600,
W = 1.33; (#) 0.0124% XG (outer), Re=57,600, w'};,., = 1.76. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of the article.)
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Fig.27. Radial rms fluctuation levels in wall coordinates for water and 0.07% XG. (A )
Water (inner), Re=30,600, v}, = 0.99; (A ) water (outer), Re=30,600, v/}, = 1.08;
(A) 0.07% XG (inner), Re=28,700, v, = 0.63; (a) 0.07% XG (outer), Re=28,700,

V' ax = 0.66. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of the article.)

The radial rms fluctuation levels for 0.0124% xanthan gum, shown
in Fig. 25, are globally much lower than that for water. In Fig. 26
increases in the peak values are observed for the tangential com-
ponent except for the peak value at the inner wall for Re=57,600.
For higher levels of drag reduction, as in the case for 0.07% xanthan
gum, increased suppression could be seen for both the radial and
tangential rms fluctuation levels when plotted in wall coordinates
as shown in Figs. 27 and 28.

In Fig. 29 the peak values of the turbulent fluctuation compo-
nents close to the inner and outer walls, normalized with the bulk
velocity, have been plotted against level of drag reduction together
with the available data from the literature for the same annulus

Fig. 28. Tangential rms fluctuation levels in wall coordinates for water and 0.07%
XG. (A ) Water (inner), Re=30,600, w';,,, = 1.25; (A ) water (outer), Re=30,600,
Wik = 1.42; (A) 0.07% XG (inner), Re=28,700, w'f,.,, = 1.13; (4) 0.07% XG (outer),
Re=28,700,w'},., = 1.18.(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of the article.)
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Fig. 29. Peaks of axial, radial and tangential fluctuation components normalized
with the bulk velocity, Ug, plotted against drag reduction (O) current study, (A)
CMC [15], (0) CMC, XG, LAPONITE/CMC [24]. Red: u'[Ug; green: v’ /Ug; blue: w'/Ug;
hollow symbols: inner wall; filled symbols: outer wall). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version
of the article.)

radius ratio of k ~ 0.5 [15,24]. The lines in the figure are included to
guide the reader’s eye where clear trends are apparent. The limited
data from the current study for the semi-rigid polymer, xanthan
gum, and the data obtained from the literature show a decreas-
ing trend below 40% drag reduction of the normalized axial peak
level above which a slightly more complex but generally increas-
ing trend is observed. A vertical dotted line is also included in the
figure to demarcate these two regions. Apart from a slight increase
of the normalized tangential component for DR < 12%, decreasing
normalized radial and tangential components with drag reduction
can also be seen. Below 40% DR the trends are very similar to those
identified by Escudier et al. [5] for flow through a rectangular duct
and by Japper-Jaafar et al. [7] for pipe flow. However above 40% DR
the trend in the current axial peak levels is different to the rect-
angular duct and pipe flow data. This discrepancy may be due to a
lack of data for highly flexible high molecular weight polymers (e.g.
polyethylene oxide or polyacrylamide) in the annular flow case.
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Solutions of flexible polymer molecules have been shown to exhibit
a different turbulent structure compared to more rigid molecules
such as xanthan in complex flows for example [57].

7. Conclusions

Laminar-turbulent transition for flow of Newtonian and non-
Newtonian liquids through an annular pipe was detected by
monitoring the axial rms fluctuation level at fixed radial locations
close to the inner and outer walls (§ =0.1 and 0.9). It was found that
the Reynolds-number range for transitional flow was greater for the
more shear-thinning fluids. Time traces of the mean axial velocity at
these radial locations provided some insight into the nature of tran-
sition within the flow. These observations indicate that the higher
shear stress on the inner wall compared to that on the outer wall
does not lead to earlier transition for shear thinning and yield stress
fluids as is observed for the Newtonian fluids. Though velocity vari-
ations are detected within the time traces for the flow closer to the
inner wall, this effect could be a consequence of the high ampli-
tude spikes occurring for the flow closer to the outer wall, i.e. mass
conservation enforcing changes in velocity near the inner wall. The
mean axial velocity indicates a slightly different behaviour for the
Newtonian and polymer flow in relation to the location of max-
imum velocity. A shift towards the outer wall from a location of
£=0.44 could be seen within the transitional flow regime for the
glycerine-water mixture due to the higher number of turbulence
spots which results in further increase of the shear stress in the
inner wall region compared to that in the outer wall region. The
modification is a consequence of the flow adjusting to the change
in momentum transport as suggested by Hanks and Bonner [13]. In
contrast for the polymer flows such a shift in the location of max-
imum velocity is not detected and, if any, is not significant due to
flattening of the velocity profiles associated with shear-thinning.

A qualitative analysis of the peak values of the turbulent fluc-
tuation levels (normalized with Ug) in the drag-reduction study
shows a decreasing trend of the axial component below 40% drag
reduction. Above this drag-reduction “limit”, the peak axial lev-
els increase, generally, with drag reduction in contrast to what
is observed in pipe and channel-flow studies [5,7]. Apart from a
slight increase of the normalized tangential fluctuation component
for DR < 12%, the normalized radial and tangential rms fluctuating
components remained below the Newtonian values for all drag-
reducing flows, with the peak value decreasing with increasing drag
reduction, similar to the pipe and channel-flow studies.
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