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Figure 6.29: Velocity profiles for different Reynolds numbers within the laminar, transition and turbulent regimes, including the numerical data

from Fluent (continuous lines) for 0.065%CARBOPOL
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Figure 6.30(a-b): Axial velocity fluctuation component (u'/U , ) for different Reynolds

numbers within the laminar, transition and turbulent regimes for 0.065%CARBOPOL
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Figure 6.32: Normalized mean velocity distribution at various Reynolds numbers for water

measured in Plane B in the annulus
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Figure 6.35: Normalized tangential velocity component at various Reynolds numbers for water
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Figure 6.37: Axial rms fluctuation levels in wall coordinates for water. o: Water (Inner),

Re=9900, u,, =2.44; m: Water (Outer), Re=9900, 1%, =2.63; A: Water (Inner), Re=30600,
U =2.53; A: Water (Outer), Re=30600, 2", =2.86; O: Water (Inner), Re=61400, 1", =2.68;
€ Water (Outer), Re=61400, #'*, =3.21; o: Water (Inner), Re=77000, u'' =2.70; ®: Water

(Outer), Re=77000, u.,., =3.37.
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Figure 6.38: Radial rms fluctuation levels in wall coordinates for water. o: Water (Inner),

Re=9900, v,,..=0.83; m: Water (Outer), Re=9900, V.., =0.92; A: Water (Inner), Re=30600,
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(Outer), Re=77000, v, =1.16.

218



2
(1]
i ®
*
i ®
1.5 ¢ o
mAOO ®
A A O 0O e ® ®
» .A A Ao 3 . o
n " A A *
;VE 1— DDI O O O
= o A ¢ e
] A o>
DD . ) A A o
(]
0.5
0 L ] i | | l Il L l L l | L | | ' : ! ! L ] I | L
0 200 400 600 800
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Figure 6.41: Universal mean velocity distribution for 0.0124%XG. —: u+=y‘+; ey =25y’
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Figure 6.44: Axial rms fluctuation levels in wall coordinates for water and 0.07%XG. A: Water

(Inner), Re=30600, 1. =2.53; A: Water (Outer), Re=30600, u.' =2.86; A: 0.07%XG (Inner),
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Figure 6.45: Radial rms fluctuation levels in wall coordinates for water and 0.0124%XG. 1
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Figure 6.46: Tangential rms fluctuation levels in wall coordinates for water and 0.0124%XG. 1
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Wt =1.44; A:0.0124%XG (Outer), Re=30300, w'’. =1.55; ©: 0.0124%XG (Inner),

Re=57600, w'! =1.33; ®: 0.0124%XG (Outer), Re=57600, w'\. =1.76.
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Figure 6.47: Radial rms fluctuation levels in wall coordinates for water and 0.07%XG. A: Water

(Inner), Re=30600, v.. =0.99; A: Water (Outer), Re=30600, v’ =1.08; A: 0.07%XG (Inner),

227



1.6

1.4 aat

L 08 a

0.6 -

0.4

0.2

0 100 g 200 300

Figure 6.48: Tangential rms fluctuation levels in wall coordinates for water and 0.07%XG.

A: Water (Inner), Re=30600, w' =1.25; A: Water (Outer), Re=30600, w', =1.42; A:

0.07%XG (Inner), Re=28700, W', =1.13; A:0.07%XG (Outer), Re=28700, w,. =1.18.
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7 CONCLUSIONS

This chapter is divided into several sections which summarize the key findings of the research
work described in this thesis. Section 7.1 gives a brief summary of the rheological
characterization of the working fluids; shear-thinning rigid and semi-rigid biopolymers,
L9
scleroglucan and xanthan gum, and a polymer known to exhibit a yield stress, carbopol. Section
7.2 highlights the findings of the drag-reduction study conducted on the rigid biopolymer,
scleroglucan, in the circular pipe while in section 7.3 the main findings on transitional and
turbulent flows in th;: annular pipe conducted using xanthan gum and carbopol are presented.

Several suggestions of possible extensions to this work, specifically on transitional annular flow,

are finally presented and discussed in section 7.4.

7.1 Rheology characterization

The non-Newtonian fluids selected for this study aré non-toxic polymer solutions. Steady-shear
viscosity measurements on these polymers, scleroglucan, xanthan gum and ca.rbopol, exhibited
increased shear-thinning ability with increasing solution concentration. During these
measurements, wall slip occurred in the carbopol solutions and the effects were minimized using
a roughened parallel-plate geometry producing a very high first Newtonian plateau in the shear-
viscosity data at very low shear stresses, typical of a “yield stress” fluid. The small amplitude
oscillatory shear (SAOS) data showed that the loss modulus (G") is greater than the storage
modulus (G') until the crossover frequency, which decreases with concentration, indicating
viscous dominance at low concentrations for scleroglucan and xanthan gum. Although the shear
and SAOS properties of rigid and semi-rigid polymers were well-known before this study, no
reliable information regarding their extensional properties was available. To fill this gap in
understanding capillary break-up extensional viscosity measurements (CaBER) were conducted

on the rigid and semi-rigid “rod-like” polymers, scleroglucan and xanthan gum. Newtonian-like
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linear filament-thinning behaviour was observed in the capillary-thinning experiments which has
not been seen before in the flexible polymer solutions investigated using this technique in the
literature. However, even though the filament thinning is Newtonian like, the magnitude of the
Trouton ratio (>>3) confirms the non-Newtonian behaviour of these polymers in extensional
flow. Although scleroglucan and xanthaﬁ gum have been classified in the literature as rigid and
semi-rigid polymers, respectively, the CaBER results showed that these polymers in fact behave

very similarly in extensional flows with the steady uniaxial extensional viscosity varying with

concentration in the same power-law fashion for both polymers (77, oc ).

7.2 Pipe flow

For the first time detailed turbulence measurements in a pipe flow for a rigid rod-like polymer
solution, scleroglucan, have been obtained. Although gross flow measurements, i.e. pressure
drop versus Reynolds number, of this rigid polymer have been conducted before in.a pipe

(Sasaki, 199 1“), no infoénﬂation on the veldcity ﬁéld or turbulent si_atistics were available in the
literature prior to this work. In fact the sole paper with detailed results for such polymer appears
to be the boundary layer injection study of Paschkewitz et. al. (20(;5). The results presented in
‘this thesis confirm that scleroglucan is drag reducing with the drag-reduction effectiveness,
which increases with solution concentration, found to be only mildly dependent on the Reynolds
number. Though sliéhtly lower than the drag-reducing ability of flexible polymer solutions seen
in the literature at the same concentrations the high degree of mechanical degradation resistance
of the rigid rod-like polymer, even at very dilute concentrations, represents a potentially very
significant practical benefit. For example, in the oil industry, the use of flexible polymers to

reduce pumping power and to increase the bearing capacity of the drill cuttings may require

constant addition of the polymer due to its fast degradation rate. Rigid polymer solutions
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represent a cost-effective and, as they are formed from biological processes, environmentally-

friendly solution to this degradation problem.

The results in this study show thaf the mean axial and turbulence structure data exhibit
behaviour typical of a low drag-reducing flexible polymer solution such as
carboxymethylcellulose with increases in " and decreases both in w” and v"* generally when
compared to that of the Newtonian flow at the same Reynolds number. The current results hence
expand the previously extremely limited experimental database for rigid polymers in turbulent
flow and provide a benchma‘rk dataset for the validation of numerical simulations for rigid

polymer flows, for example using direct numerical simulations (DNS).

7.3 Annular flow .

Prior to this thesis no detailed experimental study had been cond.ucted on the transitional flow
within an annular pipe for non-Newtonian ﬂuids’. T(; address this deficit the trgnsitional flow of
a series of non-Newtonian fluids in an annulus of radius ratio x =0.5 have been investigated.
By monitoring the axial rms fluctuation level at fixed radial locations close to the inner and

outer walls (£=0.1 and 0.9) a larger Reynolds number range during which transitional flow can

be observed is seen for the more shear-thinning fluids in comparison to the Newtonian control
case. Time traces of the mean axial velocity at these non-dimensional radial locations provided
further insight of the transitional flow within the annular pipe. Contrary to what is observed for
the Newtonian fluid, glycerine in this case, the higher shear stress on the inner wall compared to
the outer wall does not lead to earlier transition for shear thinning and yield stress fluids. For
these fluids higher turbulent activity in terms of a greater number of high and low velocity
spikes in the time traces is observed at the outer wall region, a transitional flow characteristic

which is not clearly seen by monitoring the axial rms fluctuation level alone. The earlier
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transition to turbulence of the inner wall region seen in the experiments for the Newtonian fluid
flow is in agreement with the theoretical predictions of Hanks and Bonner (1971). A slight shift
(~5%) of the maximum velocity location towards the outer pipe wall was detected in the
transitional regime only for the Newtonian fluid. For the non-Newtonian fluids, where the
flattening of the velocity profiles due to shear thinning makes peak identification more difficult
anyway, and for Newtonian laminar and turbulent regimes (Re<Re.; and Re>Re;), the

maximum velocity is located close to the inner pipe wall at a fixed location of &=0.44.

.

The transitional-flow analysis described within this thesis further allows identification of drag-
reduction onset within the transitional flow regime. For these drag-reducing flows drag
reduction is not observed immediately after the onset of transition to turbulence (Re;) but at
some delayed Reynolds number between the critical Reynolds number ob:[ained from the time
traces of the axial velocity (Re.,;) and the limit where the maximum value of turbulent intensity
is reached (Re;). This new finding further subpo;'ts the Type B (:irag-redu'ction mechanism
discussed by Virk et. al. (1997) for rigid polymers. A’ qualitative analysis of the peak values of

the turbulent fluctuation levels (normalized with U, ) shows a decreasing trend of the axial

component below 40% drag reduction. Above this drag-reduction “limit”, the peak levels
seemed to increase, generally, with drag reduction. Apart from a slight increase of the
normalized tangential 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 what is observed in the
pipe-flow study. These current limited results would then indicate a different turbulent structure
between the low and high drag-reducing annular flow than what is observed in the literature for

pipe and channel flows.
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In addition to providing a detailed experimental database which can be used to aid the
development of turbulence models for non-Newtonian fluids (see for example Cruz and Pinho,
2003 and Pinho et. al., 2008), the findings presented within this thesis have shown that the
biopolymers studied are capable of drag reduction. As all synthetic polymers are flexible
polymers the rigid and semi-rigid biopolymers studied here could be suitable substitutes to th‘ese
synthetic polymers and have many potential applications especially, but not exclusively, in the
oil industry in terms of mechanical degradation resistance, biodegradability, sustainability and
low toxicity. Furthermore the results presented here have expanded the fundamental
understanding of the flow beh‘aviour specifically within the transitional and turbulent regimes of
non-Newtonian fluid flows, which captures the essentials of the drilling fluid dynamics during
the oil and gas drilling process. Although in the actual application the annulus departs from the
ideal conditions, which are concentric, steady and isothermal, the results obtained here, in an
annulus with a radius ratio close to that used in conventional drilling, cou.ld be utilized, at least

- as a starting point, in the study of drill cuttings management.

7.4 Recommendations for future work

It has been shown that rigid and semi-rigid polymers have the same drag-reduction
characteristics as low drag-reducing flexible polymers in pipe flow and, in a slightly different
manner, in the annular-flow geometry. It is also well-known that they possess greater resistance
to mechanical degradation than flexible polymers. However the problem of how these polymers
reduce the drag - whether the same mechanism for flexible polymer applies to rigid and semi-
rigid polymers - remains poorly understood. Hence further work should involve the study of the
rigid polymer-turbulent interactions, be it through direct numerical simulations using suitable
constitutive equations or experimental work using other measuring systems capable of providing

additional insight such as stress birefringence.
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Further investigation may be useful to fully understand the transitional flow phenomena in the
annular pipe. Monitoring the time traces of the axial velocity at just two fixed non-dimensional

radial locations of £=0.1 and £=0.9 as a means of estimating flow transition only gives

information at these locations. It is therefore difficult to make any overall conclusions of the
transitional behaviour throughout the whole annular pipe. The use of time-resolved particle
image velocimetry (PIV) to monitor the whole flow-field would be useful in this regard. The
time ratio method utilized in detecting transition to turbulence is also not ideal because of the
high degree of uncertainty in its determination with the LDA data. A more advanced method of

intermittency estimation can be applied, through the square of the first derivative method for

example, if the data rate is high enough (> 1kHz).

Further work is also required to overcome the difficulty in obtaining two-component velocity

measurements particularly very close to the wall to determine the Reynolds shear ‘stress

1

component (u'v’ )-. With the current slit module box, use of a thin layer of material with a
refractive index close to that of the working fluids over the cross-slit to provide a solid surface

would probably be the simplest solution.
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Turbulent Pipe Flow of “Rod-Like” Polymer Solutions

A. Japper-Jaafar, M.P. Escudier and R.J. Poole

Department of Engineering, University of Liverpool, Brownlow Street, Liverpool, L69 3GH United Kingdom

Abstract. In this study the drag reduction of an aqueous solution of a rigid “rod-like” polymer, scleroglucan, al a
concentration of 0.01% w/w in a 100-mm diameter, 23-m long circular pipe-flow facility was experimentally
investigated. Pressure-drop measurements were conducted via a differential pressure transducer and compared to that of
the Newtonian solvent. Mean axial velocity and complete Reynolds normal stress data, i.e. o', v' and w' were measured by
means of a laser Doppler anemometer at three different Reynolds numbers, all in the turbulent-flow regime. Newtonian
contro] runs, also within the turbulent-flow regime, were also performed for comparison.

Keywords: turbulent, pipe flow. rod-like polymer.
PACS: 40, 80 .

INTRODUCTION

Turbulent drag reduction of “rod-like” or “rigid” polymer solutions has received considerably less attention than
“flexible” polymer solutions partly because they appear not to be as effective at reducing drag at a given
concentration [1]. Compared to flexible polymer solutions, where the drag-reduction mechanisms are already well
explored and understood [2,3,4], the effect of rigid-rod polymer solutions on the turbulent structure is still largely
unstudicd (with thc notable exception of the boundary-layer cxperiments of [1]). In this study the drag-reducing
behavior of an aqueous solution of a rigid-rod polymer, scleroglucan (SG, Cargill Inc.), at a concentration of 0.01%
w/w was investigated experimentally in a circular pipe-flow facility. i

EXPERIMENTAL

A 23-m long circular pipe-flow facility was utilized. The test pipe comprised of a number of precision-bore
borosilicate glass tubes, each about 1 m in length, with an average internal diameter of 100.4 mm. The fluid was
driven from a 500-1 capacity stainless-steel tank by a progressive cavity pump (Mono-type, E101 with a maximum
flowrate of 0.025 m’/s). Three pulsation dampers located immediately after the pump outlet acted to remove
pulsations resulting from the rotation of the mono pump. A Coriolis mass flowmeter (Promass 63 manufactured by
Endress + Hauser) was also incorporated in the system. The pressure drop was measured by means of a differential
pressure transducer, GE Druck (LPX9381), capable of measuring up to 5000 Pa and an uncertainty of less than
1.5%, over a distance of 72D, starting 140D downstrcam of the inlct. The rcading of the transducer under no-flow
conditions was made at the beginning and at the end of each measurement to account for any drift. Velocity profiles
and turbulent fluctuation levels, performed at 220D downstream of the inlet of the pipe test section, were determined
using a Dantec Fibreflow laser Doppler anemometer (LDA) system supplied by Dantec Electronic Ltd, UK,
comprising of 60X 10 probe and a Dantec 55% 12 beam expander in conjunction with a Dantec Burst Spectrum
Analyzer signal processor (model 57N10). Only one component of velocity could be obtained at any one time due to
the refraction of the beams at the curved surface of the pipe wall. At each location across the pipe cross section,
10,000 data samples were collected and the data was processed using a simple ensemble-averaging method. 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. In order to increase the signal-to-noise ratio and the data rate for the LDA
measurements, seeding particles (Timiron MP-1005, mean dia. =20m) were also added at a concentration of 1ppm.

CP1027, The XV" International Congress on Rheology, The Suciety of Rheology 80" Annual Meeting
edited by A. Co, L. G. Leal, R. H. Colby and A. J. Giacomin
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RESULTS AND DISCUSIONS
Polymer Characterization

The scleroghtcan used in this study is a non-ionic polysaccharide produced by the fungi of genus sclerotium with
a molecular weight reported by the supplier to be in excess of 10° g/mol. The rigid behavior of the polymer is
attributable to the long persistent length of the molecule originating from its triple helical structure [1,5]. Steady-
shear measurements were conducted over a wide range of concentrations (0.01% - 0.75% w/w) using a TA
Instrument Rheolyst AR 1000N controlled-stress rtheometer. Plotting 7,, which is the viscosity in the zero shear rate
plateau against the solution concentration, ¢, provided a way of estimating the so-called critical overlap
concentration, ¢*, which for this particular SG was found to be 0.057% (570 ppm). Small amplitude oscillatory
measurements and capillary break-up extensional behavior measurements were also conducted but were only
possible for higher concentration solutions (¢ = 0.075%).

Pressure-Drop Measurements

The experimental pressure-disp results are displayed in Fig. 1, as the Fanning friction factor, f versus Reynolds
number, Re. The Reynolds number is defined based on the bulk velocity, pipe diameter and the dynamic viscosity at
the wall which was obtained from a Carreau-Yasuda model fit [6] to the steady-shear viscosity measurements, using
a known average wall shear stress determined from the pressure-drop measurements. The friction factor showed
deviations away from that of the Newtonian solvent (water) towards Virk’s “maximum drag reduction asymptote”
[2] as the solution concentration was increased from 0.01% to 0.02%. However, the average drag reduction was
found to plateau to an approximately constant value as the concentration was further increased to 0.05%. The
average drag reductions, calculated from the friction factor of the polymer solutions and that of the Newtonian

solvent at the same Re, for all solutions studied were only weakly dependent on the Reynolds number in marked
contrast to flexible polymers [2].

0.050
0.040 F - = « = Newtonian, Laminar
. E Newtonian, Turbulent (Blasius)
0.030 - Drag reducti ptote (Yirk, 1975)
- - \ o Water (Solvent)
o o 0.01% SG
0.020p~
\ v & 002%SG
‘5" B A0 0.05% 8G
g 0.010 I
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g
B -
0.0020 1wl o] S
500 1000 10000 100000

Reynolds number, Re

FIGURE 1. f-Re data for various scleroglucan concentrations in a circular pipe

Mean Flow and Turbulence Velocity Measurements

The onsets of the shifts of the polymer-solution data in Fig. 2(a) were found to be independent of Re occurring at
a constant y* location of about 15. The magnitudes of the shifts were also found to be independent of Re. The axial
fluctuation turbulent profile in Fig. 2(b) exhibits increased values, compared to the Newtonian data, towards the wall
with the peaks found to be close to the onset of the shifts in the mean profiles (3*~15). Fig. 2(c) and (d) exhibit
suppression of the radial and tangential turbulence components with significant reductions in the peaks of the
tangential turbulence velocity component compared to that of the Newtonian solvent,
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FIGURE 2. (a) Universal mean velocity distributions, (b) universal axial turbulence component at various Reynolds numbers,
(c) Universal radial turbulence, (d) universal tangential turbulence components at various Reynolds numbers
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i
CONCLUSIONS

Our data confirm that so-called rigid-rod polymer solutions are effective as drag-reducing agents. The mean

axial and turbulence structure data presented here for a rigid-rod polymer solution, scleroglucan, exhibited behavior
typical of a low drag-reducing flexible polymer solution with increases in 4™ and concomitant decreases in V" and

W
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Fully developed turbulent pipe flow of an aqueous solution of a rigid “rod-like” polymer, scleroglucan, at
concentrations of 0.005% (w/w) and 0.01% (w/w) has been investigated experimentally. Fanning friction
factors were determined from pressure-drop measurements for the Newtonian solvent (water) and the
polymer solutions and so levels of drag reduction for the latter. Mean axial velocity u and complete
— Reynolds normal stress data, i.e. u’, v’ and w', were measured by means of a laser Doppler anemometer
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’é‘?’w‘f"‘(]f:_ ) at three different Reynolds numbers for each fluid. The measurements indicate that the effectiveness
l’il “ff']:“;'““o" of scleroglucan as a drag-reducing agent is only mildly dependent on Reynolds number. The turbulence
Rigid—rod polymer solutions structure essentially resembles that of flexible polymer solutions which also lead to low levels of drag
LDA reduction.

1. Introduction

The phenomenon of drag reduction, often referred to as “Tom's
phenomenon”, has been the subject of extensive reviews by Lumley
[1], Virk [2], Berman [3], Hoyt [4], Nieuwstadt and den Toonder [5],
Graham [6] and many others, and the behaviour of flexible polymer
solutions as drag-reducing agents is now fairly well understood. A
notional limit of drag reduction of 40% has been found below which,
the flow is categorized as “low” drag-reducing and above which,
“high” drag-reducing (e.g. Warholic et al. [7] and Escudier et al. [8]).
There are marked differences between these two categories. For
“low" drag-reducing flows, the normalized mean velocity in law-
of-the-wall form (u*) remains parallel to the Newtonian data but is
upshifted [7,8]. In addition, the peak value of the normalized axial
velocity fluctuations (u'") increases, the peak values of the radial
(v'") and tangential (w'") velocity fluctuations decrease together
with a monotonic decrease of the Reynolds shear stress (pu'v') [7].
Different trends are observed for high drag-reducing flows where
there is a significant increase in the slope of the universal mean
velocity profile [7]. At such high levels of drag reduction the nor-
malized axial velocity fluctuation levels are ultimately suppressed
with concomitant decreases of the Reynolds shear stress, to almost
zero levels close to the maximum drag reduction asymptote [2],
with corresponding increases in the so-called “polymer stress”.

The drag-reducing mechanisms of “rigid” or “rod-like" polymers
are far from as well studied or understood as is the case for flexi-
ble polymers. The limited literature on these polymers has shown

* Corresponding author. Fax: +44 151 7944848,
E-mail addresses: a.jaafar@liv.ac.uk (A. Japper-Jaafar),
escudier@liv.ac.uk (M.P. Escudier), robpoole@liv.ac.uk (R.). Poole).

0377-0257/% - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jnnfm.2009.04.008

© 2009 Elsevier B.V. All rights reserved

that the polymer solutions are also capable of drag reduction but
possibly to a lesser degree than flexible polymer solutions (e.g. the
boundary-layer (polymer injection) worlk of Paschkewitz et al. [9]).
However, while high molecular weight flexible polymer solutions
are very prone to mechanical degradation, an advantage of rigid
polymer solutions is that they are more resistant (Paschkewitz et al.
[9], Hoyt [4]). An additional advantage of rigid polymers is that they
tend to be biopolymers, derived through biological fermentation.

Berman [3] found that rigid structures and polyelectrolytes
were not effective drag reducers until the concentration was “high
enough” which was also confirmed by his later study [10]. Using
collagen and carrageenan, the ratio of circumscribed volume of
the molecules to the actual volume (the lengths of the rod-like
molecules were used as diameters to calculate the circumscribed
volume) was found to be at least 30 for the solution to be drag-
reducing. Through pressure-drop measurements it was observed
that the rigid polymer solutions were drag-reducing but did not
show any drag reduction onset (i.e. there appeared to be no crit-
ical wall shear stress before drag reduction occurred). Although
exhibiting drag reduction, the slopes of the friction factor, f, against
the Reynolds number, Re, plotted in log-log coordinates remained
parallel to that for the Newtonian fluid flow. In contrast to poly-
electrolytes and flexible polymer solutions, no diameter effect was
observed for these rigid polymer solutions [10].

Bewersdorff and Singh [11] studied the drag reduction of xan-
than gum solutions, in which molecule rigidity was varied by the
addition of salt to increase flexibility. Without salt addition, the f~Re
data of the xanthan gum solutions (again plotted in log-log coordi-
nates) exhibited drag reduction but the curves remained parallel to
that for the Newtonian fluid. The greater flexibility due to the addi-
tion of salt resulted in greater drag reduction. These results are in
disagreement with the observations of both Sasaki [12] and Virk et
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Nomenclature Subscripts
a Carreau-Yasuda parameter N Newtonian
b diameter of CaBER plates (4 mm) P polymer
c polymer concentration (%, w/w) w wall
c critical overlap concentration (%, w/w) )
D pipe diameter (m) Superscripts
Dcaper  filament diameter in CaBER (mm) + “wall” coordinates
Do midpoint filament diameter in CaBER following ces-
sation of stretch deformation (mm) ]
DR drag reduction (%), (= fx — fp)/fa x 100) al. [13] however. Virk et al. [13] found that increasing the flexibility
f Fanning friction factor, (= 2rw/pU§) of hydrolyzed polyacrylamide reduced the drag reduction ability
(o4 storage modulus (Pa) of the polymer solution. Sasaki [12] also studied the drag-reducing
G” loss modulus (Pa) ability of what he termed a “strictly rigid” polymer solution, scle-
h distance between plates in CaBER (mm) roglucan, and found the trend to be in close agreement with that of
L pipe length over which the pressure drop was mea- a semi-rigid xanthan gum solution without salt addition.
sured (m) Benzi et al. [14] postulated through theoretical considerations
m slope of linear fitting to CaRER data (mmy/s) that the slope of the maximum drag reduction asymptote (f-Re plot)
n power-law index « discovered by Virk {2] applies to both flexible and rigid polymers.
Ap pressure drop (Pa) However, their work showed that the dynamics of these polymers
0 volumetric flowrate (m3/s) upon approaching the asymptote are different. They found that the
Re Reynolds number (= pUgD/nw) degree of drag reduction for a rigid polymer is dependent only on
t time (s) the concentration while it is well known that for a flexible polymer,
Ts filament breakup time in CaBER (s) it is a function of concentration, Reynolds nurnber and the Debo-
Tr Trouton ratio, (= ne(v3&)/n()) rah number [1-5]. For flexible polymers, the asymptote is reached
u mean axial velocity (m/s) even for low concentrations and then a crossover back to the New-
ut mean axial velocity normalised by friction velocity tonian core is found. For rigid polymers, maximum drag reduction
(=ujuy) is approached gradually as concentration is increased. Paschkewitz
Uur friction velocity (m/s), (= v/Tw/p) et al. [15] conducted direct numerical s:imulations of non-Brownian
u RMS axial velocity fluctuation {m/s) fibres (no elasticity) in a turbulent channel flow. At 15% drag reduc-
Tl RMS axial velocity fluctuation normalised by friction tion, the mean axial and turbulence structure data are found to
velocity (= u'fus) o ) be similar to that of low drag-reducing flexible polymer solutions
uv Reynolds shear stress (m?/s2) leading 20 the conclusion that elasticity is not necessary for drag
Us bulk velocity (m/s), (= 4Q/(7D?)) reduction. The Reynolds shear stress is reduced throughout the
v RMS radial velocity fluctuation (m/s) entire channel and the polymer stress shows large values closer
v RMS radial velocity fluctuation normalised by fric- to the wal suggesting that fibres most strongly affect the flow in
tion velocity (= v/ /u;) the near-wall region (y* <100). Similar observations were also made
w RMS tangential velocity fluctuation (m/s) by Benzi et al. [16]. The drag reduction effectiveness is also found
w* RMS tangential velocity fluctuation normalised by to increase with increasing aspect ratio of the fibres (Paschkewitz
friction velocity (=w'[uy) et al. [15], Gillissen et al. [17]).
y distance from pipe wall (m) To date, with the notable exception of the boundary-layer
¥ distance from pipe wall normalised by friction experiments of Paschkewitz et al. [9], there is no experimental infor-
velocity (= pyur/nw) mation on the mean velacity and on the turbulence statistics of
rigid polymer solutions in fully developed pipe flow, or indeed any
Greek letters pure shear flow. The present paper aims to address this deficit by
y shear rate (l/s) studying the effects of concentration and Reynolds number on the
Yw shear rate at the wall (s1) degree of drag reduction of a “strictly rigid” polymer solution, scle-
& strain rate determined from CaBER (1/s), roglucan, in a large-scale circular pipe flow facility (i.e. the same
— _ 4 dDcanpr polymer as studied in [9] and [12]). Measurements on the New-
=D de tonian solvent, at Reynolds numbers close to that of the polymer
n shear viscosity (Pas) solution flow, were also performed for comparison. As has been
ne uniaxial extensional viscosity (Pas) pointed out by den Toonder and Nieuwstadt [ 18] the turbulent fluc-
o zero-shear rate viscosity (Pas) tuation components for Newtonian pipe flow, normalized with the
nw wall shear viscosity obtained from zw and jay via friction velocity (u), are Reynolds number dependent. Hence, it is
Carreau-Yasuda fit (.Pa 5). important, as we ensure here, that the flow measurements for the
M= infinite-shear rate viscosity (Pas) Newtonian fluid are conducted at the same Reynolds number as
A characteristic relaxation time in CQBER (s) that of the polymer solutions. The Reynolds number is defined here
Acy Carreau-Yasuda constant representing onset of based on the bulk velocity, pipe diameter and the fluid viscosity at
shgar thln.mng (s) ; the wall (Re = pUgD/nw). -
P fluid density (kg/m?)
tw wall shea.r stress (Pa) (= ApDJ4L) 2. Experimental arrangement
3] angular frequency (rad/s)

The measurements were carried out in a 23-m long circular pipe
flow facility, which is essentiaily an extended version of the flow
loop described indetail in {19] (Fig. 1). The test pipe (1) comprised of
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Fig. 1. Schematic diagram of the flow loop.

21 precision-bore borosilicate glass tubes, each about 1029 + 2 mm
long, a single glass tube 656 mm in length and one PVC plastic pipe,
1060 mm long, at the test section entrance, The internal diameter of
the tubesis 100.4 + 0.1 mm. The fluid was driven from a 500-l capac-
ity stainless steel tank (2) by a progressive cavity pump (3) (Mono-
type, E101 with a maximum flowrate of 0.025 m3/s). Three pulsa-
tion dampers (4) located immediately after the pump outlet acted
to remove pulsations resulting from the rotation of the mono pump.
A cylindrical plenum-chamber (5) upstream of the pipe test section
minimizes swirl and suppresses disturbances with the intention of
providing a smooth uniform inflow into the pipe. A Coriolis mass
flowmeter (6) (Promass 63, manufactured by Endress+Hauser)
was also incorporated in the experimental rig. The pressure drop
was measured by means of a differential pressure transducer, GE
Druck (LPX9381) with a range of 5000Pa and an uncertainty of
less than 1.5%, over a distance of 7.2 m (72 D) starting 14 m (140 D)
downstream of the inlet. Readings of the transducer under no-flow
conditions were made at the beginning and end of each measure-
ment to account for any drift where the zero flowrate readings were
monitored and subsequent readings were corrected accordingly.

Mean velocity profiles and turbulent fluctuation levels, were
measured 22 m (220D) downstream of the inlet of the pipe test
section, using a Dantec Fiberflow laser Doppler anemometer (LDA)
system comprising of 'a 60X10 probe and a Dantec 55X12 beam
expander in conjunction with a Dantec Burst Spectrum Analyzer
signal processor (model 57N10). The lens focal lengthis 160 mm and
the measured half angle between the laser beams is 8.4° which pro-
duces a measuring volume with a diameter of 40 wm and a length
of 0.27 mm in air, calculated using the procedure of Buchhave et al.
[20}. The axial and tangential velocities and the respective radial
locations were corrected as suggested by Bicen {21]. The radial
velocity measurements were conducted with a flat-faced optical
box (7), filled with water, placed on the test section to minimize the
amount of refraction of the beams making it possible to obtain data
closer to the wall. The radial velocities and locations were corrected
using the ray-tracing method outlined by Presti [22].

At each radial location 10,000-20,000 data samples were col-
lected and processed using a simple ensemble-averaging method.
Processing the data using a transit-time weighting method [23]
to account for velocity-biasing effects produced minimal dif-
ferences compared with processing the data using a simple
ensemble-averaging method (differences of less than 2% in the RMS
fluctuation levels). The maximum statistical error, for a 95% confi-
dence 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 [24]. 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.

Approximately 7001 of tap water was used as the solvent for the
test fluid. Mixing of part of the solvent with the polymer powder
was achieved by recirculating the polymer solution within the mix-
ing loop (8) at a low pump speed for at least 5h before the mixing
loop was opened and the solution was 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 appeared to be visibly
homogeneous. The homogeneity of the solution was also checked

by comparing the viscometric data with a small sample solution
prepared separately of the same concentration. Formaldehyde was
added to the polymer solution at a concentration of 100 ppm to
retard bacteriological degradation. The polymer solution was then
left to hydrate in the rig for at least 24 h prior to commencing
the LDA measurement. Measurements of fluid rheology were con-
ducted prior to and after each LDA profile to check for signs of
mechanical and bacteriological degradation, In order to increase
the signal-to-noise ratio and the data rate for the LDA measure-
ments, seeding particles (Timiron MP1005, mean diameter =5 p.m)
were added at a concentration of about 1 ppm.

3. Working fluid characterization

The scleroglucan (Actigum™ (S, provided by Cargill Incorpo-
rated and hereafter referred to as SG) used in this study is a
non-ionic polysaccharide produced by the fungi of genus Scle-
rotium with a molecular weight reported by the supplier to be about
5.4 x 10° g/mol. The rigid structure of the polymer is attributable to
the long persistence length ([25]) of the molecule originating from
its triple helical structure ([12,9]).

Steady-shear measurements and small-amplitude oscillatory-
shear measurements (SAOS) were conducted over a wide range of
concentratfons (0.005-0.5% (w/w) for steady-shear and 0.075-0.5%
(w/w)for SAOS) at 20 “C using a TA-Instruments Rheolyst AR 1000 N
controlled-stress rheometer. The plot of shear viscosity against
shear rate in Fig. 2 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 ([26]) was used to fit
the data
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Fig. 2. Viscometric data for various scleroglucan concentrations together with the
Carreau-Yasuda fits.
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Table 1
Carreau-Yasuda parameters for scleroglucan solutions.

Scleroglucan Zero-shear Infinite-shear Constant which represents Power-law Carreau-Yasuda
concentration, ¢ % (w/w) viscosity, 1o (Pas) viscosity, n~ (Pas) onset of shear thinning, Acy (s) index, n parameter, a
0.005 148 x 103 112 %103 1.70 x 10! 0.30 5.82

0.0075 1.56 % 10 3 L2 R0 1.71x 10! 0.31 5.84

0.01 2.14x10° 1.41x10 3 1.73x 10! 0.31 5.78

0.015 3.33x10 3 1.49x 103 2.04x10! 0.42 5.63

0.02 345x 103 1.67 x 10 3 1.26x 10! 0.50 5.15

0.03 6.59 % 10 ? 1.73x 103 6.17x 10! 0.55 1.62

0.05 8.48x 10 ? 1.74 x 10 3 7.21x10"! 0.47 1.27

0.06 1.52x 102 1.73 x 103 8.19x 10! 0.59 1.24

0.075 7.42 x 102 2.51 x 103 2.08 x 10° 0.73 0.90

0.1 224 %107 2.59x% 103 5.01 x 10° 0.78 0.55

0.2 5.33 x 10" 3.07x10 3 4.99 x 10! 0.82 0.45

03 3.48 x 10! 422 %103 1.46 x 10? 0.86 0.62

0.5 7.70 x 10! 5.53x 10 3 1.37 x 10? 0.87 1.86

where 1), and 1. are the viscosities in the zero-shear and infinite-
shear plateaus while Acy, n and a are constants which represents
the inverse shear rate at the onset of shea. thinning, the power-law
index and a parameter introduced by Yasuda et al. [26], respec-
tively. Table 1 lists the Carreau-Yasuda parameters for the fits. These
model parameters were obtained using the methodology of Escud-
ieretal. [27].

A plot of zero-shear rate viscosity, 1., against the solution
concentration, ¢ (Fig. 3), provides a way of estimating the criti-
cal overlap concentration, c*, which is regarded as the point at
which individual polymer molecules begin to interact with each
other ([25]), and for this particular scleroglucan is about 0.054%
(540 ppm).

Fig. 4 shows the storage (G’) and loss (G”) moduli plotted against
frequency for higher solution concentrations (¢ = 0.075%) measured
in SAOS. Data for lower concentrations are not included as the G’
data fell within 50% of the instrument/geometry limit data. The
limit data was based on an oscillatory test conducted on water:
non-zero values of G’ obtained in such a test are a consequence
of inertia and represent a limit of the instrument. As shown, the
loss modulus, G” is greater than the elastic modulus G’ prior to the
crossover for the lower concentration solutions. The crossover fre-
quency decreases with concentration indicating viscous dominance
at low concentrations compared to that at high concentrations. For
the 0.5% solution, the elastic component plays a dominant role, at
least for the frequency range tested. The dependence of both moduli
on frequency reducing with concentration is indicative of structure
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Fig. 3. Zero-shear viscosity versus SG concentration.

build-up as suggested by Rochefort and Middleman [28] and Lee
[29]. At the highest concentration (0.5%) the solution is essentially
gel-like.

Much as was the case for the SAOS data, extensional prop-
erty measurements were only possible for higher concentration
solutions (¢ > 0.1%) 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 a resolution of around 10 wm, to moni-
tor the diameter of the thinning elongated filament, which evolves
under the action of viscous, inertia, gravitational and elastocapil-
lary 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. [30] 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 deforma-
tion was employed as the mode of the step strain. The stretch time
was set to 50 ms. The final aspect ratio was varied with solution con-
centration such that filament thinning was still observed between
the 4 mm plates. For example, a final aspect ratio of 1.4 was chosen
for 0.1% SG in order to observe filament thinning over a timeframe
of about 10 ms.
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Fig. 5(a) shows the decay of the filament diameter against time
for 0.1% SG which was fitted to an equation of the form

Dcaper = Doe /> (2)

as recommended by Stelter and Brenn [31] for viscoelastic flu-
ids, where D, is the midpoint diameter following cessation of
the stretch deformation and A is a characteristic relaxation time
which represents the characteristic time scale for viscoelastic stress
growth in uniaxial elongational flow ([30]). A linear fitting charac-
teristic of “Newtonian-like” thinning

Dcager = Mt + Do (3)

was also fitted to the data. The Trouton ratio was calculated using
the equation recommended by Pelletier et al. [32]

with the strain rate calculated from
_ 4 dDcaggr (5)
D, dt

Newtonian linear thinning was observed over the entire time
to breakup with a slope of about 70 mm/s. Linear fitting the last
six data points prior to breakup, where the sample most closely
resembles the uniform cylindrical shape used in deriving Eqn. (2)
and (3), gave a slope within 10% of the global fit. Linear thinning
was also obsérved for higher concentrations. Despite this apparent
Newtonian behaviour, the Trouton ratio plotted against concen-
tration in Fig. 5(b) confirms the non-Newtonian behaviour of this
scleroglucan as the magnitude for all the concentrations studied
was significantly greater than that of a Newtonian fluid, i.e. T; > 3.
Although, due to instrument limitations, CaBER data could not be
obtained for concentrations at which the fluid-dynamic measure-
ments were carried out, it can be seen that across a wide range of
concentration (0.1-0.3%) the Trouton ratio remains approximately
constant at a value of 340 + 10.

&=

4. Pressure-drop measurements

The Fanning friction factor, f (= ZtW//;Ug) is plotted against
Reynolds number Re for a wide range of concentrations
(0.005-0.075%) in Fig. 6. The Reynolds number is defined based
on the bulk velocity, pipe diameter and the shear viscosity at the
wall (Re= pUgD[nw). The wall viscosity, w was obtained from
the Carreau-Yasuda model fit [26] to the steady-shear viscosity
measurements, using the wall shear stress determined from the
pressure-drop measurements. Due to the low viscosity of most of
the solutions, especially those for which ¢ <c*, laminar flow condi-
tions were not attainable within the operating range of the flow
loop. The majority of pressure-drop measurements taken were
therefore limited to the turbulent regime and little information
could be gleaned regarded transitional Reynolds numbers. The
friction factors show increased deviations with increasing concen-
tration from those of the Newtonian solvent (water) towards Virk's
“maximum drag reduction asymptote” (Virk [2])

f =0.58Re 958 (6)

The drag reduction figures quoted in Table 2 at several Reynolds
numbers, are calculated based on the friction factor of the poly-
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Table 2
Flow parameters and drag reduction of scleroglucan solutions.

Scleroglucan concentration, ¢ % (w/w) Reynolds number, pUgD/nw Ug (m/s) ur (= \/tw/p) (mfs) Drag reduction (%) (fy — fp)/fn x 100
0.005 31,000 0.38 0.019 13
65,000 0.76 0.035 15
109,000 1.26 0.053 17
0.01 36,000 0.50 0.024 24
67,000 0.88 0.038 25
97,000 1.01 0.043 27
0.02 35,000 0.05 0.023 37
67,000 1.01 0.040 39
75,000 1.14 0.044 40
0.05 33,000 0.63 0.026 40
69,000 1.14 0.042 43
78,000 1.26 0.047 42
0.075 31,000 0.76 0.030 47
60,000 1.26 0.042 55

mer solution and the friction factor for water calculated at
the same Reynolds number based on the Blasius approximation
(f=0.079Re~"14), i.e.

DR (%) = [f”f%] « 100 )

where the subscripts N and P refer to the Newtonian fluid,
and the polymer solution, respectively. We note that other
methods of quantifying the degree of drag reduction are also
available such as at the same Reynolds number based on the
friction velocity (e.g. Escudier et al. [8]) and to a certain extent
quantification of the “degree” of drag reduction is somewhat
arbitrary. However, regardless of definition, the differences are
small.

The degree of drag reduction for all concentrations studied, as
seen from Fig. 6 and documented in Table 2, is a strong function of
concentration but only weakly dependent on the Reynolds number,
at least in the range measured here, in marked contrast to the data
for flexible polymers (Virk [2], Ptasinski et al. [33], Escudier et al.
[19]).

5. Mean flow and turbulence statistics

Mean axial velocity and complete Reynolds normal stress data,
i.e. u’, v and w', were measured at three different Reynolds num-
bers, all in the turbulent-flow regime for both 0.005% and 0.01% SG.
Only one component of velocity could be obtained at any one time
due to the refraction of two beam pairs of different wavelengths
at the curved surface of the pipe wall resulting in the measuring
volumes of the beam pairs occupying different spatial locations. As
a consequence, it was not possible to measure the Reynolds shear
stress, u'v'. LDA measurements for higher concentrations were not
possible due to the higher opacity of the solutions. Control runs
with a Newtonian fluid, also within the turbulent-flow regime at
approximately identical Reynolds numbers, were also performed
as a basis for comparison.

5.1. Mean flow

The mean flow data is shown in wall coordinates (i.e. u* against
y')in Fig. 7. For the Newtonian fluid, good agreement is observed
with the well-known log law (see e.g. Tennekes and Lumley [34]).
The data close to the wall are also in good agreement with that
expected for the viscous sublayer (i.e. (y* < 10) u*=y*). The SG
data in the viscous sublayer also follow u* =y* while in the New-
tonian core region, the data are shifted upward from, but remain

essentially parallel to, the Newtonian data as expected for low
drag-reducing flows ([7,19]). The onsets of the shifts of the SG data
were found to be independent of Reynolds number, occurring at
a constant y* location of about 15. In physical units, this implies
that the distance of onset location from the wall decreases with
increasing Reynolds number. The magnitude of the shifts is a func-
tion of drag reduction but is only mildly dependent on Reynolds
number.

5.2. Turbulence structure

The RMS fluctuation levels of the axial velocity u’, again plotted
in wall coordinates, u'* (y*), and shown in Fig. 8, show that closer
to the wall (y* <30), the water data collapse and are independent
of the Reynolds number, in agreement with the observations of den
Toonder and Nieuwstadt [ 18]. Closer to the pipe centreline there are
clear Reynolds number trends, again in agreement with previous
results [18]. Compared to the data for a Newtonian fluid at the same
Reynolds number, both concentrations of SG showed increased val-
ues of u'* close to the wall with the location of the peaks found to
be within the region of the onset of the shifts in the mean velocity
profiles (y* = 15), i.e. in the buffer region. Close to the pipe centre
the fluctuation levels are essentially identical to the water data at
comparable Reynolds numbers.
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Fig. 11. Peaks of axial, radial and tangential fluctuation components normalized
with the bulk velocity, Ug, against drag reduction (0; current study, A: PAA, XG,
CMC (Presti [22]). &: HPAM (Ptasinski et al. [33]), «: Macro Fibres (McComb and
Chan [35]), 0: PEO, PAA (Allan et al. [36])), red: u’{Ug, green: v'/Us, blue: w’/Us). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of the article.)

Figs. 9 and 10 show that the RMS radial and tangential turbu-
lent fluctuations for the Newtonian solvent are globally much lower
than for the axial component, but exhibit increases with Reynolds
number with the peaks situated further away from the wall, The
SG results show increased suppression of the tangential and radial
fluctuation levels with drag reduction with the exception of the
peak of the radial fluctuation level at the highest Reynolds number
measured foy 0.005% SG. : )

In Fig. 11, the peak values of the turbulent fluctuation com-
ponents, normalized with the bulk velocity,. have been plotted
against drag reduction together with selected data from the lit-
erature for comparison (Presti [22], Ptasinski et al. [33], McComb
and Chan {35], Allan et al. {36], Chung and Graebel [37], Mizushina
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Fig. 12. Peaks of axial, radial and tangential fluctuation components in the wall
coordinates against drag reduction (C1: current study, A: PAA, XG, CMC (Presti [22]),
>: HPAM (Ptasinski et al. [33]), «: Macro Fibres (McComb and Chan [35]), ¢: PEO,
PAA (Allan et al. [36]), O: PEO, PAA (Chung and Graebel {37}), ®: PEO (Mizushina and
Usui [38]), a: PAA (Schummer and Thielen {39]), v: PEO (McComb and Rabie {40}),
»: PAA (den Toonder et al. [41]), red: u'', green: v’*, blue: w'! ). (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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and Usui [38], Schummer and Thielen [39], McComb and Rabie
[40] and den Toonder et al. [41]). It can be seen that the data
for the rigid-rod-like polymer from the current study agree well
with the trend of decreasing normalized peaks with increasing drag
reduction, similar to what is observed for two-dimensional chan-
nel flow [8]. In Fig. 12 the same data are plotted with the peak
values are now normalized with the friction velocity, u,, and the
trend is for a decrease in the radial and tangential peak levels but
an increasing trend of axial peak level below 40% drag reduction
with more complex behaviour at higher drag reduction. The lines
in figures are included to guide the eye where clear trends are
apparent.

6. Conclusions

The data presented here confirm that so-called rigid, rod-like
polymer solutions, in our case a scleroglucan, are effective as drag-
reducing agents. The drag reduction effectiveness increases as the
solution concentration is increased and is only mildly dependent
on Reynolds number but is still relatively lower than that for flex-
ible polymer solutions. The mean axial and turbulence structure
data exhibit behaviour typical of a low drag-reducing flexible poly-
mer solution such as carboxymethylcellulose with increases in u'*
and decreases both in w* and v* generally, except for 0.005% SG
at the highest Reynolds number. It is suggested that in order to
fully understand the mechanism of drag reduction for such rigid-
rod polymer solutions, for example whether the same mechanism
for a flexible polymer applies to rigid-rod polymers, direct numer-
ical simulations using suitable constitutive equations will play a
key role. Our aim with the current results is to provide an experi-
mental database of low-order statistics to assist in the validation of
such simulations and guide the development of turbulence mod-
elling.

!
ReferencesI

{1] J.L. Lumley, Drag reduction in turbulent flow by polymer additives, }. Polym. Sci,
Macromol. Rev, 7 (1973) 263-290.

[2] P.S. Virk, Drag reduction fundamentats, AIChE }, 21 (4) (1975) 625-653.

[3] N.S. Berman, Drag reduction by polymers, Ann. Rev. Fluid Mech. 10 (1978)
47-64.

[4] ).W. Hoyt, Drag reduction, Encyclopedia of Polymer Science and Engineering,
vol. 5, Wiley, New York, 1986, pp. 129-151.

[5] ET.M. Nieuwstadt, ].M.}. den Toonder, Drag reduction by additives: a review, in:
A. Soldati, R. Monti (Eds.), Turbulence Structure and Motion, Springer Verlag,
2001, pp. 269-316 (Book Chapter).

[6] M.D. Graham, Drag reduction in turbulent flow of polymer solutions, in: D.M.
Binding, K. Walters (Eds.), Rheology Reviews, British Society of Rheology, 2004,
pp. 143-170.

[7] M.D. Warholic, H. Massah, T]. Hanratty, Influence of drag-reducing polymers on
turbulence: effects of Reynolds number, concentration and mixing, Exp. Fluids
27(1999) 461-472.

[8] M.B. Escudier, A.K. Nickson, R.J. Poole, Turbulent flow of viscoelastic shear-
thinning liquids through a rectangular duct: Quantification of turbulence
anisotropy, J. Non-Newtonian Fluid Mech 160 (2009) 2-10.

[9] J.S. Paschkewitz, Y. Dubief, E.S.G. Shaqfeh, The dynamic mechanism for turbu-
lent drag reduction using rigid fibers based on Lagrangian conditional statistics,
Phys. Fluids 17 (2005), 063102-1-18,

{10} N.S.Berman, Evidence for molecular interactions in drag reduction in turbulent
pipe flows, Polym. Eng. Sci. 20 (7) (1980) 451-455,

[11} H.W. Bewersdorff, R.P. Singh, Rheological and drag reduction characteristics of
xanthan gum solutions, Rheol. Acta 27 (1988) 617-627,

[12] S. Sasaki, Drag reduction effect of rod-like polymer solutions. I. Influence of
polymer concentration and rigidity of skeletal back bone, . Phys. Soc. Jpn. 60
(3)(1991) 868-878.

[13) PS.Virk, D.C. Sherman, D.L. Wagger, Additive equivalence during turbulent drag
reduction, AIChE J. 43 (12) (1897) 3257-3259.

[14] R. Benzi, ES.C. Ching, T.S. Lo, V.S. L'vov, 1. Procaccia, Additive equivalence in
turbulent drag reduction by flexible and rodiike polymers, Phys. Rev. E 72 (2005)
016305,

[15] ].S. Paschkewitz, Y. Dubief, C.D. Dimitropoulos, E.S.G. Shaqgfeh, P. Moin, Numer-
ical simulation of turbulent drag reduction using rigid fibres, J. Fluid Mech. 518
(2004) 281-317. -

[16] R.Benzi, E.S.C. Ching, E.D. Angelis, I. Procaccia, Comparison of theory and direct
numerical simulations of drag reduction by rodlike polymers in turbulent chan-
nel flows, Phys. Rev, E77 (2008) 046309. ,

[17] JJJ. Gillissen, B.). Boersma, P.H. Mortensen, H.I. Anderson, Fibre-induced drag
reduction, J. Fluid Mech. 602 (2008) 209-218.

{18] J.MJ. den Toonder, FT.M. Nieuwstadt, Reynolds number effects in a turbulent
pipe flow for low to moderate Re, Phys. Fluids 9 (11) (1997) 3398-3408.

{19} M.P. Escudier, F. Presti, S. Smith, Drag reduction in turbulent pipe flow of poly-
mers, J. Non-Newtonian Fluid Mech. 81 (1999) 197-213,

[20} P. Buchhave, WK. George, J.L. Lumley, The measurements of turbulence with
the laser-Doppler anemometer, Ann. Rev. Fluid Mech. 11 (1979) 443-503,

{21] AF. Bicen, Refraction correction for LDA measurements in flows with curved
optical boundaries, TS Quater. VI! (2) (1982) 10-12,

[22] F.Presti, Investigation of transitional and turbulent pipe flow of non-Newtonian
fluids, PhD thesis, University of Liverpool, 2000,

[23] C. Tropea, Laser Doppler anemometry: recent developments and future chal-
lenges, Meas. Sci. Technol. 6 (1995) 605-619.

[24] W.J. Yanta, R.A. Smith, Measurements of turbulence-transport properties with
a laser Doppler velocimeter, AIAA 11th Aerospace Science Meeting, 1973,

[25] R. Lapasin, S. Pricl, Rheology of Industrial Polysaccharides: Theory and Appli-
cations, Blackie Academic and Professional, 1995.

[26] K. Yasuda, R.C. Armstrong, R.E. Cohen, Shear flow properties of concentrated
solutions of linear and star branched polystyrenes, Rheol. Acta 20 (1981)
163-178.

[27] ML.P. Escudier, LW. Gouldson, A.S. Pereira, F.T, Pinho, R J. Poole, On reproducibil-
ity of the rheology of shear-thinning liquids, J. Non-Newtonian Fluid Mech, 97
(2001)99-124.

[28] W.E. Rochefort, S. Middleman, Rheology of xanthan gum: salt, temperature, and
strain effects in oscillatory and steady shear experiments, J. Rheol. 31 (4)(1987)
337-369.

[29} H. Lee, Rheology of concentrated isotropic and anisotropic rigid polysaccharide
solutions: xanthan and scleroglucan, PhD thesis, University of California, USA,
2001,

[30] L.E.Rodd, T.P.Scott, ].J. Cooper-White, G.H. McKinley, Capillary break-up rheom-
etry of low-viscosity elastic fluids, Appl. Rheol. 15 (2005) 12-27.

[31] M. Stelter, G. Brenn, Elongational rheometry for the characterization of vis-
coelastic fluid, Chem. Eng. Technol. 25 (1) (2002) 30-35.

[32] E.Pelletier,C. Viebke, ). Meadows, P.A. Williams, A rheological study of the order-
disorder conformational transition of xanthan gum, Biopolymers 59 (2001)
339-346.

[33] PK. Ptasinski, FT.M, Nieuwstadt, B.H.A.A. Van Den Brule, M.A. Hulsen, Exper-
iments in turbulent pipe flow with polymer additives at maximum drag
reduction, Flow Turbul. Combust. 66 (2001) 159-182.

[34] H. Tennekes, J.L. tumley, A First Course in Turbulence, The MIT Press, 1972,

[35] W.D. McComb, K.T. Chan, Laser Doppler anemometer measurements of tur-
bulent structure in drag reducing fibre suspensions, ]. Fiuid Mech, 152 (1985)
455-478.

[36] JJ. Allan, C.A. Greated, W.D, McComb, Laser Doppler anemometer measure-
ments of turbulent structure in non-Newtonian fluids, ). Phys. D; Appl. Phys. 17
(1984) 533--549,

{37} J.S. Chung, W.P. Graebel, Laser anemometer measurements of turbulence in
non-Newtonian pipe flows, Phys, Fluids 15 (4) (1971) 546-554.

[38] T. Mizushina, H. Usui, Reduction of eddy diffusion for momentum and heat in
viscoelastic fluid flow in a circular tube, Phys. Fluids 20 (10) (1977) s100-s108.

[39] P. Schummer, W. Thielen, Structure of turbulence in viscoelastic fluids, Chem,
Eng. Commun. 4 (4-5)(1980) 593-606.

[40] W.D. McComb, L.H. Rabie, Local drag reduction due to injection of polymer-
solutions into turbulent-flow in a pipe. 1. Dependence on local polymer
concentration, AIChE J. 28 (4) (1982) 547-557.

[41] .M ). den Toonder, M.A. Hulsen, G.D.C. Kuiken, ET.M. Nieuwstadt, Drag reduc-
tion by polymer additives in a turbulent pipe flow: numerical and iaboratory
experiments, J. Fluid Mech. 337 (1997) 193-231.



