
Investigation of Transitional and Turbulent Pipe Flow of 

Non-Newtonian Fluids 

Thesis submitted in accordance with the requirements of the 

University of Liverpool for the degree of Doctor in Philosophy by 

Felice Presti 

August 2000 



PhU TheSIS lJedlcatIOns 

DEDICATIONS 

I would like to dedicate this thesis to my dearest family, particularly my parents, 

Antonio and Filomena Presti, who have supported me throughout my life and career. 

Through this study I hope to have made them proud of me by example of the devotion 

and commitment confined within the covers of this thesis. 

I would also like to dedicate this thesis to my dear wife, Susan, who has always been 

there for me, supporting and inspiring me towards this accomplishment. 

Thankyou All. 



PhD Thesis Acknowledgements 

ACKNOWLEDGEMENTS 

First and foremost, my sincerest gratitude goes to my supervisor Professor M.P .Escudier 

who offered me the opportunity to work on this challenging project. Throughout the 

research programme, Professor M~.p .Escudier has shown continuous interest in my work 

and has supported me throughout by providing valuable advice, direction and positive 

criticism. 

I am extremely grateful to all the technicians who have contributed to the design and 

construction of the various experimental apparatus, which ensured the successful 

completion of this work, especially Messrs. N. Beaumont, D. Neary, F. Hayes, D. Smith, 

D. Miller and A. Davies. 

I am particularly thankful for my association with all my colleagues from the 

Department of Mechanical Engineering at the University of Liverpool, who have 

provided me with moral, technical and secretarial support and have also shared in my 

successes and disappointments over the years, in particular Dr. 1.W. Gouldson, Dr. 1.L. 

Sproston, Dr. J.W. Cleaver, Dr. M.W. Johnston, Prof. 1. Owen, Mr. S. Bode and Mrs. 1. 

O'Rourke. 

Finally, I wish to express my appreciation to my sponsors S,E.R.C. (Science and 

Engineering Research Council), who have financially made this work possible for me. 

11 



PhD Thesis 
Summary 

SUMMARY 

This report details an experimental study of fully developed pIpe flow of several 

different aqueous polymer solutions that have been widely used in previous drag 

reduction studies: 0.24%, 0.250/0 and 0.4% carboxymethylcellulose (CMC), 0.20/0 

xanthan gum (XG), a 0.09%10.09%> CMCIXG blend, 0.140/0 Carbopol 934, 0.10/0 

Carbopol EZI and 0.l250/0 and 0.2% polyacrylamide (PAA). In addition to the polymer 

solutions, a non-polymeric test fluid (1.5% Laponite - also classed as a thixotropic fluid) 

was also analysed in order to account for the wide ranging behaviour associated with 

drilling muds. All fluids showed various levels of degradation over a period of time. 

However, the level of degradation, principally due to mechanical shearing effects 

associated with the set-up of the recirculating flow loop used in this study, were found to 

be negligible after comparing the viscometric data carried out before and after each flow 

test. 

The study presents new experimental data of concentrated polymer and non-polymeric 

solutions in rheological laminar flows as well as in laminar, transitional and turbulent 

drag reduced pipe flows. This was done in order to find the relevant rheological 

properties causing drag reduction in the turbulent flow regime. F or concentrated 

polymer solutions, the first normal stress difference of these solutions could be 

measured, which is normally impossible for dilute polymer solutions because the 

resulting forces are too low be resolved by commercial rheometers. 

For all test fluids, detailed measurements of mean velocity and velocity fluctuation 

levels (axial, tangential and radial) were carried out using a laser Doppler anemometer. 

The high spatial resolution of the flow facility enabled detailed velocity measurements 

to be carried out in the vicinity of the wall, extending into the viscous sub layer for all 

fluids. Laminar profiles were also measured, which for all fluids with the exception of 

Laponite, were characterised by simple power-law fits. In the case of Laponite, the 

equilibrium rheological structure is well characterised by the Herschel-Bulkley model. 

Velocity profiles calculated for a Herschel-Bulkley fluid proved to be a very accurate 

representation of the measurements for laminar flow at Reynolds numbers below about 
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1,500. Again, for Laponite, it was evident that under all flow conditions the fluid 

rheology was far from structural equilibrium, with values for the apparent yield stress 

and effective viscosity determined from near-wall velocity measurements considerably 

below those obtained from a rheometer. 

For 0.2% XG, 0.09% XG/0.090/0 CMC, 0.2% P AA, 0.1 % Carbopol EZI and 1.50/0 

Laponite, the measured profiles develop an unexplained asymmetry for Reynolds 

numbers approaching the onset of transitional flow. The same asymmetries disappear 

for higher Reynolds numbers as the flow undergoes a transition to turbulent flow, thus 

suggesting the fluids are sensitive to flow instabilities near to transition - this has not 

been reported previously in literature. The Reynolds numbers for which the asymmetric 

velocity profiles become evident, correlate well with the early transition identification 

(Re < 2,000) monitored by using u' fU (measured at 800/0 of the pipe diameter) as a 

sensitive transition indicator. 

All fluids were drag reducing under turbulent flow conditions with relative levels of 

tangential and radial turbulence intensity suppressed in comparison with water whilst the 

axial turbulence intensity varied depending on whether the normalisation of the rms 

levels were based on either the mean bulk velocity or the friction velocity. Universal 

velocity distributions indicated that all fluids displayed an upward shift from the 

Newtonian profile within the turbulent core flow region, though the shift was p-oi 

parallel for the highly elastic fluids. The extent of upshift in the semi-logarithmic 

velocity profile was consistent with the level of drag reduction for each test fluid. 

A comparison of the rheological behaviour of the polymer test fluids with the drag

reducing experiments suggests that 'ranking' additives according to elasticity provides 

information about drag-reducing effectiveness. Consequently, for the more 

concentrated polymer solutions a correspondence between the drag reduction and the 

rheological behaviour was found. The established correlation further suggested that the 

drag reduction process is associated with the behaviour occurring within the buffer 

region of flow. 
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Chapter 1 Introduction 

1.0 INTRODUCTION 

The underlying motivation for this study is the need to develop a better understanding of 

the mechanics of the flow of drilling fluids ('muds'), which are pumped down the drill

pipe, through the drill-bit, and up the annulus between the drill-pipe and the bore-hole 

wall during the drilling of oil and gas wells. As will be discussed in the following 

sections, drilling muds are among the fluids which exhibit a wide range of phenomena 

associated with the flow of non-Newtonian fluids. A parallel study carried out by the 

author's colleagues has been concerned with the flow of a range of slightly elastic, 

shear-thinning liquids in an annular geometry with and without centrebody rotation 

[Escudier et al. (1995a, b and c)]. These experimental studies provided partial 

simulations of mud flow in a well-bore during drilling operations. In the course of that 

work it became increasingly evident that more fundamental pipe-flow investigations of 

the fluids being used were required if progress was to be made in analysing and 

understanding the more complex situation of flow in an annulus. 

1.1 Background 

It is well known that most fluids of industrial importance (in food, pharmaceutical and 

oil industries) exhibit complex rheological behaviour. For liquids dosed with high 

molecular weight polymers such as Separan (polyacrylarnide)? tra!lsitir)n to turbulent 

flow is delayed to much higher Reynolds numbers and the resulting turbulent flow is 

accompanied by considerable reduction in frictional drag [see e.g. Virk et al. (1970), 

Pinho (1990)]. Moreover, there exist several viscometric flows in which interesting 

phenomena associated with polymer fluids are completely different from their 

Newtonian counterparts (for example, paint climbing the stem of a stirring paddle 

when being mixed). This fact provides a means for qualitative distinction between 

these two classes of fluids. 

Although these effects have been known for almost half a century, the most 

challenging and unresolved phenomena is that associated with the physical 

mechanism that causes drag reduction. Drag reduction by additives in pipe flow is 

pre-eminently a phenomenon involving the reduction of friction drag at the pipe 
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surface. This result is made more remarkable by the fact that the laminar flow 

behaviour of very dilute solvent-additive solutions is very little different from that of 

the base solvent alone, i.e. the density and viscosity of the polymer solutions are not 

very different from those of the base solvent. However, such dilute solutions can have 

a dramatic effect in turbulent flow. Apart from the obvious practical and economical 

applications, the phenomenon of drag reduction is also interesting from a fundamental 

point of view. Namely, the fact that small changes in the fluid composition can so 

drastically alter the turbulent flow characteristics strongly hint that the polymer 

interferes with an essential mechanism of turbulent transport. That means that a study 

of polymeric drag reduction should help in gaining more insight into turbulence itself. 

Consequently, the rheological understanding of these non-Newtonian fluids has 

attracted considerable attention primarily due to the economic implications of 

achieving drag reduction by the addition of polymer additives. However, despite 

these economical benefits, detailed studies on non-Newtonian fluids have been limited 

in contrast to Newtonian fluids. This is primarily due to one of the important 

problems in rheology, which is the lack of well-defined experiments by which one can 

measure properties of non-Newtonian fluids pertinent to the behaviour in non

viscometric flows. In this case conventional viscometric techniques fail to provide 

adequate information on the behaviour of polymer solutions. Gadd (1965) concluded 

that although the drag-reducing and turbulent-damping properties of dilute long-chain

molecule solutions may seem paradoxical at first sight, since the density 8.nd steady 

shear-flow viscosity are little different from those of water, the viscoelastic 

characteristics, which some solutions seem to possess, provide at least a partial 

explanation. There is a clear challenge, therefore, in trying to link drag-reducing 

behaviour with the viscoelastic characteristics using rheometrical techniques. 

Such a challenge, however, does not address the important issues related to the 

mechanism of drag-reduction or the theory of turbulence. It does, however, provide 

some insight into the rheology of drag-reducing fluids, an essential ingredient to 

understanding the interaction of polymers with turbulent flows. 

All of the above considerations have further motivated the present work, from which 

the following basic requirements were identified, which have contributed to the 

2 
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understanding of fully-developed transitional and turbulent pIpe flow of non

Newtonian fluids: 

• Non-intrusive flow-measurement technique, such as laser-Doppler anemometry 

[Durst et al. (1976)], because conventional intrusive probes are either difficult to 

calibrate or totally unable to function (e.g., in a fluid such as Laponite which gels at 

low shear rates [Escudier et al. (1992)]). 

• Sufficiently large flow facility to provide high relative spatial resolution. 

• Rheometer of sufficient sophistication to characterise the fluid at the time of the 

flow measurements. 

The latter facility is vital SInce many polymer based fluids are susceptible to 

degradation, due to either mechanical effects and/or biological influences [see e.g. 

Pinho (1990)]. 

The remainder of this chapter provides a basic understanding of well-bore drilling 

operations and in particular, the use of drilling muds in this process. It then identifies 

the detailed aims of this study and its present contribution and ends with an outline of 

this thesis. 

i.2 Well-bore Drilling Operations 

For many years, the petroleum industry has been interested in the development of 

specialist drilling fluids. These fluids, which have the appearance of mud, serve many 

useful purposes in rotary drilling of which some are illustrated in Figure 1.1. The mud 

is circulated downwards through the drill-stem, around the bit, and upward around the 

annular spacing between the drill-stem and the wall of the well-bore. The main use of 

drilling mud is for cuttings transport and pressure build up at increased depths. This 

pressure build up is also important in preventing oil-well 'blowouts' from occurring. 

Blowouts are caused by an uncontrolled flow of formation fluid (gas in the subsurface 

rock formations) emitted from the well-bore due to a combination of advection with the 

drilling mud and the buoyancy driven force due the density difference [International 

Association of Drilling Contractors (1980)]. If the formation pressure (which can be as 

3 
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high as 14,000 kPa) is not counteracted by a larger hydrostatic pressure of the drilling 

mud, the formation fluid will rise and expand due to a decrease in pressure further up 

the well-bore, thus leading to a blow-out. 

Under most circumstances various forms of drilling "muds' are used, which are either 

oil-based, non-liquid based (e.g. foam), or more commonly water based. Nevertheless, 

they are more than just muds; literally scores of chemical additives and weighting 

materials (e.g. Barite or Calcium Chloride) are added to the drilling mud. These 

chemicals affect certain physical properties of the drilling mud, which profoundly 

determine its effectiveness in practical drilling situations. An increase in density and 

viscosity for example, particularly in boreholes, can improve the cuttings transport at 

the drill bit, but will slow the settling process at the surface. Conversely, a reduction 

in density may well result in inadequate formation of the borehole lining. Many other 

characteristics and properties are associated with drilling muds, some of which will be 

discussed later in Chapter 4.2. 

During drilling operations, there is a widespread need for the direct analysis of the 

internal flow behaviour of fluids within the various types of industrial plants used 

respectively, in order to improve the design and operation of equipment. The measuring 

instruments for such applications must be robust non-invasive sensors, which if 

required, can operate in aggressive and fast moving fluids and multi-phase mixtures. 

Historically, the monitoring and control of drilling mud physical properties has been 

undertaken by simplistic off-line sampling techniques, e.g. the examination of cuttings 

at the surface. However, in recent years, there has been increasing interest in the field 

of process tomography - a non-invasive visualisation technique used in multi-phase 

flows through pipelines. This method uses tomographic imaging methods to manipulate 

data from remote sensors in order to obtain precise quantitative information from 

inaccessible locations, including through opaque slurries and solid-wall vessels. 

X-Ray Computed Tomography [Vinegar et al (1997); Hove et al. (1990)]. 

microtomography [Flannery et al. (1987)], gamma-ray tomography [Ursin (1992) and 

Brown (1993)], Nuclear Magnetic Resonance Imaging [Li et al. (1995)] and ultrasound 

mapping [Soucemarianadin (1989)] are other means of non-invasive flow measurement. 

4 
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Such methodologies allows the verification and development of process theories and 

models. All these methods optimise production and utilisation of gas and oil wells, 

which is increasingly important as petroleum resources are fmite and becoming even 

more elusive. In this study, laser Doppler anemometry (LDA) was used, as previously 

mentioned, to measure the local, instantaneous velocities of the test fluids, which is also 

a non-invasive flow measurement technique though requires fluids to be optically 

transparent. 

1.3 Aim of Study 

This study aims to clearly quantify the turbulent flow structure and rheological 

behaviour for a carefully selected range of non-Newtonian liquids in order to provide 

a definitive set of dynamic flow data that can ultimately be used for computer 

modelling purposes. 

Mean velocity-distribution data are needed to establish "wall-" and "velocity-defect" 

functions, which quantify the near-surface behaviour for non-Newtonian class fluids 

in turbulent flow. Just as for Newtonian fluids, such wall-functions are an essential 

part of the foundations of any engineering approach to the calculation of turbulent 

flows of non-Newtonian fluids in the vicinity of a solid surface. It is anticipated that 

the wall fhnctions will be incorporated into Computational Fluid Dynamics (CFD) 

codes in order to formulate a turbulence model which generates the correct flow 

behaviour in the vicinity of the surface. The respective data is also needed to establish 

the limitations of the wall-function approach for non-Newtonian liquids and to assist 

the interpretation of data obtained in more complex flows as well as simple straight 

pipe-flow. Analysis of data corresponding to the fluctuations in velocity are also 

needed to establish reliable transition criteria and advance the understanding of non

Newtonian liquids generally. Turbulence intensity distributions (axial, tangential and 

radial) are also necessary to characterise the complete turbulent flow structure 

associated with non-Newtonian fluids. 

A quantitative analysis of the rheological behaviour of all test fluids used, other than the 

dynamic flow measurements, is also required in an attempt to correlate measurable 
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rheometrical functions with the observed flow behaviour in a pipe. All test fluids 

selected must exhibit flow properties analogous to those found in drilling fluids whilst 

conforming to experimental constraints introduced by the various flow measurement 

techniques employed. 

1.4 Present Contribution 

An extensive database has been built up from experiments on the flow of CMC, 

xanthan gum, polyacrylamide, Carbopol and Laponite (time dependent) solutions as 

well as an aqueous blend of xanthan gum and CMC. The data includes mean velocity 

distributions, turbulence intensities and surface shear stresses for flow rates 

corresponding to the laminar, transitional and turbulent flow regimes. Also, an 

extensive rheological characterisation of each liquid has been carried out: viscosity 

and first normal stress difference versus shear rate; storage and loss moduli versus 

frequency. Attempts were then made to correlate the hydrodynamic flow properties 

with the extensive range of rheological data obtained for each fluid. 

From each hydrodynamic flow test, the level of drag reduction was analysed by 

separating the shear-thinning and elastic contribution to the total reduction in friction 

drag, thereby allowing a basis for further rheological correlations to be quantitatively 

assessed. 

Detailed analyses of the turbulent flow structure have also been described USIng 

quantitative representations of "wall-functions", with measurements extending into 

the viscous sub layer. Very little other work has been published: this study provides 

the most comprehensive, extensive and detailed to date. Two journal papers related to 

this study have been published, and for reference purposes, have been included within 

Appendix 1. 
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1.5 Thesis Outline 

The remainder of this thesis is presented in six further chapters. Chapter 2 provides a 

literature review of relevant work performed to date, which encapsulates a wide 

spectrum of subject areas that have provided a forum for discussion concerning the 

unexplained drag-reduction phenomena. Pipe flow of non-Newtonian fluids under 

turbulent conditions and historical developments in rheology provide the main subject 

areas presented in this chapter. 

Chapter 3 describes the experimental set-up and procedures used in acquiring all 

experimental data, the results of which are detailed in later chapters. 

The rheology of the test fluids is discussed in Chapter 4. A review of the relevant 

rheological models and concepts is presented, followed by a description of the 

chemical properties of each test fluid analysed in this study. Justification for their use 

has also been provided. Relevance to well-bore hydraulics is also mentioned where a 

comparative (rheological) example of a typical drilling mud has been illustrated. A 

discussion of the measurements carried out includes the characterisation of viscous, 

shear-thinning, elastic and thixotropic properties. 

Chapter 5 discusses the hydrodynamic flow measurements and velocity characteristics 

for all the time-independent polymeric fluids used in this study. After comparing the 

Newtonian fluid results with similar pipe flow data obtained in literature, the present 

measurements are compared and the influence of Reynolds Number and non

Newtonian behaviour are discussed. An attempt is made to correlate the pipe flow 

experimental data with the rheology of these fluids. 

Since the analysis of the pipe flow of a thixotropic (time-thinning) fluid was different 

to that of the above, a separate discussion was warranted. This analysis is discussed in 

detail in Chapter 6. Conclusions of this work are summarised in Chapter 7. The final 

sections of this thesis include suggestions for further investigations in areas deemed 

supportive to the work carried out in this study. 
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Figure 1.1 
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2.0 LITERATURE REVIEW 

It has been found that very small traces of certain long-chain-molecule contaminants 

added to water can greatly reduce turbulent friction on the surfaces past which the 

fluid flows [Shaver and Merrill (1959)]. Reductions as much as 40% can be obtained 

by additions of as little as a 10 ppm by weight [Gadd (1965)]. This is at first sight 

very puzzling, since the density and viscosity may be very little different for those 

found in uncontaminated water, and the hydrodynamicist normally regards the density 

and viscosity as the only relevant properties of a fluid. The explanation has often been 

linked to the effects associated with viscoelasticity, though as will be discussed below, 

various other hypotheses and a variety of methodologies have been cited in literature 

over the past 30 years, which have aimed to resolve the drag reduction phenomenon. 

2.1 Drag Reduction in Turbulent Pipe flow 

The drag reduction phenomenon was initially observed by Toms (1949) and has 

subsequently been the subject of investigations by many authors, especially related to 

pipe flow. Review articles on the drag reduction phenomenon began to appear in 

1969 when Lumley (1969) discussed the major phenomenological features of drag

reducing flows obtained from pressure drop, flow rate data and from mean velocity 

profiles. Hoyt (1972) provided a comprehensive review of the effect of various 

solvent-additives on frictional drag, particularly over flat plates and in pipe flow, and 

summarised the various (and often conflicting) theories that attempted to explain the 

drag reduction phenomena. Hoyt clearly demonstrated the complexity of such flows 

and their sensitivity to flow configurations, rheology and measurement techniques. 

Virk's (1975) review in 1975 also provided a comprehensive account of the literature 

and highlighted that there were only a few experiments prior to 1976, which reported 

either structural features or velocity statistics for drag-reduced flows. 

One of the principal reasons for the lack of such measurements is due to complex 

rheological characteristics inherent in non-linear viscous fluids. These characteristics 

have often precluded the use of earlier available instruments (pitot tubes and hot-film 

anemometers), which were difficult to use and prone to physical and statistical errors. 

9 
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However, significant technological advancements in rheometry and laser velocimetry 

in the last 20 years have resolved some of the conflicting hypotheses that have 

attempted to explain the drag-reduction phenomenon. 

Earlier work by Allan et al. (1984) is limited in scope as is the more recent work of 

Park et al. (1989) on slurry flow. The work carried out by Shaver and Merrill (1959) 

and Dodge and Metzner (1959), had been with more concentrated solutions which , 

were shear-thinning. Such non-linear shear-stress versus shear-rate relations have 

often been approximated to by a power law of the form 't oc (Oulayt, where n is 1 for a 

Newtonian fluid and less than 1 for a shear-thinning fluid. Dodge and Metzner (1959) 

correlated the friction factors for turbulent flow through pipes by producing a family 

of curves plotted against a generalised Reynolds number (see Chapter 5.6.2 and Eq. 

(5.12) for explanation), one curve for each value of n. However, Dodge and 

Metzner's correlation, which was based only on purely viscous fluids, was unable to 

adequately represent viscoelastic fluids, which show much greater levels of drag 

reduction. One such anomalous fluid was that of CMC, which was investigated by 

Shaver and Merrill (1959). They showed by injecting dye into a tube containing 

flowing CMC solution (0.25% w/w concentration), that the additive appeared to 

suppress turbulence. They attempted to relate this to the shear-thinning effect, 

attributing it to the viscosity being less at the wall of the tube, where the vortices are 

mainly formed, than at the centre. However, this explanation cannot be more th~n 

partially true, since later work [see e.g. Hartnett and Kostic (1988)] with very weak 

solutions has shown that large drag reductions are possible even though the fluid is 

not shear-thinning, often indeed having a viscosity barely distinguishable from that of 

water. A subsequent paper by Gadd (1965), illustrated that weak solutions «60ppm 

by weight) of 'Polyox' (polyethyleneoxide) and of guar gum, which are regarded as 

highly elastic solvent additives, displayed first normal stress differences although they 

were not shear-thinning and displayed viscosities not too dissimilar to that of water. 

This suggests a correlation of the drag reducing effect with first normal stress 

difference, which could account for the anomalies in fluid behaviour when comparing 

data for highly elastic fluids with Dodge and Metzner's correlation. Gadd's 

observations were however limited and despite hypothesising that the turbulence 

suppression in viscoelastic turbulent flows is a function of elasticity, his experimental 
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observations were limited and inconclusive. Gadd's work directly followed that of 

Metzner and Park (1964), who achieved what they termed indicative success in 

attempting to correlate the degree of drag reduction in the turbulent pipe flow of 

viscoelastic polymer solutions with the ratio of elastic to viscous stress i.e. with N l/ts 

where N 1 is the first normal-stress difference for a given wall shear rate y and 'ts the 

corresponding wall shear stress. Their experimental correlation indicated that drag 

reduction should be a unique function ofN li'tS, where N d2'ts is often referred to as the 

'recoverable shear' [Barnes et al. (1989)], with Reynolds number also as a parameter. 

However, since only one viscoelastic fluid was used (0.3% 1-100), their hypothesis 

remained inconclusive. 

In order to clarify the wall structure of drag-reducing fluids in turbulent flow, Virk et 

al. (1970) proposed that the mean velocity profile can be described by a three layer 

model, which was subsequently derived from experimental pressure drop 

measurements. The model, comprises of a viscous sublayer, an 'elastic' or 

'interactive' layer over which the 'effective slip' (upshift in data) occurs and the 

Newtonian plug. This wall representation has been illustrated in Figure 2.1 

(described in further detail in Chapter 5). This model is analogous to that of a 

Newtonian fluid [McComb (1990)], which is represented as: 

u+ = Alny+ + B (2.1) 

F or the three layer model as described by Virk et al., an increase in drag reduction 

leads to an extended elastic layer at the expense of the Newtonian plug. The 

maximum possible drag reduction occurs when the elastic layer extends over the 

entire cross-section of the pipe, which can be represented by an ultimate mean 

velocity profile, based on an averaged envelope of experimental data, given by: 

u+ = 11.7Iny+-17 (2.2) 

This three-layer profile of mean axial velocity was later confirmed by Tiederman 

(1988), who agreed that for polymer solutions, constant A (see Eq. (2.1)) should be 
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unchanged, though constant B should be increased with increasing drag reduction. 

However, recent measurements [see e.g. den Toonder et al. (1997)] in polyacrylamide 

solutions show changes of between 10% and 40%, in both the intercept, A, and the 

slope, B, of the logarithmic region at drag reducing levels. Lumley (1969) suggested 

that a universal description for fully-developed turbulent flow should be more 

straightforward: 'A' should be a universal constant whilst 'B' should be a function of 

the rheology (e.g. power-law exponent) to be determined empirically. The recent 

study of Dimitropoulos et al. (1998) using a direct numerical simulation (DNS) 

technique, which will be further discussed in Section 2.4, had also shown an increase 

in the B-constant for highly drag-reducing and concentrated polymer solutions. 

It is only recently that extensive detailed measurements of mean velocity and 

turbulent-stress distributions for fully developed pipe-flow of a non-Newtonian liquid 

have been published by Pinho and Whitelaw (1990). Their measurements were for 

aqueous solutions of the polymer sodium carboxymethylcellulose (CMC) with w/w 

concentrations in the range 0.1 - 0.4%, which they characterised by a power-law model. 

Their data showed a progressive approach with increasing polymer concentration to the 

asymptotic behaviour identified by Virk et al. (1970), i.e. a mean velocity distribution 

with an extended sublayer and an increased additive constant B (in the range of 8 - 12) 

in the law of the wall compared with the value of 5.5 for a Newtonian fluid whilst the 

Karman constant A (=l/K) was unchanged at 2.5. 

Similar measurements to those of Pinho and Whitelaw (1990) have been made at the 

University of Liverpool for several shear-thinning and thixotropic (time-thinning) 

liquids [Escudier et al. (1992)]. The results confirmed that polymers such as CMC 

and Xanthan gum bear little relationship to the base fluid (filtered tap water) and 

behave in a similar way to low concentration drag-reducing solutions. However, 

when using a thixotropic (time-thinning) fluid such as Laponite, which is a non

polymeric synthetic clay, little drag-reduction was exhibited. Also, the viscous sub

layer observed indicated slip behaviour with an inflexion of velocity gradient in the 

vicinity of the wall. These measurements were, however, limited and inconclusive. 

12 
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The study of Pereira and Pinho (1994) was very similar in approach to that of Pinho and 

Whitelaw (1990) but concerned with aqueous solutions (0.4-0.60/0 w/w concentration) of 

the low molecular weight polymer Tylose, a methylhydroxilcellulose. Pereira and Pinho 

concluded that their Tylose solutions, for which the viscometric data are well 

represented by the Carreau model, could be considered essentially inelastic, as is also the 

case for CMC at low concentrations. The hydrodynamic data showed turbulent-flow 

drag reductions of about half that for CMC together with a concomitant upshift in the 

log-law (i.e. an increase in B). The extent of recent studies associated with drag 

reducing pipe flows is exemplified by the work of den Toonder et al. (1997), 

Sureshkumar et al. (1997) and Beris et al. (2000). Numerical simulations incorporating 

flow and rheological parameters were compared by den Toonder et al. with 

experimental studies using LDA techniques. The main conclusion from their study 

supported the hypothesis that the key property in drag reduction is related to a purely 

viscous anisotropic stress introduced by extended polymers. Furthermore, the numerical 

simulation results also suggested that the elastic behaviour of non-Newtonian fluids 

reduces the drag-reducing effectiveness, counter to what will be described later. 

The numerical study of Dimitropoulos et al. (1997) further demonstrated that the 

mechanism for drag reduction is attributed to a partial inhibition of eddies within the 

buffer layer caused by the macromolecules. This inhibition of turbulence activity, 

which results in drag reduction, was found to be primarily related to a sufficiently 

enhanced extensional viscosity, which was also later supported by the work of Beris et 

al. (1999). Further numerical studies are discussed in Section 2.4. 
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2.2 Drag-Reducing Test Fluids 

From vanous experimental studies [see e.g. Hoyt and Fabula (1964)] it can be 

concluded that, in order to reduce turbulent drag, polymers should have: 

• Very long molecular chain structure with little branching corresponding to a large 

number of monomer units 

• Flexible chain structure 

• Excellent hydration properties. 

Many polymer-solvent combinations fit these requirements but the most effective in 

aqueous solution are polyethyleneoxides (PEOs) such as Polyox WSR 301 [Merrill et 

al. (1959)] and polyacrylamides such as Separan AP-273 [Tung et al. (1978)], both 

supplied by the Dow Chemical Company. Many other non-Newtonian fluids have 

also been used in turbulent flow experiments, which do not encapsulate all of the 

above features or even fall outside those identified above. For example, xanthan gum, 

which is extensively used in research [see e.g. Escudier et al. (1995a-c)], is a rod-like 

fluid and relatively inflexible (see also Chapter 4.7 and Table 4.4). Another popular 

test fluid that has also been extensively investigated over the years is CMC [see e.g. 

Pinho and Whitelaw (1990)]. These polymer solutions have in common that they are 

time-independent (see Chapter 4.1.2), hence do not account for unique characteristics 

normally associated with, for example, thixotropic (time-thinning) fluids. 

Given the widespread nature of thixotropic materials (e.g. paints, clays, cement slurries, 

drilling muds, blood, ketchup, mayonnaise, toothpaste, shaving cream, crude oil and 

printing inks [Collyer (1973), Mewis (1979), Huang (1988)], and the commercial and 

technical significance of these materials, it is not surprising that numerous papers have 

been published on the rheological characteristics of thixotropic fluids. Mewis (1979) 

put the figure at about a thousand nearly two decades ago. In contrast, the number of 

papers which are concerned with the flow of thixotropic fluids is small, a consequence 

of the extreme theoretical and experimental problems involved. The mathematical 

difficulty of dealing with such flows is exemplified by Pearson (1994) who considers the 

general physics of the flow of thixotropic fluids and also from a later paper by 

Billingham and Ferguson (1993), which analysed the relatively simple situation of 

laminar, unidirectional flow of a thixotropic fluid in a circular pipe. The experimental 
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difficulties associated with the flow of thixotropic fluids are also readily apparent. For 

most laboratory installations and many practical situations, it can be anticipated that, 

except in the immediate vicinity of the surface, the time-scales associated with structural 

breakdown and build-up for the fluid will be greatly in excess of residence times. An 

inevitable consequence is that the fluid viscosity is likely to be quite different from what 

would be consistent with the local shear stress if equilibrium had been reached. Global 

measurements of pressure drop versus flow rate for flow through pipes and fittings, such 

as reported by Cheng et af. (1965), are clearly inadequate for such complex situations 

but the very nature of thixotropic fluids precludes detailed measurements using 

conventional intrusive instrumentation such as pitot tubes or hot-wire anemometers. 

Since nearly all thixotropic fluids of practical interest are opaque, non-intrusive optical 

measuring techniques such as laser Doppler anemometry are also ruled out in most 

instances. The work of Li and McCarthy (1995) on the flow of polyacrylamide is 

primarily of interest because they utilised nuclear magnetic resonance imaging, a 

technique that is not limited to optically transparent liquids. However, an exception to 

the statement about opacity is Laponite, a test fluid investigated within this study. 

Further discussions associated with the characteristics of test fluids, in particular those 

specifically used in this study, will be discussed in detail in Chapter 4. 

2.3 Turbulence Intensities 

Amongst the recent studies of turbulent flow are those of Pinho and Whitelaw (1990) 

and the work of Harder and Tiederman (1991), investigations which have in common 

that they make use of laser Doppler velocimetry (LDV) to measure the turbulence 

statistics. Pinho and Whitelaw measured all three velocity components in a pipe flow, 

while Harder and Tiederman used a two-dimensional LDV system in a channel flow. 

One of the most striking results found in these papers is that polymer additives do not 

simply suppress the turbulent motion. On the contrary, the stream-wise turbulence 

intensity is increased. This means that the turbulence structure is changed, rather than 

attenuated. 
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Laser velocimetry measurements of the turbulence axial intensity, u', have been in the 

most part consistent over the years. Most data illustrates that the peak levels of u' for 

drag-reducing fluids tended to spread out more and towards the centre of the flow 

compared to a narrow peak region occurring near the wall in the Newtonian case, with 

peak values essentially the same [Tiederman (1988)]. However, Allan et al. (1984) 

plotted u'/U as a function of the distance from the wall, for various concentrations of 

polymer solutions in pipe flow, and concluded that the axial fluctuating velocity 

component had increased relative to the Newtonian case. Similar increases were also 

found by Willmarth and Wei (1987) and Usui et al. (1988) [cited in McComb (1990)]. 

However, a surprising feature of the turbulence measurements carried out by Pinho and 

Pereira (1994) was an almost uniform distribution of both the radial and tangential 

turbulence intensities in the central core (80% of the diameter) of the flow at levels 

above those for a Newtonian fluid, contrary to most findings in the literature. 

Measurements of turbulence intensities normal (w') and radial (v') to the stream-wise 

flow direction are, in contrast, rare, as presumably they are deemed as less important 

factors in accounting for the drag reduction phenomenon. However, results cited in 

the literature consistently show reduced levels of v' and w' in the extended buffer 

layer (elastic layer) and in the core regions of dilute polymer pipe flows [e.g. see 

review of Tiederman (1988)]. 

The investigation of Reynolds stresses has become one of the dominant themes of 

research in turbulence [Schlichting (1978)]. The Reynolds stresses represent the 

turbulent transport of momentum due to turbulent fluctuations, which is responsible 

for equilibrating the pressure gradient in a fluid flow field. In turbulent pipe flow, the 

predominant Reynolds stress is "C~ (= -pu'v') , which is extensively used in 

turbulence modelling. The stress component exemplified here can be interpreted as 

the transport of x-momentum through a surface normal to the y-axis. In turbulent 

flows, the momentum transport is dominated by the turbulent Reynolds shear stress 

and so this becomes a critical quantity, both to measure and to model. The Reynolds 

stresses effectively alters the viscous stresses due to random molecular motion. This 

has led to the hypothesis that an analogy exists between these two processes i.e. the 
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sum of the VISCOUS stress (Jldu/dy) and the Reynolds stress (-pu'v') yields the 

expected linear variation in total shear stress [Schlichting (1978)]. That is: 

du 
t - Jl- - pu'v' 

dy 

(2.3) 

The measurement of Reynolds stress in dilute polymer channel flows, show that in 

most cases, reductions occur (in comparison with Newtonian fluids) in the extended 

buffer region and that Eq. (2.3) remains valid [see e.g. Harder and Tiederman (1991)]. 

However, there are instances, particularly for highly elastic polymer flows such as the 

channel flow of polyethylene oxide solution [see e.g. Willmarth et al. (1987)], where 

the Reynolds stresses are significantly reduced and Eq. (2.3) no longer yields the total 

shear stress i.e. a Reynolds stress deficit exists. This deficit has been associated with 

viscoelastic effects. For example, Bewersdorff and Berman (1988) suggested that the 

Reynolds stress deficit could be compensated by an extensional component, which 

contributes to the shear viscosity. It is important to note that the above measurements 

are for channel flows where the LDA can be easily used because there is no curvature 

effect (see Chapter 3.1). Pipe flow measurements are much more difficult but 

possible if special precautions are taken (e.g. refractive index matching or by utilising 

an ultra-thin section of pipe surrounded by the same liquid as that flowing). 

Despite the relative importance of Reynolds stresses (t' xy) in investigating turbulent 

pipe flows, particularly in turbulence modelling, their experimental determination 

requires the instantaneous measurement of two velocity components. Such a 

measurement can be carried out, for example, by using a two-component laser 

Doppler anemometer. Such an instrument was not available during this study and 

hence no Reynolds stress data has been investigated nor discussed herein after. 
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2.4 Numerical Modelling 

In spite of the large quantity of observational data available, the mechanism of drag 

reduction by polymers still remains unclear. As a consequence, investigators have 

sought other means of trying to solve the drag-reduction phenomena. In the case of 

Orlandi (1995) and den Toonder et al. (1997), this was to use direct numerical 

simulation (DNS) in an attempt to obtain more insight into the mechanism of 

polymeric drag reduction in a rational way. Contrary to what is possible In 

experiments, one can try in numerical simulations to isolate certain properties of the 

polymer by using a specific constitutive equation, and to study in detail the effects that 

these properties have on the flow. In this way, the importance of these isolated 

properties for the phenomenon of drag reduction can be estimated, at least 

qualitatively. 

The suitability of DNS for such a purpose was already made clear in a previous paper 

(den Toonder et al. (1995)) where the role of extensional viscosity in the mechanism 

of drag reduction by polymer additives was investigated. The aim of that paper was to 

test a hypothesis introduced by Lumley (1969), who was the first to suggest that the 

molecular extension of polymers is responsible for drag reduction. Lumley argued 

that this extension would take place in the flow outside the viscous sublayer, causing 

an increase in effecli ve viscosity there. U sing general scaling arguments, Lumley 

showed that then a reduction in overall drag would occur. This was later criticised by 

den Toonder et al. (1997) using DNS, which showed that a mere increase in effective 

viscosity outside the viscous sub-layer is in itself not enough to produce significant 

drag reduction. Hence, anisotropic effects (molecular changes induced by fluid 

stresses and chemical actions) became of interest to investigators such as Virk and 

Wagger (1990) who varied the molecular formation of polymers, from extended to 

coiled, by the addition of salt to the solvent. The result led to a higher drag reduction 

in extended polymers, whilst the onset to turbulence occurred at a lower Reynolds 

number. The increase in drag reduction suggests that polymers are only effective 

when extended like a rod or thread, thereby introducing anisotropic effects in the 

fluid. Den Toonder et al. (1997) concluded, from DNS, that elastic effects associated 

with polymer fluids (modelled as an extensional component) reduced the drag-
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reducing effectiveness though speculated that these elastic forces could play a 

significant role in the onset of transition. Den Toonder et al. found that the purely 

viscous anisotropic stresses, introduced by extended polymers, influenced the drag

reducing effectiveness, a similar conclusion to that of Lumley (1969). Achia and 

Thompson (1977) support the view that drag reduction stems from an increased 

resistance to deformation of stretched molecules and its consequent effects on 

turbulence production. 

As previously discussed in Section 2.2, the more recent studies of Dimitropoulos et at. 

(1998) and Beris et al. (1999), have provided further substantiating evidence that the 

extensional viscosity decreases the production of the Reynolds stress in all 

components. They concluded that these changes, which led to a decreased eddy 

activity, was attributable to the enhanced extensional viscosity of the polymer 

solution, a hypothesis first advanced by Lumley (1969) and Metzner (1964). Their 

simulations, including those demonstrated by Sureshkumar et at. (1997), also 

suggested that this partial inhibition of turbulence activity would occur after the onset 

of drag reduction. 

However, in order to validate the predictions provided through USIng DNS, 

comparisons must be made with experimental data, which is reliable, extensive and 

quantitative. Without this, Direct Numerical Simulations provide mere speculative 

predictions without a solid grounding. It is part of the intention of this work to 

provide such a database that can be compared, for example, with computational 

predictions from either DNS or CFD studies; this aspect of work has not been carried 

out during the course of this study to date. 
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2.5 The Importance of the Region Near the Wall 

It has been traditional in the study of turbulence to attach a lot of importance to the 

region near the wall. The main turbulence generation and dissipation processes in 

turbulent shear flows are believed to occur in the buffer region close to the wall. 

Naturally, therefore, the essential mechanism of drag reduction has been thought to 

reside in or near the buffer layer. However, there is no conclusive evidence that this is 

the case and therefore remains indicative only. Polymer injection techniques have 

been used in the past in an attempt to clarify whether polymer presence in the buffer 

region has any effect on drag-reduction or whether injecting polymers into the centre 

of the flow had any influence. Wells and Spangler (1967) found that, when polymers 

were introduced into the flow near the wall, the wall shear stress was reduced 

immediately downstream of the injection point, whereas when the polymer was 

injected at the centre of the flow, no effect was observed until it had diffused to the 

neighbourhood of the wall. In view of the rather incomplete nature of this 

investigation, it could be regarded as a direct, but only qualitative, demonstration of 

this point. Later, Tiederman and Reischman (1975) confirmed this general conclusion 

by deducing that the polymer solutions had their largest effect on the mean velocity 

profile in the buffer region (10 < y+ < 100). Later, Tiederman et al. (1988) also 

concluded that the polymer influence was restricted to the buffer layer, decreasing the 

rate of interaction between high and low momentum fluid close to the wall via iateral 

vortex stretching. 

However, the work of Vleggaar and Te1s (1973) poses a question whether drag

reduction produced by polymer injection (also known as heterogeneous flows) is 

different, or unrepresentative, to conventional drag-reduction with premixed solutions 

(homogeneous flows), which we are trying to understand. Their work concluded that 

injecting concentrated polymer solutions into the core region of the turbulent pipe 

flow, formed long threads, which resisted dispersion for a distance of more than 200 

tube diameters. The resultant effect was that a substantial reduction in drag occurred 

before the polymer reached the wall region without producing any transitional onset 

effect as reported by many investigators [Virk et al. (1970), Park et al. (1989)]. 

However, McComb (1990) later found that the polymer concentration had followed a 
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Gaussian distribution over the entire cross-section of the pipe. Hence, this would not 

support the idea of discreet polymer threads and further investigations are required. 

Also, Bewersdorff (1982) found that there was a difference in the universal velocity 

distribution measurements within the turbulent core when comparing heterogeneous 

and homogeneous drag-reducing flows using similar fluid concentrations of 

polyacrylamide. He found that heterogeneous drag-reducing flows produced a greater 

slope in the semi-logarithmic velocity profile within the turbulent core than the 

premixed solutions, therefore indicating that comparisons between both flow 

conditions should be limited. 

More experimental results reported in the literature will be discussed in the following 

chapters. 
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3.0 EXPERIMENTAL METHODS AND PROCEDURES 

This section describes in detail the experimental methods used within this study. The 

first section of this chapter describes the experimental flow rig used in all the pipe flow 

experiments. Section 3.2 details the selection, usage and calibration of all instruments 

employed in this study. In Section 3.3, a description of the LDA set-up is provided, 

which also details the bias correction methods used to collate and analyse all velocity 

measurement data. Finally, Section 3.4 provides a brief account of the uncertainty levels 

associated with the measurements carried out in this study. 

3.1 Pipe Flow Rig 

The flow loop used for the experiments is shown schematically in Figure 3.1. The flow 

loop consists of a pipe flow arrangement with associated instrumentation, mixing and 

pumping facilities. Flow was provided by a progressive cavity pump (l)* (Mono type 

EIOI, maximum flowrate 0.026m3/s) fed directly from a 500l capacity stainless steel 

tank (2). The tank was supported at a height of 0.55m above the test section (3) to 

provide enough head to fill the system with the required test-fluid. Three dampers (4) 

located immediately after the Mono pump outlet act to remove pulsations in the flow 

before entry into the test section. The latter consists of thirteen precision-bore 

r)urosilicate glass tubes (ID 100 4 ± 0.1 mm), each of which were assembled into 

modules with matched male/female stainless-steel flanges at alternate ends fixed to a 

rigid table. Each glass tube was separated from the stainless steel flanges by a thin 

PTFE ring, and each end of a module (assembled in a jig) was fixed using Devcon 

urethane rubber. The Devcon rubber (Shore hardness 80) was used to compensate for 

any expansion or contraction of the stainless steel and glass whilst also reducing any risk 

of damage during handling. Much attention was devoted to the quality of the connection 

between the connected flanges, ensuring they were smooth and invisible to the fluid. 

The modules were 1.027m (± 3 mm) in length, which gave an overall length of 13.356 

m and a length:hydraulic diameter ratio of 133. However, measurements were only 

taken over the initial 12 modules since disturbances in the flow were created at the final 

*The numbers in parentheses refer to the components shown in Figure 3.1. 
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outlet module due to the abrupt change in flow direction. Consequently, this gave the 

test-section an overall length:hydraulic diameter ratio of effectively 123 from the inlet. 

Fully developed flow conditions were achieved as will be discussed towards the end of 

this section. 

Linear alignment of the flanged glass pipe assemblies was carried out using a specially 

configured laser and target arrangement. A Neon-Argon laser device was centrally 

positioned at one extreme of the test section within one pipe length and the target was 

manually placed at the other extremity. This enabled the laser beam to have its axis 

fixed along the entire length of the test section. After the first pipe length was 

configured, it was possible to add subsequent pipe lengths using the laser and target to 

set their position. This procedure produced a linear alignment (of the centreline of each 

pipe) to within ±O.lmm of the first pipe. 

Piping to and from the stainless steel tank (2) was by way of a 50mm diameter UPVC 

pipe with an expansion to 75mm prior to the return side of the tank to reduce velocities 

and hence turbulence within the tank. 

To permit filtering of the base solvent (tap water) prior to the addition of a Newtonian or 

non-Newtonian additive (typically in powder form), a 125 /-lm filter (13) was 

incorporated into a by-pass loop through which the liquid could be diverted. Mixing of 

the solvent additives was accomplished by circulating the fluid through a small return 

loop (14) incorporated just before the pulsation dampers after the flow valves were 

correctly operated. A pressure relief (safety) valve was located immediately after the 

pump outlet. The valve was set with a limiting pressure of 3 Bar, which provided a 

minimum 200% safety margin against the maximum operating pressures of the various 

components integral to the flow. 

A second return loop (15) was also incorporated as a means of providing a greater range 

of flowrates within the test section by carefully regulating the ball-valve. 

Pressure tappings of 1 mm diameter were provided on each mating flange pair with 2 

mm internal diameter clear vinyl tubing (5), filled with de-ionised water, connecting 
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each pressure tapping via a series of valves (6) to a differential pressure transducer (see 

Figure 3.2). The valves were connected to the tappings in such a way as to permit 

measurement of the pressure drop over increasing numbers of pipe sections. The 

location at which the rate of flow development became negligible could therefore be 

assessed using the above valve configuration, whilst also enabling the determination of 

the wall shear stress, "Cs to be computed: 

(3.1) 

where iJPIL is the pressure drop over a specified length L of pipe and D is the diameter 

of the test pipe. Filling the pressure lines with de-ionised water eliminated corrections 

for specific gravity, though for denser test fluids, the pressure lines were filled with the 

same working fluid. 

A 'zero pressure' reading (under no flow conditions) was made at the beginning and at 

the end of each flow experiment to account for any drifts in pressure readings. During a 

flow experiment, these drifts were random and limited to 0.075% of full-scale reading. 

Special care was taken to ensure that the edge of each pressure tapping was not rounded 

and remained flush with the inner wall of the teste. section as it has been well documented 

that large errors can be generated if the hole has burrs, rounded edges or other 

imperfections [Franklin et al. (1969)]. Consequently, all pressure tappings were surface 

polished. It has been reported, however, that even if the hole is near perfect a residual 

error remains as a result of the viscoelastic effects associated with non-Newtonian 

fluids, which could affect the measurements of wall shear stress [Shaw (1959), Franklin 

et al. (1969), Novotny and Eckert (1973)]. This residual error was attributable to a local 

change in boundary conditions and the consequence disturbance of the boundary layer. 

For a viscoelastic fluid, Novotny and Eckert (1973) found that this pressure error was 

proportional to the first normal stress difference (a non-Newtonian effect discussed in 

Chapter 4.4.2 (b)) when measuring that stress, though Higashitani et al (1975) 

concluded that these non-Newtonian effects can be ignored when used specifically in 

determining the wall shear stress. Hence, these hole pressure errors have been ignored 
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in this study. 

Figures 3.3 illustrates the pressure drop over the entire length of the test pipe for all test 

fluids used in this study. Tung et al. (1978), who worked with similar fluids and in 

particular 0.2% Polyacrylamide solutions, found that entrance lengths of 100 pipe 

diameters were sufficient to achieve fully developed flow conditions. From Figure 3.3, 

it may be ascertained that fully developed flow conditions have been achieved here for 

entrance lengths xID > 90, thus confirming the work of Tung ef al .. 

A flat-faced optical box (10), initially filled with paraffin oil, was positioned over the 

pipe at 107 hydraulic pipe diameters from the inlet section. The optical box was used to 

minimise the refraction of the LDA laser beams at the curved surfaces by matching their 

refractive indices [Bicen (1990)]. However, with the presence of oil in the light-box, 

there was a loss of modulation signal of the LDA system, which led to lower data rates 

and poor signal quality. The loss of modulation signal was identified to be due to the 

absorption properties of the oil used. However, the absorptivity of the oil was not 

measured nor regarded as important at that stage. The oil in the optical box was then 

substituted with tap water, which resulted in significantly higher data rates and signal 

quality of the LDA measurements. The quality of the LDA modulation signal was 

suitably retained at both the inner-wall and far-wall of the test section. The refractive 

index of water was also adequate in overcoming any undu1atio!1s i~ the external surface 

of the test-pipe, whilst ensuring that 'blind spots' [Kehoe and Desai (1987)] were not 

introduced at near-wall locations. The front of the light-box consisted of an optical glass 

fascia measuring 168x143x8mm (flat to 30 secondsI175mm). Distance dial gauges 

were used to align the traverse system (housing the LOA probe head) to the test section. 

Table 3.1 presents the various refracting medium used within the optical box section. 

The variation of refractive indices due to small changes in temperatures were negligible 

«0.005% for ±5°C @20°C) and hence ignored. 
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3.2 Instrumentation 

3.2.1 Description of Instrumentation 

Pressure drop measurements were made using a Validyne differential pressure 

transducer (7) (DP15-26, 3448Pa fsd). Signal conditioning for the pressure transducer 

was provided by a Validyne CD223 digital transducer indicator with a BCD output 

connected to a data logging computer (RCL 386 5X-33). The accuracy of the Validyne 

transducer was estimated to be better than ± 0.250/0 of full-scale reading as quoted by the 

manufacturer. 

A platinum resistance thermometer (8) mounted in the end-housing downstream of the 

test section was used to monitor the fluid temperature to an accuracy of ± O.l°C. The 

range of temperatures measured during a hydrodynamic flow test was used to set the 

upper and lower operating temperature limits on the rheometer. Linear interpolation 

was then used to associate a value of viscosity for each value of temperature measured, 

thus providing a viscosity-temperature profile during the test. However, all test fluids 

used in this study displayed non-linear temperature relationships with viscosity, which 

can be represented by the following exponential equation: 

(3,2) 

where T is the absolute temperature and C and D are numerical constants [Massey 

(1990)]. Figure 3.4 illustrates the temperature sensitivity for both a Newtonian (500/0 

w/w glucose) and a non-Newtonian fluid (0.20/0 w/w xanthan gum). The temperature 

sensitivity for the glucose mixture at 20°C was 3.60/0 per °C, and 1.90/0 (at 9.055Pa 

constant shear stress) and 1.8% per °c (4.934Pa) for xanthan gum. Thus a required 

accuracy of ±1 % in the measured viscosity for 0.2% xanthan gum requires the fluid 

sample to be maintained to within ±O.54°C at room temperature and similarly at 

±0.280 C for the glucose mixture. The rheometers used (see below) were of sufficient 

sophistication to maintain fluid samples to within ±O.l°C of the set temperature. 

Therefore, based on small variations in temperature «3°C) during a typical flow test, 
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which were recorded, and precluding the means of exponentially characterising the 

temperature dependency of viscosity for all fluids, the use of linear interpolation 

produced insignificant errors that were hence ignored. 

A Fischer and Porter electromagnetic flowmeter (12) (model 10 DI, maximum capacity 

O.0333m3/s) was incorporated in the return arm of the flow loop with straight sections 

corresponding to x7 and x5 hydraulic pipe-diameters (ID), upstream and downstream 

respectively, which complied with the manufacturer's installation specification. The 

flowmeter output signal was recorded via an Amplicon PC 30AT AID converter on an 

RCL 386 5X-33 PC. The correspondipg accuracy was specified as 0.070/0 (average) by 

the manufacturer when operating between 5-1000/0 of maximum capacity; the operating 

range used in this study was between 8% and 72% of fsd. Existing in-house software 

[Escudier et al. (1991)] was used to record flowrate, pressure drop and fluid 

temperature, whilst new software was configured to control and record the LDA probe 

location (see Section 3.3.3). 

Density measurements were taken USIng both a specific volume density bottle 

(100ml±0.1ml capacity) and an Oertling RB 153 electronic weighing scale (1500g fsd 

with a resolution ofO.OOlg in the range 0-150g and O.Olg for 150-1500g). The Oertling 

balance was also used to weigh the additive to achieve the concentration required for 

producing the various solutions utilised in this study. 

Fluid refractive indices displayed in Table 3.1 were determined using an ABBE 60lED 

high-accuracy refractometer (Type Degree Scale, +0.0010/0). 

A Spirax Sarco conductivity meter (model MSl, +O.1mS/cm) was used to measure the 

conductivity of the test fluids. A pH meter (RS, Model 3051) was also used to monitor 

the pH balance to an accuracy of ±0.02pH. 

The rheological characteristics of the test fluids used were determined using both a 

CarriMed controlled-stress rheometer (CSL 100) with either a cone-and-plate or a 

parallel-plate geometry, and also a Bohlin VOR controlled shear-rate rheometer with 

similar geometries (see Figure 3.5). The first rheometer was controlled from a CAF 
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386SX PC employing CarriMed's flow equilibrium software whilst the Bohlin VOR was 

controlled by a Compaq 486 DX2 PC running Bohlin's BRS software. The Bohlin VOR 

was used to measure the first normal stress difference of fluids including measurements 

of their elastic moduli under oscillatory flow conditions. Viscometric data were 

obtained from both rheometers for comparison reasons. 

Mean velocity and turbulence intensity measurements were determined using a Dantec 

Fibre-flow laser Doppler anemometer (LDA) system comprising of a 60xlO probe and 

55x 12 beam expander (8) in conjunction with a Dantec BSA 57N20 Enhanced Burst 

Spectrum Analyser signal processor. The Spectrum Analyser, which utilised a data 

reduction procedure and provided values of velocity as well as all the necessary 

statistical information, was linked to a Hewlett Packard 286/12 microcomputer. This 

enabled all LDA data to be effectively processed and stored within a library type 

database. To ensure accurate long-time averaging of the superimposed velocity 

signals, 2000 data points were processed per measurement. Timiron seed particles (a 

pearlescent pigment of 20~m mean diameter) were added to the test fluid to produce 

detectable Doppler bursts. A seeding level of 1 ppm was found to be appropriate to 

provide a good data rate (typically 60-100Hz for y/R<0.2, 100Hz-400Hz for y/R>0.2) 

and a high quality Doppler Burst. It should be noted that the addition of the seeding 

particles did not affect the rheology of any of the test fluids used in this study. 

The LDA optics were specially configured by the manufacturer (Dantec) to produce the 

highest spatial resolution practically possible (see Table 3.2), which allowed detailed 

near-wall measurements extending into the viscous sub-layer of most fluids to be made. 

Figure 3.6 illustrates the basic principles applied to laser Doppler anemometry. 

The probe head, housing both the transmitting and receiving optics, was mounted on a 

traverse (9) (see Figure 3.11(a») perpendicular to the stream-wise flow direction. The 

traverse motion was controlled by a software programme, devised in-house, using an 

IBM XT PS2 (Model 30) microcomputer. The programme incorporated refraction 

calculations which allowed the measurement volume to be located accurately within the 

test section (see Section 3.3.1). 
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Each traversing axis was fitted with an AC motor (Model 0240-04-00S) connected in 

series to a 2 stage reducing gear-box (gearing ratio - 36: 1). The gear-boxes were 

specially configured to overcome any thread backlash thus enabling fully reversible 

traverses without loss of positioning accuracy. The pitch of thread on each shaft was 

determined to an accuracy of ±2!-lm using a combination of metric slip gauges and a dial 

testing indicator (x-axis - 1.S06mm, y-axis - I.S06mm and z-axis - 2.004mm). An 

optical rotary encoder (Type E6A2-CW3, 200 pulses/revolution) was then mounted on 

each shaft, thus providing an accurate measure of distance traversed to within a spatial 

resolution of IS !-lm. 

Figure 3.7 illustrates the measurement collection and control system setup used in this 

study. 

3.2.2 Calibration of Instruments and Support Measurements 

The pressure transducers were calibrated at periodic intervals USIng air against a 

Baratron 398HD-OI000SPOS (1000 torr fsd) high-precision differential pressure 

transducer. The accuracy over the calibration range was 0.01 010 of reading. A schematic 

representation of the calibration method is shown in Figure 3.8(a). The change in 

calibration over a 6 month period was within O.S% of full-scale reading (Figure 3.8(b»). 

Flow rate measurements were assessed periodically by comparison with the values 

computed from the integration of the velocity profiles obtained from the LDA mean 

velocity distribution data, using the relationship: 

Q = 21tf~urdr (3.3) 

which were found to be within 1 % of each other. A standby Coriolis Mass Flow meter 

(2Skg/s fsd, resolution of 0.02Skg/s), located in series with the principal electromagnetic 

flow meter, yielded consistent results with the volume flow meter (+0.2S%). 

The platinum resistance thermometer was calibrated against a glass-tube mercury 
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thermometer (accuracy +O.I°C) for temperatures covering its working range (O°C -

35°C). The resistive losses within the AID converter (attached to the measurement 

device) were compensated for during calibration. Between calibration periods, a drift 

limited to less than O.I°C in measured values was noted. Given the temperature 

dependence of viscosity and a temperature sensitivity limited to approximately <2% per 

°C for most fluids used in this study, this drift was regarded as negligible to the overall 

measurement accuracy of viscosity. 

The Carrimed and Bohlin VOR rheometers were calibrated against a 'Standard Fluid' 

- Dekalin (2% w/v Polyisobutylene, 98% decahydronaphthalene). The measurements 

of viscosity and first nonnal stress difference were in excellent agreement with a 

standard set of measurements issued from the Rheology Centre at Bristol University 

(UK). These results are presented in Figures 3.9(a) and 3.9(b). The viscosity 

measurements illustrated an average discrepancy with the Dekalin sample of less than 

3% and 40/0 for the first nonnal stress difference. Figure 3.9(c) presents the elastic 

moduli measured under oscillatory flow conditions for Dekalin using the Bohlin 

VOR, though no standard data were available for comparison purposes. 

3.3 LDA Setup - Measurements and Processing 

3.3.1 Measurement Volume Location 

The major inaccuracy in positioning resulted from the zero location of the measurement 

control volume at the inner-wall. To obtain the zero location reliably, the volume was 

traversed into the wall by visual observation, and thereafter, in the close proximity of the 

inner-wall, the signal due to light scattering by very small particles attached to the wall 

was recorded by the photo diode current output display. The location of the maximum 

output signal of the photo diode was recorded and taken as the zero position of the 

measurement control volume from the inner-wall of the test section. 

Using the above procedure provided a means of locating the measurement control 

volume at the inner-wall to within + 180/-lm (length of measurement control volume), 
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which was adequate for velocity distribution measurements to be carried out. However, 

in order to obtain information on the universality of the if = fly +) distribution, the 

precise knowledge of the measurement control volume relative to the pipe wall was 

required. This was obtained by observing a distinct change in slope of the velocity 

profile caused by a partial intrusion of the measuring control volume into the test section 

wall, as exemplified in Figure 3.10. Consequently, the major contribution of the LDA 

signal was from the scattering particles that flowed passed the measurement control 

volume, assuming the wall remained clean i.e. relatively few particles at the wall. The 

resultant velocity should be located at the centre part of the control volume which is 

covered by the fluid. However, the centre part of the control volume was the centre of 

the total control volume, and, hence, too high velocity components were measured. 

Thus, the slope of the velocity profile at the near-wall changes when the measuring 

volume is less than 112 of its total length «90J.lm in water). Therefore, by linearly 

extrapolating the velocity distribution measurements, prior to change in the slope, the 

zero-velocity point was found, which was taken to be the wall location. 

After adjustment, a traverse from the inner-wall to the outer-wall verified this method by 

yielding a diameter of the test-section to within ±45J.lm. 

The orientation of the laser beams relative to the axis of flow was determined by using a 

preCISIon made aluminium block with vertical and horizontal cross-hairs inscribed on 

one face (see Figure 3.11(b». This block, of semi-circular construction, was positioned 

parallel to the test section adjacent to the optical-box. The probe head, mounted on 

PTFE rings, was then rotated until the beams intersected the cross-hairs centrally 

(viewed as an equal distribution of light intensity for both beams on each side of the 

inscribed line). This method enabled the measurement volume to be accurately placed 

in a vertical or horizontal plane depending on the traverse required (see Section 3.3.2). 
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3.3.2 Direction and Orientation of Traverse 

By placing the beams in the horizontal plane, the axial velocity component (stream-wise 

direction) was measured by traversing the probe into the test section from the inner-wall. 

The same traverse action, though with the beams placed in the vertical plane, allowed 

the tangential velocity component to be measured. In determining the radial component 

of velocity, the beams were placed in the vertical plane and the probe volume positioned 

at the centre of the test pipe. A vertical traverse in both directions was then carried out. 

These traverse motions are clarified in the illustration given in Figure 3.12. 

3.3.3 Refraction of Beams 

Due to a change in refractive index as the laser beams passed through the measurement 

test-section, the beams were refracted and therefore the refracted position of the probe 

volume was calculated. These calculations were based on a ray tracing method that was 

previously demonstrated by Bicen (1990) and Broadway et al. (1981) for LDA 

measurements at curved boundaries. The derivations of these position corrections for 

axial, tangential and radial traverses applicable to this study are given in Appendix 2. 

These position corrections were incorporated within the traverse program. 

For traverses measuring the axial component of velocity, there was no change to the 

interference fringe spacing of the probe volume caused by the refraction of beams, 

therefore no corrections to these measured velocities were required. However, for the 

tangential and radial velocity components, velocity corrections were required due to a 

modification of the probe volume dimensions (see Appendix 2). These corrections 

were applied to the measured velocities in a separate computer program. 

3.3.4 Bias Correction Methods 

In evaluating statistical quantities of the flow velocity from random samples, 

systematic deviations (bias) from the real values, superimposed on other experimental 

errors, can occur. To obtain accurate laser Doppler measurements, and thus enable 

definitive conclusions to be made, the application of appropriate bias correction 
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methods must be assessed. Firstly, the main sources of statistical bias of LDA 

measurements must be identified and these are best described using the terminology 

used by Edwards et al. (1987). Here, four areas of bias were identified: velocity bias, 

gradient bias, filter bias and angle bias. 

3.3.4(a) Velocity Bias 

Velocity bias is caused by a dependence of particle velocity on the arrival rate within 

the boundary of the control volume. As pointed out by McLaughin and Tiederman 

(1973), when particles arrive individually in the scattering volume, the LDA provides 

velocity information averaged according to the occurrence of particles. Thus the 

distribution of velocity can be biased in favour of higher particle velocities because of 

the more frequent arrival of faster particles in a fluid containing uniformly or 

randomly distributed scatters. This can be compensated by processing the signals 

using a time-averaged velocity bias correction method as suggested by Edwards et al. 

(1987): 

(3.4) 

where Un is the velocity of the nth particle along the x direction, ttl is the residence time 

of the nth particle and u' is the rms. velocity fluctuation component. The use of 

residence time weighting was employed in this study using the Burstware software 

from the LDA system. 

3.3.4(b) Gradient Bias 

Gradient bias occurs if a measurement volume of finite size covers a region of flow 

where a mean velocity gradient exists. As a result, particles traversing the 

measurement volume have a range of velocities, independent of any turbulent 

fluctuations which may exist, and as a consequence the arithmetical average velocity 

becomes biased. In the near-wall region where large velocity gradients are present, 

this bias effect becomes significant. Durst, Melling and Whitelaw (1976) proposed a 
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method for correcting gradient biased data based on the truncated Taylor expansion 

method which allows the measured mean velocity (Ui) and turbulence intensity (Ui') 

data to be corrected using the following expressions: 

2 (d2

- J 1 u· - - m 1 true u· =U· +-
1 meas 1 true 32 dy2 + ...... . 

(3.5) 

and 

2 au ~ 
-,2 -,2 1m ui true ( 

') 

II, ffi""= II, true+16 dY) + ...... . (3.6) 

where 1m corresponds to the principal length of the measurement volume and y is the 

distance from the inner-wall of the pipe. Eq. (3.5) and (3.6) can only be evaluated if 

the coefficients for a polynomial fit to the true mean velocity profile are known, which 

allows the derivatives to be assessed. As gradient bias effects are predominant close 

to the wall, curve fit models were weighted towards points located in the near-wall 

region. Durst, Jovanovic and Sender (1995), also demonstrated that these bias errors 

are dependent on probe volume dimensions, where large probe volumes lead to higher 

values of turbulence intensity in the near-wall region. 

In this study, the LDA optical system was specially configured to provide a high 

spatial resolution of the measurement volume (see Section 3.2), which minImised the 

effect of gradient bias. Therefore, for a probe length of 180~m, errors due to gradient 

biasing effects under highly turbulent conditions were limited to <O.l % of the 

measured velocity at a distance of 1 mm from the inner-wall. Errors in the values for 

velocity fluctuations were much greater at 70/0 at 1 mm from the inner-wall, though 

reduced to 2% at 3mm. Hence, no corrections were applied to the mean velocities. 

Corrections were made to the velocity fluctuations when the magnitude of error was 

significant and an accurate function of velocity could be determined. 
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3.3.4( c) Filter and Angle Bias 

Finally, statistical errors due to filter and angle bias should also be assessed. Filter 

bias occurs because of the tendency of real systems to have a measurement efficiency 

that is dependent on the speed of the measured particle. However, for this study, the 

frequency response of the detection system and the filter settings on the burst 

processor enabled all particle frequencies to be measured and thus no filter bias 

correction was necessary. 

Angle bias is caused by the fact that real processors cannot measure all speeds at all 

angles. For instance, the processor can be set to validate a measurement once the 

particle passes through a given number of fringes within the measurement volume. 

For this study the system was properly configured to ensure that all attainable 

velocities were within the measurable range set by the processor's criteria; hence, no 

angle bias corrections were necessary. 

3.4 Uncertainties 

3.4.1 Consistency of Measurement Data 

Tht;; determination of the overall uncertainty of a measurement requires the analysis of 

the complete measuring system and the assessment of the uncertainties of each 

component and its sensitivity relative to the quantity under investigation. According to 

Moffat (1988) the relationship between the uncertainty in any measured quantity (~Q) 

and the uncertainties (~Xi) of the various independent variables Xi is given by: 

(3.7) 

where the derivatives are the sensitivities. However, the concept of uncertainty can 

often be complicated and incomplete particularly if not all the information is at hand 

which contributes towards the overall level of uncertainty. For example, in a 

measurement device, it may be that the exact performance of an integral component of 
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the system cannot be obtained by the user, which contributes to its overall uncertainty 

level. Hence the overall uncertainty for that piece of equipment cannot be assessed 

accurately and is somewhat incomplete and at times misleading. It can also be 

dependent on the information provided by the manufacturer. For the present study we 

rely on the 'consistency' of the measurements, which increased the confidence level of 

all measured quantities. Consequently, by measUring a physical quantity, in situ, by 

alternative means and observing the outcome, its consistency or repeatability is 

appropriately assessed. If the same result was achieved by alternative means, then the 

level of uncertainty is regarded as low, the extent of which depends on the discrepancy 

between the measured values. The acceptability of these variations was reviewed with 

reference to the relative importance of the quantity measured, its effect on other 

parameters, and the methodology used. This approach was used throughout this study. 

Therefore, using the above methodology i.e. the consistency of a measurement, the 

level of uncertainty may be estimated. Hence, typical uncertainty levels for the main 

parameters measured and discussed in this study have been estimated and are 

presented in Table 3.3. 

3.4.2 Rheological Considerations and Solvent Chemistry 

The variability of the rheology of dilute shear-thinning fluids is an important 

consideration when comparing experimental data from the tests used in this study or 

data obtained from literature. When comparing such data uncertainties are introduced if 

their rheological characterisation is incomplete and in particular, if there is no 

assessment of the various factors that could influence the fluid properties such as solvent 

chemistry, storage conditions, chemical additives and history (age, mixing process, etc.). 

F or example, the incomplete fluid characterisation of Allan et al (1984) and Luchik and 

Tiederman (1988) prevent the reader from comparing the rheology of theoretically 

identical polyacrylamide solutions with, say, the data of Hartnett (1992), who has clearly 

demonstrated that changes in solvent chemistry can effect the viscosity of a given 

solution by as much as one order of magnitude. Unfortunately, the rheometric 

techniques required to fully characterise non-Newtonian fluids are not a matter of 

routine particularly for dilute fluids which exhibit a low viscometric viscosity. During 
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the course of the research programme, an additional rheometer was purchased and 

utilised - Bohlin VOR controlled-strain rheometer - in addition to the previous 

rheometer - Carrimed controlled stress rheometer. By utilising both rheometers, two 

independent techniques were effectively used to measure various rheological 

parameters. However, since the overall uncertainty of these measurements was not 

limited to the measurement system alone as mentioned above, the concept of 

consistency was not straight forward in this case. Also, the Bohlin VOR controlled

strain rheometer allowed for further detailed rheological studies (i.e. the measurement of 

first normal stress), which the Carrimed controlled stress rheometer was unable to 

measure. In this case, the first normal stress measurements were compared with a 

'Standard fluid' as discussed in Section 3.2.2, in order to gain confidence in these 

measured values. Therefore, care was taken to ensure a consistent approach was used 

when preparing test fluids (see Chapter 4.3.3), particularly when using similar polymers 

from different batches. 

For completeness, the chemical composition of Liverpool tap water was investigated 

and the results are tabulated (Table 3.4) and discussed below. 

Such details may preclude any comparison of data obtained in this study with other work 

if it can be quantitatively shown that the physical characteristics and chemical content of 

water do influence the rheology of aqueous based non-Newtonian fluids. However, 

there was no evidence of any rheological effect associated with water during the course 

of the 3 years research programme, with no data available in literature, thus the effects 

of solvent chemistry should not have biased the conclusions made in this study. 
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Tables and Figures 

Table 3.1 Refractive Indices of Measuring Test-Section (@ 20 CC') 

Refractive Medium Air Optical Paraffin Water G~ T~ 

Glass Oil Tube Fluid 

Refractive Index, n UXX) 1.478 1.476 1333 1.478 1333 * 

* The refractive indices of all test fluids were similar except for 60% w/w aqueous glucose - 1.387. 

Table 3.2 Beam dimensions in LDA system t 

Beam Separation Focal Length of Principal Length of Minor 

@ Front Lens Length Axis Axis 

Air Water Air Water 

51.487 160.000 0.135 0.180 0.022 0.016 

t All dimensions shown are in millimetres. 
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Table 3.3 Estimated Uncertainty Levels 

Item 

2 

3 

4 

5 

6 

7 

8 

9 
10 

1 1 

Measured 
Parameter 

'ts [PaJ 

11 [Pa] 

n [-] 

u 

u' 
v' 
w' 

Measurement 
Device 

Differential 
Pressure 

Transducer 

Rheometer 

Volume 
Flowmeter 

Temperature 
Probe 

First Normal 
Stress 

Transducer 

Density Bottle 
and Digital 

Scales 

Refractometer 

LOA 

LOA 
LOA 
LOA 

Estimated 
Uncertainty 

3% 

3% 

1% 

0.2% 

lO% 

0.2% 

0.1 % 

3% 

5% 
10% 
8% 
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Comments 

Compares well with the theoretical Newtonian 
fRe relationship under both laminar if= 16/Re) 
and turbulent (Blasius equation) flow 
conditions. 

From the measured velocity profile at the wall 
(using the LOA), and using the wall shear 
stress obtained from the measured pressure 
drop (see item 1 above), the viscosity can be 
determined and compares well with the values 
provided on the rheometer. This was further 
supported by a comparison made with the 
Standard A 1 Fluid. 

The integration of the measured velocity 
profile usmg the LOA, yields a volume 
flowrate to within 1 % of the flowmeter device. 
This was further supported by ad hoc 
measurements carried out by a mass flowmeter 
located in series with the volume flowmeter. 
The probe was calibrated against a high 
accuracy mercury thermometer, displaying 
excellent repeatability. This was further 
supported by the rheometric measurement of 
viscosity at the measured temperature 
specified using the temperature probe and 
comparing it with that measured at the wall 
(see item 2). 
The transducer was compared with 
measurements obtained from a Standard Al 
Fluid. The measurements yielded good 
repeatability and closely matched the data for 
the Standard A 1 Fluid. 
From the fRe observations carried out (see 
item 1 above), the density was viewed as an 
accurate measurement, which was used in 
determinin....& the Reynolds number. 
The refractive index was required for 
positional corrections, which were 
programmed into the traverse controller. A 
full traverse, moving from the inner-wall to 
the outer-wall, yielded a calculated distance, 
which was comparable with the measured pipe 
diameter. 
The uncertainty level for the axial velocity 
component is predominantly associated with 
the biasing corrections applied and the signal
to-noise ratio of the measured data. The 
uncertainty level shown here (and for items 9-
11 below) are also based on the level of 
repeatabilgy obtained. 
Axial turbulence intensity. See item 8 above. 
Radial turbulence intensity. See item 8 above. 
Tangential turbulence intensity. See item 8 
above. 
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Table 3.4 Typical Chemical Composition of Liverpool Tap Water 

Chemical Content and Physical Characteristics t 

Parameter Average Value Units 

Conductivity 140 ~S/cm 

Hydrogen Ion (PH) 7.66 pHUNI 

Sulphate 12.6 mgll 

Calcium 16.9 mg/l 

Iron 73.6 ~gIl 

Magnesium 2.48 mg/I 

Nitrates 4.7187 mg/I 

Pottasium l.68 mg/I 

Sodium 9.63 mg/I 

Chloride 14.6 mg/I 

t Data obtained from North West Water Limited (1998), Liverpool (UK). 

41 



.+::
tv 

1 II xl!,l 

11)!~INl 

Figure 3. t 

/ 
PRESSURE-TAPPING 

CONNECTIONS (51 

/ FILTER 1131 

BALL
VALVES (61 

--1~\ ( 
~---\ A 

~ VOLUMETRIC 
FLOWMETER fl21 \\1/ 

PULSATION [)AMPERS i-11 - ---- ~/ 

,"'chematic (~lpipeflow rig (plan view). 

FLOW 

FLOW 
4 

---PRESSURE TRANSDUCER 17J r REFERENCE LINE [7J 

J---------------'~, 

3-COORDINATE 
TRAVERSE X,Y,Z 

19J 

/ MIXING LOOP 114J 

PRESSURE RELEASE LOOP (lSI 

"'-- MONO PUMP iIi 

THERMOMETER lSI 

~ OPTICAL GLASS 110J 

LASER PROBE HEAD lSI 

FLEXIBLE TUBING 

n 
:::r 
~ 

(t .... 
w 

rn 
x 

" :1. 
3 
(1) 
;:l 

§. 
~ 
(1) 

S-o 
~ 
§ 
Q.. 

'"0 

~ 
Q.. 
C 
ii 



Chapter 3 Experimental Methods and Procedure 

(a) 

(b) 

Figure 3.2 Photographs illustrating (a) the pipe flow rig and (b) the valves used in 

determining the pressure drop over sections of pipe. 
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(a) 

(b) 

Figure 3.5 Rheometers used in determining rheological characteristics for all fluids: 

(a) Ca"iMed Controlled Stress Rheometer and (b) Bohlin VOR 

Rheometer. 
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Figure 3.6 Laser Doppler Anemometry: (a) Experimental setup (b) LDA principles. 
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data control and measurement collection system. 
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Figure 3.11 Configuration of LDA Probe: (aJ LDA probe carrying out an axial 

traverse (b) Alignment of LDA probe. 
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4.0 TEST FLUIDS - SELECTION AND RHEOLOGY 

This chapter introduces the scientific field of 'Rheology', together with the various 

fluid characterisation and modelling techniques that fully define the test fluids used in 

this study. The various terminology and concepts introduced in this chapter must be 

borne in mind in order to assist in the interpretation of the hydrodynamic and velocity 

distribution measurements that are discussed in Chapter 5: Pipe Flow - Results and 

Discussion. Details are also given on the selection process for the test fluids 

investigated based upon criteria primarily determined by the measurement techniques 

employed. The rheology of these test fluids are discussed in detail and a rheological 

comparison is made with a typical drilling mud (Wyoming Bentonite). 

4.1 Rheology and Definitions 

The term 'Rheology' is used to describe the ' ...... study of the deformation andjlow of 

matter', and was officially introduced by Professor Bingham after its definition was 

accepted by the newly founded American Society of Rheology in 1929 [Barnes et al. 

(1989)]. The motivation for rheological studies is often the hope that observed 

behaviour in any fluid-flow process can be correlated with some easily measured 

rheometrical function. This leads to the concept of rheometry, where fluids are 

investigated in simple flows like the steady sirnple shear flow of a fluid between 

parallel plates [Bames et al.]. Thus quantitative measurements of various flow 

characteristics can be made to differentiate one fluid behaviour from another by using 

a rheometer. These techniques are discussed in Section 4.4.2. 

In the following sections, the distinction between Newtonian and non-Newtonian 

fluids will be made in the context of the shear viscosity. 

4.1.1 Newtonian Fluids 

The equations which describe the flow of any fluid are the equations of conservation, 

momentum and energy. They cannot be resolved without assuming one or more 
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constitutive equations which relate the deformation of the fluid (strain) to the imposed 

forces (stress). One such equation relates the shear stress to the shear rate: 

au 
't - J..l_x - J..ly 

By 

(4.1) 

This equation [Bird (1965)] represents a Newtonian fluid in laminar flow where the 

shear stress is proportional to the velocity gradient. The constant of proportionality, 

J..l, is called the Newtonian viscosity and depends only on temperature and pressure 

and is independent of the rate of shear. The 'flow curve' relating the shear stress with 

the rate of shear is shown in Figure 4.1(a). 

4.1.2 Non-Newtonian Fluids 

Non-Newtonian fluids are those for which the flow curve is not linear, i.e. the 

'viscosity' of the non-Newtonian fluid is not constant and depends on other factors 

such as the shear rate, the apparatus in which the fluid is contained or even on the 

previous history of the fluid. Their rheological behaviour can be classified as viscous 

or viscoelastic and as time-dependent or not. The relationship between shear rate and 

shear stress for typical viscous fluids (,shear-thinning' and 'shear-thickening') are 

shown in Figures 4.1(b-c) and time-dependence of viscosity in Figure 4.2. 

Time dependent fluids ('thixotropic' and 'rheopectic' fluids, see Figure 4.2) are more 

complex in that the relation between the shear rate and the shear stress, for example, 

depends also on the time the fluid has been sheared or on its previous history. 

Viscoeolastic fluids have characteristics of both solids and liquids and exhibit partial 

elastic recovery after defonnation. Viscoelasticity manifest itself in tenns of nonnal 

stresses, for instance, in flows where they would be zero for Newtonian fluids. 

Examples of elastic behaviour are nonnal stresses in steady shear flows and the 

fonnation of prolate-shaped gas bubbles rising in an unconfined medium of a 

viscoelastic fluid. 

54 



Chapter 4 Test Fluids - Selection a'1d Rheology 

Yield (or apparent yield) stresses can often be associated with the above fluids and is 

usually described as the minimum stress required to produce a flow. The term 

apparent is associated with the idea that a true yield stress does not exist, merely that 

the strain rate is too small to be measured. 

The various combinations of the above properties are typical of many non-Newtonian 

fluids and since their effects are not evident in every type of flow, their complete 

characterisation requires the analysis of a set of basic laminar flows as will be 

discussed in Section 4.4.2. The working fluids adopted for this research encapsulated 

all the above features in various degrees, with characteristic properties similar to those 

found in drilling muds. A typical rheological example of a drilling mud is discussed 

next, in Section 4.2. 

4.2 Rheology of a Typical Drilling Mud 

As discussed in Section 1.2, a number of chemical additives are added to drilling 

muds to tailor their performance to specific drilling operating conditions. However, a 

typical reference fluid is required for a comparison to be made with the test fluids 

used in this study. Consequently, a viscometric representation of a typical drilling 

nlud under equilibrium conditions - 6% w/w Wyoming Bentonite clay (850/0 sodium 

montmorrillonite), a trioctehedral smectite diluted in deionised water [Darley and 

Gray (1988)] - has been given in Figure 4.3 for this purpose. The primary clay 

platelets of the Bentonite interact electrostatically to form a cross-linked 'house of 

cards' structure, which gives rise to an 'apparent yield stress' and 'thixotropic' 

behaviour. 

Thixotropic cement systems have several important applications. One of the 

important applications of thixotropic drilling muds is the treatment of lost circulation 

during drilling. When a thixotropic slurry enters an enlarged area or cross-passage 

('thief zone'), the velocity of the leading edge decreases and a gel structure begins to 

develop. Eventually, the zone becomes plugged because of the increased flow 

resistance. Once the cements sets, the zone is effectively consolidated. Other uses 

55 



Chapter 4 Test Fluids - Selection and Rheology 

include well bore grouting to prevent gas migration under certain CIrcumstances 

[Nelson (1990)]. 

From Figure 4.3, the viscosity versus shear rate behaviour of the Bentonite mud 

clearly indicates a shear-thinning characteristic along with other characteristics 

associated with drilling muds as described by Darley and Gray (1988). 

Consequently, the test fluids to be investigated in this study must be systematically 

selected to represent some of these complex rheological variations. The following 

sections discusses the selection of the test fluids in more detail. 

4.3 Test Fluids - Selection, Description and Preparation 

4.3.1 Selection Criteria 

Since laser Doppler anemometry was to be the maIn measurement technique in 

investigating the flow structure of fully developed pipe flows of non-Newtonian fluids, 

optical transparency was a basic requirement of any working liquid (actual drilling muds 

are opaque). As indicated below, two of the five test fluids were slightly turbid, which 

restricted some test measurements. The oil-based aerosil liquid anticipated as a test 

fluid was not used since it was found to turn opaque in the presence of luinLlte amounts 

of water and it was impossible to dry such a large flow facility (capacity ca 800l) as that 

used. In addition to optical transparency, the test fluids must also exhibit well-defined 

non-Newtonian characteristics at least quantitatively similar to those found in drilling 

muds. 

All test fluids must be relatively resistant to mechanical degradation [see den Toonder 

et al. (1995)]. Mechanical degradation is the breaking up of the polymers by 

mechanical action, which reduces their molecular weight and hence their effectiveness 

in reducing drag [V irk et al. (1975)]. This is an important point, since this study used 

a 're-circulatory' experimental set-up in which the polymers were continuously 

subjected to deformations, especially in the pump, which may cause some scission of 

polymers. Severe mechanical degradation during a test would lead to unacceptable 
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changes in flow conditions that would ultimately invalidate the LDA measurements, 

hence all test fluids must fulfil this criteria. Gadd (1965) also postulated that 

mechanical action applied to polymer solutions renders the molecules susceptible to 

oxidation, thus partly explaining one of the causes of degradation. Gadd also found 

that when solutions of guar gum were exposed to sunlight over a period of three days, 

considerable levels of degradation took place. Evidently, the sunlight had some action 

on the guar gum molecules, either a direct photochemical one or by simply promoting 

bacteriological action. His work was consistent with that of Hoyt and Fabula (1964), 

who described successfully drag-reducing additives as long molecules of high 

molecular weight, with few side branches and good solubility. 

All test fluids must also exhibit low levels of toxicity, thus permitting easy disposal 

and safe handling and be of relatively low cost. A further criterion was that all fluids 

must have a conductivity ~OJ.lS/cm to be detectable by the electromagnetic flowmeter. 

In addition to a Newtonian reference fluid (aqueous mixture of glucose and tap water), 

the following non-Newtonian liquids (all shear-thinning) were selected: 

• Carbopol 934 (0.14%) and Carbopol EZ1 (0.1%) - practically inelastic, slightly 

turbid. 

• Laponite (1.5%) - thix0tropic, practically inelastic; very slightly turbid. 

• Carboxymethylcellulose (CMC) (0.24%, 0.25%, 0.4%) - slightly elastic, clear. 

• Xanthan gum (0.2%) - moderately elastic, slightly turbid. 

• Xanthan gum (0.09%)/CMC (0.09%) blend - moderately elastic, very slightly 

turbid. 

• Polyacrylamide (Separan AP273) (0.125%, 0.2%) - highly elastic, clear. 

The concentrations indicated refer to the amount of material in water according to 

weight. The concentrations of the test fluids were limited by the need to obtain 

detectable non-Newtonian behaviour (by means of current rheometrical techniques 

available to this study) at viscosities sufficiently low for laminar, transitional and 

turbulent flow conditions to be achievable at the pump flow rates attainable. The elastic 
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influences of the test fluids were detennined by specific rheometrical techniques as 

discussed in Section 4.5. 

All of the aforementioned test fluids were well-characterised solutions of drag-reducing 

polymers that have formed the basis of many years of research associated with the 

phenomenon of turbulent drag-reduction. 

4.3.2 Description of Test Fluids 

4.3.2 (a) Sodium Carboxymethylcellulose (CMC) 

Sodium Carboxymethylcellulose (CMC, supplied by BDH Ltd.) is a semi-synthetic 

gum produced by the chemical modification of cellulose. It is an anionic 

polyelectrolyte which forms a colourless, odourless, non-toxic solution in water. 

Pinho and Whitelaw (1987) have reported moderate resistance to mechanical 

degradation, with approximately a 10% decrease in viscosity of a 0.40/0 aqueous 

solution after prolonged shearing at a high rate. However, Pinho and Whitelaw's 

CMC polymer (supplied by Hercules) was lower in molecular weight (3x105) 

compared to the CMC (BDH) used in this study (7xl05
). Hence, comparisons 

between these fluid types should be treated with caution due to the molecular weight 

influence on rheological behaviour as reported by many previous lnvestigaton [s~e 

e.g. Fabula (1964)]. 

4.3.2 (b) Xanthan Gum (XG) 

Xanthan gum is a high-molecular-weight natural carbohydrate, or more specifically, a 

polysaccharide, which appears as a dry, cream-coloured powder in its physical state. 

The primary structure is based on a linear l,4~-D-glucose backbone, as in cellulose, 

with charged trisaccharide side-chains on every second residue [Jeanes et al. (1961)]. 

The secondary (backbone) configuration is influenced by solvent ionic strength and 

temperature. The backbone changes from being disordered with highly extendible 

side-chains (due to charge repulsion) in a non-ionic solution at low temperature 

«250C) to an ordered helical configuration with side-chains collapsed onto the 
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backbone (due to charge screening) as the solvent ionic strength is increased [Pastor et 

al. (1994)]. In the rod-like configuration the molecules are easily aligned and strongly 

associate to form a gel-like structure [Rochefort and Middleman (1987)]. According 

to the manufacturer (Kelco), xanthan gum solutions show remarkable resistance to 

mechanical degradation. The xanthan gum used in this study is better known as 

Keltrol TF, which is a non-irritant, non-toxic, and most generally used food grade of 

xanthan gum. 

The general characteristics of xanthan gum are illustrated in Figure 4.4 [cited in 

Kelco (1991)]. Aqueous solutions of xanthan gum are extremely shear-thinning. 

Upon release of shear, total viscosity recovery occurs almost instantly due to its helix 

structure (see Figure 4.4(d)). This structure creates a yield stress, which is required to 

dissociate some of the junction zones and shear thinning results from further 

dissociation by continuous application; but when the shear stress falls to zero, the 

junction zones reform to produce a high viscosity fluid. 

4.3.2 (c) CMCIXG Blend 

An equal quantity of CMC and xanthan gum were blended in solution to investigate 

whether the resultant flow behaviour in a pipe exhibited combined effects similar or 

anomalous to the solvent additives when used alone. The chemkal !!1te!"adion of the 

blend, from a molecular viewpoint, was not known during the course of this 

investigation. 

4.3.2 (d) Separan AP273 (Polyacrylamide, PAA) 

The polyacrylamide used in this study is better known as Separan AP273, which is a 

highly flexible water soluble synthetic polyacrylamide made by Dow Chemical Ltd. 

(USA), in which about 25% of the amide groups have been hydrolysed and neutralised. 

Although the exact molecular weight and molecular weight distribution was not known, 

the mean molecular weight was estimated by the supplier (Floerger) to be approximately 

4x 1 06. The supplier also stated that an aqueous solution of Separan offered moderate 
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resistance to mechanical degradation and should not be subjected to high shear rates for 

a prolonged duration of time. 

4.3.2 (e) Carbopol 934 and EZI (Polyacrylic Acid) 

Carbopol 934 (carboxypolymethylene) is a white powder with a helix coil structure in 

dry form. When hydrated, the resultant solution thickens as the molecular structure 

uncoils ( straightening effect) due to the slight repulsion of the side branches, thus 

expanding the molecules whilst hydrogen bonding occurs within the solution. At this 

stage the pH balance is acidic (pH<4). The basic working fluid was prepared in a 

similar manner as that described in Section 4.3.3, by slowly adding Carbopol powder to 

cold (ca 15°C) filtered tap-water being circulated through the mixing loop of the flow 

facility. However, when neutralised (pH~ 7) using laboratory grade 2N sodium 

hydroxide (BDH Ltd., U.K.), cross-linking occurs between the large molecular chains 

(though not at all atomic points), thus producing a well-structured solution exhibiting 

non-Newtonian characteristics. The average molecular weight distribution for 

Carbopol (934 and EZl) was <lxl06 (as stated by the supplier, Sursachem Ltd., 

U.K.). 

Despite the apparent simplicity in its preparation, difficulties were encountered in 

keeping the solution stable. It was found that the .... alcium salts within tap water were 

attacking the gel structure, resulting in a sudden decrease in viscosity over a 2 day 

period. To overcome this, di-Sodium EDT A was used as a chelate agent, which 

assisted the prevention of the calcium atoms attacking the structure. Problems were 

also encountered with the transparency of the resultant solution, which was slightly 

turbid and therefore limited LDA measurements at the far wall of the pipe. Carbopol 

EZI was identical to Carbopol 934 (according to the supplier), though offered greater 

resistance to calcium salts and was generally simpler to hydrate. However, the 

slightly turbid appearance in both solutions was never overcome and was presumably 

caused by an incomplete hydration of the solution within the flow loop [Sursachem 

Ltd. (1995)]. The pipeflow loop was limited to turbulent mixing at high pump speeds, 

which may not have caused the solvent additive to completely hydrate within the 
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solution. However, a degree of stability In solution viscosity was achieved as 

discussed in Section 4.5.2. 

4.3.2 (f) Laponite RD 

Laponite is the trade name for a synthetic hectorite clay with a structure similar to that of 

sodium montmorillonite, a principal constituent in Wyoming Bentonite. When Laponite 

is dispersed in water, the exchangeable sodium ions hydrate, causing the clay to swell 

initially and to separate completely. The resulting effect provides a clear colloidal 

dispersion (a sol) of anionic Laponite platelets and hydrated sodium ions in solution. 

The platelets carry a surface negative charge (due to lattice substitution) and a small 

positive charge on the edge due to the disruption of the lattice. In dilute solutions the 

surface negative charges are much larger than the small edge charges and repulsion 

occurs between the platelets so that no thickening occurs. As the ionic content of the 

water increases (either due to the addition of salt or to increasing Laponite level) the 

surface negative charge is reduced due to increasing association between this charge and 

the cations in solution. Repulsion between platelets, the primary Laponite clay particle, 

is reduced and the dominant force becomes the surface to edge attraction causing the 

dispersion to gel. The particle/particle bonds break down under the application of a 

shear stress giving rise to a highly thixotropic behaviour. In consequence, the rheology 

ofLaponite suspensions is influenced greatly by solvent ionic strength and shear history. 

The basic working fluid was prepared in a similar manner as that described in Section 

4.3.3, by slowly adding Laponite powder to filtered tap-water being circulated through 

the mixing loop of the flow facility. However, in order to increase the yield stress of the 

fluid to simulate the gel like behaviour inherent of many drilling muds, 60 ppm 

laboratory grade salt (Fisons S/3120/60) was added to produce a conductivity of about 

0.74 mS/cm. This resulted in an immediate increase in viscosity at low shear rates. 
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4.3.3 Preparation of Test Fluids 

Two types of fluid preparation were used in this study. Firstly, solutions that were used 

in pipe flow experiments were prepared within the pipe flow rig (700l). Secondly, 51 

sample solutions, which were used in determining normal stresses at high concentration 

levels (0.6% - 1.5% w/w) , were prepared in large beakers using a three blade paddle 

stirrer. All solutions were prepared with care to avoid shear degradation at high shear 

rates. 

The 7001 test fluids were prepared by filtering tap water within the flow loop prior to the 

direct dissolution of the solvent additives, which were in powder form. For each 

solution, weighed amounts of the additives were then sprinkled on the water surface in 

the tank whilst low speed agitation within the mixing-loop was used to disperse the 

powder. From preliminary experience, there was a tendency for the powder to coagulate 

into large lumps when dispersed quickly, which were then difficult to dissolve so great 

care was taken in order to avoid agglomeration. Timiron seeds (used as LDA tracer 

particles) were also added (lppm) to improve LDA data rates and signal quality for all 

test fluids used. 

In the case of the 51 sample solutions, good dissolution was ensured by means of a 

three blade paddle stirrer, which created a large vortex with only moderate shear. 

Also, for each material, a master aqueous solution was prepared and lower 

concentrations were obtained by successive dilution. 

Formaldehyde (bactericide), at concentration 0.015 % vol., was used as a preservative 

in all solutions, and twice that amount for the aqueous glucose solution. Finally, when 

the additives appeared to be completely dissolved, the solutions were left to equilibrate 

for two days. This was necessary in order to allow time for the solutions to fully 

homogenise, with low speed agitation being used from time to time to assist this process 

and to allow small air bubbles to escape. It is important to note that the addition of seed 

particles and bactericide did not appear to influence the rheology of the test fluids, which 

were confirmed by a series of rheological tests (see Section 4.4.2) before and after their 
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addition. Any differences between the rheological data were within the repeatability of 

the measurement system. 

4.4 Fluid Modelling and Characterisation Techniques 

4.4.1 Fluid Modelling 

A principal aim of this work is to correlate measurable rheometrical functions of the 

test fluids with the data analysed from the hydrodynamic flow experiments. In order 

to do this, the fluids need to be accurately represented by constitutive equations. For 

this study, equations associated with generalised Newtonian fluids (time-independent 

and inelastic fluids - the theoretical limit of weakly elastic fluids) were used. These 

equations only need to model the viscosity as a function of shear rate. 

Nonnally, the viscosity of a shear-thinning fluid varies with shear rate in the following 

manner. At low and high shear rates, the viscosity is normally constant and these 

regions are denoted as the first and second Newtonian plateau respectively, as their 

behaviour is not dissimilar to that of a Newtonian fluid (see insert within Figure 4.5). 

However, there is an intermediate range over which the viscosity decreases with shear 

Tate and this region is often described by a power-law equation: 

(4.2) 

where n is the power-law index and k is the consistency index (units of Pa.s
n
). The 

power-law is extensively used in theoretical analyses, though is generally limited to two 

or three decades of shear rate and fails at extremely low or high shear rates since n 

ultimately approaches unity i.e. the first and second Newtonian plateau. However, a 

least-squares fit of the Cross model was well suited to represent the fluids used in this 

study over the entire shear rate range: 

11-1100 1 (4.3) 
-----
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where 110 and llex:> refer to the asymptotic values of viscosity at very low and very high 

shear rates respectively, Ac is a constant parameter with the dimensions of time and m is 

a dimensionless constant. The Cross model is one of numerous constitutive equations, 

which are associated with generalised Newtonian fluids. Allen (1995) published an 

excellent review of other widely used viscosity equations, examples of which are 

shown in Table 4.1. 

These laws must be seen as being empirical in nature and arising from curve fitting 

exercises, and are particularly helpful in making practical engineering flow calculations. 

The curve fits were conducted using the least squares fit method. 

4.4.2 Fluid Characterisation Techniques 

Due to the complex combination of various properties associated with non-Newtonian 

fluids, their effects are not always evident in every type of flow and hence their 

complete characterisation requires the analysis of a set of basic rheometrical tests. 

The rheometrical tests used in this study are discussed below. 

4.4.2 (a) Viscometric Measurements 

The visco metric characteristics (viscosity versus shear rate or shear stress) were 

determined using both the CarriMed controlled-stress rheometer (CSL 100) with either a 

cone-and-plate or a parallel-plate geometry, and also a Bohlin VOR controlled shear-rate 

rheometer with similar geometries. The viscometric measurements covered the shear 

rate range and temperature variations obtained during each pipe flow test 

Using the Bohlin VOR rheometer, it was possible to accurately determine viscosities 

at very low shear rates (tending towards the zero-shear viscosity for some fluids) using 

a double-gap geometry, which was not available for the CarriMed. Despite the 

relatively complex set-up required in using the Bohlin VOR as opposed to the 

CarriMed, a high level of repeatability was achieved. The CarriMed instrument was 

not sensitive enough to measure these viscosities at low shear rates, which can be seen 
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illustrated by the number of scattered data shown in Figure 4.5. However, it is 

evident that consistency in viscosity data was obtained between the rheometers, using 

a combination of geometries, when operating above the low end of their dynamic 

range (>1 S·I). The deviation in results for the measurements taken with the CarriMed 

is due to the onset of secondary flows within the geometry. Secondary flows occur at 

different values of shear rate depending on the geometry used (y >400 S·I for cone and 

plate, y >1000s·1 for parallel plate) [Barnes et al. (1989)]. 

4.4.2 (b) First Normal Stress Difference 

The determination of first normal stress difference, N I, was obtained from a load cell 

(150g cm) incorporated into the Bohlin VOR rheometer. NI is a non-linear 

characteristic that is associated with the effects of viscoelasticity [Barnes et al. 

(1989)]. Unfortunately, for the concentrations used for the flow experiments, with the 

exception of Separan AP273, the first normal stress differences were below the 

sensitivity of the instrument even at the highest shear rates. Since it is generally 

accepted that drag reduction in turbulent flow of non-Newtonian fluids is related to 

viscoelasticity, it was regarded as essential to estimate N I for all polymeric fluids 

tested. However, as suggested by Barnes et al., at higher concentrations it was found 

that NI(,t) followed a power-law master curve for most polymer fluids, from which it 

was possible to extrapolate to lower concentrations. In the case of CMC and xanthan 

gum, the extrapolation was relatively straightforward since the dependence of N liT. on 

y was found to be practically independent of concentration. For the polyacrylamide 

(Separan AP273) solutions there was a clear dependence on concentration and the 

extrapolation was less satisfactory; these results are discussed in Section 4.5.3. 

The possibility of quantifying N I, by relating a measurable linear elastic function from 

oscillatory flow measurements (e.g. the storage modulus, G', as discussed in the next 

section) with a non-linear steady shear flow elastic function (N I) at low 

concentrations, would clearly be useful here. From continuum mechanics, it can be 

shown that a relationhip between G' when (0) )~O, and N I when ( y )~O, does indeed 
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exist and can be empirically represented as [Barnes et al. (1989)]: 

G' (4.4) 

However, for moderate to high shear rates (as those encountered within turbulent 

pipeflow), the above relationship does not hold and no other relationship has been 

reported to date. Therefore, the extrapolation procedure, though not ideal, has to 

suffice in the absence of either a direct measurement or a more sophisticated 

extrapolation algorithm. 

4.4.2 (c) Oscillatory Shear Flow Measurements 

Oscillatory shear flow provides an assessment of the elastic characteristics of fluids in 

which the loss (G") and storage moduli (G') are measured. These two moduli depend 

on the viscous and elastic behaviour, respectively, as a function of oscillation frequency 

(see Appendix 3 for further explanation). Both the CarriMed and Bohlin rheometers 

were capable of carrying out oscillatory flow measurements with a high level of 

consistency between the measurements «5% difference). These tests were, however, 

limited to amplitudes of strain (typically 0.0015) that are characteristic of the linear 

viscoelastic region (Hookean region). Small amplitudes of strain are therefore necessary 

to prevent the disruption of molecular entanglements within viscoelastic fluids [Barnes 

at al. (1989)]. However, these conditions are not representative of transitional and 

turbulent pipeflow of non-Newtonian fluids, hence direct comparisons cannot be made 

with the experimental flow data discussed in Chapter 5. In any case, the loss and storage 

moduli will be used for comparison purposes and to 'rank' the test fluids, in order of 

elasticity, as will be discussed in Section 4.6. 
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4.5 Results and Discussion 

4.5.1 Viscometric Measurements 

This section details the viscosity versus shear rate behaviour of all test fluids. The 

values for the four parameters used in the Cross model fit (see Eq. (4.3)) are given in 

Table 4.2. 

4.5.l (a) XG 

The viscosity versus shear rate behaviour of xanthan gum is given in Figure 4.6. The 

corresponding Cross model fit is also shown. The rheological example shown here 

exhibits an almost power-law structure over three decades of shear (l0-1000 S-I), except 

at high shear rates (> 1 000 S-I) where the flow curve tends towards its infinite value of 

viscosity,l1oo. There is no evidence of the viscosity tending towards a Newtonian plateau 

(11--+110) within the lower shear-rate range of the measurements taken, indicating that XG 

exhibits an apparent yield stress characteristic. However, this observation is based on 

the shear rate range shown illustrated in Figure 4.6, where measurements of viscosity at 

lower shear rates may have indeed provided evidence of a first Newtonian plateau. The 

range of shear rates covered are, however, sufficient to interpret the conditions 

encountered \vithin the flow experiments as discussed in Chapter 5 and therefore 

justified. 

4.5.l (b) CMC 

The viscosity characteristics for various concentrations of CMC (0.240/0, 0.25% and 

0.4%) are illustrated in Figure 4.7. The extent of shear-thinning for all CMC solutions 

was less than for 0.2% XG. A tendency towards a Newtonian plateau (11~110) at low 

shear rates «10 S-I) is evident for all three CMC solutions. The value of 110 increases 

with concentration as indicated by the values shown in Table 4.2. However, there is no 

evidence of a second Newtonian plateau (11--+1100) for any of the solutions. Viscosity 

measurements were limited within the low dynamic range of the CarriMed rheometer, as 
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shown by the number of scattered data for 0.4% CMC at y <3 S-I. The double gap 

geometry on the Bohlin VOR would have provided improved data within this range due 

to its greater instrument and geometry sensitivity, but the instrument was not available 

during the course of this study for CMC (and XG). 

The viscosities of the solutions were also a function of concentration, whereby an 

increase in the concentration of the additive led to an increase in shear viscosity. 

However, for y>85 S-l, the viscosity of 0.25% CMC was lower than that for 0.24% 

CMC, for which there is no qualitative explanation. As these fluids were prepared from 

different batches and at significantly different times within the research programme (12 

months apart), conditions in rheology, preparation and the cleanliness of the flow loop 

may have altered slightly. These parameters are difficult to monitor and may therefore 

result in differing flow curve characteristics as illustrated here for 0.240/0 and 0.25% 

CMC. 

From Figure 4.7, it is also evident that the onset of non-Newtonian behaviour is a 

function of concentration and is shifted to lower shear rates as the CMC concentration 

Increases. 

4.5.1 (c) XG/CMC 

The viscosity versus shear rate behaviour for 0.09% CMCIO.090/0 XG is illustrated in 

Figure 4.8. This solution displays a shear-thinning characteristic that is intermediate 

between the CMC and XG solutions discussed above. The flow curve for 0.09% 

CMCIO.09% XG is interesting in that it displays a tendency towards both the first and 

second Newtonian plateau over a similar range of shear rates to those used above, a 

feature that was only present in either one or other solution. 

4.5.1 (d) Separan AP273 (P AA) 

The flow curves for 0.125% and 0.2% Separan AP273 are illustrated in Figure 4.9. 

Both concentrations display similar degrees of shear-thinning in the power-law region, 
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with the onset of non-Newtonian behaviour similar to that of CMC i.e. shifting to 

lower shear rates for the larger concentration fluid. The constant zero-shear value 110 

also increases with concentration and both flow curves display a convergence towards 

the infinite shear viscosity 1100. The viscosity characteristics for 0.1250/0 PAA is very 

similar to that of 0.09% CMCIO.09% XG (see Figure 4.8), whilst 0.20/0 P AA displays 

the same level of shear-thinning as 0.20/0 XG, though with a slightly larger viscosity 

(5-10%) over the entire shear rate range. These comparisons are important when 

comparing their corresponding flow behaviour in a pipe, which therefore allows the 

relative importance of fluid rheology to be investigated. 

4.5.l (e) Carbopol (934 and EZ1) 

The viscosity behaviour of both 0.l4% Carbopol 934 and 0.10/0 Carbopol EZ1 are 

illustrated in Figure 4.10. Carbopol 934 yielded larger values of viscosity than EZ1 for 

y>5 S-l, based on comparatively fresh samples of each solution (less than 3 days old 

from initial preparation). However, as will be discussed in Section 4.5.2, both fluids 

were unstable (with Carbopol 934 displaying the larger level of instability), which 

resulted in significant reductions in viscosity over a period of 7 days. This manifested 

itself for each solution as a turbid appearance, which was greater for Carbopol 934 than 

EZl, thus limiting LDA measurements at the far wall of the test pipe. 

The fresh sample solutions differ in that 0.14% Carbopol 934 displays a slight 

convergence towards the first and second Newtonian plateau for low and high shear 

rates «10 S-I and >1000 S-I respectively) as where O.l% Carbopol EZ1 displays a 

power-law characteristic over the entire range of shear rates (O.2<y <1000 S-I), similar to 

that of XG and Separan. The unavailability of the Bohlin VOR rheometer during the 

investigation of 0.1385% Carbopol 934 meant that the determination of viscosity at low 

shear rates were not possible using the CarriMed rheometer alone. However, 

degradation effects caused noticeable reductions in viscosity for both solutions (see 

Section 4.5.2), particularly at low shear rates, resulting in a convergence of viscosity 

towards the first Newtonian plateau 110 for 0.1 % Carbopol EZ1 (see Figure 4.11). 
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Both solutions were however shear-thinning (similar levels to 0.24% CMC) and the 

undetectable levels of degradation in solution viscosity during a flow experiment 

(typically <1 Y2 hours in duration), meant that their selection and analysis was justified 

for this study. 

4.5.1 (f) Laponite RD 

The viscosity versus shear rate behaviour for Laponite is shown in Figure 4.12. The 

data corresponds to a curve fit, which as exemplified below, was not a matter of routine. 

Measurements of the viscometric properties were repeated at daily intervals over a 

period of about one week until their rate of change was negligible over the time required 

to carry out a single flow experiment. Figure 4.13 shows the variation of shear stress 

versus shear rate from data obtained using both the CarriMed controlled stress (0 50 

nun ~ parallel plate) and the Bohlin controlled strain rate (T 25 mm ~ high shear bob 

and cup, • 5° cone/30 nun ~ plate, ... 24 nun ~/27 mm ~ double gap) rheometers. The 

fitted curve corresponds to a Herschel-Bulkley fluid (see Figure 4.1(e) and Table 4.1), 

represented by: 

(4.5) 

where, for the Laponite used here, 'ty = 4.4 Pa, K = 0.24 Pa.sn and n = 0.535. These data 

correspond to equilibrium conditions whereby the fluid was sheared at a given shear 

stress until the shear rate remained essentially unchanged (ca 30 minutes for each point) 

and are consistent for shear rates above 30 S-1 but become increasingly scattered for 

shear stresses close to the yield stress. The data presented in Figure 4.13 will be further 

discussed in more detail in Chapter 6. 

In addition to the anticipated difficulties of working with a shear-thinning thixotropic 

liquid, a further complication was associated with the tendency (confirmed by the 

manufacturer) for the viscosity of Laponite to gradually increase with time. This was 

particularly noticeable at low shear rates where a 300/0 increase in viscosity occurred 

over a period of 7 days. This noticeable characteristic is also experienced in wellbore 
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drilling operations when using thixotropic slurries, where after each static-dynamic 

cycle, the gel strength and yield point tend to increase [Nelson (1990)]. The increased 

yield point could pose problems because, after repeated stops, excessive pump pressures 

may be required to restart movement. Also included in Figure 4.13 are data deduced 

from measured velocity profiles (e, ., 0), which will be further discussed in Chapter 6. 

The thixotropic nature of Laponite is evident from Figure 4.14, which shows the 

reduction in shear rate when the shear stress was reduced to 12 Pa after pre-shearing at 

19 Pa for 15 minutes at 20°C. The two levels of shear stress correspond, respectively, to 

a typical wall shear stress for the pipe flow and the corresponding equilibrium stress for 

an asymptotic shear rate of 560 S-I. 

4.5.2 Degradation of Fluid Viscosity 

Over a 7 day period, the fluids were subjected to approximately 30 hours of shearing 

during the flow experiments. The extent of shearing was dependent on the pump speeds 

utilised within each flow test, which was varied to suit the Reynolds number 

requirement. In addition to mechanical shearing, the fluids were also exposed to 

bacteriological influences within and around the flow facility, a quantitative assessment 

of which was practically impossible during the entire programme of this investigation. 

It is also important to highlight the impracticality of using a once-through experimental 

system, because of the extremely large amounts of polymer solution required, hence the 

only alternative was to use a re-circulating system as used in this study. Collectively, 

these influences inevitably caused the test fluids to degrade (seen as a reduction in shear 

viscosity) as evident in Figure 4.15. However, the precautionary measures in place to 

minimise these effects (bactericide, mono-progressive cavity pump, etc.), were such that 

the flow curves for viscosity were indistinguishable before and after each flow test. 

For the CMC solutions (0.24%, 0.25%, see Figures 4.15(c-d)), degradation effects 

reduced the low shear viscosities (y <50 S-I) by approximately 21 % over a 7 day period, 

where as the high shear viscosities above 500 S-1 were reduced by less than 100/0. 

Interestingly, the higher concentration solution of CMC (0.4%, Figure 4.15(e)) showed 

much greater resistance to degradation «6%) over the entire shear rate range 
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(10<y <1000 S-l), which agrees with the work carried out by Nakano and Minoura 

[(1975), cited in Reddy and Singh (1985)]. Nakano and Minoura found higher polymer 

concentrations to be more resistant to mechanical shearing because of a reduction in 

local shear rates brought about by a more intense molecular interaction so that, at high 

concentrations, the rate of degradation becomes independent of concentration. 

XG (0.20/0) was particularly resistant to degradation effects (Figure 4.15(b»), with 

degradation levels less than 5% on average over the entire range of shear rates. By 

comparison, the CMC and XG (Figure 4.15(a») illustrated greater levels of degradation 

than their respective solutions alone; approximately 20% over the entire shear rate 

range. This linear additive behaviour has also been reported by Reddy and Singh 

(1985), who investigated the shear stability and drag-reduction effectiveness of various 

polymer-polymer and polymer-fibre mixtures in turbulent flow of water. They 

concluded that the extent of polymer interaction with other polymers or fibres, 

determines their ability to resist mechanical stress fields where, generally, fluids 

exhibiting complex molecular geometries and high molecular weights are less resistant 

to mechanical degradation. 

Separan AP273 (0.1250/0 and 0.2%, Figures 4.15(h-i») displayed the greatest resistance 

to degradation effects, which were limited to less than 4% over moderate to high shear 

rates (50<~;' <1000 S-I). 

Finally, the degradation levels associated with the Carbopol solutions were greater than 

any other solution, with levels as high as 25-43% at low shear rates (y <50 S-l), reducing 

to 7-20% for high shear viscosities (y >1000 S-l). These trends are clearly evident from 

Figures 4.15(f-g). 

Despite the levels of degradation highlighted in this section (based on a 7 day period 

from initial preparation), no detectable levels were monitored between the start and the 

finish of any individual flow test. It is also important to note that degradation levels 

were only monitored as a function of viscosity and not for any elastic function of the test 

fluid (e.g. N I or G'). It was therefore assumed that the elastic effects had also degraded, 
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the extent of which was not known and would thus benefit from a quantitative 

assessment. Chang and Darby (1983) investigated the effects of degradation on the 

viscous and elastic properties of an aqueous solution of Separan AP-30. They 

concluded that the low shear viscosity was reduced by about an order of magnitude for 

all concentrations (l00, 250 and 500ppm), where as the high shear viscosity was 

virtually unaffected. However, the first normal stress function was reduced by about the 

same degree at all shear rates. These considerations must be borne in mind when 

assessing the elastic properties of these fluids as discussed in the proceeding sections. 

As insurance against the need to carry out further rheological assessments of the test 

fluids, samples of each working fluid were frozen. No data have been found in literature 

concerning the effects of freezing on fluid rheology, but tests carried out during this 

study (see Appendix 4) indicated that single additive fluids could be subjected to 

numerous freezing/thawing cycles without degradation, although this was not true for 

blends. When blends were subjected to freezing and thawing cycles, the measured shear 

viscosities over a range of shear rates reduced successively. 

4.5.3 Normal Force Measurements 

This section details the normal force measurements for highly concentrated solutions of 

XG CMC XG/CMC blend and P AA. First normal stress difference data were not , , 

carried out for Laponite due lo its complex time-dependent nature, which would 

otherwise yield data with complex rheological variations and high levels of uncertainty. 

Also, due to the complexity in preparing solutions of Carbopol, particularly at high 

concentrations (>1.0%), and their corresponding instability and high levels of 

degradation, no elastic measurements (NI( y) and G'(f)) were taken for Carbopol. It is 

important to note that all first normal stress difference data presented here are based 

on fresh fluid samples and hence do not account for the longer exposure to degradation 

effects associated with the working fluids used for the flow tests. 
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4.5.3 (a) XG 

The first normal stress difference data for 1.0-1.5% xanthan gum solutions are 

illustrated in Figures 4.16(a-c). In the limited range in which the first normal stress 

difference data could be obtained, it appeared that the first normal stress difference 

(N I) increased with respect to shear rate and also increased with concentration 

(Figure 4.16(a». However, anomalies were associated with the 1.1-1.3% aqueous 

solutions ofXG, which did not follow this trend. 

After the superimposition of the first normal stress difference data with the shear 

stress data on logarithmic co-ordinates (see Figure 4.16(b », a remarkable correlation 

was observed for all concentrations in that all the data collapsed on to a straight line. 

This relationship agrees with the work carried out by Barnes et al. (1989) as 

previously mentioned in Section 4.4.2(b). After establishing the power-law master 

curve fit for the data plotted, it was then possible to extrapolate the normal force data 

to corresponding shear stress values, which were obtained from the pipe-flow 

experiments. This allows a possible correlation to be established between an elastic 

function and the pipe flow data if, L1P, DR, etc.). This correlation will be discussed in 

Chapter 5.4. 

The data plotted in Figure 4.16(b) resulted in the following empirical expression: 

1.0-1.50/0 XG (4.6) 

According to Barnes et al. a recoverable shear (i.e. N 1/2"C) greater than 0.5 indicates a 

highly elastic state. The recoverable shear is due to the elastic component of the fluid, 

which reaches an equilibrium state when subjected to continuous simple shear. For 

xanthan gum, the above condition corresponded to shear stresses in excess of 1.07 Pa. 

Figure 4.16( c) illustrates Nih versus shear rate for all concentrations, indicating that 

NI is consistently greater (up to 4 times) than the shear stress for 1<1' <300 S-l. 
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4.5.3 (b) CMC 

The first normal stress difference data for 0.6-1.5% CMC solutions, have been 

presented in Figures 4.17(a-c). N 1 increased with shear rate and also with 

concentration as seen in Figure 4.17(a). After the superimposition of the first normal 

stress difference data with the shear stress data on logarithmic co-ordinates (Figure 

4.17(b»), a correlation similar to that for XG was observed for all concentrations in 

that all the data (with the practical exception of scattered data points) collapsed on to a 

straight line. This agrees with data provided by Kotaka et al. (1959). This power-law 

relationship was expressed with the following parameters: 

N I = 0.85 1:1.25 0.6-1.50/0 CMC (4.7) 

Figure 4.17(c) illustrates the variation of the non-dimensionalised normal stress 

difference (NI/1:) plotted as a function of shear rate. For all shear rates (1.8<y <200 

S-l), the magnitude of the first normal stress difference was consistently higher than 

the shear stress for all concentrations with the exception of 0.9% CMC, which showed 

an anomaly at low shear rates y <4.5s-1
. At a shear rate of 180 S-I, Nih increased 

consistently from 2 to 2.9 for 0.6%-1.5% CMC respectively. 

For comparison purposes, tile condition defining a highly elastic t1uid (N 1/21: > 0.5) 

was also identified for CMC and corresponded to shear stresses in excess of 1.916 Pa, 

compared with 1.07Pa for XG. 

4.5.3 (c) XG/CMC 

The first normal stress difference relationships with shear stress and shear rate for the 

XG/CMC blends are given in Figures 4.18(a-c). These solutions behaved similarly to 

CMC and XG. The first normal stress difference increased with shear rate and with 

concentration, almost linearly as evident in Figure 4.18(a). After the superimposition 

of the first normal stress difference data with the shear stress data on log co-ordinates, 

the data also collapsed onto a single line (Figure 4.18(b»). The parameters below 
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define the power-law curve fit used to empirically model the experimental relationship 

between N 1 and't for the XG/CMC blends: 

N I = 1.35 'tl.l 8 0.4/0.4-1.511.5% CMCIXG (4.8) 

Figure 4.18(c) illustrates Nih versus shear rate for all concentrations. As for the 

XG/CMC aqueous blends, this stress ratio was consistently larger than 1 (typically 

between 2 and 3) for all shear rates (1.8<Y <180 S-l), thereby indicating the dominance 

ofN lover 't over this range. 

The recoverable shear condition, indicating a highly elastic fluid (N 1/2't>0.5) for 

XG/CMC, corresponded to shear stresses in excess of 0.189 Pa. 

4.5.3 (d) Separan (PAA) 

For the 0.2-1.5% polyacrylamide solutions, Figure 4.19(a) shows an increase in NI as 

a function of increasing shear rate and fluid concentration. However, the first normal 

stress difference data at constant concentration superimposed with shear stress, but 

those at different concentrations fell on different curves as opposed to the trends 

observed in the CMC and xanthan gum solutions (Figure 4.19(b)). Such observations 

leads to the idea that structural differences exist between the solvent additives tnat can 

influence the rheological characteristics. It is important to note, however, that the 

rheological assessment of ll( y) for PAA and XG, were very similar in terms of 

viscosity and extent of shear-thinning, yet their elastic influences are noticeably 

different here. Kokini and Surmay (1994) attempted to explain a similar relationship 

observed for 0.5-1.25% guar gum solutions (a neutral polysaccharide, prepared in 

distilled de-ionised water), from a molecular standpoint. They attributed this 

behaviour to the interchange relaxation processes (due to temporary junction 

( entanglement) breakage and formation as well as rearrangements of distorted chains) 

within guar gum. The formation of a network structure through entanglements, which 

could be positively influenced if significant charge densities were present, was 

deemed as less dominant than the inter-chain relaxation processes for guar gum. 
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Their argument was further substantiated by the fact that the interchain relaxation 

processes are a function of collision frequency, which in tum is a function of 

concentration, hence the N 1 data at different concentrations fell on different curves. 

Based on the molecular information provided for each test fluid used in this study, a 

qualitative assessment of the molecular influence on rheology could not be carried 

out. However, this should form the basis of investigation for future work. 

Also, from Figure 4.19(b), the first normal stress difference data (as a function of 

shear stress) for lower concentrations was systematically greater than those at higher 

concentrations, a further anomalous behaviour compared to the test fluids discussed 

above. However, the reverse is true if these data are plotted in terms of shear rate due 

to viscous effects as previously shown in Figure 4.19(a). 

From the relatively large values of N 1 for the P AA solutions compared with XG and 

CMC (up to 1520Pa at 180s-1 for 1.5% PAA), it was possible to obtain N1(y) directly 

for the lower concentration solutions used in the flow experiments (0.1250/0 and 

0.2%), since the N 1 values were above the resolution of the rheometer. The data was 

well represented by: 

N 1 = 16.3 '(1.48 

N 1 = 6.07 '(1.90 

0.1250/0 P AA (4.9) 

(4.10) 

as seen in Figure 4.19(d), so that 0.1250/0 P AA can be said to be highly elastic for 

'(>0.003 Pa and 0.2% P AA for '(>0.135 Pa. The greater dominance of first normal 

stress difference compared with shear stress is evident in Figure 4.19( c) where stress 

ratios increase from 6 to 40 for shear rates ranging from 1.8s-
1 

to 180s-
1 

respectively. 

These ratios are considerably larger than the XG and CMC solutions discussed above. 
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4.5.4 Oscillatory Flow Measurements 

Oscillatory flow measurements were performed for aqueous solutions ofXG (0.2%, 1.0-

1.5%), CMC (0.6-1.5%), XG/CMC blend (0.180/0,0.8-1.5%), PAA (0.125%, 0.2-1.5%,) 

and Carbopol EZ1 (0.1 %). No measurements were carried out for Laponite due to time

dependent complexities nor for Carbopol 934 due to instabilities in solvent viscosity, 

particularly at high concentrations. Measurements for Carbopol EZI were taken at 0.1 % 

concentration, as that used in the flow tests. 

Figures 4.20 - 4.23, illustrates the dynamic shear flow measurements (storage modulus, 

G' versus frequency) for the high concentration test fluids listed above. For all fluids, 

the storage modulus (elastic component of the fluid) increased with frequency for 

0.001 <[<30Hz. It is also evident from Figures 4.20 - 4.23 that the storage modulus 

increases with increasing fluid concentration, with the exception of XG, for which there 

did not seem to be a particular dependence on concentration. For XG, the following 

ranking (G'(/)) was displayed: 1.1%, 1.0%, 1.5%, 1.2%, 1.4% and 1.30/0. This was 

probably attributable to degradation effects associated with mechanical shearing 

influences during preparation and bacteriological influences, rather than rheological 

characteristics, as various containers were used to store the sample solutions during the 

tests. These re-usable containers (laboratory type beakers and jars) may have contained 

minute quantities of foreign matter or bacteria that were difficult to control and monitor, 

thus sensitising the fluids to various degrees of bacteriological influence. All containers 

were thoroughly cleansed, as practically possible, between each rheological test. Also, 

the extent of mechanical shearing for each sample fluid may have varied slightly 

(between 2 and 6 hours), the effect of which is not known. No further qualitative 

assessment could be made with respect to this anomaly associated with XG. 

For comparison purposes, Figure 4.24 collectively illustrates the frequency response of 

the storage modulus for all aqueous solutions mentioned above at 1.5% concentration. 

Such data assists in establishing comparisons between all test fluids under similar flow 

conditions, from which the results here generally confirm that the elasticity ranking 

(most ~ least elastic) is P AA, XG, XG/CMC and CMC. At higher frequencies (>5Hz). 

the CMC solution exceeds the elasticity levels for other fluids and consequently the 
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ranking changes here. Again, it is important to note that these solutions were exposed to 

relatively little shear «6 hours) as opposed to the test fluids used in the flow tests. 

Therefore, the influence of mechanical degradation is greater for these sample fluids, 

thus potentially leading to comparative anomalies between solutions of similar 

concentration. 

Figure 4.25 provides an illustrative comparison of the storage modulus, G'(t), for the 

test fluids used in the flow tests. Unfortunately, a quantitative assessment for the CMC 

solutions (0.24%, 0.25% and 0.40/0) was not carried out due to the unavailability of a 

rheometer during the early stages of this investigation. From Figure 4.25, the following 

elastic ranking was deduced: 0.2% P AA, 0.2% XG, 0.125% P AA = 0.090/0 CMCI0.09% 

XG and 0.10/0 Carbopol EZl. From the observations made from previous data (NI(Y) 

and G' for high concentrations), it may be assumed that the CMC solutions, under 

oscillatory flow conditions, would probably rank between the XG/CMC blend and the 

Carbopol EZ1 solution. 

Figure 4.26 illustrates the corresponding phase angle versus frequency behaviour for 

these test fluids. The phase angle (or loss tangent, tan 8 = G"/G'), indicates the relative 

contributions of viscous and elastic properties for the fluid. A phase angle of 90° 

suggests a purely viscous (Newtonian fluid) and 0° indicates a purely elastic fluid; thus a 

viscoelastic fluid would lie between these extrenlCS. 

The data shows that the viscous influences are dominant at low frequencies (f<O.1Hz) 

for all working fluids, though at higher frequencies the elastic component becomes more 

effective. Interestingly, 0.1 % Carbopol EZ1 shows an anomalous behaviour where by at 

low frequencies, the elastic component is more dominant, with the viscous influence 

becoming stronger at higher oscillation frequencies. For all test fluids, a limiting 

frequency was reached at approximately 6-1 OHz, in which a considerable break down in 

structure occurred and the viscous components became more predominant. 

The results discussed in this section are summarised in Section 4.7. 
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4.6 Role of Extensional Viscosity 

Apart from the shear-thinning behaviour of viscoelastic fluids, and elastic characteristics 

deduced from first normal stress difference and oscillatory flow data, the extensional 

viscosity 11E is also a function related to viscoelasticity i.e. 11E is a function of the 

extensional strain rate f; just as shear viscosity 11 is a function of shear rate y [Barnes et 

al. (1989)]. Therefore, a question arises to whether the extensional viscosity of polymer 

solutions play any part of the process associated with drag-reduction in turbulent pipe 

flow, since as reported by Metzner and Metzner (1970) and later confirmed by other 

investigators (e.g. Bragg and Oliver (1973)), the extensional viscosity of polymer 

solutions can be as large as 10000 times the shear viscosity. This result was found in 

polyacrylamide and polyethyleneoxide (PEO) solutions, and, even at drag-reducing 

concentrations, ratios as high as 1000 (often called the Trouton ratio) were found. Even 

though these measurements are not a matter of routine, the ratios found are large enough 

to make it seem clear that this creates a non-Newtonian effect that may well be relevant 

to drag-reduction in turbulent flow. It was later found by Mewis and Metzner (1974) 

that extensional flow of suspensions of macroscopic fibres led to similar anomalous 

results. Despite the hypotheses that extensional viscosity plays an important role in 

drag-reducing turbulent flows, the instrumentation required to carry out such extensional 

flow measurements was not available in this research programme. Thus quantitative 

assumptions related to extensional effects cannot be made. However, consideration 

related to extensional viscous effects will be made based on citations from previous 

studies. 

4.7 Summary 

All test fluids exhibited shear-thinning behaviour and were well represented by the 

Cross model using the least squares fit method. The extent of shear-thinning was 

greatest for the 0.2% XG and P AA solutions, with the exception of Laponite, which also 

displayed apparent yield stress and time-dependent characteristics. The test fluids 

selected for this study encapsulated the rheological behaviour displayed by a typical 
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drilling mud (Bentonite mud). Figure 4.27 collectively illustrates the behaviour of 

ll( Y ) for all working test fluids used in this study. 

Degradation levels varied between the working fluids and from Figure 4.15, the extent 

of degradation was dependent on fluid type, polymer blend, concentration and 

magnitude of shear. The extent of bacteriological influence on degradation levels was 

not quantitatively assessed, though a bactericide was added, of equal concentration 

(0.015% vol.), to all working fluids. The following ranking was established based on 

resistance to degradation (most ~ least resistant): 0.2% and 0.125% PAA, 0.2% XG, 

0.4% CMC, 0.25% and 0.24% CMC, 0.09% CMCIO.090/0 XG blend, 0.1 % Carbopol 

EZI and 0.14% Carbopol 934. The fluid viscosity of Laponite increased with time, 

behaviour which was substantiated by the manufacturer (Laporte, U.K.). 

For XG, CMC and XG/CMC blend, there was a high dependence ofNl on shear stress, 

though for P AA there was a strong dependence of N I on concentration, deemed to be 

due to structural changes associated with the solvent additives within the solution. It 

may therefore be qualitatively assumed, without the direct measurement of anisotropic 

effects, that the elastic effects and associated drag reducing effectiveness of solvent 

additives, are highly dependent on physical molecular structures. 

With the exception of the CMCIXG blend, for which previous data are unavailable, 

the first normal stress difference results confirm that the elasticity ranking (most ~ 

least elastic) was P AA, XG, XG/CMC and CMC, though with the lower concentration 

for PAA (0.125%) being the more elastic when Nl is shown as a function of shear 

stress. The normal-stress characteristics N I ( Y ) for all of the working fluids are shown 

in Figure 4.28. 

From the normal-stress data, measurable rheometrical functions of N\('t), were 

established in the form of power-law master curves for each test fluid, with the 

exception of Laponite and Carbopol solutions. A rheological correlation with the 

hydrodynamic pipeflow measurements can therefore be assessed, as will be 

investigated in the next chapter. 
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The elasticity ranking deduced from the first normal stress difference data was further 

supported by oscillatory flow measurement data, which were established under small 

oscillating strain amplitudes within the linear viscoelastic region of the respective fluids. 

Although such conditions are not representative of transitional and turbulent flows, they 

do however provide some consistency in the respective elasticity levels when compared 

with non-linear elastic measurements (Nl( Y , 1)). 

Table 4.3 provides a summary of the rheological properties for all working test fluids 

and Table 4.4 classifies the same fluids in terms of their molecular structure. It may 

be concluded that the viscoelastic components for all these test fluids were more 

sensitive to the type of fluid i.e. whether the fluid was rod-like, highly-branched or 

had a large molecular weight, than its steady shear viscosity. 
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Table 4.1 Generalised Newtonian Models 

Model 

Power Law 

Cross+ 

Carreau+ 

Powell
Eyring 

Herschel
Buckley 

Mathematical 
Representation 

11-1100 1 
-

110 -1100 1 + (Acy)m 

11- 1100 1 

C 
Asinh-1(By) 

11= + . 
Y 

Test Fluids - Selection and Rheology 

Commentst 

Adequate for viscosities in the power-law 
region though fails at high and low shear 
viscosities (11~110 or 1100). Useful for 
practical engineering flow calculations. 

Represents shear-thinning fluids over entire 
shear rate range, displaying appropriate 
asymptotic behaviour (110 and 1100) and a 
power-law region. Only three parameters 
required, easily obtained from viscometric 
data. 
Provides the same advantages as the Cross 
equation, though four parameters are 
required. Weakness IS that the 
characteristic time, A, is not specifically 
related to fluid behaviour and is strictly a 
non-linear curve-fitling parameter. 
Based on Prandtl-Eyring and Newtonian 
laws. At low shear rates it reduces to 
l1=C+AB and at high shear rates l1=C. At 
intermediate shear rates, the shear stress 
vanes In approximately an exponential 
way. 

Used to accurately characterise fluids with 
yield stress and shear-thinning 
characteristics (e.g. polymer melts and 
drilling muds). However, the extrapolated 
yield stress may be too high, and the true 
value could be as low as zero. 

t Referenced from Barnes et ai. (1989) and Allen (1995). 

... ... Note that for the Cross model, (d~d y ) ~ 00 for y ~ O. For the Carreau model, (d~d y ) ~O for 

Y ~O; but for both models, d(lnll)/d(ln y ) ~ o. 
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Table 4.2 Cross Model Parameters for all Test Fluids 

Fluid 110 1100 Ac ill 

[Pa.s] [Pa.s] [s] [-] 

0.24 % CMC 0.04990 0.00104 0.00257 0.58676 

0.25% CMC 0.06286 0.00481 0.00959 0.60017 

0.40/0 CMC 0.14380 0.00100 0.01446 0.51205 

0.2% XG 1.14147 0.00243 2.82461 0.69009 

0.09% CMC/0.09% XG 0.42493 0.00222 6.60699 0.51048 

0.125% P AA 0.26958 0.00293 0.80428 0.64599 

0.2% PAA 3.36900 0.00346 4.6445 0.66235 

0.1385 % Carbopol934 0.26949 0.00578 0.77079 0.48021 

0.1 % Carbopol EZ1 7.13388 0.00250 12955.07 0.39129 

Table 4.3 Summary of Rheological Properties 

Fluid Turbity Visco-elasticity!l] Degradation [%][21 

CMC Clear Slightly [3] 

(0.24, 0.25 & 0.4% ) elastic [4] 

XG Slightly Moderately [2] 

(0.2%) turbid elastic [2] 

CMC (0.09% )/ V ery slightly tv10derately I [4] 

XG (0.09%) turbid elastic [3] 

PAA Clear Highly [1] 

(0.125 & 0.2% ) elastic [1] 

Carbopol Slightly Practically [5] 

(0.1 % 934, 0.14% turbid inelastic [5] 

EZ1) 

Laponite Very slightly Practically [-] 

(1.5%) turbid inelastic [*] 

NOTES [1] Degree of elasticity based on the followmg rankmg: 1 (most elastic) - 5 (least elastIC). 

[2] Level of degradation based on the following ranking: 1 (low) - 5 (high). 

[*] Based on qualitative assessment. 

[-] Not measured. 
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Table 4.4 Classification 01 Test Fluids 

Fluid Rod-Like Highly- Long Highly Comment 

Branched Molecule Flexible 

(MW> 106
) 

XG Yes No Yes No Rod-like molecules cannot be 

(Keltrol flexible. XG has a molecular 

TF) weight ca 2x 1 06
. 

CMC No No No Yes CMC is a linear-flexible-molecule 

(BDH) with a molecular weight < 106
• 

PAA No No Yes Yes PAA has a molecular weight ca 

(Separan 4x 106
• 

AP273) 

Carbopol No Yes No No Being highly branched, it can never 

(EZI and be very long although it also uncoils 

934) as a linear molecule. 

Laponite N/A N/A N/A N/A Laponite is a 'suspension' fluid and 

RD hence cannot be categorised using 

the classification shown here. 
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Figure 4.1 Characteristics of purely viscous time independent fluids. 
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Figure 4.2 Characteristics of time dependent fluids. 
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5.0 PIPE FLOW - RESULTS AND DISCUSSION 

Distributions of mean axial velocity, axial, tangential and radial turbulence intensities 

together with friction factor versus Reynolds number (f-Re) data have been collected 

. for ten non-Newtonian fluids. Similar data has also been collected for two Newtonian 

test fluids for comparison reasons, in particular with reference to established theories 

and measurements available from literature. The data are representative of fully

developed laminar, transitional and turbulent pipe-flow conditions. 

The first section of this chapter describes the f-Re data for all test fluids, which is then 

followed by a discussion on the identification of transitional and fully developed 

turbulent flow conditions. The remaining sections analyse the pipe flow 

measurements of all test fluids. Their analysis have been categorised into velocity 

distribution data, universal law of the wall representations, turbulence intensities and 

drag reduction. Finally, using the rheological data from the previous chapter, an 

attempt is made to correlate a measurable function of rheology with the hydrodynamic 

pipeflow behaviour for these fluids. 

The pipe flow results for Laponite have warranted a separate discussion in Chapter 6.0 

as its flow characteristics showed marked deviations compared with the working 

fluids discussed in this chapter and hence a different anaiysis was required. 

5.1 Friction Factor versus Reynolds Number 

5.1.1 Newtonian Fluid 

The friction factor versus Reynolds number behaviour for 60% w/w aqueous glucose 

syrup, has been illustrated in Figure 5.1. The f-Re data in both the laminar and 

turbulent regime follow their respective theoretical relationships with a clear 

demarcation at transition, which is also confinned by an abrupt increase in the axial 

turbulence intensities measured 10mm (y/R=0.8) from the inner wall of the test-

section. 
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The definition for friction factor I and pipe Reynolds number Re used here is as 

follows: 

1= 21:s (5.1) 
pU2 

and 

Re 
pUD (5.2) 

-
11 

where p is the liquid density, U is the mean bulk velocity, D is the internal diameter of 

the pipe, 11 is the dynamic viscosity at the pipe wall obtained directly from the 

viscometric flow curve and 1:s is the wall shear stress as previously defined in Eq. 

(3.1). 

For turbulent flow, the relationship between friction factor and Reynolds number can 

be expressed using the Blasius equation [McComb (1990)]: 

IB = 0.079Re-1I4 (5.3) 

Studies have shown that at high values of Reynolds number (>100,000), Blasius' 

equation deviates progressively more from the results of previous measurements 

[Schlichting (1978)]. Therefore, the Karman-Nikuradse equation [McComb (1990)], 

which maintains good agreement with previous data at all values of Reynolds number, 

could be used: 

.J 1 = 2.46In(Re.Jf /2) + 0.30 
112 

(5.4) 

However, the limiting Reynolds number used in this study (Re<60,000) ensured the 

validity of using the simple Blasius correlation, which closely represented the 

Newtonian experimental data as shown in Figure 5.1. 
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The transition from laminar to turbulent flow appears to occur for 2,OOO<Re<3,OOO, 

though definitive values require further investigation. Patel and Head (1969) clarified 

the difficulty in defining the boundaries between the laminar and turbulent flow 

regimes, using mean velocity profiles and wall shear stresses. They found that the 

onset of fully developed turbulent flow varied for pipes and channels, with the onset 

of turbulent flow in pipes characterised by a rapid adjustment of the f-Re data to the 

accepted Blasius friction law [Eq. (5.3)]. 

5.1.2 Non-Newtonian Fluids 

From a practical engineering viewpoint, it is the friction factor versus Reynolds 

number behaviour for non-Newtonian fluids, which is of greatest interest as a result of 

drag reduction. The key unresolved problem is to be able to relate the flow rate to the 

pressure drop of the liquid with a measurable rheometrical function through a pipe of a 

specific diameter. This correlation has been attempted and is discussed in Section 5.7. 

The plots of friction factor versus Reynolds number for all non-Newtonian test fluids 

are illustrated in Figures 5.2 - 5.10. These illustrations clearly indicate that drag 

reduction in the turbulent flow regime is dependent on fluid type and Reynolds 

number. 

The definition of drag reduction DR can be expressed as the reduction in skin friction 

in turbulent flow by the addition of additives, which results in the following 

expression [Lumley (1969)]: 

(5.5) 

where Is is the Newtonian friction factor determined from Eq. (5.3) and f is the 

measured friction factor (see Eq. (5.1») of the non-Newtonian fluid. 
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All f- Re data indicated good agreement with theoretical predictions for a power law 

fluid in the laminar flow regime (except Laponite as discussed in Chapter 6), with 

clear evidence of drag reduction occurring in turbulent flow. 

The transition from laminar to turbulent flow was smooth in contrast to the abrupt 

change in data observed for the Newtonian case (see Figure 5.1). However, for XG 

(Figure 5.2), XG/CMC (Figure 5.6) and PAA (Figures 5.7 and 5.8), thefRe data did 

not provide a clear indication of transition. In order to gain more insight into the 

mechanism for transition, measurements of the amplitude of the axial velocity 

component u' were carried out during the flow test. These velocity fluctuations were 

non-dimensionalised with the bulk velocity U and superimposed on all fRe data as 

also presented in Figures 5.2 - 5.10. This representation of data clearly establishes the 

onset and termination point of transition as will be discussed next, in Section 5.2. 

The analysis of the drag reduction (DR) levels for all test fluids is discussed in more 

detail in Section 5.6. 

5.2 Transition Identification 

It is frequently impossible to detect from an fRe curve the Reynolds number 

corresponding to transition from laminar to turbulent flow for non-Newtonian fluids. 

In fact, for strong drag-reducing polymers, such as 0.20/0 PAA (see Figure 5.8), it is 

not apparent that transition has occurred, therefore an alternative analysis is required 

to identify the onset of transitional and turbulent flow. For this study, the suggestion 

of Park et al. (1989) has been used, in that the axial-velocity fluctuation turbulence 

intensity u' measured at a near-wall location provides a sensitive indicator of 

laminar/turbulence transition. 

Figures 5.11 illustrates an example of u' /U versus Re for 0.125% P AA measured at 

various distances from the inner-wall (2mm, 5mm, 10mm, 20mm and 30mm). Under 

laminar flow conditions (Re = 700 and 1,600), the level of axial turbulence intensity 

increases as the measurement point proceeds towards the centre of the pipe. However, 
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as will be discussed in Section 5.5, the maximum level of turbulence intensity (u' IU) 

under fully developed turbulent flow conditions occur at distances closer to the pipe 

wall for increasing Reynolds numbers. This trend has been identified for all test 

fluids. Hence monitoring axial turbulence intensity levels at 80% of the pipe radius (y 

= 10mm) provided a suitable location that was sensitive to transitional and turbulent 

flow identification. 

Figure 5.12 shows the u' IU versus Re behaviour for all test fluids based on the f-Re 

data discussed in Section 5.1 (based on a 0.04 scaled increment between the divisions 

shown on the y-axis). In spite of a considerable degree of scatter in the data plotted, 

also evident in the paper of Park et aI., it is clear that transition to turbulent flow does 

occur in all cases. 

Table 5.1 summarises the data for each test fluid in terms of two Reynolds numbers: 

the first is used to identify the onset of transition seen as a noticeable change in 

turbulence activity (u'!U) and is denoted as ReI; the subsequent 'peak' in u' IU is 

denoted as Re2, which corresponds to the onset of turbulent flow qualitatively assessed 

from the trend in data. The generally accepted values for a Newtonian fluid are Ret = 

2,000 and Re2 = 3,000 (see Figure 5.1). Thus by comparison, this suggests that the 

onset of turbulent flow is indeed delayed to higher Reynolds numbers for non

Newtonian fluids. 

From Table 5.1, it is evident that the onset of turbulent flow (Re2) is influenced by 

polymer concentration i.e. a larger concentration of similar fluid tends to delay the 

onset of turbulent flow to higher Reynolds numbers. What is also apparent is that the 

onset of turbulent flow is slightly but progressively delayed in the sequence 0.240/0 

CMC, 0.1% Carbopol EZ1, 0.14% Carbopol 934,0.25% CMC, 0.09% CMCI0.09% 

XG, 0.125% P AA and 0.2% P AA by a factor of about two-to-three in Reynolds 

number i.e. similar to the low shear rate ranking of the elasticity. Also apparent is that 

the peak level ofu'!U is very much the same in all cases. 
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The corresponding DR values for each test fluid at Re2 have also been given in Table 

5.1, from which, by comparison, a correlation between the level of drag reduction DR 

and the onset of turbulent flow Re2 has been established. 

In contrast, the onset of transitional flow (Rei) for all fluids have occurred within a 

smaller range of Reynolds numbers than Re2. Based on the definition of ReI used here 

in this study, the onset of transitional flow for P AA, XG and Carbopol is indeed lower 

than the Newtonian case from which no qualitative explanation exists; this behaviour 

has not been reported previously in literature. However, from the mean velocity 

distribution measurements carried out for these fluids (and also for Laponite as will be 

discussed in Chapter 6), a strong mean-flow asymmetry inexplicably developed in this 

region of flow. It may be postulated that for these drag reducing fluids, their mean

flow distributions may be sensitive to entry conditions or any slight asymmetry 

associated with the pipe flow test section for Re ~ ReI. However, for Re<Rei and 

Re»Rel, the mean axial velocity distributions remain symmetrical. Interestingly, this 

effect was not seen for the Newtonian fluids, the consequence of which is discussed in 

more detail in Section 5.3. 

According to Hoyt (1972), drag reduction occurs when a threshold wall shear stress, 

only dependent on the test fluid, is exceeded. Consequently, the 'onset wall shear 

stresses' (rSI and 'tS2) at ReI and Re2 respectively, have heen analysed for all test fluids 

as shown in Table 5.1. From the data presented, it is evident that for similar fluids, 

the 'onset wall shear stresses' increase with fluid concentration. When comparing 

different fluids, 'tSI and 'tS2 are greater for fluids displaying the largest levels of drag 

reduction. However, these observations have been based on the limited comparisons 

made from the data presented in Table 5.1 and therefore there is no conclusive 

evidence at this stage, which supports (or even challenges) Hoyt's theory that a 

threshold wall shear stress exists for each test fluid. 
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Probably the most widely used and challenged onset theory cited in literature is that of 

Lumley (1969). According to Lumley, the onset of drag-reduction occurs when: 

(5.6) 

where U r 2/v is the reciprocal of the characteristic time scale of the flow and 1"1 is the 

terminal relaxation time associated with the molecule. Molecular theories for polymer 

rheology [Ferry (1970)] indicate that 

(11 -l1so1vent )M 
cRT 

(5.7) 

where M is the molecular weight, T is the absolute temperature, 11 is the solution 

viscosity, l1so1vent is the solvent viscosity, c is the polymer concentration and R is the 

uni versal gas constant. 

However, as Berman (1977) pointed out, the determination of 1"1 is difficult to assess 

as it depends on numerous factors such as Reynolds number, pipe diameter, 

degradation, molecular weight and distribution [also supported by Hunston and 

Reischman (1975)}, etc.. Thus consistency in defining a critical Reynolds number 

associated with the onset of drag reduction has been difficult to achieve for any 

particular non-Newtonian fluid. Also, Lumley [(1973), cited in den Toonder et al. 

(1997)] proposed that the molecules for a randomly coiled polymer in a pipe flow 

must be extended for drag reduction to occur. This extension and hence the onset of 

drag reduction occurs when the ratio of turbulence and polymer time scales is of one 

order. From this, it may be assumed that the onset phenomena is determined by elastic 

effects, particularly in relation to the extensional viscosity, which as previously 

discussed in Chapter 4.5, was not able to be determined during the course of this 

study. However, due to a lack of understanding of the quantitative relationships 

between molecular parameters and drag reduction, the proposed theory by Lumley was 

not investigated herein after. 
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5.3 Mean Velocity Distribution 

5.3.1 Newtonian Fluid 

For comparison purposes, the pipe flow characteristics for water and a more viscous 

Newtonian fluid were investigated under turbulent flow conditions. The latter fluid 

was a 60% wlw aqueous glucose (syrup) mixture, produced by Cerestar (UK). The 

resultant solution provided a dynamic viscosity 11 of 5.44x 10-3 Pa.s, a density p of 

1143 kg/m
3

, a refractive index n of 1.38734 at 20°C and a maximum Reynolds 

number of 60,000. For water, due to its low shear viscosity, the lowest possible 

Reynolds number attainable within the limits of the experimental set-up was 61,000. 

These conditions encapsulated the maximum Reynolds numbers obtained from each of 

the non-Newtonian flow tests (Remax. ~ 55,000). 

Figure 5.13 shows· the axial mean velocity profiles obtained form these preliminary 

flow tests as u/U versus rlR, where u is local instantaneous axial velocity, U is the 

bulk mean velocity and rlR is the non-dimensionalised distance from the centre of the 

pipe. The variety of Reynolds numbers shown here (8,000, 36,000 and 61,000) are not 

too widely separated to show large marked deviations between the respective profiles. 

These profiles are however, characteristic of turbulent flow, displaying steeper 

velocity gradients near the v~'~H and flatter profiles in the central core of the pipe than 

parabolic laminar velocity profiles. This behaviour becomes more marked as the 

Reynolds number is increased [Patel and Head (1969), Laufer (1954)]. 

The ratio of the mean to maximum velocity provides an indication of the degree of 

development of the flow. These results are summarised in Table 5.2. 

A comparison with previous measurements [Laufer (1954), Lawn (1971) and Pinho 

(1990)] indicates that these ratios are somewhat larger, though generally within 3% of 

one another. 
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5.3.2 XG 

The axial mean velocity profiles for XG are shown in Figure 5.14 for 

1,600<Re<40,500. It is evident that for flow conditions approaching transition (i.e. 

Re~Rel ~ 1,600; see Section 5.2), an asymmetry in the profile is developed. For 

larger Reynolds numbers extending into fully developed turbulent flow conditions 

(Re>6,000), the mean velocity profiles become symmetrical - a phenomena that has 

not been reported previously in literature for any non-Newtonian fluid. It may be 

assumed, therefore, that as the flow approaches transition, the velocity profile 

becomes sensitive to either entrance effects or imperfections in the alignment of the 

test pipe. At this stage, no other qualitative explanation for such behaviour exists. 

However, as explained below (in Sections 5.3.5 and 5.3.6), a similar behaviour was 

observed for P AA and Carbopol, which eliminated the possibility that the asymmetry 

in the velocity profiles, under similar flow conditions, were attributable to entrance 

effects. 

For velocity profile a (Re=1 ,600), a direct comparison with a simple power law curve 

fit is shown. The curve fit, which is normally used to represent laminar velocity 

profiles, is represented using the following expression [Barnes et al. (1989)]: 

~ = (3n + 1) l'l- (~) n:'j 
U (n+l) R 

(5.8) 

where n is the power law index (see Table 4.1). This representation is merely used to 

identify any asymmetry within the flow, which is clearly evident for profile a. The 

level of asymmetry was difficult to quantify without directly mapping the velocity 

profile at all radial locations within the test pipe. This was not carried out during the 

course of this study nor seen as necessary at this stage. 

It is also evident from Figure 5.14 that turbulent velocity profiles b (Re=6,500), c 

(Re= 14,100) and d (Re=40,500) become progressively flatter towards the centre of the 

pipe as Reynolds number increases. The extent of flattening for these profiles is larger 
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than that for a Newtonian fluid, which has also been illustrated in Figure 5.14 for 

comparison reasons (Water, Re=61,000). 

The remaining sections (Sections 5.3.3 - 5.3.6) detail the same analysis as that applied 

here to XG (i.e. u/U versus rlR behaviour). Further detailed analyses of the mean 

axial velocity profiles will be discussed in Section 5 A for all fluids, based on 

'universal law of the wall form' representations. 

5.3.3 CMC 

Figures 5.15 - 5.17 illustrates the mean axial velocity distribution data for various 

concentrations of CMC (0.24%, 0.25% and 0040/0 respectively). The velocity profiles 

are symmetrical for all ranges of Reynolds number. For 0.24% CMC, the data was 

limited to only four flow experiments, which correspond to the four Reynolds 

numbers indicated on Figure 5.15. This was due to noticeable degradation effects 

occurring during the period of investigation for 0.24% CMC, which resulted in a 

reduction in solution viscosity and an appearance of increased opacity. The 

degradation of the fluid was assumed to be caused by bacteriological influences 

related to undetectable minute quantities of aqueous glucose solution that may have 

resided within the flow loop from the previous flow tests. Despite the degradation 

effect on the fluid, the limited number of flow tests were continued to be anrr!ysed. 

From Figure 5.15, it is evident that the laminar velocity profile a for 0.240/0 CMC 

shows a slight flattening of the profile occurring within the central portion of the pipe 

when compared with the parabolic Newtonian profile for laminar flow. For fully 

developed flow conditions (Re>4,000), the turbulent profiles become flatter as the 

Reynolds number is increased (see e.g. profiles c and d). For profile d (Re=14,100), 

the data is not too dissimilar to that of a Newtonian fluid (Water, Re=61,000) when 

shown as u/U versus r/R. However, when plotted in law of the wall form as explained 

within Section 504, the flow structure is different to that of a Newtonian fluid. Also, 

when comparing velocity profiles for 0.24% CMC and 0.2% XG at similar Reynolds 
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number (see e.g. profiles d (CMC) and c (XG) respectively at Re=14,100), it is evident 

that XG displays a flatter profile than CMC at the centre of the pipe. 

A fresh solution of 0.2S% CMC was then prepared in order to acquire further velocity 

distribution data, which can be seen in Figure 5.16. The mean velocity distributions 

become slightly scattered for flow conditions within or near to transition 

(l,900<Re<S,SOO). For higher Reynolds numbers, the velocity profiles flatten towards 

the centre of the pipe with a resultant increase in velocity gradient at the wall, a trend 

that is observed for all Newtonian and non-Newtonian fluids. However, the 

corresponding trend for 0.2S% CMC would suggest that the profile would be flatter 

than the Newtonian fluid at similar Reynolds number if velocity measurements were 

taken for flows at higher Reynolds numbers. 

Finally, a 0.4% CMC solution was tested in order to analyse the effect of fluid 

concentration on velocity distribution data; these results are shown in Figure 5.17. 

Due to a more viscous solution, the range of Reynolds number were limited 

(Re<S,SOO) for safety reasons associated with the maximum permissible pressures 

allowable within the system. Hence very little data was established for 0.4% CMC, 

which limited comparisons with fluids of lower concentration, for flows extending to 

higher Reynolds numbers. Interestingly, however, the u/U versus r/R behaviour did 

not show signifieant deviations when cOIllpared wit!1 0.25% CMC. 

S.3.4 XG/CMC 

The u/U versus rlR behaviour for 0.09% CMCIO.09% XG is shown in Figure 5.18. A 

slight asymmetry in mean velocity distribution data occurs for profiles c (Re= 3,400) 

and d (Re=S,500), which is analogous to that previously observed for 0.2% XG during 

transitional flow. However, symmetrical profiles are observed for all other Re, which 

are representative of fully developed laminar and turbulent flow conditions. 

The velocity profile (a) under laminar flow conditions for 0.09% CMCIO.09% XG is 

flatter than that for CMC alone, which is simply caused by a larger degree of shear-
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thinning (denoted by the power-law index, n [Barnes at al. (1989)]) than CMC (see 

Eq. (5.8) and Table 4.1). Thus, by progressively decreasing the power-law index i.e. 

increasing the degree of shear-thinning, the flow becomes increasingly plug-like in 

nature. This behaviour can be qualitatively assessed by comparing the viscometric 

flow curves in Figure 4.27 with the laminar velocity profiles presented in these 

sections (5.3.2-5.3.6). 

5.3.5 PAA 

Figures 5.19 and 5.20 represents the mean velocity distribution data for 0.125% P AA 

and 0.2% P AA respectively. Again the data for the more viscous solution is limited to 

a smaller range of Reynolds numbers due to the maximum permissible pressures 

allowable within the system (for 0.2% P AA, Re<23,000). 

For 0.125% PAA (Figure 5.19), the velocity profiles become progressively flatter 

with a resultant increase in velocity gradient near the pipe wall as Reynolds number is 

increased and are again much flatter than those for water. Also, the velocity profiles 

remain relatively symmetrical. 

However, for 0.2% P AA (Figure 5.20) and as previously seen for XG, a level of 

asymmetry under transitional flow conditions (denoted previously in Section 5.2 as 

1 ,500<Re<11 ,000 for 0.2% P AA) is clearly evident. This supports the suggestion 

made in Section 5.2 that transition does indeed occur at Reynolds numbers lower than 

2,000. What is interesting from Figure 5.20 is that the asymmetry occurs towards the 

far wall section of the test pipe (right-hand-side of the u/U versus rlR plots) i.e. the 

centreline peak velocity is shifted to the right, contrary to that for 0.2% XG (see 

Section 5.3.2). This would suggest that the stability of the mean velocity profiles 

(defined here as the degree of symmetry) is generally sensitive to transition effects and 

is therefore not associated with any adverse entrance effects nor pipe misalignment as 

previously mentioned in Section 5.3.2 for 0.2% XG. This phenomena has not been 

reported previously in literature and may be used to ascertain transitional flow 

conditions for such non-Newtonian fluids. However, this is limited by the fact that 
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there does not seem to be any qualitative explanation for why this observed behaviour 

does not occur in all drag reducing fluids. Without carrying out further flow tests for 

each fluid within their respective transitional flow regions, the asymmetrical behaviour 

of the flow must be limited to the flow arrangement, fluid type and concentrations 

discussed here for specific Reynolds numbers. 

5.3.6 Carbopol 

The mean velocity distribution data for 0.14% Carbopol 934 is given in Figure 5.21. 

Due to the turbid appearance of the solution (as explained in Chapter 4.3.1), the LDA 

measurements were limited to the near wall section of the pipe (50% of the pipe 

diameter) and therefore a full profile was not achieved. The opened symbols in 

Figure 5.21 are purely a reflection of the velocity data measured at the near wall, 

which are denoted by the corresponding closed symbols. Subsequently, any 

asymmetry in the velocity profiles cannot be identified from the data provided, though 

a qualitative assessment of the trend would suggest that the velocity profiles would 

appear to be symmetrical. 

Once again, the laminar velocity profiles (a ~ Re = 1,450 and b ~ Re = 2,000) are 

flatter than that for a Newtonian fluid, with no evidence of any irregularity in shape 

associated with transitional effects. However, at larger Reynolds numbers, the profiles 

become slightly perturbed at rlR~0.8 for profile c (Re = 4,130) and d (Re = 5,220), 

which is indicative of transitional flow. In comparison with the observations made 

from the f-Re data in Section 5.2, the transition region for 0.14% Carbopol 934 was 

identified as 1,000<Re<5,000. However, due to the measured velocity data being 

limited to 50% of the pipe diameter, a correlation between asymmetry of velocity 

profile data and transitional effects can not be quantitatively assessed for 0.14% 

Carbopol 934 and certainly there is no definite indication that this would be the case. 

For the turbulent profiles (e-h), the mean velocity distribution data progressively 

approaches a similar trend, for increasing Reynolds number, not too dissimilar for that 

of the Newtonian fluid. 
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Figure 5.22 shows the uIU versus rlR behaviour for 0.1 % Carbopol EZl, which due to 

a lesser turbid appearance compared with 0.14% Carbopol 934, allowed LOA 

measurements to be taken across the entire section of the test pipe. For flow 

conditions approaching transition, the data clearly shows velocity profiles with various 

levels of asymmetry for a (Re=950, slight), b (Re=I,400-1,200, significant) and c 

(Re=3, 1 00, slight). The flow conditions from which the asymmetric profiles were 

observed correlate quite well with the transition region predicted from the f-Re data 

discussed in Section 5.2 i.e. 1,000<Re<5,000 for 0.1 % Carbopol EZ1. 

Under turbulent flow conditions for 0.1 % Carbopol EZI (Re>5,000), the mean 

velocity distribution profiles approach that for a Newtonian fluid as the Reynolds 

number is increased. This behaviour was also seen for 0.14% Carbopol 934. 

The ratio of the maximum instantaneous velocity (Uo) to the mean bulk velocity (U) is 

shown in Figure 5.23 for all fluids as a function of Reynolds number. The data 

clearly indicates flatter profiles compared with Newtonian fluids and compares well 

with the data of Pinho (1990). For Newtonian fluids, UolU takes the value of 2.0 for 

the laminar parabolic profile and 1.224 for the turbulent 117 power-law profile 

[Schlichting (1978)]. The Newtonian data shown in Figure 5.23 has been extracted 

from the paper f_'[ Patel and Head (1969) for comparison reasons_ Subsequently, it is 

evident that the non-Newtonian velocity profiles become flatter in a steady manner as 

the Reynolds is increased from laminar to turbulent flow, compared to a relatively 

abrupt change in UolU for Newtonian fluids [Patel and Head (1969)]. 

5.4 Universal Law of The Wall 

This section analyses the turbulent mean velocity distribution data discussed in 

Section 5.3 using semi-logarithmic law of the wall coordinates. Such representations 

are a foundation of any practical approach to calculating the near wall turbulent flow 

behaviour of fluids. The first section introduces the analysis applied to the Newtonian 
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fluids, which is then directly compared within the following sections for all non

Newtonian fluids used in this study. 

5.4.1 Newtonian Fluid 

The mean velocity for the Newtonian fluids have been reduced to the universal 'law of 

the wall form' [e.g. see McCotnb (1990)], as demonstrated in Figure 5.24. Here, the 

entire velocity distribution constitutes three distinct regions: (i) the viscous sublayer 

(0<y+<5), (ii) the transition or buffer layer (5<y+<30) and finally (iii) the turbulent 

layer (y +> 30). It should be noted that the values quoted for y + to classify the various 

layers varies from one source to another in literature, which reflects the difficulty in 

establishing precisely the criteria for the boundary between each layer as clearly 

pointed out by many investigators [see e.g. Patel and Head (1969)]. 

In the turbulent core, the velocity distribution is represented by the logarithmic law: 

u+ = 2.51ny+ + 5.5 (5.9) 

where U+ =u!ut , y+ -u.ylv, U t is the friction velocity given by ---.I( 1:s1 p), v is the kinematic 

viscosity (=J.Llp) and y is the distance from the wall [Schlichting (1978)]. In the 

viscous sublayer, the linear law: 

u+ = y+ (5.10) 

is applicable. The numerical constants used in Eq. (5.9) (i.e. A=2.5 and B=5.5) 

represent averages over many experiments as discussed below. 

The abscissa in Figure 5.24, is the natural logarithm (i.e. logarithm to the base e, see 

Eq. (5.9») ofy+, which indicates a satisfactory logarithmic dependence for most of the 

data. This result has been confirmed by many investigators [see e.g. review by Hinze 

(1975)] and means that the velocity distribution given by Eq. (5.9) is in good 

agreement with the experimental data, except close to the wall. Howevec from 
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numerous experimental reviews [see e.g. Tennekes and Lumley (1972), Hinze (1975)], 

there is considerable uncertainty over the precise value of the von Karman constant K 

(=lIA), the experimental scatter of which is shown in Figure 5.25. However, the 

values for the numerical constants used in Eq. (5.9) are in excellent agreement with 

the experimental data obtained from this study and confinn the original conclusions 

based on Nikuradse's results [cited in McComb (1990)]. 

In contrast, the part of the mean velocity profile in the VISCOUS sub layer is well 

represented by the linear relationship given in Eq. (5.10). The results shown in 

Figure 5.24 agree well with the data of Laufer (1954). 

5.4.2 XG 

For many additive-solvent systems, comparisons of their drag reducing profiles with 

Newtonian profiles, using semi-logarithmic law of the wall coordinates, can yield 

significant changes that are not immediately evident from their corresponding uIU 

versus rlR behaviour. 

Subsequently, mean velocity profiles in the universal U+ fonn for 0.2% XG are shown 

in Figure 5.26. Both the velocity variation within the viscous sub layer and also the 

extent of the sublayer are not significantly difterent from the standard U+ =y+ (yT:::;1 0) 

[onn, thus suggesting that this region does not playa major role in the drag-reduction 

process. This latter postulation will be challenged further in the following sections. 

The velocity distribution close to the wall (y+ <30) extended partially onto Virk's 

(1970) ultimate drag reducing asymptote (see Eq. (2.2». As many previous studies 

have shown [see e.g. Pinho and Whitelaw (1990) and Tiederman (1997)], this clearly 

indicates that the buffer region increases in thickness with increasing levels of drag 

reduction. 
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An upshifted log-law region of limited extent can be identified for 0.2% XG for 

y +> 70, which is consistent with the extent of drag reduction. The level of upward shift 

~B can be expressed as follows: 

u+ - 2.51ny + + 5.5 + ~B (5.11) 

Although the progressive increase in the upward shift is consistent with earlier work 

[see e.g. Pinho (1990)], the slope in each case is subject to qualitative assessment as 

will be discussed in Section 5.4.5. Previous opinion on this issue has been divided, 

with the majority of workers inferring that the log-law was negligibly affected by drag

reducing polymers. However, den Toonder et al. (1997) also reported both 

measurements and numerical simulations showing a significantly increased slope. 

Observations from the mean distribution data gIven In Figure 5.26 have been 

summarised in Table 5.3. 

5.4.3 CMC 

Figures 5.27 - 5.29 illustrate the universal law of the wall plots for fully developed 

turbulent flows of 0.24% CMC, 0.25% CMC and 0.4% CMC. For all concentrations, 

the data reduced to U+ =y + at the near vicinity of the wall as that for the Newtonian 

fluid. 

For 0.24% CMC (Figure 5.27), the data illustrates a clear upward shift within the 

turbulent core region (~B~3.7) with respect to the Newtonian data for Re=14,100, 

again consistent with earlier work. The mean velocity distribution data for profile c 

(Re = 4,300) shows this upward shift to a limited extent with an increase in slope, 

which is primarily related to the flow being close to transition (see e.g. Patel and Head 

(1969)]. The increased slope in data within the turbulent core does not allow for an 

acceptable assessment of the wall layer thickness i.e. the sum of the viscous sub layer 

and buffer region [Tiederman (1988)]. The wall layer thickness can be defined as the 

distance from the wall to the point where the data intercepts with the parallel upward 
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shift within the turbulent core (YI +). These subjective observations have been utilised 

for comparison reasons and are purely based on qualitative assessments from the data 

plotted in Figures 5.27 -5.34. These results are included within Table 5.3. 

Figure 5.28 illustrates the universal distribution data for 0.25% CMC. In the 

turbulent core region, the upward shift in data from the Newtonian characteristic 

remains almost constant for the limited range of Reynolds numbers shown 

(3,750<Re<16,600), despite a progressive increase in DR (see Table 5.3). This is not 

consistent with previous data [see e.g. Pinho (1990)] and could therefore have been 

partially influenced by degradation effects during the 2 week period of testing (see 

Chapter 4.5.2). However, the extent of the buffer region (YI+) had increased 

consistently with Reynolds number and DR. 

The universal mean distribution data for 0.4% CMC is shown in Figure 5.29. The 

data shows a larger upward shift in data within the turbulent core (Lill~6.0) compared 

with 0.24% and 0.25% CMC, thus indicating a concentration dependence on ~B. This 

behaviour is consistent with the corresponding larger DR compared with the lower 

concentrations for CMC. The wall layer thickness had also increased compared with 

the Newtonian fluid (5<y+<30), though at a similar extent as for the lower fluid 

concentrations (see Table 5.3). 

5.4.4 XG/CMC 

Universal mean distribution data for 0.09% CMC/O.09% XG is shown in Figure 5.30 

for Re=10,700, 26,100 and 45,300. The extent of the buffer region (Yl+) and level of 

upward shift for each Reynolds number is given in Table 5.3. The data clearly shows 

a larger upward shift within the turbulent core compared with 0.4% (and lower 

concentrations of) CMC, though to a lesser extent than 0.2% XG, thus generally 

consistent with the overall level of DR. For all Reynolds numbers 

(10, 700<Re<45,300), ~B remained relatively constant, which is analogous to the 

behaviour of 0.24% CMC. The wall layer thickness had extended further into the pipe 

(Yl +) compared with CMC and to a similar extent as that for 0.2% XG (see Table 5.3). 
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5.4.5 PAA 

Law of the wall plots for fully developed turbulent flows of 0.125% P AA and 0.20/0 

PAA are shown in Figures 5.31 - 5.32. The data clearly indicates an extended buffer 

region for both concentrations and for all ranges of Reynolds number, with a resultant 

upward shift of the logarithmic profile within the turbulent core. The upward shift 

(L1B) is consistent with higher Reynolds numbers and corresponding larger values of 

DR (see Table 5.3). The values of ~B for P AA are larger than any other test fluid 

identified in this study. Subsequently, for PAA, the mean distribution data near the 

wall region closely follows Virk's ultimate drag reducing asymptote (see Eq. (2.2)) for 

greater wall distances (y +) than the less drag reducing fluids discussed above. 

For 0.2% PAA at Re = 23,100 (Figure 5.32), it is clear that the upward shift is not 

quite parallel to the Newtonian data. This has been previously mentioned in Section 

5.4.2, from which after the careful investigation of the recent measurements of Pinho 

and Whitelaw (1990) (pipe flow), Harder and Tiederman (1992) (channel flow), Wei 

and Willmarth (1992) (channel flow) and den Toonder (1997) (pipe flow), their data 

also showed that the slope is actually somewhat increased thus consistent with the 

experimental data presented here. 

5.4.6 Carbopol 

Figures 5.33 and 5.34 illustrate the universal distribution data for 0.140/0 Carbopol 

934 and 0.1 % Carbopol EZ1 respectively. In comparison with the XG, CMC and 

P AA, the data shows lower upward shifts within the logarithmic flow region (~B<3.0) 

for 5,200<Re<24,000. Interestingly, this upward shift reduces and becomes near 

parallel to the Newtonian data as Reynolds number increases, which is consistent with 

the drag reduction behaviour for Carbopol as discussed in Section 5.6. 

The extent of the buffer region (interactive layer) compares closely with that for a 

Newtonian fluid (5<y + <30) with only a slight extension of the wall layer thickness for 
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lower Reynolds numbers. The data extracted from Figures 5.33 and 5.34 have been 

tabulated in Table 5.3 along with the other test fluids. 

5.5 Turbulence Intensities 

5.5.1 Newtonian Fluid 

Figures 5.35(a-c) illustrate the profiles of the non-dimensionalised root-mean-square 

(r.m.s.) values of the axial velocity fluctuations (u'!U) against rlR and y+. Figure 

5.35( a) clearly shows that the profile peaks towards the wall and is lower at the centre 

of the pipe. The data corresponding to Reynolds numbers of 36,000 and 61,000 are 

almost indistinguishable, with peaks occurring within the boundaries of the transition 

layer (5<y + <30), as seen from Figure 5.35(b). The data has also been non

dimensionalised using the friction velocity UL as shown in Figure 5.35( c), thus 

allowing comparisons to be made with previous data presented by Pinho (1990) and 

Laufer (1954), with which the data compares well. 

Figure 5.36 provides a comparison of the axial r.m.s. (u') velocity component with 

the radial (v') and tangential (w') velocity fluctuations for water (Re ~ 61,000). It is 

clearly evident that v' and w' are lower than the axial velocity fluctuating component 

everywhere across the entire sectIon of the pipe. Their maximum value~ also occur 

towards the wall of the pipe, with w' displaying peaks larger than v' and also at 

distances much closer to the wall respectively. This data follows the trends made 

from numerous investigators [see e.g. Laufer (1954), Clark (1968), Lawn (1971), 

Pinho (1990) and den Toonder (1995)]. 

Clark (1968) provided a detailed study of turbulent boundary layers in channel flow 

using a hot-wire anemometer and suggested that the mean velocity profiles in the log

law region is independent of Reynolds number, though the fluctuating velocities 

within the buffer region were Reynolds number dependent. The former has been 

identified as not being the case for non-Newtonian fluids as discussed in the previous 

section. 
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5.5.2 XG 

Figures 5.37(a-c) illustrates the distribution of the normalised rms velocities (u'lU, 

w'lU and v'lU) versus rlR for 0.2% XG in turbulent flow. For velocity fluctuations in 

the axial direction (Figure 5.37(a»), the data shows a reduction in u'lU over 80% of 

the pipe diameter as the Reynolds number is increased. The distribution of normalised 

rms values for the axial velocity fluctuation at Re = 6,500, confirms once again that the 

transitional state (identified as approximately 1,600 < Re < 6,000 in Table 5.1) is 

characterised by much higher levels than is typical for the fully developed turbulent flow 

of Newtonian or non-Newtonian fluids except in the immediate vicinity of the pipe 

surface. It is also evident that the peak value of u'lU tends nearer towards the wall with 

a corresponding peak broadening effect as the Reynolds number increases. The results 

are lower over the majority of the pipe section than that for a Newtonian fluid (Re = 

61,000) for a Reynolds number of similar order of magnitude (Re = 40,500). The 

relative decrease (though minimal) in the axial velocity fluctuation relative to the 

Newtonian fluid contradicts the works of Allan et al. (1984) and Willmarth et al. 

(1987), though the peak broadening effect is however, consistent with their results. 

Generally, in the most part, the turbulence axial intensity data have been consistent 

with work over the more recent years [see e.g. review by Tiederman (1988)]. 

The normalised distribution data given In Figures 5.37(b-c), show significantly 

reduced velocity rms levels in both the tangential (w'lU) and radial (v' IU) directions 

compared with u'lU as shown in Figure 5.37a. This dampening effect occurred 

throughout the pipe section, even at the centreline where drag-reduction had a minimal 

effect on u'. The tangential and radial r.m.s. data are also noticeably less than that for 

a Newtonian fluid, which has also been included for comparison reasons. These 

observations are consistent with the behaviour associated with polymer solutions in 

turbulent pipe-flow [see e.g. Pinho and Whitelaw (1990), Harder and Tiederman 

(1991)]. It is important to note that experimental results for w' and v' are rare in 

literature in contrast to u', which are also often contradicting. For example, Pereira 

and Pinho (1994) found that the turbulent pipe flow of Tylose solution displayed an 

almost uniform distribution of both the radial and tangential turbulence intensities in 
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the central core (varying from 50% to 80% of the diameter) at levels above those for a 

Newtonian fluid, contrary to most findings in literature. Such anomalies are 

investigated in detail in this study. 

It was also considered instructive here to present the normalised distribution data for 

the velocity fluctuations in law of the wall coordinates in order to assess their 

behaviour in terms of the three-layer wall model: viscous sublayer, extended wall layer 

or buffer region and turbulent core. This data is presented in Figures 5.38( a-c) for 

u'/u" w'lu, and v'/u, versus y+ for 0.2% XG. There is an important aspect of these 

results that deserve a mention. From the plots of normalised distribution of the 

various components of velocity with friction velocity (u,), it is not possible to assert 

that the turbulence has not been suppressed by the additive, because the increase in 

u'/u, for example, with increasing drag reduction may be due to the corresponding 

reduction in friction velocity. Hence the true turbulence intensity may be assumed as 

being that which is normalised with the mean bulk velocity (i.e. u'!U, w'!U and v'!U). 

F or comparison reasons, both sets of data have been presented for all test fluids. 

Figure 5.38(a) indicates that u'lu, increases with Reynolds number (and DR as will be 

explained in Section 5.6), with the peak range occurring within the extent of the wall

layer thickness as previously identified in Table 5.3. A similar trend has been 

identifit:d for the tangential velocity distribution as shown in Figure 5.38(b), though 

with peak values much reduced in comparison with the corresponding u'lu, values for 

similar Reynolds number. The peaks in w'lu, also occur at progressively larger 

distances from the wall than u'lur as Reynolds number increases, which is consistent 

with the findings of Willmarth et al. (1987) and Tiederman (1988). For the radial 

velocity component (Figure 5.38( c», the peak values of v'lu, occur at similar 

distances from the wall as that for the tangential, though at slightly reduced levels by 

comparison respectively. These results have been summarised in Tables 5.4 - 5.5. 

Also, from Figure 5.38( c), it is evident that the radial measurement data displays an 

increased level of scatter compared with the measured axial and tangential velocity 

fluctuation data. The increased level of scatter applies to all radial velocity 
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measurements discussed here in this study and is related to the refraction of the LDA 

laser beams during a radial traverse as explained in detail in Appendix Al.3. 

5.5.3 CMC 

The normalised distribution data for the axial velocity fluctuation is shown in Figure 

5.39(a). The data shown is limited to low Reynolds numbers, which with the 

exception of the results for Re= 14,100, are within the influence of transitional flow. 

As previously mentioned, it is evident that the transitional region of flow is 

characterised by much higher levels of axial turbulence intensity than that for fully 

developed turbulent flow. Therefore, excluding the data for Re=4,300, 0.24% CMC 

illustrates a similar behaviour as that for the Newtonian fluid over the majority of the 

pipe section (approximately 80% of the pipe diameter). However, a peak broadening 

effect is evident at 0.8<rlR<0.95, which is of similar magnitude to that for the 

Newtonian fluid though occurring at larger distances from the wall. This agrees with 

the work of Allan et al. (1984) and is very similar to the flow behaviour of 0.20/0 XG 

at an identical Reynolds number. However, this behaviour is restricted by comparison 

to the Reynolds numbers shown, which as demonstrated for 0.2% XG, the peak in 

u' IU eventually decreases to below that for the Newtonian fluid as Reynolds number 

lncreases. 

Figures 5.39(b-c) illustrates the w' IU and v' IU versus rlR behaviour for 0.240/0 CMC. 

The data clearly shows that the tangential and radial velocity fluctuating components 

are significantly reduced compared with u' IU. Interestingly, their behaviour is 

comparable with that for the Newtonian fluid except near the wall (0.8<rlR<0.95). In 

this region, the peak values of w' /U and v' /U are reduced in comparison with the 

Newtonian fluid, which also occur at larger distances from the wall (see Table 5.5). 
, , 

Figures 5.40(a-c) presents the data for 0.24% CMC in wall coordinates. The peak 

value and location of u' JUT are similar to that for a Newtonian fluid, which occurs 

within the buffer region of the flow. However, for w' JUT' the data is significantly 

reduced compared to the Newtonian fluid, though again with peak values occurring at 
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similar wall distances within the buffer region (see Table 5.4). As for 0.2% XG, v'/u, 

is lower than the corresponding w'lu, profile (see Figure 5.40( c»), with a respective 

peak broadening effect occurring at larger distances from the wall as also summarised 

in Tables 5.4 - 5.5. 

A similar set of data, to that of the above, have been presented in Figures 5.41-5.42 

for 0.25% CMC, though with a larger distribution of Reynolds numbers in turbulent 

flow than that for 0.24% CMC. The results presented have substantiated the 

comments made for 0.24% CMC, from which there were no discernible differences. 

The corresponding results for 0.25% CMC have been summarised in Table 5.4. 

Figure 5.43 shows the normalised axial fluctuation turbulence intensity for 0.4% 

CMC. Comparisons with the Newtonian fluid can not be carried out satisfactorily as 

the flow for 0.4% CMC was restricted to very low Reynolds numbers, which were 

within or close to the zone of influence associated with transitional flow effects. This 

has been characterised by much higher values of u'/U compared to fully developed 

turbulent flow as illustrated in Figure 5.43(a). From the limited data shown in Figure 

5.43(b) as u'lu, versus y +, there is some evidence that suggests the effect of 

concentration has little influence on the peak value of u'lu, and its corresponding 

location from the wall. The concentration effect of the solvent additive solution on 

normalised turbulence intensities will be further inves-..:iguled using the two distinct 

concentrations for PAA (0.125% and 0.2%). 

Due to the limiting Reynolds number of the more viscous flow for 0.40/0 CMC, no 

further investigations were carried out. 

5.5.4 XG/CMC 

The turbulence intensity profiles (u' /U, w' /U and v' /U versus r/R) for 0.09% 

CMC/O.09% XG are illustrated in Figures 5.44(a-c) respectively. For Re<26,800, 

u' /u (Figure 5.44(a») is comparable with the Newtonian data shown except near the 

wall, with peaks of similar magnitude respectively. However, for Re=45,300, the data 
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consistently falls below the Newtonian reference, thus once again indicating a 

Reynolds number dependence on the turbulent structure of flow. Generally, for 

increasing Reynolds number, the peak in u' IU tends towards the wall with 

correspondingly less peak broadening effects. In contrast, the tangential (w' IU) and 

radial (v'/U) turbulence intensities are lower than the Newtonian fluid with , 

corresponding peak turbulence intensities occurring further away from the wall 

(r/R~0.92 and 0.75 respectively). The peak values in w'lU and v'lU are similar 

(~0.50-0.56), with individual profiles indicating little or no Reynolds number 

dependence based on the representation of data given. 

Figures 5.45(a-c) presents the turbulence intensities normalised with friction velocity 

(u,) using wall coordinates. Unlike XG and CMC, u'lur versus y+ for the XG/CMC 

blend shown in Figure 5.45( a) indicates levels of normalised axial turbulence 

intensity that are comparable and even greater than the Newtonian fluid which is 

consistent with the findings of Tiederman and Reischman (1975). The peaks in u'lu, 

also occur at slightly larger wall distances than the Newtonian fluid, the locations of 

which are summarised in Table 5.4. For tangential and radial turbulence intensities 

(Figures 5.45(b-c) respectively), the peaks in w'lu, and v'lu, are significantly lower 

than the corresponding peak in u'lu, for similar Reynolds numbers (see Figure 

5.45(a». These peaks are also lower than that for a Newtonian fluid, and occur at 

larger distances away from the wall as Reynolds number increases when compared 

with the axial turbulence intensity distribution for XG/CMC. Once again, the peaks in 

v'lu, are slightly lower than the corresponding tangential (w'lu,) values. These results 

are summarised in Tables 5.4 - 5.5. 

5.5.5 PAA 

Figures 5.46(a-c) illustrates u'lU, w'lU and v'!U versus rlR for 0.125% PAA. For the 

axial turbulence intensities (u' IU) shown in Figure 5.46(a), the data in the central 

section of flow (-O.4<r/R<O.4) are indistinguishable from one another and comparable 

with the Newtonian data. However at distances closer to the wall (0.6<rlR<O.95), the 

peaks in turbulence intensity are greater than that for a Newtonian fluid. This 
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difference becomes less noticeable as Reynolds number increases, with the 

corresponding peaks in u' IU tending closer towards the wall respectively. 

In contrast, the tangential (w' IU) and radial (v' IU) turbulence intensities, which are 

shown in Figures 5.46(b-c) respectively, are significantly lower than u' IU throughout 

the entire pipe section. The data presented in these figures are almost 

indistinguishable from another, showing little or no dependence on Reynolds number. 

As with previous fluids, their corresponding peaks occur at distances further away 

from the wall compared with that of a Newtonian fluid. 

Figures 5.47(a-c) illustrates the turbulence intensities normalised with the friction 

velocity in wall coordinates for 0.125% P AA. For u'lut (see Figure 5.47(a»), the peak 

in data occurs within the extent of the interactive layer at levels larger than that for a 

Newtonian fluid. The peak locations also extend further into the pipe section, which 

is consistent with Virk's (1970) three-layer model i.e. extended interaction region (Yl +; 

see Table 5.3). Due to degradation effects becoming apparent (seen as a reduction in 

solution viscosity), the number of flow tests were limited to the higher Reynolds 

numbers in the case of the tangential and radial flow measurements. These results are 

illustrated in Figures 5.47(b-c) for w'lut and v'lut respectively. For the tangential 

case (Figure 5.47(b»), there is little difference between the measured data for 

Re=37,500 and 43,100, though is significantly reduced compared with the Newtonian 

reference fluid. The peak in data also occurs at larger distances away from the wall 

than the Newtonian fluid, from which a similar trend is shown for the radial 

measurements in Figure 5.47(c). The above data for 0.125% PAA has been 

summarised in Table 5.4. 

Normalised axial turbulence intensity measurements for 0.20/0 P AA are illustrated in 

Figures 5.48(a-b). No data was obtained in the tangential and radial measurement 

planes due to equipment related problems at the time of its investigation. 

It is evident from Figure 5.48(a) that the normalised axial fluctuations (u' /U) are 

greater than the Newtonian fluid except for a small region near the wall (rlR>0.95), 
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with also a similar magnitude of peak intensity at the centre of the pipe. The peak in 

u'!U also occurred at larger distances away from the wall in comparison with a 

narrower peak intensity for a Newtonian fluid, which is closer to the wall. 

The data shown In Figure 5.48(b) indicates that u'/u, is larger than that for a 

Newtonian fluid within the extended buffer region of flow (y+> 10), which is 

consistent with the findings of Reischman and Tiederman (1975). The peak intensity 

profile was also shifted further away from the wall in comparison with the Newtonian 

reference data provided. These results have been summarised in Tables 5.4 - 5.5. 

5.5.6 Carbopol 

The normalised distribution data (u'!U and w'!U versus rlR) for 0.14% Carbopol 934 are 

shown in Figures 5.49(a-b). Due to the turbid appearance of 0.14% Carbopol 934 

solution (as mentioned previously in Chapter 4.3.1), low data rates and reduced signal 

quality of the LDA signal were obtained. This inhibited any satisfactory LDA 

measurement data for radial turbulence intensities. The turbidity of the solution also 

affected the axial and tangential flow measurements for distances beyond the centreline 

of the pipe (O<rlR<I), hence the data presented in Figures 5.49(a-b) (shown as open 

symbols) are merely a reflection of the near wall data for clarification purposes. 

From Figure 5.49(a), the data for 0.14% Carbopol 934 indicates much higher levels of 

axial turbulence intensity for Re<12,700. At higher Reynolds number (18,600), the 

normalised turbulence data is very similar to that for a Newtonian fluid, which is 

consistent with its low drag reducing behaviour (as detailed further in Section 5.6). 

Also, from Figure 5.49(b), the tangential velocity fluctuations (w'!U) are very similar to 

that for a Newtonian fluid for the majority of the pipe section (-0.9<rlR<0.9). The 

corresponding smaller peak intensities also occured at larger distances from the wall by 

comparison respectively (see Table 5.5). 

From the axial normalised turbulence distributions (u'/u, versus y+) presented in wall 

coordinates in Figure 5.50(a), the data suggests that u'/u, is almost independent of the 
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Reynolds number. Also, the peak intensity profiles are essentially identical to that for a 

Newtonian fluid for y+ <50, which again is consistent with the low drag reducing 

behaviour associated with Carbopol in comparison with the other non-Newtonian fluids 

investigated in this study. However, beyond the buffer region of flow (y +>40; see Table 

5.3), the data falls below the Newtonian reference fluid. In contrast to the similarity of 

the axial turbulence intensity data with the Newtonian data for flow regions limited to 

the extent of the buffer region, the tangential normalised profiles (w'/u,:) were lower than 

the Newtonian fluid. However, it is evident that despite the peak intensities being lower 

by comparison for 0.14% Carbopol 934, the peak broadening effect and peak location is 

not too dissimilar from that for the Newtonian fluid; this data has been summarised in 

Tables 5.4 - 5.5. 

The normalised velocity fluctuations (u' IU, w' IU and v' IU versus rlR) for 0.1 0/0 

Carbopol EZ1, are shown in Figures 5.51(a-c). The same discussion applies for 0.1 % 

Carbopol EZI as that given above for 0.l4% Carbopol 934, where the data remained 

relatively unchanged. However, the less turbid nature of the solution for 0.1 % Carbopol 

EZ 1, allowed radial turbulence intensities to be measured, though a certain degree of 

scatter in data was still evident (see Figure 5.51(c)). For Re < 28,000, v' IU displayed 

slightly larger turbulence intensity levels over the majority of the pipe section (-

0.6<rlR<0.6) beyond which, the scatter in data close to the wall (due to lower LDA data 

rates caused by the slight turbidity of the solution), made any comparison with the 

Newtonian fluid difficult. However, for Re=28,000, the data closely followed that for 

the Newtonian fluid within the restricted range of reduced scatter as just mentioned. The 

radial turbulence intensity profiles (v'lu, versus y+) shown in Figure 5.52(c), shows peak 

intensities occurring at distances beyond the buffer region of flow, with a corresponding 

increase in peak intensity as the Reynolds number is increased. However, the analysis of 

data (summarised in Tables 5.4 - 5.5) has been based on subjective assessments of the 

trend in data using the illustrations shown, which for the radial case, has been difficult. 

Finally, Table 5.6 summarises the 'centre-line' turbulent velocity fluctuations for all 

test fluids, which have been normalised using both the mean bulk flow velocity (U) 

and the friction velocity (u,). The data given in Table 5.6 represents the highest 
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Reynolds number flows for each test fluid, with the Newtonian data also provided for 

comparison purposes. When comparing the data for the Newtonian fluids, the 

differences when normalised with U are ca 2.5% maximum - well within 

experimental uncertainty. However, when U r is used the differences become 

significant (ca 100/0). Therefore, it may be concluded that the determination of Ut has a 

greater level of uncertainty associated with it, which is not a Reynolds number effect 

since at such high Re values the change with Re is small. It may also be concluded 

that the turbulence intensity data for water are correct based on comparisons made 

with the data found in literature. Hence, as the measurement technique was the same 

for all test fluids, the turbulence data for the non-Newtonian fluids may also be 

assumed to be correct. For the non-Newtonian fluids, the tangential and radial 

velocity fluctuations normalised using U are for the most part lower than the values 

provided for the Newtonian reference fluid. For the test fluids displaying greater 

levels of drag reduction, the normalised axial velocity fluctuations (u'/u t ) are greater 

than those for the Newtonian fluid. The remaining data provided in Table 5.6 shows a 

random variation of values when compared with the Newtonian data thus limiting any 

further conclusions to be made. 

5.6 Drag Reduction 

5.6.1 Drag Reduction Levels of Test Fluids 

Drag reduction (DR) (see Eq. (5.5)) values for all test fluids have been summarised in 

Table 5.7 for a range of Reynolds numbers. The drag reduction data have been 

extracted from the f-Re curves, which are collectively illustrated in Figure 5.53. The 

drag reduction ranking of these fluids is discussed in Section 5.6.3. The data clearly 

shows an increase of DR with concentration and Reynolds number for all fluids. 

However, an anomalous behaviour was observed for Carbopol (and Laponite, as 

discussed in Chapter 6) where DR reduced with Reynolds number. 

The anomalous behaviour of Carbopol has often been compared to clay suspensions 

such as Attagel, which are classified as purely viscous non-Newtonian fluids [Hartnett 
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and Kostic (1988)]. Hartnett and Kostic challenged this classification for Carbopol 

and indeed discovered that despite large differences in f-Re data when comparing 

equal concentrations of Carbopol and a highly viscoelastic solution of Separan in 

turbulent flow, their enhanced heat transfer rates were similar thus indicating that 

Carbopol was 'indeed viscoelastic. Their data on oscillatory shear flows indicated 

phase shifts (tan8) of 60°, hence also providing further evidence that Carbopol was 

viscoelastic. From Figure 5.53, it would suggest that for turbulent flow, the f-Re 

behaviour for Carbopol (and Laponite - platelet clay suspensions), progressively tends 

towards that of a Newtonian fluid as Reynolds number increases. An interesting 

analogy arises when comparing this behaviour with the oscillatory shear flow 

assessment made previously in this study for 0.1 % Carbopol EZI (see Figures 4.25 -

4.26). At high oscillation frequencies, despite increases in the elastic component (0') 

of the fluid, the resulting increase in phase shift indicates a behaviour tending towards 

that of a purely viscous fluid response. Without the means of directly quantifying the 

level of molecular interaction within the solution, it may therefore be assumed that the 

f-Re behaviour is associated with the dissociation of interactive bonds within the 

solution (both physical and polar type) due to high frequency turbulence. The 

resulting breakdown of structure reduces the level of DR, the effect of which becomes 

further pronounced at higher Reynolds numbers. This postulated behaviour is specific 

to the physical molecular arrangement for Carbopol (and Laponite). 

5.6.2 Separation of Shear-Thinning and Elastic Influences 

The level of drag reduction observed for the test fluids used in this study is partly a 

consequence of the shear-thinning effect of each fluid, particularly within the power

law region of their respective flow curves (see Figure 4.27). The shear-thinning 

influence on DR can be deduced from the Dodge and Metzner (1959) model for a 

purely viscous power-law fluid using the following correlation: 

1 (S.12a) 
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where n is the power law index obtained directly from the viscometric data (see Table 

4.1),/DM is the reduced friction factor due to shear-thinning and R~ is the generalised 

Reynolds number defined as: 

(5.12b) 

The remaining reduction in friction factor (I1/E) is presumably due to other non

Newtonian effects, which are assumed to be related to elasticity. Therefore, by 

separating the elastic (I1/E) and shear-thinning (11IsT) influences, their relative effects 

can be investigated as a function of Reynolds number as shown in Figure 5.54, where 

the total reduction in frictional drag (l1j) is given by: 

11 / (Re) = /B (Re) - / (Re) = 11 /E (Re) + 11 1sT (Re) (5.13) 

wherein I1fsT(Re) is the shear-thinning influence (=/8 (Re) -/DM (Re)) where/DM (Re) 

is determined from the Dodge-Metzner formula given in Eq. (5.l2a-b). 

From Figure 5.54, it is clear that the elastic influence on drag reduction is greater than 

the shear-thinning influences for all fluids when Re > 10,000, with the exception of 

0.1 % Carbopol EZl, which is predominantly dominated by shear-thinning influences 

for Re<20,000. It is important to note that the relationship of I1/E/I1/ versus Re is 

purely an indication of the relative influence of the assumed elastic effect on drag 

reduction and is not an indication of the degree of elasticity inherent within the fluid. 

Therefore, based on the ranking deduced from the rheological assessments discussed 

in Chapter 4 (N 1 and G '), it may be assumed at first sight that the larger the level of 

viscoelasticity associated with a fluid, the greater is its role in reducing frictional drag 

in turbulent pipe flow. However, when comparing the data for 0.25% CMC 

(moderately elastic) and 0.2% P AA (highly elastic) in Figure 5.54, the elastic 
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influence is greater for CMC than P AA in reducing drag, contrary to what may be 

expected from ranking fluids on their relative viscoelastic levels. 

Based on the hypothesis that separating the elastic and shear-thinning influences of a 

fluid enables their relative effects on reducing drag to be assessed, the following 

~anking has been deduced based on the magnitude of !1jE/!1j for 5,000<Re<10,000: 

0.2% XG, 0.2% PAA, 0.125% PAA, 0.09% CMCIO.09% XG, 0.24% CMC, 0.4% 

CMC and 0.25% CMC. The data for 0.1 % Carbopol has been excluded from this 

ranking due to large changes in 4iE/!1j within the Reynolds number range quoted, 

which is a consequence of the data being exposed to transitional effects. For 

Re> 10,000, the ranking changes slightly and due to the limited range of Reynolds 

number for some data, the ranking is incomplete. It may be concluded from Figure 

5.54, that the elastic influence (!1jE) on drag reduction increases with Reynolds 

number, which is consistent with an increase in DR, though remains quite steady for 

the CMC and Carbopol solutions compared with other test fluids, which otherwise 

show a steady increase with Reynolds number. 

5.6.3 Drag-Reduction Ranking 

As for the rheological properties of the polymer solutions, it is instructive to identify 

the drag-reduction ranking for the same test fluids hased on the DR levels. For 

Re> 18,000, this is 0.1 % Carbopol EZ1, 0.14% Carbopol 934, 0.24% CMC, 0.09% 

CMCIO.09% XG, 0.25% CMC, 0.4% CMC (based on qualitative assumption), 0.2% 

XG, 0.125% PAA and 0.2% PAA. At lower Reynolds numbers the curves for 0.20/0 

XG and 0.125% P AA cross over, as do the curves for 0.25% CMC and 0.090/0 

CMCIO.09% XG. 

Based on the rankings devised above and from the previous chapter, including the 

tabulations of results obtained from the universal law of the wall and nonnalised 

turbulence intensity distribution profiles, correlations between various data may be 

deduced. These correlations are specifically based on both quantitative analyses and 
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qualitative comparisons between the pipeflow and rheological data, which are 

discussed in detail in the following section. 

5.7 Correlations between Elasticity and Pipe Flow Characteristics 

The collection, collation and analysis of results for the hydrodynamic flow tests (f-Re 

data), including the rheological assessments carried out in the previous chapter, have 

been summarised in terms of 'ranking' in Table 5.8. The table ranks the non

Newtonian solutions used in this study with respect to decreasing levels of 

viscoelasticity; it also ranks the same solutions with respect to decreasing DR 

effectiveness and resistance to degradation. 

It is evident from Table 5.8 that there is a clear correlation between viscoelasticity and 

drag-reducing performance, particularly when comparing columns (1-3) and (5-6). 

The correlation is however, not complete; for example, anomalies exist when 

comparing columns (1) and (2). Also, quantitative correlations between the data 

presented are further required when comparing results obtained from various 

measurement techniques i.e. under different flow conditions. 

Considering the above, the results in columns (5-7) of Table 5.8 would be more 

nleaningful if the frequency of oscillatiop could be correlated with drag reduction, and 

in particular with the turbulent flow characteristics. Such a correlation is not obvious 

at this stage, particularly the relationship between frequency of oscillation and 

Reynolds number in pipe flow and hence the oscillatory flow data, despite being 

seemingly supportive of the ranking deduced from DR values and normal-stress data, 

is not conclusive. 

In Chapter 4.7, the ranking of various rheological parameters were discussed in terms 

of viscoelastic levels in an attempt to provide information that may be correlated with 

drag reduction. These rheological parameters (namely the first normal stress 

difference, N 1), were assessed as functions of shear rate (y) and shear stress ('ts). 

From Table 5.8, the drag reduction ranking for Re > 18,000 matches that for the first 

138 



Chapter 5 
Pipe Flow - Results and Discussion 

normal stress difference at low shear rates «20s-1
). The first of these conclusions 

partially confirms that of Vlassopoulos and Schowalter (1993) ' ... that ranking 

additives according to elasticity provides information about drag-reducing 

effectiveness ... ' . From this, it seems appropriate from a ranking consideration based 

on observations only, to conclude that the mechanism for drag reduction is associated 

with shear rates of order 20s-1 or lower. It was therefore postulated that by identifying 

the span-wise location (y +) of shear rates of this order of magnitude (20s -1) using law 

of the wall coordinates, further supporting evidence related to the mechanism behind 

drag reduction may be discovered. 

Figure 5.55 shows the near-wall distribution of the shear rate ( y ) versus y + evaluated 

from the mean velocity profiles for the highest Reynolds numbers for each fluid i.e. 

profiles corresponding with the highest levels of drag reduction (except for Carbopol 

where the level of drag reduction is less at higher Reynolds numbers). Using linear 

interpolation between consecutive data points, plotted as u versus y, the shear rate was 

determined. It becomes apparent from Figures 5.26 - 5.34 and Figure 5.55 that shear 

rates of the order of 20s-1 are considerably lower than the wall shear rates and are 

comparable to what can be estimated from the mean velocity distributions just within 

or beyond the buffer region (80<y + <250), thus also extending into the log-law region 

itself. 

At this point, these observations seem to be consistent with the view of Tiederman et 

al. (1985) who argued that the viscous sublayer plays a passive role in the drag

reduction process and that polymer additives have a direct effect on flow structures in 

the buffer layer. This is consistent with the findings made from the previous sections 

(Sections 5.4 and 5.5), which also indicated that the viscous sublayer plays a passive 

role in the flow of drag-reducing non-Newtonian fluids. It was evident that significant 

differences between non-Newtonian and Newtonian fluids only existed within the 

buffer and turbulent core regions of flow based on the analyses presented in this study. 

For the non-Newtonian fluids, the buffer region was extended towards the centre of 

the pipe, the extent of which was consistent with the level of DR and upward shift in 
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the logarithmic profile within the turbulent core (~B). These observations form part 

of the conclusions discussed in Chapter 7. 

Interestingly, also from Table 5.8, the resistance to degradation seems to be correlated 

to DR effectiveness and viscoelasticity, apart from the lower ranked data as previously 

explained in Chapter 4.5.2. The correlation between these variables substantiates the 

argument that the macromolecular structures of the test fluids are fundamental In 

quantifying turbulent flow characteristics of non-Newtonian fluids in pipe flow. 

Attempts were then made to quantitatively correlate measurable functions of elasticity 

- primarily the first normal stress difference as a function of shear stress - with the 

isolated effects of elasticity (~fE) in a pressure drop versus flowrate experiment. It 

was anticipated that ~fE should depend on N ti't, hence their relationship was 

investigated for all test fluids (except for Carbopol and Laponite) as shown in Figure 

5.56. It is clear from Figure 5.56, that this did not seem to be the case and therefore, 

other correlations between ~fE and N 1 were investigated: 

iJJ; N 
__ E versus __ 1 

iJf pU2 

(5.14) 

The above expressIon is a correlation between the elastic contribution to drag 

reduction and the first normal stress difference non-dimensionalised with the pressure 

stresses. This relationship is shown in Figure 5.57. The trend for individual fluids 

was for a decrease in the elastic contribution to the overall drag reduction (~fE/ ~j) 

with increasing NI/pU2. It may therefore be concluded that Nt is not the principal 

factor in drag reduction and that another viscoelastic characteristic must be 

investigated. The most likely candidate is the extensional viscosity (see Chapter 4.5), 

as has also been suggested by Durst et al. (1982) and by den Toonder et al. (1995); 

although this hypothesis remains unproved. 
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Tables and Figures 

Table 5.1 Onset o/Transition and Turbulent Flowt 

Test Fluid ReI 'tSl [Pa] Re2 'tS2 [Pa] DR [0/0] 

0.2%PAA 1,500 2.63 11,000 5.10 61 

0.125% PAA 1,700 1.21 10,000 2.68 52 

0.2%XG 1,600 1.88 6,000 2.90 46 

0.4% CMC 2,000 7.65 6,000 18.00 37 

0.09% CMCIO.09% XG 2,000 1.13 6,000 2.22 36 

0.25%CMC 1,900 2.64 5,500 6.65 32 

0.14% Carbopol 934 1,000 1.82 5,000 5.86 21 

0.1 % Carbopol EZ1 1,000 1.61 5,000 5.20 20 

0.24%CMC 2,000 2.60 4,000 5.92 20 
t 

Data obtained from Figures 5.7-5.15. 

Table 5.2 Velocity Characteristics o/Newtonian Pipe Flow t 

Reference Fluid Re UlUmax. Pipe Diameter Technique 

[mm] 

This Work Glucose 8,000 0.78 100.46 LDA 

This Work Glucose 36.000 0.82 100.46 LDA , , 

This Work Water 61,000 0.83 100.46 LDA 

Pinho (1990) Water 32,000 0.79 25.4 LDA 

Pinho (1990) Water 62,000 0.81 25.4 LDA 

Laufer (1954) Air 40,000 0.80 254 Hot-Wire 

Lawn (l971) Air 35,000 0.81 144.3 Hot-Wire 

t Based on representatIOn gIven by Pmho (1990). 
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Table 5.3 Universal Law a/the Wall Data/or all Test Fluids 

Fluid Re i1Bt + DR [%] Yl 

0.20/0 PAA 18,800 17.0 90 64.8 

23,100 17.5 160 65.0 

0.125% P AA 15,000 13.0 110 57.0 

26,400 15.3 110 61.0 

35,900 16.5 110 64.7 

42,900 18.3 110 66.1 

0.2% XG 6,500 10.5 80 48.0 

14,100 12.0 100 58.0 

40,500 14.0 120 61.0 

0.090/0 CMC/O.09% XG 10,700 7.5 110 38.5 

26,100 6.5 130 41.7 

45,300 7.5 150 45.0 

0.4% CMC 5,500 6.0 70 39.0 

0.25% CMC 3,7500 5.4 52 23.5 

4,500 5.5 80 27.0 

7,300 5.3 85 32.0 

8,900 6.0 90 35.0 

16,600 5.7 110 36.5 
I 

0.24% CMC 4,300 3.7 >60 21.0 

14,100 3.7 60 32.4 

0.14% Carbopol934 5,200 2.5 40 20.0 

6,600 2.5 40 19.8 

12,600 1.7 40 15.8 

18,600 1.4 40 15.3 

0.1 % Carhopol EZI 5,600 3.0 80 17.6 

9,600 1.7 60 13.8 

14,700 1.4 50 13.5 

24,000 1.0 40 11.9 

t See EquatIOn (5.11). 
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Table 5.4 Summary o/Normalised Velocity Fluctuations (normalised against u.J t 

Fluid Axial Tangential Radialt 

Re u'/uT 
+ Re w'/uT 

+ Re v'/uT 
+ y y y 

0.2%XG 6500 3.1 31 6600 0.60 40 6600 0.65 40 

14100 3.5 26 13800 0.88 70 13900 0.78 60 

40500 3.8 23 39000 1.10 100 39700 0.85 80 

0.24%CMC 4300 3.0 18 4850 1.08 40 4700 0.90 65 

14100 3.3 12 16500 lAO 40 16100 1.10 105 

0.25%CMC 3750 2.8 13 - - - - - -
4500 3.0 14 - - - - - -

7320 3.3 22 7900 1.24 60 8200 0.95 60 

8900 3.3 21 10000 1.30 50 10200 1.00 60 

16600 3.3 18 18400 1.33 50 20500 1.12 100 

OA%CMC 5500 3.0 20 - - - - - -

0.09%XGI 10700 3.6 14 12900 1.25 40 16800 1.10 100 

0.09%CMC 26100 3.7 21 26150 1.32 50 29500 1.20 140 

45300 3.75 18 50000 1045 60 53200 1.30 250 

0.]25% PAA 15000 4.6 35 - - - - - -
26400 404 45 - - - - - -
35900 4.7 45 37500 1.25 100 41100 1.00 200 

42900 4.8 32 43100 1.28 105 52000 1.10 210 

0.2%PAA 18800 5.2 40 - - - - - -

23100 5.5 40 - - - - - -

0.14% Carbo 934 4100 3.1 15 7600 1.30 40 - - -

5200 3.1 15 8900 1.32 47 - - -
I . 6600 3.1 15 14300 lAO 40 - - -

12650 3.1 15 18300 1.44 47 - - -

18600 3.1 15 20700 1.50 41 - - -

0.1 % Carbo EZ 1 5600 3.2 15 - - - - - -

9600 3.2 15 9400 1.30 50 9800 1.20 100 

14800 304 14 18500 1.35 50 16500 1.25 105 

24000 3.3 15 30200 1.44 50 28000 1.35 130 

t The data shown are maximum values and their correspondmg wall locatIOn (y +) were determmed 

from a subjective assessment of the trend in normalised velocity fluctuation data plotted in wall 

coordinates. 

t Subjective assessments of the trend in data were difficult due to a large degree of scatter associated 

with low data rates and reduced quality of the LDA signal when taking radial measurements. The 

scatter in data is particularly evident when shown in wall coordinates (v'/Ur vs y+). 
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Chapter 5 Pipe Flow - Results and Discussion 

Table 5.5 Summary of Normalised Velocity Fluctuations (normalised against U)* 

Fluid Axial Tangential Radialt 

Re u'!U rlR Re w'!u rlR Re v'!u rlR 

0.2%XG 6500 0.145 0.80 6600 0.028 0.70 6600 0.030 0.90 

14100 0.145 0.92 13800 0.032 0.78 13900 0.030 0.90 

40500 0.127 0.95 39000 0.038 0.87 39700 0.030 0.90 

0.24%CMC 4300 0.185 0.90 4850 0.068 0.80 4700 0.060 0.68 

14100 0.165 0.96 16500 0.070 0.92 16100 0.055 0.66 

0.25%CMC 3750 0.185 0.90 - - - - - -
4500 0.178 0.89 - - - - - -
7320 0.182 0.90 7900 0.066 0.76 8200 0.052 0.76 

8900 0.170 0.92 10000 0.066 0.78 10200 0.052 0.78 

16600 0.152 0.96 18400 0.060 0.82 20500 0.051 0.77 

O.4%CMC 5500 0.172 0.86 - - - - - -

0.09%XGI 10700 0.165 0.93 12900 0.057 0.81 16800 0.050 0.74 

0.09%CMC 26100 0.157 0.96 26150 0.056 0.90 29500 0.050 0.74 

45300 0.141 0.97 50000 0.057 0.93 53200 0.050 0.74 

0.125% PAA 15000 0.145 0.87 - - - - - -

26400 0.150 0.91 - - - - - -
35900 0.146 0.89 37500 0.036 0.87 41100 0.035 0.80 

42900 0.138 0.96 43100 0.036 0.87 52000 0.035 0.80 

0.2% PAA 18800 0.174 0.88 - - - - - -

23100 0.190 0.92 - - - - - -

0.14% Carbo 934 4100 0.192 0.86 7600 0.075 0.80 - - -

5200 0.192 0.88 8900 0.075 0.86 - - -

14300 0.076 0.92 
. I 

6600 0.187. I 0.93 - - I -

12650 0.178 0.94 18300 0.080 0.90 - - -

18600 0.168 0.94 20700 0.076 0.92 - - -

0.1 % Carbo EZI 5600 0.197 0.92 - - - - - -

9600 0.188 0.94 9400 0.076 0.84 9800 0.068 0.76 

14700 0.195 0.96 18500 0.073 0.90 16500 0.068 0.76 

24000 0.186 0.97 30200 0.072 0.92 28000 0.068 0.76 

* The data shown are maXImum values and theIr correspondmg locatIOn withm the pIpe (rlR) were 

determined from a subjective assessment of the trend in normalised velocity fluctuation data plotted 

as (u',w' or v')/U vs r/R. 

! See comment in Table 5.4. 
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Chapter 5 Pipe Flow - Results and Discussion 

Table 5.6 Summary of Normalised Centreline Velocity Fluctuations 

Fluid Axial Tangential 

Re u'!U u'/u. Re w'!u w'/u. 

NON-NEWTONIAN 

O.2%XG 40500 0.048 1.50 39000 0.026 0.78 

0.24%CMC 14100 0.060 1.25 16500 0.037 0.72 

0.25%CMC 16600 0.060 1.35 18400 0.034 0.72 

O.4%CMC 5500 0.080 1.75 - - -
0.09%XGIO.09%CMC 45300 0.050 1.35 50000 0.033 0.84 

0.125% PAA 42900 0.056 1.90 43100 0.027 0.90 

0.2%PAA 23100 0.062 2.00 - - -
0.14% Carbo 934 18600 0.054 1.00 20700 0.042 0.84 

0.1 % Carbo EZI 24000 0.052 1.10 30200 0.036 0.72 

1.5% Laponite t 25300 0.055 0.96 30200 0.026 0.52 

NEWTONIAN 

Newtonian (This study) 61000 0.060 1.20 61500 0.039 0.83 

Newtonian (Other) t 90000 0.061 * 0.96 90000 0.040* 0.76 

t See Chapter 6.4. 

::: Data obtained from Lawn (1971) for Air except where stated (see below). 

* Data obtained from Pereira and Pinho (1994) for Water at Re = 31000. 

Re 

39700 

16100 

20500 

-
53200 

52000 

-

-
28000 

28000 

61500 

90000 

Radial 

v'!u v'/u. 

0.023 0.65 

0.038 0.71 

0.038 0.72 

- -
0.035 0.80 

0.025 0.86 

- -

- -
0.040 0.75 

0.021 0.48 

0.038 0.77 

0.040* 0.76 



Chapter 5 Pipe Flow - Results and Discussion 

Table 5.7 Drag Reduction Levels for Test Fluids 

~ 
Drag Reduction, DR (0/0) 

Re 5,000 10,000 20,000 40,000 

0.2%XG 46 53 59 61 

0.24%CMC 22 29 35 -

0.25%CMC 31 40 46 -

0.4% CMC 39 43* - -

0.09% XG/0.09% CMC 36 38 41 47 

0.125% PAA 42 53 61 66 

0.2%PAA 48 60 70 -

0.14% Carbopol 934 21 17 15 -

0.1 % Carbopol EZ 1 20 15 12 9 

1.5% Laponite 18 16 15 13 

* Re = 8,000. 
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Figure 5.49(b) Tangential Turbulence Intensities For 0.14% Carbopol 934. 
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Figure S.SO(a) Axial Turbulence Intensities in Wall Coordinates For 0.14% 

Carbopol934. 
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6.0 PIPE FLOW OF A THIXOTROPIC LIQUID 

This section provides a discussion on the pipe flow of a thixotropic fluid - Laponite RD 

- under laminar, transitional and turbulent flow conditions. Distributions of mean axial 

velocity and turbulence intensities together with friction factor versus Reynolds 

number (f-Re) data have been collected. The respective data have been compared 

with the measurements carried out for the Newtonian and non-Newtonian fluids as 

discussed in Chapter 5. 

The first section of this chapter describes the basic molecular process associated with 

the behaviour of thixotropic fluids and also describes some of the theoretical 

relationships applied to thixotropic fluids flowing in a pipe. The remaining sections 

discuss the pipe flow measurements, of which their analysis have been categorised 

into velocity distribution data, universal law of the wall representations, turbulence 

intensities,j-Re data and transition identification data. 

6.1 Introduction 

Thixotropy is the term used to classify fluids for which there is an isothermal, time

dependent breakdown of some particulate (or general) structure under relatively high 

shear followed by structural build-up for lower shear (see Chapter 4.5.1(f)). As Nguyen 

and Boger (1985) point out, the applied shear acts to disrupt structural bonds 

interlinking fluid elements, which may be the primary particles and/or aggregates of 

such particles. At the same time, shear-induced collisions of the separated structural 

elements tend to reform part of the broken bonds so that a state of dynamic equilibrium 

is attained when these two processes balance. In the absence of sufficiently high shear, 

thixotropic fluids may gel and so exhibit a yield stress. As already mentioned (see 

Chapter 4.2), drilling muds are among the fluids that exhibit thixotropy [Alderman et al. 

(1988)]. 

The most relevant previous experimental work on the flow of non-Newtonian liquids in 

pipes, as discussed in the literature survey in Chapter 2, is that of Park et al. (1989), 
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Pinho and Whitelaw (1990), and Pereira and Pinho (1994). Park et al. presented LOA 

measurements for both laminar and turbulent flow of an oil-based transparent slurry 

with yield-power-Iaw (Herschel-Bulkley) viscoplastic behaviour. Under fully developed 

laminar-flow conditions, their measurements revealed a velocity distribution with a core 

(ca 60% of the pipe diameter) of uniform velocity in good agreement with the theory of 

Soto and Shah (1976) for a Herschel-Bulkley fluid. It is convenient to reproduce here 

the equation representing this velocity distribution since, as will be seen, the Laponite 

solutions used in the present work are also well represented by this viscometric model 

although, quite clearly, it does not take into account the thixotropic nature of the fluid: 

1 

U ~ C:J (~y R[(I_I;)n:l - (~ - S)n:}orre-rp , 

(6.1) 

where n and K are constants in the Herschel-Bulkley model (see Table 4.1): 

(6.2) 

and the non-dimensional radius ~ of the 'plastic' core is given by: 

rp 
~ -

R 

(6.3) 

where rp is the radius of the region of flow denoted by the flat section in velocity profile. 

Also useful are expressions for the bulk velocity: 

J (6.4) 

( J (J- n+J [2n 2n2
;: (1-~) ] 

U = nn+ 1 't'KS n R (l-~)-n 1 (l ~) s - 3n + 1 - - (3n + 1) (2n + 1) , 
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for the plug velocity: 

up 

U 
2n (1-~) _ 2 n

2 ~ (1- ~) ]-1 
3n + 1 (3n + 1) (2n + 1) 

(6.5) 

and the friction factor - Reynolds number relationship: 

4 = (_n_) (1 _ S) [1 _ 2n (1 _ S) _ 2n2 S (1 - S) ] 
Re.! n+l 3n+l (3n+l)(2n+l)' 

(6.6) 

wherein the Reynolds number Re is defined as 2pURlJ.ls, J.ls being the viscosity 

corresponding to the surface shear stress (1:s). 

For turbulent flow, Park et al. (1989) foun~ that the mean velocity distribution was 

almost indistinguishable from that for a Newtonian fluid although differences in the 

turbulence structure were apparent, particularly a reduction in the tangential intensity 

away from the immediate vicinity of the pipe wall and an increase in axial intensity near 

the wall. Unfortunately the data are presented in such a way that it is not possible to 

detect whether the slurry was drag reducing as is typical of other. primarily polymeric, 

shear-thinning liquids. 

As previously explained in Chapter 4.5.1(t), the rheological behaviour of Laponite wa~ 

anomalous to other fluids. An example of an anomaly associated with Laponite was a 

gradual increase in viscosity with time in contrast to a decrease in viscosity observed in 

all other polymer solutions, which for the latter case, were related to degradation 

effects. Structural equilibrium of the test-fluid within the test-section was never 

achieved, with the wall shear stress (1:s) obtained from the pressure drop 

measurements, yielding an effective viscosity (lls) based on near wall velocity 

measurements much lower than the apparent viscosity measured on the rheometer. 

The following sections (Sections 6.2-6.6) detail the pIpe flow measurements for 

Laponite under laminar, transitional and turbulent flow conditions. 
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6.2 Velocity Distribution Data 

The measured mean velocity profiles (Figure 6.1) show a clear progressIOn with 

increasing Reynolds number from laminar flow (a - d) through transition (e) into 

turbulent flow (f, g). At the two lowest Reynolds numbers the profiles are symmetrical 

with a well defined "plastic" plug, and are well represented by the theoretical profile for 

fully developed laminar flow of a Herschel-Bulkley fluid (see Eq. (6.1»), much the same 

as reported by Park et al. (1989) for their slurry flow. It must be recognised that the 

yield stress 'tv is no more than a fitting parameter strongly influenced by the resolution 

of each of the rheometers at very low shear rates and also that some readers will prefer 

the term apparent yield stress. The theoretical profiles were fitted by determining values 

of ~ (= 'tyi'ts) from uplU with n = 0.535. The rheological and flow parameters 

corresponding to the velocity profiles of Figure 6.1 are listed in Table 6.1. It is evident 

from Table 6.1 that 'tv is increasing with Reynolds number. The increase in 'tv is a 

result of an increase in fluid viscosity over a period of days during successive flow 

experiments as previously discussed in Chapter 4.5.1(f) and remains, in this case, solely 

a curve fitting parameter. For the asymmetric profiles (c, d), two Reynolds numbers are 

given corresponding to the wall shear rates (y s, as explained below) on either "side" of 

the pipe. Although the value for the index n ( = 0.535) corresponds to the equilibrium 

viscometric data of Figure 6.2 (as previously described in Chapter 4.5.l(f)), it turns out 

that ~ is relatively insensitive to n. It could be argued that the close agreement between 

the data points and the theoretical velocity profile is somewhat misleading, since in 

normalised form (i.e. uIU versus rlR) the profile is not directly dependent upon K. 

Whilst it may seem quite remarkable that the measured profiles reveal nothing of the 

thixotropic nature of Laponite, in fact it is easily shown that the fluid residence time 

only approaches that required to reach equilibrium within about 10 Jlm of the pipe wall. 

As will be seen later, the clear indicator of thixotropic behaviour is that rheometric data 

(i.e. 'tv and lls) consistent with the velocity profiles are considerably different from the 

equilibrium values. 

An entirely unexpected, but repeatable, feature of the velocity profiles for Reynolds 

numbers in the approximate range 1,300 - 3,000 (b - d) is a progressively increasing 

201 



Chapter 6 Pipe Flow o[ a Thixotropic Liquid 

degree of asymmetry, which would be consistent with a significant azimuthal variation 

of wall shear stress for a fluid of constant viscosity. In the same pipe-flow facility, the 

asymmetry was also observed for 0.20/0 XG, 0.2% PAA and 0.1% Carbopol EZI. The 

asymmetry disappears once transitional or turbulent-flow conditions are established 

(profiles e - g), which suggests that an explanation for the asymmetry may be associated 

with the stability characteristics of the flow of a yield-stress fluid, of which the plastic 

plug is a consequence. It may be that the plug itself is initially deflected away from the 

centreline due, perhaps, to minor geometrical imperfections in the flow loop. A link 

with the flow geometry would be consistent with the asymmetry always being in the 

same orientation although it would seem unlikely that any significant upstream 

asymmetry would produce the symmetric profiles seen at lower Reynolds numbers. It is 

also the case that no change was observed when the downstream bend orientation was 

reversed. However, as previously explained from the observations made for 0.2% XG, 

0.2% PAA and O.l % Carbopol EZ1 in Chapter 5.3, the asymmetry was not constrained 

to one side of the pipe section. The skewed velocity profiles, also found for Reynolds 

numbers approaching those associated with transitional flow conditions, varied from 

fluid to fluid. Hence, it was suggested that the asymmetry is associated with transitional 

effects - a phenomena that has not been reported previously in literature. 

Profile e corresponds to a Reynolds number of 3,400 and, when compared with both the 

lmninar-flow data and also the profiles for fully turbulent conditions (t: g), it is evident 

that for this profile the flow state is transitional. There is no evidence of a gelled plug 

and the mean flow is practically symmetrical, albeit with a high degree of scatter 

associated with the intense velocity fluctuations which are typical of transition. The two 

profiles (f, g), for the highest Reynolds numbers, 13,400 and 25,300, are in close 

agreement with the curve which represents water flow at a Reynolds number of 61,000. 

The lower velocities for Laponite in the near-wall region are consistent with the degree 

of drag reduction, which was also noticed in the velocity profiles for the non-Newtonian 

fluids discussed in the previous chapter. 

The Reynolds numbers here have been defined as Re - 2pURlJ.ls with the viscosity J.ls 

evaluated from the shear stress 'ts and the shear rate ( y s i.e. J.ls = 'tsf y s), the subscript S 
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denoting conditions at the pipe surface. For the downstream half of the pipe run, within 

which all detailed measurements were made, the axial pressure gradient dp/dx was 

found to be constant within the limits of the transducer accuracy so that (-R.dp/dx)/2 

should be an accurate estimate of'ts. A constant axial pressure gradient is often taken to 

indicate that the hydrodynamic development of a flow is complete. However, a 

comparison of 'ts ( y s) with the data of Figure 6.2 obtained from the two rheometers will 

show that (see below) in the case of Laponite the fluid rheology, and hence the flow 

itself, was in fact far from structural equilibrium. The high spatial resolution of the 

LDA system used for the present work permitted measurements very close to the pipe 

wall (well into the viscous sublayer for turbulent flow), which were then used to 

determine both the "true" origin (y = 0) for the velocity profile and also a value for the 

strain rate at the surface y s. The foregoing procedure is clearly deficient for the 

asymmetric velocity profiles just prior to transition but has to suffice for obvious 

reasons. 

It is instructive at this point to return to the data represented by the symbols in Figure 

6.2, which correspond to values for y s deduced from near-wall velocity measurements 

(e, ., 0). Figure 6.3 shows all the Figure 6.2 data re-plotted in the form of apparent 

viscosity (i.e. 't/ y ) versus shear rate. At all flow rates it is apparent that the effective 

viscosity at the pipe wall corresponded to equilibrium values for 't and about twice the 

wall values, as is clear from the lines (--) of constant viscosity, e.g. that linking points 

A and B. Even close to the pipe wall, the fluid residence time is insufficient for the 

structure to build up to a viscosity consistent with the prevailing 'ts· F or the particular 

case represented by point B, the equilibrium value for y s would be about 80% below 

the actual value if'ts remained unchanged. In reality, if the structure were allowed to 

develop (e.g. in a much longer pipe) 'ts would also increase and an equilibrium state 

between A and C would ultimately be reached. 

Another unexpected result is revealed from Table 6.1 - the yield stress consistent with 

the laminar velocity profiles is not constant, as would be expected if it were a property 

203 



Chapter 6 Pipe Flow o[ a Thixotropic Liquid 

of the fluid in its gelled state, and is substantially lower than the value of 4.4 Pa obtained 

from the equilibrium viscometric data. 

6.3 Universal Law of the Wall 

The values obtained for ~s pennit the turbulent flow velocity profiles to be represented 

(Figure 6.4) in wall variables U+ = u/ut and y+ = PUtY/lls (with the friction velocity 

Ur = .J Ts / p). As was evident from Figure 6.1, the profile for Re = 3,400 is clearly 

transitional, particularly as the data within the turbulent core region was not parallel with 

the Newtonian semi-logarithmic velocity profile [see Eq. (5.9) and Patel and Head 

(1969)]. However, the two main features evident from the mean velocity profiles for 

turbulent-flow conditions (Re = 13,400 and 25,300) transformed to these variables are 

the well-defined behaviour in the viscous sublayer and slight but definite upward shifts 

in the log-law region with the additive constant B increased from 5.5 to 7.1 for Re = 

13,400 and to 6.5 for Re = 25,300 i.e. ~B (see Eq. (5.11») = 1.6 and 1.0 respectively. 

This is consistent with a low level of drag reduction associated with Laponite, as is 

discussed in Section 6.5, thereby suggesting that Laponite could be regarded as slightly 

elastic. It is, of course, the case that since the effective wall viscosity was taken as 'TsY/u, 

it is inevitable that within the sublayer u+ = y+ provided u is proportional to y. 

It is also instructive here, to make a quantitative assessment of the wall layer thickness 

(Yl +) for Re = 13,400 and 25,300 as a consequence of an extended buffer region, which 

is associated with drag reducing flows. Based on the data illustrated in Figure 6.4, this 

was subjectively assessed as 25 < Yl + < 30 for both turbulent flows, which is comparable 

with that associated with Newtonian fluids (YI + < 30) [McComb (1990)]. Again, this is 

consistent with the low level of drag reduction displayed by the Laponite solution used 

in this study. 
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6.4 Turbulence Intensities 

The distribution of nonnalised r.m.s. distributions (u' IU, w' IU and v' IU versus rlR) are 

shown in Figure 6.5-6.7. The nonnalised axial velocity fluctuation data shown in 

Figure 6.5, confinns that the transitional state is characterised by much higher levels 

than is typical for the fully turbulent flow, except in the immediate vicinity of the pipe 

surface, which is consistent with similar measurements for the non-Newtonian fluids 

discussed in the previous chapter. There is no great difference in the axial fluctuation 

levels for the fully turbulent flow of Laponite at Re = 25,300. However, for Re = 

13,400, the peak in u'lU occurs at a larger distance away from the wall, which also 

displays a peak broadening effect. This is also consistent with the turbulent flow of 

Newtonian fluids whereas the normalised tangential w' IU (Figure 6.6) and radial v' IU 

(Figure 6.7) intensities for Laponite (at slightly different Reynolds numbers to the axial

flow data) fall well below the levels for water. These changes in the turbulence structure 

are entirely consistent with previous observations [see e.g. Soto et al. (1976) and Virk et 

af. (1970)] for polymers and are generally associated with drag reduction. 

Figures 6.8 - 6.10 illustrate the nonnalised velocity fluctuations in wall co-ordinates 

(u'/ut , w'/ut and v'/ut versus y+) for Laponite. Figure 6.8 indicates that u'/ut 

increases with Reynolds number, with the peak range occurring within the extent of 

the buffer region (YI 4-<30) as previously identified in Section 6.3. The peak values of 

u'/u
t 

and their corresponding locations are similar to that for a Newtonian fluid, which 

has also been shown for comparison reasons. A similar trend has been identified for 

the tangential velocity distribution as shown in Figure 6.9, though with peak values 

much reduced in comparison with the corresponding u' JUt values for similar Reynolds 

number. The peaks in w' JUt also occur at progressively larger distances from the wall 

than u' JUt as Reynolds number increases, which is consistent with the findings of 

Willmarth et af. (1987) and Tiedennan (1988). For the radial velocity component 

(Figure 6.10), the peak values ofv'/ut occur at similar distances from the wall as that 

for the tangential, though at slightly reduced levels by comparison respectively. These 

results have been summarised in Table 6.2, which allows direct comparisons to be 
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made with the data presented in the previous chapter for the other non-Newtonian 

fluids analysed in this study (see Tables 5.4 and 5.5). 

6.5 Friction Factor versus Reynolds Number and Drag Reduction 

Measurements of frictional pressure drop for flowrates covering the entire range of flow 

conditions are shown in Figure 6.11 in the form of friction factor versus Reynolds 

number. Also shown on the same figure is the variation of axial turbulence intensity 

(u' IU) measured close to the pipe wall (rlR = 0.8). For each flowrate, the Reynolds 

number is again based upon an effective viscosity determined from the near-wall 

velocity variation using wall shear stress values calculated from the frictional pressure 

gradient. Data are shown from three series of experiments, carried out over a period of 

about six weeks. Values for f and Re, which correspond to the velocity profiles of 

Figure 6.1, are represented by large filled circles (e) as are data obtained from other 

profiles, which formed part of the same series of experiments. The laminar-flow friction 

factors lie between the classical fRe = 16 line [Schlichting (1978)] corresponding to 

fully developed flow of a Newtonian fluid and fRe = 23.8 and 26.3, which are 

consistent with the Herschel-Bulkley model with n = 0.535 and with ~ = 0.3 and 0.4, 

respectively. The turbulent flow data appear to be asymptoting towards the Blasius line 

(fRe = 0.0791-'14) with levels of drag reduction decreasing slightly with Reynolds 

number (4,000 < Re < 50,000) from about 18~/o to 160/0. This behaviour is anomalous to 

other non-Newtonian fluids discussed in the previous chapter where the level of drag 

reduction increased with Reynolds number. However, for the Carbopol solutions, a 

similar behaviour to that of Laponite was evident. The similarities in fRe behaviour 

and corresponding drag reduction values are related to the analogous molecular 

formation of each fluid i.e. both are described as clay platelet suspensions in aqueous 

solution. This further substantiates the argument that a correlation clearly exists 

between drag reduction and molecular structure. 

Since the Reynolds number is based upon !-ls, the true degree of drag reduction must be 

slightly higher than Figure 6.11 would suggest: a generalised Reynolds number R~, 

formulated to ensure that in laminar flow fR~ = 16, would inevitably be lower than Re. 
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The open circles (0) correspond to the data from a subsequent series of experiments for 

which it was found that the fluid viscosity was gradually increasing. As remarked 

earlier (see also Chapter 4.5.1(f)), the viscosity increase was most apparent at the low 

shear rates and so also corresponds to a decrease in the shear thinning index, which 

could explain why the degree of drag reduction is markedly higher (330/0 to 26%) for 

this set of data. The filled squares (-) correspond to an earlier data set obtained with 

only a few points to define the near-wall velocity profile. For low Reynolds number 

(laminar/transitional) flow the latter set may represent a flow which is still developing 

structurally (i.e. insufficient time was allowed for the fluid rheology to reach equilibrium 

throughout the system) whereas for turbulent flow conditions the data are entirely 

consistent with the data corresponding to Figure 6.1. 

6.6 Transition Identification 

As explained in Chapter 5.2, the axial-velocity fluctuation turbulence intensity u 

measured at a near-wall location provides a sensitive indicator of laminar/turbulence 

transition [Park et al. (1989)]; this is shown in Figure 6.11 for Laponite (u'!U versus 

Re). In spite of a considerable degree of scatter in the data plotted, it is clear that 

transition to turbulent flow occurs in the range 1,500 < Re < 5,000. These values of 

Reynolds correspond to ReI (onset of transition) and Re2 (onset of turbulent flow, see 

Chapter 5.2), which are qualitatively assessed from the trend in u'!U data plotted in 

Figure 6.11. The generally accepted values for a Newtonian fluid are Rei = 2,000 and 

Re2 = 3,000 (see Figure 5.1). Thus by comparison, this suggests that the onset of 

turbulent flow is indeed delayed to higher Reynolds numbers for Laponite, though the 

onset of transition flow occurs at a slightly lower Reynolds number respectively. 

It was noted in Section 6.2 that in the region of 1,300 < Re < 3,000, asymmetric velocity 

profiles were evident (profiles b-d in Figure 6.1). This region of flow corresponds 

closely to the transition region identified above (1,500 < Re < 5,000), thus providing 

substantiating evidence that transitional flow conditions for Laponite do occur at lower 

Reynolds numbers than that for Newtonian fluids (Re < 2,000). Also, in the region 

where the velocity profiles are asymmetric (profiles b-d), the u' levels are generally 
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higher on the side where the velocity gradient is higher, which again suggests a link 

between the asymmetry and instability as mentioned in Section 6.2. 
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Tables And Figures 

Table 6.1 Rheological and Flow Parameters for Velocity Profiles of Figure 6.1 

Profile U (m/s) upIV 'ts (Pa) ~ 'tv (Pa) Re f 

a 0.52 1.44 5.02 0.31 1.56 550 0.038 

b 0.84 1.41 5.99 0.36 2.13 1300 0.017 

c 0.90 1.37 6.30 0.40 2.53 1650-1245 0.016 

d 1.06 1.39 6.39 0.38 2.40 2900-1270 0.012 

e 1.09 - 4.54 - - 3400 0.0076 

f 1.60 - 7.66 - - 13400 0.0060 

g 2.03 - 10.9 - - 25300 0.0053 

Table 6.2 Summary of Normalised Velocity Fluctuations for Laponite* 

Axial Tangential 
. + 

Radlal+ 

Re u'IV rlR Re w'IV rlR Re v'!U rlR 

3,400 0.180 0.65 - - - - - -

13,400 0.178 0.94 12,800 0.050 0.80 11,900 0.050 0.80 

25,300 0.172 0.98 23,500 0.060 0.85 20,600 0.042 0.82 

Re u'/u, + Re w'/u, + Re v'/u, + 
y y y 

3,400 2.9 1 1 - - - - - -

13,400 3.2 11 12,800 1.05 40 11,900 1.05 38 

25,300 3.1 10 23,500 1.25 50 20,600 1.00 30 

* The data shown are maximum values and their corresponding location within the pipe (r/R or y +) 

were determined from a subjective assessment of the trend in normalised velocity fluctuation data. 

+ 
+ Subjective assessments of the trend in data were difficult due to a large degree of scatter associated 

with low data rates and reduced quality of the LOA signal when taking radial measurements. The 

scatter in data is particularly evident when shown in wall co-ordinates (v'/u, vs l)· 
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Conclusions 

7.0 CONCLUSIONS 

This section summarises the main conclusions from this extensive and detailed study, 

investigating the transitional and turbulent pipe flow behaviour of non-Newtonian fluids 

with rheological characteristics analogous to drilling fluids. 

The first section provides a brief overview of the rheological assessments carried out for 

all working test fluids presented in Chapter 4. Section 7.2 concludes with the main 

findings from this study, based primarily on the pipe flow measurements discussed in 

Chapters 5 and 6. The possible correlation of a flow and rheological parameter is also 

discussed in Section "7.2. Finally, Section 7.3 provides suggestions for further work in 

areas deemed supportive to this study. 

7.1 Rheology of Test Fluids 

With the exception of Laponite, all non-Newtonian fluids displayed time-independent 

shear-thinning characteristics of various magnitudes, which were well represented by the 

Cross model. The thixotropic character of Laponite was apparent from values for the 

wall shear rate determined from velocity profile measurements, which, under all flow 

conditions, led to effective viscosity values considerably lower than would be consistent 

with the wall shear stress for a fluid in structural equilibrium. A second indicator of 

thixotropy is the apparent yield stress: the value consistent with the velocity profiles is 

much lower than that determined using a rheometer. 

The test fluids selected for this study were reasonably resistant to degradation effects, 

showing negligible changes in viscometric behaviour before and after each flow test. 

However, the test fluids did degrade over a period of time ( < 43% reduction in low 

shear rate viscosity over a 7 day period after approximately 30 hours of shearing). A 

consistent correlation was established between the level of degradation and the extent of 

drag reduction i.e. the greater the drag-reducing effectiveness of the fluids, the better 

resistance to degradation, for which no qualitative explanation could be found. An 

anomalous behaviour was found for the polymer-polymer blend of XG and CMC, where 
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the level of degradation was greater when compared with identical solutions containing 

only a single polymer additive. 

Despite similarities arising when comparing fluids of similar viscometric flow curves, 

for example that of 0.090/0 CMCIO.09% XG and 0.125% P AA, the elastic components 

(first normal stress difference and storage modulus) can be markedly different resulting 

in different levels of drag-reducing effectiveness. These differences suggest that the 

elastic components of a fluid are more sensitive to variations in molecular structure than 

are the viscous components. 

For XG, CMC and XG/CMC blend, there was a high dependence of the first normal 

stress difference (N 1) on shear stress, where the corresponding measurement data 

collapsed onto a single line irrespective of fluid concentration. However, for P AA, N 1 

showed a greater dependence on concentration. For XG, CMC, XG/CMC and PAA, NJ 

increased with shear rate. It was found that ranking fluids according to their elasticity 

provided some insight about drag-reducing effectiveness, as will be discussed in Section 

7.2. Hence, when N 1 is shown as a function of shear stress, the following ranking was 

achieved: CMC, XG/CMC, XG and P AA, which is consistent with their corresponding 

levels of drag-reducing effectiveness. Using power-law master curves, which linked N 1 

with 't, the normal-stress data was then translated to NJ (y) using the viscometric flow 

curves. The results showed the same ranking as the normal-stress data tor y < 20s -I and 

subsequently also with the level of drag-reducing effectiveness. 

The elastic ranking of fluids deduced from the oscillatory flow data was also consistent 

with the normal-stress ranking discussed above. Measurements from the oscillatory 

flow tests were, however, carried out under flow conditions that were not representative 

of transitional and turbulent flow and also lacked a general correlation with a pipe flow 

parameter. Nevertheless, from a ranking perspective, the data showed consistency 

between the various flow measurement techniques. 
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From the extensive rheological assessments carried out in this study, a possible 

correlation with the pipe flow behaviour was analysed as will be discussed in the 

following section. 

7.2 Pipe Flow Measurements 

The intensity of the axial velocity fluctuation measured at a fixed radial location (0.8 

times the pipe radius) was a consistent indicator of transition. This is particularly 

valuable where there is such a high degree of drag reduction that there is little or no 

indication from thef-Re curve that transition has occurred. The delay in 'turbulent' flow 

follows a pattern similar to that of the increase in drag reduction. Interestingly, 

however, the onset of 'transitional' flow did occur at Reynolds number lower than that 

for a Newtonian fluid for 0.2% XG (Re = 1,600), 0.20/0 PAA (Re = 1,500), 0.140/0 

Carbopol 934 (Re = 1,000), 0.1 % Carbopol EZI (Re = 1,000) and 1.5% Laponite (Re = 

1,500). The early transition for these fluids also manifested itself with asymmetric 

velocity profiles for Reynolds numbers approaching transitional flow conditions. 

Asymmetric velocity distributions were not evident for laminar flows with low Reynolds 

number and nor in flow regions extending into turbulent flow conditions. Such 

behaviour has not been reported previously in literature and is speculated to be related to 

the instability of such flows approaching transition. 

Measurements of the mean velocity profiles in turbulent flow indicated progressively 

flatter profiles towards the centre of the pipe as the Reynolds number was increased with 

a resultant increase in velocity gradient near the pipe wall. The degree of flattening of 

the velocity profile and the velocity gradient near the wall were larger than that for the 

Newtonian fluid. However, for the Carbopol and Laponite solutions, the turbulent mean 

axial velocity distributions (uIU versus rlR) were very similar to that for the Newtonian 

fluid. 

Under laminar flow conditions, the velocity profiles for all non-Newtonian fluids (with 

the exception of Laponite) were well represented by a power-law fit, with an increased 

plug-like nature for fluids exhibiting larger levels of shear-thinning. For Laponite, the 
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velocity profiles showed a well defined plastic plug towards the centre of the pipe, until 

transition occurred. The plug-like nature of the velocity distributions for Laponite were 

well represented to a very high degree of accuracy by profiles based upon the Herschel

Bulkley model for the fluid rheology. Agreement between the profile model and the 

laminar flow data was established provided the model parameters were matched to the 

prevailing flow conditions rather than the equilibrium state. 

Universal velocity distributions for all test fluids used in this study confinned that for y + 

< 10 the data faithfully followed the classic u+ = y + distribution. Such a behaviour 

shows consistency between established theoretical relationships used in describing 

Newtonian flows in pipes and the measurement data presented in this study for non

Newtonian fluids. Perhaps this consistency between the Newtonian and non-Newtonian 

fluid behaviour within the viscous sublayer suggests that this region does not play a 

major role in the drag-reduction process. For y+ > 10 the profiles were in reasonable 

agreement with Virk's asymptote prior to a gradual approach to an upshifted log-law 

region. Under turbulent flow conditions, the upward shift in log-law was consistent 

with the level of drag reduction, though it was clear for 0.20/0 P AA (and to a lesser 

extent for other relatively high drag-reducing test fluids), that the upward shift was not 

parallel to the Newtonian log-law profile. 

A subjed.ive assessment of the wall layer thickness (Yl +) based on the law-of-the-wall 

representations of velocity distribution, indicated that the buffer region had extended 

further into the pipe for all non-Newtonian test fluids (40 < Yl+ < 160) compared to that 

for a Newtonian fluid (Yl + < 30). The exception to this was that for Laponite, which 

showed a similar extent of wall layer thickness compared with that of a Newtonian fluid, 

though the log-law did shift upwards by a small amount consistent with progressively 

reducing levels of drag reduction as the Reynolds number was increased. F or the 

remaining fluids, the extension of the buffer region, upward shift of the log-law and 

extended peak turbulence activity (as will be discussed below) provided the most 

significant changes in flow structure compared to the behaviour of a Newtonian fluid. 
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Distributions of turbulence intensities nonnalised against the mean bulk velocity (U), 

indicated peak values lower than those for a Newtonian fluid, with peaks also occurring 

over larger distances and further away from the wall. The peak axial turbulence 

intensity (u' IU) reduced progressively as the Reynolds number increased and peaked at 

distances closer to the wall for all fluids respectively. Corresponding lower peak values 

were also consistent with the drag-reducing effectiveness for each fluid. However, in 

the tangential and radial case, the nonnalised turbulence intensity distributions (w' IU 

and v' IU) were significantly reduced in comparison with u' IU and the corresponding 

levels for a Newtonian fluid. The radial nonnalised turbulence distributions fell below 

that for the respective tangential distributions. Based on a subjective assessment of the 

peak values for the tangential and radial turbulence intensities and their corresponding 

peak location using w' IU and v' IU versus rlR plots, there did not appear to be any 

significant dependence on Reynolds number. However, when the turbulence intensity 

distributions were plotted using wall coordinates (i.e. u'/u" w'/u, and v'/u, versus y +), 

the data indicated a dependence on Reynolds number. In this case, the peak in axial 

turbulence intensity, when nonnalised using the friction velocity, increases with drag

reducing effectiveness. Consequently, for 0.2% XG, 0.09% XG/O.090/0 CMC, 0.1250/0 

P AA and 0.2% P AA, values for u'/u, were greater in comparison with the corresponding 

Newtonian values, which is in contrast to the data nonnalised using the mean bulk 

velocity. The difference in peak values is partly a consequence of the drag-reducing 

effect resulting in a lower friction velocity, hence it is difficult to assert that the 

turbulence has been suppressed by the additive using these wall variables. These 

differences must be borne in mind when comparing data from previous experimental 

studies, which have often been conflicting by comparison. The tangential and radial 

turbulence intensities nonnalised with the friction velocity showed much lower values 

than the corresponding axial measurements and tended to increase with Reynolds 

number and at distances further away from the pipe wall. From the turbulence data 

nonnalised using u,' all the corresponding peak values occurred within the extended 

buffer region, with peak broadening effects consistent with the extent of wall-layer 

thickness. 
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From the observations made uSIng law-of-the-wall coordinates, it seems that the 

mechanism for drag reduction is associated with the region of flow within and beyond 

the extended buffer region. 

Reconsidering the ranking deduced from the rheological assessments of the normal

stress data, it was shown that the drag reduction behaviour was consistent for the most 

part with the first normal stress difference at low (ca 20s- I
) shear rates. The same degree 

of consistency was lacking at higher shear rates. Since the shear rates in the viscous 

sublayer are between one and two orders of magnitude higher than the values for which 

there is a correspondence between the drag reduction and rheological behaviour, it 

maybe concluded that the drag reduction is indeed associated with the process occurring 

well beyond the viscous sublayer, in the buffer region and inner log-law region. 

Although all test fluids produced increasing levels of drag reduction in turbulent flow 

with increased viscoelasticity, no qualitative correlation could be established between 

the level of drag reduction and a fluid/flow parameter. The trend for individual fluids 

was for a decrease in the elastic contribution (I1./E) to the overall drag reduction with 

increasing Nl/pU2
. However, the representation of I1./E/I1./versus Reynolds number 

showed that the elastic effects increased with Reynolds number. In the absence of a 

general correlation, it was regarded as support for the hypothesis that drag reduction 

IEay be associated with the extensional viscosity (llE), a fluid parameter th&t was 

outside the scope of the instrumentation available to this study. 

7.3 Suggestions For Further Work 

A better understanding of the macromolecular mechanism of polymer fluids could 

explain the large degree of drag-reduction at high Reynolds numbers, where it is 

known that the macromolecules are stretched from their equilibrium coiled 

configurations [den Toonder et al. (1997)]. It has been assumed that this stretching 

could be associated with drag-reducing behaviour. This inevitably leads to the 

requirement that extensional viscometric measurements would provide useful 
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supporting information that may assist in correlating the macromolecular behaviour of 

drag-reducing polymers with drag reduction. 

Hence, the selection of test fluids could be classified upon the chemical composition 

of their molecular structure. For example, the following classifications could be used 

to classify polymer additives: molecular weight and molecular weight distribution, 

sensitivity to ionic content, complexity of molecular structure (e.g. number of side 

branches), etc.. Different types of solvent additives could be used to explain the 

differences in flow behaviour, which was evident when comparing the f-Re data for 

the polymer solutions with that for Carbopol and Laponite. A similar anomalous 

behaviour was observed when comparing the first normal stress difference data with 

the shear stress for P AA with other test fluids. Such classifications should involve 

experts who are able to provide some insight into the likely response of various 

solvent additives to simple induced shear flows from a macromolecular point of view. 

The effect of increasing the concentration of the polymer additive would not, from the 

opinion of this study, provide any further insight into the mechanism of drag 

reduction. It is however recommended that scaling effects, such as varying the pipe 

diameter, could provide some indication of the change in flow structure associated 

with drag-reduction when compared with Newtonian fluids. 

From the observations made within the transition region of flow, asymmetric velocity 

profiles were discovered for some of the fluids - a phenomena not reported previously. 

This could have important implications for flow-metering devices, which rely upon 

peak centreline velocities for determining the rate of flow. Clearly, further 

investigation is required in this region of flow, with the aim of also assisting the 

determination of the onset of transitional and drag-reducing flow. 

An investigation of the turbulent flow characteristics USIng spectral analyses for 

example, particularly the turbulent 'burst' process [McComb (1990)] within the 

extended buffer region of flow associated with drag-reducing fluids, could provide 

further evidence of the mechanism for drag reduction. This investigation fell outside 
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the scope and time scale of the original programme set for this study and hence was 

not carried out. 
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Ahstnct 

Detailed mellBun:ments of mean velocity and velocity fluctuation levels (axial. tangential Ilnd radial) have been 
carried oul Ulling a laser Doppler anemometer for fuUy developed pipe flow of ltD aqueous solution of Laponite. a 
synthetic clay. The equilibrium rheological structure of this thixotropic liquid i. well characterised by the Herschcl
Bulkley model. Velocity profiles calculated for a Henchel-Bulkley fluid prove to be a very accurate representation 
of the measurement. for laminar flow at Reynolds numbers below about 1500. The measured profilCII develop an 
unexplained asymmetry for higher Reynolds number. until the flow undergoes transition to turbulence. The fluid is 
drag reducing under turbulent flow conditions with relative levels of tangential Ilnd radial turbulence intensity 
suppressed in compamon with water whilst the axial turbulence intensity is little different. Under aU flow conditions 
it is evident that the fluid rheology is far from structural equilibrium. with values for tbe apparent yield stresa and 
effective viscosity determined from near-wall velocity measurements considerably below those obtained from a 
rheometer. 

Keyword.: Fully developed pipe How; Herschcl- Bulkley liquid; Thixotropy 

1. Introduction 

Thixotropy is the teTIn used to classify fluids for which there is an isothermal. time-dependent 
breakdown of some particulate structure under relatively high shear followed by structural 
build-up for lower shear. As Nguyen and Boger (II point out, the applieo shear acts to disrupt 
structural bonds interlinking fluid elements which may be the primary particles and/or aggre
gates of such particles. At the same time, shear-induced collisions of th! separated structural 
elements tend to refoTIn part of the broken bonds su that a state of d:,namic equilibrium is 
attained when these two processes balance. In the absence of sufficiently high shear, thixotropic 
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fluids may gel and so exhibit a yield stn:ss. Paints, days, <.:ement slurries, drilling muds, blood. 
ketchup, mayonnaise, toothpaste, shaving cream, <.:rude oil and printing inks are among [he 
many materials classed as thixotropic (see Collyer [2], Mewis [3], Huang [4]). Given the 
widespread nature of this list. and the commercial and It:<.:hnical significancc of these materials, 
it is not surprising that numerous papers have been published on the rheological characteristics 
of thixotropic fluids: Mewis [3] put the figure at about a thousand nearly two decades ago. In 
contrast, the number of papers which are concerned with the flow of thixotropic fluids is small. 
a consequence of the extreme theoretical and experimental problems involved. The mathematical 
difticulty of dealing with such flows is exemplified by Pearson [5] who considers the general 
physics of the flow of thixotropic fluids and by the recent paper of Billingham and Ferguson [6] 
which analysed the relatively simple situation of laminar. unidirectional flow of a thixotropic 
fluid in a circular pipe. The experimental difficulties associated with the flow of thixotropic fluids 
are also readily apparent. ror most laboratory installations and many practical situations. it can 
be anticipated that, except in the immediate vicinity of the surface, the timescales associated with 
structural breakdown and buildup for the fluid will be greatly in excess of residence times. An 
inevitable consequence is that the lluid viscosity is likely to be quite different from what would 
be consistent with the local shear stress it' equilibrium had been reached. Global measurements 
of pressure drop vs. flow rate for How through pipes and fittings, such as reported by Cheng et 
al. [7]. are clearly inadequate for such complex situations but the very nature of thixotropic 
AUlds precludes detailed measurements using conventional intrusive instrumentation such as 
pitot tubes or hot-wire anemometers. Since nearly all thixotropic fluids of practical interest are 
opaque. non-intrusive optical measuring techniques such as laser Doppler anemometry arc also 
ruled out in most instances. The recent work of Li and McCarthy [R] on the flow of 
polyal.:rylamide is primarily of interest because they utilised nuclear magnetic resonance imaging. 
a technique which is not limited to optically transparent liquids. An exception to the statement 
about opacity is Laponite (a product of Laporte Industries Ltd.), a synthetic clay. and in this 
paper we di>cuss the results of measurements made using a laser Doppler anemometer (LDA) 
for pipe flow of Laponite RD under laminar. transitional and turbulent flow conditions. 

The underlying motivation for the present work is the need to develop a better understanding 
of the mechanics of the !low of drilling nuids (muds) which arc pumped down the drillpipe. 
through the drill hit, and up the annulus between the drillpipc and the horehole wall during the 
drilling of oil and gas wells. As already mentioned. drilling muds are among the fluids which 
may exhibit thixotropy (Alderman et al. [9]); most muds arc also shear thinning and may well 
be viscoelastic. Previous work by the prt:sent authors and their colleagues has been concerned 
with the flow of a range of slightly elastic, shear-thinning liquids in an annular gmmclry with 
and without ccntrebooy rotation (Escudicr et al. [10.11 J, Escudier and Gould,on 112]) in partial 
simulations of mud flow in u wellbore Juring drilling opcrations. In thl.: L"()ur~L" of that work It 
bee.lme inneasingly evident that more fundamental pipe-flow investigations of the fluids being 
u'ed were reqUired if progress was to be made in analy,ing and understanding the more I.:omplex 
siluation of tiow in an annulus. 

The most relevant previous experimental work Oil the flow of non-Newtonian liquids in pipes 
is that of Park et al. (U]. Pinho and Whitelaw [14J, and Pereira and Pinhu [1'1. Park et al. 
presented l.DA measurements for both laminar and turbulent tiow of an oil-based Irall'parcnt 
slurry With Ylcld-power-law (Herschel-RlIlkleYl vis(oplaSlic bch;IViulIl lInder fully devdupeJ 
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laminar-flow conditions, their measurements revealed a velocity distribution with a core (about 
60% of the pipe diameter) of unifonn velocity in good agreement with the theory of Soto and 
Shah [16] for a Herschel-Bulkley fluid. It is convenient to reproduce here the equation 
representing this velocity distribution since, as will be seen, the Laponite solutions used in the 
present work are also well represented by this viscometric model although, quite clearly, it does 
not take into account the thixotropic nature of the fluid: 

U=(n: 1)(~r" R[(I-0":I-(~-e )":'] for r~rp, 
where nand K are constants in the Herschel- Bulkley model 

T = Ty + Ky", 

and the non-dimensional radius e of the "plastic" core is given by 

e = r~/R = Ty/Ts. 

Also useful are the expressions for the bulk velocity 

( 
n )(TS)l/n ":' [2n 2n

2
e(l - 0 J 

V= n+l K R(I-O 1-3n+l(I-O-(3n+l)(2n+l) ' 

for the plug velocity 

Up [ 2n -= 1---(1 
V 3n + 1 

2n
2W -0 J-1 

-e)-(3n+I)(2n+l) , 

and the friction factor-Reynolds number relationship 

4 (n) [2n 21/2';(1 -.;) J 
Rej= n + I (I - 0 1- 3n + I (I - 0 (3n + 1)(2n + 1) , 

wherein the Reynolds number Re is defined as 2p VR/Jis, Jl.s being the viscosity corresponding 
to the surface shear stress. 

For turbulent flow, Park et al. [l3] found that the mean velocity distribution was almost 
indistinguishable from that for a Newtonian fluid although differences in the turbulence 
structure were apparent, particularly a reduction in the tangential l,tensity away from the 
immediate vicinity of the pipe wall and an increase in axial intensity near the wall. Unfortu
nately the data are presented in such a way that it is not possible to detect whether the slurry 
was drag reducing as is typical of other, primarily polymeric, shear-thinning liquids. 

The measurements of Pinho and Whitelaw (14) were for aqueous solutions of the polymer 
sodium carboxymethylcellulose (CMC) with w/w concentrations in the range 0.1-0.4% wfii~ 
they characterise by a power-law model. Their data showed a progressive approach with 
increasing polymer concentration to the asymptotic behaviour identified by Virk. et aI. [17). i.e... 
reduced drag in turbulent flow, delayed transition, reduced levels of radial and tangential 
turbulence intensity, and a mean velocity distribution with an extended sublayer and an 
increased additive constant B (in the range 8-12) in the law of the wall 

u· = A In y+ + S, 
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compared with the value of 5.5 for a Newtonian fluid whilst the Karman constant A was 
unchanged at 2.5. 

The recent study of Pereira and Pinho [15] was very similar in approach to that of Pinho and 
Whitelaw [14], but concerned with aqueous solutions (0.4-0.6% w/w concentration) of the low 
molecular weight polymer Tylose, a methylhydroxylcellulose. Pereira and Pinho concluded that 
their Tylose solutions, for which the viscometric data are weIl represented by the Carreau model, 
could be considered essentially inelastic, as is also the case for CMC at low concentrations. The 
hydrodynamic data showed turbulent-flow drag reductions of about half that for CMC together 
with a concomitant upshift in the log-law (Le. an increase in B). A surprising feature of the 
turbulence measurements was an almost unifonn distribution of both the radial and tangential 
turbulence intensities in the central core (80% of the diameter) of the flow at levels above those 
for a Newtonian fluid. 

Some preliminary data for the pipe flow of CMC, xanthan gum, Laponite and a Laponite/ 
CMC blend were presented by Escudier et al. [18]: the present paper considerably extends the 
scope of the earlier measurements for !-aponite. 

2. Experimental rig and iDstrumentation 

The flow loop used for the experiments is shown schematically in Fig. 1. Flow is provided by 
a progressive cavity pump (I) (numbers in parentheses refer to the components shown in Fig. I) 
(Mono type EIOl, maximum flowrate 0.025 m3 S-I) fed directly from a 500 I capacity stainless 
steel tank (2). Three dampers (3) located immediately after the Mono pump outlet act to remove 
pulsations in the flow prior to entry into the test section (4). The latter consists of thirteen 
precision-bore borosilicate glass tubes (Ld. 100.4 ± 0.1 mm), each of which is assembled into a 
module with matched male/female stainless-steel flanges at alternate ends. Each glass tube is 

Fig. l. Schematic diagram of pipe-flow facility (plan view). 
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separated from the stainless steel by a thin PTFE ring, and each end of a module (assembled in 
a jig) is fixed using Devcon urethane rubber. The modules are 1.027 m (± 3 mm) in length, 
which gives an overalI length of 13.35 m and a length:diameter ratio of 133. Pressure tappings 
of I mm diameter are provided on each mating flange pair with 2 rom internal diameter clear 
vinyl tubing (5), filled with deionised water, connecting each pressure tapping via a series of 
valves (6) to a Ya1idyne differential pressure transducer (7) (DPI5-26, 3448 Pa fsd). The valves 
are connected to the tappings in such a way as to permit measurement of the pressure drop over 
increasing numbers of pipe sections to assess the location at which the rate of flow development 
becomes negligible. Signal conditioning for the pressure transducers is provided by a Yalidyne 
CD223 digital transducer indicator with a BCD output connected to a data-logging computer 
(RCL 386 SX-33). The transducers were calibrated at periodic intervals using air against a 
Baratron 398HD-01000SP05 (1000 Torr fsd) high-precision differential pressure transducer with 
an accuracy over the calibration range of 0.01% of reading. The accuracy of the Yalidyne 
transducer is estimated to be better than ± 0.25% of fsd. A platinum resistance thermometer (8) 
mounted in the endhousing downstream of the test section is used to monitor the fluid 
temperature to an accuracy of ± 0.1 °C. 

Measurements were made of the radial distributions of the mean axial velocity and the axial, 
radial and tangential turbulence intensities using a Dantec Fibreflow LDA system comprising a 
60 x 10 probe and 55 x 12 beam expander (9) together with a Dantec BSA 57N20 Enhanced 
Burst Spectrum Analyzer signal processor and an RCL 386 SX-33 PC mic:'ocomputer. The LDA 
optical parameters are as follows: beam separation at front lens 46.6 mm, lens focal length 160 
mID, length of principal axis of measurement volume 0.21 mm and diam~ter 0.02 mm. In view 
of the small size of the measurement volume, it was not regarded necessary to make a gradient 
correction to the measured velocities or turbulence intensities. The probe head, housing both the 
transmitting and receiving optics, was mounted on a three-axis traverse (10) controlled by a 
microcomputer (IBM XT PS2 model 30) and having a spatial resolution of 15 !-lm. A flat-faced 
optical box (11), filled with water, was positioned over the pipe at the measurement location, 107 
diameters from the pipe inlet, to minimise refraction of the beams at the curved surfaces. 

A Fischer and Porter electromagnetic flowmeter (12) (model 10 DI) is incorporated in the 
return arm of the flow loop with the flowmeter output signal recorded via an Amplicon PS 
30AT AfD converter on an RCL 386 SX-33 Pc. Flow rates indicated by the flowmeter were 
found to be within 1% of values computed from the velocity profiles. In-house software was 
written to record flowrate, pressure drop and fluid temperature and to control and record the 
LDA probe location. 

To permit filtering of the base solvent (tap water) prior to the addition of Laponite powder, 
a 125 !lm filter (13) is incorporated into a by-pass loop through which the liquid can be diverted. 
Mixing of the powder is accomplished by circulating the fluid through a return loop (14) 
incorporated just before the pulsation dampers. A pressure relief (safety) valve and a second 
return loop (15) are located immediately after the pump outlet. 

The viscometric characteristics of the test fluid in use were determined t:sing both a CarriMed 
controlled-stress rheometer (CSL 1(0) with either a cone-and-plate or a parallel-plate geometry, 
and also a Bohlin VOR controlled shear-rate rheometer with similar geometries. The first 
rheometer was controlled from a CAF 386 SX-33 PC employing CarriMed's flow equilibrium 
software whilst the Bohlin VOR was controlled by a Compaq 486 DX2·66 PC running Bohlin's 
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BRS software. Fluid refractive indices were determined using an ABBE 60/ED high-accuracy 
refractometer. A Spirax Sarco conductivity meter (model MSI) was used to measure the 
conductivity of the working fluid. 

3. Test fluid: description, preparation and rheology 

Laponite is the trade name for a synthetic hectorite clay with a structure similar to that of 
sodium montmorillonite, a principal constituent in Wyoming Bentonite. When Laponite is 
dispersed in water, the exchangeable sodium ions hydrate, causing the clay to swell initially and 
to separate completely. This gives a clear colloidal dispersion (a sol) of anionic Laponite 
platelets and hydrated sodium ions in solution. The platelets carry a surface negative charge 
(due to lattice substitution) and a small positive charge on the edge due to the disruption of the 
lattice. In dilute solutions the surface negative charges are much larger than the small edge 
charges and repUlsion occurs between the platelets so that no thickening occurs. As the ionic 
content of the water increases (either due to the addition of salt or to increasing Laponite level) 
the surface negative charge is reduced due to increasing association between this charge and the 
cations in solution. Repulsion between platelets, the primary Laponite clay particle, is reduced 
and the dominant force becomes the surface to edge attraction causing the dispersion to gel. The 
particle/particle bonds break down under the application of a shear stress giving rise to a highly 
thixotropic behaviour. In consequence, the rheology of Laponite suspensions is influenced 
greatly by solvent ionic strength and shear history. 

The basic working fluid was prepared by slowly adding Laponite (grade RD) powder to cold 
(about 15°C) filtered Liverpool tapwater being circulated through the mixing loop (14) of the 
flow facility. In order to increase the yield stress of the fluid 60 ppm laboratory grade salt was 
added to produce a conductivity of about 0.74 mS.cm- 1 together with formaldehyde (100 ppm) 
to retard bacterial degradation of the fluid. Timiron particles (about 20 !lm) were also added to 
improve LDA data rates and signal quality. Measurements of the viscometric properties were 
repeated at daily intervals over a period of about one week until their rate of change was 
negligible over the time required to carry out a single flow experiment. Fig. 2 shows the 
variation of shear stress versus shear rate from data obtained using both the Carri-Med 
controlled stress (0 50 mm <p parallel plate) and the Bohlin controlled strain rate (~ 25 mm t/> 
high shear bob and cup, • 5° cone/30 mm <p plate, • 24 rom rP/27 mm rP double gap) 
rheometers. The fitted curve corresponds to a Herschel-Bulkley fluid with ry = 4.4 Pa, K = 0.24 
Pa s' and n = 0.535. These data correspond to equilibrium conditions whereby the fluid was 
sheared at a given shear stress until the shear rate remained essentially unchanged (about 30 min 
for each point) and are consistent for shear rates above 30 S-I but become increasingly scattered 
for shear stresses close to the yield stress. (We recognise that the yield stress Ty is no more than 
a fitting parameter, strongly influenced by the resolution of our instrumentation at very low 
shear rates, and also that some readers will prefer the to:rm apparent yield stress.) In addition to 
the anticipated difficulties of working with a shear-thinning thixotropic liquid, a further 
complication was associated with the tendency (confirmed by the manufacturer) for the viscosity 
of Lapooite to gradually increase with time. This was particularly noticeable at low shear rates 
where a 30% increase in viscosity occurred over a period of 7 days. Also included in Fig. 2 are 
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Fig, 2. Yiscometric data for 1.5% Laponite: "', "', ., 0 rheometer claw; ., •. 0 veIO<.;ty-profile data: - - .. -
lines of constant viscooity (lICe main text), 

data deduced from measured velocity profiles (., ., 0) which will be discussed in Section 4. 
The thixotropic nature of Laponite is evident from Fig. 3 which shows the reduction in shear 
rate when the shear stress was reduced to 12 Pa after pre-shearing at 19 p" for 15 min at 20"C. 
The two levels of shear stress correspond, respectively, to a typical wall shear stress for the pipe 
flow and the corresponding equilibrium stress for an asymptotic shear rate of 560 S-I. 

4. Results 

The measured mean velocity profiles (Fig. 4) show a clear progression with increasing 
Reynolds number from laminar flow (a-d) through transition (e) into turbulent flow (f, g). At 
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Fig, 4. Mean velocity profil"" for increaaing Reynolds numbers, 

the two lowest Reynolds numbers the profiles are symmetrical with a well defined "plastic" plug, 
and are well represented by the theoretical profile for fully developed laminar flow of a 
Herschel-Bulkley fluid, much the same as reported by Park et aI. [13] for their slurry flow, The 
theoretical profiles were fitted by determining values of'; (-='y/'s) from up/V with n = 0.535, 
Although this value for the index n corresponds to the equilibrium viscometric data of Fig. 2, 
it turns out that .; is relatively insensitive to n. It could be argued that the close agreement 
between the data points and the theoretical velocity profile is somewhat misleading, since in 
normalised form (i,e, ulV vs. rlR) the profile is not directly dependent upon K. Whilst it may 
seem quite remarkable that the measured profiles reveal nothing of the thixotropic nature of 
Laponite, in fact it is easily shown tht the fluid residence time only;approaches that required to 
reach equilibrium within about 10 11m of the pipe wall. As will be'seen later, the clear indicator 
of thixotropic behaviour is that rheometric data (i.e. ,y and lis) consistent with the velocity 
profiles are considerably different from the equilibrium values, 
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An entirely unexpected, but repeatable, feature of the velocity profiks for Reynolds numbers 
in the approximate range 1300-3000 Fig. 4 (c-e) is a progressively increasing degree of 
asymmetry which would be consistent with a significant azimuthal variation of wall shear stress 
for a fluid of constant viscosity. No such asymmetry has been observed for the flow of either 
Newtonian liquids or aqueous solutions of carboxymethylcellulose in the same pipe-flow facility. 
The asymmetry disappears once transitional or turbulent-flow conditions are established (profi
les e-g) which suggests that an explanation for the asymmetry may te associated with the 
stability characteristics of the flow of a yield-stress fluid, of which the plastic plug is a 
consequence. It may be that the plug itself is initially deflected away fwm the centreline due, 
perhaps, to minor geometrical imperfections in the flow loop. A link with the flow geometry 
would be consistent with the asymmetry always being in the same orientation although it would 
seem unlikely that any significant upstream asymmetry would produce the symmetric profiles 
seen at lower Reynolds numbers. It is also the case that no change was observed when the 
downstream bend orientation was reversed. 

Profile e of Fig. 4 corresponds to a Reynolds number of 3400 and, when compared with both 
the laminar-flow data and also the profiles for fully turbulent conditions (f, g), it is eVident that 
for this profile the flow state is transitional. There is no evidence of a geUed plug and the mean 
flow is practically symmetrical, albeit with a high degree of scatter associated with the Irltense 
velocity fluctuations which are typical of transition. The two profiles (f, g), for the highest 
Reynolds numbers, 13400 and 25300, are in close agreement with the curve which represdnts 
water flow at a Reynolds number of 61000. The lower velocities for Laponite in the near-wall 
region are consistent with a degree of drag reduction. 

The Reynolds numbers here have been defined as Re;;;; 2p VR/J.Is with the viscosity Ps 
evaluated from the shear stress Ts and the shear rate Ys (Le. Ps = 's/Ys), the subscript S denoting 
conditions at the pipe surface. For the downstream half of the pipe run, within which all 
detailed measurements were made, the axial pressure gradient dp /dx was found to be constant 
within the limits of the transducer accuracy so that (- R dp /dx )/2 should be' an accurate 
estimate of Ts. A constant axial pressure gradient is often taken to indicate that the hydrody
namic development of a flow is complete. However, a comparison of 's(Ys) with the data of Fig. 
2 obtained from the two rheometers will show that (see below) in the case of Laponite the fluid 
rheology, and hence the flow itself, was in fact far from structural equi1ibrium. The high spatial 
resolution of the LOA system used for the present work permitted measurements very close to 
the pipe wall (well into the viscous sublayer for turbulent /low), which were then used to 
determine both the "true" origin (y = 0) for the velocity profile and also a value for the strain 
rate at the surface Ys. The foregoing procedure is clearly deficient for the asymmetric velocity 
profiles just prior to transition but has to suffice for obvious reasons. 

The values obtained for Ps permit the turbulent flow yelocity profiles to be represented (Fig. 
S) in wall variables u+ '" u/u, and y+ '" pU,y/Ps (with the friction vc\ocity u, '" Jr:s/p). As was 
evident from Fig. 4, the profile for Re = 3400 is clearly transitional whilst the two rpain features 
evident from the mean velocity profiles for turbulent-flow conditions (& = 13400 and 25300) 
transformed to these variables are the well-defined behaviour in the viSCOllS sublayer and slight 
but definite upward shifts in the log-law region with the additive constant B increased from 5.5 
to 7.1 for Re = 13400 and to 6.5 for Re c 25300 consistent with a low level of drag reduction 
thereby suggesting that Laponite could be regarded as slightly elastic [14]. It is, of course, the 
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Fig. 5. Mean velocity profiles for transitional (e) and turbulent (f, g) flow conditions in law-of-thc-wall coordinates. 
& values: • 3400; <> 13400; '" 25300. 

case that since the effective wall viscosity was taken as 'sy/u, it is inevitable that within the 
sublayer u+ = y+ provided u is proportional to y. 

The distribution of normalised nns values for the axial velocity fluctuation (Fig. 6) confirms 
that the transitional state is characterised by much higher levels than is typical for the fully 
turbulent flow, except in the immediate vicinity of the pipe surface. There is no great difference 
in the axial fluctuation levels for fully turbulent flow of Laponite and of water whereas the 
normalised tangential (Fig. 7) and radial (Fig. 8) intensities for Laponite (at slightly different 
Reynolds numbers to the axial-flow data) fall wen below the levels for water. These changes in 
the turbulence structure are entirely consistent with previous observations ([14,15]) for polymers 
and are generally associated with drag reduction. 
. It is instructive at this point to return to the data represented by the symbols in Fig. 2 which 

co'rrespond to values for Ys deduced from near-wall velocity measurements (., ., 0). Fig. 9 
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Fig. 6. Axial Velocity fluctuations. Re values: • 3400; <> 13400; '" 2~300; 0 6100 (Newtonian). 
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shows all the Fig. 2 data replotted in the form of effective viscosity (i.e. TlY) vs. shear rate. At 
all flow rates it is apparent that the effective viscosity at the pipe wall corresponded to 
equilibrium values for T and y about twice the wall values, as is clear from the lines of constant 
viscosity, e.g. that linking points A and B. Even close to the pipe wall, the fluid residence time 
is insufficient for the structure to build up to a viscosity consistent with the prevailing Ts. For 
the particular case represented by point B, the equilibrium value for Ys would be about 80% 
below the actual value if Ts remained unchanged. In reality, if the structure were allowed to 
develop (e.g. in a much longer pipe) Ts would also increase and an equilibrium state between A 
and C would ultimately be reached. 

Values for the rheological and flow parameters corresponding to the velocity profiles of Fig. 
4 are listed in Table I (with, evaluated assuming n = 0.535). For the asymmetric profiles (Fig. 
4c, d), two Reynolds numbers are given corresponding to the shear rates on either "side" of the 
pipe. This table reveals another unexpected result - the yield stress consistent with the laminar 
velocity profiles is not constant, as would be expected if it were a property of the fluid in its 

. gelled state, and is substantially lower than the value of 4.4 Pa obtained from the equilibrium 
viscometric data. 

Measurements of frictional pressure drop for flowrates covering the entire range of flow 
conditions are shown in Fig. 10 in the form of friction factor vs. Reynolds number. Also shown 
on the same figure is the variation of axial turbulence intensity (u'/V) measured close to the pipe 
wall (r/R = 0.8). For each flowrate, the Reynolds number is again based upon an apparent 
viscosity determined from the near-wall velocity variation using wall shear stress values 
calculated from the frictional pressure gradient. Data are shown from three series of experi· 
ments, carried out over a period of about six weeks. Values for I and Re which correspond to 
the velocity profiles of Fig. 4 are represented by large filled circles (.) as are data obtained from 
other profiles which formed part of the same series of experiments. The laminar-flow friction 
factors lie between the classical IRe = 16 line corresponding to fully developed flow of a 
Newtonian fluid andfRe = 23.8 and 26.3 which are consistent with the Herschel-Bulkley model 
with n = 0.535 and with, = 0.3 and 0.4, respectively. The turbulent flow data appear to be 
asymptoting towards the Blasius line (fRe l/4 = 0.(791) with levels of drag reduction decreasing 

Table I 
Rheological and fiow parameters for velocity profiles or Fig. 4 

Profile V upjV T. fy R~ f 
(m/s) (Pa) (Pa) 

• 0.52 1.44 5.02 0.31 1.56 550 0.038 
b 0.84 1.41 5.99 0.36 2.13 1275 0017 
c 0.90 1.37 6.30 0.40 2.53 1650-1245 0.016 
d 1.06 1.39 6.39 0.38 2.40 2900-1270 0.012 

1.09 4.54 3400 0.0076 
1.60 7.66 13400 0.0060 

g 2.03 10.9 25300 0.0053 
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Fig. 10. Friction factor (e .•• 0) and near-wall turbulence inten.ity C .... 'f') vs. Reynold. number (ooe main tcd). 

slightly with Reynolds number from about 18% to 16%. Since the Reynolds number is based 
upon /15, the true degree of drag reduction must be slightly higher than Fig. 10 would suggest: 
a generalised Reynolds number ReN, formulated to ensure that in laminar flow fReN = 16, 
would irievitably be lower than Re. The open circles (0) correspond to the data from a 
subsequent series of experiments for which it was found that the fluid viscosity was gradually 
increasing. As remarked earlier, the viscosity increase was most apparent at the low shear rates 
and so also corresponds to a decrease in the shear thinning index which could explain why the 
degree of drag reduction is markedly higher (33% to 26%) for this set of data. The filled squares 
(_) correspond to an earlier data set obtained with only a few points to define the near-waH, 
velocity profile. For low Reynolds number (laminar/transitional) flow the latter set may 
represent a flow which is still developing structurally (Le. insufficient time was allowed for the 
fluid rheology to reach equilibrium throughout the system) whereas for turbulent flow condi
tions the data are entirely consistent with the data corresponding to Fig. 4. 

The u' data in Fig. 10 show an increase in the range 2000 < Re < 4000 corresponding to 
transition from laminar to turbulent-flow conditions Le., the Reynolds number for transition is 
not significantly different from that for a Newtonian fluid. In the region where the velocity 
profiles are asymmetric, the u' levels are generally higher on the side where the velocity gradient 
is higher, again suggesting a link between the asymmetry and instability. The behaviour of 
Laponite is clearly quite different from that for polymers for which the trend is for the 
percentage drag reduction to increase with Reynolds number and al~.(' for transition to be 
delayed to considerably higher Reynolds numbers than the value cf :2300 associated with a 
Newtonian fluid. 

6. Conclusions 

Under fully developed laminar pipe flow conditions at low « 1300) "eynolds numbers, the 
shape of the velocity distribution for Laponite, a shear-thinning. slightly liscoelastic, thixotropic 
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fluid, can be represented to a very high degree of accuracy by profiles based upon the 
Herschel-Bulkley model for the fluid rheology provided the model parameters are matched to 
the prevailing flow conditions rather than the equilibrium state. 

At higher Reynolds numbers (1300 > Re > 3(00) the velocity profile fOT laminar flow becomes 
increasingly asymmetric, but with a well defined plastic plug, until transition occurs. It is 
speculated that the asymmetry is either associated with instability or that the plug is sucked 
towards the pipe wall at a circumferential location fixed by a minor geometrical imperfection in 
the flow loop. 

The flow returns to symmetry at transition which occurs at a Reynolds number not 
significantly different to that for a Newtonian fluid. Under turbulent-flow conditions the log law 
is shifted upwards by a small amount consistent with progressively reducing levels of drag 
reduction as the Reynolds number is increased. The turbulence intensity distributions are also 
consistent with the characteristics exhibited by drag-reducing polymers, Le. u'/V unchanged 
whereas v'/V and w'/V are reduced in comparison with the levels for a Newtonian fluid. 

The thixotropic character of Laponite is apparent from values for the wall shear rate 
determined from velocity profile measurements, which, under all flow conditions, lead to 
effective viscosity values considerably lower than would be consistent with the wall shear stress 
for a fluid in structural eqUilibrium. A second indicator of thixotropy is the apparent yield stress: 
the value consistent with the velocity profiles is much lower than that determined using a 
rheometer. 
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List of symbols 

A, B constants in the law-of-the-wall 
I friction factor 2Ts/ p ~ 
K constant in Herschel-Bulkley model (Pa sn) 
n power-law exponent in Herschel-Bulkley mudd 
t.p pressure drop (pa) 
Q volumetric flow rate (ml/s) 
r radial location within pipe (m) 
rp radius of constant-velocity plastic plug (m) 
R pipe radius (m) 
Re Reynolds number 2p V R / Ps 
ReN generalised Reynolds number 
u axial velocity (m/s) 
u' rms value of turbulent velocity fluctuations in axial direction (m/s) 
u' non-dimensional velocity u/u, 
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frictwn velocity Jrs[p (m/s) 
bulk mean velocity Q/rcRl (m/s) 
rms value of turbulent velocity fluctuations in radial direction (m/s) 
mis value of turbulent velocity fluctuations in tangential direction (m/s) 
distance' from pipe wall (m) 
non-dimensional distance from pipe wall pU,/Y/Jis 

Greek letters 

;, 
Jls 

~ 
P 

's 
Ty 

shear rate (s-') 
dynamic viscosity of fluid at pipe wall (kg m- I s-') 
rplR 
fluid density (kg/m ') 
shear stress (Pa) 
surface shear stress (pa) 
yield stress (Pa) 
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Abstract 

The paper concerns an experimenlal study of the fully developed turbulent pipe flow of several different aqueous polymer 
solutions: 0.25%, 0.3% and 0.4% carbo.ymethylcelJulose (CMC), 0.2% xanthan gum OW). a 0.09%/0.09% CMCIXG blend, 
0.125% and 0.2% polyacrylamide (PAA). The flow dota include friction factor VB. Reynolds nwnber, mean velocity and near
wall shear rate: distributions, and axial velocity fluctuation inteI18ity u' at a fIxed radial location as a laminar/turbulent 

; transition indicator. For each fluid we also include measurements of shear viscosity, fIrst normal-'Iress difference and 
extc:nslonal vilcOAity. At high shear rates we fInd that the degree of viscoelusticity increases with concentration (0.3% CMC is 
III cxceptIOII) for • given polymer, and in the sequence XG. CMClXG. CMC, PAA. whilst at low shear rates [he ranking 
00anges to CMC,CMCIXG, XO, PAA. The extensional viscosity ranking is XG/CMC. XO, CMC. PAA at high strain rates 
and the same as thai for the viscoelasticity at low shear rates. We fInd that the observed drag-reduction behaviour is consistent 
for most part with the viscoelastic and extcnsional-viscOAity behaviour at the low shear and .train rates typical of those 

. occurring in the outer zone of the buffer region. 

Although luminar/turbulent transition is practically indiscernible from the friction factJr IS. Re}'JIQlds number plot" 
particularly (or PAA and XG, Ule u' level provides a vcry clear indicator and it is found that the transition delay follows much 
the WIle trend with elasticity/extensional viscosity as the drag reduction. iQ 1999 Elsevier Science B.Y. All rights reserved. 

1. Introduction 

Drag-reducing polymers solutions are usually shear thinning, viscoela~tic an j either strain thinning 
or strain thickening, and to vll.tying degrees each of these characteristics is thougnt 10 influence the level 
of drag reduction. In one of the earliest attempts to analyse this problem, Dodge and Metzner [Il 
developed 0 correlation between friction factor and Reynolds numher for turbulent pipe flow of purely 
viscous shear-thinning liquids based upon a power-law representation of the rheology. A few years later 
Metzner and Pw-k (2) achieved what they tenned indicative success in attempting to correlate the degree 
of drag redu<:tion in the turbulent flow of viscoelastic polymer solutions with the ratio of elastic to 
ViSCOU5 stro'S. i.e. with Nth, where Nl is the first nonnal-stress difference for a given wall shear rate i 

• Corresponding autbor. Tel.. +44. 1517'144X()OI. f" +44-151794484g 

0377.(J257199/$ - >\Ce front Oldl!er ,0 1999 I'J,evl<f Science IlV All nghts reserved 
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and TS the corresponding wall shear stress. Although, the probable relative importance of 
viscoelasticity to the rurbulence-suppressionldrag-reduction mechanism continues to be argued (see 
e.g. [3 j), a more persistent suggestion is that elongational (or extensional) viscosity is the crucial 
rheological property, possibly in combination with viscoelasticity. Gadd [4] was one of the first to 
suggest that the damping of turbulence by polymer additives is due to their high resistance to 
elongational strain which acts to suppress streak fonnation and bursting in the near-wall region. Lumley 
[5,6] was also an early proponent of the importance of extensional effects and more recently the case 
for extensional viscosity was succinctly argued by Bewersdorff and Bennan [7]. A crucial feature of the 
extensional viscosity of drag-reducing polymers is that much higher values can be achieved than that of 
the solvent, even for dilute solutions which show appreciable levels of drag reduction. Other non
Newtonian properties, such as shear viscosity and the nonnal-stress differences, do not differ 
measurably from those of the solvent until polymer concentrations reach orders of magnitude well 
beyond what is needed for maximum drag reduction. Gyr [8] and Durst et al[9j, have also attempted to 
provide extensional-viscosity models for the drag-reduction mechanism whilst Vlassopoulos and 
Schowalter [10] provide evidence in support of ranking drag-reduction effectiveness according to the 
degree of fluid elasticity inferred from oscillation-induced streaming. As Matthys [II] points out, since 
extensional viscosity and viscoelasticity have a common molecular origin, they are likely to be related. 
Also if, as seems to be the case, for concentrated polymer solutions both playa major role (in addition 
to the shear-thinning influence which Matthys terms pseudo-drag reduction) in the turbulence 
modifications associated with drag reduction, then parameters based on each are likely to be required to 
characterise their effects. Most recently Orlandi fl2] and Den Toonder et al. [13,141 have reported 
numerical studies in which the roles of viscoelw;ticity, extensional viscosity and stress anisotropy have 
been investigated. Some of this work suggests that in spite of the recent emphasis on elongational 
viscosity it is premature to discard viscoelasticity as an influence in the drag-reduction mechanism: the 
numerical simulation of Den Toonder et a!. [13J led to a drag increase rather than a decrease and these 
investigators inclined to the hypothesis of de Gennes [15], that polymer drag reduction is e~sentially an 
elastic rather than a viscous phenomenon. 

Since it is only recently that a commercial instrument has become available for the routine 
measurement of extensional viscosity (Ng et al. [16]). it is hardly surprising that few measurements of 
the extensional viscosity of drag-reducing polymers have been reported. Although, far more 
me8l>'UremenL~ have been reported of the first normal-stress difference for polymers, some specifically 
with reference to drag reduction (e.g. [17)), even now the majority of papers reporting drag-reduction 
experiments include only the shear-viscosity flow curve (e.g. [18,19 D. Even if both the viscoelastic and 
extensional viscosity characteristics were available for nominally the same fluids, the situation would 
,li1l not be entirely satisfactory given the batch-ta-batch variability of polymers, the influence 01 
mixing, biological and mechanical degradation, ageing, etc. 

In the present paper we report the results of a series of experiments for fully developed turbulent flow 
in a long (133 diameters) pipe of 100 mm internal diameter for .even different aqueous polymer 
solutions: 0.25%, 0.3% and 0.4% w/w sodium carboxymethylcellulose (CMC). 0.2% xanthan gum 
(XG), and a 0.09%10.09% CMClXG blend, all of which are polysaccharides, 0.125% and 0.2% 
polyacrylamide (PAA). For each fluid, measurements are reported of the shear viscosity and first 
nonnal-stress difference as functions of shear rate and of extensional viscosity versus strain rate. In 
addition to friction factor versus Reynolds number, the !low measurements carried out using a hlgh
resolution laser Doppler anemometer (LDA) system include ax.ial velocity fluctu;;(ion intensity al it 
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fixed location as a laminar/turbulent transition indicator aod profiles of mean velocity. From this 
extensive and unique database, we attempt to detect qualitative trends in the rheometric characteristics 
which are mirrored in the flow behaviour. 

2. Experimental rig and instrumentation 

The flow loop used for the ex.periments is shown schematically in Fig. I. Flow was provided by a 
progressive cavity pump (I)l (Mono type EIOl, maximum flowrale 0.025 rn)/s) fed directly from a 
stainless steel tank of 0.5 m3 capacity (2). Three dampers (3) located immediately after the Mono pump 
outlet acted to remove pulsations in the flow prior to entry into the test section (4). The latter consisted 
of thirteen precision-bore borosilicate glass tubes (LD lOO.4±O.1 mm), each of which was assembled 
into a module with matched male/female stainless-steel flanges at alternate ends. Each glass tube was 
separated from the stainless steel by u thin PTFE ring, and each end of a module (assembled in a jig) 
was fixed using Devcon urethane rubber. The modules were 1.027 m (±3 mm) in length, which gave an 
overall teSt-section length of 13.35 m and a length:diameter ratio of 133. Pressure tappings of 1 mm 
diameter were provided on each mating flange pair with 2 mm internal diameter clear vinyl tubing (5), 
fiUed with deionised water, connecting each pressure tapping via a series of valves (6) to a VaJidyne 
differential pressure transducer (7) (DP15-26, 3448 Pa fOO). The valves were connected to the tappings 
in such a way as to permit measurement of the pressure drop over increasing numbers of pipe sections 
to assess the location at which the rate of flow development became negligible. Signal conditioning for 
the pressure transducer was provided by a Validyne CD223 digital trans£iuc!r indicator with a BCD 
output connected to a data logging computer, The transducer was calibrated at periodic intervals using 
air against a Baratron 398HD-OlOOOSP05 (1000 Torr fsd) high-precisi:m differential pressure 
transducer with an accuracy over the calibration range of O.O! % of reading. The accuracy of the 
Validyne transducer was estlmated to be better than ±0.25% of fsd. A platinum resistance thermometer 
(8) mounted in the endhollsing downstream of the test section was used to monitor the fluid temperature 
to an accuracy of ±O.! 0c. 

Measurements were made of the radial distribution of the mean axial velocity and of the axial 
turbulence intensity at a fixed radial location [0 mm from tlle pipe wallllsing a Dantec fibreflow laser 
Doppler anemometer system comprising of a 60X I 0 probe and 55X 12 beam ~~pander (9) together with 
a Dantec BSA 57N20 "Ilhanc"d burst spectrum analyzer signal processor. The LDA optical parameters 
were as follows: beam separation at front lens 46.6 mm, lens focal length 160 rnm, length of principal 
axis of measurement volume in the radial direction 0.21 mm and diameter 0.02 mm. All measurements 
were biased according to residence time. In view of the small size of the measurement volume, it was 
not felt necessary to make any gradient correction to the measured velocities. The probe head, housing 
both the transmitting and receiving optics, was mounted on a three axis traverse (10) controlled by a 
microcomputer and havillg a spulial resolution of 15 j.!m. A flat-faced optical box (J I), filled with 
water, was positioned over the pipe at the axial measurement location, 107 diameters from the pipe 
inlet. to minimise refraction of the beams at the curved surfaces. 

A Fischer and Porter electromugnetic flowmeter (12) (model 10 DI) was incorporated in the 
return arm of the flow loop upstre;un of the test section. with the flowmeter output signal recorded 

I I h~ number.- in parentheses n:lt:r to the components shown in bg. l. 
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via an Amplicon PS 30AT AID converter. Flow rates indicated by the flowmeter were found to 
be within 1 % of values computed from the velocity profiles. In-house software was written 
to record flowrate, pressure drop and fluid temperature and to control and record the LDA probc 
location. 

To permit filtering of the base solvent (tap water) prior to the addition of polymer powder, a 125 !-1m 
filter (13) was incorporated into a by-pass loop through which the flow could be diverted. Mixing of the 
powder was accomplished by circulating the fluid through a return loop (14) incorporated just before 
the pulsation dampers. A pressure rdit:f (saft:ty) valve !lod return loop (15) were located immedi!ltely 
after the pump outlet. 

The shear viscosity and first normal-stress difference characteristics of the test fluids were 
determined using a Bohlin VOR controlled shew-rate rheometer with cither a concentric cylinder 
(double gap), a cone-and-plate or a parallel-plate geometry. The rheometer was controlled by a 
computer running Bohlin's BRS software. Measurements of the extensional vi~cosity were carried out 
on a Rheometrics RFX extensional rheometer controlled by RFX softwwc. Fluid refractive indices 
were determined using an ABBE 6O/ED high-accuracy refractometer and a Spirax Sarco conductivity 
meter (model MS I) was used to measure the conductivity of the working fluid. 

3. Worldng nuid chllracteristics 

The fluids used in the present work were aqueous solutions of the followi Ig polymers: 

• sodium carboxymethyleeUulose (CMC), a high-viscosity grade supplied by Aldrich Chemical 
Company, 

• xanthan gum (XG), a food grade supplied by the Keleo Division of Merck and Co, 
• polyacrylamide (PAA), Separan AP273 supplied by Floerger. 

Each of thcsc polymers has been used extensively in previous investigations of drag reduction and 
other non-Newtonian fluid-flow behaviour (see e.g. Pinho and Whitelaw [17], Escudier et al [20]). An 
important characteristic which influenced the selection of these polymen; is that they remain optically 
transparent even at relatively high concentrations thereby facilitating LDA measurements. 

3.1. Shear viscosity J.L 

The polymer solutions used are all well rcpresented by the Cross model for a shew-thinning 
liquid: 

/.LQ .. ~L = (A)-)'". 
J.L - J.Loo 

(I) 

The values for the four parameters in Eq. (I) for each of the working liquids are listed in Table I and 
the experimental data are plotted in Fig. 2 together with the corresponding Cross-model fitted curves. 
Although the rheological mea~urements shown are for a temperature of LOuC, similar measurements 
were made over a range of temperatures so that the viscosity values used to evaluate Reynolds numbers 
corresponded to the liquid temperature mea~ured during the flow experime,1:s. A Newtonian plateau at 
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Table J 
Cross-model parameters at 2O'C 

Fluid Symbol 1"0 (pa s) I"oc (Pa s) A (s) m 

0.25% CMC. 0.112 2.39 0.0214 0.595 
0.3% CMC A 0.149 6.83 0.0240 0.691 
0.4% CMC 0 0.134 2.08 0.0305 0.575 
0.09% CMClO.09% XG 0 0.267 2.00 1.34 0.512 
0.2% XG. 0.578 2.76 1.30 0.724 
0.125% PAA 6. 29.6 4.81 1090 0.664 
0.2% PAA. 165 8.04 1200 0.740 

low shear rates is evident for the three CMC solutions. Otherwise, all f1uid.~ exhibit almost power-law 
structure except at the highest shear rates (>1000 S-I) for PAA where the data are adversely affected by 
the onset of secondary flow. 

3.2. First normal-stress difference NJ 

At the concentrations used for the flow experiments, the first normal stress differences for CMC, XG 
and CMClXG were below the sensitivity of the rheometer even at the highest shear rates. However, as 
suggested by Barnes et al. [21], at higher concentrations it was found that N 1(,) followed a power-law 
master curve for each fluid, practically independent of concentration, from which il was possible to 
eXlrapolate to lower concentrations. This procedure is not ideal but has to suffice in the absence of 
either a direct measurement or a more sophisticated extrapolation algorithm. The data plotted in 
Fig. 3(aHc) result in the empirical expressions 

N I =0.85 ,125, 

N 1=O.97 ,1.47, 

N I -1.35 ,I I", 

0.(r1.5% CMC, 
1.0-1.5% XG, 
0.4/0.4-1.5/1.5% CMClXG. 

According to Barnes et al. a recoverable shear (i.e. N 1/2,) greater than 0.5 indicates a highly elastic 
state. For the three polymer solutions considered here, this condition corresponds to shear stresses in 
excess of 1.9 Pa (CMC), 1.1 Pa (XG) and 0.2 Pa (CMClXG). 

For PAA it wa~ possible to ohtain Nih) data directly because even at the lower concentration 
(0.125%) the NI values were above the resolution of the rheometer. As can be seen from Fig. 3(d) there 
is a strong dependence on concentration. The data are well represented by 

N I =16.3 ,I 4R 

N}=6.07 ,190: 0.125% PAA, 
0.2% PAA, 

so that 0.125% PAA ClUl be said to be highly cia>lic for ,>0.003 Pa and 0.2% PAA for 
;>0.13 Pa 

With the cxception of the CMCIXG blend, for which previous data are unavailable, the results ht"r~ 
confum that the elasticity ranking is CMC, XG, CMClXG and PM, though with the lower 

::> 
~ 
::J 
0-x· 

...... 
o 
t:: 
:3 
E.. 
"0 

~ 
~ 

~ 



~ 
V'I 

M.P. Escudi" et aU J. Non-Newtonian Fluid Mech. 81 (1999) 197-213 

I , 
. I I I 

~ j .1-L +·-1· "f . ... ',"- !! I ! 

I I I 

1 . : l : -t __ ! J __ I _I ---<---T --,.- i t- I - r I 1 ! ! ! ! 
! ! iii I ! 
i !! I I 
j i J 

iii 
I ! I I 

-··_·T·-··-.. r······-r-·· . t 
i ! i i 

"-l-·J,,J-i- .. J.-.. i-
! ! 1 iii 
I I I I ! 

··-·+-··t·t"!---!--l-~·· 
j 1 Ii! I 

-'''-''l''---t''-''+---j-' 
. I I I 
! ! ! I 

....... j".".). __ .. "._.; ... ".-

I I j i ! 1 

--.-.~ ... -.. -.l .... -.... L-.... J-.-.. -l." ... -
. Ii! ! 

I 
1 

! 1 

1 _.!-

i 
i i 

.. ! "·--1---'·-

s 

..... 1... 
t 
; 

d q 
o 

< • ...u {II_A Jeaqs 

~ 
~ 

t-

--I. 
I 

! I ; 

~ 

1·_··[ 
( 
I 

" g 
a 
~ 

I 
I 

c:i 
C 

I""'" 
j 

§ ~ ~ 
~ e ~ ~ 

o • 

* ,g 
j 
Vl 

u ~ a ~ 
~ ~ 

S o d . .. 
u 

;a " u >< 

~ ~ 
o '" • • 

-y ... 
..., 

§ 
o 

203 204 

.~ 
tI' 
'" ci 

• 
~ 
~ 
~ 
ci 
<1 
0' 
:>< 
!j( 

~ 
~ 
0 
(5 

a 
dl ... 
ci 

0 
(5 
:::;; 
U 
It 
O'l 
ci ... 
(5 
:::;; 
u 
~ 
tQ 
0 

• .r'-

> 

'" 
~ 
~ 

G: 
M 

rI: 

M.P Escudier et al.! 1. Non-Newtonian Fluid Mtch. 81 (1999) 197-213 

<a) 

(b) 

lOOf! , 

~ 

I 
j 

10 

] 
z; 

,E 

o 0.6 "" 
• 0.7 "" 

~ . . 
--:----~, ---~--~------~---- --. - ---

Q,!""" +----'--
o 

x 0.8 "" 
o 0-9 "" 

10 

SbearStnol (po) 

• 1.0% 
+ 1.1 % 

o 1.2 "" 
• 1.3 "" 

100 

II 1.4 "" -- Curve Fit 
~ 1.5 "" 

100 'f --------------------~--, 

~ 
~ 

J 
is 

~ '0 

1 
Z'. 

~ 
--.¢...--o--,,--

• '0 20 

Shear S ..... (Pa) 

I 0 1.0 "" 0 1.2 "" • 1.4 "" -- Curve Fit I 
... 1.1 "" n 1.3 "" II 1.5 "" 

Fig. 3. V'lICoelastic characteri.tics: N, VCDU. T. (a) CMC (b) XG (e) CMClXG (d) PAA. ...... 
o 
t: 
;3 
~ 
'i:l 
P> o 
~ .., 
Vl 

> 
n 
:l 
0-
X· 



t'0 
~ 
0'\ 

M.P E,cUliia ,r al./1. Non-Newronian Fluid Mtch. 81 (1999) 197-213 

(r.:) l(OJ E --, 

~ 

I 
J 
1 z 

~ 

(ul 

.! +-----t-
\1Il1.-'---~ 

10 

. ----+0-

10 Ill(] 

Shear Stl"lM (p.) 

o 0.8 % X 1.0 % • 1.2 % • 1.4 % -- Curv.'-Flil 
• 0.9 % <> 1.1 % 0 1.J % + 1.5 % J 

100 .. .-.----.-----------.---~------

~ 'IJ 1-

. . -- . ---. .. - /./~/-:;-
, : ~~/-
:--- --.-.--- ---.--1 ____ /~ .,r- .---

-·-·----···~· __ ·-~7i.. .. ,,,' -/ --
l_ .. __ ~·Ha_w.Ha. ___ •• _. 

~ 
i 20 

j 
1 10 

Z 

~ 
-~ 
OJ O.l 

Shear Sin. (I'll) 

L_._O.~25'!\' ~panon • 0.2% Sopa •• n -- Curvc Fit J 
FIg. 1 (lonllnw'J) 

205 206 

~ 

J 
is 

1 
1 
~ 

M.P. £.muiiu er aJ./J. N"n-Newronian Fluid Mech. 81 (1999) 197-213 

~f ~ 

10 •. _.-

~ 
~~-=o-rn 

O.1f_ :;.;:;:~ 
--+------ --------

--
10 '" "" 100 :100 

s ...... ltate (1/.) 

-. '0.25% CMC -G-. 0.4% CMC -+ . 0.2% XG -. - 0.2% PAA 
-A- '0.3% CMC -[3- . 0.09% CMClXG -fr . 0.125% PM 

Fig. 4, VISCOelastiC chBt1lcterislics for working fluids: N, y •. ", . 

concentration for PAA being the more elastic. The normal-stress characteristics NICi) for all of the 
fluids investigated are shown in Fig. 4. 

3.3. Extensional viscosity 

Unlike the normal ~tress ~ituation, it was p<Js~ibk to obtain extensional viscosity measurements 
for all of the polymer solutions at the concentrations actually used in the flow experiments. 
These measuremenL~ were carried out using 11 Rheometrics RFX opposed nozzle rheometer. with 
noule diameters 0.5, 1,2,3,4 and 5 mm, the majority of measurements being made using the I, 3 and 
5 nun nozzles. For each rheometer setting. at least three measurements were made and only those 
data retained which produced consistent values for the cxtCI\llionai viscosity. The final results. 
shown in Fig. 5, reveal several important qualitative trends. At the highest strain rates (>100 s' I) 
the ranking is CMCJXG, XG, CMC, PAA whereas at intermediate strain rates CMC falls below XG 
and for the lowest strdin rates C<5 s -I) the trend suggests CMC will al~o fall below CMCIXG. 
The sequence for both the first normal stre~s difference and the extensional viscosity is thus the 
same at low shear and strain rates, whereas, at the highest shear and strain rates the relative p<JsiLion 
of PAA is completely reversed. So far as XG and CMCJXG arc concerned. as we have seen. the blend 
is the more elastic on the b8si~ of both recoverable shear and NI at high shear rates. AI low shear 
rates and all strain rates however, the NI values and the extensional viscosities for CMCJXG filII below 
XG. 
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Fig. 5. Extensional viscosity vs. strain rale. 

4. Friction ractors and drag reduction 

The definitions for the friction factor f and the pipe Reynolds number Rc used here are as follows 

T, 
f=plJl and Re = pUD 

lIs 1 

where p is the liquid density, U is the bulk mean velocity, D is the internal diameter of the pipe and the 
wall shear stress Ts was calculated from the measured pressure gradient along L'le pipe. The value of the 
apparent dynamic viscosity at the pipe wall J.Ls is then obtained directly from the flow curves (Fig. 2). 
The plots of friction factor versus Reynolds number (Fig. 6) show the levels of drag reduction for each 
fluid in the turbulent flow regime. As for the rheological properties of the polymer solutions, it is 
instructive to identify the drag-reduction ranking: at high Reynolds number (>20000) this is 0.3% 
CMC, 0.09% CMC/0.09% XG, 0.25% CMC, 0.2% XG, 0.125% PAA, 0.2% PAA. At lower Reynolds 
numbers the curves for XG and 0.125% PAA cross over. The behaviour of CMC is confusing. 
particularly the reversal between 0.25% and 0.3% and also the higher level of drag reduction for 0.25% 
and 0.4% CMC compared with CMC/XG. If the results for CMC are temporarily excluded from 
consideration, we see that the drag reduction ranking matches that for the first normal stress difference 
at low shear rates « 10 s - 1) and that for the extensional viscosity at all strain !lites. The first of these 
conclusions partially confirms that of Vlassopoulos and Schowalter [101 'that ranking additives 
according to elasticity provides information about drag-reducing effectivenc~'s' . It is suggested that the 
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Fig. 6. Friction factor vs. Reynolds number. 

tendency for the CMC elongational viscosity curves to cross over those for XG and CMC/XG at low 
strain rates provides a clue to the apparently anomalous drag-reduction behaviour for CMC. On balance 
it seems safe from these ranki ng considerations to conclude that the mechanism for drag reduction must 
be associated with strain and/or shear rates of order lOs -lor lower. Shear rates of this magnitude are 
considerably lower than the wall shear rates and are comparable to what can be estimated from the 
mean velocity distributions just beyond the buffer region (65< y' <250) (see Figs. 7 and 8). Our 
observations seem to be consistent with the view of Tiederman et aI. [23] who argued that the viscous 
sublayer plays a passive role in the drag-reduction process and that polymer additives have a direct 
effect on flow structures in the buffer layer. 

5. Mean velocity profiles and shear rates 

Mean velocity profiles in the universal u' (==ulUT where the friction velocity Ur == ..jTS/ p) versus 
y+ (== pUry/ J.Ls) form are shown in Fig. 7 for the highest Reynolds numbers for each fluid (i.e. profiles 
corresponding with the highest levels of drag reduction). The evaluation of I~s is explained in the 
previous section. Both the velocity variation within the viscous sublayer and also the extent of the 
sublayer are not significantly different from the standard u+ = y+ (y+ :510) form, once again 
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suggesting that this region does not playa major role in the drag-reduction J:'fOcess. As many previous 
studies have shown, the buffer region increases in thickness with increasing levels of drag reduction, 
and the velocity distribution is close to Virk's [24] asymptote, Fig. 8 shows the near-wall distribution of 
the shear rate i versus y+ evaluated from the mean velocity profiles. It becomes apparent from Fig~. 7 
and 8 that shear rates of the order 10 s I are not reached until well into the buffer region or even the 
log-law region itself. An upshifted log-law region of limited extent can be identified for CMC, CMCI 
XG and XG and 0.125% PAA but not for 0.2% PAA. Although the progressive increase in the upshift is 
again consistent with earlier work., the slope in each case exceeds the standard value (111,,=2.5), by as 
much as 40%. Previous opinion on this issue has been divided, with the majority of workers infening 
that the log law wns negligibly affected by drag-reducing polymers. However, such an increase in slope 
is evident in the polyacrylamide data of Bartes ct al. [25] and Den Toonder et aI. l14J also reported both 
measurements and numerical simulations showing a significantly increased slope. 

6. Transition IdentUicadon 

It is frequently impossible to detect from an f-Rc curve the Reynolds ['umber corresponding to 
tmnsition from laminar to turbulent 110w. In fact, for strongly drag-reducing polymers, such as 0.2% 
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PAA (see f'ig.6), it is not apparent that transition has occurred. In our experIments we havc 
systemarically used the suggestion of Park et at. [221 that the nm value of the aXlal-vc!uClty tluctuallon 
intensity u' measured at a near-wall locatiol1 (flOo/,. radius) is a .\cnsitive indicator of lamtnar/turhulcncc 
transitiun. [n spite of a considerahle degree of scatter in the data plotted in Fig. 9, also cvident in thc 
paper of Park et al., it is clear that transition to [urhulent flow does occur III all cases. What is also 
apparent is [hat the onset of transition is slightly hut progresS\\'cly delayed in the sequence CMl'. CMU 
XG. XG. PAA by a factor of about two in Reynolds numher i.e. according to the low shear ratc' low 
'>tlain lat~ ranking of the ehsticily and extensional viscosity. Polymer concentration appears to h..tve 
little Influence, and the Reynulds number at which transition i, complete is ahout 5000 for all tlulds 
except PAA where the transition regime occupies the range 4000< Re < I 0000. Also apparent i, that the 
peak level of II'IU is very much the same in all cases. Finally, the curve for 0.3 ck CMC is much steeper 
than fur all other tluid" which is yct another inJicator that the hehaviour of this flUid j, anomalous. 

7. COlldu.,jolls 

We have provided and analysed an CXlen"vc \ct of experImental data fur Ihe turhulent pipe no", of 
shcar-thmning polymer sulutions. The drag reduclion behaviour is ,howil [n he cons"tCnl for thc mu\t 
pan with the firq normal stress difference and exten.\ional v"cosit)' al low (cellO, ') shear and qraln 
rales TIle same degree of consistency is lacking at higher shear and strain rate'. Since the ,heM ratcs III 

the visco"s sub[ayer Jre between one anri two order, of rn.1gniructc higher than the values fur \\'t"dl 
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there is a correspondence he tween the drag reduction and rheological behaviour, we conclude that the 
drag reduction is associated with the processes occurring well beyond the viscous .;ublayer, in the buffer 
region and inner log-law region. 
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Measurements of the mean velocity confinn that for y+ <10 the data faithfully follow the classic 
u+=y+ distribution. Beyond y+=10 the profiles are in reasonable agreement with Vrrk's asymptote 
prior to a gradual approach to an upshifted log-law region. 

We have found that the intensity of the axial velocity fluctuation measured at a fIxed radial location 
(0.8 times the pipe radius) is a consistent indicator of transition and so is particularly valuable when 
there is such a high degree of drag reduction that there is little or no indication from the f-Re curve that 
transition has occurred. The delay in transition follows a pattern similar to that of the increase in drag 
reduction. 
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Appendix 2 Refraction Corrections for LDA Measurements 

APPENDIX 2 

REFRACTION CORRECTIONS FOR LDA MEASUREMENTS 

This section details the positional corrections applied to the measurement control 

volume of the LDA system when performing traverses that measure the axial. 

tangential and radial velocity components. These positional corrections are derived 

from Snell's law of refraction and geometric considerations. The refraction of beams 

through the measurement system (see Chapter 3.3) results in a change of the laser 

beam intersection angle, hence changing the pattern of the interference field of the 

measurement control volume (namely that of the fringe spacing df). As explained in 

the following sections, the change in the interference field pattern requires a 

correction factor to be applied to the measured velocities, however, for the axial case 

the correction factor is shown to be unity. 

A2.1 Axial Refraction Corrections 

For the measurement of axial velocity (u), the optical system is oriented such that both 

beams are in a plane which passes through the axis of the cylinder, whilst the bisector 

between the beams is at a right angle to the axis (see Figure 3.12). In this case, 

refraction takes place only in the axial direction and the refracting surface is 

perpendicular to the beam bisector. Figure A2J illustrates a plan view of the 

refraction of laser beams when measuring the axial velocity component of flow in the 

axial direction. The laser beams emerging from the inner wall of the test pipe 

intersect at an angle of <po Interference at the beam intersection gives rise to an 

interference field (see Figure 3.6(b)) with the fringe spacing df given by [Durst et af. 

(1976)]: 

where n I = 1 for air. 

AI ns 
df -

2 sin <p /2 

(A2.1) 
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Appendix 2 Refraction Corrections for LDA Measurements 

From Snell's law of refraction, it follows that: 

ns sin cp I 2 (A2.2) 

due to which, the change of the intersection angle compensates exactly for the change 

of wavelength CAins). Hence, using this traverse mode for determining the axial 

velocity component, no corrections were applied to the LDA measurements. 

However, the relationship between the actual traverse motion within the axial plane 

and the precise location of the beam intersection within the test pipe is still required. 

The intersection location is determined by using ray tracing as shown in Figure A2.1 

and is obtained by considering the decomposition of d/2: 

d/2 (t + S + P + T) tan 81 = I tan cp I 2 + ......... . (A2.3) 

P tan 84 + Stan 83 + t tan 82 

Applying Snell' law to Figure A2.1, we obtain: 

- n 2 sin 82 = n3 sin 83 = 
(A2.4) 

114 sin e 4 = 115 sin cp / 2 

Hence, using Eq.s (A2.3), (A2.4) and trigonometric functions, a linear relationship is 

obtained between the location of the beam intersection I and the traversation distance 

T: 

T 
I p 

+ -Jr=n=4=2 =====s=i=n 2=8=, + ~ n/ - sin 2 8, ......... . 
S 

. 28 
- SIn 1 (A2.S) 
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Appendix 2 Refraction Corrections for LOA Measurements 

The axial positional corrections derived above were subsequently incorporated within 

the traverse control programme. 

A2.2 Tangential Refraction Corrections 

Ray tracing for measurements of the tangential velocity component (w) is shown in 

Figure A2.2. The calculations used to determine the location of the beam intersection 

and also the fringe spacing are presented below, where the symbols on the left denote 

the quantities to be calculated from the equations on the right-hand-side of the colon. 

F or the beams shown in Figure A2.2 we obtain: 

83 : 

nl sin8l - n3 sin83 
(A2.6) 

d l, rl: 

ID -dll 
(A2.7) 

= tan 83 
L - rl 

2 2 )2 d l + fl = (R + P (A2.8) 

<PI: 

d j 
(A2.9) 

- sin (83 + cP I) 
(R +p) 

<P2: 

n3 sincp 1 = n 4 sincp 2 
(A2.IO) 

1 : 

R2 = 1/ + (R + p)2 - 21(R + p) COSCP2 
(A2.II) 

£2: 

1/ = R2 + (R + p)2 - 212(R + p) COS£2 
(A2.I2) 

253 



A endix 2 Refraction Corrections for LOA Measurements 

(A2.13) 

d 2 2 2 
2 + r2 = R (A2.14) 

<p/2: 

(A2.15) 

In Eq.s (A2.9), (A2.13) and (A2.15) the upper sign holds for 81 > 83, and the lower 

sign holds for 81 < 83. 

The location (~T) of the beam intersection can be determined from: 

d2 / (r2 + ~ T) = tan (<p I 2) (A2.16) 

The tangential velocity component (w) is then related to the Doppler frequency (fo) 

by: 

f AI ns 
w = 0 .d f = fo ----'=-----

2 sin (cp / 2) 

(A2.17) 

where the beam intersection angle is obtained from Eq. (A2.15). The interference 

fringe spacing df (w) for the tangential velocity component varies linearly with both 

the position (~T) of the laser-beam intersection along the x-axis, and the actual 

traversation position of the LOA probe. Therefore, at different positions within the 

pipe, it is necessary to correct for deviations of df (w) from the free space value df i.e. 

fringe spacing within the unrefracted interference field of the measurement control 

volume in air. Consequently, the following correction factor Cw was applied to the 

measured tangential velocities: 

W corrected 
n1 

- W measured' C w , where Cw -
ns 
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where <p/2 varies with the radial traversation position within the test pipe. Hence, for 

each traverse location, the corresponding correction factor was determined and 

applied to each measured velocity. These velocity correction factors were carried out 

in a separate computer programme, whilst the positional corrections were incorporated 

within the traverse control programme. 

A2.3 Radial Refraction Corrections 

Ray tracing for measurements of the radial velocity component (v) is shown in Figure 

A2.3. The calculations used to determine the location of the beam intersection and 

also the fringe spacing have been presented below in a similar manner to those for the 

tangential measurements described above. 

For the lower beam in the third quadrant we obtain: 

823: 

<P2! : 

<P22: 

b: 

E22: 

ID21 - d21 1 

---- = tan 823 
L - r21 

d 212 + r 212 = (R + p) 2 

d 21 - sin (823 + <P2.) 
(R +p) 

n3 sin<P21 = n4 sin<P22 

R2 =1/ +(R+p)2 -2R(R+p)cos<Pn 

1/ =R2 +(R+p)2 -212(R+P)COSEn 
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(A2.26) 

d 2 2 2 
22 + rn = R (A2.27) 

(A2.28) 

In Eq.s (A2.22), (A2.26) and (A2.28) the upper sign holds for E2J > 823 , and the lower 

sign holds for E2l < 823 . For the upper beam, an analogous set of equations can be 

obtained. 

The location (xo, Yo) of the beam intersection can be determined from: 

d n - Yo 
--~=tanvb 
r 22 + Xo 

-d 22 - Y 0 = tan v 
Y 12 + Xo 

a 

(A2.29) 

(A2.30) 

As can be seen from Figure A2.3, the bisector of the beam intersection is inclined to 

the y-axis by an angle X: 

X = (va + Vb) (A2.31) 
2 

therefore changing the orientation of the radial velocity component. Hence, the 

measured radial velocity becomes influenced by a tangential velocity component 

according to the equation below [Broadway and Karahan (1981)]: 

v - v cos X + w sin X measured 

(A2.32) 
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For the radial velocity measurements, the dependence of the inclination angle X and 

the laser-beam intersection location ylR is shown in Figure A2.4. For ylR < 0.8, it 

can be shown using the tangential velocity distribution data, that the tangential 

influence (w cos X) is less than 3% of the measured velocity (vmeasured) and therefore 

can be ignored. However, for y/R > 0.8, the influence of the tangential velocity 

component increases ( < 25% of vmeasured), though due to an optical path length 

difference (as explained below) the total level of uncertainty associated with the radial 

velocity measurements close to the wall could not be determined accurately. 

The radial velocity component (v) was then related to the Doppler frequency (fo) by: 

(A2.33) 

As for the tangential velocity component (see Eq. (A2.I8»), a velocity correction 

factor, Cv was applied to the measured radial velocities to account for only the change 

in interference field pattern of the measurement control volume: 

, 
V C(.'fTPr:t?i{ 

sin 8) (A2.34) 

Finally, in determining the radial velocity component, an optical path length 

difference [see e.g. Bicen (1990)] is created between the beams for y*-O (see Figure 

(A2.3»). The optical path length difference is caused by different levels of refraction 

between each of the transmitted beam wavefronts as they propogate through the 

measurement system. The path length difference leads to weaker modulation signals 

of the LDA measurement with resultant reductions in signal-to-noise ratios when 

compared with axial and tangential velocity measurements. This is due to the plane 

wavefronts at the beam waist (described by the Gaussian beam theory) [Durst et al. 

(1976)] of one of the beams intersecting with the spherical wavefronts of the other 

(i.e. not at the beam waist). Consequently, there is a distortion of interference fringes 
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thus creating a level of uncertainty in the radial component of velocity measurement. 

The level of uncertainty manifests itself as a greater degree of scatter in the radial 

velocity distribution measurements as illustrated in Chapter 5. This effect becomes 

attenuated as the optical path length difference of the refracting beams increase at 

measurement locations approaching the inner wall. The extent of uncertainty 

associated with this distortion is outside the scope of this study and hence was not 

determined during the course of this work, though qualitatively, it may be assumed 

that the main conclusions from this study are not affected respectively. 
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APPENDIX 3 

RHEOLOGICAL CHARACTERISATION OF FLUIDS USING 

OSCILLATION FLOW TECHNIQUES 

Oscillatory analysis of samples requires very little perturbation of the test material. 

Analyses of the structural elements are performed in very fast response times. The 

stress applied in oscillatory shear experiments varies in a sinusoidal manner as 

opposed to linearly when compared with steady shear flow. 

The essence of oscillatory analysis is to test various structures in the sample (e.g. 

cross-links) non-destructively [Barnes et al. (1989)]. By varying the frequency of the 

stress applied at these low amplitudes (so as not to breakdown any structure), will 

cause the various elements to respond when their characteristic times match the 

change in stress applied at a particular frequency. 

When a sinusoidal stress pattern is applied to the sample, there are two possible 

resulting waveforms i.e. a sinusoidal or a distorted waveform. Distortion occurs by 

structural forces or interactions within the sample's structure that are essentially 

governed by non-linear relationships. The rheometers (CarriMed and Bohlin YOR) 

used in the rheological analyses carried out for this work were only able to manage 

oscillatory flow data successfully in the linear viscoelasiic region. 

The resultant wave may vary in phase to the input, thus providing information to the 

type of response (elastic or viscous) that the sample is showing. A purely elastic 

response is characterised by a zero phase angle (0°) and a purely viscous response by a 

900 phase difference (see Figure A3.1), where a viscoelastic response lies in between 

these two extremes. 

The main parameter measured is the Complex Modulus, G * (ratio of stress amplitude 

to strain amplitude). Due to its sinusoidal nature, it is a trigonometric function 

described by two components in complex form. The two components are referred to 

as the Storage Modulus, G' and the Loss Modulus, Gil. The former is a measure of the 
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elastic structural components in a sample where energy is stored as elongation occurs 

and released when the stress applied is removed and the sample is allowed to relax. 

The viscous elements, however, dissipates the applied stress as strain, so the loss 

modulus quantifies this energy dissipation [Ferry (1970)]. 

From Figure A3.1, it can be seen that the two moduli are related to the phase angle 

(b) via a cosine (G') or sine (G") term: 

G* = G' + iG" (A3.1) 

and 

tan 5= G" / G' (A3.2) 

An increase in G' for a given G*, for example, results in tan 5 decreasing so that the 

strain curve tends to become in phase with respect to the stress curve. The opposite 

occurs for a decrease in G' for a given G*, where tan 5 ~ 90°. 
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APPENDIX 4 

EFFECT OF FREEZING AND THAWING ON TEST FLUID RHEOLOGY 

As discussed in Section 4.5.2, all fluids analysed in this study exhibited variations in 

rheological behaviour over a period of time. These effects were primarily caused by 

various mechanisms of degradation or, in the case for Laponite, were related to time 

dependent effects. As a consequence, rheometrical studies for each test fluid were 

limited to periods relating to their pipeflow experiments. Thus, as insurance to carry 

out further rheological investigations on the test fluids, batches of each fluid (2x 150ml 

samples taken directly from the flow loop during Day 1 of testing) were frozen at 

temperatures of -10°C < T < O°C. There is no available data in literature at present 

concerning the effects of freezing on the rheology of non-Newtonian fluids. 

Consequently, an additional study was carried out during the research programme to 

investigate the viscometric effects of various fluid types and blends subjected to 

numerous freezing/thawing cycles. 

Various fluid samples were prepared specifically for these tests using the methodology 

described in Section 4.3.3. The fluids selected were of the same type as those used in 

the pipeflow experiments, though of much higher concentration to improve the 

accuracy of the rheological measurements. The viscometric measurements for each of 

these sanlples w~re caLTied out over a range of shear rates (at 20°C) before and after 

each of the four freezing/thawing cycles. 

For CMC (BDH, UK), the viscometric flow curve remained constant after consecutive 

cycles of freezing and thawing. A slight increase in viscosity was observed after the 

first freeze/thaw cycle, though the discrepancy was comparable with the repeatability 

of the rheometer. The corresponding data has been illustrated in Figure A4.1. 

An aqueous mixture of glucose syrup was also prepared (50% water, w/w) and tested 

as above. The fresh sample (not exposed to any freeze/thaw cycle) had a viscosity of 

0.1190 Pa.s (at 20°C). However, after each cycle, the viscosity of the solution 

increased slightly, eventually reaching a value of 0.1214 Pa.s (20°C) after four cycles: 
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a total increase of 2%. This increase was systematic, however, the measurements 

were comparable with the repeatability of the rheometer and hence the solution was 

regarded as stable. 

This investigation was verified and extended by Makrakis (1996) during the course of 

this study, which included oscillatory flow measurements. Makrakis found that the 

viscometric flow curves for XG, CMC/Glucose blend and Laponite solutions also 

remained stable through each freezing/thawing cycle. The oscillatory flow data also 

remained consistent between each cycle, thus indicating the elastic influences were 

not being affected. For frozen samples of P AA and XG/CMC blend, which were not 

tested for freezing/thawing influences, their rheology could be analysed and directly 

compared with previous data before carrying out any further examinations. 
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Figures 
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