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Abstract

This thesis investigates the effect of a dragucing polymer on lamindurbulent
transitionin a gravitydriven channel flow. The dragducing polymer is polyacrylamide
(PAM) dissolved in water at concentrations of 50, 75, 100, and 150 parts pen fpfp).

An extensive experimental campaign utilizing particle image velocimetry is conducted to
measure the velocity field in streamwisell-normal and streamwisgpanwise planes
across a range of Reynolds numb@s). The transition to turbulence isldged by the
introduction of PAM, with the delay increasing with the relaxation time of the polymer
solution.

For low PAM concentrations of 50 and 75 ppm, the skin friction coeffici€t (
increasewith increasingRebefore the onset of drag reductiomand Re= 2500.After
the drag reduction onsél; values will decline with further increaseRe The transitional
flow structuresin the streamwis&vall-normal planeresemble Newtonian turbulence,
containing recognizable turbulent spdtsthe streamwisgpanwise plane, the turbulent
core appears connected to chaotic streaks attached to the leading edge of the spot.

In contrast, the higher PAM concentrations of 108 460 ppm display substantially
different transitional physics. Th€; values depart the laminar trend Reda 3 00 0,
approaching the maximum drag reduction asymptoteowitiemonstrating amnset point.

The solutions undergo a remarkably smoother tramsisipanningover aRe range of
approximately 1000 unitS urbulent spots are minimal, and elongated streamwise streaks
dominate the flows instead.

Analysis of turbulence statistics reveals concentrafigmendent modifications. At 50
and 75 ppm, turbulendatensity matches the Newtonian valoiearound 1% in laminar
regions between turbulent spots. However, at 100 and 15Gippmensity grows to 1.7%
in laminar regionsindicating enhanced fluctuations. Within turbulent regions, intensity
declines fronb% in Newtonian cases to 3% at 150 ppuoggestingubstantial turbulence
attenuation

In summary, this thesis demonstrates the impact of polymer additives on transitional
channel flowsThe additives expand the transitional regime and transform the emcerg
of coherent structures in a concentrattt@pendent manner, as evidenced by elongated

streaks dominating at higher concentrations.



Preface

The research, experiments and analysis described in this thesis were carried out by me
under the supervision @fr. Sina Ghaemi in the Department of Mechanical Engineering at
the University of Alberta. The results from this study are currently being prepared for
submission to a peeeviewed journal. | have written the entirety of both this thesis
document and thmanuscript under the guidance of my supervisor. In this document, the
content and structure conform to the requirements for a thesis while retaining the core ideas

and results from my research work which will appear in further publications.



Acknowledgments

| would like to express my gratitude to my supervisor, Dr. Sina Ghaemi, for his
invaluable guidance and feedback throughout this research project

| also wish to thank Lucas Warwaruk and Joel Fenske for their assistance with rheology
measuements, as well as my fellow research group members for creating a collaborative
environment.

Most importantly, | wish to profoundly thank my family and friends for their
unwavering love, patience and steadfast support throughout my studies. To my parents,
Niloofar, my brotherand loved onesthank you for always believing in me, inspiring me,
and being my foundation. Your encouragement gave me strength during the most difficult

times of this journey. | am forever grateful.



Table of Contents

R 1 11 o o 13 o 1o o I USSP 1
S R Y 0] (Y= 11 o o PP PPPPSRRR 1
1.2 THESIS OVEB/IEW.....cciiiiiiiiiiiiiii bt e e ettt seeess et e e e e e e e e e e aaaeeeeeas 3

2. LITErature REVIEW.......ccoiiiiiiiiiiiiieieee ittt ettt e et r et e e e e e e e e e e e e e e e e e s s nmmnas 4
2.1 LaminarTurbulent Transition in Newtonian FIOWS..............cccoevvivvieeennnn. 4

2.1.1 Coherent Structures in TransitiQN...............euvvvemmmcceeeeeeieeiines 5
2.1.2  Critical Reynolds NUMDer...........ooooiiiiiie e 11
2.2 LaminarTurbulent Transition in NoiNewtonian Flows........................... 14
2.3 Elastolnertial TUrbBUIENCE........ccovviiiiiiiiiii e 24

3. ExperimentaMethodology.............oooiiiiiiiiiiee e 28
3.1 FIOW FACHITY...ccciiiieeeeeee et 29
3.2 Polymer solution preparatiQn..............ccccuuuiiimmmrniiiiieieeeee e 35
3.3  Rheology MeasSUrEmMENLS..........cuuvuuiiuiiii it e e ereee e 37

3.3.1 Shear viSCoSity MeasuUremMentS.........ccceeeeeeeeiiiieeeiie e e eeeeeeeeeeeeiinaee 37
3.3.2 Extensional rheology measurements............ccoevvviviceeieeeeeeeevinnnnnn. 39
3.4 Particle image velocimetry (PIV)......oooiiiiiiiiiiiiieee e 44
3.4.1 Long-durationwall-normal PIV............ccoooiiiiiiii e 45
3.4.2 Time-resolvedwall-normal PIV...........cccooiiiiiiiiiieeee e 46



3.4.3 Long-durationspanwise PlIV...............uuiiiiiiiiiieeeiiciiieen e 47

3.5 Laminar/Turbulent DeteCtion............ccouiiiiiiiiiieece e 48
3.6 Uncertainty ANAIYSIS........uiiiiiiiieeeeieeeiceeeis e eene e eeeereaeae 51
A, RESUIES. ...t erer ettt e e mmne e e e 57
4.1 Transition in Newtonian channel floW............cccocoviiiiiiics 58
4.2 Transition for lovioncentration PAM SoIutions............ccccoooevviieesnennen. 71
4.3 Transition for higitoncentration PAM solutions..............cccoovvvvvvieeennnn. 84
5. DISCUSSION. ...ttt ettt et e e e e e e e e amme e e e e e e e e e e e e e nn e 98
6. CONCIUSIONS ...coiiiiiiiiiii et ee et rmme et e e e e nb e e e emme e e e 105
6.1 FULUIE WOTK ... et 107
BIDIOGIaPNY..cccceeeeeeieeee e e 109
APPENAICES. ...ttt ettt et e e e e e e e e e et e e e e e e e e e e e e e e e e nnne e 118
A MATLAB Code for Laminar/Turbulent Detection..............ccooevvviiceeeennn. 118
B Technical Drawings of the Flow Facility................oooiiiiicreeeiieen, 120

Vi



List of Tables

Table 1Notable hvestigatons oncritical Rein pipe and channel flows................ 13

Table 2 Experimental studies on laminar to turbulent transition of polyacrylamide

£ ] 11110 1 1S ORI 23
Table 3 Valve Openings Tested for Each Solution.............cccoovviiieeeiiiiiiiiinnnnnns 34
Table 4Measured rheologicalgpametersor experimented solutions..................: 43

Table 4 Estimated total uncertainties@dated with independent flow variables56

Table 5 Estimated total uncertainties associated with calculated/fioables........ 56

Vil



List of Figures

Figure 2.1 Turbulent spot as observed by Carégal. (1982).............cccvvvvviviiiiinnns 9
Figure 2.2 Turbulence spatial variation as observe8dano & Tanai (2016).......... 10

Figure 2.3 The parameter space of turbulence in dilute polymer solutions......27

Figure 3.1Annotated schematic view of the experimental facility...................... 31
Figure 3.2 Molecular structure of polyacrylamide..............cooovviiiiiccce e 35
Figure 3.3 Schematic of the cone and plate rheometer.............cccvvveeeeeeernne, 38
Figure 3.4 The relationship between shear rateagpdrent viscosity................... 39
Figure 3.5 Schematic of the dripptogto-substrate (DoS) setup............ccoevvvvnneen 40

Figure 3.6 Semlogarithmic plot of filament diameter as a function of time.......42
Figure 3.7 Laminar/turbulent identification technique of water flow................. 51
Figure 4.1Skin friction factor C) for water flowversus Reynolds number.......... 61
Figure 4.2The turbulent fractionKr) for waterasafunction ofReynolds number. 63
Figure 4.3 Spatial contours of normalized streamwise veloditydUey from
streamwisevallZiormalP1V measurementsf water flow.............cccccveeiiiieeeniennn. 65
Figure 4.4 Spatial contours of normalized streamwise velogit§dU.Q from
streamwisespanwise PIV measurememtiswater flow..............cccoeeveiiiiiieceiicceeenn. 68
Figure 4.5The velocity profiles for various turbulefractionsof water flow........... 71
Figure 4.6Skin friction factor Cr) for 50 ppm PAMflow versus Reynolds numher2
Figure 4.7Skin friction factor Cr) for 75 ppm PAM flow versus Reynolds numhét4
Figure 4.8 The turbulent fractioR+) for 50 ppm solutions of PAM versus the Reynolds

(0101401 o1=] (TR 75

viii



Figure 4.9 The turbulent fractioR+) for 75 ppm solutions of PAMersus the Reynolds
10101 0T PP 77
Figure 4.10 Spatial contours of normalized streamwise velo¢ttpJ¢dy from
streamwise walhormalPIlV measurementsf low-concentration PAM solutions......78
Figure 4.11 Spatial contours of normalized streamwise velo@itydUc.Qy, from
streamwise spanwig&lV measurementsf low-concentration PAM solutions.......... 80
Figure 4.12 The velocity profile for laminar, transitional and turbulent cases fdr low
CONCENTIALION SOIULIONS ....uvviiiiiiiiiiiiii et rmmne e e e e e aeeeas 83

Figure 4.13Skin friction factor Cr) for 100 ppm PAM flow versus Reynolds number

Figure 4.15The turbulent fractionHr) for 100 ppm solutions of PAM versus the
REYNOIAS NUMDEL........cc oo e e e e e e amne s 87
Figure 4.16The turbulent fractionHr) for 150 ppm solutions of PAM versus the
REYNOIAS NUMDEL........cc i e e e e e e e amne e as 89
Figure 4.17 Spatial contours of normalized streamwise velocitfd(. from
streamwise wathormal PIV measurements loigh-concentration PAM solutions.....91
Figure 4.18Spatial contours of normalized streamwise velocity/d(.Q; from
streamwise spanwise PIV measurementsigtt-concentration PAM solutions.......... 94
Figure 4.19 The velocity profiles for laminaDOSransitional and turbulent cases for

highZconcentration PAM SOIULIQD............oovviiiiiiiiicmmee e 97



Figure 5.1 Turbulence intensity (T8gparated for laminar and turbulent parts of flow

Figure 5.20ur data for all five solutions in Weissenberg number and Reynolds number

] 0= Lo = PPN 104



1.l ntroducti on

1.1Moti vati on

Turbulent flows are ubiquitous in nature and engineering applications, from ocean
currents to airplane wings. Turbulence arises from instabilities in laminar flavs as
Reynolds numbefRé increases past a critical point, initiating a transition to chaotic
and irregular motion. This lamindmrbulent transition process is complex and a
longstanding topic of fluid mechanics research dating back to the pioneeringfwork
Reynoldg1883) While much progress has been made, gaps remain in understanding
key aspects of the transition physics.

In wall-bounded shear flows like pipes and channels, the transition is characterized
by localized turbulent regions (spots, streaks, puff®rging within the laminar flow.

The gradual proliferation and merging of these coherent structures ultimately leads to

fully turbulent flow(Corrsin 1943; Emmons 1951; Wygnanski & Champagne 1973)



However, the specific transitional structures and evolution pathway varies for
different flow geometries ahfluids.

Significant complications arise when viscoelastic polymer additives are introduced
typically for dragreduction application€ven trace amounts of flexible polymers can
dramatically alter the transition process and turbulence dynamics through elastic
turbulence mechanisms. Polymers are observed to delay and smooth the transition,
expand the transitional regime over a wider iR#gls number range, and modify the
coherent structures that emefyrk 1975; White & Mungal 2008)Yet many open
guestions persist regarding polymer effeon transitional flows.

Advancing the fundamental knowledge in this area will aid the optimization of
polymeric drag reduction and efforts to control turbulence for energy savings.
Furthermore, noiNewtonian fluids are widely encountered in applications, so
improved transition uterstanding is invaluable for predictibghaviouiin industrial
flows. Therefore, extensive research focused explicitly on mapping polymer impacts
on transitional statistics, critical parameters, coherent structures, and flow
morphology is imperative.

Theprimary objective of this thesis is to elucidate the effects of polymer additives
on the transitional flow physics of rectangular channel flows. While prior studies have
explored polymer impacts in pipe geometries, little is known about how dilute
polymer solutions modify the emergence of coherence structures and evolution of
turbulence statistics during transition in channel flows. This work aims to address this

knowledge gap through extensive PIV measurements and analysis of critical

2



parameters. The ouwimes are expected to provide new insights into polymer
transition delay mechanisms and differences compared to Newtonian fluid behavior

in canonical channel flows.
12Thesis Overview

This thesis systematically investigates the influence of polymer additives o
laminarturbulent transition in rectangular channel flows. The fluids examined include
a Newtonian solvent and dilute solutions of a flexible polymer, polyacrylamide
(PAM), at various concentrations. The study utilizes tnemolved particle image
velocimetry to quantify flow statistics and visualize transitional flow fields in
streamwise walhormal and spanwise planes.

The thesis is structured as followShapter 2 reviews relevant literature on
transitional flows and polymer effects. Chapter 3 deth#sexperimental methods.
Chapter 4 presents results for the Newtonian fluid and polymer solutions. The
evolution of skin friction, turbulence fraction, velocity profiles, and flow morphology
are analyzed across a range of Reynolds numbers spanning |anaimsitional, and
turbulent regimes. Chapter 5 discusses the key findings regarding polymer impacts on
the transitional statistics, critical parameters, coherence structures, and flow fields

compared to the Newtonian fluid. Finally, Chapter 6 summatimesonclusions.



2. L1 terature Revi ew

21Lami-"tar bul ent Transition 1 n

The study of laminar tdurbulent flow transition in shear flows has been a
prominent area of research within fluid mechanics, originating fRegnolds's
(1883) groundbreaking experimer$ince then, a substantial body of literature has
emerged, delving into the instability and lamhutarbulent transition in shear flows,
with numerous publications contributing to the evolving comprehension of this
phenomenor(Eckhardtet al. 1998; Manneville 2016)The broad applicability of
wall-bounded flows has accentuated the significance of identifying the “critical
Reynolds number" at which this transition occurs.

This literature review commengewith an introduction to transitional flow
structures, accompanied by a succinct summary of their key attributes. Following this,
a brief exploration of various approaches for determining the critical Reynolds

number in pipe and channel flows is presented

N e\



2.1.1 Coherent Structures in Transition

At the initial stage of turbulence, localized regions of turbulent flow are encircled
by laminar flow. These flow formations, known as coherent structures, are integral to
the transition process. The shift from lamir@aturbulent flow is contingent upon the
growth or decay of these coherent structures.

Coherent structures were first identified during the transition process in a
boundarylayer flow and were designated as "Turbulent Spots" by Emifi®isl)
However, the recognition of various structures has been found to be dependent on

factors such as the type of flow, Reynolds number, and the level of disturbance.

2.1.1.1 Pipe Flows:

In the 1970s, the concept of coherent structures in pipe flow was first seriously
discussed, beginning with Wygnanski and Champad©883) experimental study
on transitional pipe flows. They conducted aote measurements in a smooth air
pipe with a diameter of 3.3 cm, coveringR& range of 1,000 to 100,000. Their
research identified two distinct transiti@ structures: "slugs" and "puffs."

Slugs are observed at higfevalues and are caused by minor disturbances in the
pipe's inlet region. In contrast, puffs are generated by significant disturbances at the
inlet and can appear at relatively lowe values. According toWwygnanski and
Champagng1973) the flow within a slug closely resemblése fully developed
turbulent flow. Slugs exhibit welllefined interfaces, termed "Leading Edge" and

"Trailing Edge," between the turbulent flow inside and the surrounding laminar flow.
5



As slugs grow, they can occupy a significant portion of the pipe, megultia fully
turbulent pipe flow.

In the subsequent years, Wygnanski and collead®d%)expanded their research
to investigate puffs. The experimental setup was modified to incorporate a speaker on
the funnel to generate disturbances. The study was carried out wi@naage of
2,000 to 3,500. The researchers found thatlength of the puff is dependent on the
Re with all puffs at the sam@ehaving equal lengths. Moreover, as the flow moves
downstream towards the puff's rear, the turbulent intensity gradually increases,
reaching its maximum at the trailing edge. Hoare the researchers were unable to
identify a distinct interface between turbulent and-habulent regions near a puff's
leading edge. Further analysis showed that a puff travels at a velocity approximately
eqgual to the pipe's spatial average velocity.

Avila et al.(2011)conducted a thorough investigation of puffs in transitional pipe
flow, utilizing both experimental and numerical analysis techniques. The researchers
selected a pipe diameter of 4 mm and introduced impulsive perturbation to yhe full
developed laminar flow using a water jet. To experimentally identify and track a puff,
pressure was measured at two downstream locations. The acquisition of pressure
signals enabled them to determine whether the turbulent fraction of the flow increased,
remained constant, or decreased during downstream propagation.

In their numerical analysisAvila et al. (2011) employed direct numerical
simulations (DNS) anthvestigatedReranging from 2,032 to 2,385. The numerical

simulations corroborated previous observations regarding the leading edge and

6



trailing edge interfaces of a pufBfvila et al.(2011)noted that the upstam boundary

of a puff is welldefined, while the downstream boundary is less distinct. They further
explained that the increase in turbulence arises from the spatial proliferation of
turbulent patches, rather than the temporal complexity of fluid mofiois. spatial
proliferation was termed "puff splitting.” When a puff extends in length to the point
where vorticity decays in its central streamwise region, a vorticity patch escapes from
the primary puff and forms a new puff. As mentioned earlier, sluays o size, while

puffs primarily increase in number. Consequently, spatial proliferation serves as
another distinguishing factor between puffs and slugs.

Barkley et al. (2015) utilized a combination of experimental, theoretical, and
computational methods to study the emergence of fully turbulent flow in pipes and
ducts. The pipe had a diameter of 10 mm, while the duct had a width of 5 mm. The
distubance generation technique and pressure sensing equipment were similar to
those employedy Avila et al. (2011) However, for the duct experiments, five
pressure sensors were placed at various downstream [ganksey and colleagues
(2015)demonstrated that in both pipe and duct flows, the velocity of the downstream
front of a turbulent patch is indistinguishable from the upstream front, iimdicat
localized turbulence at the onset. For pipe flow videm 2,250 and duct flow with
Rem 2,030, the speed of the downstream front increases witRahEhese values
represent the threshold at which turbulence begins to aggressively invade the

surrounding laminar fluid.



2.1.1.2 Channel Flows:

The visualization of turbulent spots in channel flow has been the subject of early
experimental investigations by Carlsenal.(1982)and Alaryoonet al.(1986) It is
worth noting that channel flow and plane Poiseuille flow (PPf) are often treated as the
same type of flow in literature due to their similarities. Interestingly, both channel
flow and PPf stues are conducted in channel facilities, but PPf studies aim to use
channels with higher aspect ratios (the ratio of width to height in channel cross
section) to simulate the infinite plane assumption of Poiseuille flow.

In their studyCarlsonet al.(1982)investigated the visualization of turbulent spots
in plane Poiseuille flow by artificially triggering a transition. To achieve this, they
used titaniumdioxide-coated mica particlesof flow visualization inside a water
channel with an aspect ratio of 133. The flow was disturbed by an electromagnetic
solenoid, and the resulting turbulent spot is showhigure2.1. The turbulent spot
in channel flow has an arrowhead shape, with oblique waves visible at the sides and
rear of the spot, as observby Carlsonet al. (1982) They alsonoted that as the
turbulent spot travels downstream, it becomes more spread out (primarily in the
spanwise direction) until it eventually divides into two separate turbulent spots at
sufficiently largeRe The oblique waves around the turbulent spot resemble those
observed in boundary layer flows, but the splitting of coherent structures has not been
reported in boundary layers. This is likely due to the bounded geometry of transitional
channel flow, which reults in an energy transfer mechanism more similar to pipe

flow.
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Figure 2.1 Turbulent spot as observed by Carlsoret al. (1982) Flow direction
from left to right, Re= 1000 and the scale indicatethe distance from the
disturbance in inches.

In a subsequent study, Alavyoenhal.(1986)expanded upon the work Gfarlson
et al.(1982)by investigating the spreading rate and propagation velocities of turbulent
spots over a wider range BE Two channels with aspect ratios of 277 and 166 were
used, and th&erange was from 1,100 to 2,200 based on-bla#énnel height. The
flow visualization technique employed was similar to that usgdarlsonet al.
(1982) Interestingly, it was observed thatlike turbulent spots in the boundary
layer, turbulent spots in channel flow lose their arrowhead shape and become concave
as they travel downstream. Additidlya the researchers concluded that the ratio
between the front and rear propagation velocities of the spot increasé&ewith

In a more recent study, Sano & Tam@016) conducted an experimental
investigation of transitional channel flow. The channel used in the study had an aspect

ratio of 180, and metaloated mica platelets were employed ffow visualization.
9



The researchers injected artificial perturbations into the flow at the inlet, which either
decayed or spread downstream depending onRéeSnapshots of the flow

visualization are presentedkigure2.2.

N

Figure 2.2 Turbulence spatial variation as observed bysano & Tamai(2016)
Dark regions represent laminar and bright regions show turbulent flow. Mean
flow from left to right and the horizontal axis showsthe distance from the
perturbation. (a) Re= 798, p) Re= 842 and ¢) Re= 1005

Figure2.2(a) shows that foRe= 798 (calculated based on channelmaight and
centerline velocity), the injected perturbation separated into localized turbulent spots
that quickly decayed as they propagated downstream. Howev&te fpeater than

approximately 830, the researchebservedhe splitting and spreading of turbulent
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spots, as depicted Figure2.2(b). For sufficiently large Reynolds numbers, such as

Rem 900, the turbulent flow wasustained, as shown gure2.2(c).

2.1.2 Critical Reynolds Number

Because of the gradual nature of the transition process, defining an explicit critical
Reynolds number is intricate. As discussed in the previous section, localized patches
of turbulent flow emerge in transitional wdlbunded flows, and they will either
decay or grow depending on tlite It is widely accepted to define the critical
Reynolds number as Re at which turbulence becomes sustained. Below we will
introduce some studies that attempted to find the critical Reynolds number.

In a stability analysisf plane Poiseuille flow, Orszgd971)analyzed the linear
stability of PPf. He calculated the critiddéby solving the OrSommerfield egation
numerically using expansions in Chebyshev polynomials. The stability analysis
calculated a critical Reynolds numberRé= 5,772.22. Below thiRe the laminar
base flow can withstand infinitesimally small perturbations and retain the laminar
state.However, early experiments showed that the flow becomes turbulent at much
lower values of Reynolds number, everRat 1,000(Narayanan & Narayana 1967;
Patel & Head 1969)

To detect criticaReg Patel& Head(1969)carried out skin friction measurements
in both pipe and channel flows. They calculated skin friction using the mean flow
velocity profile. About the channel flow, it was found to be laminar @Re# 1,350.

Afterwards, the transitional state appeared and was found to be in placReuhtil
11



2,5003,000. The fully turbulent state was thought to start with Reynolds numbers
greater tharRea 2,500-3,000. For the pipe flow, the transition regime is &éd at
Red 2,000 and is terminated Bea 3,000.

Narayanan& Narayana(1967) along with their experimental investigation of
channel flows, obtained the lower range of crities (for large disturbance)
theoretically. They stated that the turbulent production and dissipation should be
almost equal at the criticB®e Assuming a logarithmic law for the turbulent velocity
profile, they calculated the criticBleto be 850. At thatime, the lower criticaRe
obtained from experiments for pipe flow and channel flow was Z(d@6gren 1957)
and 1,025, respectively.

Seki & Matsubara(2012) carried out hoetvire anemometry in channel flow at
transitionalRevalues. They defined lower margirig the minimumRefor partial
existence of sustainable turbulence, and estinthtgdto be around 1,400 based on
the channel width and the bulk velocity. The upper margialat which the
intermittency factor reaches one is about 2,600. In the study of turbulence, the
intermittency factor is defined as the fraction of time the flemains turbulent at a
specific given point of the flow field. The value of the intermittency factor can vary
from 0O to 1. In this scaling, a zero value is assigned to a fully laminar region, and the
value of one represents a fully turbulent flow. The @hitdea of intermittency was

proposed by Corrsi(iL943).
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Reference
Narayanan & Narayand967)
Patel & Head1969)
Patel & Head1969)
Orszag(1971)
Carlsonet al.(1982)
Alavyoonet al.(1986)
Avila et al.(2011)
Seki & Matsubarg2012)
Barkley et al(2015)
Barkley et al(2015)

Sano & Tama(2016)

Table 1 Summary of some notable studies investigating criticaRein pipe and channel flows

Flow Geometry

Channel
Channel
Pipe
Channel
Channel
Channel
Pipe
Channel
Channel
Pipe

Channel

Aspect Ratio

12

48

b

133

166, 277

52

180

Transition Mechanism

Disturbed

Natural

Natural

Natural

Disturbed

Disturbed

Disturbed

Disturbed

Disturbed

Disturbed

Disturbed

Critical Re

1025

1300

2000

5772

1334

1200

2040

1400

1700

2000

904
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FI ows

The transition mechanism to the turbulent regime in-Mewtonian fluids has
significant importance due tie various applications of polymeric fluidBolymer
additives have long been considered highly effective -dedgcers. Tom$1948)
observed hat dissolving a small mass of polymersarNewtonian solvent may
considerably decrease friction drag in a higlpipe flow compared to the pure
solvent.A large and growing body of literature has investigdtegfiturbulent drag
reductiord phenomenorfToms 1977; Virk 195; Virk et al. 1997; White & Mungal
2008; Xi 2019) Neverthelessmuch uncertainty still exists about theminar
turbulent transitiormechanism in polymeric flows and the transitional state of non
Newtonian flow.

The inauguratingresearch of Virk(1975) has demonstrated théte laminar
turbulenttransitionof adilute polymersolutionpipe flowoccursapproximatelat the
sameRe compared to Newtonian solvetiowever, both delayefCastro & Squire
1968; Draackt al.1998; Escudieet al. 1998;Giles & Pettit 1967; White & McEligot
1970)and early transitioffForameet al. 1972; Hansen & Little 1974; Zakiet al.
1977) have been recorded in internal polymeric flow studies. While the transition
happens aRea 00 for pipe flowandRea 1000 f or , itchhsabeen e |

reported thatransitioral Recanapproaclvaluesas low as 500Hansen &Little 1974;

14
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Hoyt 1977; Ram & Tamir 1964; Zakiet al. 1977) The following paragraphs will
briefly survey the studies in transitional alewtonian sheathinning fluid flows.

In the 1970s, different researchers noticed an increase irfaifor poymer
solutionsflow at low Recompared tdhe laminar valueln these lowReregimes
Newtonian fluids cannot sustain turbulence. The teriiearly turbulenceé was
commonly used to describe this phenoorefiForameet al. 1972; Zakinet al. 1977)
This phenomenon is thought to occur when a higher shear rate is obtained bécause
adequately smapipe diameter(or channel heightand high solvent viscdsi. Ram
& Tamir (1964)have illustrated thahe onset of early turbulence is determined by
shear stress rather thd®e It was also rewaled that as molecular weigbt
concentrationincreass, the criticalRe for the onset of early turbulence decreases.
Nevertheless, theapillary diameteis inversely related taritical Re The critical
velocity at the onset of turbulengereases linearlyith capillary radiusThe arly
transition occurs regardless of inlet disturban@esording to(1974) Zakin et al.
(1977)pressure measurements reeekd smooth transitioprocess to turbulence with
reduceddrag.No considerable pressure fluctuatiovere captured in contrast to what
happens in Newtonian flow@wving to intermittent puffs or slisg Furthermore, they
showed a deviation from the laminar pressure drop profiReat 140Q which is
smaller than exgcted transitionaRein pipe flows. The onset of early turbulence can
be recognized in the absenceyaéssure risby the rise in turbulent intensity and the

flattening of velocity profileasthese ardwo critical indicators of turbulence.

15



While the cantradictory results of delayed or early transition couldttrdbuted to
the insufficientcharacterization of the polymer solutions ustgeoretical studies
have the sameontraryconclusions too. On the one handlctlations with rodike
suspensions predicteddelay intransition(Bark & Tinoco 1978)On the other hand,
using the Maxwell model, it was noticed that elasticity in polymer solutiongdc
lower the critical Re below which no liaegrowth of disturbances occyforteous
& Denn 1972a) These behaviours areespectively linked to the polymer
configurations of coiled and stretchedlypoers Virk (1975) assortedwo distinct
types ofdrag reduction behavim; Type A foracoiled configuration and type B far
stretched configuration wheeedelay was observed fransition Draadet al. (1998)
carried oudetailed experimental researaha pipeflow setup with natural transition
Re = 60000 for water In their setup, resh polymer solutions with stretched
conformationhad anatural transitiorReof 800Q anddegradegdcoiled configuration
polymer showed transition &a 3 0 Dhé @duction in natural transitidefor
polymeiic solutionswas notapparent.Their observation was attributed to a non
optimal design of the settling chamber contraction grabable instability of the
boundary layer in the entry region due to elastic eff@étsteous & Denn 1972a,
19720. The friction factor of stretchedonfigurationpolymers departed smoothly
from the laminar profile, with no distinctive spike visible during the Newtonian
transition.The same polymer solutioshoweda spike in friction factoafter being

subject to mechanical degradatiorPolymers demonstrated a stabilizing effect
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concerning artificially triggered transition, arte transitionwas postponed ta
higherRethan wateDraadet al. 1998)

Contraryto Newtonian flows, th&eis not the only nomdimensionalparameter
for characterizinghe transition of nonNewtonian flows.Weissenberg numbas
another dimensionless number to consider whkimmpares the elastic forces to the
viscous forcesand it can be calculated as folloWs= ao (in which a-is relaxation
time ando is the flow shear rate)As one can point oulVi is dependent on the
velocity profile of the flow through shear rate. In contrasiitg elasticity number
E=a &7is only dependent othe polymer solutiots physical properties and the
length scale of internal flow. Therefore, it can be seenth@ndE are both highly
dependent on the flow length scale (pipe diameter or channel height).

The early turbulencgghenomenonwas found mainly in tubes with smaller
diameters, but there was little consensus on it in prior stid@m®over, as mentioned
before, the polymer solutionsvere not preciselycharacterizedin most earlier
experimentsNonetheless, Samargaal.(2013)showed that polymer solutiondght
undergo early turbulenceand Srinivas& Kumaran (2017) also suggested that
rectangle channel flow may go through a similar early transipimtess The
consideraly high polymer concentrationsf their solutionand the substantially
smallerdiameter of the tube usdmy Samanteet al. (2013) helped them achieve
significantly greaterelasticity numbers Moreover, it allowed them to probe

previously unexplored parametric regimes, which is a major difference etiage

studies and those of othehsdeed, higher elasticity numbers may be responsible for
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observing early transition in their studyor example, Draadt al. (1998)noticed a

drop in the atural transitiorRe( a4 0000) wi th polymer additior
early turbulenceThe recenexperimentf Chandraet al. (2018, 2020yeported a

decrease in the transitional threshuldile increasingsolution concentration in the

rangeof 300to 800 parts per million oppm and substantiatedhe observationof

Samantat al.(2013)

Dubi efds group has conducted simulations
inertial turbulence in high elasticitf) solutions(2013; 2018; 2015)Their results
extensivelyillustrate the pogbility of fiearly turbulencéin polymeric solutions with
sufficiently highE. These observations were in agreement &émantaet al. (2013)
experiments.The elasticity number is linked to the polymer solufiofongest
relaxation timeDue to lower polymer concentrations used for drag reductionestudi
(350 ppm), the elasticity number is significantly lower in those experintkatsin
recent studies that aim to obsefiearly turbulenc@. This fact could be the cause for
theabsence of early turbulence in drag reducéigperiments.

Panet al. (2013) experimentally investigated the instabilities and transition in a
long straight microchannel. They disturbed the flow wittumber of obstaclest the
entrance. Particle image velocimetry was used to capture the velocity profile in
addiion to dye convection experiments. The result suggested that polymeric fluids in
a parallel shear flow can go through a nonlinear subcritical instability aRew
However, theRescale was too smalRe< 0.01) in their experiments because of high

solution viscosity and small channel height. They also stated thatriheal
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Weissenberg number valfier the onset of the subcritical instability in the parallel
flow is Wi= 5.2 forthedisturbanceype and level they had in the experiments.

Poole(2016)conducted experiments to stuslyearthinning polymer solutioflow
through both pipe andrectangularcchannel The mean velocity profiles at low flow
rates appear steady arldya with results determined analytically from steahear
rheology dataAt a flow rate higher than the critical flow rate, the mean velocity close
to the wall becomes weakly tirdependent, and its magnitude increases with
increased flow rate until it reaches saturatidbhe flow will havea nonmonotonic
distribution of velocity gradients, a reduction in wall shear rate, and an overshoot of
mean flow véocity close to the duct center because of these fluctuaiana.result
of the reduced wall shear rate, the stability leads to a reduction in drag.

In Srinivas& Kumarars (2017)study, one wall of the channel facility was made
from soft material. Although it has been referenced in literature as an example of
polymeric channelléw, it is not clear whether the softness of the wall can affect the
transition phenomenon or not. The channel height they tested was 160 um, and it had
a laminar turbulence transition &ea 290 for water. They found a concentration
thresholdbelow that, in spite ofthe attenuation of turbulence, the transitide
remains unchangewhen the polymer concentration increases beyoadhreshold
there is a decrease in the transitReandtheintensity of the turbulent fluctuations.

The highest concentration they used reduced the transition Reynolds numRkeér to

115.
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The flow of viscoelastic fluid in parallel shear geometry at Revaluesis
investigated experimentally by Qin and Arratfd017) They used 300 ppm
polyacylamide solution in a straight duct with 100 um sides. It was demonstrated that
even at lowRe polymeric fluids flowing in parallel shear geometries could sustain
large velocity fluctuations in space and time.
Graham and colleagug?017) conducted direct numerical simulations on a
transitional viscoelastic channel flow. Thefpund a relation betweerthe
intermittency of transition of viscoelastic
and hibernating XiwkGkbameaoid@vehen fictjopReynbldss i s
numbers are increased at a fixed Weissenberg number, the hibernatiaeg
disappear So the flow is more ihowevehtleesefiact i veo
hibernating regionsreemerge nce viscoelasticity increases and progressively
dominatethe flow fields at sufficiently highVi.
The onset of transition in polymeric flows through microtubes was experimentally
studied by Chandrat al. (2018) They examined microtube diameters ranging from
390 umto 470 pmand solution concentrations from 50 to 800 ppm. Due to the small
diameter of tubes and high concentration of solutions, theothasumberkE of their
experiments was relatively higher compared to previous studies. Their facility had a
natural transitionof Re & 2000 for the Newtonian case. It was illustrated that
increasing polymer concentration first delays the onset of th&itica, resulting in a

higher transitiorReof 2500.With further increasein polymer concentration, thee
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for transition decreaseshe polymer is observed to destabilize the flow at sufficiently
high concentrations, and the transition occurs as ld80@s

Choueiriet al.(2018)have proposethat the drag reduction resulting from utilizing
polymers can go further thahe maximum drag reductioMDR) in a specific
domain of parameters. A 10 mm diameter glass pipe was used to test polymer
solutions with variousoncentrations. Newtonian natural transitReof their facility
was 2800. For concentrations under and equal to 20 ppm, they observed a delay in the
onset of turbulence up D25% largeiRe With increasingReto higher values in the
low concentration regime, turbulent puffs and slugs were observed. Higher
concentrations@ m 90 ppm) will lead to elastoinertial instabilities Rewell below
those associated with Newtonian turbulence.

In a recent studyChandraet al. (2020) conducted experiments to studwarly
transitionin micro-tubes withdiametes of 0.49to 2.84 mm They observed delay
in the onset of turbulence flower concentrations of the added polym®till, as the
concentration is increased further, the transitRendrops below 2000,which is
transitian Rein Newtonian pipe flowsln small concentrations of polymers, if tRe
is kept above the transitioRe value for Newtonian flows, and the polymer
concentration is gradually increas#te flowwill relaminarizeandthe friction factor
will decreaseThey also state thdie flow undergoes a transition due to elastatial
instability as the polymer coantration increasdsirther.

Krishnan et al. (2021) utilized velocimetry in a 100 mm diameter pipe to

investigate the laminaurbulent transition of a shedrining fluid flow. During
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transitions, intermediate structures (puffs and slugs) were observed to form similar to
Newtonian transition. fie transition occurred in different Reynolds numbers due to
their various slurry solutions; however, a delay in transifRewas recorded in

general.
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Reference

Draadet al.(1998)

Samantaet al.(2013)

Srinivas & Kumaran
(2017)

Chandreet al.(2018)

Chandreet al.(2018)

Chandreet al.(2018)

Chandreet al.(2018)

Flow Polymer
Geometry
Pipe PAMH
Pipe PAM
Channel PAM
Tube PAM
Tube PAM
Tube PAM
Tube PAM

Concentration
(ppm)

20

500

50

800

600

600

800

Flow Length Scale
(mm)

40

0.160

0.390

0.49

2.84

0.49

Transition
Mechanism

Natural

Natural

Natural

Natural

Natural

Natural

Natural

Critical Re

8000

800

300

800

1080

1462

970

Table 2 Summarizing experimental studies on laminar to turbulent transition of polyacrylamide solutions
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23El a-sherti al Tur bul ence

Inthed &,Foramest al.(1972)andZakinet al.(1977)made the first observations
that polymers cause instability in dilute polymer solutiombese pipe studies
observed a friction factor deviation frdo i s e u i at d Reydiadds humbver below
transitionalReof water.

Samantaet al (2013) had a breakthrough insight intbese observations by
exploring the flow of polymer solutions in pipes at various concentratibimsy
observed that for sufficiently high concentrations (500 ppm), the flow goes through a
direct transition fromalaminar to a chaotic state. This transiteven happened Re
=800 which is well below the expected transitioRafor Newtonian pipe flow. fiis
qualitatively distinct chaotic flow regim& a s n &lastodherti@l turbulenaeor
EIT. Chandreet al.(2018)observations were consistent with Samasttal. (2013)as
they first noticed a delay in transitidncreasing concentration led to tinensition to
EIT atRe= 80Q

There have beemoreexperimental studies of viscoelastic transition in pipes, but
Srinivas and Kumara(2017) showed that the transition state is qualitatively similar
in softwalled microchanneldn their experiments, transitidRedropped from 300 to
35 for sufficiently high concentrations.

Based on the results described thus far, dilute polymer solutithssufficient
viscoelasticity show robust behauroin the early transitionThe new flow regime

following this early transitionreferred to as elastoertial turbulence (EIT), appears
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to display distinct characteristics compared to Newtonian turbeldme findings
point to polymerdriven selfsustaining mechanisms that can support this chaotic flow
state with friction factor scalings remarkably close to MI8amantaet al. 2013)
NeverthelessEIT remains an active research area as a comyhekerstanding of its
mechanisms is still lacking.

Pipe flow experiments by Chouegt al.(2018)provided critical insights into EIT
mechanisms. Researchers observed the relaminarization of Newtonian turbulence at
low transitionaRe= 3150 when polymer concentrati was increased in a quasatic
manner . This relaminarization was foll owed
by Aweak, elongated streakso of flow. The f
with this reentrant transition for the chosen partan set. As a result of these
experiments, one can identify two distinct mechanisms of chaos in dilute polymer
solutions: Newtonian turbulence, inhibited by viscoelastic flow and elastoinertial
turbulence promoted by viscoelasticity. The authors obseavanotonic drop in
friction factor at higher transitiond&e (5200 and 10000), which appears to be the
more traditional way to convert Newtonian turbulence to MDR. At these higer
regimes, the flow state at MDR remained similar to EIT with weak, etedgelocity
streaks.

Graham summarized observations and experiments of polymer solutions to
il lustrate the fApar amet ekigure2B.albeeckastiagy al i t at i \
number remains constant on oblique lines shown in the figure. Path A shows studies

which keeReconstant and increa¥¥i to explore the parameter space. These studies
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demonstrate a direct pathway from Newtonian turbulence, which lead$Tto E
Observations made by Chouetti al. (2018)are shown as path B. They kdpe at

3150 and increased solution concentration, resulting in higher viscoelasticity.
Increasing viscoelasticity, they first noticed a relaminarization followed by the
transition to EIT.Some polymer drag reduction studiéSscudieret al. 2009;
Ptasinskiet al. 2001) reporta decrease in velocity fluctuations and Reynolds shear
stresses as viscoelasticity increases, which points towards the weakeningvedlhear
Newtonian turbulent structures. Likewise, as the flow rate increases, we see the switch
from Newtonianrstyle turblence to MDR/EIT in Path C. According to experimental
results byForameet al.1972; Samantat al.2013; Zakiret al.1977) at a sufficiently

high elasticity number, a laminar flow can dirgaglo through a transition to a two
dimensional flow with a significantly lower friction factor or better known as EIT, as
demonstrated by path D.

Although extensive research has been carried out on polymeric flows, no single
experimental study existhat addresses flow states and structures in transition to
turbulence. This indicates a need to understand the various perceptions of flow
structures that exist among transition. This thesis will investigate the laminar

turbulent transition in neiNewtonian flows.
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Figure 2.3 The parameter space of turbulence in dilute polymer solutions.
Regenerated figure inspired by(Graham 2014; Shekar 2021; Xi 2019)

Boundaries shown here are not necessarily vertical or horizontal, and they migh

be fuzzy.
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. Experi Mebhhadol ogy

This thesis encompasses three distinct experimental campaigns, each designed to
achieve specific objectives. The first experiment employsdiweensional time
resolved Particle Image Velocimetry (PIV) in the streamwis-normal plane to
investigate thdransitionalbehaviourof water and polymeric flows across a wide
range of Re The second experiment focuses on collecting -tmgtion data
sequences using doudimme data acquisition to explore the statistical properties of
transitional flows. Irthe third experiment, the streamwisganwise plane is examined
to study turbulent spots. The outcomes of these experiments for water flow are
compared with prior experimental findings and numerical studies to assess the
accuracy of the measurements.

The nmethodology employed in these experiments is detailed in five sections. The
first section provides an overview of the flow loop utilized in the experiments. The
second and third sections delve into the preparation of the polymer solution and the

rheologicalmeasurements, respectively. The fourth section outlines the streamwise
28



wall-normal plane PIV setup and the image processing procedure employed. Lastly,
the fifth section describes the streamwspanwise plane PIV setup and the

corresponding image proc@sg procedure.
31FI| dawci |l ity

Thissection delineates the grawtlyiven closeeflow loop apparatus employed for
conducting the experiments. A schematic representation of the flow facility can be
found in Figure 3.1. The apparatus comprises an elevated reservoir, a settling
chamber, a test section, a diffuser, and a downstreamAsskiown inFigure3.1 the
X, Yy, and z axes are in the streamwise, watirmal and spanwise directions,
respectively, and the coordinate system is placed on the channel centerline

The upstream reservoir, situated 2.6 meters above the test sectiolinegritas a
capacity of 90litres. The pressure head generated by this elevated reservoir propels
the flow within the loop. A 254 mm pipe connects the upstream reservoir to the
settling chamberThe settling chambespans approximately 2 meters in length and
features two designated slots for installing honeycombs and mdshedayers of
honeycombs coupled with mesh layers are installed at distances of 155 mm and 1655
mm from the settling chamber entrance, as weB&85 mm and 2185 mm upstream
of the measurement locatiomhe maximum crossection of the settling chamber
measures 596 x 254 mm.

Connected to the end of the settling chamber is a nozzle with a length of 0.75

meters and a contraction ratio of 48:1, desid to minimize turbulence and non
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uniformity in the test section. The test section, fabricated from acrylic, has dimensions
of full height {H) 16 mm, halfheight ) 8 mm, width (W) 200 mm, and length_}

2390 mm. This results in an aspect ratig\dif = 12.5 and a lengtto-height ratio of

L/H = 149. The inlet section and connections between all channel components are
meticulously designed and constructed to be as smooth as possible, thereby reducing
upstream perturbations. The flow rates achieved duhi@g@xperiments ranged from

a minimum of 0.1 .9 to a maximum of 2.5 k&.
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X —~
Upstream reservoir \ ¢

Settling chamber

To downstream tank

Figure 3.1 Annotated schematic view of the experimental facility. The inset
shows the crosssection of the test section anthe coordinate system.

After passing througthe test section, the flow enters a diffuser and is subsequently
directed into a downstream tank with a capacity of 76&liTo maintain consistency,
the upstream reservoir is filled to the same level lefach experiment. The

upstream reservoir can be refilled using a progressing cavity pump (Moyno 36704)
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connected to a 1.5 kW motor from the downstream tank to the upstream reservoir
placed at the ceilinglhe pump's maximum rotational speed is 1755 rggulated
by a variable frequency drive (VFD)he acquired signal from the PMC VersaLine®
VL3000 level transmitter was fed to National Instruments LabVIEW software, and an
output signal was sent to VFD to control the pump and ensure the upstream reservoir
was filled to the same level before each experimieminitiate every experiment, the
desired fluid stored in the downstream tank was used to fill the facility

The loop operating procedure can be described in detail through the following
steps:

1. Initiation of the experiment: To begin each experiment, the fluid of choice,
which is stored in the downstream tank, is used to fill the facility. This ensures
that the desired fluid is readily available for the experiment.

2. Flow rate control: In order toegulate the flow rate of the fluid, a high
precision globe valve is employed. This valve can be adjusted to specific
openings, allowing for precise control over the flow rates required for each
experiment.

3. Measurement completion: Once the necessary maeasute have been taken,
the fluid flow is stopped by closing the higinecision globe valve. This
ensures that the fluid flow is halted at the appropriate time, allowing for
accurate data collection.

4. Refilling the ceiling reservoir: After the fluid flow haseen stopped, a

feedback control system is utilized to refill the ceiling reservoir to a constant
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level. This is done to maintain consistent experimental conditions for each
trial, ensuring that the results are reliable and reproducible.

For each solutiorat leasteight valve openings were tested ranging from laminar
flow conditions to turbulent, with each opening being repeated at least five times to
ensure accuracy and consistency. Furthermore, to investigate the transitional state, an
additional six rpetitions of measurements were conducted for the valve openings in
the transitional flow rateThe valve openings tested for each soluao@shown in
Table3. Theserigorous testing procedures were employed to ensure the repeatability
and statistical convergence of the experimental resihis.change in fluid pressure
head was less than 10% when compared to the initial state before the experiment and
after its termiation, even at the maximum flow rate of 2.5 I/s. Furthermore,
examining the flow rate during the data acquisition process revealed that any
variations were negligible. Then a feedback control system was used to fill up the
ceiling reservoir to a constardgvel each time with the pump rotation speed being

limited to 440 rpm.
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Water 50 ppm 75 ppm 100 ppm 150 ppm

1/8 1/4 1/2 3/4 3/4
1/4 1/2 3/4 1 1
1/2 3/4 1 11/4 11/4
3/4 1 11/4 11/2 11/2
1 11/4 11/2 2 2
11/4 11/2 2 21/2 21/2
11/2 2 3 3 3
X X 5 4 4
X X 81/2 5 5
X X X 6 6
X X X 7 7
X X X X 10

Table 3 Valve Openings Tested for Each SolutioniThe valve openings are
presented in units of turns of the va
ppm and 75 ppm solutions. A11/20 gl obe val ve was use:{
ppm solutions.
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32Pol ymer psroelpuatriaotni o n

The chosen drageducing additive for these experiments is a flexible polymer,
polyacrylamide (PAM) (SNF Floerger, 6030S), which has a molecular weight of 30
35 MDa.The chemical structuref PAM is shownin Figure3.2. Four concentrations

of PAM were considered for the study: 50, 75, 100, and 150 parts per million (ppm).

CH, HC ——

c=0

NH,
- - n

Figure 3.2 shows the molecularstructure of polyacrylamide (PAM), the
drag-reducing polymer used in the experiments

The preparation process begins with accurately weighing the solid polymer powder
using an Ohaus E11140 Explorer digital scale, which offers a resolution of 0.1 mg.
Theweighed powder is then gradually added to 176sliof tap water in a cylindrical
tank, ensuring a slow and controlled dispersion to prevent the formation of clumps or
aggregates. This mixture forms a concentrated master solution.

To facilitate thorough ming and dispersion of the polymer, a mixer (LIGHTNIN
LabMaster L5U10F) equipped with a thyiekade marine impeller with a 75 mm

diameter is employed. The mixer agitates the master solution at a speed of 75 rpm for
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two hours, promoting the formation ofh@mogeneous solution and minimizing the
risk of mechanical degradation.

Once the initial mixing is complete, the master solution is drained into the
downstream tank and diluted to the desired concentration using additional tap water.
The pump is then usdd circulate and gently mix the 72i@re PAM solution within
the downstream tank for another two hours at a rotational speed of 225 rpm. This
secondary mixing step ensures that the diluted polymer solution is uniform and free
of any concentration gradient

After completing the mixing process, the resulting solution is left to rest for 15
hours overnight. This resting period allows any residual air bubbles, impurities, or
undissolved polymer particles to dissipate or settle, further enhancing the
homogendy and quality of the prepared polymer solution.

On the following day, the pump, operating at a rotational spe@2®fpm, is
utilized to fill the upstream reservoir with the PAM solution. This step ensures that
the experimental setup is primed and refalyconducting the tests with the carefully
prepared polymer solution. The meticulous preparation process described in this
section is crucial for obtaining reliable and consistent results in the subsequent

experiments involving drag reduction and flowndynics.
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33Rheolmeggur ement s

3.3.1 Shear viscosity measurements

Viscosity is a critical parameter in investigating polymer drag reduction, and its
impact on the rheological propertiesloéfluid cannot be overstated. It is wdthown
that the addition of apcific amount of polymer to a Newtonian fluid can transform
it into a noaNewtonian fluid. Thus, in this study, we will be examining the shear
viscosity or apparent viscosity. The rheological characterization of polymer solutions
will be conducted usingt@arsional rheometer (HR, TA Instruments) equipped with
a cone and plate geometry

To accurately characterize rheology, it is necessary to measure viscosity at various
shear rates for neNewtonian fluids. A depiction of the cone and plate geometry of
the rheometer is presentedrigure3.3. The rheometer comprises a cone affixed to a
rotor and a stationary plate. While the plate remains stationary, the cone is driven by
a motor.The geometry used had a radiusRof 30 mm and a angle ofb 2.
Additionally, a temperature control system is attached tatthemeteito maintain

the desired temperature.
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Figure 3.3 illustrates a schematic diagram of the cone and platd&neometer
used to measure the shear viscosity of the test solutions

Viscosity measurements were taken at a co
rate of up to 2005 For Newtonian fluids, viscosity is shear rate independent.
However, with the introduction of polymers to solutions and increasing their
concentration, a considerable increase in solution viscosity occurs, leading-to non
Newtonian behaviar. Specifically, polymer solutions exhibited shetinning
behaviar, meaning that viscosity decreases as the shear rate increases. This
behaviar is more pronounced at higher polymer concentrations, as expected.

Figure 3.4 shows the shear viscosityof solutions with increasing shear rates
All PAM solutions demonstrate noticeable sh#anning but to varying degrees.
Here, sheathinning is well described by the powlaww modelof (3.1), which was fit
on measurements pfas a function ob.

e Ko™ (31)

the model parameters are presentethible4. Note that the ratendexn describes

the slope i with increasing and the degree of shethiinningi asn decreases the
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solution becomes more shahmning. Error bars show the standdeViation of five
samples taken from the channel flow facility, each of which corresponds to a set of

various valve openings tested with the same solution.
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Figure 3.4 The relationship between shear rate and apparent viscosity is
demonstrated for four polymer solutions, highlighting the fluids' rheological
behaviaur.

3.3.2 Extensionalrheology measurements

A bespoke drippingnto-substrate (DoS) apparatus wadized to evaluate the
extensional rheological properties of PAM solutiomsthe employed method for
measuring, a minuscule droplet was released from diglaed nozzle featuring a
diameter Do) of 1.27 mm. A syringe pump (Legacy 200, KD Scientifiec.)

facilitated the expulsion of the droplet at a rate of 0.02 m| fihe pumping process
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ceased when the droplet came into contact with a glass substrate positioned 3DO or
3.81 mm beneath the flipped nozzle outlet. Upon contact with the substrate,
liquid bridge formed between the nozzle outlet and the substrate. The liquid bridge's
diameter Dmin) experienced a rapid reduction due to capillary foreeschematic of

theDoS setup is illustrated iRigure3.5.

Nozzle

High-speed camera Do Light source

Dmin(t) —

Figure 3.5 shows a schematic representation of the drippingnto-
substrate (DoS) experimental setup which was employed to evaluate the
extensional rheological properties of the polymer solutions.

A high-speed camera (v611, Vision Research) and LED backlighting were utilized
to capture images of the liquid bridge. The camera was equipped with a 1280 x 800
pixel complementary metalxide semiconductor sensor, with pixel dimensions of 20
I 2 ¢ andam2bit depth. A zoom lens provided a magnification of 3.8 and a scale
of 5. 1 6" ldnmgep wereeatquired at a rate of 2 kHz. The liquid bridge's
minimum diameter®min) was ascertained using a MATLAB (Mattorks Inc.) script.

The Ohnesorge numbe&h=t//tr, establishes a connection between the time scale
linked to viscous forces and the Rayleigh titRewhich is associated with surface

tension and inertial forces. In this cates d /20 represents the characteristic time
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scale for viscecapillary thinning,tr= (} D3/80)"/2, andd denotes the surface tension.
When Oh > 1, viscous forces play a significant role, and the evolutioD®gf is
characterized by visecapillary thinning, Dmin(t)/Do = 0.0709(ui t)/tv. For elastic
fluids, the Deborah numbeDe = tdtr, indicates the proportion between the
extensional relaxation tinteand the Rayleigh time. De > 1, the necking process is
primarily influenced by elastic and capillary forces. This elastocapilla®y (Egime

is represented by:

Dni (n t_)

3.2
— G‘\X(-pé), (32)

whereA is a constantFigure 3.6 illustrates the impact of polymer concentration on
filament diameter over time, with zero time signifying the moment the droplet is
released. Error bars are determined by calculating thelasthrdeviation of five
repeated measurements, each performed on samples obtained prior to flow
measurements in the channel flow facility. A noticeable increase in resistance to
capillary force is observed at 75 ppm compared to 50 ppm. It is evident ltitat di
polymer solutions experience a faster filament breakup than concentrated polymer
solutions, which can be attributed to the lower elasticity in dilute polymer solutions.
Polymer solutions with higher relaxation times exhibit greater elas{Migyshall &
Metzner 1967) Delshadet al. (2008) also employed relaxation time to represent
elasticity in polymers withim viscoelastic model. Furthermore, it is apparent that the

solution's resistance to capillary force escalates with increasing polymer
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concentration. Consequently, concentrated polymer solutions possess a higher

stretching potential compared to dilute pogmsolutions.

® 50 ppm
® 75 ppm
® 100 ppm
® 150 ppm
‘_C-_;.\ .
\?? S e ~.
o~ -
50 60

Figure 3.6 Semtlogarithmic plot of filament diameter as a function of time
for four distinct polymer concentrations.
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Concentration
(ppm)

50

75

100

150

K (Pa#g)

1.37 x 16°

1.67 x 16°

2.26 x 10°

2.93 x 1¢°

0.961

0.951

0.916

0.892

te (MS)

2.0

3.5

4.7

6.1

Table 4 Parameters used in equation 1 for each PAM solution are shown
Additionally, the relaxation times calculated from DoS measurements are

alsodisplayed.
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34Particle i mage velocimetry (PI)

Three separate test campaigns have been conducted in this study:fidounble
data collection with extended acquisition times in the strearmadienormal plane,
time-resolved data collection in the streamwigal-normal plane, and doubfeame
data coléction with extended acquisition times in the streamspsnwise plane. The
doubleframe data collection with extended acquisition times, hereafter referred to as
long-duration, involves collecting a large number of image pairs at a lower sampling
rate tocapture the evolution of flow structures over long time periods. In contrast, the
time-resolved data collection refers to acquiring siffgdene images at higher
sampling rates to provide better temporal resolutiothefflow field However, the
maximumduration of timeresolved measurements is limited by the memory of the
high-speed cameraParticle image velocimetry (PIV) was used to measure the
velocity of the fluid within the test section. The PIV system consisted of aspiggd
camera (v611, Phantgrand a duatavity Nd:YLF highrepetition laser (DM2&27
Photonics Industries). The higipeed camera has a 1280x800 pixel complementary
met al oxide semiconductor (CMOSJ)andsaensor
resolution of 12 bits. The laser beaas a wavelength of 532 nm, and maximum pulse
energy of 20 mJ pulde A programmable timing unit (PTU X, LaVision GmbH)
synchronized the camera and laser. The flow was seeded with 2 um diameter silver
coated solid glass spheres (Potters Industries Co@&d® SG02S40). PIV

measurements were taken along two fields of view (FOV). The first being along the
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streamwisewall-normal plane, and another along the streamssmwise pland.he

PIV configuration is described feach test campaign this section

3.4.1 Long-duration wall-normal PIV

In this test campaign the goal was to collect long data sequences of streamwise
wall-normal velocity fields of the transitional Reynolds number range for each
solution. A planaconvex spherical lens with a focal lengthfef +200 mm and a
cylindrical lens with a focal length df= 20 mm were usedere utilized to form a
laser sheet with a thickness of 1 mm and a width of 160 mm ir direction for
streamwisewall-normal measurements. The camera was equipped with a Sigma lens
that had ari/11 aperture and a focal lengthfef 105 mm. The sensoesolution was
decreased to 1280x312 to allow for longer data acquisition times and recording rates
when necessary.

This test campaigimvolvedtheacquisition of doubldrame images at a rate of 60
Hz. The temporal delay between the two laser pulsexzadilfor doubldrame
measurements was varied from 700 to 6900 ¢s
rate. The desired particle shift was 8 to 12 pixdiach dataset comprised 13,569
doubleframe images. This measurement scheme facilitated extendecbtlatiion
periods ofThis measurement scheme permitted long data collection times ranging
from approximately 500 to 2700T corresponding to the lowest and high&st
respectively, wher& = H/@U.Os a representative time scale of the flow.

The velocity vectors for each measurement were calculated using DaVis 8.4

software from LaVision GmbH. The first step involved subtracting the minimum
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image intensity from each dataset. Subsequently, the intensity of each image was
normalized by the averagntensity of the entire image ensemilelocity vectors

were computed using crassrrelation with a final interrogation window size of 32 x

32 pixels (0.45 x 0.45 mm) and an overlap of 75% between adjacent interrogation

windows.

3.4.2 Time-resolvedwall-normal PIV

The objective of this experimental campaign was to enhance the temporal
resolution of flowfield measurements. Additionally, the investigation encompassed
the evaluation of both higher and lower Reynolds numbers to ensure the accuracy of
the transibnal Reynolds number range that was obtained.

Similar to long duration walhormal setupa combination of lenses was used to
shape the laser beam into a laser sheet with 1 mm thickness and 160 mm width in the
x direction. A Sigma lens with a focal lengthfof 105 mm and an aperture f6f1
was connected to the camera. Sensor resolutionedased to 1280%x312 to achieve
the maximum duration of data recording

In order to acquire timeesolved data, isgle-frame images were obtained at
acquisition rates ranging from 0.2 to 9 kHz. Like the doditlne measurements, the
singleframe datasets b consisted of 13,569 images. However, due to the higher
acquisition rates, the duration of the sinfjlame datasets was much short&s.
previously mentioned, eight valve openings were tested ranging from laminar flow

conditions to turbulent utilizinghe single frame, timeesolved measurement scheme.

46



The additional six repetitions of valve openings with transitional flow rates were
investigated using londuration doubldrame acquisition.

The velocity vectors were calculated using DaVis 8.4 softwame fLaVision
GmbH. The image prgrocessing steps were similar to lethgration double frame
acquisition. Then thevelocity vectors were computed using a sliding ensemble
correlation with a final interrogation window size of 32 x 32 pixels (0.55 x 0.55 mm)
and an overlap of 75% between adjacent interrogation windows. Three correlation
maps were averaged over a time period that, based on the acquisition rate, ranged

from 6.5 x 10 to 0.01 seconds in the flow.

3.4.3 Long-duration spanwisePIV

In order to observe turbulent spots frane streamwise spanwise field of view
long-duration double frame data acquisition was conducted for transitional Reynolds
numbers of all solutions.

The laser sheet was positioned in ta@lane at a distance gf= 0 from the wall
in measurements taken in the streamwgiganwise plane. The thickness of the laser
sheet was around 1.5 mm and its width intdéection was about 70 mm. A camera
lens from Nikon with a focal length &= 60 mm and an aperture 5.6 was used.
The sensor resolution for experiments inxladz directions was set to 1280x600.

Doubleframe images were collected at a rate of 60 Hz. The imagerpcessing
procedure wathesame as longluration wallnormal measurementgelocity vecors
for the streamwisspanwisdield of view had a final IW size of 48 x 48 pixels (1.87

x 1.87 mm).
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The velocity vectors in the, y and z directions are denoted By, V and W,
respectively. The symbdg Orepresents time averaging. TReeomponent of the
velocity vector at the centerline of the channet(0) is denoted by, while the
streamwise velocity fluctuations are represented,byhich is calculated using the

relationshipu = U - AU In orderto obtain the wall shear ra:b%for laminar cases, a

parabolic function was fitted to tlfe/Oversusy data, and the slope of the parabola at

both wall locations was calculated and then averaged to detegpnifer transitional

and turbulent cases, a larefit was applied to théJOversusy data in the neawall

region ofy* O & both walls, and then to obtamy. With the wall shear rate

determined, fluid viscosity at the wall shear ratg (vas calculated for each test case
using equation (1). Thedynolds number was then calculatedRas § UgH/ew, where
Us is the bulk velocity and is the fluid density. The wall shear streg}) was

computed followingd = ewd,, and this value was used to calculate the skin friction

coefficient,Cs = 2U/(} Us?). In the following sections, the superscript + denotes inner
normalization, where velocity is normalized by the friction velouity ((J/ )2, and
distancey is normalized by wall unite~= gw/ o Uror turbulent flows, the friction

Reynolds number isalined asRej=} /.
35Lami nar/ Turbul ent Detection

The process of distinguishing between laminar and turbulent patches within
transitional flow fields relied on the analysis of fluctuations in the centerline velocity,
denoted a$Jc. In order to eliminate the influence of higimplitude, lowfrequency
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fluctuations that were present in visually laminar sections of the flow, aplaigh
filter was initially applied tdJ.. The cutoff frequency for this filter was set &t=
0.05IT. The outcome of this filtering process was a new filtered centerline velocity,
referred to ask.

Subsequent to the filtering step, both a moving average and a moving standard
deviation were calculated for. This was achieved by employing a moving window
with a length of 20, which allowed for a more detailed examination of the flow
characteristics. In order to determine the nature of the flow within each moving
window, a detection parametewas introduced. This parameter was computed by
taking the ratio btween the standard deviation and the average valyaithin each
window.

The classification of flow as either turbulent or laminar was based on the value of
the detection parametér Instances whereexceeded 0.02 were deemed turbulent,
while thosewith lower values were considered laminar. It is important to note that
any turbulent or laminar regions with a duration shorter thdn9e disregarded in
this analysis, as they were deemed insufficiently representative.

Once the turbulent and laminaegions were identified, further analysis was
conducted to quantify the turbulence characteristics. The turbulence fr&efiavas
calculated by dividing the total duration ¢he turbulent flow by the overall
acquisition time, providing insight into thpgevalence of turbulence within the flow.

In addition, the turbulence intensityllj for each region was determined by
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calculating the ratio of the standard deviatiGhdf the filtered velocity fluctuations
to the mean velocity
TI = WO (3.3

Figure3.7 presents an example of the transitional water floRext 2000, along
with the application of the laminar/turbulent detection algorithm. The horizongal ax
displays time, normalized by the representative time scale of the flow, denoted as
t Nj/T.4n Figure3.7(a), the contour of streamwise velocity is depicted in relation to
t, Njvealing alternating regions of turbulent patches and laminar flow. The extraction
of the channel centerline velocityelds the signal displayed Figure3.7(b). Upon
calculating the velocity fluctuations and applying the kigiss filter, the resulting
signal,ur, is illustrated inFigure3.7(c). The highpass filter effectively eliminates the
low-frequency variations itJc observed in visually laminar sections of the flow,
specifically betweem Wdjues of 220 and 550 Figure3.7(a) and D).

The detection parametéis subsequently plotted figure3.7(d). Laminar flow
regions, characterized By< 0.02, are represented by blue lines inltkeu:, andl
plots inFigure3.7(b) through ¢l), while turbulent areas ¢ 0.02) are indicated by red
lines. A visual comparison &iigure3.7(a) with the subsequestibplots demonstrates
the detection algorithm's effectiveness in identifying the four turbulent patches present

within the transitional water flow.
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(d)

Figure 3.7 Laminar/turbulent identification technique of water flow. (a) a
flow visualization contour, (b) the extracted centerline velocity signal,d)
filtered velocity fluctuations, (d) the detection parameter. Turbulent regions
are shown in red, laminar regions in blue, and shortength instances that are
disregarded are in black.

36Uncertainty Analysi s

In this section, we will discuss the sources of uncertainty ine@periments.
Uncertainties in particle image velocimetry measurements, shear viscosity
measurements, and calculated parameters suBleyaslds number, friction factor,
and innerscaled velocity profilesre considered and presentébhderstanding and
guantifying these uncertainties is crucial for the accurate interpretation of our results

and the reliability of our conclusions.
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A frequerily used approximation for the uncertainty linked to an individual PIV
measurement is a displacement of 0.1 pixels. SciaccH@@i®)argues that this "all
encompassing constant” for PIV uncertainty might be an oversimplification, as the
uncertainty is largely influenced by the specific features of each experiment.
Nevertheless, studidscused on assessing PIV uncertainty often report uncertainties
close to 0.1 pixel¢Raffel et al. 2018) which is why this value has been adopted in
this work to represent the error associated with the Rd¢gssing algorithm.

Shear viscosity measurements were conducted individually for each solution.
Temperature variations have the potential to influence viscosity values; therefore, we
carried out viscosity measurements at the same temperature as thenexfseto
minimize this impact. Inhomogeneities in the polymeric solutions or the presence of
air bubbles may lead to errors in the viscosity measurements. To mitigate these effects,
we ensured thorough sample preparation and degassing. Furthermore, each
concentration was prepared and tested nine times. The standard deviation of these
repetitions is presented in Figure 3.4.

The calculated parameters, such as Reynolds number, friction factor, and inner
scaled velocity profiles, are derived from the PIV, sivéarosity measurements, and
wall location. Wall location affects these parameters because it determines the
boundary conditions for the fluid flow, which in turn influences the velocity gradients
and shear stresses near the wall. As a result, the untiegain wall location
measurements can impact the accuracy of the calculated parameters. Therefore, the

uncertainties in these measurements propagate to the calculated parameters. Standard
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error propagation techniques were used to estimate the uncedaintithese
parameters.

As mentionedefore Reynolds number was calculated=as= } UgH/ew. Then the
uncertainty in the Reynolds numberRe can be calculated using the formula for

uncertainty propagatiotonsidering the uncertainty in fluid densigynegligible,

Re 2 Re 2 (Re 2 34
R e OJ_Bq:UB + aq:H + O:_WqIW ) ( : )
e i G . y _ o
where—= Reile gngR e 1% are the partial derivatives of the Reynolds
Qe g, H g, C, €y

number with respect tmdependentariablesandevaluated at the nominal values of
the variableslin this context, the uncertainty associated with the channel height can
be considered negligible. To calculate the relative uncertainty of the Reynolds number

( B¥Re), the following formula is derived fro equation(3.4),

e

q:Re_ q:UB JEw
e (U—B) | —8;-)8( (3.5

Furthermore, as previously mentioned, the skin friction coefficient was determined
using the formulaCr = 20/() Us2). Employing a similar approach and assuming the
uncertainty in fluid density to beegligible, the propagated error in the skin friction

coefficient can be calculated as follows:

the relative uncertainty in skin friction fact@pCi/Cy) is calculated usinthefollowing

formula,
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i o, g
LU G 4= 37

. . . - du .
Since the wall shear stress is obtainet}as o, anda, & at the wall location, the

uncertainty inwall shear stres@dy,) is calculated as,

oA oA 2
- haud 38
W= F@ &, P fh (38)

considering the partial derivatives to derived as follows,

O . O du .
- = — — h 3.9a
O. O du O du g
a M, —a SW& a —y SW— 0 (39b)
O g =% (3.90)
= = .JIC
C, dy

the relative uncertainty in wall shear strégil/U) could be derived as

o, W, . 0B,
b AN G A 3.10
g - G (310

For inner scaled velocitfu®™), the error propagation will result ihe following

uncertainty formula:

and the relative uncertainty in inner scaled veloay (u*) will be calculated as

+

qu
u+

q G, -
= () t(OR (3.12)
U
whererelativeuncertainty in friction velocityqudgug is calculated as follows:
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-1 2 1Mo (3.13)
andthe uncertainty in solution density is deemed negligible.

The total relative uncertainty for the independent variables is preseniedle5,

while Table6 displays the calculated total relative uncertainty for the aforementioned
flow parametes in our experimental setup. In this contekiOdenotes the bulk
velocity, ew represents the viscosity at the wall shear fRgsignifies the Reynolds
number,y denotes the walhormal locationJ, represents the wall shear stress,

indicates the friction velocityy” denotes the inner scaled velocity, &defers to the

skin friction coefficient.
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Solution %} T—WW q_;/
Water 0.071% 2.0% 1.24%
50 ppm PAM 0.078% 2.6% 1.24%
75 ppm PAM 0.075% 2.9% 1.26%
100 ppm PAM 0.077% 2.9% 1.16%
150 ppm PAM 0.072% 4.9% 1.17%

Table 5 Estimated total uncertaintiesassociated with independent flow variables.

Solution gR e % WMo q 9L
Re W ug u G
Water 2.00% 2.35% 1.18% 1.18% 2.36%
50 ppm PAM 2.60% 2.88% 1.44% 1.44% 2.88%
75 ppm PAM 2.90% 3.16% 1.58% 1.58% 3.17%
100 ppm PAM 2.90% 3.12% 1.56% 1.56% 3.13%
150 ppm PAM 490%  493%  252%  2.52% 4.93%

Table 6 Estimated total uncertaintiesassociated with calculated flow variables.
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4. Resul t s

The PIV measurements were utilized to investigate the transition from laminar to
turbulent flow as th&eincreased for both Newtonian fluids and PAM fluids. Initially,
the velocity measurements were conducted for the Newtonian case involving water.
Subsegently, the PIV measurements were performed for PAM solutions with low
concentrations, specifically at= 50 and 75 ppm. Following that, the measurements
were conducted for higboncentration PAM solutions with= 100 and 150 ppm. To
account for differeces in rheology and the transition from laminar to turbulent
behaviour the results for low and higtoncentration PAM solutions were separately
presented. Each section showcases the variati@sndFr as the Reynolds number
increases. Additionally, nstantaneous samples &f were captured along the
streamwisewall-normal and streamwisgpanwise planes at different Reynolds
numbers, exhibiting characteristics of laminar, transitional, and turbulent flow fields

as indicated by their correspondiRgvalues.
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41Transition i n Newtonian channel

Figure 41 illustrates the relationship between the skin friction coeffici€nand
Reynolds numbemRefor water channel flows. Each distinct cluster of data points,
represented by differegblours corresponds to specific valve openings discussed in
sectionchapter 3 The legend ofigure 41 provides the nominal Reynolds number
for each valve opening.olensure utmost accuracy and reliability, each valve opening
was meticulously repeated six times, accompanied by the acquisition afuoaigon
doubleframe data. This comprehensive approach aimed to achieve improved
statistical convergence, especially transitional flows characterized by sporadic
intermittent turbulent patches.

Forturbulent flows at higheRethe statistical convergence becomes less crucial.
As a result, three repetitions of shddration timeresolved measurements were
performed foreach valve setting with highBe The corresponding data, represented
by hollow markers, are displayed in Figuré.4n contrast, the filled markers indicate
the results obtained from lofdyration doublédrame measurements. The measured
values of the ldn friction coefficient are presented in conjunction with theoretical
expectations for both laminar and turbulent channel flows. Specifically, for laminar
flows, the expected relationship & = 12/Re while the powetaw correlation
proposed by Deafi978) Cr= 0.073Re?/, represents the turbulent flows. To provide
a baseline comparison, measurementLCofrom the channel flow experiments

conducted by Patel & Hedd969)in high aspect ratio channels betw@&svalues of
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1000 and 7000 are also includedFigure 41, represented by gray markers. Each
markercorresponds to a specific data point extracted from the experiments conducted
by Patel & Head1969) and thecorrespondinds andRevalues have been digitized

and recorded for reference.

At the lowest measured nominBe of 1470, values of’: agree well with the
theoreticalCs line for laminar flows and the experimental results of Patel & Head
(1969) As the nominalRe increases to 13, the data points overlap with the
experimental results of Patel & He@®69) The repeated measurementsvglyood
agreement with one another within the estimated measurement uncertainty. As the
nominalRecontinues to increas€; gradually approaches the Ded®78)equation
for turbulent flows, indicating that the flow is becoming turbulent. Measurements of
Ct acquired from shodime data collections form a cluster with a nomiRabf 2930
that still agres with the results of Patel & Head969)and is slightly below the
approaches the DeéiO78)equation for turbulent flows. As the nomifécontinues
to increase beyond 3510 the measurements lie close to the empirical correlation of
Dean's(1978) This implies that theneasurements @ as a function oReof water
show good agreement with empirical Newtonian expectations in laminar and turbulent
regimes, and reasonable conformance with previous experimental measurements of
Newtonian transition in channel flows.

lida & Nagano(1998)carried outa DNS investigation of turbulent channel flows.
They decreased the ¥Relds number to transitional values and studied

relaminarization and turbulence statistics. They observed in the case of a decrease in
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friction Reynolds number frorRej= 80 to 60, a quasaminar state appears in which

the skin friction coefficienCs is observed to be in between the laminar and turbulent
values. This qguadaminar state is characterized by a balance between Reynolds shear
stresses and the collapse of the standard logarithmic law. The presence of the quasi
laminar state explains wh@: does not suddenly increase from the laminar to the
turbulent values, but rather shows a gradual departure from laminar values and a
gradual approach to turbulent values. Patel & H&889)and Jone§1976)observed

the gradual deviation of theér value from the theoretical laminar values and its slow
convergence towards the anticipated turbulent values. However, neither of these
studies provided an explanation for this phenomenon.

The investigationby Yimprasert et al(2021) delves into the transition from
laminar to turbulent flow within a channel, with a particular emphasis on the evolution
of the skin friction coefficient. Their experimental data adhered to the theoretical
laminar line for lowReg but began to diverge at approximatBlg= 1250, reaching a
local maximum aRe= 1900. They further observed that the flow approached full
turbulence foRe®O 26 00 . | mportant|l y, Re>Re00weres ki n
found to be in alignment with previous experimental and DNS results. However, they
noted a discrepancy where their estimated skin friction deviated from the laminar line
later than the skin friction measurements, suggesting that théurmrent region
may not be purely laminar. Their attempts to model skin friction in the transitional
region, based on intermittency and laminar and turbulent skin friction values, yielded

lower values than those obtained experimentally. This suggests thatsrefiaminar
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flow in close proximity to turbulent patches exhibit higher skin friction than those of

undisturbed laminar flow.

10?2 4.’ - \.\‘\.\ oot Turbulent |
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Figure 4.1 Skin friction factor ( C) is plotted versus Reynolds number. The
Patel & Head (1969)data is reproduced from their channel flow dataFilled
symbols represent longduration data measurements and hollow symbols
show timeresolved measurements. The figure legend illustrateke nominal
Refor each valve setting

Figure 42 illustrates the percentage of turbulenée observed in the Newtonian
flow of water. In accordance with the methodology outlined in se@idnFr is
determined as the proportion of time during which the flow is considered turbulent.
At the nominaReof 1470, measurements of six repeated tests Shvalues of zero
implying the flow is laminar. Transitional flow featurelSt(> 0) are observed at

measurements witRe= 1948, 1957 and 1913. At a slightly lardgeeof 2200, the
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flow becomes turbulent witht = 1. BeyondReof 2490 all flows are tundent. The
rapid transition process is evident based on the data points with the n&aiofal
1930 and a wide margin &% values between 0.41 and 0.84. These data points that
fall between laminar and turbulent valued=¢fin Figure4.2 are scattered due to this
rapid variation in the flow state and intermittency in the transitional flow. The
abundance of turbulent patches and the amount of intermittency is not consistent
among flows of the same nominRleas they exhibit a wide range ¥ between 0
and 1. Assuming the transitiGteband for water flow is 465 starting froRe= 1500
up toRe= 1965 and the criticd&eof 1930 our observations agree with Patel & Head
(1969)i nvestigation that observeReOi 64 B860mittenc
Sano & Tamai(2016) estimated a comparable parameter by quantifying the
temporal fraction occupied by turbulent flow over ateaded period of time. They
conducted experiments at various downstream positions of a channel flow and
observed that the transitional region commenced, i.e., the turbulence fraction
increased from zero, aReof 1070. The authors derived the turbulefiaetion using
a flow visualization technique. However, their detection algorithm employed a simple
binarization method with a minimal threshold, which may have potentially identified
fluctuations unrelated to smadtale turbulence, leading to a lovirRefor the onset of
intermittency.
Another relevant parameter is the intermittency fa@®mtta 1956)which serves
as a quantification of transitional flow fields encompassing both laminar and turbulent

compaents. The intermittency factor is determined by calculating the ratio of the
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total duration of turbulence to the overall duration. R@t®@66) noted that in pipe
flows, the occurrence of intermittency abserved within the range of Reynolds
numbers approximately between 2200 and 2800. Seki & Mats(@@ta)devised a
novel approach for determining the intermittency factor in channel flow, eliminating
the requirement for a threshold value. Their investigation revealed that the lowest
Reynolds number for fully developed turbulent flow is 2600, whereas the lowe
marginalRe also referred to as the transition Reynolds number, is 1400. This finding
aligns with our own observations of intermittency using the turbulent fraction. In
general, ouFt data exhibits a consistent pattern of escalating turbulence fraion

theReincreases, corroborating earlier experimental studies.
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Figure 4.2 The turbulent fraction (Fr) for water is shown as a function of
the Reynolds number. The annotation shows thEr values for data points
selected for further analysis in the subsequent figures.
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Sample measurementsldinormalized by the mean centreline veloditkOalong
the streamwisgvallzrormal plane are shown igure4.3 for different channel flows
of water atRe =1400 withFr = 0, Re =1865 withFr = 0.68 ancRe =1965 withFr
= 1. The flow is moving from left to right here and the horizontal axis is th& no
dimensionalized time. Whe vertical axis is the wallormal positiory normalized by
channel halheighth.

For Figure 4.3(a) the turbulence intensity Tl along the centreline of the flow is
calculated to be as low as 1% based on equati@). @gure 4.3(b) displays the
transitional flow of the water experiment. The Tl for the laminar section of this flow
is calculated to be 1.2% and for the turbulent part, it is calculated to be 5.5%etDurst
al. (1998) conducted measurements of turbulence intensity in water channel flow
during the laminar to turbulent transition. Their observations revealed that turbulence
intensity remained below 2% up Reof 2000. However, aReincreased to 4000,
turbulence intensity surged and then reached a plateau at 4% for fully turbulent flows
aboveRe = 8000. At small, Mje flow starts in a laminar state, then two turbulent
spots emerge atdfljL30 and 220. The spots are confined by laminar regions and show
abrup changes in the velocity field. Moreover, the flow inside turbulent spots exhibits
characteristics of fully turbulent flow with fluctuations that span the full channel
height. These characteristics are consistent with the study of flow within turbulent
spots previously investigated by Lemouwdt al (2014) Their study involed the
generation of turbulent spots by introducing perturbations into a prassuea

channel flow with an aspect ratio of 15 arRdof 1500. They investigated the spot
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structure and flow around it. The shorter turbulent spots are followed by a tirbule
region which lasts over 150 time units betwéeedj300 to 430. After this turbulent
region, the flow returns to a laminar state frofj430 to 500Figure4.3(c) displays

the turbulent flow state in water Re= 1965, where chaotic behaviour is observed
and continuous variation id can be noticed at all valueswh andt. Npe Tl value

for this flow is calculated to be 5.5%.

0 100 200 300 400 500
t Nj

Figure 4.3 Spatial contours of normalized streamwise velocityl{/@UcQ' from
streamwisewallzhormal measurements presentingd) laminar, (b) transitional
with Fr =0.41 and €) turbulent flow fields for water. The Reynolds number is

1400, 1870 and 2550, respectively.
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The contours obl/8UcGalong the streamwigpanwise plane gt= 0 for laminar,
transitional and turbulent flows of water are showrFigure 4.4. In order to keep
consistency with streamwigeallzhormal results@U.Ois calculated along = 0 for
streamwis&panwise results. Similar tgure4.3, the horizontal axis i, Npwever,
the vertical axes now correspond to the spanwise pogitiormalized byh. In Figure
4.4(a) there is some evidence of |@gvequency streamwise streaks. However, along
=0, Tlis low and approximately equal to 1.2%, which agrees well with the laminar
TI from wall-normal resultsFurthermore Figure 4.4(a) does not show the chaotic
mixing behaviour commonly seen in turbulent flows. Seki & Matsu0&2)noted
that the velocity fluctuation in the upstream flow of high Reynolds number laminar
cases possssad sufficiently high and broad spectral components. These served as the
upstream disturbance for their experiment. A particular point of interest was the
identification of a lowfrequency peak. According to the previous flow visualizations
conducted by thir research grouf2011; 2006)this scale is larger than the turbulent
distubance scale, yet smaller than that of the turbulent patch passing. The low
frequency events observed kigure 4.4(a) could potentially be attributed to the
observations made by Seki & Matsub&@12) Considering théU.O= 0.134 m/s for
the flow field shown irFigure4.4(a) ard comparing it to a flow with a similar valve
opening measured along the streamiéisdiZrormal plane fronfFigure 4.3(a) with
dU.O= 0.133 m/s, it can be concluded that Refor Figure4.4(a) should be close to
1470.Figure4.4(b) shows measurements BfdU.Oalong the streamwiggpanwise

plane for a transitional flow of water. BetweerdjO and 100, a turbulent region
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passes, followed by elongated I&dpeed streaks connected to its trailing edge. The
instability starts again at the bff 350, and a turbulent spot emergest ablj
approximately 450. The observed turbulent spot is connected t&&plkead streak in

its leading point and has oblique frorttetween the core turbulent region and
surrounding laminar flow on its sides. TReof a flow with a similar valve opening
measured along the streamvdgallZformal plane is approximately 1930. These
observations agree well with flow visualizations cortdddy Carlsoret al (1982)

who demonstrated that the turbulent spots in channel flows have a distinct arrowhead
shape. Moreover, in contrast to the hairgominated spots observed oundary
layers (Schroéderet al. 2008) channel spots are characterized by semiregular
streamwise streaks accomped by localized chaotic eddi€gvu 2023) Another
noteworthy feature of channel spots is the presence of oblique wave packets
emanating from the spanwise wingtips observed by Henningson & (K&81)
Lemoult et al (2014) also discovered the travellingavelike structures near the
trailing edge of a turbulent spot. Similar structures are obsenk&dune4.4(b) from

t M350 up tot M@A50. Consequently, channel flow spots consist of three distinct
regions: a central turbulent eddy region, a wingtip wave region, and a streamwise
streak regionFigure4.4(c) displaysU/dJ.(for a turbulent flow of water. As expected,

the turbulent state demonstrates a fully chaotic behaviour that extends fully along the
measured domain of A flow with a similar valve opening measured along the

streamwis&vallZhormd plane hasgke= 2490.
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Figure 4.4 Spatial contours of normalized streamwise velocity)/dJ:Q'from
streamwisespanwise PIV measurements showing) laminar, Rea 1 4bJ 0 ,
transitional, Red 1 9 3 @)tusbnleht, Red 2490 fl ow f i e
experiments.

Figure4.5(a) shows outekcaled velocity profiles of water flows for five different
values ofFr. This figure also shows the theoretical parabolic velocity profile for
laminar flows and a mean velocity profile derived from direct numerical simulation
(DNS) of Iwamotoeet al. (2002)for a turbulent Newtonian channel flow at &&=
110. Due to the intermittent nature of transitional flow fields, their velocity profiles
exhibit asymmetry, and the maximum streamwise velocity value across the channel
height may notoccur at the channel centerline. Therefore, the mean streamwise

velocitydJG's normalized using the maximum velocity across the chadaghstead
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of centerline velocityc. The cases shown Figure4.5 correspond to the flow cases
with Fr values specified ifrigure 4.2. As seen irFigure 4.5(a), measurements of
AU@U, for the laminar flow of water with aft = 0 andRe= 1460, agree well with

the theoretical parabolic velocity profile. &3 increases, the velocity profiles begin

to deviate from the Poiseuille laminar trend, and have profiledJ@U, that fall
between the laminar and turbulent profiles. The velocity profiles falling between the
laminar and turbulent profiles can be explained by the intermittency of the floah whi
shows periods of laminar and turbulent behaviour. Intermittency refers to the
coexistence of laminar and turbulent domains in some range of flow conditions.
Despite the long data acquisition time, the transitional velocity profiles are still prone
to aymmetry. This suggests that turbulent spots within the transitional flows occur at
low frequencies and longer acquisition times are still needed to obtain better statistical
convergence ilJOfor the transitional flows. Finally, measurementsidOfor the
turbulent flow of water witlrRe= 1850 (equivalent t®e;= 90) agree well with the
DNS from (lwamotoet al. 2002)at Res= 110. Overall, the measurementsidfiUo
shown inFigure4.5(a) are consistent with expectations for a Newtonian channel flow
undergoing laminar to turbulent tratisn.

In Figure4.5(b), innezhormalized profiles ofU& versusy* for the same water
flows detailed irFigure4.5(a) are demonstrated. Dashed lines sifod = y* for the
viscous sublayer and the logarithmic law of the W@y = 2.44 Iny* + 5.5 for the
logarithmic layer. In order to generate irimermalized velocity profiles, the velocity

profiles were subjected to averaging in the vicinity of the channel centerkn@)(
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This procedure ensures the attainment of symmetric velocity profiles, even in cases
exhibiting asymmetry. Subsequently, theanacaled velocity profiles were derived

by utilizing the aforementioned averaged velocity profifegure4.5(b) indicates that

the laminar flow has the largest pibse offset relative to the logarithmic law of the
wall. As Fr increases@U® gets closer to the logarithmic law of the wall. This
indicates that the turbulent flow is more closely aligned with the expected logarithmic
profile near the wall. However, as seen in Iwam@@02) turbulent flow at a loviRey

of 110 is not expected to perfectly follow the logarithmic law of the wall. Our
experiments also show this phenomenon for the cd&®e=al1850 withFr=1, with the
turbulent velocity profiles eviating from the logarithmic law of the wall at low
Reynolds numbers.

The mean dynamics of channel flow in the transitional state were investigated by
Elsnabet al. (2011) They observed in the transitional regime, the mean velocity
profiles gradually flatten with increasing Reynolds number. The shape of the profiles
they acquired are similar to that reporteygl Orszag & Kells(1980) for laminar
channel flow perturbed by finite amplitude two and tHjleeensional OfZ
Sommerfeld eigenfunctions. Furthermore, Elsetél.(2011)observed when plotted
on sem#dogarithmic axes, all of the inngrormalized mean pri¢ measurements
converge onto a single curve fgr M 15. However, these profiles deviate slightly
from the linear viscous sublayer. Moreoveryat 30, the higher Reynolds number

profiles exhibit a logarithmidike dependence.
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Figure 4.5 The velocity profiles for various turbulent fractions of water flow are
illustrated in (@) outer scaling and b) inner scaling. Reynolds numbers in order of
increasingFr are: 1460, 1950, 1960, 191 1850. The DNS is from lwamot¢2002) and
the parabolic function is the theoretical velocity profile for laminar channel flows.
The dotted lines show theviscous sublayer and logarithmic law of the wall.

A2Transitidsontentlrawi on PAM sol ut

Figure4.6 andFigure4.7 displays Cs versuskefor the 50 and 75 ppm solutions of
PAM respectively. Thenaximum drag reductiofMDR) asymptote shown with solid
line follows C22 = 19 logo(ReC+?) i 32.4(Virk etal. 1970)

For the 50 ppm PAM solution, tirmesolved data acquisition was employed to
collect data at two valve settings with I&®eand three valve settings with higtee
values beyonthe transitional range. Data at two valve settings within the transitional
Re zone were gathered using the leshgration doubldrame systemThe lowest
nominalReof 1080 ha<Cr values that overlap with the theoretical laminar vélre
12/Re With a further increase of nomingeto 1590, it can be observed that values

of Cs continue to follow the laminar trend and deviate from the Newtonian transition
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seen from Patel & Head 969). At the nominalRe of approximately 2070
measurements @ are scattered, indicating the presence of a transitional flow. The
data points lie between the Newtonian laminar and turbulent trends, marking the start
of drag reduction. The scatter in thata points continues also Re = 2460. At
nominalReof 2780, the data attain values@fhigher than MDR but lower than the
Newtonian turbulent trend. With rising the nomikato values of 3310 and 3710,

two clusters of data points show a decreasied in skin friction coefficient below

Patel & Head1969)values.
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Figure 4.6 Skin friction factor ( Cr) plotted as a function of the Reynolds
number for 50 ppmsolutions of PAM. Patel & Head(1969)data is shown as
grey filled circles. Filled symbols represent longduration data measurements
and hollow symbols show tine-resolved measurements.
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For PAM solutions with @& of 75 ppm, the measurements@fat the nominaRe
of 1290 fall on the laminar trend, as showrrigure4.7. At the nominaReof 1750,
the data points start to deviate from the theoretical laminar trend and become slightly
scattered. With an increase in the nomiRato 2080, repeated measurements show
a range of differents values that fall between the lamirend MDR lines, indicating
a transitional state. Increasing tReto 2800, theCr grows to a value relatively close
to Patel & Heaq1969) Increasing nomindkefurther to 3210 and 3570, the next two
clusters ofCt measurements show a descending trend toward MDR asymptote and
well below the experimental measurements of Patel & HE269) The datashows
that theCs exhibited a clear relationship witRebeyond a specific onset poiot Re
= 2780 for 50 ppm andRe = 2740 for 75 ppmThe slope inCt reduction with
increasingRediffers from the turbulent friction factor c&lation proposed by Dean
(1978) This finding aligns with the type A behaviodiscussed in Virk & Wagger
(1990) In type A drag reduction, a distinct onset point filvag reductiorcan be
identified. Prior to ths point, theCs increases withRe however, once thelrag
reductioninitiates, it demonstrates a proportional increase Réhn other wordsCs
values decrease at a higher rate with increaBmgompared to th€-Retrend for
water flow. Concerning tk transition from laminar to turbulent flow, type A drag
reduction exhibits a transition to turbulence, accompanied by an incred%e in
Subsequently, aftedrag reductiononset, asRe values continue to riseCs will

decrease and skin friction valueshva@pproach the MDR values from above.
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Overall, measurements €f as a function oReare differentfrom the results of
water, shown ifrigure4.1, and the previous experimental data for Newtonian channel
flows reported by Patel & Hegd969) Our measurements show that at cerién
the skin friction factor values fall between the laminar and turbulent trends, and there

is a positive relationship between drag reduction and Reynolds numlmerdotine

onset point.
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Figure 4.7 Skin friction factor ( Cr) plotted as a function of the Reynolds
number for 75 ppm solutions of PAM. Patel & Head (1969)data is shown as
grey filled circles. Filled symbols represent longduration data measurements
and hollow symbols show tine-resolved measurements.

The turbulent fractioifrr with respect tdReis shown inFigure4.8 for the 50ppm
PAM solution. Flows of the 50 ppm solutions at nomiRabf 1080 and 1590 have

Fr values equal to zero and are therefore, laminar. At the nomRmat 2070, six
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repeats of measurements show a wide rander whlues between 0.1 and 1.0. This
wide range ofrvalues at an approximately constRedemonstrates how turbulence
can arise wddenly in a narroireband for the 50 ppm PAM solution. Increasing the
nominalRefurther to values greater than or equal to 2460 produces chaotic flows that

generally have aRr of 1.0.
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Figure 4.8 The turbulent fraction (Fr) for 50 ppmsolutions of PAM is
shown versus the Reynolds numbecColours show nominalResame as
Figure 4.6. Filled symbols represent longduration data measurements and
hollow symbols show timeresolved measurementsThe velocity profiles for
data points with annotatedF will be illustrated.

Figure4.9 demonstrates values Bf versusRefor the 75 ppm flows. At nominal
Reof 1290, all measurements reflect laminar conditions with valuEs efjual to 0.

Transition to an intermittent condition sets in at nomRabf 1750 with variations
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in Fr that range from O to 0.44. The lamidarbulent intermittency continues at
nominalReof 2080 with measurements showing a wide rangerdfom 0 to 073.
Finally, for all measurements abowe of 2740, the flow is chaotic with all
measurements &¥r being equal to 1.

Together Figure4.8 andFigure4.9 show that the onset of turbulence in the Zow
concentration polymer flows is delayed slightlyRe= 2070 andRe= 2080 for 50
ppm and 75 ppm solutions, respectively, comparethéoNewtonian flows with
transitionReof 1930 detailed ifrigure4.2. This is in line with the theory of Samanta
et al. (2013)and other investigation®raadet al. 1998; Escudieet al. 1998; Giles
& Pettit 1967; Pinho & Whitelaw 1990)hat flexible polymers suppress Newtonian
turbulence and delay the tsanon. Furthermore, the transition&e band (the
difference between the highdsewith Fr = 0 and lowesRewith Fr = 1) covers a
wider range ofRe as the polymers are introduced to flow. Compared to the 465
transitionalReband for water, 50 ppm solati shows 1045 and 75 ppm shows 1005

transitionalReband.
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Figure 4.9 The turbulent fraction (Fr) for 75ppm solutions of PAM is
shown versus the Reynolds numbecColours show nominalResame as
Figure 4.7. Filled symbols represent longduration data measurements and

hollow symbols show timeresolved measurementslhe velocity profiles for
data points with annotatedF will be illustrated.

Figure4.10 demonstrates the contours@i®U.Omeasured along the streamwise
wallzdormal plane of the PAM solutions with different valued=ef Figure4.10(a)

demonstrates the laminar flow of the 75 ppm solution, witk-em 0 atRe= 1720.

As expected, the flow is visually steady and does not show any significant variations

of U/aU.Oovert . Njirbulence intensity for this case is measured to be IFigare
4.10(b) displaysu/aJ.Ofor the 50 ppm solution in a transitional state, witlFamalue

of 0.61 aml Re = 2125. This transitional flow exhibits several turbulent spots

interspersed between laminar regions. The turbulence observed in low concertation

solutions appeato be similar to the Newtonian turbulent spot showRigure4.3(b).
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Lastly, Figure 4.10(c) demonstrates)/dJ.Ofor the 75 ppm PAMsolution in a
turbulent state and Be= 2670. Despite having a low€rthan Newtonian turbulence
i demonstrated b¥igure4.6i the spatial patterns ad/dU.Oare visually similar to
water with arfFr of 1 seen irFigure4.3(c). Specifically, both flows are disordered for
all instances of, Mjth no apparent regions of calaminar flow seen previously in

Figure4.3(b) andFigure4.10(b).

0 100 200 300 400 500

Figure 4.10 Spatial contours of normalized streamwise velocityl{/8U.{ from

streamwise walhormal measurements of three different flow states of lod

concentration PAM solutions @) 75 ppm laminar, Re= 172Q (b) 50 ppm,Ft =
0.61,Re= 2125, €) 75 ppm turbulent, Re= 2670.
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In Figure4.11, contours ofJ/éU.Qalong the streamwiggpanwise plane are shown
for flows with different values dfr. In Figure4.11(a), the laminar flow with affr =
0 atRe= 1750 does not show any considerable vamiain U/6U.O The turbulence
intensity of this case has been measured to be 1%. However, for the transitional case
shown inFigure4.11(b) withRed 2 0 8 0, U Qalarig andh & piesent.
Elongated streaks of low/dU.Oare observed betweenNpD and 200. Beyont Hj
200, the streamwise streaks become increasingly chaotic and exhibit fluctuations in
U/dUcOthat span the complete measurements domain alofige chaotic region is
extended ta N{50, after which the flow recovers to a relatively, calm and laminar
state. The central turbulent eddy region within this chaotic structure bears a
resemblance to turbulent spots observed in Newtonian fldMis 2023) albeit
lacking the distinctive arrowhead shape. Instead, the leatigg of this chaotic
structure is connected to streamwise streaks, and the instability persists into the
turbulent eddy core. Lastl¥igure4.11(c) shows the chaatiflow of PAM with ¢ =
75 ppm andFr = 1 atRe = 3210. Comparing-igure 4.11(c) to the streamwise
spanwise plane measurements of watdfigure 4.4(c) demonstrates that the deag

reduced chaotic state is not visually different from pure Newtdnidnulence.
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Figure 4.11 Spatial contours of normalized streamwise velocityJ/gU.Qfrom
streamwise spanwise measurements foa)laminar Red 1750, p) transitional Re
42080 and ¢) turbulentfowsRea 3210 in 75ppm s

In Figure4.12(a) and p), the mean streamwise velocity normalized by the average
maximum velocity across the chanrl@Uo, is plotted with respect tgh for the 50
and 75 ppm PAM solutions. Similar to the Newtonian transitional flows shown in
Figure4.5(a), transitional flow conditions of logoncentration PAM flows with 0 <
Fr < 1, also have an asymmetric velocity profile abput 0. On the other hand,
laminar flows with Fr values equato O, and turbulent flows withFr of 1, are
symmetric abouy = 0. Additionally, we see that the velocity profiles become blunt
with increasing~r values, similar to what was previously observed in the Newtonian

case shown ifrigure4.5(a).
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Figure 4.12(c) and () demonstrate the inn&caled velocity profiles for lod
concentration PAM solutions with= 50 and 75 ppm. The MDR velocity profig ¢y
=11.7 Iny"117.0 is shown as a dashedel{{Virk 1975). It can be seen that profiles
with the lowestFr values have the largest departure from the logarithmic law of the
wall. As Frincreases, profiles dlU& begin to approach the logarithmic law of the
wall for Newtonian flows. Foflows with anFr = 1, the difference between the
measured@J& within the outer layer and the Newtonianiegv tends to increase as
c increases from 50 to 75 pp& compare the blue profiles Figure4.12(c) with
Figure4.12(d). This is consistent with previous studies that the upward shift in the
outer hyer of the inner scaled velocity profile is proportionate to the-drdgction
level (Virk 1971; Whiteet al. 2012)

LowZoncentration PAM solutions demonstrated a deviation from the expected
skin friction values for Newtonian turbulent flows. This deviation, which can be
attributed to the drafeducing effect of polymers, was observed at varkRefor 50
ppm and 75 ppm PAM solutions. Furthermore, -lmancentration PAM solutions
exhibited onset phenomena for drag reduction. This implies that the skin friction
values increased with increasing Reynolds number until reaching the onset point, after
which they decreased as drag reduction took effect with further increases in Reynolds
number. Values oFr also indicated a transition from laminar to turbulent flow at
specific Rethat was generally higher than the critiet of the Newtonian flows.
Overall, the results demonstrated that the channel flow oflomcentration PAM

solutions have a delayed transition to turbulence and less skin friction at Righer
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than Newtonian channel flows. Moreover, velocity profiles show that- low
concentration PAM solutits exhibit asymmetry in transitional flow conditions, with
profiles becoming blunter dsr values increase, similar to Newtonian cases. lner
scaled velocity profiles for lomeoncentration solutions reveal that profiles with lower
Fr values deviate moredm the logarithmic law of the wall, while profiles approach
the law ag-t increases. Furthermore, when concentration increases from 50 ppm to
75 ppm for flows withFr of 1, the difference between measu@dly and the
Newtonian log law grows, indicating aipward shift in the outer layer of the inner
scaled velocity profile proportional to the drag reduction level. The turbulent spots
observed in low concertation solutions appear similar in morphology to Newtonian
turbulent spots, albeit slightly more el@tgd streaks were present connecting to the

leading edge.
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Figure 4.12 The velocity profile for laminar, transitional and turbulent cases for
lowZoncentration solutions areplotted for (a) 50 ppm outer scaling, and) 50 ppm
inner scaling. Reynolds numbers in order of increasinégr: 1460, 1950, 1960, 1910,

1850 p) 75 ppm outer scaling, d) 75 ppm inner scaling. Reynolds numbers in order o

increasingFr: 1750, 1775, 1760,020, 2670. Dotted lines show the viscous sublayel

and logarithmic law of the wall; Virk's (1970)velocity profile is shown with a dashed
line.
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43Tr ansi thii &rdo nfcoernt r ati on PAM sol

Larger concentration PAM solutions, withof 100 and 150 ppm, demonstrated

distinct behaviours compared to both Newtonian and lower concentration PAM flows.

In this section, the results of the 100 and 150 ppm solution experiments are presented.

Measurements d@s for the 100 ppm PAM solution, ashiown inFigure4.13. Time-
resolved data collection was used to acquire data for a valve setting wielden

three valve settings witRein the transitional range were tested using {dogation
doubleframe data collection. Consequently, the data for the valve setting with the
highestRewas collected using the tirresolved higkspeed system. The first cluster

of Cr measurements at nomiriRévalues of 1530 overlap with the expec@&dalues

for laminar flow. The next measurements Re = 2280 start to deviate from the
laminar trend. Measurements@fat nominalReof 3310 continue to depart from the
laminar trend with repeated data points showing a wide range of values between the
laminar and MDR trends Cr versusRe At nominal Re of 4570, the scatter of
repeated measurements gets smaller. Measuremef@sfaf nominal Re = 5350

overlap with each other and lie on the MDR asymptote.
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Figure 4.13 Skin friction factor ( Cs) plotted as a function of the Reynolds
number for 100 ppmsolutions of PAM. Patel & Head(1969) data is shown as
grey filled circles. Filled symbols represent longduration data measurements

and hollow symbols show timeesolved measurements.

Figure4.14 demonstrates the measurement&dbr the 150 ppm PAM flows as
a function ofRe.Below the nominaReof 2810, all measurements ©f follow the
laminar trend closely. It is not until theminalReof 3670 that values d: begin to
deviate from the laminar trend. The deviation between measureméhtsiothe 150
ppm PAM flow and the laminaC: versusRetrend increases d&egrows from 3670
to 4640. Eventually, at the nomirReof 5370, measurements Gf reach the MDR
asymptote. Overall, we observed that the skin friction factor values for high
concentration PAM solutions exhibit type B drag reduction characteristicsisThis
evidenced by the absence of an increase in the skin friction coefficient with increasing

Reynolds number prior to the onset of drag reduction, indicating that no onset
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phenomena were detected. Furthermore, the flow does not transition to Newtonian
turbdence. Instead, by increasifiRg the skin friction factor departs from laminar
values, entering a state of dreggluced turbulence. As the Reynolds number increases

further, Cr data approaches the MDR values from below.
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Figure 4.14 Skin friction factor ( Cs) plotted as a function of the Reynolds
number for 150 ppmsolutions of PAM. Patel & Head(1969)data is shown as
grey filled circles. Filled symbols represent longduration data measurements

and hollow symbols show timeesolved measurements.

Figure 12¢) shows measurements Bf versusRefor the 100 ppm PAM flows.
Below the nominaReof 2280, all flows are laminar with &#r value of 0. For the
nominal Re of 2280, the flows reflect laminar/turbulent intermittency with six
repeated measurements haviiigrzalues spanning from 0.10 to 0.8%.the nominal

Reof 3310, the flows remain highly intermittent, with valueefbetween 0.26 to
86



0.92. Increasing nominaRe to 4570, the 100ppm PAM flows reflect less
intermittency withFr between 0.60 and 1.0, and a bias towards being more turbulent.
Overall, the 100 ppm PAM solutions exhibit transitional flow patterns fRenof

2280 to 4570. Compared to Newtonian anddmmcentration PAM solutions, the 100
ppm PAM solution transitions to turbulence at a much laRgand demonstrates

intermittencyover a wideiRerange.
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Figure 4.15The turbulent fraction (Fr) for 100 ppmsolutions of PAM is
shown versus the Reynolds numbecColours show nominalResame as
Figure 4.13. Filled symbols represent longduration data measurements and
hollow symbols show timeresolved measurementsThe velocity profiles for

data points with amotated Ft will be illustrated.

Values ofFt versusRe are shown inFigure 4.16 for the 150 ppm PAM flows.

Below the nominaRe of 2810, all flows havd-t of zero and are laminar. At the
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nominal Re of 3670 the flow field becomes intermittent with six repeated
measurements havirkg values ranging from 0.15 to 0.67. IncreasingRle¢o 4640,
values ofF still show significant laminaturbulent intermittency with values &

that range from 0.11 to 0.86. Finally, at the higlieesaf 5370 the flow field becomes
fully chaotic and the~t is 1.0. Results of the 100 ppm and 150 ppm PAdW$
demonstrate that the critic&e is larger for higioncentration PAM solutions
compared to Newtonian fluids and I@wencentration PAM solutions. Also, the range

of Rethat exhibit intermittency extends as the PAM concentration is increased. The
transtional Reband (the difference between highBgtwith Fr = 0 and lowesRe

with Fr = 1) for 100 ppm solution is observed to be 2465 and for 150 ppm is 2500.
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Figure 4.16 The turbulent fraction (Fr) for 150 ppmsolutions of PAM is
shown versus the Reynolds numbecColours show nominalResame as
Figure 4.14. Filled symbols represent longduration data measuremeits and

hollow symbols show timeresolved measurementslhe velocity profiles for
data points with annotatedFt will be illustrated.

Figure 4.17 showsU/aU.Owith respect tat &lpng the streamwigallZormal
plane for the higlconcentration PAM flowsFigure4.17(a) demonstrates)/dJ.Ofor
the laminar flow of PAM witrc = 150 ppm anéRe= 2800. The flow is visually steady
with no apparent chaos. By employing equation (3), the turbulence intensity Tl along
y = 0 in the flow depicted ifrigure4.17(a) is calculated to be 2.5%. This value is
comparable to the measurements of Tl for channel flow just prior to transition
conducted by Durstt al.(1998) Figure4.17(b) showsU/dU.Ofor PAM with ¢ = 150

ppm,Re= 3650 and-t = 0.27. Instabilities can be seen in the flow close to the wall
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region. These instabilities did not successfully reach the chaantdrtine, except
during the instance whein Was between 200 and 250. Shekaml. (2020, 2021)
conducted direct numerical simulations D channel flow and observed the
relationship between the Tollmigchlichting (TS) attractor and elasteertial
turbulence (EIT) in a dilute polymer solution. They found that the transition between
the two states is directly tied to the strength ofBecritical layer fluctuations and
can be attributed to a cestretch transition. These neaall TS-like instabilities are
not observed in pipe or plane Couette flow and have just been observed in 2D channel
flow. The neaiwall instabilities observed ifigure Figure4.17(b) might be attributed
to these TSike instability sheets.

In Figure4.17(c) with Fr= 0.54 andRe= 3800, the near wall instabilities penetrate
to the channel centerline at sevdraldjues of approximately 40, 180, 250 and 280.
Figure4.17(d) demonstrates the contoursu.Ofor the 150 ppm PAM flow with
Re= 4800 and afrr of 0.74. Multiple chaotic turbulent patches are visible betwedl)
of 40200, 15@175, 20@375 and 80485. Lastly Figure4.17(e) shows the 150 ppm
PAM flow with a Reof 5360 and &+ of 1. The flow is visually chaotic along all
values ofy and t. Njigure 4.17 demonstrates the transition process in Bigh

concentration PAM.
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Figure 4.17 Spatial contours of normalized streamwise velocityU/U.{from
streamwise walhormal measurements showing various flow states for 150 ppn
PAM solution. (a) Laminar Fr = 0,Re= 2800, b) transitional Fr = 0.27,Re=
3650, €) transitional Fr = 0.54,Re= 3800, ) transitional Fr = 0.74,Re= 4800 €)
turbulent Fr=1,Re= 5360.
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Figure 4.18 shows the measurements WfdJ.Oalong the streamwigpanwise
plan with respect to fidj the hightoncentration PAM solution with = 150 ppm.
Figure4.18(a) corresponds to the lowest valve setting with a noniealf 2810 and
demonstrates a laminar flow with very small fluctuatioRgure 4.18(b) to (d)
displaysU/dJ.Ofor a transitional flow of the highoncentration PAM solution at
nominal Rea 3 6Fig0re 4.18(b) illustrates a long lod&peed streak at/h of
approximately 1. However, in contrast to Newtonian anddowcentration flows, the
low-speed streak is not attached to any turbulent Bgpire4.18(c) depicts two low
speed streaks at approximatbof 0 and 2. It could be clearly seen that these streaks
are not attached to any turbulent spbigure4.18(d) shows a long lo#peed streak
atz/hof approximately 0 and extended along the entire domainkifthe transitional
Re no recognizable turbulent spots are observed, unlike the water and lower
concentration PAM flows. Instead, only lespeed streaks, confined to a limited
spanwise distance, can be seen in the transitional regime. Previously, Xi & Graham
(2012)noted in their numerical simulation§ @hannel flow that the transitional state
existing between laminar and turbulent flow exhibited minimal tdigeensional
gualities. This lack of thredimensionality was also evident in the lowanch exact
coherent states near the lam#tianbulent baindary identified byWanget al. (2007)
However, prior to our study, no experimental flow visualizations had captured these
streamwise transitional streaks.

Figure4.18(e) illustrates the chaotic state of the flow for the Bfgimcentration

PAM solution aReof 4640. The chaos and mixing in thxis direction are obsezd
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to be less dominant compared to water andowcentration solutions, seerfigure

4.4 andFigure4.11. The flow fields illustrated ifrigure4.18(b) and €) have smaller
velocity fluctuations in the streamwispanwise plane relative to Newtonian and-low
concentration PAM conditions. Turbulent spots, which were present in the water and
low-concentrathn cases, were absent in the hagimcentration experiments in a

similar form.
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Figure 4.18 Spatial contours of normalized streamwise velocityl{/aU.Q from
streamwise spanwise measurements showing) (aminar Rea 2810, p) to (d) three
transitional casesRed 3670 and €) turbulent Rea 4640 flow fields in 150 ppm
solution.
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Figure 4.19 shows the velocity profiles acquired for the hgdncentration
solutions in outefand inneBscaling.ComparingFigure4.19(a), (c) to Figure4.5(a)
reveals that the laminar velocity profile deviated from the expected pwratevid.

The deviation is present in leeoncentration solutions as well, however, it increases
by increasingc. This deviation can be attributed to sl#anning behaviour in the
fluid, causing reduced viscous forces near the channel wall, and a a fiegtened
velocity profile(Bird et al.2006) Furthermore, the asymmetry in transitional velocity
profiles are also observed in the data for Eghcentration fluids, as it is shown in
figures 154) and p).

When examining the deviation from the Newtoniagarithmic law of the wall, it
was found that the largest deviation occurred in theddagttentration cases, as seen
in Figure4.5(c) and ¢l). One can notice thaoif Frless than 0.5 in highoncentration
solutions, an occasional surpassing of Vi(k®70)velocity profile is observed. This
surpassing was previously observed in several investigatiomsief et al. 2005;
Escudieret al. 2009; Li et al. 2006; Ptasinsket al. 2001) Possible justifications
include sheathinning and polymer aggregation in experimental studies, as well as
the use of different dficial stress diffusion schemes in computational studies.
Additionally, the validity of Virk's (1970) velocity profile may be incomplete.
However, almost all observations fall within the 95% confidence range of the original
linear fit of the polymer data to a Prandtn Karman lawiGraham 2014)Moreover,

Xi & Graham(2012)andPereiraet al. (2019)observed surpassing of Vir'$970)
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velocity profile during instances of marginalized weak turbulence in their flow fields,
which could explain the surpassing observeligure4.5(c) and ¢).

Comparng Figure4.5(c) and ¢), the deviation from the |ataw is higher in the
150 ppmconcentration than in the 100 ppm case. Even though the deviation from the
log law does decrease with an increaderireven in the flow's fully chaotic state, the
inneicaled velocity profile is significantly different compared to the logarithmic law
of the wall. Previously VirK1971)suggested that the behaviour of the mean velocity
distribution depends on the achieved drag reduction and is dynamically different from

the Newtonian flow.
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Figure 4.19 The velocity profiles for laminar, transitional and turbulent cases for
highZoncentration PAM solution. @) 100 ppm outer scaling, If) 100 ppm inner
scaling. Reynoldsnumbers in order of increasingFr: 2240, 3240, 3315, 3300, 4590) (
150 ppm outer scaling andd) 150 ppm inner scaling. Reynolds numbers in order of
increasingFr: 2860, 3620, 3560, 3790, 5360. Dotted lines show the viscous sublay
and logarithmic law of the wall; Virk's (1970)velocity profile is shown in a dashed

line.
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5.Di scussi on

This study investigated the effect of polymers on lanZingvulent transition in
channel flows. Th&: for lowZoncentration solutions of PAM withof 50 ppm and
75 ppm, increased with growiReuntil the onset of drag reduction. After whic,
begins to reduce with increasi®g At higherRe values ofC: are reduced to values
close to the MDR asymptote. Since drag reduction shows an onset point, e low
concentration experiments showed a type A drag reduction behaviouC: Tata
obtained fom highZoncentration solutions (100 ppm and 150 ppm) exhibit a laminar
trend up to a higher Reynolds number, after which they deviate and approach the
MDR asymptote, indicative of type B drag reduction. Previous research by
Mohsenipouet al.(2013)reported a similar shift in the drag reduction behaviour with
an increase in concentration in theipg@iexperiments.

Comparing the measurements of the turbulent fradtidior water and the PAM
flows showed that the transition to turbulence was delayed to |&gen the

polymeric flows, with the delay increasing as the polymer concentration increased.
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These results are in line with previous literature that has shown that flexible polymers
can suppress Newtonian turbulence and delay the lafuirtarlent transition. Early

work by Giles & Pettit(1967) observed that increasing polymer concentration
monotonically increased the critical Reynolds number required for transition.
Compared to a value of 2240 for puretaratheir highest polymer concentration
solution delayed transition until a Reynolds number of 26,000. Further research
guantified the underlying mechanisms for this transition delay. Pinho & Whitelaw
(1990)attributed the effect to shetlrinning and suppression of turbulent fluctuations

in normal stress components. Dragdal. (1998)found polymers stabilize the flow

with respect to forced disturbances, increasing the critical disturbance velocity
compared to water. However, they noted this delay occurred only for fresh, extended
polymer chains. While not evident from friction facfdots, Escudieet al. (1998)

used axial velocity fluctuation intensity to clearly identify delayed transition with
increasing polymer elasticity and extensional viscosity. Finally, Samaattlzh
(2013) systematically increased polymer concentration, finding puff survival rates
shifted to progressively higher Reynolds numbers. The concentration dependence
indicated polymers postpone turbulence onset in fasteathaear trend, quantifying

the transition delay effect. However, it should be noted that all of the mentioned
investigations were carried out in pipe flows. Hence, given our observation of
transition delay, one can conclude that the underlying turbusinmeressing

mechanisms are present in channel flows as well.
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In addition, the transition baridthe range irRewhere flows exhibited regions of
lamina&urbulent intermittency and & between 0 and iLalso became wider as the
polymer concentration ameased. For highoncentration PAM flows within the
transitional range dRe the flows exhibit stronger instabilities in the zones between
the turbulent spots, as observed in velocity measurements along the streasmilwise
normal plane. This behaviour is contrast to the behaviour of water and lower
concentration PAM flows, where pronounced turbulent spots are observed with calm
laminar regions in between them. Furthermore, the time variation of the centreline
velocity observed in the streamwiallzhormal plane were more gradual, consistent
with the findings of Samantt al.(2013) who reported that turbulent puffs could not
be detected for polymer concentrations greater than 200 ppm. They reported that a
different form of disordered motion sets in at a loRerHowever, it should be noted
that Samantaet al. (2013) conducted their experimenits a pipe flow facility, and
according to the comprehensive review by Castillo San&teal. (2022) the
instabilities and pathway to turbulence and MDR could differ in channel and pipe
flows. In the steamwisespanwise measurements of higtncentration solutions,
long lowspeed streamwise streaks are observed within the transitional Reynolds
number range. Since no turbulent spots were observed in the stresspamnsdse
measurements of higtoncentratio solutions, these lowpeed streaks may be
alternative intermittent flow structures on the path from laminar to turbulent flow.
Moreover, Lemoulet al (2014)illustrated that the turbulent spots of channel flow

evolve from a streaky structure. Connecting our observations with theirs suggests that
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high polymer concentratienmay interfere more noticeably with the process of
turbulent spot growth in the spanwise direction.

Figure 5.1 displays the turbulence intensity Tl percentage calculated along the
centerline of the channel for allFrGexperi mer
0.8, Tl is calculated separatelyrfthe laminar and turbulent sections that are
established using the detection method from seci@ The Tl of the laminar
portions is represented using holloywols, while the Tl of the turbulent portion of
the signal is shown using filled symbolskigure5.1. It is noteworthy that aRe
increases in higlktoncentration cses, the two branches of laminar and turbulent
intensity appear to convergéhe reduction in the higher Tl branch Reincreases
can be attributed to two factors: First, an increase in the average centerline velocity
due to an increase in flow rate. To assess the effect and importance of this factor, one
can compare polymeric cases to higRelNewtonian cases, as shownHigure5.1
with gray markers (both circles and starts). Although Newtonian flows exhibit a
reduction in the higher branch of TI, the drop in Tl values is more praea in
polymeric solutions. The second reason for the decrease in the higher Tl branch as a
function of Re for polymeric cases is the reduced centerline velocity fluctuations
associated with increasing solution concentration as observed in-tgragora
contours. For the upper Tl branch and at a conRardnge of 3000 to 3500, the TI
values for 100 ppm solutions are generally lower than those for 75 ppm solutions. A
similar trend is observed in thigerange of 4500 to 5000 for 100 ppm and 150 ppm

caes.
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In addition to the decrease in the upper branch of Tl, an increase is also observed
in the lower branch ifrigure5.1. The Tl values increase from 0.75% for theeva
cases aRe= 1500 to 1.17% for the 100 ppm casefRat 3650 and 1.77% for the
150 ppm experiments d@e = 5365. This trend could represent the centerline
instability underlying the higlzoncentration polymer cases. This instability is present
in the laminar flow regions between turbulent spots, similar to the observation in
Figure 4.17, which would result in larger centerline velocity fluctuations and

consequently higher TI for these regions.
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Figure 5.1 Turbulence intensity (TI) calculated along the centerline of the
channel. Hollow symbols represent laminar segments of flow and saffdled
symbols show turbulent parts. The symbol colourare similar to Figure 3.4
representing the polymer concentration. Gray markers represent water data

star symbols show timeresolved PIV measurements

102



Figure5.2 presents data for all five solutions in Weissenberg nunWes ot,,
and Re space. Each data point is coloured according to the fraction of turbulence,
which is indicated by the colour harthe figure. The figure is divided into four zones,
namely laminar, transitional, turbulent, and MDR based-eand C values. The
MDR zone comprises all data points that are within 15% of the drag reduction of the
MDR line in theCs -Replots. It is inportant to note that the boundaries delineated in
the figure are approximate, and there are uncertainties associated with the limited
number of data points and rheology measurements. Similar but qualidiiiRe
phase diagrams have been presented in previous studies, such as @edgnXi
(2019) and Castillo Sachezet al. (2022) Also, Re versus polymer concentration
maps have been shown in Chouetrial (2018)and Chandrat al. (2020)for pipe
andmicrotube flows, respectively. A horizontal path on W= O line indicates the
Newtonian laminar to turbulent transition. When polymers are introduced to the flow
(Wi> 0), the transitional region expands, and the expansion increases with increasing
Wi. The transition to thé&t = 1 region also occurs at a higher Reynolds number.
Moreover, moving vertically with increasingi at a narrow range diereveals the
reverse transition behaviour through the intermittent flow field. This is consistent with
theobservations made by Lopetal (2019)for pipe flow. Additionally, type B drag
reduction behaviour and previous observati(@Boueiriet al. 2018; Lopezet al.
2019; Samantat al.2013)suggests that for sufficiently highi, a fluid can transition
directly from a laminar state to the MDR state with little tamtermittency forming

the laminafMDR zones boundary.
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Figure 5.2 Data for all five solutions in Weissenberg number and Reynolds
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approximate boundaries.
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6.Concl usi ons

In this study, the flow characteristics of water, low (50 and 75 ppm) and high
concentration (100 and 150 ppm) solutions of polyacrylamide (PAM) in a rectangular
channel flow facility were systematically investigated utilizing particle image
velocimetry in streamwisavall-normal and streamwisgpanwise planes. The skin
friction coefficient Cr) andthe fraction of turbulenceHRr) were measured across a
range of Reynolds numbers through extensive experimental campaigns. For
transitional flows, measurements were repeated at least six times at each flow rate to
ensure sufficient repeatability and reliability in quantifying the migent laminar
turbulent transitionsvelocity field measurements were conducted to characterize the
Newtonian and polymeric flows in laminar, transitional, and fully turbulent regimes
This experimentatudy provides new insights into how dilute polynaeiditives
influence the laminaturbulent transition.

This experimental study provides new insights into how polymer additives

influence the laminaturbulent transition in rectangular channel flows. For the
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baseline Newtonian fluid, the evolution of tuldce statistics and critical Reynolds
number range of 196P200 aligned closely with previous literature, validating the
experimental methods.

With the introduction of lower polymer concentrations, the transitional regime
expanded substantially, with imteittency occurring froniRe= 20063000 compared
to 19002200 in the Newtonian case. The onset of sustained turbulence was delayed
toReO 3000, compared to 2200 for the Newtoni
drag reduction onset point, following a &/ pattern with rising skin friction during
the laminasturbulent transition, then clearly dropping friction above a threshold
Reynolds number. Transitional flows displayed recognizable turbulent spots and
asymmetric mean velocity profiles, analogous ewitbnian transition.

In contrast, higher polymer concentrations demonstraigauificant differences.

Most notably, they showealdeparture fronthelaminar skin friction trend toward the
maximum drag reduction asymptote, consistent with type B drag reabehaviour

The polymers strongly hinded the emergence and spreading of turbulent spots
duringthetransition. Instead, elongated streamwise streaks dominated the transitional
flows at higher concentrations fRiefrom 30065000.

Polymer flows at allconcentrations exhibited enhanced centerline velocity
fluctuations with turbulence intensity increasing from 0.75% to 1.77% in laminar
zones between turbulent events. However, velocity fluctuations decreased
significantly in fully turbulent regions, droppg from 5% in Newtonian flows to 3%

in high-concentration polymer solutions.
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6.l1Future Wor k

While this thesis provides new insights into the lamin@bulent transition and
turbulence modulation induced by dilute polymer solutions, opportunities remain to
further expand the understanding of viscoelastic turbulence dynamics.

Advanced optical measurements and computational fluid dynamics simulations
would enable more idepth investigations of the polymerodified coherent
structures and instability mechanisrgsverning the transition from laminar to
turbulent flow. For example, techniques such as tomographic particle image
velocimetry could capture detailed velocity statistics and turbulence quantities within
the transitional flow structures. Direct numericahglations, if properly formulated
and validated, may shed light on the polymer stretching dynamics and internal stress
balances underlying the formatitnansitional flow structures

Exploring the impacts of complex geometries and flow configurationsnigeyo
canonical flows merits study as well. The transitional statistics and coherence
structures could differ substantially in nogctangular ducts, flows over curved
surfaces, or flows with swirl and rotation.

The range of fluid elasticity and extensibilipould be expanded by testing
solutions of flexible polymer species beyond polyacrylamide. Varying polymer
molecular weight and chain branching may induce further alterations to the transition
process and sustainment of chaotic motions. Ultimately, thé igo@ develop

comprehensive predictive capabilitieso quantitatively determine critical stability
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parameters and define transition criteria encompassing an extensive range of
viscoelastic fluid properties.

Overall, the foundationgstablished in this thesis will motivate and inform
extensive future work unraveling the intricacies of instabilities in-Mewtonian
flows. This will provide deeper insights into polyrrtarbulent interactions, which

may reveal more about the mechanigsmderlying drag reduction.
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Appendi ces

A MATLAB C€oldemi nar/ Tur bul ent

%%lLaminar/turbulent detection algorithm
% Load velocity data
% U_signal = loaded velocity data

%% Measurement parameters
f=60; % Acquisition frequency (Hz)

t = 1/f.*[L:length(U_signal)]; % Time vector (S)
H=0.016; % Channel full height (m)

%%Calculated parameters

U_mean = mean(U_signal); % Mean velocity (m/s)
u=U_signal - U_mean; % Velocity fluctuations (m/s)
t norm =t.*U_mean/H,; % Normalized time ( -)

%% Apply high - pass filter

f_pass_norm = 0.05; % Normalized filter frequency ( -)
f pass= f _pass_norm*U_mean/H; % Cutoff frequency (Hz)
u_filtered = highpass(u,f_pass,f); % Filtered signal

%% Moving average and standard deviation

Filter_length_norm = 10; % Normalized filter length ( -)
filter_length_datapoint = round(Filter_length_normfH/U_mean ); % Length in
data points ( -)

X =

movstd(u_filtered,filter_length_datapoint)./movmean(U_signal filter_length

_datapoint); % Detection parameter ( -)

%% Laminar/turbulent threshold
TR =0.03; % Laminar/turbulent threshold ( )

%% Minimum segment length

Mini mum_segment_length_norm = 25; % Normalized minimum length ( -)
Minimum_segment_length_datapoint =
round(Minimum_segment_length_normfH/U_mean); % Length in data points ( )

%% Identify turbulent zones
Identify_turb_segments = bwareafilt(x>TR,
[ Minimum_segment_length_datapoint, inf]);

%% Extract turbulent velocity
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U_turb_segments = U_signal.*Identify_turb_segments;

U_turb_segments(U_turb_segments==0) = NaN;
U_turb_stitched = U_signal(ldentify_turb_segments);

%% ldentify laminar zones
Identify_lam_segments = bwareafilt(x<TR,
[Minimum_segment_length_datapoint, inf]);

%% Extract laminar velocity

U_lam_segments = U_signal.*ldentify_lam_segments;
U_lam_segments(U_lam_segments==0) = NaN;
U_lam_stitched = U_signal(ldentify_lam_segments);

%%Calculate turbulence intensities
TI_turb = std(U_turb_stitched)/mean(U_turb_stitched);
Tl _lam = std(U_lam_stitched)/mean(U_lam_stitched);
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B Tec hnbrcaawi ntglse oFl ow Facil ity

The flow facility used in this atly was designed under the supervision of Dr. Sina
Ghaemi, and technical drawings were prepared by DawyhatThe facility was
commissioned by the writer. SolidWorks 3D CAD software was utilized for designing
the flow facility components. The followingages provide detailed technical
drawings of the settling chamber, contraction section, acrylic test section, and

diffuser.
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