
Effect of Polymer Additives on
Transitioning and Turbulent Boundary

Layers

by

Yash Hemant Shah

A thesis
presented to the University of Waterloo

in fulfillment of the
thesis requirement for the degree of

Doctor of Philosophy
in

Mechanical and Mechatronics Engineering

Waterloo, Ontario, Canada, 2021

© Yash Hemant Shah 2021



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the Examining
Committee is by majority vote.

External Examiner Dr. B. Elbing
Associate Professor
Mechanical and Aerospace Engineering
Oklahoma State University , USA

Supervisor Prof. S. Yarusevych
Professor
Dept. of Mechanical and Mechatronics Engineering
University of Waterloo

Internal Members Dr. J. P. Hickey
Assistant Professor
Dept. of Mechanical and Mechatronics Engineering
University of Waterloo

Dr. Z. Pan
Assistant Professor
Dept. of Mechanical and Mechatronics Engineering
University of Waterloo

Internal-External Member Prof. K. Lamb
Professor
Dept. of Applied Mathematics
University of Waterloo

ii



Author’s Declarations

I hereby declare that I am the sole author of this thesis. This is a true copy of the thesis, including
any required final revisions, as accepted by my examiners.

I understand that my thesis may be made electronically available to the public.

iii



Abstract

Injection of small quantities of polymer solutions in various internal and external turbulent flows
can produce a substantial reduction of skin friction drag. This phenomenon, known as Toms
phenomenon, has been actively studied in the past few decades and applied in various industrial
flows to increase efficiency, decrease operating costs, and reduce emissions. A number of pre-
vious numerical studies have hypothesized that the long chains of polymer molecules interact
with various turbulent motions thereby decreasing the turbulent fluctuations and reducing skin
friction. The experimental investigations conducted in the present work provide a comprehen-
sive understanding of the development of a polymer drag reduced boundary layer flow while
providing critical insights into the polymer-turbulence interactions in both turbulent and bypass
transitioning boundary layers. The outcomes are particularly applicable for the practical imple-
mentation of this flow control strategy on marine vehicles.

The experiments are conducted in a specialized water tunnel facility by means of particle im-
age velocimetry (PIV) and planar laser-induced fluorescence (PLIF) in a flat-plate boundary layer
injected with polymer solutions via a tangentially inclined two-dimensional slot. The drag reduc-
ing effect of the heterogeneously distributed polymers on the flow development is characterized
by contrasting the results against the baseline flow of water in each case. Critical questions with
regards to the effect of the polymer concentration on the drag reduction performance in turbulent
boundary layers are first addressed by considering three different concentrations of polyethylene
oxide (PEO) covering a wide range of the drag reduction regime. The analysis of velocity and
concentration measurements provides a link between the local polymer concentration, flow de-
velopment, and achieved drag reduction. The changes in the slope of the logarithmic region of
the velocity profiles are associated with various sub-regimes of drag reduction providing insights
into the dominance of the viscous and inertial effects within the respective sub-regimes, which
are important for the understanding of the ultimate limit of drag reduction.

Further investigations are conducted using three-dimensional PIV measurements in the buffer
and lower log regions of a drag reduced boundary layer, which elucidate the effect of polymer in-
jection on various coherent structures in this region. The polymers are noted to dampen the turbu-
lence producing motions, such as ejections and sweeps, which is illustrated through conditionally
averaged flow fields. Accordingly, the Reynolds shear stress, a measure of turbulence produc-
tion, is observed to be reduced in both cores of the structures and around the quasi-streamwise
vortices, presenting an effect expected due to various viscoelastic mechanisms. The same trend
is also observed to varying degrees within other frequently occurring coherent structures which
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are associated with the low-speed streaks, such as hairpin-like vortices, meandered streaks, and
the precursors of streak breakdown events, confirming the importance of the polymer-turbulence
interactions in turbulence control with this technique.

The detailed planar and tomographic PIV measurements are further utilized for the character-
ization of extreme skin friction events which are largely associated with the low and high-speed
streaks. Conditional averaged flow fields corresponding to the extreme events elucidate the poly-
mer effect on the associated topology of the near-wall flow surrounding these events while signi-
fying the dampening of large structures of Reynolds shear stress formed within the buffer layer.
Further, a scale decomposition based analysis elucidates the effect of polymers on various length
scales which are directly associated with the reduction in the Reynolds shear stress. The scale-
decomposed conditional flow fields are further utilized to establish a quantitative measure of the
association of the near-wall Reynolds shear stress with the skin friction, highlighting the effect
of polymer injection on the phase differences between these quantities.

Considering the substantial effects of the polymers particularly on the turbulence produc-
ing coherent structures, the effect of polymers on the transitional-turbulent motions within a
bypass transitioning boundary layer are investigated using both planar PIV and PLIF. The ef-
fect of polymer injection is observed to accelerate the transition process in comparison to the
baseline Newtonian flow depending on the location of injection with respect to a trip-wire. The
acceleration of the transition process is observed via the increase in the amplification of velocity
perturbations in the early transition stages which are dominated by Kelvin-Helmholtz instabili-
ties. Characterization of the resulting flow development illustrates important differences in the
trends of flow statistics and skin friction, highlighting the advantages and drawbacks of polymer
injection within the transitional regime of the boundary layer.
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Chapter 1

Introduction

The phenomenon of polymer drag reduction is introduced and its relevance is highlighted in the
backdrop of the current efforts of the marine industry to increase ship's ef�ciency to minimize
carbon emissions. Challenges in the fundamental understanding of polymer drag reduction are
identi�ed and speci�c research objectives are formulated.
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The maritime industry, which is responsible for more than 75% of the total freight transporta-
tion in the world, currently accounts for approximately 3% of the total anthropogenic emission of
CO2 and other greenhouse gases (GHG) according to the reports from a number of international
organizations [1, 2]. Although shipping is the most energy-ef�cient form of transportation for
cargo, the direct GHG emissions from ships are projected to grow by 50% - 250% by 2050 [3],
leading to a global contribution of nearly17%of total GHG emissions [4]. While in accordance
with the guidelines provided by the Paris Agreement [5] for the reduction in GHG emissions, the
current proposals for switching to alternate low-carbon and bio-fuels [3,6], reduction in ship op-
erating speeds, and improved hull coatings [7] are unlikely to be adopted at the required scales by
2050 due to high costs according to the recent projections of the International Energy Agency [3].
In light of these projections, technologies such as polymer drag reduction (PDR) aimed at the
reduction of frictional drag on a ship have gained increased signi�cance. Based on the current
international marine bunker statistics Choet al. [8] suggest that a 10% reduction in the drag
of a ship would result in 4.7 billion US$/year in savings. Considering that PDR can result in
drag reductions of more than 50% [9], development of this technology could serve the current
efforts towards reducing GHG emissions while providing the much needed time for transition to
alternate fuels.

The drag on a ship is mainly composed of the resistances due to pressure, wave, and friction,
of which the frictional resistance arising at the contact surface accounts for nearly 80% of the
total drag in cargo ships [10]. Given the large scale of operation, resulting in Reynolds numbers
which are some of the highest in engineering applications [11], the boundary at the contact sur-
face is highly turbulent which causes the high frictional resistance on the ship. While a number
of passive (e.g., riblets [12], compliant coatings [13]) and active �ow control (e.g.,air/bubble
injection [14–16], surfactant injection [17]) technologies exist to mitigate the adverse effects of
the turbulent boundary layer, polymer based drag reduction [18–20] has attracted signi�cant re-
search interest due to its fundamental nature and commercial utility, with skin friction reductions
of up to 80% reported in various turbulent �ows [21].

The phenomenon of drag reduction by introducing dilute polymer solutions in wall-bounded
turbulent �ows has been actively explored and implemented since its discovery in 1948 by
Toms [18] and the �rst patent in 1949 by Mysels [19]. The practical utility of this phenomenon
covers a wide range of applications, including the oil industry for enhancing oil recovery [22,23]
and decreasing pressure losses in pipelines [24–29], marine industry for enhancing the ef�-
ciency or speed of ships and underwater vehicles [30–34], �re-�ghting [35], jet cutting [36,37],
sewers [38–40] and irrigation [41], and even bio-medical �eld for the treatment of atherogene-
sis [21, 42–45]. While a number of commercial applications have utilized synthetic polymers,
such as polyethylene oxide (PEO) and polyacrylamide (PAM), which has raised signi�cant envi-
ronmental concerns, contemporary research has also focused on the assessment of bio-polymers
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as drag reducing agents [46,47].

Signi�cant insights into the working mechanisms of PDR have been gained through a number
of experimental [48–52] and numerical [53–56] studies which have highlighted the effect of
viscoelasticity of the polymer on various turbulent motions within the turbulent boundary layer.
The polymer molecules have been shown to reduce turbulent production by interacting with near-
wall coherent structures and reducing their strengths [55–57]. Attenuation of near-wall vortices
through viscoelastic mechanisms highlighted by Minet al. [54] is accompanied by a reduction
in wall-normal velocity �uctuations and Reynolds shear stress [49, 58, 59], increased spanwise
spacing of near-wall streaks [50,51], and decreased magnitudes of ejections and sweeps [60,61].
Further, several studies have highlighted the role of polymer macromolecules in dampening of
small-scale motions thereby disrupting the turbulent energy cascade [62–64]. Along with these
insights, a number of competing theories [53, 65] describing the mechanisms of polymer drag
reduction have been propounded, leading to a long-standing and ongoing debate in the research
community.

1.1 Motivation and Objectives

Despite their successful implementation in internal �ows, signi�cant challenges exist in the ap-
plication of drag reducing polymers in external �ow scenarios and motivate the present work.
These challenges primarily pertain to, but are not limited to, the reduction of polymer concen-
tration close to the wall due to the transport of the polymer away from it, chain scission which
leads to a decreased drag reduction ef�ciency [66], identi�cation of suitable injection parameters
and injector designs to minimize the wastage of polymer, and optimization of injection points
within the boundary layer �ow to maximize drag reduction. While these challenges are of en-
gineering nature, a fundamental understanding of the mechanisms of polymer drag reduction,
which is still lacking as evidenced by the aforementioned debated theories, is likely to offer bet-
ter solutions to these challenges and open up newer avenues for the implementation of this �ow
control technique. Thus, the present work is focused on the evaluation of the performance of the
polymer solutions and elucidating various mechanisms of polymer drag reduction through exper-
imental investigations. In addition, considering the profound effect of polymers on turbulence,
an underlying goal of this study is to accord fundamental insights into the nature of turbulence.
The following research questions are raised with the aim to understand the key parameters and
relations which control the polymer performance in the turbulent boundary layer:

1. What is the effect of polymer injection concentration on the development of a drag-reduced
turbulent boundary layer, and how does the diffusion of polymer away from the wall relate
to the drag reduction performance?
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2. Which types of turbulent motions and coherent structures are affected by polymer injec-
tion, and how do they get affected?

3. Is there a relation between drag reduction and suppression of turbulent motions?

4. How does the polymer affect various turbulent scales in the turbulent boundary layer?

5. Can polymer injection be effective in delaying laminar-turbulent transition in a bypass-
transitioning boundary layer?

In light of these research questions, detailed optical measurements of a zero-pressure gradient
boundary layer developing over a �at-plate model are conducted in a water tunnel facility. Both
transitional and fully developed turbulent boundary layers are investigated with the polymer-
injection conducted via a spanwise oriented tangential slot in the �at-plate model, and the results
are contrasted against the baseline �ow of water. Further, in order to decouple the effect of
momentum injection at the slot, a case with benign injection of water through the slot with the
same injection parameters is considered in all the investigations. The following objectives are
pursued to answer the above research questions:

1. Characterize the streamwise evolution of a polymer-injected turbulent boundary layer and
identify the role of polymer concentration on its development.

2. Identify the critical streamwise and wall-normal locations where polymer effect is pre-
sented in maximum capacity.

3. Characterize the three-dimensional �ow-�eld at the identi�ed location to elucidate the
polymer effect on three-dimensional coherent structures and various turbulent motions.

4. Evaluate the skin friction in conjunction with various turbulent motions in a polymer-
injected boundary layer and contrast them against the Newtonian �ow of water.

5. Evaluate the effect of polymer on various scales in the boundary layer and identify mech-
anisms which may explain the effect.

6. Characterize the streamwise evolution of a bypass-transitioning boundary layer and evalu-
ate the effect of polymer injection on the boundary layer parameters.
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1.2 Outline of the thesis

This thesis is organized as follows. Chapter 2 presents a review of the current understanding
of the Newtonian and drag reduced boundary layer �ows. Here, pertinent results from studies
in drag reduced internal �ows and the underlying concepts of polymer-turbulence interactions
are discussed with an extension to their applications in drag reduced external �ows. Chapter 3
describes the methodology of experimentation, including brief descriptions of the water tunnel
facility and the various optical techniques used throughout the thesis.

The main results from this work are presented in Chapters 4 - 7. Each of these chapters
is organized to answer speci�c research questions outlined above by �rst providing a relevant
background and identifying additional research gaps. Thereafter, description of the experimental
setups and analysis techniques used for data collection and reduction is provided with a detailed
discussion on the results. Finally, each chapter includes concluding remarks which highlight the
speci�c insights into the considered research question(s).

The performance aspects of the polymer drag reduction in external turbulent boundary lay-
ers are �rst examined in Chapter 4 with a focus on its effect on various turbulent motions in
a two-dimensional sense. Chapter 5 presents a three-dimensional characterization of the buffer
and lower-log regions of a drag reduced turbulent boundary layer, and the effect of polymer on
various coherent structures and Reynolds shear stresses is highlighted through conditional sam-
pling techniques. The three-dimensional �ow-�elds are further utilized to examine the effect of
the polymer on various scales of turbulent motions in Chapter 6. Here, the effect of the polymer
on the relation between the Reynolds shear stresses and relatively large-scale skin friction events
is of particular importance. Chapter 7 is dedicated to a novel attempt of investigating the effect
of polymer injection in transitioning boundary layers which are bypassed into turbulence using a
tripping round rod.

Finally, Chapter 8 combines the conclusions from the individual chapters and provides a
holistic understanding gained from this thesis. In addition, some recommendations are provided
for future directions of research in this area.
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Chapter 2

Literature Review

A brief review of the relevant literature in Newtonian and polymer drag reduced boundary layer
studies is provided with a focus on the fundamental concepts and well-accepted �ow phenomena
in each of the scenarios. Discussions on debated topics and other open questions are provided
in the context of the current research objectives.
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2.1 The �at-plate boundary layer

This section brie�y describes the governing equations of a boundary layer and provides the math-
ematical framework for various boundary layer parameters used throughout this thesis. There-
after, literature on Newtonian boundary layer �ows is reviewed with a focus on the laminar-
turbulent transition process, and the implications of the near-wall boundary layer dynamics and
turbulence on skin friction.

2.1.1 Governing equations

Boundary layer �ows are primarily governed by the conservation laws of mass and momentum
in the absence of thermal effects, which is the case in the present work. These are described for
a steady incompressible zero-pressure gradient boundary layer �ow in 2D Cartesian coordinates
as:

@u
@x

+
@v
@y

+
@w
@z

= 0; (2.1)

u
@u
@x

+ v
@u
@y

+ w
@u
@z

= �
@2u
@y2

; (2.2)

with the following boundary conditions

u = 0; v = 0; w = 0 at y = 0; u = U1 at y = 1 :

Detailed derivations for these equations may be found in Schlichting [67]. In a turbulent �ow, the
�ow variables in Eqs. 2.1 and 2.2 are decomposed into their steady and �uctuating components
using Reynolds decomposition:

u = hui + u0; v = hvi + v0; w = hwi + w0:

The steady terms are obtained by time-averaging of the signals, whereas the unsteady terms
are obtained by subtracting the steady quantity from the original signal. This form of decomposi-
tion allows for the evaluation of Reynolds stresses (� hu0

i u
0
j i ) which are essential in the description

and quanti�cation of turbulence in the boundary layer. For a fully developed turbulent boundary
layer, the Reynolds shear stress (� hu0v0i ) is incorporated in the total stress as [68]:
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� total = �
dhui
dy

� � hu0v0i : (2.3)

In the context of polymer drag reduction, the Reynolds stresses and the total stress are of
signi�cant interest, and the in�uence of the polymer is modelled through an additional poly-
mer stress, which is generated as a result of the interactions of polymer molecules with various
turbulent motions, incorporated within Eq. 2.3 as shown in Eq. 2.4 [54,58,69]:

� total = �
dhui
dy

� � hu0v0i + � P: (2.4)

Therefore, a time-resolved, two-component, measurement is mandated to explore the effect
of polymers on boundary layer turbulence, and forms the basis for the method of investigation
(Chapter 3) used throughout this study.

2.1.2 Laminar-Turbulent Transition

The natural process of laminar-to-turbulent transition occurs in a boundary layer with low levels
of external disturbances (Tu� 0.1%, where Tu is the turbulence intensity) wherein the distur-
bances enter the boundary layer and amplify in the near-wall region through the well known
Tollmien-Schlichting waves before the ensuing non-linear interactions lead to turbulent break-
down [70]. The initial stage of this process is well described by the linear stability theory [71–73]
and has been documented in various scenarios through experimental studies [70, 74–76]. The
transition process is said to bebypassedwhen the initial ampli�cation of disturbances is rapid,
and leads to a much earlier transition to turbulence [70,77]. This form of transition is not as well
understood and occurs in the presence of relatively high levels of external disturbances (Tu>
0.5%) [78–80] and/or surface roughness among a number of other factors [81–84]. The bypass
transition process is of practical signi�cance for a number of engineering applications including
�ows over marine vehicles due to bio-fouling of the external surfaces [85, 86]. Thus, the effect
of polymer injection in the transitioning �ow region and the ensuing turbulent boundary layer
development is of particular interest.

The bypass transition in the �at-plate boundary layer is characterized by low frequency os-
cillations in the streamwise velocity leading to the formation of low- and high-speed streaks
[79, 87–89]. These streaky structures are also known to undergo various modes of instabili-
ties and oscillate in the spanwise direction with peak-to-peak amplitudes on the order of the
freestream velocity [90, 91]. The eventual intermittent appearance of turbulence spots has been
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Figure 2.1: Smoke �ow visualization of boundary layer in bypass transition highlighting (a)
streaky structures (b) intermittent turbulent bursts. Figures adapted from Matsubara and Alfreds-
son [79] for air �ow at a freestream turbulence intensity of 2.2%. Flow is from left to right.

attributed to the breakdown of the streaky structure due to secondary instabilities, adding to the
complexity of the transition mechanism [79, 92–96]. Pioneering studies by Emmons [97], and
Dhawan and Narasimha [98] illustrate the universality of the intermittency in the late transition
stages in both classical and bypass transitioning boundary layers produced by various means,
highlighting the similarity and dominance of the turbulence spots within these stages. More re-
cent investigations provide a detailed account of the associated �ow dynamics in the vicinity of
such turbulent events [79, 92, 99]. A number of computational studies provided critical insights
into the pre-transitional processes, such as receptivity mechanisms [100,101], and turbulent spot
generation [102–104], however, their success in describing the later stages of bypass transition,
and therefore the transition point, has been limited due to the noted complexity in the intermittent
phenomena [105].

Experimental studies have frequently exploited the relative ef�ciency of various surface
roughness elements to trigger the transition process by using distributed surface roughness [106–
108] and two- and three-dimensional surface protrusions [109–111]. The ef�ciency of the trip-
ping device depends on its geometry as well as the Reynolds number based on the height (r )
of the roughness element (Rer = rUr =� ) [112]. The transition process in two- (e.g., trip
wires [113,114]) and three-dimensional (e.g.,zigzag strips [115,116], pins [109,117]) surface el-
ements is rather well understood and, hence, controllable for laboratory experiments. In contrast,
the transitional �ow induced by distributed roughness is not only more complex but also requires
relatively long distances for the onset of turbulence [106], which make it a less favourable choice
for small to moderate scale experimentation.
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2.1.3 Coherent structures

Reviews of Robinson [118] and Dennis [119] provide an excellent and detailed account of the
enormous body of work on this topic, and the discussion here concerns with the most perti-
nent studies for the present work. The near-wall region of a turbulent boundary layer presents
a complex structure with an assortment of coherent motions [118–121] which include low- and
high-speed streaks, ejection and sweep motions, quasi-streamwise vortices, and hairpin-like vor-
tex structures. Previous studies employing �ow visualization methods [122] as well as quanti-
tative measurements [123] have con�rmed the streaky structures to have an average spanwise
spacing of approximately100� in the viscous sublayer (� is the viscous unit), which increases
approximately linearly with wall-normal distance in the buffer layer. The average streamwise
extent of the near-wall streaks has been characterized via two-point correlations to be in the
range1000-1500� [124, 125], which is in agreement with that obtained using dye visualization
techniques [126]. The low-speed streaks have been shown to undergo meandering due to various
modes of instabilities [127] which eventually leads to the breakdown of the streaks [99,128], and
thus plays an important role in the self-sustenance of the turbulence cycle [128–130].

Willmarth and Lu [131] categorized near-wall �ow motions into quadrants of the �uctuating
streamwise (u0) and wall-normal (v0) velocity components, and introduced a systematic approach
to conditionally sample them based on the corresponding Reynolds shear stress (RSS). A number
of subsequent studies [121, 132, 133] conditionally sampled the coherent motions, and showed
the presence of counter-rotating quasi-streamwise vortices responsible for the production of near-
wall turbulent kinetic energy. The average streamwise lengths of these quasi-streamwise vortices
is documented to be two orders of magnitude smaller than that of the low speed streaks [134].
These counter-rotating vortices form between the low- and high-speed streaks, and transfer
streamwise momentum in the near-wall region through ejection (Q2) (u0 < 0; v0 > 0) and sweep
(Q4) (u0 > 0; v0 < 0) events [133].

In addition to the quasi-streamwise vortices in the buffer layer, the low-speed streaks and
other low-momentum zones in the upper regions are typically �anked by hairpin-like vortices
[120, 135–138] which play a major role in the near-wall dynamics. Experimental veri�cation
of these hairpin-like structures was �rst provided by Adrianet al. [136] at low to moderate
Reynolds numbers. Adrianet al. proposed that the hairpin-like vortices typically appear in
the form of packets of multiple closely spaced hairpin structures in a nested hierarchy. These
packets of hairpins have been con�rmed by numerous studies [120,139,140]. The hairpin packets
been shown to produce multiple large-scale ejections leading to production of Reynolds shear
stresses that are at least an order of magnitude higher than the time-averaged RSS [139] and
are typically associated with turbulent bursts [141]. The legs of the hairpins closely resemble
the quasi-streamwise vortices in the buffer layer [138], and spanwise vortical heads are found
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to appear throughout the log-region with a wide range of inclination angles dependent on their
wall-normal distance from the wall [136].

Recent studies at higher Reynolds numbers [142–144] have shown the presence of very large-
scale motions (VLSMs) in the log-layer which persist and meander over relatively long distances
(� 20� , where� is the boundary layer thickness) in the streamwise direction. Such large-scale
motions in the log-layer have been shown to modulate the near-wall motions [145], further com-
plicating the dynamics in the near-wall region.

2.1.4 Turbulence and skin friction

The wall-shear stress is of practical interest for engineering applications, such as prediction of
performance and design optimization of marine vehicles. The wall-shear stress is dependent on
the wall-normal gradient of the streamwise velocity at the wall which is signi�cantly in�uenced
by the dynamics of the coherent structures within the near-wall region. Although the effect of
turbulence on skin-friction is still an open question, partly due to practical limitations on the
achievable Reynolds numbers in experiments and simulations [11], some studies have attempted
to associate the effect of the coherent structures in the buffer and log regions with thefootprint
of the wall shear stress [143,146, 147]. These studies elicit the formation of elongated low- and
high-shear stress regions that are reminiscent of the near-wall streak structure. Conditionally
averaged three-dimensional �ow �elds produced by Shenget al. [146] show that the extreme
wall-shear stress events are observed within the cores of the corresponding low- and high-speed
streaks. The local low and high shear stress regions are also accompanied by coherent wall-
normal motions leading to ejections, and sweeps, respectively, and give rise to counter-rotating
streamwise oriented vortices. The correlated and organized motion induced by these vortices
above the low and high wall-shear stress regions produce large magnitudes of Reynolds shear
stress (RSS) in the near-wall region within the immediate vicinity of these regions [146].

Several studies at moderate to high Reynolds numbers [143, 145, 148–150] have shown the
in�uence of very large-scale motions (VLSMs) in the outer layer on the near-wall motions as
well as on the wall-shear stress. The DNS simulations of Abeet al. [148] at 180< Re � < 640
show a strong correlation between the outer layer VLSMs and the wall-shear stress. At the same
time, Fukagata, Iwamoto& Kasagi (FIK) identity [151] based decomposition of the wall-shear
stress by Decket al. [11] shows that the Reynolds shear stress produced due to the large-scale
structures (> � ) accounts for nearly50%of the wall-shear stress. Hutchinset al. [143] produced
conditional large-scale low-momentum structures in the log-region extending up to 6� in the
streamwise direction by conditionally sampling the �ow corresponding to large-scale low wall
shear stress events. While these studies at high Reynolds numbers indicate the footprint of the
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VLSMs on the �uctuating wall shear stress, Schlatteret al. [150] suggest that such a footprint
is not distinguishable at lower Reynolds numbers (Re� < 1000). Recently, Wanget al. [149]
have also argued that the footprint of the superstructures/VLSMs is only mild in the range 400
< Re � < 2900, and the near-wall streaks are likely to have the most dominant effect on the wall
shear stress.

2.2 Polymer drag reduction

This section �rst introduces some fundamental concepts of polymer drag reduction which are
mainly derived from numerous studies in internal �ows and have been generally accepted by the
research community. Thereafter, a brief description of the results obtained from recent studies
performed in external �ow scenarios is given, followed by an overview of the debated theories
of PDR which form the basis for the discussion of the current results.

2.2.1 Fundamentals of PDR

The majority of previous investigations of polymer-based drag reduction have been focused on
internal turbulent �ows. Comprehensive reviews of earlier and more contemporary research
efforts in this category are provided by Virk [152], Lumley [65,153], Sellinet al.[20], and White
and Mungal [154]. They show that the extent of the viscous and buffer layers, encapsulating the
dominant viscous effects, is increased in a drag reduced normalized velocity pro�le. The pro�le
features an effective slip velocity over the Newtonian velocity pro�le in the same con�guration.
This results in a velocity defect structure known as theNewtonian plug, where the inertial layers,
that encapsulate the regions of dominating inertial effects, are displaced farther away from the
wall in a uniform manner.

Similar to the description in a Newtonian �ow, the log-region of a drag reduced boundary
layer is expressed ashui + = A ln y+ + B, where A and B are the best-�t coef�cients to the
semi-logarithmic velocity pro�le [152], with A= 2.44 and B= 5.5 being typical of a Newtonian
�ow [155]. Virk et al.[48] empirically derived the Maximum Drag Reduction (MDR) asymptote,
also known as theultimate pro�le,

hui + = 11:7 lny+ � 17; (2.5)

which represents the limiting velocity pro�le corresponding to the maximum drag reduction that
can be realized. In a number of subsequent studies, it has been shown to be applicable in both
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internal [156–161] and external [50,59,162] wall-bounded �ows with typical drag reductions of
up to 80%.

On the other hand, a limiting shear stress below which no drag reduction occurs is given
by theonset hypothesis[163], which stems from the transition of the molecular con�guration
through a coil-stretch process [164]. Besides con�rming the onset hypothesis, further studies
have shown that the critical shear stress is dependent on the physical properties of the polymer,
such as its molecular weight, as well as the polymer-solvent combination used [152, 165–168].
Moreover, from studies on several different polymers in pipe �ows, it was established that
polyethylene oxide (PEO) was the most effective in drag reduction on a weight basis due to its
relatively �exible backbone [167,169–172], and it is one of the most prominently used polymer
for laboratory studies in this area.

2.2.2 Drag reduction in external �ows

In comparison to the extensive body of work done on polymer-based drag reduction in inter-
nal �ows, a limited number of previous investigations considered this technique for turbulent
boundary layer control in external �ows. Harder and Tiedermann [173] noted that the slope
of the inertial layers increased with induced drag reduction in fully developed homogeneously
distributed polymer �ows, which was veri�ed by recent studies [51, 60, 174, 175]. Some of
the earlier works using visualization techniques in homogeneously distributed polymer �ows in
channels [52,176,177] showed that the near wall structure of the drag reduced turbulent bound-
ary layers is altered signi�cantly. Recent investigations using quantitative techniques [50, 51]
con�rmed that the spanwise spacing of the low-speed streaks is, indeed, increased, and the av-
erage rate of the passage of turbulent bursts arising from the appearance of turbulent spots is
signi�cantly attenuated in the drag reduced boundary layer.

Motivated by potential �ow control applications, such as on marine vehicles, several studies
considered the injection of polymer solutions through a spanwise oriented slot into a turbulent
boundary layer. Petrie and Fontaine [49] showed the differences in the statistical quantities for
a slot-injected boundary layer as compared to a homogeneously distributed channel. Whiteet
al. [50] performed near-wall PIV measurements at an effectively single streamwise station in
multiple wall-parallel planes and found that the spacing of the low-speed streaks increased lin-
early with increasing drag reduction. They also showed that the strength of the quasi-streamwise
vortical structures is reduced, weakening the dispersion of energy from the streamwise to span-
wise directions. Warholicet al.[51] conducted PIV measurements in both wall-normal and wall-
parallel planes and showed that Reynolds stresses are dampened signi�cantly in a drag reduced
boundary layer. Walker and Tiederman [178] analysed the quadrants of the velocity �uctuations

13



obtained using LDV measurements, revealing dampening in all quadrants, with more substantial
effects seen in quadrants 2 and 4. However, in light of a minor increase in streamwise �uctua-
tions (u0) in the presence of the polymer, the overall decrease seen in the Reynolds shear stress
was attributed to the notable reduction in wall-normal velocity �uctuations (v0). Furthermore,
the correlation between the streamwise and wall-normal �uctuations was decreased, further re-
inforcing the argument of decreased dispersion of energy from streamwise to other directions.
Similar observations were noted by Fontaineet al. [179].

The streamwise development of the drag reduced boundary layer was considered by Hou
et al. [59] by conducting PIV measurements at multiple streamwise stations downstream of the
injection slot. They showed that the injection concentration and the distance from the injector
have a signi�cant effect on the mean velocity pro�les and the local drag reduction (DR). They
also noted discrepancies in DR produced by different brands of the same polymer with slightly
different molecular weights when MDR was not attained; however, the trends in statistical quan-
tities remained similar. Polymer stress (� P), de�ned by Eq. 2.4 [54], was found to be signi�cant
only for y=� < 0.3, with a contribution of up to 25% of the wall shear stress estimated using a
modi�ed version of the FIK identity [151].

In contrast, the polymer stress evaluated for the study of Warholicet al. [58] on homoge-
neously distributed polymer �ow in a fully developed channel results in a contribution in excess
of 60% of the wall shear stress. Owing to a phase lag in the response of the polymer reaction
to the boundary layer turbulence, Houet al. [59] found that the streamwise development of the
polymer stress and DR were not correlated.

The diffusion of the injected polymer solution downstream of the injection location has been
considered by Walker and Tiederman [180], Somandepalliet al. [181], and Winkelet al. [182].
Depending on the injection concentration and the distance from the injection slot, Winkelet
al. [182] observed three distinct regimes of the near-wall polymer �ow. These were classi�ed as
the development, transitional mixing, and the depletion regimes, identi�able by the polymer �ux
parameterK = Qinjcinj=� (x � x inj)U1 , wherex � x inj is the distance from the injection slot. The
regimes are dictated by the near wall polymer concentrations and its reduction due to diffusion
and mixing which affect the polymer performance. The impact of these �ow regimes on the DR
was also considered by Houet al. [59], who suggest that the relation between the parameterK
and DR is independent of the type and the concentration of the injected polymer.

The topic of various drag reduction regimes in the polymeric region (DR< MDR) has seen
a great interest since its introduction by Warholicet al. [58], who found that the slope of the
log-layer in terms of the von Ḱarmán constant (� ) remains constant and matches the Newtonian
value in the low drag reduction LDR regime (DR< 35%), whereas� decreases in the high
drag reduction (HDR) regime. Subsequent studies [55,162,175,183] indicate that the identi�ed
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threshold varies between 20%� DR � 40%.

2.2.3 Mechanisms and theories of PDR

A number of theories have been proposed to describe the mechanism of PDR, particularly
by early studies, including wall-adsorption and slip [184–187], shear thinning within the vis-
cous sublayer [188], and polymer-turbulence interactions [53, 65]. While the theories based
on wall effects were immediately refuted citing inconsistent observations through experiments
[169,189,190], the viscoelastic mechanisms arising from the interactions of polymer molecules
and turbulent motions are still at the heart of the ongoing research efforts in this area. These
mechanisms are primarily classi�ed into the viscous mechanism proposed by Lumley [65, 153]
which postulates the disruption of the turbulent energy cascade caused by the increased exten-
sional viscosity of the stretched polymer additives outside the viscous sublayer, and the elastic
mechanism of Tabor and de Gennes [53] which assumes the same effect due to the storage of the
turbulent energy within the partially stretched polymer molecules in the buffer layer.

Remarkably, both the proposed mechanisms have been subject to a number of investigations
in the recent past through DNS simulations complemented with viscoelastic models, such as the
Finitely Extensible Nonlinear Elastic - Peterlin (FENE-P) [191] and Oldroyd-B models, which
have produced comparable descriptions of the �ow dynamics despite the differences and limita-
tions of the models [54, 56, 191, 192]. From the perspective of the elastic model, it is suggested
that the polymer chains stretched by the mean shear in the near-wall regions are lifted up by the
quasi-streamwise vortical structures into the lower log-layer where they release the stored elastic
energy. This release of energy is shown to primarily occur in the streamwise direction resulting
in the observed increase in the streamwise �uctuations in the lower-log region [49, 59–61]. In
contrast, a recent investigation by Pereiraet al.[56] has shown that, while the polymer stretching
due to mean shear in the near-wall region is considerable, additional polymer stretching due to
extensional turbulent motions (u0

i u
0
i ) in the buffer layer is necessary to fully explain the observed

levels of polymer stretching outside the viscous sublayer.

The numerical studies have also underscored the importance of the Weissenberg number (Wi)
on the �ow characteristics and the obtained drag reduction by illustrating the role of elasticity in
dampening near-wall vorticity and decreasing the RSS in the coherent structures [54,55,57,193].
It is proposed that the counter-torques responsible for this vortex damping are generated as a
result of the polymer stretching in the quasi-streamwise vortices [57, 183, 193]. Furthermore,
the dampening of the near-wall vorticity results in a signi�cant reduction in the Reynolds shear
stress leading to an expanded buffer layer. Li and Graham [194] noted that even with a strong
enough viscoelasticity, a non-negligible instantaneous Reynolds shear stress [54, 195, 196] is
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still observed, limiting the drag reduction by the so-called Maximum Drag Reduction (MDR)
asymptote [48]. The asymptotic drag reduction limit has been shown to hold regardless of the
polymer, or even the type of the drag reducer [17,197].

Experimental investigations into the working mechanisms of PDR have been limited to statis-
tical descriptions of the drag reduced �ow (e.g.,[49–51,59,182]), possibly due to practical limi-
tations and unavailability of highly resolved three-dimensional measurement techniques. Never-
theless, experiments in homogeneous channel �ows conducted by Shabanet al.[60] demonstrate
the effect of extensional viscosity of the polymer on the achieved drag reduction. Earlier, Tie-
dermanet al. [52] observed that there was no drag reduction when the polymer molecules were
contained within the viscous sublayer which led them to hypothesize that the polymers become
active when subjected to the extensional motions in the buffer layer, and are relatively passive
in the viscous sublayer. Other indirect evidences for the correlation between extensional vis-
cosity and drag reduction have been obtained through capillary breakup extensional rheometry
(CaBER) [161, 198]. On the other hand, the attribution of the reduced RSS to an accumulated
polymer stress (� P) by Houet al. [59], points to an elastic mechanism of PDR.
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Chapter 3

Methodology

Descriptions of the testing facility, model, and polymer-injection method are given along with
an overview of the setups used for the �ow measurement using two different techniques and the
related processing parameters.

17



3.1 Experimental Setup

3.1.1 Water tunnel facility

Figure 3.1: Water tunnel facility at University of Waterloo. A: diffuser , B: settling chamber, C:
contraction, D: glass test section, E: outlet tank, and F: return channel to the sump.

The experiments were carried out in a closed-loop water tunnel facility at University of Wa-
terloo shown in Fig. 3.1. The �ow in the tunnel is driven by a constant head developed in the
overhead tank, where water is supplied from the sump reservoir by two centrifugal pumps. A
gate-valve is installed upstream of a wide-angled diffuser in order to control the �ow rate in
the tunnel. The settling chamber houses the �ow conditioning elements which include a square
grid (12.7 mm spacing), a honeycomb (12.7 mm cell), and four wire meshes, with all the ele-
ments following the design recommendations of Mehta and Bradshaw [199] and Derbunovichet
al. [200]. The �ow enters the test section through a contraction which has an area ratio of 5.9.
An entrance length equivalent to the width of the contraction is allowed before the start of the
glass test section. The 2.5 m long test-section is 0.5 m in width and is designed for a water height
of 0.8 m. The �ow velocity is set by a combination of the gate valve and a variable porosity back-
gate placed approximately 1 m downstream of the test-section. The water exits from the tunnel
through the outlet tank that is placed directly above the return channel. For the designed oper-
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ating water level, test-section velocities up to 0.5 m s�1 can be achieved. The �ow uniformity in
the vertical and spanwise directions is within 1% of the free stream velocity and the freestream
turbulence intensity in the streamwise direction is within 1% for all the test cases considered
in this investigation. The temperature of the water is veri�ed to remain constant within 0.1 °C
during all the experiments.

3.1.2 Flat-plate model

Figure 3.2: Sketch of the �at-plate model showing the coordinate system, details of the polymer
injector and the zigzag trip. The zigzag trip is used for experiments reported in Chapters 4 - 6.
All the dimensions shown are in mm but are not to scale.

The �at-plate model, shown in Fig. 3.2, is designed in a modular fashion consisting of a
modi�ed super-ellipse type leading edge [201], a �at middle section, and a movable trailing edge
�ap. The �at plate has a surface roughness (ks) of 0.5 µm which corresponds to the surface
roughness parameter (k+

s ) of less than 0.01. The coordinate system used for data presentation
is shown in Fig. 3.2, with the origin located at the leading edge. The assembled plate model
spans the entire width of the test section, and the �ap was set to 5° to appropriately condition the
location of the stagnation point. The total length of the plate model (L) is 2200 mm measured
from the leading edge to the trailing edge with �ap set to 0°. The elliptical portion of the leading
edge extends up tox=L = 0.1, and the zero pressure gradient along the top surface begins at
x=L � 0.25. The polymer injection slot is located atx=L � 0.206, or 453 mm downstream of
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the leading edge. It is 0.25 mm wide, spans 300 mm, and is inclined at 30° with the streamwise
direction to achieve nearly tangential injection. This injection angle is close to the optimum
angle suggested by Walkeret al. [202] and matches the one used in the study of Houet al. [59].
The entire plate model is mounted on three supports that have a NACA 0012 cross section.

3.1.3 Polymer solution preparation and injection

Polyethylene oxide (PEO, Sigma-Aldrich Inc.) with an average molecular weight of 8 Million g/mol
was used in all the experiments in this thesis. The viscosity of 1% solution in water at 25 °C is
10 000 - 15 000 mPa s. The polymer solutions were prepared using the following protocol. The
mass of the polymer powder was measured using digital scales with a resolution of 0.01 g. The
powder was mixed with distilled water using a stationary overhead mixer with a four-bladed im-
peller operated at 70 rpm for two hours and then allowed to stand for 12 h for degassing [203].
The polymer solutions were characterized using a standard rotor-bob viscometer (Model 35 -
Fann Instrument Company) over a range of shear rates 1.5� _
 � 1021, where_
 is the imposed
shear rate in s� 1. The measurements were used to verify the consistency of the polymer solutions
obtained using the described preparation protocol.

Polymer solution injection on the measurement surface of the �at-plate is achieved via a
peristaltic pump (AOBL BT101S), which pumps the solutions at a constant �ow rate into a 3D
printed polymer injector located under a 0.25 mm wide injection slot, as shown in the detailed
cross-sectional sketch in Fig. 3.2. The use of a peristaltic pump minimizes any potential for
polymer degradation known to occur in rotary pumps [204]. The injector serves as a manifold
with one inlet at each spanwise end. A metallic mesh is incorporated along the span within the
injector body to improve the �ow uniformity.

The injector was characterized in a stagnant pool of water with the same pressure head, and
the outlet velocity from the manifold was veri�ed to be uniform to� 7.6% along 75% of the
centre span. A detailed description of the injector design and outlet �ow characterization is
presented in Appendix B. It must be mentioned that the inclined slot above the outlet of the
manifold is a duct of 50 slot widths in length, which provides further improvement of injection
uniformity. A mean injection velocity (uinj) of 0.025 m s�1 was used in all the cases investigated,
which is less than 9% of the freestream velocities used in all the experiments (U1 = 0.28 -
0.3 m s�1 ), corresponding to a normalized injection rateQinj=Qs = 0.086, whereQs = 67.3� is
the discharge in the viscous sublayer (y+ < 11.6) per unit width [205]. It should be noted that the
employed injection velocity is considerably lower than those used in some of the previous studies,
e.g.,23%of the freestream velocity in the case of Houet al. [59], which was done to minimize
the effect of momentum injection on the boundary layer development. The injection �ow rates
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and concentrations were chosen to achieve similar polymer �ux parameters (K ) with previous
studies [59, 182] and the universal curve identi�ed by Houet al. [59]. During the experimental
campaigns with polymer injection, the total mass of injected polymer was monitored in order
to maintain a homogeneous background concentration well below the limit of 1 ppm, as used
in most of the previous studies [179, 182]. Based on the polymer injection rates used in the
present experiments, a homogeneous background concentration of approximately 0.7 ppm may
be expected, although the actual background polymer build-up is expected to be lesser, since
the choice of PEO ensures signi�cant mechanical degradation as the molecules pass through the
centrifugal pumps [66].

3.2 Experimental Techniques

Particle Image Velocimetry

Planar and tomographic particle image velocimetry (PIV) measurements were employed for �ow
measurements in this study. These techniques allow for the measurement of local �ow velocities
through optical means and yield two- and three-dimensional velocity vector �elds with two and
three velocity components, respectively. The measurement setup involves one or more cameras
and a high-power laser to illuminate the �ow which is seeded with light-scattering micron scale
particles. Given the optical nature of the technique, it is minimally intrusive for �ow measure-
ment which is critical for measurements in boundary layers. Detailed working of the techniques
are provided by Raffelet al. [206].

3.2.1 Setup

The PIV parameters used in all the experiments reported in this thesis are presented in Table
3.1. The planar PIV measurements were conducted in all the experiments for baseline boundary
layer characterization and investigation of benign and polymer-injection, and used hollow glass
spheres (Sphericel, Potters Inc.) with a mean particle diameter of 10 µm for �ow seeding. The to-
mographic PIV measurements were conducted for the investigation of the near-wall region of the
turbulent boundary layer and required larger seeding particles with higher scattering intensities
owing to the signi�cant expansion of the laser beam. Thus, silver coated hollow glass spheres
(SH400S20, Potters Inc.) with a mean particle diameter 16 µm were used. The particle slip ve-
locities for both types of seeding particles were veri�ed to be negligible based on the computed
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Figure 3.3: Schematic of the experimental setup for (a) planar PIV, and (b) tomographic PIV.

Stokes numbers [206]. In addition, the injected solutions were pre-seeded with the seeding con-
centrations matched to the concentration in the background �ow to minimize any biases caused
by inhomogeneous seeding.

The experiments used two types of cameras and lasers with their speci�cations given in Ta-
ble 3.1. The schematics of the setups used in the planar and tomographic PIV measurements are
shown in Figs. 3.3(a) and 3.3(b), respectively. The camera(s) were equipped with Nikkor macro
lenses with a �xed focal length of 200 mm set to a numerical aperturef # = 5.6 andf # = 22
in planar and tomographic PIV measurements, respectively. For the tomographic PIV measure-
ments, all four cameras were equipped with Scheimp�ug adapters. Water-�lled prisms were used
for three cameras with large tomographic angles (� 30°), while no prism was necessary for the
camera with 15° angle. All the PIV images were captured in double-frame mode and the laser
and cameras were synchronized by a programmable timing unit and controlled via DaVis 8.4.0
and 10.1 softwares (LaVision GmbH). The time separation between the laser pulses, acquisition
frequencies, and number of samples acquired are presented in the table. All the planar PIV mea-
surements were conducted at multiple streamwise stations along the mid-span of the �at-plate
model with the streamwise positioning of the camera and the laser sheet facilitated by two sepa-
rate traversing systems, both with a resolution of 5 µm. The exact measurement locations and the
corresponding boundary layer parameters are reported in the corresponding experimental setup
sections in each of the result chapters.
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3.2.2 Processing

The planar PIV particle images were pre-processed using a minimum intensity subtraction time-
series �lter with a kernel of 15 images to improve the signal-to-noise ratio. The images were
then normalized with the ensemble average to mitigate the re�ections at the wall and adjust for
any variations in the illumination intensity within the �eld of view (FOV). The pre-processed
image pairs were �rst processed with the ensemble of correlation algorithm [207,208] to obtain
a time-averaged velocity �eld. These results were used as an initial displacement predictor for
a sequential-correlation algorithm which was employed with �nal window sizes and overlap
factors given in Table 3.1. The associated uncertainty due to the random error in the measurement
of instantaneous freestream velocity is estimated to be smaller than 0.5% ofU1 in all the cases.
In addition, the particle images were also processed using a single-pixel correlation algorithm
[209, 210] for the most upstream location reported in Ch. 4 to improve the resolution in the
near-wall region for the wall shear stress estimation.

In case of tomographic PIV, the images were pre-processed by employing an ensemble min-
imum subtraction for all images, sliding minimum subtraction over a kernel of 3� 3 pixels for
each image, and normalization of the images with a local average computed over a relatively
large kernel of 90� 90 pixels to adjust for any intensity variations within the image. All the im-
ages were normalized with the �rst frame in the sequence at each time instant to correct for any
variations in the intensities between different cameras and pulses. Volume calibration using a
third-order polynomial was performed through a perspective calibration based on a dual-plane
calibration target. Then, the volume self-calibration procedure [211] was performed separately
on each acquired data set until a residual disparity of less than 0.05 pixel was achieved. Re-
construction of particle intensities in 3D space was achieved using the combination of MLOS
and SMART algorithms [212]. Velocity vectors in the 3D space were obtained using an iterative
cross-correlation technique [213] with a �nal interrogation volume size of 48� 48 � 48 voxels
with 75% overlap. This resulted in a velocity vector �eld consisting of 197� 26 � 204 vectors
per snapshot corresponding to a vector pitch of 274 µm.

The average uncertainty in the particle displacements obtained from tomographic PIV based
on the random error in both longitudinal and out-of-plane components is estimated to be approx-
imately 0.4 pixels [214, 215] which corresponds to approximately 3.2% ofU1 . However, this
uncertainty of the longitudinal component is expected to vary inversely with the distance from
the wall from about 1.5 pixels close to the wall to 0.1 pixels in the freestream due to the strong
velocity gradient near the wall [214]. Measurement accuracy of the velocity �uctuations from
tomographic PIV was assessed by comparing tomographic and planar PIV data, and the results
were found to be in agreement with the above uncertainty estimates. A higher relative error
was observed in the out-of-plane component (v0) at low velocity magnitudes, however, being
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uncorrelated with the noise in the streamwise component, it leads to only a minor overestima-
tion in the RSS. A detailed description of the procedure used for uncertainty estimation in PIV
measurements is presented in Appendix C.

3.2.3 Planar Laser Induced Fluorescence

Planar laser-induced �uorescence (PLIF) measurements were conducted for the evaluation of
the evolution of near-wall concentration of the injected solutions. The PLIF measurements were
conducted in both turbulent (Ch. 4) and transitioning (Ch. 7) boundary layers for water and
polymer with a concentration ofcinj = 1000 ppm. For this purpose, the injected solutions were
doped with Rhodamine-6G �uorescent dye. The �ow �eld images were obtained in single-frame
mode with same illumination and camera settings as those used for planar PIV. 200 images with
a FOV of 57� 27 mm2 were obtained in the turbulent boundary layer, whereas 1000 images with
a FOV of 38.4� 32.4 mm2 were obtained in the bypass-transitioning boundary layer. A yellow
band-pass �lter was used to isolate the �uorescent emission of the dye. A linear relationship
between the local �uorescent intensity and concentration for the weakly excited dye [216] allows
the evaluation of the time averaged local concentrations (c) relative to the injected concentrations
at the slot (cinj).

25



Chapter 4

Streamwise development of a drag-reduced
turbulent boundary layer

The effect of local polymer solution injection on the evolution of a �at-plate turbulent boundary
layer has been investigated experimentally. Polyethylene oxide (PEO) solutions were injected
through an inclined slot. The in�uence of polymer injection on boundary layer development
downstream of the slot is assessed at three different concentrations (100, 500, 1000 ppm) using
planar velocity �eld and concentration measurements. Local drag reduction (DR) of up to60%
was obtained in the vicinity of the slot. A systematic change observed in the inverse of the
von Kármán constant (k = 1=� ) with increasing DR is used to de�ne sub-regimes of the high
drag reduction regime, and a linear relation betweenk and DR is shown to persist over a wide
range of Reynolds numbers. The analysis of combined velocity and concentration measurements
provides added insight into the associated changes in the boundary layer characteristics and the
underlying �ow physics.

Parts of this chapter have been adapted from Y. Shah and S. Yarusevych, “Streamwise evolution of drag reduced
turbulent boundary layer with polymer solutions,”Physics of Fluids, vol. 32, no. 6, p. 065108, 2020.
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4.1 Introduction

Sec. 2.2.1 discusses the expected trends in polymer based drag reduced internal �ows, while their
extensions to external �ows were presented in Sec. 2.2.2. Previous investigations in both channel
�ows and external turbulent boundary layers have focused on the dynamics of drag reduced
boundary layers and have illustrated the extended buffer layers and increased log-law slopes
[59, 60, 173], decreased bursting rates [176, 177], and increased spanwise spacing of low and
high speed streaks [50] leading to a signi�cant attenuation of velocity �uctuations and Reynolds
shear stresses [49, 51, 178, 179]. Furthermore, in an effort to investigate the control mechanism
of polymer drag reduction, recent studies have illustrated the suppression of small eddies and
quasi-streamwise vortices which lead to the decreased Reynolds stresses [50,57], as discussed in
Sec. 2.2.3.

The streamwise development of the drag reduced turbulent boundary layer considered by
Hou et al. [59] elucidated the resulting stress de�cit in the form of the polymer stress (� P ) using
Eq. 2.4. While their results suggest a contribution of the polymer stress of approximately25%
to the wall-shear stress, they highlighted some open questions that motivate the present study.
Firstly, the reported mean streamwise velocity pro�les in inner coordinates (normalized using
the viscosity of water) show signi�cant changes in the viscous sublayer (y+ � 10), contrasting
with the results of Koskie and Tiederman [217] and Tamanoet al. [17]. Subsequent studies of
Motozawaet al. [218, 219] and Elbinget al. [162] have not been able to resolve this issue due
to the lack of data in the viscous sublayer. Secondly, the viscosity corrected velocity pro�les
in inner coordinates show a clear distinction between the near MDR cases and DR< MDR
cases within the inertial sublayers, but the underlying cause of this remains unclear. Finally, the
skin friction determination assumes the validity of the (1 � y=�) �tting technique [69] to the
shear stress pro�les in the polymer �ow which is based on the FIK identity [151]. However,
the results of the Reynolds shear stress pro�les and the applicability of Eq. 2.4 throughout the
boundary layer suggest that the polymer stress may be signi�cant until the edge of the boundary
layer, bringing into the question the validity of the FIK identity based approach in the case of
inhomogeneous polymer �ow.

Notwithstanding the pronounced focus on polymer based drag reduction in inhomogeneous
external wall-bounded �ows, as discussed in detail in Sec. 2.2, its underlying mechanism and
its in�uence on the development of the turbulent boundary layer remain open research ques-
tions. This is re�ected in the aforementioned discrepancies in some of the previously reported
�ndings, often related to the experimental data in the near-wall region, or the validity of ap-
proximations employed in the analysis. Thus, the goal of the present study is to systematically
examine the salient �ow characteristics that accompany drag reduction in a spatially evolving
turbulent boundary layer. This is achieved through detailed 2D-PIV and planar-laser induced �u-
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orescence (PLIF) measurements conducted in a polymer drag reduced turbulent boundary layer
downstream of a spanwise injection slot, allowing for a holistic interpretation of the turbulence
statistics in the context of varying near-wall polymer concentrations.

4.2 Experimental Setup

Planar, two-component PIV measurements were conducted in thex � y plane located at the mid-
span of the plate model as described in Sec. 3.2.1, with the speci�cations of the measurement
instrumentation outlined in Table 3.1. The boundary layer was tripped by placing a zigzag trip
atx=L � 0:18as shown in Fig. 3.2. A constant freestream velocity ofU1 = 0:28� 0:003 m s� 1

was used for the present investigation. The Reynolds number based on the height of the trip is
approximately 575, which falls within the range suggested by Braslow and Knox [112]. The
laminar boundary layer thickness at this location is� tr � 6:3 mm, and the effect of the trip on the
boundary layer statistics is expected to be negligible beyond15� tr [115], or byx=L � 0:225.

The measurements were performed in two different sets as shown in Table 4.1. The �rst set
included one injected polymer concentrationcinj = 1000 ppm and �ve downstream measure-
ment locations in increments of100 mm, while the second set included tests with three different
polymer concentrationscinj = 100ppm,500ppm, and1000ppm, and three downstream measure-
ment locations. For the purpose of comparison with the Newtonian �ow, baseline measurements
without injection and measurements with water injection (cinj = 0 ppm) were conducted. The
consistency of the results and the effect of the polymer injection was also veri�ed by repeating
measurements for baseline �ow andcinj = 1000 ppm.

The PIV measurements were performed using an Imager Pro X CCD camera with a cropped
sensor size of701� 1600pixel. The camera has a pixel pitch of7:4µm and a 14 bit resolution.
It was equipped with a Nikkor macro lens with a �xed focal length of200 mmset to a numerical
aperturef # = 5:6. A green band-pass �lter was mounted in front of the lens to minimize optical
noise in the images. The camera imaged a �eld of view (FOV) of27:8 � 63:5 mm2 illuminated
with a dual cavity532 nmNd:YAG laser (Quantel EverGreen 70). The arrangement of the main
PIV system elements is depicted in Fig. 3.3(a). The laser and camera were synchronized by a
programmable timing unit and controlled via LaVision DaVis 8.4.0 software. The sheet forming
optics for the laser beam was mounted on an automated streamwise traverse with a resolution of
5µm and a travel length of1270 mm. The camera was mounted on another automated stream-
wise traverse, allowing for the FOV position to be adjusted while maintaining the same relative
position between the camera and the laser sheet. The �ow was seeded with hollow glass spheres
with a mean particle diameter of10µm. For each set of experimental conditions (Table 4.1),
6000 image pairs were acquired in double-frame mode at14 Hz. The image pairs had a time
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Experimental parameters

PIV Set 1, cinj = 1000 ppm,U1 = 0:28 m s� 1

x=L x � x inj Rex � 105 Re� 0 � 0 � 0 (µm)

[0.248, 0.261] [87, 114] 1.472 357 13.0 72

[0.291, 0.294] [187, 214] 1.736 418 15.6 74

[0.339, 0.352] [287, 314] 1.998 470 18.1 75

[0.385, 0.397] [387, 414] 2.261 523 20.0 76

[0.430, 0.442] [487. 514] 2.524 600 22.9 78

PIV Set 2, cinj = 0 y, 100, 500, 1000ppm,U1 = 0:28 m s� 1

[0.248, 0.261] [87, 114] 1.472 357 13.0 72

[0.430, 0.442] [487, 514] 2.524 600 22.9 78

[0.567, 0.579] [787, 814] 3.313 708 26.7 79

PLIF Set, cinj = 0 y, 1000ppm,U1 = 0:28 m s� 1

[0.202, 0.228] [-13, 44] 1.194 - - -

[0.248, 0.274] [87, 144] 1.472 357 13.0 72

[0.291, 0.319] [187, 244] 1.736 418 15.6 74

[0.339, 0.365] [287, 344] 1.998 470 18.1 75

[0.384, 0.410] [387, 444] 2.261 523 20.0 76

[0.430, 0.456] [487, 544] 2.524 600 22.9 78

[0.475, 0.501] [587, 644] 2.802 - - -

Table 4.1: Test matrix. Coordinate ranges identify the streamwise extent of each �eld of view
and boundary layer parameters are given for the baseline case measured3 mmdownstream of the
upstream edge of each FOV. All the dimensions are in mm unless speci�ed otherwise.yindicates
water injection.� 0 = �=u � , whereu� is the friction velocity.

separation of� t = 1600µs corresponding to a mean particle displacement of11:5 pixels in the
freestream, and an uncertainty in the measurement of instantaneous freestream velocity of< 1%.

Particle images were pre-processed using a minimum intensity subtraction time-series �lter
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with a kernel of 15 images to improve the signal to noise ratio. Each image was then normalized
with the ensemble average to mitigate the re�ections at the wall and adjust for any minor vari-
ations in illumination intensity within the FOV and between pulses. The image pairs were �rst
processed with ensemble of correlation algorithm [207, 208] to obtain a time-averaged velocity
vector �eld, with a �nal window size of4 � 4 pixel and an overlap of50%resulting in a vector
pitch of79:4µm. In addition to providing mean velocity �elds, the results were used as an initial
displacement predictor for a sequential-correlation algorithm employed to obtain instantaneous
velocity �elds. The �nal interrogation window size in this case was24� 24pixel with an adaptive
weighting factor and75%overlap, resulting in a vector pitch of238µm. For the most upstream
measurement location (Table 4.1), particle images were also processed using a single-pixel cor-
relation algorithm [209,210] to improve the resolution in the near-wall region for the wall shear
stress estimation.

In addition to PIV measurements, PLIF measurements were conducted for a polymer con-
centration ofcinj = 1000 ppm to quantify the diffusion of polymer downstream of the injector
(Table 4.1) using the procedure outlined in Sec. 3.2.3.

4.3 Results and Discussion

4.3.1 Characterization of polymer solutions

For the assessment and analysis of the polymer effect on boundary layer development, it is es-
sential to quantify polymer characteristics in terms of their shear viscosity and stability. The
results of multiple viscometer measurements conducted at free-stream temperature are presented
in Fig. 4.1, where uncertainty limits incorporate measurement uncertainty as well as variability
in properties between measurements performed on different batches of polymer solutions. The
results illustrate the expected shear thinning behaviour characterized by decrease in the viscosity
with increasing shear rates. The viscosity of water at the free-stream temperature is shown for
comparison. It can be seen that, as expected, the shear thinning becomes progressively weaker
at lower concentrations [60]. These measurements were performed with every batch of polymer
solution to ensure consistent polymer characteristics.

4.3.2 Near wall polymer concentration

PLIF images of the turbulent boundary layer injected with dyed water (passive tracer) and poly-
mer solution are presented in Figs. 7.2(a) and 7.2(b), respectively, to qualitatively illustrate
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Figure 4.1: Measurements of shear viscosity of the polymer solutions with increasing shear rates
on a semi-logarithmic plot.

Figure 4.2: Instantaneous �ow visualization images in a turbulent boundary layer with (a) water
injection (passive tracer) and (b) polymer injectioncinj = 1000 ppm. Note that images are
intended to qualitatively illustrate differences in the boundary layer development between the
two cases due to passive/active nature of the visualization tracer.

boundary layer development. The �ow development with water injection is representative of a
typical turbulent boundary layer with large-scale eruptions from the wall and a range of smaller
scales visualized in Fig. 7.2(a). The results in Fig. 7.2(b) visualize polymer �laments stretched
in the streamwise direction, and, in contrast to Fig. 7.2(a), the boundary layer �ow appears to be
less chaotic. Although notable detachment of polymer �laments from the highly concentrated
near wall layer indicate the presence of turbulent mixing, the extent of these eruptions in the
wall-normal direction is reduced considerably in comparison with the Newtonian �ow.
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