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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 efficiency to minimize
carbon emissions. Challenges in the fundamental understanding of polymer drag reduction are
identified and specific research objectives are formulated.

1



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-efficient 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 nearly 17% 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 significance. Based on the current
international marine bunker statistics Cho et 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 flow 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 significant re-
search interest due to its fundamental nature and commercial utility, with skin friction reductions
of up to 80% reported in various turbulent flows [21].

The phenomenon of drag reduction by introducing dilute polymer solutions in wall-bounded
turbulent flows has been actively explored and implemented since its discovery in 1948 by
Toms [18] and the first 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 effi-
ciency or speed of ships and underwater vehicles [30–34], fire-fighting [35], jet cutting [36, 37],
sewers [38–40] and irrigation [41], and even bio-medical field 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 significant envi-
ronmental concerns, contemporary research has also focused on the assessment of bio-polymers
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as drag reducing agents [46, 47].

Significant 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 Min et al. [54] is accompanied by a reduction
in wall-normal velocity fluctuations 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 flows, significant challenges exist in the ap-
plication of drag reducing polymers in external flow 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 efficiency [66], identification of suitable injection parameters
and injector designs to minimize the wastage of polymer, and optimization of injection points
within the boundary layer flow 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 flow
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 flat-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 flat-plate model, and the results
are contrasted against the baseline flow 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 flow-field at the identified 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 flow 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 flows. Here, pertinent results from studies
in drag reduced internal flows and the underlying concepts of polymer-turbulence interactions
are discussed with an extension to their applications in drag reduced external flows. 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 specific research questions outlined above by first 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
specific insights into the considered research question(s).

The performance aspects of the polymer drag reduction in external turbulent boundary lay-
ers are first 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 flow-fields 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 flow 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 flat-plate boundary layer

This section briefly 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 flows 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 flows 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 flow in 2D Cartesian coordinates
as:

∂u

∂x
+
∂v

∂y
+
∂w

∂z
= 0, (2.1)

u
∂u

∂x
+ v

∂u

∂y
+ w

∂u

∂z
= ν

∂2u

∂y2
, (2.2)

with the following boundary conditions

u = 0, v = 0, w = 0 at y = 0; u = U∞ at y =∞.

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

u = 〈u〉 + u′; v = 〈v〉 + v′, w = 〈w〉 + w′.

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 (ρ〈u′iu′j〉) which are essential in the description
and quantification of turbulence in the boundary layer. For a fully developed turbulent boundary
layer, the Reynolds shear stress (ρ〈u′v′〉) is incorporated in the total stress as [68]:
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τtotal = µ
d〈u〉
dy
− ρ〈u′v′〉. (2.3)

In the context of polymer drag reduction, the Reynolds stresses and the total stress are of
significant interest, and the influence 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]:

τtotal = µ
d〈u〉
dy
− ρ〈u′v′〉+ τP. (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 be bypassed when the initial amplification 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 significance for a number of engineering applications including
flows over marine vehicles due to bio-fouling of the external surfaces [85, 86]. Thus, the effect
of polymer injection in the transitioning flow region and the ensuing turbulent boundary layer
development is of particular interest.

The bypass transition in the flat-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 flow 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 flow 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 flow 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 efficiency 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 efficiency 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/ν) [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 flow 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 flow visualization methods [122] as well as quanti-
tative measurements [123] have confirmed the streaky structures to have an average spanwise
spacing of approximately 100λ in the viscous sublayer (λ 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
range 1000 -1500λ [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 flow motions into quadrants of the fluctuating
streamwise (u′) and wall-normal (v′) 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) (u′ < 0, v′ > 0) and sweep
(Q4) (u′ > 0, v′ < 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 flanked by hairpin-like vortices
[120, 135–138] which play a major role in the near-wall dynamics. Experimental verification
of these hairpin-like structures was first provided by Adrian et al. [136] at low to moderate
Reynolds numbers. Adrian et 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 confirmed 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
(∼ 20δ, where δ 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 significantly influenced
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 the footprint
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 flow fields produced by Sheng et 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
influence 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 Abe et al. [148] at 180 < Reτ < 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 Deck et al. [11] shows that the Reynolds shear stress produced due to the large-scale
structures (> δ) accounts for nearly 50% of the wall-shear stress. Hutchins et al. [143] produced
conditional large-scale low-momentum structures in the log-region extending up to 6δ in the
streamwise direction by conditionally sampling the flow 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 fluctuating wall shear stress, Schlatter et al. [150] suggest that such a footprint
is not distinguishable at lower Reynolds numbers (Reθ < 1000). Recently, Wang et al. [149]
have also argued that the footprint of the superstructures/VLSMs is only mild in the range 400
< Reτ < 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 first introduces some fundamental concepts of polymer drag reduction which are
mainly derived from numerous studies in internal flows and have been generally accepted by the
research community. Thereafter, a brief description of the results obtained from recent studies
performed in external flow 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 flows. Comprehensive reviews of earlier and more contemporary research
efforts in this category are provided by Virk [152], Lumley [65,153], Sellin et 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 profile. The profile
features an effective slip velocity over the Newtonian velocity profile in the same configuration.
This results in a velocity defect structure known as the Newtonian 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 flow, the log-region of a drag reduced boundary
layer is expressed as 〈u〉+ = A ln y+ + B, where A and B are the best-fit coefficients to the
semi-logarithmic velocity profile [152], with A = 2.44 and B = 5.5 being typical of a Newtonian
flow [155]. Virk et al. [48] empirically derived the Maximum Drag Reduction (MDR) asymptote,
also known as the ultimate profile,

〈u〉+ = 11.7 ln y+ − 17, (2.5)

which represents the limiting velocity profile 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

12



internal [156–161] and external [50,59,162] wall-bounded flows 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 the onset hypothesis [163], which stems from the transition of the molecular configuration
through a coil-stretch process [164]. Besides confirming 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 flows, it was established that
polyethylene oxide (PEO) was the most effective in drag reduction on a weight basis due to its
relatively flexible 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 flows

In comparison to the extensive body of work done on polymer-based drag reduction in inter-
nal flows, a limited number of previous investigations considered this technique for turbulent
boundary layer control in external flows. Harder and Tiedermann [173] noted that the slope
of the inertial layers increased with induced drag reduction in fully developed homogeneously
distributed polymer flows, which was verified by recent studies [51, 60, 174, 175]. Some of
the earlier works using visualization techniques in homogeneously distributed polymer flows in
channels [52, 176, 177] showed that the near wall structure of the drag reduced turbulent bound-
ary layers is altered significantly. Recent investigations using quantitative techniques [50, 51]
confirmed 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
significantly attenuated in the drag reduced boundary layer.

Motivated by potential flow 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. White et
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. Warholic et al. [51] conducted PIV measurements in both wall-normal and wall-
parallel planes and showed that Reynolds stresses are dampened significantly in a drag reduced
boundary layer. Walker and Tiederman [178] analysed the quadrants of the velocity fluctuations
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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 fluctua-
tions (u′) 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 fluctuations (v′). Furthermore,
the correlation between the streamwise and wall-normal fluctuations was decreased, further re-
inforcing the argument of decreased dispersion of energy from streamwise to other directions.
Similar observations were noted by Fontaine et 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 significant effect on the mean velocity profiles 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 (τP), defined by Eq. 2.4 [54], was found to be significant
only for y/δ < 0.3, with a contribution of up to 25% of the wall shear stress estimated using a
modified version of the FIK identity [151].

In contrast, the polymer stress evaluated for the study of Warholic et al. [58] on homoge-
neously distributed polymer flow 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, Hou et 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], Somandepalli et al. [181], and Winkel et al. [182].
Depending on the injection concentration and the distance from the injection slot, Winkel et
al. [182] observed three distinct regimes of the near-wall polymer flow. These were classified as
the development, transitional mixing, and the depletion regimes, identifiable by the polymer flux
parameter K = Qinjcinj/ρ(x−xinj)U∞, where x−xinj 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 flow regimes on the DR
was also considered by Hou et al. [59], who suggest that the relation between the parameter K
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 Warholic et al. [58], who found that the slope of the
log-layer in terms of the von Kármán constant (κ) remains constant and matches the Newtonian
value in the low drag reduction LDR regime (DR < 35%), whereas κ decreases in the high
drag reduction (HDR) regime. Subsequent studies [55, 162, 175, 183] indicate that the identified
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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 classified 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 flow 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 fluctuations in the lower-log region [49, 59–61]. In
contrast, a recent investigation by Pereira et 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 (u′iu

′
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 flow 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 significant 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 flow (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 flows conducted by Shaban et al. [60] demonstrate
the effect of extensional viscosity of the polymer on the achieved drag reduction. Earlier, Tie-
derman et 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 (τP) by Hou et 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 flow measurement using two different techniques and the
related processing parameters.
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3.1 Experimental Setup

3.1.1 Water tunnel facility

A B C D
E

F

From Head Tank

To Sump

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 flow 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 flow rate in
the tunnel. The settling chamber houses the flow 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 Derbunovich et
al. [200]. The flow 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 flow 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 flow 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 verified to remain constant within 0.1 °C
during all the experiments.

3.1.2 Flat-plate model

4530
Trip

x

y

19

Entrance for tubes

Injection slot

400
Trip details

Injector details

20

6
206

0.25
30°

60°

13

6

Boundary Layer

Figure 3.2: Sketch of the flat-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 flat-plate model, shown in Fig. 3.2, is designed in a modular fashion consisting of a
modified super-ellipse type leading edge [201], a flat middle section, and a movable trailing edge
flap. The flat 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 flap 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 flap set to 0°. The elliptical portion of the leading
edge extends up to x/L = 0.1, and the zero pressure gradient along the top surface begins at
x/L ≈ 0.25. The polymer injection slot is located at x/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 Walker et al. [202] and matches the one used in the study of Hou et 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 ≤ γ̇ ≤ 1021, where γ̇ 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 flat-plate is achieved via a
peristaltic pump (AOBL BT101S), which pumps the solutions at a constant flow 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 flow uniformity.

The injector was characterized in a stagnant pool of water with the same pressure head, and
the outlet velocity from the manifold was verified to be uniform to ± 7.6% along 75% of the
centre span. A detailed description of the injector design and outlet flow 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 (U∞ = 0.28 -
0.3 m s−1), corresponding to a normalized injection rate Qinj/Qs = 0.086, where Qs = 67.3ν 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 Hou et al. [59], which was done to minimize
the effect of momentum injection on the boundary layer development. The injection flow rates
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and concentrations were chosen to achieve similar polymer flux parameters (K) with previous
studies [59, 182] and the universal curve identified by Hou et 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 significant 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 flow
measurements in this study. These techniques allow for the measurement of local flow velocities
through optical means and yield two- and three-dimensional velocity vector fields with two and
three velocity components, respectively. The measurement setup involves one or more cameras
and a high-power laser to illuminate the flow which is seeded with light-scattering micron scale
particles. Given the optical nature of the technique, it is minimally intrusive for flow measure-
ment which is critical for measurements in boundary layers. Detailed working of the techniques
are provided by Raffel et 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 flow 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 significant 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 verified 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 flow to minimize any biases caused
by inhomogeneous seeding.

The experiments used two types of cameras and lasers with their specifications 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 fixed focal length of 200 mm set to a numerical aperture f# = 5.6 and f# = 22
in planar and tomographic PIV measurements, respectively. For the tomographic PIV measure-
ments, all four cameras were equipped with Scheimpflug adapters. Water-filled 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 flat-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 filter 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 reflections at the wall and adjust for
any variations in the illumination intensity within the field of view (FOV). The pre-processed
image pairs were first processed with the ensemble of correlation algorithm [207, 208] to obtain
a time-averaged velocity field. These results were used as an initial displacement predictor for
a sequential-correlation algorithm which was employed with final 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% of U∞ 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 first 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 final interrogation volume size of 48 × 48 × 48 voxels
with 75% overlap. This resulted in a velocity vector field 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% of U∞. 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 fluctuations 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 (v′) 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 fluorescence (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 of cinj = 1000 ppm. For this purpose, the injected solutions were
doped with Rhodamine-6G fluorescent dye. The flow field 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 filter was used to isolate the fluorescent emission of the dye. A linear relationship
between the local fluorescent 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).
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Chapter 4

Streamwise development of a drag-reduced
turbulent boundary layer

The effect of local polymer solution injection on the evolution of a flat-plate turbulent boundary
layer has been investigated experimentally. Polyethylene oxide (PEO) solutions were injected
through an inclined slot. The influence of polymer injection on boundary layer development
downstream of the slot is assessed at three different concentrations (100, 500, 1000 ppm) using
planar velocity field and concentration measurements. Local drag reduction (DR) of up to 60%
was obtained in the vicinity of the slot. A systematic change observed in the inverse of the
von Kármán constant (k = 1/κ) with increasing DR is used to define sub-regimes of the high
drag reduction regime, and a linear relation between k 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 flow 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 flows, while their
extensions to external flows were presented in Sec. 2.2.2. Previous investigations in both channel
flows 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 significant attenuation of velocity fluctuations 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 deficit in the form of the polymer stress (τP ) using
Eq. 2.4. While their results suggest a contribution of the polymer stress of approximately 25%
to the wall-shear stress, they highlighted some open questions that motivate the present study.
Firstly, the reported mean streamwise velocity profiles in inner coordinates (normalized using
the viscosity of water) show significant changes in the viscous sublayer (y+ ≤ 10), contrasting
with the results of Koskie and Tiederman [217] and Tamano et al. [17]. Subsequent studies of
Motozawa et al. [218, 219] and Elbing et 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 profiles
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/δ) fitting technique [69] to the
shear stress profiles in the polymer flow which is based on the FIK identity [151]. However,
the results of the Reynolds shear stress profiles and the applicability of Eq. 2.4 throughout the
boundary layer suggest that the polymer stress may be significant 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 flow.

Notwithstanding the pronounced focus on polymer based drag reduction in inhomogeneous
external wall-bounded flows, as discussed in detail in Sec. 2.2, its underlying mechanism and
its influence on the development of the turbulent boundary layer remain open research ques-
tions. This is reflected in the aforementioned discrepancies in some of the previously reported
findings, 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 flow characteristics that accompany drag reduction in a spatially evolving
turbulent boundary layer. This is achieved through detailed 2D-PIV and planar-laser induced flu-
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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 the x−y plane located at the mid-
span of the plate model as described in Sec. 3.2.1, with the specifications of the measurement
instrumentation outlined in Table 3.1. The boundary layer was tripped by placing a zigzag trip
at x/L ≈ 0.18 as shown in Fig. 3.2. A constant freestream velocity of U∞ = 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 δtr ≈ 6.3 mm, and the effect of the trip on the
boundary layer statistics is expected to be negligible beyond 15δtr [115], or by x/L ≈ 0.225.

The measurements were performed in two different sets as shown in Table 4.1. The first set
included one injected polymer concentration cinj = 1000 ppm and five downstream measure-
ment locations in increments of 100 mm, while the second set included tests with three different
polymer concentrations cinj = 100 ppm, 500 ppm, and 1000 ppm, and three downstream measure-
ment locations. For the purpose of comparison with the Newtonian flow, 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 verified by repeating
measurements for baseline flow and cinj = 1000 ppm.

The PIV measurements were performed using an Imager Pro X CCD camera with a cropped
sensor size of 701× 1600 pixel. The camera has a pixel pitch of 7.4 µm and a 14 bit resolution.
It was equipped with a Nikkor macro lens with a fixed focal length of 200 mm set to a numerical
aperture f# = 5.6. A green band-pass filter was mounted in front of the lens to minimize optical
noise in the images. The camera imaged a field of view (FOV) of 27.8 × 63.5 mm2 illuminated
with a dual cavity 532 nm Nd: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
5 µm and a travel length of 1270 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 flow was seeded with hollow glass spheres
with a mean particle diameter of 10 µm. For each set of experimental conditions (Table 4.1),
6000 image pairs were acquired in double-frame mode at 14 Hz. The image pairs had a time
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Experimental parameters

PIV Set 1, cinj = 1000 ppm, U∞ = 0.28 m s−1

x/L x− xinj Rex × 105 Reθ0 δ0 λ0 (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†, 100, 500, 1000 ppm, U∞ = 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†, 1000 ppm, U∞ = 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 field of view
and boundary layer parameters are given for the baseline case measured 3 mm downstream of the
upstream edge of each FOV. All the dimensions are in mm unless specified otherwise. †indicates
water injection. λ0 = ν/uτ , where uτ is the friction velocity.

separation of ∆t = 1600 µs corresponding to a mean particle displacement of 11.5 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 filter
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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 reflections at the wall and adjust for any minor vari-
ations in illumination intensity within the FOV and between pulses. The image pairs were first
processed with ensemble of correlation algorithm [207, 208] to obtain a time-averaged velocity
vector field, with a final window size of 4 × 4 pixel and an overlap of 50% resulting in a vector
pitch of 79.4 µm. In addition to providing mean velocity fields, the results were used as an initial
displacement predictor for a sequential-correlation algorithm employed to obtain instantaneous
velocity fields. The final interrogation window size in this case was 24×24 pixel with an adaptive
weighting factor and 75% overlap, resulting in a vector pitch of 238 µm. 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 of cinj = 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.
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Figure 4.2: Instantaneous flow visualization images in a turbulent boundary layer with (a) water
injection (passive tracer) and (b) polymer injection cinj = 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 flow 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 filaments stretched
in the streamwise direction, and, in contrast to Fig. 7.2(a), the boundary layer flow appears to be
less chaotic. Although notable detachment of polymer filaments 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 flow.
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Figure 4.3: Time-averaged PLIF images with polymer injection cinj = 1000 ppm at (a) the
injection slot, (b) x− xinj = 87 mm. (c) Concentration profiles normalized by the concentration
at the slot at various downstream distances from the slot. Edge of the local viscous sublayer
(y+ = 11.6) varies in the region shown in gray.

Figure 4.4: Variation of the diffusion coefficient D and the relative wall concentration cM/cinj

with the distance from the slot. Dashed lines in blue and red depict equations 4.2 and 4.3 respec-
tively.

The downstream development of injected polymer solution is examined through time-averaged
images presented in Fig. 4.3. Time averaged visualization of polymer injection in Fig. 4.3(a)
shows minor jet penetration owing to the low injection rate employed in the present study. Nev-
ertheless, the injected polymer jet reorients within a relatively short downstream region and ef-
fectively reattaches to the wall by x−xinj ≈ 10 mm, which is also evidenced by the downstream
polymer solution tracer development in Fig. 4.3(b). Since it is essential for drag reduction to
concentrate the polymer solution in the near-wall region, the results highlight the importance of
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injection parameters in such a jet-in-cross-flow configuration with relatively high viscosity ra-
tio. The time-average concentration (c/cinj) profiles, presented in Fig. 4.3(c) for cinj = 1000 ppm,
confirm high polymer concentration in the viscous sublayer region demarcated in the figure. Sim-
ilar to the observations reported in previous studies involving slot injection [179, 182, 220, 221],
the polymer concentration profiles feature a peak near the wall, whose magnitude decreases with
increasing distance from the injection location. It should be noted that the observed small wall-
normal deviation of the peak concentration (cM ) from the wall (y = 0) can be attributed to the
near-wall variation in the index of refraction in the presence of polymers [221], and thus the
peak concentration location can be assigned at y = 0 for modelling purposes. The uncertainty
associated with the peak concentration (cM/cinj) is estimated to be within ±2.5%. It should be
noted that, while the maximum near-wall concentrations exceed the overlap concentration for
the current polymer (c∗ = 330 ppm, estimated using the Mark-Houwink relationship [222]), the
concentration profiles quickly decrease below this limit within the viscous sublayer.

The effectiveness of the polymer solutions is directly dependent on the near wall polymer
concentrations, and hence polymer diffusion [49, 179, 220, 223, 224]. In the present study, the
diffusion of the polymer is quantified by considering the concentration profiles normalized by
the local maximum concentration. The diffusion coefficient (D) is estimated from the solution of
one-dimensional Fick’s problem (Ballufi et al. [225]) given by Eq. 4.1.

c(y, t∗)

cM
= 1− (1− co

cM
)erf

(
y

2
√
Dt∗

)
. (4.1)

Here, in the range co/cM ≤ c/cM ≤ 1, t∗ = (x− xinj)/U∞ is the characteristic time, maximum
concentration is assigned to y = 0, and co is the concentration in the outer region evaluated at
y = 2.5 mm. The estimates of the diffusion coefficients obtained from fitting the measured con-
centration profiles using Eq. 4.1 are shown in Fig. 4.4. The results show an exponential decrease
in diffusion coefficient with downstream distance, following the decrease in peak concentration.
The exponential decay of the diffusion coefficient and the maximum concentration are confirmed
by data fits (shown by dashed curves in Fig. 4.4) given by Eqs. 4.2 and 4.3, respectively.

D = c1exp(−(x− xinj)/LD + β) + c2, (4.2)

cM/cinj[%] = 100× exp(−α
√

(x− xinj)/LC)). (4.3)

In these expressions, constants c1, c2, α, and β are the fit constants (82× 10−7 m2/s, 1.5× 10−7

m2/s, 0.7, and 0.3, respectively), LD is the length from the injection slot where D decreases to
50% of its value close to the slot, and LC is the equivalent parameter for the peak concentration.
The exponential decay in both diffusion and peak concentration with the downstream distance

33



are in accordance with the results of Vdovin and Smol’yakov [223], and Fontaine et al. [179].
Notably, equations 4.2 and 4.3 show a weaker dependence on the distance (x−xinj) for the relative
wall concentration cM/cinj as compared to the diffusion coefficient D. The rapid decrease in the
diffusion coefficient is attributed to the progressive attenuation of the mixing in the drag reduced
boundary layer, which allows to sustain a relatively high wall concentration farther downstream
from the slot. This, in turn, aids in sustaining polymer performance over a longer streamwise
distance compared to that expected from the diffusion of a passive tracer in turbulent boundary
layer.

4.3.3 Turbulent flow statistics

The effects of polymer injection on boundary layer development are first quantified by the bound-
ary layer parameters presented in Fig. 4.5. The baseline data show the expected variation of
boundary layer parameters, with shape factors typical of those expected for turbulent boundary
layers. This is contrasted with the results pertaining to the highest polymer concentration in
Figs. 4.5(a) and 4.5(c). It can be seen that the polymer injection results in a thinner boundary
layer, with notably higher shape factor. The effect of injection concentration is considered in
Figs. 4.5(b) and 4.5(d). Higher injection concentration results in thinner boundary layer profiles
and higher shape factors. However, the significance of the polymer injection effect is reduced
progressively with streamwise distance from the injection slot, reflecting the decreasing wall
concentrations of the polymer (Fig. 4.4).

The effect of the polymer additives on the mean velocity profiles is examined in Fig. 4.6,
where the data are presented in inner coordinates. For the normalization of the coordinates,
the wall shear stress was estimated directly from the slope of the linear sublayer [60, 175, 226]
using the methodology briefly outlined here. Within the linear sublayer, where the near-wall
law 〈u〉+ = y+ is expected, the wall-normal gradient of the streamwise velocity d〈u〉/dy is
verified to remain constant for both Newtonian and polymer injected boundary layer profiles.
The near-wall velocity data conforming to the linear trend are used to estimate the wall-normal
velocity gradient at the wall d〈u〉/dy|w, yielding wall shear stress estimates at a given streamwise
location. In order to reduce the measurement and methodological error propagation, the wall
shear is computed using a sliding average operation on the local estimates over a window of
3 mm (≈ 75 pixels). The results are verified in inner coordinates based on the near-wall law
(〈u〉+ = y+) within the range y+ ≤ 6, with fluid properties taken as those of water at the
measured freestream temperature.

To aid the interpretation of the data, the results in Fig. 4.6 are complemented by dashed
lines corresponding to the near-wall law, the log-law for Newtonian boundary layers, and Virk’s
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Figure 4.5: Variation of the boundary layer parameters with the distance from the injection slot.
For sub-figures (a) and (b), � represents the boundary layer thickness δ, ♦ represents the dis-
placement thickness δ∗, and * represents the momentum thickness θ for the cases shown in the
respective sub-figures. Shape factor H = δ∗/θ is shown in sub-figures (c) and (d) for the corre-
sponding cases. Typical values of H for laminar and turbulent boundary layers are indicated.

ultimate profile (Eq. 2.5) for maximum drag reduction [48]. The profiles for the Newtonian
flows (i.e. the baseline and water injection) follow the classical trends expected at comparable
Reynolds numbers (180 < Reτ < 340) [227–229]. Fig. 4.6(a) shows the presence of a subtle
wake region in the outer layer, which is attributed to a mild adverse pressure gradient on the
model at that station. The pressure gradient becomes negligible farther downstream.

The effect of polymer injection in the near-wall region (y+ ≤ 10) is clearly absent in all
data presented, as the profiles for all injected concentrations are in excellent agreement with the
near-wall law 〈u〉+ = y+. This is in contrast to the results of Hou et al. [59], which is likely
attributed to the use of a much higher injection velocity in their study. This is substantiated
by the distorted shape of velocity profiles in the near-wall region corresponding to the water
injection cases in their study (see their Fig. 2(a)), with a similar feature apparent in the results
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Figure 4.6: Mean streamwise velocity profiles in inner coordinates showing effect of injected
polymer concentration at locations (a) x−xinj = 90 mm, (b) x−xinj = 490 mm and (c) x−xinj =
810 mm. Dotted lines show the best logarithmic fit to the log-layer with the slope denoted by k.

of Somandepalli and Mungal [220] (see their Fig. 4-2(a)) who used an experimental set up and
injection velocity similar to that of Hou et al. [59]. Thus, the usage of an apparently variable
viscosity in the viscous sublayer region to correct the velocity profiles [59] is not found to be
applicable based on the results of the present study. Instead, it is argued that such a variation in
the apparent viscosity is merely an artefact of fitting the near-wall law 〈u〉+ = y+ in a boundary
layer flow disturbed by relatively high momentum injection. Further it should be pointed out that
higher injection velocities result in higher polymer deposition outside the buffer layer, thereby
decreasing the drag reduction efficiency [202, 230, 231].

The results in Fig. 4.6 show that mean velocity profiles begin to deviate from the near-wall
law at y+ ≈ 10 in all the cases, which marks the edge of the viscous sublayer. The effect of the
injection concentration is clearly seen on the extent of the buffer layer (y+ > 10, inset plot in
Fig. 4.6(b)). The extent of the buffer layer increases with increasing injection concentration of the
polymer, which is similar to the trend reported earlier for internal flows with polymer additives
[152,153]. The extent of the buffer layer is also seen to depend on the distance from the injection
slot. Fig. 4.6(b) shows that the inflection point that separates the inertial and buffer layers is
displaced farther away from the wall owing to the extension of the buffer layer with increasing
polymer concentration. For the case of the highest injection concentration near the injection slot
(Fig. 4.6(a)), the aforementioned inflection point is found to be absent in the region y+ ≤ 80,
indicating that the inertial sublayer is relatively inconsequential at near MDR conditions. The
buffer layer spans nearly the entire boundary layer thickness, following a logarithmic relation.
A detailed explanation of this phenomenon that occurs at near MDR conditions is given by
Lumley [153] in the context of internal flows, and is evident in the near MDR external flow case
studied here. Such observations are also apparent in the viscosity corrected results of Hou et
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Figure 4.7: Mean streamwise velocity profiles in inner coordinates showing the effect of the
distance from injection location. Dotted lines show the best logarithmic fit to the log-layer.

al. [59] for near MDR cases.

Due to the observed similarity in the relationship followed by the extended buffer layer in
the initial region close to the slot and that by the typical inertial sublayer farther away from
the slot, the slope of the logarithmic relations corresponding to these sublayers are termed as
k. The slope k in the context of inertial sublayer is defined as the inverse of the von Kármán
constant (κ). These slopes are observed to increase with the polymer concentration, as indicated
by the k values in Fig. 4.6. Agreeing with previous results in the drag reduced external flow
cases [17, 59, 175, 220, 232], this highlights a notable difference with the drag reduced internal
flow cases [152, 153] where the inertial sublayers are observed to be parallel to the Newtonian
profiles leading to a so-called ‘Newtonian plug’.

The evolution of the mean velocity profiles with the streamwise distance from the injection
slot is exemplified in Fig. 4.7. Characteristics of both buffer, and inertial sublayers are seen to
change with the streamwise distance. The extent of the buffer layer is observed to decrease with
the streamwise distance, as the inertial sublayer moves closer to the wall. The slopes of the
logarithmic fits (k) are also seen to decrease with the distance from the injection slot (Fig. 4.7),
which is attributed to the decrease in the near wall concentration of the polymer.

Noting the intrinsic dependence of the polymer performance on its distribution in the bound-
ary layer, the streamwise variation of the spatially averaged relative concentrations inside the
viscous sublayer (y+ ≤ 11.6) and the buffer layer (11.6 < y+ ≤ 100) are shown in Fig. 4.8.
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Figure 4.8: Variation of the average polymer concentration within the viscous sublayer 〈cv〉
(y+ ≤ 11.6) and buffer layer 〈cb〉 (11.6 < y+ ≤ 100) represented by � and ◦, respectively.

Consistent with the methodology employed for wall shear stress estimation, the spatially aver-
aged concentrations are subjected to a sliding average operation over a window of 3 mm (≈ 85
pixels). The latter region is associated with significant extensional motions which are considered
to activate the polymer macromolecules [52, 179, 230, 231, 233]. The results show that the aver-
age polymer concentration within the viscous sublayer (〈cv〉) decreases sharply with streamwise
distance, attributed to high near-wall diffusion near the injection slot (Fig. 4.4). As the near-wall
diffusion decreases exponentially farther downstream, the rate of decrease of the polymer con-
tent within the sublayer is also reduced. On the other hand, the average polymer concentration
through the buffer layer (〈cb〉) is observed to progressively increase indicating an increase in
polymer accumulation in the extensional region. This process is driven by the diffusion of the
polymer from the viscous sublayer, and is expected to be eventually checked by the diffusion
into the log layer as the flow develops farther downstream.

The drag reduction (DR) due to polymer injection is evaluated from the time-averaged veloc-
ity fields using the relation given by Eq. 4.4,

DR[%] =

(
1− τw,P

τw,N

)
× 100, (4.4)

where τw,N is the local wall shear stress evaluated for the baseline Newtonian case and τw,P is
that for the respective polymer injection cases. The results are presented in Fig. 4.9(a) for all the

38



Figure 4.9: Streamwise evolution of (a) drag reduction DR% (b) k for different injection concen-
trations with distance from the injection slot. Dotted lines depict the trend lines for the respective
parameters with x−xinj. Dashed line in red represents the slope of the log-layer for typical New-
tonian flows (k = 2.5).

cases studied. The uncertainty in estimating DR[%] is estimated to be within ±5%. For water
injection, the observed drag reduction is found to be within the uncertainty of the measurement at
all the locations. With polymer injection, drag reduction is observed in all the cases, being more
pronounced at higher injection concentrations. The DR is also observed to decrease from the
injection location for all the cases, as indicated by the corresponding linear fits. The observed
decrease in DR correlates with the decrease in average polymer concentration in the viscous
sublayer (Fig. 4.8), accompanied by the polymer flux into buffer layer. The role of the increased
number of activated polymer macromolecules in the extensional region (11.6 ≤ y+ ≤ 100) is
credited for sustaining a relatively high DR over substantial streamwise distances.

Given the notable changes in the velocity profiles within the inertial sublayer with both the
injection concentration and downstream distance from the slot (Figs. 4.6 and 4.7), it is of interest
to explore a possible correlation between the inertial sublayer characteristics and the drag reduc-
tion. To this end, Fig. 4.9(b) presents the streamwise variation of k for all the cases examined.
The results illustrate a nearly linear decay in k for the values removed from the near MDR condi-
tions achieved at high polymer concentrations near the slot (e.g., for cinj = 1000 ppm) and prior
to asymptotic return to Newtonian behaviour (e.g., for cinj = 100 ppm at x− xinj > 500 mm).

The results in Fig. 4.9 suggest a correlation between DR and log layer slope. It has been
explored in some previous studies [175, 217] in terms of the relation between DR and the von
Kármán constant (κ). The relation between DR and κ is examined in Fig. 4.10(a) where the
results from the present study are complemented by the data from previous investigations in
external flows involving different polymers [50,51,58,59,175,220] and even a surfactant solution

39



(b

Figure 4.10: (a) Variation of the von Kármán constant with DR. The results from several previ-
ous studies [17, 50, 51, 58, 59, 162, 175, 179, 217, 220, 234] are presented for comparison. Solid
lines show previously proposed correlations in their respective validity ranges. Pink dashed line
indicates extrapolated estimates of κ using the correlation of Elsnab et al. [175]. (b) Variation of
k(1/κ) with DR. Dashed lines in red represent the slope of the log-layer for typical Newtonian
flows (k = 2.5), and at MDR conditions (k = 11.7). Black and gray symbols correspond to
Reθ ≤ 2400, blue symbols correspond to 2400 < Reθ ≤ 13000, green symbols correspond to
13000 < Reθ ≤ 50000, and red symbols correspond to Reθ > 50000.

[17] at comparable Reynolds numbers (Reθ < 2400). Data at higher Reynolds numbers [162,
179, 217, 234] are also shown for comparison of the general trends. Despite a notable data
scatter, particularly at higher Reynolds numbers, some important trends can be identified. At
low DR values, the von Kármán constant remains essentially constant which has been termed
as the low drag reduction regime in some previous studies [58, 183, 235]. As DR increases, κ
eventually begins to decrease from the Newtonian value. The region was identified as the high
drag reduction regime [58, 183, 235], which has been shown to extend from DR ≈ 35% to the
MDR condition in the classical definition [58]. However, a comparative analysis of the results
in Fig. 4.10(a) suggests, that on average the critical DR associated with the onset of this regime
tends to increase at higher Reynolds numbers and the saturation of κ to MDR values is not
universal.

Koskie and Tiederman [217] and Elsnab et al. [175] proposed linear correlations between the
von Kármán constant (κ) and DR (Fig.4.10(a)). Despite being forced to produce Newtonian κ
at DR = 0%, the proposed correlations provided a reasonable approximation of the results in
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their respective studies (R2 = 0.84 for Koskie and Tiederman [217], and R2 = 0.70 for Elsnab
et al. [175] for their respective data). However, when assessed in relation to the results from
other investigations in Fig. 4.10(a), the fidelity of the proposed relations diminishes significantly.
Considering that these correlations do not account for the region of constancy of κ, a linear cor-
relation in an appropriate DR range can be better suited to represent the aforementioned trend
at low Reynolds numbers. Nevertheless, such a linear correlation will still prove to be inconsis-
tent at the boundaries of such a DR range due to the observed non-linearity in the variation of κ
within 15% < DR[%] < 50% at low Reynolds numbers.

As expected, the results in Fig. 4.10(b) capture the same general trends as those observed
in Fig. 4.10(a). In particular, an asymptotic behavior towards the Newtonian k values is seen
at lower DR values representative of low drag reduction regime, retaining the same physics as
in the original definition by Warholic et al. [58]. Velocity profiles for the flows in this regime
have been shown to retain Newtonian characteristics, with a velocity defect structure similar to
the internal flow cases and the upward shift in the inertial sublayer indicative of the reduction in
turbulence production [236]. A monotonic increase in k at higher DR values is seen to closely
follow a linear trend for the results pertaining to Reθ ≤ 2400 within 15% < DR[%] < 50%. The
fit to all the low Reynolds number data sets (black and gray symbols) is shown by a black dashed
line, given by the following correlation

k = 0.096× DR[%] + 1.02. (4.5)

Within the identified DR range, the proposed correlation has a significantly higher goodness
of fit (R2 = 0.94) than those evaluated for previous correlations [175, 217], which can also be
seen from the corresponding fit shown in Fig. 4.10(a) for comparison. It is interesting to note that
the data obtained with surfactant solutions [17] involving different drag reduction physics also
closely follow the correlation, suggesting possible extensions to other drag reduction strategies
at comparable Reynolds numbers.

It can be deduced from Fig. 4.10(b) that the intercept of the proposed correlation based on
the low Reynolds data changes at higher Reynolds numbers, for which the onset of k increase
takes place at higher DR values. Although the relatively high data scatter of the high Reynolds
numbers hinders quantitative analysis of the Reynolds number effect, it can be seen that the
results at higher Reynolds number closely follow the linear slope of Eq. 4.5, which is illustrated
by a dashed gray line of the same slope. This indicates that the proposed linear relation between k
and DR can be extended to higher Reynolds numbers once the variability in the bounds between
low and high drag reduction regime is accounted for. Related to the latter, the results in Fig. 4.10
suggest the existence of two sub regimes for the classical high drag reduction regime at lower
Reynolds numbers. In particular, as the mean velocity profiles progressively approach MDR
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conditions (DR & 50%), further drag reduction is attained, but the correlation with inertial
sublayer characteristics is no longer justified given the significance of viscous effects in the entire
inner layer at such conditions. For the high Reynolds number cases (Reθ > 2400), a generally
linearly increasing trend is observed within 35% < DR[%] < 70%, with k reaching k ≈ 6 at DR
levels typically associated with MDR. The maximum k value matches that reached by the low
Reynolds data at the maximum end of the linear trend (DR ≈ 50%), which is followed by a steep
increase in k to MDR values. This takes place due to the continual growth of the buffer layer
eventually leading to the differences of the log layer at sufficiently high DR values (Fig. 4.7). As
the relative extent of the log layer increases with increasing Reynolds number, such a condition
is expected to occur at higher DR values and is not reached at sufficiently high Re. Thus, the
high drag reduction regime at lower Reynolds numbers can be subdivided into the inertial sub
regime (15% < DR < 50%), where the slope of the shrinking log layer follows a linear relation
with DR, and viscous sub regime (DR > 50%), where the log layer is no longer observed and k
represents the slope of the significantly expanded buffer layer.

Figure 4.11: Semi-logarithmic plot showing variation of DR [%] with parameter K. Trends cor-
responding to the steady-state regime from the results of Hou et al. [59] and Winkel et al. [182]
are also plotted for reference.

Fig. 4.11 illustrates the relation between DR and polymer flux parameter K, defined earlier,
which provides a coarse approximation of the effective local concentrations based on the in-
jection concentration, flow rate and the distance from the slot [223, 224]. The results suggest a
power law relation between DR and K and feature a reasonable collapse of the data in the steady-
state regime pertaining to different injection concentrations and other studies [59,182] employing
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Figure 4.12: Profiles of velocity fluctuations (top row: urms/U∞, bottom row: vrms/U∞) with
injected polymer concentration at distances (a, d) x − xinj = 90 mm, (b, e) x − xinj = 490 mm,
and (c, f) x−xinj = 810 mm. Inset plot in (b) shows a zoomed-in view of the highlighted region.
Inset plot in (e) shows the variation of the wall-normal location ypeak/δ0 of the peak vrms with
injection concentration cinj and the dotted line shows the trend.

polymers with similar backbone chain structure. Near the injection slot, where K is large, the
DR saturates with increasing K, which is indicative of near MDR conditions at high injection
concentrations. This suggests that a further increase in the value of K, either by increasing the
flow rate or the injection concentration, closer to the injection slot will not yield additional gains
in performance at these locations. Thus, parameter K serves as an approximate performance pre-
diction and optimization tool for injection parameters and a given spanwise extent of the surface
downstream of a single injection site.

To gain further insight into the effect of polymer additives on the boundary layer devel-
opment, it is of interest to consider the velocity fluctuation profiles, which are presented in
Fig. 4.12 in outer coordinates. The effect of the polymer is immediately apparent in the wall-
normal velocity fluctuations, whose magnitudes are reduced notably by polymer injection, par-
ticularly at higher injection concentration. Previous studies in inhomogeneous polymer injected
flows [49, 58, 59], as well as homogeneous polymer flows [60, 159], have reported similar find-
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ings. The most substantial reduction in vertical fluctuations is observed near the peak value, and
the peak location is also shifted away from the wall Fig. 4.12(e). An inset plot in Fig. 4.12(e)
shows that the peak location is shifted approximately linearly from y/δ0 ≈ 0.2 to y/δ0 ≈ 0.4
with increasing polymer concentration. The observed upward shift in the peaks is attributed to
the suppression of turbulent intensity of small-scale eddies close to the wall by the presence of
polymer macromolecules [59, 153].

The dampening effect of polymer injection is also observed in the streamwise velocity fluc-
tuations, but to a lesser extent compared to that on the wall-normal fluctuations. The spatial
resolution obtained from sequential-correlation is not sufficient to capture the near wall peak in
the streamwise fluctuations (expected at y/δ ≈ 0.008, Klebanoff [237]) for the Newtonian flows.
However, for the polymer injected cases, the peak fluctuations are observed to be attenuated and
shifted away from the wall with increasing polymer concentration, such that they are resolved
for the higher concentrations. The magnitudes of urms/U∞ below the peak are observed to be
attenuated owing to the increased viscous effects close to the wall. However, an increase in
the magnitudes of urms/U∞ is produced with polymer injection in the region above the peak in
each case, while no significant effect is observed in the region y/δ0 > 0.5. The observed trends
agree well with the previous experimental results [49, 59, 60], and corroborate the theoretical
description given by Lumley [153] with regards to the observed increase in the magnitudes of
urms/U∞.

The quadrant plots of velocity fluctuations representative of the earlier identified sub-regimes
of high, and the onset of low drag reduction regimes are examined in Figs. 4.13(a), 4.13(b),
and 4.13(c), respectively, at y+ ≈ 30. The choice of the wall-normal coordinate for this exam-
ination is based on the typical dimensionless wall-normal distance of the turbulent bursts that
occur in the buffer region [238, 239]. Note, that the results presented in Fig. 4.13(c) are close to
the boundary between low and high drag reduction regimes, and serve to illustrate the gradual re-
laxation towards near Newtonian flow characteristics expected for lower DR values. The results
enable identification of the influence of drag reduction on the turbulent motions of outward inter-
action, ejection, inward interaction, and sweep, associated with quadrants Q1, Q2, Q3, and Q4,
respectively [131, 240]. Elliptical point clouds for the baseline cases (black dots, gray contour)
in Fig. 4.13 show a tilted orientation, with the major axis passing through Q2, and Q4, indicating
larger magnitudes and more frequent occurrences of the ejection and sweep events. These are
known to produce the most significant contribution to the turbulent kinetic energy [131, 240].
The gray ellipses in all the three cases are similar in their orientation and eccentricities, as ex-
pected for a pure Newtonian flow. In the high drag reduction regime (Fig. 4.13(a)), the relative
magnitudes of the wall-normal fluctuations are observed to decrease significantly in quadrants
Q2 and Q4, indicating a significant attenuation of the major turbulent energy contributors. Being
accompanied by a slight increase in the streamwise fluctuations at the wall-normal distance con-
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Figure 4.13: Scatter plots showing the effect of polymer drag reduction on the quadrants of
velocity fluctuations normalized by the friction velocity for baseline case uτ0 evaluated at y+ ≈
30 for (a) DR = 63%, x − xinj = 90 mm, cinj = 1000 ppm (y/δ0 ≈ 0.24), (b) DR = 36%,
x − xinj = 810 mm, cinj = 1000 ppm (y/δ0 ≈ 0.12), and (c) DR = 16%, x − xinj = 810 mm,
cinj = 100 ppm (y/δ0 ≈ 0.12). Points corresponding to the baseline cases at each location are
shown in black and those corresponding to the respective drag reduced cases are shown in red.
Ellipses in gray and red show the iso-contours for 95% confidence intervals of the fluctuations in
respective cases. Following White et al. [50], velocity fluctuations are normalized with respect
to the friction velocity for the baseline case uτ0 .

sidered here, this leads to the reorientation of the ellipse and an increase in its aspect ratio. The
observed changes provide further support to the findings of White et al. [50] that the polymer
molecules play a role in reducing the energy dispersion from the streamwise direction to other
directions, directly affecting the self-sustaining mechanism of wall turbulence [130, 241]. With
decrease in DR through the linear sub-regime of the high (Fig. 4.13(b)) and low (Fig. 4.13(c))
drag reduction regimes, the magnitudes of the fluctuations are seen to approach the baseline val-
ues, and the orientation of the drag reduced point cloud gradually aligns with that for Newtonian
flow.

The polymer effect on the total shear stress profiles is of great importance, as it directly
relates to the efficiency of the polymer drag reduction [58]. However, total shear stress in a
polymer drag reduced flow (Eq. 2.4) cannot be estimated directly in external flows since the
polymer stress τP cannot be measured. The procedure employed to estimate the total stress is
illustrated in Fig. 4.14, where measured data points correspond to the sum of the viscous shear
stress (µd〈u〉/dy) and the Reynolds shear stress (−ρ〈u′v′〉). The total stress distribution for
the baseline case agrees well with the typical profiles obtained in a Newtonian boundary layer
provided by Thomas and Hasini [68]:

τtotal/τw0 = 1 + 2(y/δ)3 − 3(y/δ)2. (4.6)
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Figure 4.14: Estimation of total and polymer stresses (a) measured data correspond to the sum
of viscous and Reynolds shear stresses (b) estimated total stress normalized by τ ∗w. Dashed lines
estimate the variation of total shear stress based on fits on the data using Eqs. 4.6 and 4.7 for the
Newtonian and drag reduced flow, respectively.

Figure 4.15: (a) Profiles of total shear stress normalized by an estimate of wall shear stress τ ∗w at
location x − xinj = 490 mm. (b) Profiles of (1 − y/δ)τtotal) normalized by local shear stress τw
at x− xinj = 490 mm. Dashed line in (a) represents the approximation provided by Thomas and
Hasini [68].
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Figure 4.16: Variation of the components of total stress with the streamwise distance from injec-
tion slot normalized with the local wall shear stress in the baseline cases (a) Profiles of normal-
ized viscous stress (�) and Reynolds shear stress (◦) (b) Profiles of the normalized stress deficit
(τP ).

For the polymer cases, a reduction in the composite viscous and Reynolds shear stresses is im-
mediately apparent, similar to previous observation in drag reduced flows [54, 58, 59]. However,
the difference becomes progressively smaller with increasing wall-normal distance, and becomes
negligible for 0.7 < y/δ ≤ 1 where self-similarity is achieved in the polymer data. Thus, simi-
lar to internal flow cases [233], it can be assumed that the functional dependence governing the
variation of the total stress is similar between drag reduced and Newtonian flows in this region.
Consequently, a modified form of Eq. 4.6 can serve to approximate the total stress profile for the
polymer case as

τtotal = τ ∗w(1 + 2(y/δ)3 − 3(y/δ)2). (4.7)

where τ ∗w normalization parameter is estimated based on the best fit to data within 0.7 < y/δ ≤ 1.
Note that Yang and Dou [242] employ a similar methodology with a different polynomial approx-
imation that also satisfies physical boundary conditions (see their Eq. 20); however, Eq. 4.6 is
found to provide a better approximation to Newtonian data in the present study. Fig. 4.14(b)
illustrates the obtained variation of the total stress, which can then be used to estimate polymer
stress variation.

The results in Fig. 4.14(b) demonstrate that the stress deficit decreases with increasing dis-
tance from the injector. The same trend is observed with decreasing injection concentration in
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Fig. 4.15(a), with both trends reflecting the associated decrease in the average polymer concen-
tration. Importantly, a substantial stress deficit is found to be present in the region y/δ . 0.6,
which covers a broader region of the boundary layer than y/δ < 0.3 reported in Refs. [59, 69] A
similar observation can be made using ((1− y/δ)τtotal/τw) profiles considered by Hou et al. [69]
and shown in Fig. 4.15(b). It can be deduced from Fig. 4.14(b) that the affected boundary layer
region becomes broader closer to the injection location.

The effect of polymer injection on the components of the total stress is considered in Fig. 4.16
for cinj = 1000 ppm. Fig. 4.16(a) contrasts the Reynolds shear stress (−ρ〈u′v′〉) and the viscous
stress (µd〈u〉/dy) in baseline and polymer drag reduced cases. As expected, outside of viscous
sublayer, Reynolds stress dominates in the base flow. The Reynolds shear stresses in the corre-
sponding polymer injected cases are dampened notably as compared to the baseline case shown
here, whereas changes in the corresponding viscous stresses are less pronounced. Consequently,
the significant dampening of the Reynolds shear stress produces a substantial contribution to the
stress deficit away from the wall. The corresponding polymer stress profiles are presented in
Fig. 4.16(b). The polymer stress peaks at y/δ ≈ 0.08, and the magnitude of the polymer stress
decays with increasing distance from the injection location.

Figure 4.17: Variation of various stress components for cinj = 1000 ppm spatially averaged in
wall normal direction over local boundary layer thickness. Results are normalized by the average
total shear stress in the corresponding baseline cases. 4, ◦, ♦, and� represent the averaged total
stress, Reynolds shear stress, viscous shear stress, and polymer stress, respectively. Color coding
follows that in Fig. 4.14.

The streamwise variation of the stresses spatially averaged over local boundary layer thick-
ness is presented in Fig. 4.17. The averaged total shear stress in a Newtonian boundary layer flow
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is dominated by the Reynolds shear stress (∼ 90%). In the polymer injected flow, the average to-
tal shear stress is decreased compared to the corresponding baseline flow, but the contribution of
the Reynolds shear stress remains dominant accounting for 60% to 80%. The contribution of the
viscous shear stress in the polymer injected case is also found to be relatively constant with the
downstream distance and is only slightly increased in magnitude as compared with the baseline
cases. The key role played by polymer additives in the Reynolds stress reduction is reflected in
the polymer stress values that are seen to exceed the average viscous stress and account for the
observed changes in the average Reynolds stress. The streamwise decrease in the polymer stress
is attributed to the progressive decrease in the polymer content in the near wall region (Fig. 4.8).
These observations are found to be in agreement with the results of Willmarth et al. [233] for an
internal channel flow, where the polymer stress was shown to be responsible for reduction in the
Reynolds shear stress.

4.4 Concluding remarks

An experimental investigation was conducted to characterize the evolution of the turbulent bound-
ary layer in water under a polymer drag-reduced state. Solutions of polyethylene oxide (PEO)
were injected into a turbulent boundary layer through a two-dimensional inclined slot at an in-
jection rate equivalent to 8.6% of the flow rate in the viscous sublayer. The effect of the polymer
injection was evaluated for three injection concentrations of 100, 500, and 1000 ppm over a re-
gion downstream of the injection location. Flow development was characterized by means of
two-component PIV and PLIF measurements. The results allowed for a detailed, quantitative
analysis of drag reduction in conjunction with the variation in polymer concentration and bound-
ary layer parameters.

The PLIF images revealed the attenuation of turbulent mixing in a polymer injected boundary
layer flow, leading to the reduction in local boundary layer thicknesses and increased shape
factors in polymer injected cases. The mean velocity profiles in inner coordinates show that the
polymer injection effects are most pronounced in the buffer and inertial sublayers, increasing the
slope of the latter with increasing injection concentrations. The degree of the observed changes
is found to depend on the near-wall polymer concentration.

Close to the injection location, near MDR conditions are observed at the highest concentra-
tion investigated, with local drag reduction (DR) of about 60%. The DR was found to decrease
approximately linearly with the streamwise distance from the injection slot which is attributed
to a steady decrease in the active polymer content within the near wall region. A progressive in-
crease in the polymer density in the region of most energetic motions of the turbulent boundary
layer indicates a natural robustness associated with this control strategy allowing for a sustained
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performance over relatively long streamwise distances. An empirical linear relation between
DR and the slope of the inertial layer (k) was established in the range 15% < DR < 50% and
was shown to apply over a range of data from various studies at comparable Reynolds num-
bers. While the boundaries and the intercept of the proposed linear correlation vary at higher
Reynolds numbers, the established slope is shown to be relevant over a wide range of Reynolds
numbers. The following distinctions in the drag reduction regimes are proposed based on the
trends in drag reduction and associated flow characteristics: Low Drag Reduction regime oc-
curs at lower DR values (DR < 15 − 35%), where the inertial sublayer is displaced parallel
to the original Newtonian profile due to increasing buffer layer thickness, High Drag Reduc-
tion regime takes place at higher DR values, where the effect of polymer action propagates into
the inertial layer, progressively increasing its slope with increasing DR. Within this regime, two
sub-regimes can be identified at lower Reynolds numbers (Reθ ≤ 2400): i) inertial sub-regime
(∼ 15% <DR<∼ 50%), where the linear relationship between DR and k is applicable but the
extent of the log layer progressively diminishes with increasing DR, and ii) viscous sub-regime
(DR > 50%), where the extent of the buffer layer essentially overtakes the log layer and the flow
behaves similar to that at near MDR conditions. The demarcation between the two regimes is
associated with a critical k value of k ≈ 6. The extent of the viscous sub-regime is argued to
be reduced at higher Reynolds numbers due to the increase in the relative extent of the log layer,
with the critical k values reached at near MDR conditions. However, a significant scatter in the
existing high Reynolds number data hinder quantitative analysis, and further investigations are
required for a more detailed characterization of the Reynolds effect.

The polymer injection was shown to induce a significant decrease in wall-normal fluctuations
in the boundary layer and to attenuate maximum streamwise fluctuations in the near-wall region.
The quadrant analysis revealed that polymer additives attenuated the magnitudes of ejection and
sweep motions consequently dampening Reynolds shear stress. Further, the results show that the
energy dispersion from the streamwise direction to the wall-normal directions was impeded due
to the presence of polymer macromolecules.

The total shear stress in the outer region 0.7 < y/δ < 1 was observed to be self-similar
for both Newtonian and polymer-injected boundary layer, allowing the use of polynomial fit
approximations typical to Newtonian flows to be used for the estimation of total and polymer
stresses. The results reveal that polymer injection affects stress distributions over a significant
portion of the boundary layer (y/δ . 0.6). The Reynolds shear stress is shown to be the main
contributor to the total stress in the polymer-injected flow, and its decrease is accounted by the
polymer stress. The magnitude of the polymer stress increases with increasing local near-wall
polymer concentration.
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Chapter 5

Effect of polymer injection on coherent
structures and Reynolds shear stress

Experimental investigation is conducted using planar and tomographic particle image velocime-
try (PIV) measurements spanning the inner layer of Newtonian and drag-reduced zero-pressure
gradient turbulent boundary layers. Low to moderate drag reduction is achieved by injecting two
different concentrations of drag-reducing polymer solutions through an inclined slot. Instanta-
neously, both Newtonian and drag reduced flows show regions of high and near-zero Reynolds
shear stress (RSS) which are termed as the high-RSS, and low-RSS regions, respectively. The
high-RSS regions indicate the passing of near-wall coherent structures and are predominantly
present within the cores of the low- and high-speed streaks, whereas the low-RSS regions mainly
occupy the regions surrounding the streaks. The magnitude of RSS and size of the high-RSS
regions decrease significantly with polymer injection. Canonical coherent structures within the
near-wall region, including ejections and sweeps, hairpin-like vortices, meandering low-speed
streaks, and precursors of streak breakdown are considered for the evaluation of polymer ef-
fect on high- and low-RSS regions. Besides the attenuation of the high-RSS regions, the quasi-
streamwise vortices are found to weaken, and low-RSS regions are seen to enlarge around these
vortices. In addition, the high-RSS regions within the coherent structures coincide with strong ex-
tensional structures which are also found to dampen with polymer injection, indicating potential
interactions of the polymer with extensional motions.

Parts of this chapter have been adapted from Y. Shah, S. Ghaemi, and S. Yarusevych, “Three-dimensional character-
ization of reynolds shear stress in near-wall coherent structures of polymer drag reduced turbulent boundary layers,”
Experiments in Fluids, vol. 62, no. 8, pp. 1–21, 2021.
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5.1 Introduction

The discussion in Sec. 2.2.3 highlight two of the most distinguished, but rivaling, theories of
polymer based drag reduction which primarily revolve around the factors of increased exten-
sional viscosity [65] and the transfer of turbulent energy into the elastic energy of the poly-
mer [53]. Notably, the underlying mechanisms for both theories involve interactions of long
and flexible polymer molecules with near-wall coherent structures, which has been studied in
several recent investigations [54–57, 244]. In this effort the contemporary studies have focused
on the modification of the near-wall coherent structures by the polymer chains. Besides the re-
duction in turbulent bursting events [52,176], polymers have been shown to significantly modify
the near-wall streaks [50]. A recent investigation by Pereira et al. [56] has shown that polymer
stretching due to mean shear in the near-wall region is considerable. However, the mean-shear
does not fully explain the observed levels of polymer stretching outside the viscous sublayer
where the mean shear decreases significantly. Pereira et al. [56] attribute the additional poly-
mer stretching to extensional turbulent motions (u′iu

′
i) in the buffer layer. Due to the transfer of

the streamwise kinetic energy to the polymer, there is a decreased level of streamwise fluctua-
tions within the viscous and buffer layers [49, 59–61], leading to an increased coherence of the
streak structure [174, 244] and increased streak-spacing [50]. In addition, a notable weakening
of both rotational (elliptical) and extensional (hyperbolic) motions was observed and attributed
to polymer stretching [56].

The discussed mechanisms of polymer interaction with turbulent boundary layers based on
the extensional motions are closely aligned with Lumley’s hypothesis of extensional viscosity
[65]. In contrast, Min et al. [54] performed numerical simulations based on the elastic model of
de Gennes [53] and proposed a different mechanism involving the near-wall quasi-streamwise
vortical motions. 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 fluctuations in the
lower-log region [49,59–61]. Other numerical studies employing the FENE-P (finitely extensible
nonlinear elastic - Peterlin) model have shown a significant dampening of near-wall vorticity in
the buffer layer [55, 245]. 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 significant
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 is still observed [54,195,196], limiting the drag reduction by the so-called Maximum
Drag Reduction (MDR) asymptote [48]. The asymptotic drag reduction limit has been shown to
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hold regardless of the polymer, or even the type of the drag reducer [17, 197].

Xi and Graham [195, 246] considered the intermittent dynamics of drag reduction in vis-
coelastic flows through numerical simulations in minimal flow units (MFU). They highlighted
that all flows, Newtonian and drag reduced alike, show intermittent periods of low and high drag
events. A high drag event, termed an active event, is coupled with increased streamwise vorticity
and RSS, whereas a low drag event, or a hibernating event, is associated with a damped RSS
and a velocity profile similar to the asymptotic profile at MDR. Succeeding numerical works in
both MFU and large domains have provided further evidence of these hibernating events and
characterized their spatial and temporal aspects [247–249]. The time-scales of the hibernating
events increase with increasing Weissenberg number (Wi = trelγ̇, where trel is the polymer re-
laxation time and γ̇ is the characteristic shear rate of the flow), and, at MDR, the flow primarily
exhibits hibernating state with infrequent excursions to the active states. The results suggest that
similar to the non-Newtonian flows, distinct hibernating and active states are also present in a
Newtonian channel flow at Reτ of 70 to 100, with regions of the latter prevailing over the former
in both time and space. In a non-Newtonian flow (Wi > 1), the frequency of occurrence and
size of the hibernating events increase leading to an overall decrease in the RSS as well as the
time-averaged drag. Consistent with the results found in the channel flows [195, 247], the DNS
simulations of Tamano et al. [250] also show the existence of the active and hibernating states in
a zero-pressure gradient turbulent boundary layer.

Despite the growing evidence that polymer drag reduction might be a stochastic process,
almost all of the relevant studies were performed computationally. These studies distinguish the
active and hibernating states based on the instantaneous skin friction or the polymer stretching,
which are not typically available in experimental flow measurements to a desired accuracy and
are yet to be clearly linked to changes in the near-wall flow topology. Thus, the present study
explores the effect of polymer additives on typical coherent structures in near-wall turbulent
flows. The structures are related to extreme RSS events, which are known to be a robust indicator
of the production of turbulent kinetic energy and can be reliably estimated in both experiments
and numerical simulations.

The main objective of the present study is to characterize the predominant coherent struc-
tures in the near-wall layer of Newtonian and drag-reduced turbulent boundary layers. This is
achieved by performing planar and volumetric PIV extending from the wall to the lower-log
layer. Spatial manifestations of the high- and low-RSS regions are considered for the ejections
(Q2) and sweep (Q4) events, hairpin-like vortices, meandering low-speed streaks, and precursors
of streak-breakdown events. Finally, the effect of the polymer on extreme extensional motions
within the ejection and sweep structures is analyzed in order to explore their significance to the
overall mechanism of drag reduction.
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5.2 Experimental setup

Planar and tomographic PIV measurements were conducted using the experimental setup de-
scribed in Sec. 3.2.1 at the streamwise location presented in Table 5.1. A constant freestream
velocity of U∞ = 0.3 ± 0.003 m s−1 was used for the present investigation. The boundary
layer was tripped with a zigzag trip attached to the flat surface parallel to the leading edge at
x/L ≈ 0.14 where the laminar boundary layer thickness is estimated to be δtr = 5.3 mm and
the Reynolds number based on the height of the trip is estimated to be approximately 650, which
falls within the range suggested by Braslow and Knox [112]. The local three-dimensional trip ef-
fects are expected to be negligible beyond 15δtr, or x/L ≈ 0.18 based on the findings of Elsinga
and Westerweel [115]. Thus, the position of the injection slot and the measurement domain were
selected to be sufficiently far downstream of the trip (29δtr and 57δtr, respectively).

The polymer used in this work was polyethylene oxide (PEO, Sigma Aldrich, Inc.) with
an average molecular weight of 8× 106 g/mol. Two different solution concentrations have been
considered in this work (500 and 1500 ppm), each of which was prepared using the same protocol
verified to produce consistent results for different batches as established in Ch. 4. In order to
achieve uniform seeding density in the particle images, seeding particles were stirred along with
the polymer solutions with approximately the same concentration as the seeded flow in the tunnel.
The injection was performed according to the procedure outlined in Sec. 3.1.3 and the employed
mean injection velocity of uinj = was shown to produce negligible effects of benign injection on
the turbulent boundary layer beyond x− xinj = 87 mm, or (x− xinj)/L ≈ 0.04 in Ch. 4.

In addition to the streamwise location shown in Table 5.1, the present study considered mea-
surements at four other streamwise stations covering x − xinj = −8 mm to 840 mm. Measure-
ments at all the locations included baseline measurement without injection, water injection, and
four different polymer concentrations cinj = 500 ppm, 750 ppm, 1000 ppm, and 1500 ppm. The
drag reduction (DR) obtained in all the investigated cases pertain to the Low Drag Reduction
regime (DR ≤ 30%). Results are reported for the measurements at one streamwise station corre-
sponding to x− xinj = 150 mm to 190 mm, and two limiting polymer concentrations (cinj = 500
ppm and 1500 ppm). The results corresponding to other streamwise stations and the intermedi-
ate polymer concentration cases (cinj = 750 ppm and 1000 ppm) were found to follow the same
trends as those illustrated by the drag-reduced cases considered in this study, and thus, were omit-
ted for brevity. Acquisition and processing of particle images was performed using the procedure
outlined in Secs. 3.2.1 and 3.2.2, respectively, and the parameters provided in Table 3.1.
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Experimental Parameters

cinj = 0†, 500, 1500 ppm, U∞ = 0.3 m s−1

Parameters Planar PIV Tomographic PIV

x/L [0.274, 0.292] [0.274, 0.296]

x− xV O (mm) [761, 801] [761, 810]

x− xinj (mm) [150, 190] [150, 199]

Rex−xV O
× 10−5 2.157

Reθ0 519

δ0 (mm) 17.7

λ0 µm 74

Table 5.1: Test matrix. Coordinate ranges identify the streamwise extent of each field of view
and boundary layer parameters are given for the baseline case measured at the centre of the
FOV. † indicates water injection. λ0 = ν/uτ0 , where uτ0 is the friction velocity in baseline case.
xV O denotes the virtual origin estimated based on the best fit to the streamwise variation of the
displacement thickness in the baseline case.

5.2.1 Conditional sampling technique

The analysis presented in this chapter examines the effect of polymer injection on various canon-
ical coherent structures in the near-wall region, such as ejection (Q2) and sweep (Q4) events,
hairpin-like structures, meandering low-speed streaks, and streak breakdown events. These
events are conditionally sampled and averaged based on their characteristic Reynolds shear stress
(RSS) signatures and velocity fluctuations seen in the buffer and the lower-log regions. This
follows the methodology employed by previous studies [131, 136, 138] which have produced
conditionally-averaged structures in the log-region. In order to improve the robustness of the
algorithm, the Reynolds stresses and velocity fluctuations are first spatially averaged in the range
15 ≤ y/λ0 ≤ 50 and denoted by subscript 15− 50. Further, noting the higher uncertainty in the
out-of-plane component (v′) at lower velocity magnitudes, the conditional samples are confined
to the extreme RSS events exhibiting relatively large magnitudes of v′ (|v′| > 0.5uτ0). Fig. 5.1
schematically shows the thresholding scheme used for sampling ejections and sweeps, hairpin-
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Figure 5.1: Schematic of the thresholding scheme for conditional averaging of (a) ejections (Q2)
and sweeps (Q4), (b) hairpin-like structures, and (c) meandering low-speed streaks. Contours in
red show schematic joint probability distribution functions of the indicated velocity components,
and contours in blue show the threshold of corresponding Reynolds shear stresses (hyperbolas
of constant 〈u′iu′j〉/u2τ0) used for conditional sampling in each case. Respective coherent motions
sampled via these schemes are schematically illustrated in the insets.

like structures, and meandering low-speed streaks. The sub-figures show schematic joint proba-
bility distribution functions (red contours) of velocity fluctuations normalized with the baseline
friction velocity (uτ0). The conditional sampling is performed by identifying the high Reynolds
shear stress events as shown with the blue contours. Note that the thresholds identify the location
of the centre (x̃c, z̃c) of the sampling box, where ‘∼’ denotes the conditional averaged quantities.

Ejections (Q2), and sweeps (Q4) are typically coupled with low- and high-speed streaks,
respectively, and produce negative Reynolds shear stress (u′v′ < 0). This is illustrated in
Fig. 5.1 (a), and the associated events are sampled as the highest 1% of Reynolds shear stress
(−u′v′|15−50) in the respective quadrants. The bar denotes spatial average in the wall-normal di-
rection. For each identified extreme u′v′|15−50, the algorithm samples instantaneous data within
a volume equivalent to 200λ0 × 80λ0 × 160λ0, which is then averaged across all the detected
events to reconstruct the characteristic structures.

Hairpin-like structures include an ejection motion (Q2) and feature a spanwise vortical con-
nection (head) between the two streamwise oriented vortices (legs). These vortices typically
occur as packets of vortices flanking the low-speed streak [120]. Traditionally, the hairpin vor-
tices are typically identified using the stagnation points associated with Q4 and Q2 motions on
the shear layer formed upstream of the hairpin [136]. Owing to the limited wall-normal extent
of the current measurements, the method of hairpin identification used here follows a slightly
different approach. The spanwise section of the vortex induces a negative wall-normal veloc-
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ity downstream of the head (Fig. 5.1 (b)) resulting in a Q3 motion close to the wall. Such Q3
motions can be observed under the head, downstream of the hairpin in the quantitative visu-
alizations of such vortices in previous studies at comparable Reynolds numbers [56, 136, 138].
Thus, the current method of identifying these vortices utilizes these Q3 motions following an
ejection as a signature of hairpin-like events. This is achieved by imposing an additional crite-
rion for detection of Q3 motions 30λ0 (∼ diameter of hairpin head, as also seen from the results
of Adrian et al. [136] at a comparable Reynolds number) downstream of the detected location
(x̃c, z̃c) of strong ejections. The dimensions of the sampling volume are kept the same as those
for the ejections. Although this secondary criterion imposes a sufficient condition to sample
the ejections of hairpins, the number of samples decreases. Therefore, to collect more samples,
the primary threshold for detecting ejections is slightly relaxed to detect the highest 2% of RSS
events. In addition, thresholds are employed to reject the samples exhibiting |u′|/U∞ < 2%
and/or |v′|/U∞ < 2% to discard noisy samples.

Meandering of the low-speed streaks (u′ < 0) is identified by detecting Q2 or Q3 motions in
the u′-w′ quadrant plot, shown in Fig. 5.1 (c). Here, the meandering of low-speed streak is de-
tected using the threshold corresponding to the highest 1% of Reynolds shear stress (u′w′|15−50)
in Q3. Since the streaks are expected to meander positively (w′ > 0) and negatively (w′ < 0)
with equal probability, only one case is considered in this study. In order to completely capture
the dynamics of the meandered streaks in the streamwise direction, the streamwise length of the
sampled volume is increased, resulting in a volume of 300λ0×80λ0×160λ0 around the detected
location (x̃c, z̃c).

5.3 Results and Discussion

5.3.1 Boundary layer characterization

The turbulent boundary layer for Newtonian and drag reduced cases is first assessed using the
time-averaged velocity profiles shown in Fig. 5.2. The results in Fig. 5.2 (a) confirm that the
effect of benign momentum injection (i.e., water injection) into the boundary layer is negligible,
which is attributed to the low injection rates employed in this study. Further, there is a clear
reduction in the near-wall wall-normal gradient of the streamwise velocity in polymer injected
cases compared to the baseline. The figure also serves to compare planar and tomographic PIV
results, showing that velocity magnitudes from the latter are smaller in the near-wall region due
to the use of larger interrogation volumes. While the tomographic measurements do not allow
accurate quantification of the changes in the profile slopes near the wall [226], they capture the
overall trend shown by the planar measurements. The inner scaling is evaluated based on planar
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Figure 5.2: Profiles of spatial and time-averaged streamwise velocity (〈u〉) at x − xinj = 150
mm to 190 mm in (a) outer coordinates, and (b) inner coordinates. Solid lines show results from
planar PIV using ensemble of correlation and ◦ show results from tomographic PIV spatially
averaged over its streamwise and spanwise directions. Dashed black lines show the classical
Newtonian trends in the viscous sublayer, and log-region, respectively. Dash-dot line shows the
MDR asymptote [48].

PIV data using the methodology implemented in Ch. 4, and the non-dimensionalized profiles are
shown in Fig. 5.2 (b). In particular, the wall shear stress was estimated based on the expected
linear variation of d〈u〉/dy within y+ ≤ 4, containing at least 12 velocity vectors. The profiles
in the Newtonian cases are seen to agree well with the classical trends shown using dashed
lines, and those corresponding to the drag reduced cases feature an extended buffer layer and an
approximate vertical shift in the log-layer, as expected from previous studies [49,59,61,162,175].
Further, the slope of the log-layer (k = 1/κ, where κ is the von Kármán constant) is seen to
increase towards MDR value (k = 11.7) with increasing polymer concentration. The results
from tomographic PIV are seen to follow the profiles from planar measurements in the upper-
buffer and lower-log layers in all cases. The obtained drag reduction based on the wall-shear
stress estimates is within the range of 20%− 30% for the considered polymer concentrations.

Polymer injection effects on the turbulent boundary layer statistics are further characterized
by considering profiles of root-mean-square (RMS) velocity fluctuations and Reynolds shear
stress shown in Fig. 5.3. Normalized profiles of the RMS of the streamwise velocity fluctuations
(
√
〈u′u′〉) in Fig. 5.3 (a) resolve the near-wall peak at y/λ0 ≈ 15 for the Newtonian cases. Its

position is shifted away from the wall to y/λ0 ≈ 20 − 25 due to the polymer injection, and
the peak magnitude is decreased. The corresponding RMS profiles from tomographic PIV are
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(a) (b)

Figure 5.3: Time and space averaged profiles of (a) RMS of streamwise velocity fluctuations
(
√
〈u′u′〉), and (b) Reynolds shear stress (〈u′v′〉) at x − xinj = 150 mm to 190 mm. Solid lines

show results from planar PIV using sequential correlation and ◦ show results from tomographic
PIV spatially averaged over its streamwise and spanwise directions. Results are normalized using
the inner scaling in the baseline case. Color coding follows that in Fig. 5.2

seen to closely follow the planar PIV data. The profiles of Reynolds shear stress (〈u′v′〉) in
Fig. 5.3 (b), which are of particular significance in the present study, show the characteristic
peak in the upper-buffer/lower-log layer in all the cases. There is a significant attenuation of
〈u′v′〉 with increasing polymer concentration which is indicative of the expansion of the buffer
layer previously noted from Fig. 5.2 (b). The estimates of 〈u′v′〉 from tomographic PIV are seen
to agree with the planar data, while exhibiting a marginally higher magnitude as a result of the
higher uncertainty in estimating the out-of-plane velocity component [214, 251].

5.3.2 High and low Reynolds shear stress events

The effect of polymer on Reynolds shear stress is first explored through instantaneous realiza-
tions shown in Fig. 5.4. The contours of streamwise velocity fluctuations illustrating the near-
wall streak structure are also shown in the figure for reference. Figs. 5.4(a) and (b) show that the
near-wall streaky structure is notably different in the case of the polymer injected flow. In gen-
eral, the polymer injection leads to the formation of wider streaks, and the regions with extreme
magnitudes of fluctuations become more sparse. This is aligned with the results in Fig. 5.3 (a)
which show a decreased peak magnitude in the polymer cases at the same wall-normal distance
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(a) (b)

(c) (d)

Baseline PEO 1500 ppm

Figure 5.4: Instantaneous visualizations of (a, b) streamwise velocity fluctuations u′/uτ0 at y+ ≈
15, and (c, d) averaged Reynolds shear stress u′v′/u2τ0|5−50. Left column (sub-figures (a) and (c))
show the near-wall streak structure for baseline case, and right column (sub-figures (b) and (d))
show that for the PEO 1500 ppm case. Contours corresponding to regions with u′/uτ0 > 1.5
(black) and u′/uτ0 < −1.5 (white) are overlaid in sub-figures (c) and (d) to indicate the high-
and low-speed streaks.

(y/λ0 ≈ 15). Figs. 5.4(c) and (d) illustrate that the distribution of spatially averaged Reynolds
shear stress −u′v′/u2τ0 |5−50 is also significantly affected by the polymer. These distributions are
complemented with the contours of u′ corresponding to high- (black lines) and low-speed (white
lines) streaks. The results show that the regions with large magnitudes of Reynolds shear stress
−u′v′/u2τ0|5−50 are largely confined within the low- and high-speed streaks in both Newtonian
and polymer-injected flows. This may be expected since the low- and high-speed streaks are
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Figure 5.5: Two-point correlation coefficients for (a) streamwise velocity fluctuations (u′) at
y/λ0 ≈ 15, and (b) u′v′|5−50. Spanwise coordinates corresponding to the minima of the coeffi-
cients are shown using vertical black lines. Minima for polymer cases vary monotonously with
polymer concentration in the region shown in gray.

known to be linked to ejection (Q2) and sweep (Q4) events, respectively [120,131,136], each of
which contributes substantially to the production of the turbulent kinetic energy. The high-RSS
regions (u′v′/u2τ0|5−50 < −0.5) dominate more in the baseline case (Fig. 5.4(c)) in comparison to
those in the polymer injected case (Fig. 5.4(d)). Further, the low-RSS (|u′v′/u2τ0|5−50| < 0.5) re-
gions are scattered non-uniformly in the baseline case, whereas they occupy much larger areas in
the polymer-injected case. The reduction in the number density and magnitudes of the high-RSS
regions is attributed to the reduction in the frequency of turbulence-producing coherent structures
passing through the domain, which enlarges the low-RSS regions.

In order to further elucidate the polymer effect on the near-wall structures, the two-point
correlation of the streamwise velocity fluctuations (u′) at y/λ0 ≈ 15 and spatially-averaged
Reynolds shear stress u′v′|5−50 are considered in Figs. 5.5(a) and 5.5(b), respectively. The
Reynolds shear stress is averaged within the near-wall region in order to capture the resultant
effect of all the coherent structures passing through the near-wall region. In Fig. 5.5(a), the cor-
relation coefficient (Cu′u′ = 〈u′(z)u′(z + ∆z)〉/

√
〈u′(z)2〉〈u′(z + ∆z)2〉) is seen to decrease

below zero to a minimum at z/λ0 ≈ 60 in the baseline case. This is consistent with the typical
half streak spacing values reported by previous studies [50, 123] in Newtonian boundary layers
at the considered wall-normal distance. The half streak spacing in polymer cases increases to
z/λ0 ≈ 72− 84, with higher spacing achieved at higher concentrations. The obtained range is in
good agreement with the empirical correlation provided by White et al. [50]. Two-point correla-
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( ) (b)

Figure 5.6: Effect of polymer injection on high- and low-RSS events shown through (a) prob-
ability distribution functions of u′v′/u2τ0|5−50, and (b) percentage of volume occupied by these
events within the measurement domain.

tion coefficients of the u′v′|5−50 in Fig. 5.5 (b) show a similar trend with their minimas located
at nearly half of the spanwise locations of the corresponding minima in Cu′u′ . Specifically, the
extrema for Newtonian cases are located at z/λ0 ≈ 30, and those for the polymer cases vary
in the range z/λ0 ≈ 37 − 42. This provides a statistical confirmation that high-RSS producing
events are predominantly located in the low- and high-speed streaks in both Newtonian and drag
reduced cases.

Strong Q2 and Q4 events in the near-wall region are present in both Newtonian and poly-
mer injected cases, as evident from the skewed PDFs of average Reynolds shear stress in the
buffer layer in Fig. 5.6(a). Fig. 5.6(a) shows that a significant portion of the population, con-
taining the distribution peak in each case, corresponds to the low-RSS occurrences demarcated
by |u′v′/u2τ0|5−50| < 0.5 for presentation purposes. The peak magnitude increases with increas-
ing polymer concentration correlating with the increase in the size of low RSS regions seen in
Fig. 5.4, where turbulence suppression is expected [195, 246, 250]. Another significant portion
of the PDF constitutes the high-RSS events, u′v′/u2τ0|5−50 < −0.5, whose magnitude and num-
ber are reduced in the polymer cases. A comparison of the relative flow volumes occupied by
the low- and high-RSS regions identified using the same thresholds is presented in Fig. 5.6(b).
While subjective to the choice of the threshold values, the results indicate that the high-RSS re-
gions occupy larger flow volumes in the Newtonian cases, but their volume fraction diminishes
significantly due to the polymer injection.
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(a) (b) (c)

(g) (h) (i)

(d) (e) (f)

Figure 5.7: Thresholding scheme for conditional averaging of (a-c) ejections (Q2) and sweeps
(Q4), (d-f) hairpin-like structures, and (g-i) meandering low-speed streaks. Contours in orange
show joint probability distribution functions of the indicated velocity components normalized
with their respective peak magnitudes in each case. Contours in black show the constants of
corresponding Reynolds shear stresses in inner scaling for reference. Sub-figures in left column
(a, d, g): baseline, middle column (b, e, h): PEO 500 ppm, and right column (c, f, i): PEO
1500 ppm. (a-c): Data-points in red and blue correspond to the highest 1% of the averaged
Reynolds shear stress (−u′v′|15−50). (d-f) Data-points in red (upstream, x̃c) and blue (down-
stream, (x̃ − x̃c ≈ 30λ0)) correspond to the identified instances of hairpin-like structures with
averaged Reynolds shear stress (−u′v′|15−50) in the highest 2%. (g-i): Data-points in red corre-
spond to the highest 1% of the averaged Reynolds shear stress (u′w′|15−50) indicating negatively
yawed low-speed streaks.
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5.3.3 Reynolds shear stress distribution in near-wall coherent structures

Various near-wall coherent motions are characterized by large magnitudes of Reynolds shear
stress−u′v′/u2τ0 leading to the formation of distinct high-RSS regions, which are associated with
Q2 and Q4 motions. These motions are opposing in nature which warrants their independent
evaluation. The average three-dimensional topology of such coherent motions is considered
here to characterize extreme RSS events, and shed light on some widely debated mechanisms of
polymer-turbulence interactions [54, 65]. In this regard, the polymer effect on coherent motions
of ejections (Q2) and sweeps (Q4), hairpin-like vortical structures, meandered low-speed streaks,
and the precursor events of streak breakdowns is considered.

Ejections (Q2) and sweeps (Q4), categorized on the basis of quadrant analysis [131], are
sampled according to the methodology outlined in section 5.2.1. Figs. 5.7 (a-c) show the joint
probability distribution functions (J-PDFs) of u′/uτ0 and v′/uτ0 with increasing polymer con-
centration, and the population distributions of extreme RSS events for conditional sampling and
identification of the associated structures. With increasing polymer concentration, the J-PDFs
(orange contours) are seen to become narrower and the anticorrelation between u′/uτ0 and v′/uτ0
weakens. This is marked by the decrease in the inclination angle of the distributions, signifying
the weakening of the ejections and sweeps. The distributions of extreme RSS events (coloured
points), show a decrease in the magnitude of such events with polymer injection and increase in
polymer concentration. However, the selected threshold values result in sufficient convergence of
conditional averages for both Newtonian and polymer-injected cases. Each conditional average
is based on around 6000 to 8000 samples with a maximum overlap of 50% between consecutive
samples from the same low-speed streak.

Fig. 5.8 (a-c) shows the conditionally-averaged ejection (Q2) structure for the baseline flow
and two polymer injection cases. The vortical structures within the conditionally averaged flow
fields are illustrated using the Q-criterion [252]. The ejection events coincide with low-speed
streaks, shown on the x̃ − z̃ slice at ỹ/λ0 ≈ 10, which are located along the spanwise centre of
the sampled volume. Further, they form between streamwise oriented counter-rotating vortical
structures as indicated by the ỹ − z̃ slice at x̃/λ0 ≈ 0 and the corresponding insets. It is noted
from the insets that the vortex centres of the streamwise vortices represented by the Q-criterion
are slightly biased towards the high shear regions at the centre of the volume [253]. The strongest
point of the ejection motions (peak at ũ′v′/u2τ0 ≈ −12 in Newtonian case) is observed at the
centre of the sampled volume (x̃/λ0 = 0). Such strong ejections typically indicate turbulent
burst-like events [132, 133], leading to turbulent momentum transport away from the wall. The
centres of the counter-rotating streamwise vortices have a spanwise spacing of nearly half the
streak-spacing which agrees well with previous findings [254]. With the addition of polymer
(insets of Figs. 5.8 (b) and (c)), the same topology is observed, but the spacing between the
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centres of the vortices is observed to increase in accordance with the increase in streak-spacing
(Fig. 5.5 (a)). Further, the strength of the vortices decreases in polymer-injected cases, with
normalized circulation Γ/U∞δ0 evaluated on a contour corresponding toQ ≈ 50 decreasing from
4.85 in the baseline case to 3.36 and 1.90 for the PEO 500 and 1500 ppm cases, respectively. This
is also accompanied by the decrease in the magnitude of Reynolds shear stresses, as the turbulent
burst at the centre of the volume produces only about half of the corresponding Newtonian RSS
in the PEO 1500 ppm case.

Despite a significant, but localized, reduction in the Reynolds shear stresses in the high-RSS
regions, a notable difference in the near-wall ejection structure arises in the regions containing the
streamwise vortices. Figs. 5.8 (b) and (c) illustrate the increase in the extent of low-RSS regions
surrounding the main streamwise vortices, with the low-RSS regions qualitatively demarcated
by the black contours of ũ′v′/u2τ0 = −0.5. These low-RSS regions are seen confined between the
black contours and the wall. In polymer injected cases, the low-RSS regions begin to encompass
the cores of the vortices extending significantly in the wall-normal direction. This contrasts with
the Newtonian case of Fig. 5.8 (a), where the contour of ũ′v′/u2τ0 = −0.5 is situated primarily
within the viscous sublayer (ỹ/λ0 < 10) and barely reaches the vortex cores. These observations
lend some support to the polymer-vortex interaction mechanism suggested by Min et al. [54].
They proposed that the decrease in turbulent kinetic energy production in the lower buffer layer
is attributed to the wall-normal transport of the stretched polymer molecules from the near-wall
high-shear regions to upper layers, where the polymers relax. This requires a strong wall-normal
velocity which is present within the high-RSS regions as observed in the present results. How-
ever, it does not explain the formation of low-RSS regions within the vortical structures where
the wall-normal motions are weaker compared to those within the core of the high-RSS regions.
Thus, it is hypothesized that the near-wall vortical motions may also play a role in stretching the
polymer macromolecules. As a consequence of this energy transfer, the strength of the vortices
decreases, as seen in the present results as well as some previous studies [56, 57].

Sweep motions (Figs. 5.8 (d-f)) occurring within the high-speed streaks also feature the
counter-rotating streamwise vortical structures whose directions are opposite to those seen in
ejection events. The resultant wallward motions are associated with high-RSS close to the wall
(peak at ỹ/λ0 < 20) in the Newtonian cases (Fig. 5.8 (d)). Similar to the behaviour seen in
the ejections, the spacing between the streamwise vortices increases and their strength decreases
with the addition of polymer and increase in polymer concentration, but the overall topology re-
mains similar. The peak magnitudes of the high-RSS regions within the high-speed streak at the
spanwise centre of the sampled volumes are ũ′v′/u2τ0 ≈ −8 in the Newtonian case and it reduces
to ũ′v′/u2τ0 ≈ −5 in the PEO 1500 ppm case. In general, the peak magnitudes of these shear
stresses are smaller than those generated in ejection events. This is expected from the slightly
skewed distributions of the joint PDFs in Figs. 5.7 (a-c). The low-RSS regions confined within
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contours of ũ′v′/u2τ0 = −0.5 do not change as appreciably as in the ejection cases (Figs. 5.8(a-c)).
This suggests a weakening of the polymer effect generated due to the polymer-vortex interaction
noted in the ejections, and can be explained by considering the polymer transport in each of these
motions. Since the sweeps are characterized by a wallward transport of the fluid from the outer
layers, they are likely to contain a lower polymer concentration. This may result in a reduc-
tion of the local polymer concentration in the near-wall region. Further, a spanwise transport of
the polymer in the near-wall region due to induction by the streamwise vortices may limit the
polymer flux into the vortical regions, inhibiting the formation of large low-RSS regions.

Given the fundamental significance of the low-speed streaks for self-sustaining turbulence
cycle [127, 128, 130], further discussion is focused on other coherent motions found to occur
in them, exploring the polymer-vortex interaction in each of these cases. Previous studies have
shown the existence of hairpin-like structures flanking the low-speed streaks in a wide range of
Reynolds numbers encompassing those considered in the current case [120, 136, 139, 255, 256].
Fig. 5.9 shows conditionally-averaged hairpins flanking a typical low-speed streak shown at the
spanwise centre of the sampled volume on a x̃ − z̃ slice at ỹ/λ0 ≈ 10. The inclination angle of
the legs of the hairpin is estimated by considering the most upstream and downstream loci of the
isosurfaces of Q. These angles are found to be in the range 19◦ − 22◦ in the Newtonian case for
different thresholds of Q, and a least squares fit is considered through all the loci to estimate the
average inclination of the hairpin legs, which is≈ 21◦ (inset in Fig. 5.9 (a)). This is in agreement
with previous studies [120] at a comparable relative wall-normal location (y/δ < 0.3). With
the addition of the polymer, the vortices are significantly weakened and their inclination angles
decrease, as seen in the inset plots in Figs. 5.9(b) and 5.9(c). The decrease in the inclination
angles of the legs is in accordance with the decreased magnitudes of the wall-normal velocities
within the Q2 event upstream of the head (spanwise vortex) of the hairpin, and agrees with the
results of Kim et al. [57]. As expected, the Q2 motions upstream of the hairpin head produce
large magnitudes of Reynolds stress at the centre of the sampled volume, which are seen to
decrease in the polymer-injected cases. Additionally, the low-RSS regions (ũ′v′/u2τ0 = −0.5)
are observed to protrude into the legs of the hairpins in the polymer-injected cases. Interestingly,
the enlarged low-RSS regions continue to persist in the streamwise direction even beyond the
streamwise position of the head of the hairpin. This suggests that the polymer effect produced
due to the polymer-vortex interaction is not confined to the strong vortical regions, since the
activated polymer may be convectively transported alongside the low-speed streak and affect
adjacent flow regions.

Typical coherent structures observed in meandered low-speed streaks and related flow phe-
nomena are illustrated in Fig. 5.10. These coherent structures pertain to the highest 1% of the
spatially averaged Reynolds shear stress u′w′|15−50 shown in Figs. 5.7 (g-i), resulting in a nega-
tively yawed low-speed streak. The results suggest that the meandering of the streak is strongly
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influenced by the asymmetrically positioned streamwise vortices that flank the streak in both
Newtonian (Fig. 5.10 (a)) and polymer-injected cases (Figs. 5.10 (b) and (c)). This is in accor-
dance with the streak-vortex interaction mechanism proposed by Jeong et al. [257].

Besides the positional asymmetry, the vortices on either side have different inclination angles
resulting in varying magnitudes of negative spanwise velocity within the core of the low-speed
streak in the fore portion of the sampled volume. This is confirmed by the negatively-yawed
contours of streamwise velocity fluctuations (ũ′/uτ0) on the x̃− z̃ slice at ỹ/λ0 ≈ 10. The black
dashed lines showing the spines of the vortices obtained using local maxima of Q are included in
the inset in Fig. 5.10 (a) for reference. The differences in the inclination angles of these vortices
affect their downstream evolution due to the variation in the strengths of their mutual induction
along the streamwise direction [257]. This causes the positive vortex to lift-up more substantially
compared to the negative vortex, which in turn causes the streak to yaw negatively in the fore
portion (x̃/λ0 < 40), and positively in the aft portion (x̃/λ0 > 40) of the sampled volume.

The effect of the polymer on the meandering of low-speed streaks can also be deduced from
the joint PDFs shown in Figs. 5.7 (g-i). The distributions are seen to become narrower in w′/uτ0
direction with increasing polymer concentration, indicating a decrease in the magnitudes and
the frequency of the extreme meandering events. Although the core of the meandered streaks
produce relatively low ũ′v′/u2τ0 as compared to that in the turbulent bursts (Figs. 5.8(a-c)), the
polymers result in the notable expansion of low-RSS regions alongside the streak.

This low-RSS region is attributed to the wall-normal transport of the stretched polymer within
the core of the streak by the flanking vortices and is consistent with the mechanisms in the case
of upwash events discussed earlier. Similar to the hairpin-like structures, the newly formed low-
RSS regions persist alongside the positively meandered low-speed streaks beyond the lift-up of
the positive vortex.

The meandering of the low-speed streak resulting from various modes of instabilities even-
tually leads to the breakdown of the streak [99, 128], and thus play an important role in the
self-sustenance of the turbulence cycle [127–130]. Consequently, such events can shed light on
the critical mechanisms of turbulence control in the polymer drag reduced flows. The streak-
breakdown events are characterized by necessary precursor events involving the tail of a low-
speed streak in a close contact with the head of an incoming high-speed streak, resulting in
a near-zero streamwise fluctuation in the vicinity of breakdown [129]. The produced three-
dimensional shear layers have been shown to undergo high frequency perturbations eventually
leading to the breakdown of the low-speed streak [129, 258, 259]. Although such perturbations
are not captured in the current study due to the use of a non-time-resolved data, the average
streak structure corresponding to the precursor events can be captured. The sampling methodol-
ogy for streak-breakdown events follows a different approach than the joint PDF based sampling
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Figure 5.11: Conditional sampling methodology for precursors of streak breakdown events. Lo-
cations of grid points 1 to 7 surrounding an average streak breakdown structure are shown in
conditionally averaged coordinates normalized with baseline wall units. Thresholds for the grid
points 1 to 7 are: u′1 < −0.5uτ0 , u′2 < −0.1uτ0 , u′3 > 0.5uτ0 , u′4 > 0.1uτ0 , u′5 > 0.1uτ0 ,
u′6 > 0.1uτ0 , u′7 > 0.1uτ0 .

procedure used in the previous cases. Fig. 5.11 showing an average structure of the precursor
of the symmetric breakdown event is used to illustrate the sampling procedure. It is seen that
the low-speed streak breaks down (x̃/λ0 ≈ 0) between grid points 1 (u′1 < −0.5uτ0) and 3
(u′3 > 0.5uτ0), following which the high-speed streak begins. In addition to these conditions,
the surrounding flow-field pattern is used by employing minimal thresholds at highlighted grid
points 2 (u′ < −0.1uτ0), and 4 to 7 (u′ > 0.1uτ0). The spacing between the adjacent points
is ≈ 50λ0 which corresponds to half of the typical streak-spacing in the baseline case. The
employed grid pattern is found to be robust to changes in grid spacing of up to ±20%, which
allows the same pattern to be employed on polymer-injected cases which have a slightly larger
streak-spacing (Fig. 5.5 (a)).

Fig. 5.12 shows that the topology of the conditionally averaged coherent structures of the
precursor events of the streak-breakdown event are largely similar for the Newtonian and the
polymer-injected cases, but the vortices are found to weaken in polymer-injected cases. As
noted earlier, the weaker vortices indicate a significant polymer stretching effect which causes
the low-RSS regions to envelope the vortical structures in the wall-normal direction (Figs. 5.12(b)
and 5.12(c)). In the Newtonian cases, these low-RSS regions are largely submerged in the viscous
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sublayer, barring the region surrounding the streak-breakdown where they rise to the upper buffer
layer due to the change in sign of ũ′. The weakening of the vortices in the breakdown event
directly affects the resulting quasi-streamwise vortical structures which are crucial for the streak
regeneration process [128, 254].
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5.3.4 Polymer effects on extensional motions in near-wall region

In contrast to the purely elastic model [53,54,196], previous studies [65,260,261] have attributed
the polymer action to the anisotropic behaviour of the extensional viscosity which has led to
another branch of contemporary modelling techniques based on the FENE-P model [55, 191,
192, 262]. While the recent experimental study by Shaban et al. [60] shows the global effect of
extensional viscosity on DR, polymer effect on extensional motions within the near-wall coherent
structures is yet to be verified experimentally. The discussion in section 5.3.3 only considered
the interaction of the polymer with the quasi-streamwise vortical structures occurring within
the ejection and sweep events which were identified using the Q-criterion [252] (Q > 0). In
this section, the effect of the polymer on extensional motions (Q < 0) is considered. The use
of the Q-criterion (Q = 1/2(‖W‖2 − ‖D‖2)) to identify extensional motions stems from the
methodology employed in [56, 263], where a normalized Q-criterion (Eq. 5.1) was employed.

Qnorm =
1

π
cos−1

(
‖W‖2 − ‖D‖2

‖W‖2 + ‖D‖2

)
. (5.1)

In Eq. 5.1, W and D are rates of rotation and strain, respectively, and ‖...‖ denotes the Eu-
clidean norm operator for each of the two tensors. As discussed in Refs. [56, 263], 0 ≤ Qnorm <
0.5 represent rotational (elliptical) motions, 0.5 < Qnorm ≤ 1 represent extensional (hyperbolic)
motions, andQnorm = 0.5 represent shear (parabolic) regions where W and D balance each other.
Since ‖W‖2 + ‖D‖2 > 0 (Eq. 5.1), the negative Q-criterion (Q = 1/2(‖W‖2 − ‖D‖2)) can be
directly utilized to identify local extensional (Q < 0) motions.

The near-wall streak structure presents extensional, rotational, and shear deformations within
distinct locations as illustrated in Fig. 5.14. The figure shows the spread of the population dis-
tributions coloured with their respective Q-values. While all three types of flow deformations
are observed in all four quadrants, the spread of the distribution of strong extensional motions
(blue points) is the largest. This is followed by the shear motions (Qnorm = 0.5, Q = 0, white
points) whose spread is between that of the extensional and rotational motions, and the strong
rotational motions (red points) whose spread is the narrowest. Such a distribution suggests that
the extreme quadrant motions, which are likely to appear within the cores of the streaks where
the magnitudes of u′ and/or v′ are the highest, correspond to strong extensional motions (Q < 0)
as shown in Fig. 5.14. On the other hand, lower magnitudes of u′ are more likely to appear
within the quasi-streamwise vortices (Q > 0). However, such vortices are produced rather inter-
mittently, and the confluence of the adjoining low and high-speed streaks is largely of shearing
nature (Q ≈ 0). Figs. 5.14(b) and (c) show that although the spread of the individual distributions
decrease with polymer-injection, the relationship between the flow deformations and streaks is
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(a) (b) (c)

Figure 5.14: Population distributions of the near-wall motions on quadrant plots for (a) baseline,
(b) PEO 500 ppm, and (c) PEO 1500 ppm. Velocity fluctuations are normalized with the friction
velocity in the baseline case (uτ0). Samples are averaged between 15 < y+ < 50 and colored
with their respective averaged Q-values with blue, and red corresponding to strong extensional
motions (Q|15−50 < 0), and rotational motions (Q|15−50 > 0), respectively, whereas white rep-
resents shear motions (Q|15−50 ≈ 0). Contours in green show the joint probability distribution
functions of the indicated velocity components normalized with their peak magnitudes in each
case similar to those in Fig. 5.7.

not affected significantly, i.e. the strongest fluctuations occurring within the cores of the streaks
are attenuated, but predominantly they remain extensional in nature.

The association of strong extensional motions with extreme quadrant events noted in Fig. 5.14
enables the use of the conditional sampling approach described in section 5.2.1 to illustrate the
average structure of these events. Fig. 5.15 shows the conditionally-averaged structure of the
extensional motions based on the highest 1% of the ejection (Figs. 5.15(a-c)) and sweep events
(Figs. 5.15(d-f)). Each subfigure shows the counter-rotating vortical structures (Q̃ = 25) present
on the outboard sides of the low- and high-speed streaks (not shown) and the extensional struc-
ture (Q̃ = −15) present within the core of those streaks. For both the ejections and the sweeps,
the extensional structure is seen to gradually increase in size in the wall-normal direction as the
spanwise vortical connection is approached. From the insets in Fig. 5.15, it is observed that
the extensional structure upstream of x̃/λ0 = 0 is weaker within the viscous sublayer in the
case of ejections as compared to that in the sweeps, which is a consequence of their respective
wall-normal motions. With increasing concentration of the polymer, the size of these extensional
structures upstream of the spanwise vortical head (x̃/λ0 < 20) is seen to decrease in the case of
the ejections. This decrease in size is seen despite the increased coherence and broadening of
the corresponding streaks as shown in Fig. 5.4. As the viscous effects strengthen with increasing
polymer concentration within the viscous and expanded buffer layers, the extensional motions
weaken closer to the wall, leading to an apparent displacement of the extensional structures in the
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(a) (b) (c)

(d) (e) (f)

Figure 5.15: Conditionally averaged coherent structures showing (a-c) ejection motions (Q2),
and (d-f) sweep motions (Q4). Sub-figures in left column (a, d): baseline, middle column (b,
e): PEO 500 ppm, and right column (c, f): PEO 1500 ppm. Sub-figures show averaged quasi-
streamwise vortices identified using Q-criterion (Q̃ = 25) colored with streamwise vorticity
(ω̃x); red color shows ω̃x > 0, and blue shows ω̃x < 0. Isosurface corresponding to Q̃ = −15
colored with wall-normal distance ỹ/λ0 indicates the structure of the extensional motions with
these events. Insets show the side-views of the extensional structure in each case.

wall-normal direction (insets). However, such a considerable effect is not observed in the case
of the sweeps, where the extensional structures are only marginally reduced in their streamwise
and spanwise extents, and are negligibly affected in their wall-normal extent. The extensional
structures in both the ejections and sweeps partially coincide with the high-RSS regions (Fig. 5.8,
x̃/λ0 = 0) where magnitudes of Reynolds shear stresses decrease in the polymer cases. Further-
more, the low-RSS regions downstream of the lifted vortices in the meandered low-speed streak
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(Fig. 5.10) and streak-breakdown (Fig. 5.12) were also found to coincide with strong extensional
structures, but, the results are not included here for brevity. Thus, in addition to the polymer-
vortex interaction highlighted earlier, the reductions in RSS may be partially associated with the
polymer uncoiling and stretching caused by these extensional motions [56].

5.4 Concluding remarks

Planar and volumetric PIV measurements conducted within the buffer and lower-log layers of
a flat-plate turbulent boundary layer have been used to examine the modifications to the near-
wall coherent structures and Reynolds shear stresses in a polymer (PEO) drag reduced flow. The
results are reported for the highest (1500 ppm) and the lowest (500 ppm) concentrations consid-
ered at a baseline friction Reynolds number of Reτ0 = 240 and a time-averaged drag reduction
of 20% to 30%, pertaining to the low drag reduction regime. Due to the relatively narrow range
of the produced DR, the results show a relatively low effect the polymer concentration. The
three-dimensional measurements allow for an analysis of the polymer injection effect on canon-
ical coherent structures associated with extreme RSS events known to play a crucial role in the
self-sustaining mechanism of the wall-bounded turbulent flows.

Instantaneous quantitative visualizations of the near-wall drag reduced flows show an in-
creased streak-spacing and reduced magnitudes of u′v′5−50/u2τ0 as compared to those seen in the
Newtonian flow. The injection of the polymer is shown to significantly decrease the magnitude
of RSS and diminish the size of the associated high-RSS regions predominantly centred at the
low-speed streaks. In contrast, the relative volume fraction of low-RSS regions, localized primar-
ily at the periphery of low-speed streaks, increased significantly with the addition of the polymer
and increase in polymer concentration.

The reconstruction of extreme RSS events based on the quadrant analysis revealed similar
topologies in Newtonian and drag reduced flows. However, the polymer is shown to play a
significant role in the reduction of the magnitudes of the RSS within the characteristic regions of
these events. For ejections and sweeps, the counter-rotating vortices are found to be weakened,
although the average size of these vortices based on the chosen value of Q is found to remain
comparable in all the cases. This lends support to the hypothesis of the generation of counter-
torques within the quasi-streamwise vortices in drag reduced flows [56, 57]. A more significant
effect is observed in the distribution of the low-RSS regions. Being mainly submerged within
the viscous sublayer in a Newtonian flow, low-RSS regions extend significantly in the wall-
normal direction in polymer-injected cases, protruding into the streamwise vortical structures
formed during the extreme ejection events. This provides indirect support to the polymer-vortex
interaction mechanisms [54]. The low-RSS regions around similar streamwise vortical structures
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formed in the sweep events are notably smaller compared to those for the ejections, which is
attributed to the wallward transport of lower concentration polymer during the sweeps. In this
regard, the ejections are more effective as compared to the sweeps in generating low-RSS regions,
and perhaps in the activation of the polymer.

Conditionally-averaged structures prevalent within the low-speed streaks, such as hairpin-
like vortices, meandered low-speed streaks, and the precursors of streak-breakdown events have
been analysed to uncover other potential effects of the polymer-vortex interactions. For these
structures, the injection of polymer produced similar enlargements of the low-RSS regions en-
veloping the streamwise vortices present in each of these events. In addition, the effect of the
polymers appear to extend outside these events, as the generated low-RSS regions are seen to
persist beyond the lift-up of the characteristic streamwise vortical structures. This is partially
attributed to the convective transport of the activated polymer from these extreme events.

To explore the dampening of the high-RSS regions by polymer injection, the extensional
motions have been considered. The results indicate that extreme RSS events, which are signif-
icantly affected by the polymers, coincide with significant extensional motions in core regions
of the streaks. Using conditional sampling of extreme RSS events, it has been shown that the
reduction of high-RSS regions in extreme events is accompanied with the dampening of the col-
located extensional motions, indicating a potential accumulation of the polymer stresses. The
combined observation of the increase in low-RSS regions around dominant vortical structures
and the dampening of the high-RSS regions in the core of the streaks suggests that both ro-
tational (Q > 0) and extensional (Q < 0) deformations play an important role in the overall
mechanism of the polymer drag reduction.
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Chapter 6

Effect of polymer on extreme skin friction
events

An experimental investigation is conducted using planar and tomographic particle image ve-
locimetry (PIV) measurements in the near-wall region of drag-reduced zero-pressure-gradient
turbulent boundary layers. Drag reductions of approximately 20% and 30% were achieved us-
ing injection of two different concentrations of polymer solutions into the boundary layer via a
two-dimensional inclined slot. The PIV measurements are utilised for evaluating the effect of
the polymers on the near-wall flow fields associated with extreme skin-friction events, which are
identified by proxy of fluctuating streamwise velocity at the edge of the viscous sublayer. A binary
scale decomposition technique is employed to investigate the dampening of small-scale motions
in drag reduced flows using the three-dimensional measurements. The scale decomposed re-
sults highlight a range of small-scale structures (<∼ δ/2) with negligible contribution to the
Reynolds shear stresses (RSS) in the polymer-injected flows, while the effect of the polymer on
the large-scale motions (>∼ δ/2) remains negligible. Furthermore, conditional averaging of the
near-wall flow field elucidates the topology within the buffer and lower-log regions associated
with extreme large-scale low and high wall-shear stress events. The results highlight the effect
of polymer injection on the phase differences between the extreme wall-shear stress events and
the RSS producing large-scale coherent structures.

Parts of this chapter have been adapted from Y. Shah, S. Ghaemi, and S. Yarusevych, “Experimental investigation
of extreme skin friction events in polymer drag-reduced turbulent boundary layers [In Review].”
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6.1 Introduction

The results of Chapter 5 provide an enhanced understanding of the effect of polymers on var-
ious coherent structures such as ejections, sweeps, quasi-streamwise vortices, and hairpin-like
vortices which directly influence the local skin friction [50, 54–57]. A more detailed discussion
of previous investigations and open questions in regard to the effect of turbulence on skin fric-
tion is presented in Sec. 2.1.4. Some of the previous investigations have highlighted the role of
viscoelasticity of the flexible polymers in dampening the small-scale turbulence in wall-bounded
flows [53, 65, 152, 157]. Although, being largely motivated by the ongoing debate between var-
ious theories of polymer based drag reduction, including the elastic and molecular extension
theories (e.g., Tabor and de Gennes [53] and Lumley [65]), most of the previous studies have
focused on the interactions of polymers and coherent structures in the buffer and log-regions,
while the effect of these interactions on the local skin-friction induced by the coherent structures
has received much less attention.

The previous studies on turbulent boundary layers suggest that the near-wall dynamics per-
taining to the extreme wall-shear stress events involves complex multiscale interactions. To un-
tangle the multiscale characteristics of the flow associated with extreme shear stress events, [147]
employed a scale-decomposition using spatial-averaging with a kernel of δ. This approach
allowed them to carefully examine the contributions of large- and small-scale motions to the
Reynolds shear stress using

〈u′v′〉 = 〈u′lv′l〉+ 〈u′lv′s〉+ 〈u′sv′l〉+ 〈u′sv′s〉, (6.1)

where u′ and v′ are the fluctuating velocity components in the streamwise and wall-normal di-
rections, respectively, and 〈.〉 is the time-averaging operator. The subscripts l and s indicate
large- and small-scale contributions, respectively. Gomit et al. [147] observed that the extreme
shear stress events were strongly correlated with an increased Reynolds shear stress, and that the
Reynolds shear stress activity was primarily associated with large-scale motions (u′lv

′
l).

Given that the addition of drag-reducing polymers has a profound effect on the wall-shear
stress, polymer-based drag reduction has been subjected to a number of investigations with
a major portion of the existing body of work focused on understanding the control mecha-
nism. Reviews by White and Mungal [154] and Xi [265] provide an excellent overview of
the current understanding of drag-reduced flows. The polymer molecules have been shown
to reduce turbulence production by interacting with near-wall coherent structures and reduc-
ing their strengths [55–57]. Attenuation of near-wall vortices through viscoelastic mechanisms
highlighted by Min et al. [54] is accompanied by a reduction in wall-normal velocity fluctuations
and Reynolds shear stress [49, 58, 59], increased spanwise spacing of near-wall streaks [50, 51],
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and decreased magnitudes of ejections and sweeps [60,61]. Recent studies [56,243] have shown
the interaction of polymers with extensional motions, which is hypothesized to play an important
role in the drag reduction process [65]. However, these studies also show that the effect of poly-
mers on the extensional motions is localized within the core of the coherent structures, where
a significant accumulation of extensional stresses is expected. On the other hand, a significant
polymer effect seen on the rotational motions in these studies can be attributed to the elastic
mechanisms proposed by Tabor and de Gennes [53] and Min et al. [54].

The effect of polymer drag reduction on wall-shear stress in turbulent boundary layers has
been studied at a relatively low Reynolds number (Reτ = 70 to 100) through DNS simula-
tions [195,246]. These studies show that both Newtonian and drag-reduced flows feature distinct
phases of high and low turbulent kinetic energy, which they termed as active and hibernating-
states, respectively. Coincidentally, these active and hibernating states are shown to be coupled
with high- and low-Cf events, respectively, where Cf is the skin friction coefficient. The hi-
bernating states in both Newtonian and drag-reduced flows were observed to have an MDR-like
(Maximum Drag Reduction) velocity profile, which is typically attributed to higher polymer
concentrations and near-zero RSS [51, 60]. Succeeding numerical works [247, 248, 250] have
provided further evidence for the intermittent characteristics of the active and hibernating states.
The results of Wang et al. [249] show an increase in the conditionally-averaged RSS during a
high-Cf (active) event, and a decrease during a low-Cf (hibernating) event. It is interesting to
note that the results of Tamano et al. [250] at a comparable Reynolds number suggest a phase
lag between the regions of low-Cf and low-RSS, which is speculated to depend on the relaxation
time of the polymer (trel). This may contradict the assumed concurrence of the low-Cf and the
low-RSS events in the above studies (e.g., Wang et al. [249] and Kushwaha et al. [248]).

In addition to wall-shear stress, several studies have investigated the role of polymers in
dampening small-scale motions at the dissipative end of the turbulent energy cascade through
detailed DNS simulations [62–64]. At the same time, de Angelis et al. [266] observed that the
energy contained in the most energetic modes increased in the viscoelastic flows in comparison
to the Newtonian flows, suggesting a redistribution of the turbulent kinetic energy across the
range of scales. This is aligned with the perspective of the elastic theory of polymer drag reduc-
tion which suggests the existence of critical length scales that depend on polymer concentration
(or, more accurately, the Weissenberg number (Wi)) below which the turbulent energy cascade
is disrupted by the polymer [157]. Although a number of numerical studies have confirmed
various features of the elastic theory [54, 55, 193, 194], the critical length scales, which have a
foundational importance for this theory, have not been verified through experiments.

The present study explores the effect of polymer injection on extreme skin-friction events
in a turbulent boundary layer at Reynolds numbers of Reτ ≈ 240. Following recent observa-
tions, the footprints in the wall-shear stress at this relatively low Reynolds number are expected
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to be strongly associated with the coherent structures in the inner layer [147, 149]. Thus, three-
dimensional particle image velocimetry (PIV) measurements are employed to elucidate the com-
plex mechanisms in the buffer and lower-log regions associated with the extreme skin-friction
events. A scale decomposition technique is employed to determine the association of the wall-
shear stress with the large-scale flow topology within these extreme events, as well as to provide
a quantitative measure of the dampening of the small-scale motions [53, 157]. Further, the con-
ditional flow fields corresponding to the extreme skin friction events are utilized to investigate
the correlation and phase difference between the skin friction and RSS in the near-wall region in
both Newtonian and drag-reduced flows.

6.2 Experimental setup

As discussed in Sec. 3.2, the experimental setup for the present investigation is the same as
the one employed in Ch. 5. Thus, the reader is referred to Secs. 3.2 and 5.2 for the details of
the planar and tomographic PIV setup. This section discusses the employed data reduction and
analysis techniques used in the present study.

6.2.1 Wall-shear stress estimation

The measurement of instantaneous wall-shear stress (τw) through optical flow measurement tech-
niques, such as those used in the present study, is a challenging task due to the larger measure-
ment uncertainty of these techniques close to the wall [214]. Notably, Alfredsson et al. [267]
have shown that the noted complications in the near-wall velocity measurement are not limited
to PIV, and the erroneous data associated with near-wall measurement are often diagnosed using
a well established near-wall relationship within y+ < 5 given by

τ ′w,rms

〈τw〉
= lim

y→0

urms

〈U〉
, (6.2)

where 〈τw〉 and τ ′w,rms are the mean and root-mean-square (rms) of the estimated wall-shear stress,
and 〈U〉 and urms are the mean and root-mean-square of the streamwise velocity. Other studies
have confirmed the applicability of Eq. 6.2 in the region y+ < 10 and have shown that the
fluctuating intensity of the wall-shear stress (τ ′w,rms/〈τw〉) remains nearly constant at about 0.4
for Reτ > 400 [268, 269], but decreases at lower Reynolds numbers [270]. Nevertheless, noting
the strong correlation between the streamwise velocity fluctuations (u′) with the wall-shear stress,
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(b)(a)

Figure 6.1: (a) Diagnostic plot showing the rms of streamwise velocity fluctuations (urms) vs.
mean streamwise advection velocity (〈U〉). Solid lines show planar PIV data and ◦ shows tomo-
graphic (tomo) PIV data. Dashed line shows data from the T3A case [78] at fully turbulent stage
(Reτ = 300). Dotted line indicates the expected linear trends with a slope of 0.4 suggested by
Alfredsson et al. [269]. (b) Cumulative distribution functions (CDF) of u+ near the wall within
3 < y+ < 9 for baseline case using planar PIV. Dashed red line indicates the self-similar result
obtained by Alfredsson et al. [269] for y+ < 5. Arrow shows the trend with increasing y+.

the fluctuations in the wall-shear stress can be estimated by proxy of a streamwise velocity signal
in the region y+ < 10. A diagnostic plot has been proposed by Alfredsson and Örlü [268]
which utilizes the near-wall relationship in Eq. 6.2 to identify the data points affected by the
measurement errors in the viscous layer, causing the data to deviate from the linear relationship.

Following the procedure outlined by Alfredsson and Örlü [268], the data points prone to mea-
surement errors close to the wall are identified using the diagnostic plot illustrated in Fig. 6.1(a)
where both planar and tomographic PIV results are complemented with the linear relation in
Eq. 6.2 (urms/〈U〉 = 0.4). The figure also includes the results of Roach and Brierley [78] at
a comparable Reynolds number obtained using a hot wire for reference. Based on the velocity
measurements, the location for estimating wall-shear stress fluctuations is selected as that where
the turbulent intensity (urms/〈U〉) is the closest to the expected estimate of 0.4. In cases where
the expected value is found to lie between two consecutive data points near the wall (y+ < 7),
an average of the two signals at these data points is used. This procedure results in obtaining the
surrogate u′ signals at y+ = 5− 6 in the Newtonian cases and at y+ = 5− 7 in the drag reduced
cases.
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(a) (b) (c)

Figure 6.2: Scale decomposition technique applied to a tomo PIV snapshot showing stream-
wise velocity fluctuations corresponding to (a) unfiltered velocity field (u′/uτ0), (b) large-scales
(u′l/uτ0) , and (c) small-scales (u′s/uτ0) on an x − z plane at y+ ≈ 5. Black and white contours
in (c) correspond to u′l/uτ0 = −1 and u′l/uτ0 = 1, respectively.

The reliability of the chosen surrogate signals of u′ is evaluated by considering the corre-
sponding cumulative distribution functions (CDF) of U+ illustrated in Fig. 6.1(b). Using both
DNS and experimental data, Alfredsson et al. [269] have noted that the CDFs of U+ in the region
y+ < 5 are self-similar when normalized by their wall-normal distance. The results show that the
CDF at y+ = 5.0 closely agrees with the self-similar distribution. In contrast, progressive devia-
tions are observed closer to the wall due to the higher measurement uncertainty of PIV. Similarly,
the results at y+ > 5 also progressively deviate from the self-similar fit, which is aligned with
the observations of Alfredsson et al. [269]. The CDFs of U+ in the case of polymer-injected
flows (omitted for brevity) were verified to agree with the self-similar distribution for a larger
wall-normal distance (i.e., for 4 < y+ < 7) which enables the usage of the corresponding u′

signals as surrogates for wall-shear stress in these cases.

6.2.2 Scale decomposition technique

The main objective of the present study is to evaluate the effect of polymer injection on both large
and small-scale fluctuations in the vicinity of extreme wall-shear stress events. This is achieved
by the scale decomposition of the velocity fluctuations from both planar and tomographic PIV
measurements. The scale decomposition technique used for this purpose follows the methodol-
ogy of Gomit et al. [147] which involves the extraction of large-scale velocity field by employing
a moving-average filter with a kernel of size δ in the streamwise direction. The computed large-
scale velocity components (u′l, v

′
l, w

′
l) are then subtracted from the original fluctuating velocity
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field (u′, v′, w′) to estimate the small-scale fluctuations (u′s, v
′
s, w

′
s). Fig. 6.2 illustrates the result

of this procedure on a tomo-PIV snapshot of the x− z plane at y+ ≈ 5. The velocity statistics of
the resulting large- and small-scale flow fields have been shown to be relatively robust to minor
variations in the filter length around the chosen value of δ at high Reynolds numbers [147, 271].
Further, the effect of the near-wall modulation by very large scale motions occurring farther
away from the wall, which could potentially affect the robustness of the filtering technique at the
employed filter lengths, is not expected at the investigated Reynolds numbers [149, 150].

6.2.3 Conditional sampling technique

The decomposed velocity fields are used to examine the effect of polymer injection on the large-
and small-scale velocity statistics as well as topologies of large-scale wall-shear stress events. In
this regard, a large-scale decomposed signal (u′l|w) corresponding to the surrogate of τ ′w obtained
within y+ = 5 − 7 as described in Sec. 6.2.1 is computed according to the decomposition pro-
cedure discussed in Sec. 6.2.2. Conditional samples corresponding to the lowest and the highest
quartiles of u′l|w are collected with a sampling volume of 300λ0 × 80λ0 × 150λ0 around the
detected location (x̃c, z̃c), where ’∼’ denotes the conditionally averaged quantities. Each data
set collected with this procedure contains more than 4000 samples which produce statistically
converged conditional flow fields.

6.3 Results and discussion

6.3.1 Mean flow field

The time-averaged profiles of the streamwise velocity and Reynolds stresses for the Newtonian
and the polymer injected cases have been previously discussed in detail in Ch. 5. This section
discusses the characteristics of wall-shear stress in Newtonian and drag reduced flows.

The estimates of wall-shear stress fluctuations from planar and tomographic PIV are also
evaluated by considering the probability density functions (PDFs) of u′/Urms at the chosen wall-
normal locations (y+ = 5−6) illustrated in Fig. 6.3. As discussed in the previous section, u′/Urms

at these locations is a surrogate for τ ′w/τrms. The results are complemented with the PDFs of the
wall-shear stress (τ ′w/τrms) from previous literature which show a collapse of the data from the
present study for both planar and tomographic measurements. The peaks of the PDFs from
the tomographic PIV data are slightly higher than those obtained using planar PIV, which is
attributed to an underestimation of velocity fluctuations caused by the use of larger interrogation
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Study Method Reτ Range of y+ for
obtaining τw

Sτw Kτw

Present Planar PIV 240 5.0 0.81 5.32

Present Tomo PIV 240 5.7 0.87 4.91

Gubian et al. Hot-wire anemometry based
shear-stress sensor

232 0 1.13 4.93

Sheng et al. Digital holographic microscopy 1400 0 - 4.5 0.9 5.2

Obi et al. Laser gradient meter 410 0 - 2 0.95 4.56

Lenaers et al. DNS 178.8 0 0.93 4.25

Schlatter and
Örlü

DNS 410 0 0.97 4.70

Alfredsson et
al.

Hot wire anemometry 200 5.0 1.10 4.80

Table 6.1: Skewness (Sτw) and flatness (Kτw) of τw. Data from the present study is reported for
the baseline case utilizing the velocity measurements at the indicated wall-normal locations to
estimate τw. Data from Refs. [267, 270, 272–275] are presented for comparison.

volumes in tomographic PIV. However, the spatial averaging is seen to have a minor effect on the
skewness (Sτw) and flatness (Kτw) parameters for the PDFs presented in Table 6.1, which show
a good agreement with those obtained by previous studies employing either direct wall-shear
measurements or higher-resolution velocity measurements within the viscous sublayer. Further,
the results highlight the applicability of Eq. 6.2 just outside the edge of the viscous sublayer and
serve to further validate the use of streamwise velocity fluctuations at y+ = 5− 6 for estimating
wall-shear stress fluctuations.

Despite the decrease in the streamwise fluctuations u′ seen in Fig. 5.3(a), the effect of poly-
mer injection on the PDFs of u′/u′rms at the considered wall-normal locations is found to be
negligible in Fig. 6.3. The decreased level of the streamwise fluctuation results in a decrease
in u′rms which causes the PDFs to overlap with their Newtonian counterpart, suggesting a self-
similarity of the characteristic PDF of τ ′w/τw,rms in the low drag reduction regime investigated in
the present study.
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(a) (b)

Figure 6.3: Probability density functions (PDFs) of u′/u′rms at the chosen data points from (a)
planar PIV, and (b) tomographic PIV. PDFs of wall-shear stress (τ ′w/τ

′
w,rms) from previous studies

[270, 272, 273, 276] are included for comparison.

6.3.2 Polymer effect on large- and small-scale motions

The scale decomposition technique described in Sec. 6.2.2 is applied to planar PIV data to ex-
amine the effect of polymer injection on large- and small-scale motions and the associated wall-
shear stress fluctuations. The effect of the polymer in decreasing the streamwise fluctuations
close to the edge of the viscous sublayer, as noted in Sec. 5.3.1, is further examined by consid-
ering the rms of the scale decomposed u′ signals at the near-wall locations in Fig. 6.4(a). The
figure illustrates the aforementioned decrease in the rms of the unfiltered velocity fluctuations
with increasing polymer concentration, whereas the unfiltered u′rms in the water injection case is
seen to be similar to the baseline flow considering the uncertainty based on 95% confidence in-
tervals. The decreased u′rms at the edge of the viscous sublayer is representative of the decreased
wall-shear stress fluctuations in the drag reduced cases. It is observed that the rms of u′ for the
large scales (u′l,rms) is sightly larger than the rms of u′ for the small scales (u′s,rms) in the New-
tonian cases. In addition, the u′l,rms (large-scales) in the polymer-injected flows remains nearly
equal to the corresponding u′l,rms in Newtonian flows. In contrast, a notable reduction is seen in
the u′s,rms of small scales with increasing polymer concentration.

The variation of the rms of the scale-decomposed u′ with the filter length (l) as a fraction of
the rms of the unfiltered u′ in the respective cases is considered in Fig. 6.4(b). The figure shows
similar differences in the trends of the large- and small-scale components of the u′rms in both
baseline and polymer injected cases as the filter length is increased within 0 < l+ ≤ δ+0 range.
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(a) (b)

Figure 6.4: (a) Comparison of rms of unfiltered and scale-decomposed streamwise velocity for
the data-points chosen for wall-shear stress estimation between different cases with a filter length
l+ = δ+0 . (b) Variation of rms of streamwise velocity in unfiltered (u′rms|w), large- and small-
scale filtered data (u′l/s,rms|w) with increasing filter length (l+). ◦ and � correspond to u′l,rms|w
and u′s,rms|w, respectively. The filter length is normalized by λ0. Error bars in (a) show 95%
confidence intervals. Results are obtained from planar PIV.

As expected, the contribution of the large-scale streamwise velocity (u′l,rms) to the total rms (u′rms)
progressively decreases with a corresponding increase in the small-scale contribution (u′s,rms)
as the filter length is increased. In the baseline case, the contributions of the large and small
scales to the total rms are nearly equal for a filter length of approximately half of the boundary
layer thickness, and the small-scale streamwise fluctuations surpass those due to large scales for
a larger filter length. This indicates that the streamwise velocity component in the Newtonian
flow near the wall is largely dominated by relatively small-scale motions which are also likely
to be incoherent in nature as seen in Fig. 6.2(c). In contrast, the small-scale contribution to
the total rms of u′ is significantly decreased in the polymer-injected cases throughout the range
of filter lengths investigated (l+ ≤ δ+0 ). Consistent with the results in Fig. 6.4(a), the large-
scale rms contributions in the polymer-injected cases are similar for both polymer-injected cases
for l+ > δ+0 /2, and differ only marginally for smaller filter lengths. The decreased u′s,rms for
the small scales is in accordance with the dampening of small-scale motions expected from
the elastic mechanism of polymer drag reduction [62, 63]. It also suggests that the wall-shear
stress events, which are significantly influenced by the incoherent small-scale motions within the
viscous sublayer in the Newtonian cases, are more coherent in the drag reduced cases. Further,
the large-scale motions (> δ0/2) in the near-wall region are rather insensitive to the polymer
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(a) (b) (c)

Figure 6.5: Time-averaged unfiltered (−〈u′v′〉/u2τ0), and large- (−〈u′lv′l〉/u2τ0) and small-scale
(−〈u′sv′s〉/u2τ0) filtered Reynolds shear stress corresponding to (a) baseline, (b) PEO 500 ppm,
and (c) PEO 1500 ppm. Solid lines show planar PIV data and ◦ shows tomo PIV data. The
profiles are averaged over the length of the field of view.

injection in the low drag reduction regime, which aligns with the results of de Angelis et al. [266].

To further examine the polymer effect on the large- and small-scale motions, the scale-
decomposed Reynolds shear stresses are considered in Fig. 6.5. The presented scale-decomposed,
time-averaged results for the large- (−〈u′lv′l〉/u2τ0) and small-scales (−〈u′sv′s〉/u2τ0) are the major
contributors of the total RSS (−〈u′v′〉/u2τ0) in Eq. 6.1 according to the findings of both Gomit
et al. [147] and the present study. The profiles of unfiltered time-averaged RSS (−〈u′v′〉/u2τ0)
from planar PIV data in Figs. 6.5(a) - 6.5(c) show that RSS increases and peaks within the inner
layer, subsequently decreasing in the outer layer. The peak magnitudes of −〈u′v′〉/u2τ0 in the
polymer-injected cases decrease with increasing polymer concentration, and the locations of the
peaks are shifted farther away from the wall (Figs. 6.5(b) and 6.5(c)). Although the peaks are not
fully captured in the present tomographic PIV results, the time-averaged results are in reasonable
agreement with the planar PIV data in all the cases. In addition, the planar PIV results illustrate
that the RSS remains nearly zero for an extended distance from the wall in the polymer-injected
cases (up to y+ = 6 − 7), indicating a negligible turbulent production in this region. This is
one of the main reasons for the applicability of Eq. 6.2 over an extended wall normal distance in
polymer-injected cases as seen earlier.

The scale-decomposed RSS profiles show similar characteristic trends but with lower peak
magnitudes and different peak locations in the baseline flow (Fig. 6.5(a)). The time-averaged
large-scale RSS (−〈u′lv′l〉/u2τ0) peaks slightly farther away from the wall (y/λ0 ≈ 55) in compar-
ison to the total RSS. On the other hand, the profile of the small-scale RSS (−〈u′sv′s〉/u2τ0) shows
a peak within the buffer layer (yλ0 ≈ 25) at a lower magnitude than that of the large-scale RSS
peak. However, it can be seen that the small-scale contribution exceeds that of the large scales at
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(a) (b) (c)

Figure 6.6: Spatially averaged small-scale contribution of the Reynolds shear stress (−u′sv′s/u2τ0)
within inner layer (0 < y+ ≤ 50), outer layer (50 < y+ < ∞), and the total boundary layer
(0 < y+ < ∞) for (a) baseline, (b) PEO 500 ppm, and (c) PEO 1500 ppm with increasing filter
length (l). The filter length is normalized by λ0, and varied in the range 0 < l+ < δ+0 . Results
are obtained using planar PIV data.

yλ0 < 20 showing the significance of the small-scale motions in the buffer layer in a Newtonian
flow.

With the addition of the polymer, a notable reduction is seen in the small-scale RSS through-
out the boundary layer thickness, but particularly within the inner layer (Figs. 6.5(b) and 6.5(c)).
The near-wall peak in the small-scale RSS profile of the Newtonian case vanishes in the polymer-
injected cases, leading to a substantial decrease in the magnitudes (−〈u′sv′s〉/u2τ0 ≤ 0.1) in the
buffer and lower-log layers. In contrast, the profiles of the large-scale RSS are not affected as
substantially by polymer injection, with peak magnitudes being reduced only marginally com-
pared to the baseline Newtonian flow. While the present results support that the small-scale
motions are dampened by polymers [53], they also highlight that the large-scale motions, which
primarily dominate in the log and outer layers, are not influenced significantly.

Noting the pronounced effect of polymers on the small-scale motions within the inner layer
(0 < y+ ≤ 50), Fig. 6.6 considers the variation of the spatial mean of small-scale RSS over the
inner (0 < y+ ≤ 50), outer (50 < y+ < ∞), and total (0 < y+ < ∞) boundary layer with
increasing spatial filter length (l+). The results show that the spatial means in the outer layer
and the total boundary layer increase with increasing l+ in all the cases as expected due to the
addition of small-scale RSS. However, a plateau seen within 50 < l+ < 150 in the variation
of −u′sv′s/u2τ0 in the inner layer (squares) for the polymer-injected cases suggests a negligible
contribution to RSS within this range of scales.

To further explore the damping of small-scale RSS, normalization of the spatially averaged
small-scale RSS within the inner layer by the respective values at l+ = δ+0 is considered in
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Figure 6.7: Spatially averaged small-scale contribution of the Reynolds shear stress (−u′sv′s)
within inner layer (0 < y+ < 50) normalized by its value at l+ = δ+0 . Results are obtained using
planar PIV data.

Fig. 6.7. The results indicate a collapse of the data in the range 150 < l+ < δ+0 on a linear
trend which is attributed to a self-similar increase in the small-scale contribution within the inner
layer despite the dampening of the small-scale RSS throughout the range of l+ seen in Fig. 6.6.
The self-similar increase in the RSS at the higher end of the range of investigated l+ is further
attributed to the increasing coherence of the motions and the similarity of the coherent structures
associated with the buffer layer. On the other hand, the normalized data for the polymer-injected
cases elucidate the aforementioned plateau in the range 50 < l+ < 150, while highlighting that
the critical length scale below which the small-scale RSS contribution is subdued increases with
increasing polymer concentration. This critical length scale is observed to be approximately
100λ0 and 120λ0 for the PEO 500 ppm and 1500 ppm, respectively.

6.3.3 Association of large-scale wall-shear stress events with near-wall flow
events

While the foregoing discussion suggests that the effect of the polymer is mainly observed on the
incoherent small-scale motions, the average scale decomposed results do not provide information
with regards to possible phase differences between RSS and wall-shear stress events in polymer-
injected flows expected from the results of Tamano et al. [250]. These phase differences, if
present, are expected to occur in the large-scale motions in the near-wall region based on the
findings of Gomit et al. [147] in Newtonian flows. Furthermore, considering that the near-wall
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(a) (b)

Figure 6.8: Joint probability distribution functions (JPDFs) of the spatially averaged Reynolds
shear stress (u′v′|5−50/u2τ0) within 5 ≤ y+ ≤ 50 and (a) streamwise velocity fluctuations
(u′w/uτ0), and (b) large-scale streamwise velocity fluctuations (u′l|w/uτ0) at y+ ≈ 5 obtained
from tomo PIV. Red and blue contours show the results for the baseline and PEO 1500 ppm
cases, respectively. Dash-dotted and dashed lines in (b) indicate the thresholds for the lowest and
the highest quartiles of u′l|w/uτ0 .

small-scale activity is strongly correlated with the large-scale motions in both inner and outer
layers [145,277–279], it is of interest to investigate the near-wall large-scale topology associated
with the extreme wall-shear stress events. To this end, the tomographic PIV results are utilised
to explore the connection between the high- and low-wall-shear stress events and the average
Reynolds shear stress within the buffer and lower-log region (u′v′|5−50) by considering their joint
probability distribution functions (JPDFs) in Fig. 6.8, with the spatial averaging being performed
in the range 5 ≤ y+ ≤ 50. The spatially averaged RSS accounts for all the coherent structures
passing in the buffer and lower-log regions. The JPDFs in Fig. 6.8(a) show that large magnitudes
of average RSS (−u′v′|5−50), which are greater than the peak time-averaged RSS (Fig. 6.5), are
produced during both low and high wall-shear stress events (i.e., u′w extremes), likely attributable
to the ejections and sweeps, respectively. The figure also suggests that the magnitudes of the
averaged RSS are close to zero at the extreme values of u′w, suggesting a possible phase delay
between the extreme skin-friction events and the near-wall RSS producing coherent structures.
These results are found to be similar in the polymer-injected case but with lowered magnitudes
of both u′w and the averaged RSS. On the other hand, the JPDFs of the averaged RSS and the
large-scale decomposed streamwise velocity fluctuations u′l|w considered in Fig. 6.8(b) show that
the horizontal extents of the distributions are decreased notably in comparison to the distributions
corresponding to u′w considered in Fig. 6.8(a), confirming that the extreme fluctuations in u′w are
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(d)

Figure 6.9: Representative instantaneous snapshot from Tomo PIV data for the baseline case
showing (a) large-scale streamwise velocity fluctuations (u′l|w/uτ0) at y/λ0 ≈ 5, (b) variation of
(u′l|w/uτ0) in the streamwise direction at z/λ0 ≈ 60.9 and 129.3, (c, d) contours of (u′lv

′
l/u

2
τ0

) in
the slices considered in (b). Slices considered in (b) are demarcated by (I) and (II), respectively,
in (a). Dashed lines in (b) indicate values corresponding to top and bottom 10% of u′l|w/uτ0 .

produced due to the small-scale motions. It is further noted that the horizontal extents of the
distributions for u′l|w (Fig. 6.8(b)) in both baseline and polymer-injected flows are similar, as
expected from Fig. 6.4(a). As observed in Fig. 6.8(a), the average RSS at the extreme values of
u′l|w are close to zero, however, the proportion of the population within the extreme large-scale
wall-shear events with such low RSS magnitudes is marginal. The distributions also indicate
that the largest magnitudes of average RSS (−u′v′|5−50) fall within the lowest quartile of u′l|w
as indicated by the thresholds (dash-dotted lines) in both baseline and polymer cases, while the
largest magnitudes of −u′v′|5−50 also exceed the peak time-averaged RSS in the highest quartile
of u′l|w.

To further explore the relation between the large-scale decomposed surrogate u′l|w and the
average RSS in the buffer layer, an instantaneous snapshot of the large-scale decomposed stream-
wise velocity is presented in Fig. 6.9(a), along with the large-scale component of the RSS
(u′lv

′
l/u

2
τ0

) corresponding to two distinct spanwise locations (z/λ0) in Figs. 6.9(c) and 6.9(d.)
A one-dimensional representation of the streamwise variation of u′l|w is considered in Fig. 6.9(b)
where the indicated z/λ0 locations coincide with a large-scale low- and high-wall-shear stress
event as seen in Fig. 6.9(a). Accordingly, the u′l|w is seen to remain consistently high and low
in the respective slices, indicating the occurrence of a large-scale wall-shear stress event. The
corresponding x− y slices showing the instantaneous large-scale RSS (u′lv

′
l〉/u2τ0) in Figs. 6.9(c)

and 6.9(d) show large structures with RSS magnitudes significantly larger than the peak time-
averaged RSS (see Fig. 6.5) present in the vicinity of the wall-shear stress event. Moreover, the
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core of the large-scale RSS structure is seen to occur downstream (i.e., 2400 < (x − xinj)/λ0 <
2700) of the low-wall-shear stress event which peaks in the range 2150 < (x− xinj)/λ0 < 2400.
At the same time, the core of the large-scale RSS occurs slightly upstream (i.e., 2400 < (x −
xinj)/λ0 < 2500) of the high-wall-shear stress event which peaks at (x− xinj)/λ0 ≈ 2530). This
is aligned with the distributions in Fig. 6.8 which show that the peak RSS magnitudes are not
obtained in the extreme wall-shear stress events, suggesting the presence of a phase shift between
the wall-shear stress and the RSS in the buffer layer.

It is also noted that, while the cores of the instantaneous large scale RSS structures appear to
be slightly displaced in the streamwise direction with respect to the peak wall-shear stress events,
the RSS magnitudes directly above the extreme wall-shear stress event are still larger than the
peak time-averaged RSS magnitudes, in accordance with the observations made in Fig. 6.8(b).
Such large-scale RSS signatures are attributed to the large-scale ejections and sweeps occurring
in the near-wall region, which are associated with the low- and high-speed streaks, respectively
[146, 243].

The association between the RSS structures and the extreme large-scale wall-shear stress
events is further analyzed by considering conditionally averaged velocity fields using the method-
ology described in Sec. 6.2.3 corresponding to the lowest (top row) and the highest (bottom row)
quartile of u′l|w in Fig. 6.10. Figs. 6.10(a) and 6.10(d) show extreme large-scale low and high
wall-shear stress events, respectively, in the baseline flow, where the extreme event at the wall
is seen to be confined within the respective low- and high-speed streaks. Notable large-scale
counter-rotating vortices (in gray), identified using the Q-criterion [252], are present adjacent to
the streaks in both low- and high-wall-shear stress events. The sense of rotation of the counter-
rotating vortices changes inducing an upwash in the former and a downwash in the latter event in
the centre of the domain. The overall topology for low and high wall-shear stress events matches
those of ejections (Q2) and sweeps (Q4), respectively [121, 133, 243]. Accordingly, the x̃ − ỹ
slice at z̃/λ0 = 0 show large-scale RSS structures with core magnitudes exceeding the peak time-
averaged RSS. The cores of the RSS structures in the high wall-shear stress event form closer to
the wall in comparison to those in the low wall-shear stress event, as expected from the relative
wall-normal motion in each of these events. The spanwise topology of the RSS structure is illus-
trated on the ỹ − z̃ slice at x̃/λ0 = 0, which shows a low RSS signature (−̃u′+v′+ < 0.5) within
the viscous sublayer (ỹ/λ0 < 10) in both low and high wall-shear stress conditional structures.
In the low wall-shear stress structure, the low RSS regions are also seen to be elevated under the
cores of the vortices, similar to the previous findings by Shah et al. [243].

The conditional fields in the polymer-injected cases present a similar topology to their New-
tonian counterparts, with Figs. 6.10(b-c) and Figs. 6.10(e-f) corresponding to the low- and high
wall-shear stress events, respectively. The figures illustrate a significant dampening of the vor-
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(a)

(b) (c)

(d) (e)

Figure 6.11: Scale decomposition of the conditionally averaged Reynolds shear stress
(−ũ′v′/u2τ0) within 0 < y+ < 70. (a) shows the conditionally averaged coherent structure
corresponding to the lowest quartile of u′l|w. Panels b - e show components of the conditional
RSS on the ỹ − z̃ plane at x̃ = 0 where (b) −ũ′lv′l/u2τ0 , (c) −ũ′lv′s/u2τ0 , (d) −ũ′sv′s/u2τ0 , and (e)
−ũ′sv′l/u2τ0 .

tices and a reduction in the magnitudes of RSS within the core regions for the polymer-injected
cases. The sizes of the vortices decrease with increasing polymer concentration, which is in
agreement with the production of the counter-torques within the vortices noted in numerical sim-
ulations [57, 183] following the elastic theory [53, 54]. Despite the notable reduction in the RSS
magnitudes above the wall-shear stress event, the RSS magnitudes still surpass the time-averaged
peak RSS in the respective cases.

Given the strong association of the large-scale wall-shear stress events with the turbulence
producing coherent quadrant motions, albeit with the noted phase shift in Fig. 6.8, their con-
nection with the RSS contributed by various length scales is further explored by considering
the scale-decomposed fields of RSS in Fig. 6.11. The scale decomposition of RSS follows the
methodology used by Gomit et al. [147] (Eq. 6.1) as outlined in Sec. 6.2.2. Representative fields
of the individual terms in the total RSS in Eq. 6.1 are illustrated in Figs. 6.11(b-e) corresponding
to the baseline conditional structure shown in Fig. 6.11(a). It is observed from Figs. 6.11(b-e)
that the large-scale motions (−ũ′lv′l/u2τ0) are the dominant contributors of the total RSS, and are
mainly responsible for defining the topology of the RSS structure. In comparison, the RSS con-
tributions of the small-scale motions (−ũ′sv′s/u2τ0) and the cross-terms (−ũ′lv′s/u2τ0 , −ũ′sv′l/u2τ0)
are negligible, even within the core of the RSS structure. Considering this result in combina-
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tion with the previous findings of the small-scale activity being correlated with the large-scale
motion in the near-wall region (e.g., Mathis et al. [145] and Schlatter and Örlü [278]), also ap-
parent from the tomo PIV results in Fig.6.2(c), the large-scale component of the RSS is used for
establishing a statistical correlation with the wall-shear stress signatures in both Newtonian and
polymer-injected cases. Additionally, a significant dampening of the small-scale activity and a
relatively stable character of the large-scale RSS component (Fig. 6.5) with polymer injection
further justifies this consideration.

Three-dimensional two-point correlations between the conditionally sampled surrogate sig-
nal of the wall-shear stress (ũ′) and the large-scale component of RSS (−ũ′lv′l) are performed,
and their two-dimensional x̃− ỹ slices at z̃/λ0 = 0 are presented in Fig. 6.12. Similar to the con-
ditionally averaged results in Figs. 6.10 and 6.11, the conditional samples considered for these
correlations correspond to the highest and the lowest quartile of u′l|w, leading to a segregation of
the correlation structures corresponding to the ũ′ > 0 (high-speed streak) and ũ′ < 0 (low-speed
streak), respectively. A correlation coefficient which varies between -1 and 1 is defined as

C
ũ′,−ũ′lv

′
l

=
˜̃u′(x̃, ỹ = yw, z̃) · (−˜̃u′lv′l(x̃′, ỹ′, z̃′))

σ˜̃
u′(x̃,ỹ=yw,z̃)

· σ
−

˜̃
u′lv
′
l(x̃
′,ỹ′,z̃′)

, (6.3)

where ˜̃(·) denotes the fluctuation of the conditional signal with respect to the conditional average,
(x̃, ỹ = yw, z̃) are the coordinates of the reference location with yw being the wall-normal location
where the surrogate signal u′l|w is considered, (x̃′, ỹ′, z̃′) are the coordinates where the large-scale
RSS signal is considered, and σ denotes the standard deviation. This form of the correlation
coefficient has been employed by a number of previous studies to investigate the correlations
between various quantities in turbulent flows (e.g., [280–283]).

The correlation structures corresponding to the lowest quartile of u′l|w presented in the left
column of Fig. 6.12 show negative values of the correlation coefficient (C

ũ′,−ũ′lv
′
l
), which sug-

gests that the magnitude of the fluctuation of the large-scale RSS signal (−˜̃u′lv′l) is positive in
an extreme low wall-shear stress event (i.e., ˜̃u′ < 0). On the other hand, the correlation coeffi-
cients for the highest quartile of u′l|w (right column) show positive values, which also suggest an
increase in the large-scale RSS close to the wall with respect to the corresponding conditional av-
erage. Further, the results indicate that, while the correlation peak lies within the buffer layer, the
correlated/anticorrelated structures are confined within the relative proximity of the wall. This
is aligned with the presence of RSS producing ejection and sweep motions during the extreme
wall-shear stress events observed in Fig. 6.10.

The effect of polymer injection on the correlation between the large-scale RSS component
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(b)

(d)

(f)

(a)

(c)

(e)

Figure 6.12: Slices of the three-dimensional correlation of conditionally sampled surrogate signal
of the wall-shear stress (i.e., ũ′ at y+ < 6) and large-scale filtered Reynolds shear stress −ũ′lv′l.
Left and right columns correspond to the lowest and highest quartile of u′l|w, respectively. Rows
show different cases corresponding to (a, b) baseline, (c, d) PEO 500 ppm, and (e, f) PEO 1500
ppm.

and the wall-shear stress is evaluated by comparing the correlation coefficients (C
ũ′,−ũ′lv

′
l
) be-

tween the baseline and the drag-reduced cases in Fig. 6.12. In both types of wall-shear stress
events, the strength of the correlation coefficient is seen to increase with an increase in the size
of the core of the correlated/anticorrelated structures with increasing polymer concentration.
Furthermore, a notable streamwise shift in the location of the correlation peaks is seen with
increasing polymer concentration in both types of correlation structures. The peak correlation
magnitude in the low wall-shear stress event (Fig. 6.12, left column), seen to occur at x̃/λ0 ≈ 26
in the baseline case, is displaced by approximately 27λ0 and 35λ0 for the PEO 500 ppm and PEO
1500 ppm cases, respectively. More dramatic changes are elicited in the high wall-shear stress
event (Fig. 6.12, right column) where the correlation structure presents a forward-leaning shape
with the peak correlation coefficient located upstream of the reference location in the baseline
case (i.e., at x̃/λ0 ≈ −84). A higher magnitude of the correlation coefficient upstream of the
reference location is expected in this case as seen from the instantaneous realization presented
in Fig. 6.9(d). With the addition of the polymer, the correlation structures become more well-

97



defined in shape and the correlation peaks are observed to move downstream of the reference
location with their positions at x̃/λ0 ≈ 11 and x̃/λ0 ≈ 65 for the PEO 500 ppm and PEO 1500
ppm cases, respectively. The results for the correlation structures support the presence of a phase
delay in the response of the near-wall RSS to drag-reduction observed by Tamano et al. [250] in
a drag-reduced boundary layer.

6.4 Concluding remarks

The present study examines three-dimensional flow fields in the vicinity of high and low wall-
shear stress events in zero-pressure-gradient Newtonian and drag reduced turbulent boundary
layers at relatively low Reynolds numbers. Planar and tomographic PIV measurements con-
ducted in the near-wall region of the boundary layers are utilized to estimate the fluctuating
wall-shear stress based on the streamwise velocity fluctuations in the viscous sublayer [268], and
allow for an evaluation of the polymer effect on the extreme skin-friction events. In addition,
a binary scale decomposition technique is employed to investigate the effect of the polymer on
various turbulent length scales and the corresponding Reynolds shear stress contributions.

The wall-shear stress estimation methodology applied to Newtonian and drag reduced bound-
ary layer PIV measurements reveals a self-similarity in the PDFs of u′/u′rms in the viscous sub-
layer, which is attributed to the decreased u′rms in the polymer-injected cases. Scale decomposi-
tion of the streamwise velocity signal (u′), which is used for the estimation of wall-shear stress
fluctuations, highlights that the decrease in u′rms is attributed primarily to the dampening of the
small-scale fluctuations in u′, whereas the effect on large-scale fluctuations (> δ0/2) is relatively
minor.

The time-averaged profiles of the scale-decomposed RSS show similar results, with the
polymer-effect being primarily observed in the damping of the small-scale RSS contribution
within the inner layer (y+ < 50) for the investigated flow. Further examination of the small-scale
RSS component within the inner layer with a variation in the length of the spatial filter eluci-
dates that the length scales in the range 50λ0 to 120λ0 contribute negligibly to the average RSS
in polymer-injected flows. While this damping of the RSS contribution is an indication of the
critical length scales in polymer-injected flows below which the small-scale RSS contribution is
subdued, the results also suggest a self-similarity in the variation of the small-scale RSS within
the inner layer for length scales greater than 150λ0, which is attributed to the similarity of the
coherent structures associated with these larger scales.

The JPDFs of the average RSS within the inner layer and the surrogate u′ indicate that both
low and high wall-shear stress events produce large magnitudes of RSS which are linked to the
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passage of ejections and sweeps within these respective events. However, most of the extreme
u′ events are associated with the small-scale motions that occur within these relatively large-
scale coherent structures. Further, the observed near-zero magnitudes of RSS at the extreme u′l|w
point to a phase delay between the large-scale wall-shear stress events and the cores of the RSS
structures in the buffer layer.

Conditionally sampled large-scale skin friction events from tomographic PIV data show that
relatively large structures (O(δ)) of RSS occur in the near-vicinity of these extreme events, and
are attributed to the ejection and sweep motions. Increasing polymer concentration leads to a re-
duction in the magnitude of the RSS, the size of the RSS structures, and the strength of the quasi-
streamwise vortices which occur alongside the conditionally sampled wall-shear stress event.
Furthermore, the scale decomposition of conditionally sampled RSS shows a negligible contri-
bution of the small-scale dependent components of the RSS, and the majority of the topology and
the corresponding energy of the RSS structure is recovered from the large-scale RSS component.
In light of this result, the correlations between the conditionally sampled large-scale component
of the RSS and wall-shear stress fluctuations provide a proxy for the association between the RSS
in the inner layer and the wall-shear stress. Besides confirming the increased magnitude of the
large-scale RSS within the inner layer in comparison to the conditional averaged magnitudes of
RSS in the vicinity of both low and high wall-shear stress events, the correlation results indicate
that the correlated/anticorrelated structures are seen to be strengthened and progressively shifted
downstream from the reference points with increasing polymer concentration. This confirms the
presence of a phase delay between the occurrences of the large-scale wall-shear stress events and
the large-scale coherent structures in the inner layer. Further, the phase delay of the high-Cf
events with respect to the high-RSS producing coherent structures is larger in comparison to the
low-Cf events.

Overall, the results show that, while the time-averaged statistics of large-scale components
of the wall-shear stress and RSS remain equivalent between Newtonian and drag reduced cases,
dynamic changes in the large-scale RSS within the inner layer are present near the extreme skin-
friction events. While this has important implications for the understanding of the polymer effect
derived based on the characteristics of the intermittent low- and high-drag regions, the present
findings provide evidence for a relatively large-scale viscoelastic phenomenon at play in the
vicinity of both types of extreme wall-shear stress events.
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Chapter 7

Effect of polymer on bypass-transitioning
boundary layers

An experimental investigation is conducted to evaluate the effect of polymer injection on the
development of a zero-pressure-gradient bypass transitioning boundary layer on a flat plate.
Planar PIV and PLIF measurements conducted at multiple streamwise stations allow for a char-
acterization of the development of the bypass transition process in both Newtonian and polymer-
injected flow, which is induced by a two-dimensional trip wire. Two different trip placements
with respect to the injection slot are considered to study the effect of polymer injection within
the wake of the trip wire and within the laminar boundary layer upstream of the trip. The tran-
sition process is initiated in a separated shear layer downstream of the trip wire, where a rapid
amplification of the velocity perturbations via an inflectional Kelvin-Helmholtz (K-H) instability
leads to vortex shedding and subsequent breakdown to turbulence. A similar transition process
is observed with polymer injection, but an earlier amplification and more rapid initial growth
of perturbations is observed. This is attributed to elasto-inertial instabilities, which also modify
salient characteristics of the primary disturbances and lead to earlier breakdown to turbulence.
Nonetheless, an onset of polymer effect is seen in the late transition stages and leads to significant
levels of drag reduction in the developing turbulent boundary layer.

Parts of this chapter have been adapted from Y. Shah and S. Yarusevych, “Effect of polymer injection on the devel-
opment of a bypass transitioning boundary layer [In Review].”
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7.1 Introduction

Chapters 4 - 6 have highlighted the polymer’s ability to suppress turbulence within the boundary
layer resulting in decrease in skin friction as also shown by a number of previous investiga-
tions [65, 152, 154, 265]. Further, recent studies, including those reported in this thesis, have ex-
ploited both advanced measurement techniques like particle image velocimetry (PIV) [50,51,60]
and computational simulations [54–57] to highlight the interactions of polymer and turbulent
motions. In contrast, very few studies have considered the effect of polymer additives on the
laminar-to-turbulent transition, where potential benefits could be derived by suppressing turbu-
lent motions, which are discussed in detail in Sec. 2.1.2, and thereby delaying transition.

The effect of polymer injection on laminar-to-turbulent transition has been explored in pipe
flows [204, 285–289] where the later stages of transition involve intermittent formation of tur-
bulent puffs and slugs following the amplification of the local perturbations [290–292]. These
investigations produced inconsistent results, potentially due to significant differences in exper-
imental setups. In most investigations, no distinct effect of polymers on the transition process
was observed. Draad et al. [204] noted that this can be potentially attributed to common exper-
imental setup issues, namely, high inlet disturbances from the pumps and the use of relatively
large-diameter pipes in which the onset shear stress [163] for the polymers could not be achieved
within the laminar regime. Coiled polymer conformations, low molecular weights (O(105)), and
polymer degradation due to metallic meshes used to condition the pipe flow in the above studies
have also been attributed to cause an increase in the onset shear stress which may have prevented
polymer action and led to a premature transition [204]. However, a distinct delay in transition
has been observed in a few studies where the above factors were carefully controlled in addition
to employing higher molecular weight polymers (O(106)) and helical conformations with both
low and high concentration solutions [158, 293, 294].

The recent viscoelastic numerical simulations in channel flows have investigated the mecha-
nisms of polymer drag reduction at transitional Reynolds numbers (Reτ = 70− 130) [195, 248,
249], which have been previously discussed in Chapter 5. These studies have shown that the near-
wall flow dynamics resulting from intermittent regions of high and low turbulence activity are
significantly modified by the introduction of viscoelasticity. While such localized regions of low
turbulence, or hibernating regions, are also found in Newtonian channel flows [246, 247, 295],
they are shown to expand with increasing Weissenberg number (Wi), leading to drag reduction
within the transitional regime. Similar expansions of the hibernating regions were noted within
the buffer layer of polymer injected fully developed turbulent boundary layers in Chapter 5 and
the results of Tamano et al. [250].

Despite an enhanced understanding of the mechanisms of polymer drag reduction in turbulent
boundary layers and exploratory studies on polymer effect on transition in channel flows, to the
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best of the authors’ knowledge, the polymer effect on laminar-to-turbulent transition in bound-
ary layers has yet to be investigated. Thus, the present work studies the effect of slot-injected
polymer solutions in bypass transitioning flat-plate boundary layers with the goal to examine the
development of salient flow features via two-dimensional particle image velocimetry (PIV) and
planar laser induced fluorescence (PLIF) measurements. The measurements are conducted at
multiple stations within an extended length of the transitional flat-plate boundary layer which is
produced by a two-dimensional spanwise trip-wire. Furthermore, two different injection slot lo-
cations with respect to the trip-wire are considered providing important insights for the practical
implementation of this flow control approach as well as a holistic understanding of the polymer
effect on the transitioning flow.

7.2 Experimental setup

Planar PIV and PLIF measurements were conducted in the x−y plane at the mid-span of the flat-
plate model using a similar experimental setup as the one described in Sec. 3.2.1. The tunnel was
operated at a freestream velocity of 0.3 m s−1 for all the cases studied in the present work, result-
ing in a laminar boundary layer thickness of δslot = 5.80 mm at the injection slot. Bypass tran-
sition over an extended length on the flat plate was achieved using a two-dimensional spanwise
round trip wire with a diameter of 1.65 mm as shown in Fig. 7.1. Two different configurations
were considered based on the trip location relative to the slot, with the trip wire placed 8 mm up-
stream and 15 mm downstream of the injection slot, which correspond to local laminar boundary
layer thicknesses of 5.50 mm and 6.05 mm, respectively. These configurations are denoted as the
trip-upstream and the trip-downstream configurations in the present study. For these trip posi-
tions, the polymer is injected within the recirculating region formed downstream of the trip wire
in the trip-upstream configuration, whereas it is injected in the laminar boundary layer upstream
of the trip wire in the trip-downstream configuration. The use and sizing of a two-dimensional
trip follows a well-established practice from prior experiments (e.g. Refs. [111,114,296]). For a
given trip geometry, its efficiency depends on the Reynolds number based on the height (r) of the
roughness element (Rer = rUr/ν, where Ur is the streamwise velocity in the laminar boundary
layer at the height r from the wall) [112]. For the two configurations investigated in the present
study, the trip locations and the wire diameter were chosen such that Rer, estimated to be 229
and 210, at the upstream and downstream trip locations respectively, falls in the range of the
critical Reynolds numbers required to produce a transitional flow [296]. Based on preliminary
experiments, for Rer < 180, the flow did not fully transition over the length of the flat-plate,
while for Rer > 300, a rapid transition effectively localized at the trip wire is expected [296].

Solutions of polyethylene oxide (PEO, Sigma Aldrich, Inc.) with an average molecular
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Figure 7.1: Schematic of the flat-plate model showing the coordinate system, polymer injection
setup, and details of the trip wire. All dimensions are in mm but are not to scale. For clarity, only
four PIV measurement stations are shown here corresponding to the trip-upstream case.

weight of 8 × 106 g/mol and a concentration of 1000 ppm were prepared and injected using the
protocols outlined in Sec. 3.1.3. The injection parameters used in the previous works reported
in this thesis were shown to produce negligible effects of benign injection in a turbulent bound-
ary layer, and did not produce a significant effect on bypass-transition process in the present
investigation.

Planar PIV measurements were conducted at multiple streamwise stations at the mid-span of
the plate (Table 7.1), with the specifications of the instrumentation used outlined in Sec. 3.2.1.
The camera imaged a field of view (FOV) of 38.4×32.4 mm2 with a resolution of 66.7 pixel/mm.
For each experimental condition, 4500 double-frame image pairs were acquired with a time sepa-
ration ∆t = 1000 µs and an acquisition frequency of 15 Hz. This corresponded to a mean particle
displacement of approximately 20 pixels in the freestream. The uncertainty due to random errors
in instantaneous vector fields was estimated to be less than 0.5% of U∞ with 95% confidence
limits. Prior to the measurements of the two bypass transition cases with the trip wire, PIV mea-
surements were performed in the laminar boundary layer to establish the baseline boundary layer
development on the flat plate. In each of the three cases, injection of water and polymer with
cinj = 1000 ppm were included along with the baseline Newtonian flow. Measurements were
performed at nine and six downstream stations in the trip-upstream and trip-downstream cases,
respectively, in addition to the measurement station around the trip.

The image pre-processing and PIV processing were performed according to the protocols
outlined in Sec. 3.2.2. Accordingly, the pre-processed images were first processed using the
ensemble-of-correlation algorithm [207, 208] to produce a time-averaged velocity vector field
with a final window size of 4 × 4 pixels and an overlap of 50%. The mean vector fields result-
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Experimental parameters

Trip - upstream (xtrip − xinj = −8, U∞ = 0.3 m s−1, cinj = 0†, 1000 ppm)

x/L x− xinj x− xtrip δ0 λ0 (µm) Reτ0 Reδ∗ PLIF (Yes/No)

[0.201, 0.220] [-10, 30] [-2, 38] 6.13 . . . . . . 923 Yes
[0.227, 0.245] [47, 87] [55, 95] 6.99 139.8 50 734 Yes
[0.238, 0.256] [70, 110] [78, 118] 7.30 102.8 71 634 Yes
[0.265, 0.283] [130, 170] [138, 178] 8.00 69.5 115 555 Yes
[0.292, 0.310] [190, 230] [198, 238] 11.05 60.7 182 504 Yes
[0.329, 0.347] [270, 310] [278, 318] 12.24 63.4 193 553 Yes
[0.374, 0.392] [370, 410] [378, 418] 14.74 65.2 226 679 No
[0.420, 0.438] [470, 510] [478, 518] 16.77 66.3 253 770 Yes
[0.465, 0.483] [570, 610] [578, 618] 17.98 68.6 262 812 No
[0.542, 0.560] [740, 780] [748, 788] 21.53 68.6 314 997 No

Trip - downstream (xtrip − xinj = 15, U∞ = 0.3 m s−1, cinj = 0†, 1000 ppm)

[0.204, 0.222] [-5, 35] [-20, 20] 6.14 . . . . . . 872 Yes‡

[0.240, 0.258] [75, 115] [60, 100] 7.45 149.0 50 762 Yes
[0.265, 0.283] [130, 170] [115, 155] 7.70 113.2 68 725 Yes
[0.292, 0.310] [190, 230] [175, 215] 7.90 77.5 102 661 Yes
[0.338, 0.360] [290, 330] [275, 315] 10.08 62.2 162 551 Yes
[0.429, 0.447] [490, 530] [475, 515] 14.62 62.7 233 668 Yes
[0.542, 0.560] [740, 780] [725, 765] 19.58 65.7 298 913 No

Laminar - No trip (U∞ = 0.3 m s−1, cinj = 0†, 1000 ppm)

[0.201, 0.220] [-10, 30] . . . 5.91 111.7 53 581 No
[0.292, 0.310] [190, 230] . . . 7.62 120.3 63 724 No
[0.383, 0.401] [390, 430] . . . 8.83 129.5 68 828 No
[0.451, 0.470] [540, 580] . . . 10.03 134.5 75 921 No
[0.542, 0.560] [740, 780] . . . 10.89 134.0 81 981 No

Table 7.1: Test matrix. Coordinate ranges corresponding to the streamwise extent of the field of
view and the boundary layer parameters measured for the baseline case at the centre of each FOV
are provided. † indicates water injection. ‡ indicates that PLIF measurements were performed at
two locations x− xinj = [−1, 39] and [15, 55]. λ0 = ν/uτ0 , where uτ0 is the friction velocity.
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ing from this procedure have a vector pitch of 30 µm and were used as an initial displacement
predictor for a sequential-correlation algorithm used to obtain instantaneous velocity fields. The
employed iterative correlation with window deformation had a final window size of 24 × 24
pixels and 75% overlap resulting in a vector pitch of 90 µm.

For the bypass transition cases, planar-laser induced fluorescence (PLIF) measurements were
conducted according to the procedure outlined in Sec. 3.2.3 with both water and polymer in-
jection at selected streamwise stations indicated in Table 7.1. In this case, 2000 images were
acquired in the single frame mode at an acquisition frequency of 50 Hz for each experimental
condition. Time-averaged local concentrations relative to a reference concentration (cref) at each
measurement station were estimated based on the expected linear relationship between the light
intensity and the concentration of the weakly excited dye [216].

7.3 Results and discussion

7.3.1 Transitional flow visualization and concentration diffusion

The development of the transitioning boundary layer induced by the trip-wire is firstly studied
using flow visualization and concentration of the injected dye obtained from the PLIF measure-
ments. Representative instantaneous flow visualization images for both the trip position upstream
and downstream of the injection slot are presented in Figs. 7.2(a) and 7.2(b), respectively, with
the cases corresponding to water (passive tracer) and polymer injection shown in rows marked (i)
and (ii), respectively, for each trip position. The initial development of the tripped boundary layer
flow in both cases show that the injected fluid is concentrated in a separated shear layer forming
due to flow separation from the trip. The separated shear layer is highly unstable and the attendant
Kelvin-Helmholtz (K-H) instability rapidly manifests in the growth of perturbations and roll-up
visualized by the entrained dye. The distinct evidence of the periodically shed vortices can be
seen within 10 < (x−xtrip)/δslot < 16 in all the cases considered. Consecutively shed co-rotating
vortices undergo merging downstream, resulting in doubling of the primary wavelength, as indi-
cated in Figs. 7.2(a)(i) and 7.2(b)(i), consistent with the vortex merging in free shear layers (e.g.,
Ho and Huerre [297]) and near-wall separating-reattaching flows (e.g., Kurelek et al. [298]). An
instantaneous snapshot of the vortex merging is seen at (x − xtrip)/δslot ≈ 14 in Fig. 7.2(b)(i).
Moreover, an occasional merging of multiple consecutive vortices is also observed within this
streamwise range in all the cases. As these spanwise oriented vortical structures convect down-
stream, they are seen to lift-up and eventually breakdown due to secondary three-dimensional
instabilities that lead to the formation of Λ vortices, transitional-turbulent spots, and hairpin-like
vortices [114, 299].
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(a) (b)

Figure 7.3: Profiles of concentration normalized by the concentration of the injected polymer
at various downstream distances from the trip-wire in (a) trip-upstream and (b) trip-downstream
case. Insets show the variation of spatially averaged concentration (〈c〉/cref) within different
regions of the boundary layer with best-fits of 〈c〉/cref ∼ (x − xtrip)

b shown by dashed lines.
Variation of 〈c〉/cref computed over the height of the FOV (0 < y/δ < ∞), which exceeds 1.9δ
at each location, is shown for reference.

Despite the similarities in the transition process, the flow visualizations for the polymer-
injected flow cases considered in Figs. 7.2(a)(ii) and 7.2(b)(ii) show notable differences close
to the trip wire in comparison to the Newtonian flow. While the transition process initiates
with formation of the K-H instabilities, the primary streamwise wavelength associated with vor-
tex shedding is observed to decrease from λN ≈ 1.5δslot in the baseline flow to approximately
λPU
≈ 1.25δslot in the polymer-injected trip-upstream case. Furthermore, while notable cycle-

to-cycle variations exist, on the average, the shear layer roll-up tends to take place closer to the
trip-wire in the polymer-injected trip-downstream configuration ((x−xtrip)/δslot ≈ 2−3) in com-
parison to the corresponding trip-upstream case, suggesting an increased amplification of veloc-
ity perturbations. This leads to an earlier onset of vortex breakdown at 10 < (x−xtrip)/δslot < 15
in the trip-downstream case. In contrast, the breakdown in both cases considered in the trip-
upstream configuration is observed within approximately 25 < (x − xtrip)/δslot < 30, further
suggesting a relatively minor effect of the polymer on the transition process in this configuration.

For a quantitative evaluation of the diffusion of injected polymer in the transitioning bound-
ary layer, time averaged profiles of normalized polymer concentration are considered in Fig. 7.3.
For consistency, the reference concentration cref is evaluated immediately downstream of the
recirculating region downstream of the trip ((x − xtrip)/δslot ≈ 10.5) to minimize inaccuracies
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caused by the insufficient penetration of the laser sheet through the highly concentrated dye in
the separated shear layer. While the polymer concentrations at the chosen reference location are
expected to be different in the two cases precluding a quantitative comparison of the near-wall
concentration, the normalized concentration profiles in both transitioning cases show a peak in
polymer concentration at the wall similar to previous observations in turbulent boundary lay-
ers [61, 182, 220, 221]. As expected, the peak magnitudes decrease with increasing streamwise
distance due to the wall-normal transport of the polymer noted in Fig. 7.2.

To aid the quantitative analysis of the effect of the polymer solutions on flow transition,
variation of the spatially averaged polymer concentration in the near-wall region is considered
in the insets of Figs. 7.3(a) and 7.3(b). Spatial averaging is considered in both near-wall viscous
region (0 < y+ < 30) and the lower half of the boundary layer (0 < y/δ < 0.5) to account
for the strongly decreasing frictional length scales in the initial portion of the tripped boundary
layer (with the scaling parameters estimated using PIV). Results show that the spatially-averaged
concentrations in the lower half of the boundary layer decrease with the streamwise distance from
the trip location according to a power law 〈c〉/cinj ∼ (x−xtrip)

b, with the exponent b = −0.62 and
−0.67 in the trip-upstream and trip-downstream cases, respectively. The difference between the
two cases decreases when the near-wall range (0 < y+ < 30) is considered for spatial averaging,
signifying a diminished effect of the trip position on the evolution of the average concentration
in the near-wall region.

7.3.2 Flow past trip-wire

The flow dynamics in the region downstream of the trip-wire in each of the cases seen in Fig. 7.2
is further investigated to offer more quantitative insights into the initial development of the tran-
sitional boundary layer. The time averaged velocity vector field in Fig. 7.4 confirm the laminar
flow separation over the trip wire and the subsequent recirculating region downstream of the trip,
as evidenced by the negative streamwise velocity near the wall. The contour corresponding to
〈u〉 = 0, which separates the recirculating region from the streamwise flow, is observed to be
aligned with the trip height. Measurements at a downstream location (omitted for brevity) show
that the mean flow-field reattaches at approximately 10δslot downstream of the trip wire. Similar
results are obtained in the baseline flow corresponding to the trip downstream case.

Time averaged profiles of streamwise velocity immediately downstream of the trip-wire are
considered in Fig. 7.5 to investigate the effect of the polymer on the separated shear layer formed
above the recirculating bubble. The results averaged over 0.2 < (x − xtrip)/δslot < 1.2 in each
of the presented cases show that, while the recirculating bubble persists in the polymer-injected
cases, the magnitude of the negative streamwise velocities within the bubble is notably reduced.
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Figure 7.4: Time averaged velocity vectors for the baseline flow showing the recirculation bubble
downstream of the trip-wire.

This is attributed to the presence of the higher viscosity polymer solutions within the bubble. The
results further show that polymer injection in the trip-upstream configuration has a negligible ef-
fect on the height of the bubble. In contrast, an increased bubble height and, thus, the wall-normal
distance of the separated shear layer is seen to be increased in the trip-downstream configuration,
illustrated by the maxima of the normalized wall-normal gradient of the mean streamwise veloc-
ity. The difference between the two polymer-injected scenarios may be explained based on the
concentration of the polymer contained within the separated shear layer. In the trip-downstream
configuration, the highly concentrated polymer solution surrounding the upstream portion of the
trip-wire experiences relatively strong normal stresses, which are stored within the polymers and
are released in the wall-normal (radially-outward) direction as they flow past the trip wire into
the separated shear layer. This behaviour is consistent with the expansion of the wake [300] and
earlier separation [301] observed in polymer laden flows over cylinders. Such an imbalance in
the normal stresses is not expected to the same degree in the trip-upstream configuration since
the polymers are released within the recirculating bubble where significantly lower wall-normal
stresses are observed.

To further investigate the development of the separated shear layer formed due to the trip-
wire and the polymer effect on the resulting transition process, root-mean-square (rms) fields
for the streamwise and wall-normal velocities downstream of the trip-wire are considered in
Fig. 7.6. The results show relatively large magnitudes of both urms/U∞ and vrms/U∞ con-
fined within the boundary layer above the recirculation bubble which is attributed to the rapid
growth of perturbations in the separated shear layer. Polymer injection within the recircula-
tion bubble in the trip-upstream configuration marginally lowers the streamwise velocity fluctu-
ations (Fig. 7.6(b)), while at the same time, increases considerably the wall-normal fluctuations
(Fig. 7.6(e)) within the transitioning shear layer. This effect is notably changed in the polymer-
injected trip-downstream configuration which shows substantial magnitudes of urms/U∞ within
the shear layer even before it separates from the trip-wire along with the region of increased
vrms/U∞ forming closer to the trip-wire in comparison to the former case. The increased stream-
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Figure 7.5: Time averaged profiles of streamwise velocity and its gradient with respect to the
wall-normal coordinate. Results are averaged within a window of length δslot downstream of the
trip-wire. Dash-dot line shows the height of the trip-wire.

Trip upstream: Baseline Trip upstream: Polymer Inj. Trip downstream: Polymer Inj. 
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Figure 7.6: Normalized rms of the (a-c) streamwise velocity (urms/U∞), and (d-f) wall-normal
velocity (vrms/U∞) downstream of the trip. Results corresponding to the trip upstream configu-
ration are shown for (a, d) baseline, and (b, e), whereas those for the polymer-injected flow in
the trip downstream configuration are shown in (c, f). Dashed lines show the height of the trip
and solid lines show the contour corresponding to 〈u〉 = 0.

wise fluctuations within the region confined to the layer of the highly concentrated polymer
flow suggests the onset of elastic instabilities which are noted to occur at large Wi and subse-
quently lead to elasto-inertial turbulence [302, 303]. While this phenomenon is not observed in
the polymer-injected trip-upstream case, the increased wall-normal fluctuations are indicative of
the increased amplification rate of the K-H instability.
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(c)
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𝜆𝑃𝑈

(a)

Figure 7.7: Representative instantaneous realizations showing vortex shedding in (a) baseline,
and (b) polymer-injected trip-upstream cases. Contours are smoothed with a two-dimensional
Gaussian window (0.25δslot × 0.25δslot). Black dashed lines show the height of the trip and
solid lines show the contour corresponding to 〈u〉 = 0. (c) shows the variation of vrms with
(x− xtrip)/δslot at the height of the trip yk.

The amplification of the shear layer perturbations is further illustrated in Fig. 7.7. Figs. 7.7(a)
and 7.7(b) present instantaneous snapshots of wall-normal velocity fluctuations showing a dis-
tinct periodicity characteristic of K-H instability, with the streamwise wavelength (λN ) corre-
sponding to that seen in Fig. 7.2(a)(i). Further, this wavelength is noted to decrease in the
polymer-injected flow substantiating the changes in the transition process. Fig. 7.7(c) shows
the streamwise variation in rms of the wall-normal fluctuations vrms|yk sampled along the trip
height. The results suggest that polymer-injected flows feature higher growth rates compared
to the baseline flow within (x − xtrip)/δslot < 2. In addition, for the polymer injected flow
in the trip-downstream configuration, velocity fluctuations reach similar levels within a shorter
streamwise distance compared to that in the trip-upstream configuration, which highlights a more
pronounced effect of the elastic instabilities in the former case.

7.3.3 Transitional flow development

The quantitative description of the development of the transitional boundary layer induced by the
trip is first considered through the variation in the boundary layer parameters in the streamwise
direction in Fig. 7.8. Results are complemented with the variation in the boundary layer pa-
rameters corresponding to the no-trip configuration (laminar flow) in the left column of Fig. 7.8
for reference. Fig. 7.8(a) shows the expected variation in both boundary layer thickness (δ)
and displacement thickness (δ∗) in the baseline flow, and the effect of water injection is seen to
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Turbulent
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Figure 7.8: Variation of the boundary layer parameters in (a, d, g) no-trip (laminar), (b, e, h)
trip-upstream, and (c, f, i) trip-downstream configurations. Left axis in the top row shows the
variation of boundary layer thickness (δ) marked by ◦ and right axis shows displacement thick-
ness (δ∗) marked by ×. Middle row shows the shape factor H − δ∗/θ and bottom row shows the
skin friction coefficient Cf . Black dashed and dash-dotted lines in (a) show the typical variation
in laminar boundary layers from Blasius’ relations and dashed in (d)-(i) indicate typical values
of H and Cf in laminar and turbulent boundary layers as indicated. Dotted line in (g)-(i) shows
20% reduction in Cf from the Prandtl-Kármán (turbulent) law. Reference location xref is consid-
ered at the injection slot (xinj) in the no-trip configuration and at the trip-wire (xtrip) in the tripped
boundary layer cases.
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be negligible on these parameters. Similar results are noted for the shape factor (H) for these
two cases, with H remaining close to the expected value of 2.6 in the laminar boundary layer
and decreasing marginally with increasing streamwise distance. The marginal decrease in H is
attributed to the natural amplification of the disturbances within the laminar boundary layer ex-
pected to occur at Reδ∗ greater than Recrit = 520 (Table 7.1). The polymer injection produces
a notable increase in all the boundary layer parameters close to the injection slot, but this effect
is seen to progressively decrease with increasing streamwise coordinate. The increase in δ∗, and
consequentlyH , close to the injection slot is consistent with the observations in polymer-injected
turbulent boundary layers (e.g., Fig. 4.5), and is attributed to the decreased near-wall streamwise
velocity due to the higher viscosity within the concentrated layer of polymer formed close to the
wall (Fig. 7.3).

As expected, the introduction of the trip wire results in a significant increase in the boundary
layer thickness compared to the laminar flow in both transitional cases (Figs. 7.8(b) and 7.8(c)).
On the other hand, the displacement thickness decreases initially in the range (x−xtrip)/δslot < 50
(x − xtrip < 300 mm) before increasing monotonically. This initial decrease in δ∗ has also been
noted by Dhawan and Narasimha [98] in transitional boundary layers and is attributed to the
increased mass flow rate within the boundary layer caused by the increased mixing of the outer
flow by growing perturbations. Compounded by the increase in the momentum thickness (θ), the
shape factor decreases sharply within (x − xtrip)/δslot < 50 from the value of 2.6, followed by a
more gradual decrease until the boundary layer becomes fully turbulent (Figs. 7.8(e) and 7.8(f)).
The decrease in H in the latter portion of the transition region ((x − xtrip)/δslot > 50) is mainly
driven by the increase in the momentum thickness, as δ∗ increases in this range. It is further ob-
served that the boundary layer thickness in the trip-downstream case is lower than the case where
the trip is positioned upstream of the injection slot. This is attributed to a decreased effectiveness
of the trip in the former case as a result of the lower Rer at the trip wire. Furthermore, these
trends are seen to hold with the injection of water, indicating that the effect of benign injection
is negligible.

In the trip-upstream configuration, the polymer injection is seen to produce a minor effect
on the development of the boundary layer thickness with more notable changes seen in the latter
portion of transition and in the turbulent regimes (Fig. 7.8(b)). In contrast, the δ∗ is reduced below
the corresponding Newtonian values immediately downstream of the trip, while it is increased
at the locations near the minimum in δ∗ ((x − xtrip)/δslot ≈ 35), indicating reduced turbulent
mixing by the polymers leading to a decreased mass flow rate within the boundary layer. This is
further seen from the sharper reduction of H in the region (x− xtrip)/δslot < 35 in comparison to
the corresponding Newtonian values. For (x − xtrip)/δslot > 35, the decrease in the shape factor
saturates and progresses at a rate lower than that in the Newtonian flow indicating the activation
of the polymer effect.
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Unlike the results seen with the trip-upstream configuration, the boundary layer thickness
for the polymer injected transitional boundary layer in the trip-downstream case (Fig. 7.8(c)) is
notably increased in comparison to the corresponding Newtonian flows at (x− xtrip)/δslot < 35.
This is attributed to the increased amplification of the instabilities closer to the trip-wire, which
results in an earlier breakdown to turbulence as previously shown in Figs. 7.2 and 7.6. These
effects are confirmed by the significantly decreased values of δ∗ and H in (x − xtrip)/δslot <
35. Beyond this range, both δ∗ and H are seen to be higher than the corresponding values in
the Newtonian cases, suggesting the polymer action to be effective in controlling turbulence.
However, H is seen to progressively decrease to typical values in turbulent Newtonian flows
towards the end of the measurement domain which is attributed to the progressive depletion of
the near-wall polymer concentration (Fig. 7.3).

In order to elucidate the associated changes in the skin friction, the streamwise variation in
the estimated mean skin friction coefficient (Cf = τw/(0.5ρU

2
∞)) is considered in Figs. 7.8(g-i).

These data are obtained by computing the wall-normal gradient of the mean streamwise velocity
(d〈u〉/dy|w) over 10 to 16 velocity vectors obtained from ensemble-of-correlation results in the
near-wall region where the near-wall law u+ = y+ is expected to be applicable, i.e., within
y+ ≤ 5 [155]. Cf is estimated by utilizing this linear trend within the viscous sublayer with the
fluid properties of water at the measured freestream temperature. Further, to reduce measurement
errors, a sliding average operation on the local estimates of Cf is performed over a window of
2 mm in the x-direction (equivalent to 68 velocity vectors), similar to the procedure used in
turbulent boundary layers by previous studies employing optical techniques [61, 273]. It should
be noted that the estimates of Cf in the polymer-injected cases are obtained by utilizing the fluid
properties of the base medium (water) due to the lack of measurements for the local viscosity of
the polymer. This procedure is expected to produce reliable estimates of Cf in the later stages of
transition and the turbulent regimes where sufficient mixing of polymer with the base media has
occurred leading to the maximum concentrations to be within the limits of overlap concentration
for the employed polymer (c∗ = 330 ppm, using Mark-Houwink relationship [222]).

The results for the no-trip case in Fig. 7.8(g) confirm that the variation of Cf follows the
canonical trends in laminar boundary layers. As expected, the relatively viscous layer formed by
the injected polymer solution close to the wall results in a decreased gradient of the streamwise
velocity at the wall (d〈u〉/dy|w) as noted from the figure. However, it must be noted that the
actualCf is higher than that for the baseline flow of water given that the polymer solutions exhibit
a shear viscosity that is an order of magnitude higher than the viscosity of water at the employed
shear rates [60,61]. With the addition of the trip-wire (Figs. 7.8(h) and 7.8(i)) and the subsequent
creation of the recirculating bubble, negative values of Cf are observed immediately downstream
of the trip. As the flow develops downstream, the Cf is seen to monotonically increase and then
converge on the trend predicted by the Prandtl-Kármán law for the fully turbulent boundary layer,

114



in accordance with previous studies on bypass transition [78, 98, 102]. The location where the
peak in Cf is obtained is usually denoted as the transition point [304]. As observed in Fig. 7.8,
the differences in the transitional flows between the two trip position cases considered here are
also seen in the variation ofCf , highlighting the sensitivity of the trip effectiveness toRer. Due to
a lower Rer, the transition point is noted to occur later in the trip-downstream configuration, i.e.,
in the range 70 < (x− xtrip)/δslot < 85, whereas it occurs in the range 30 < (x− xtrip)/δslot < 40
in the trip-upstream configuration. Further, consistent with the results for other boundary layer
parameters, on the average, water injection is not seen to significantly alter the flow development.

(a) (b)

(c) (d)

Turbulent

TurbulentTr
an
si
tio
n

Figure 7.9: Variation of the shape factor (H) and the skin friction coefficient (Cf ) in (a, c) trip-
upstream, and (b, d) trip-downstream cases with Reτ . Data corresponding to the T3A and T3B
cases from the study of Roach and Brierley [78] are included for reference. Dash-dotted lines in
(a) and (b) show best-fits to the T3A and T3B cases and dashed line indicates the typical value
in fully developed turbulent boundary layers. Dash-dotted lines in (c) and (d) show linear fits to
the data corresponding to the transition and turbulent regimes as indicated.
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Figs. 7.8(h) and 7.8(i) show a notable effect of polymer injection on the variation of Cf in
the transitional flows. While the general trend in the variation of Cf agrees with the Newtonian
cases, the Cf is noted to be significantly higher than the corresponding Newtonian values in the
initial part of the transition process. This agrees with the earlier observations of the enhanced
transition by the polymer injection and the associated trends inCf are attributed to the insufficient
activation of the polymers in this region. TheCf is seen to peak at similar values in both polymer-
injected transitional flows, but at lower values than the peak in the corresponding Newtonian
flows. The decreased magnitude of the peak Cf is attributed to the onset of polymer activation,
which likely occurs upstream of the peak leading to a progressively increasing suppression of the
turbulent motions, as expected from previous studies in drag reduced internal flows [152]. This
leads to an earlier saturation in the initially more rapid growth of Cf in the polymer-injected
cases. Similar to that in the Newtonian flows, the location where the peak Cf occurs in the
polymer-injected cases may be regarded as the transition point, however, in contrast to Newtonian
flows, the polymer-laden flow beyond this point is not expected to be representative of a fully
developed turbulent flow. This point is found to occur at a similar distance from the trip in
comparison to the corresponding Newtonian flow in the trip-upstream configuration, i.e., in the
range 25< (x−xtrip)/δslot < 40, whereas it is notably advanced closer to the trip in the polymer-
injected trip-downstream configuration, i.e., in the range 15< (x−xtrip)/δslot < 30 in comparison
to the corresponding Newtonian flow.

In both trip configurations, the skin friction growth saturates at the values lower than those for
the corresponding baseline Newtonian flows and show drag reduction in the developing turbulent
boundary layer. For example, Fig. 7.8(h) shows that the local drag reductions (DR) are at least
20% for a considerable distance beyond the transition point for the trip-upstream configuration,
where DR is given as

DR[%] = 100× CfN − CfP
CfN

, (7.1)

withCfN andCfP being the local skin friction coefficients in the baseline Newtonian and polymer-
injected cases, respectively. Due to the diffusion of the near-wall polymer (Fig. 7.3), the DR pro-
gressively decreases, and the Cf values are seen to gradually return towards to the corresponding
Newtonian values within the drag-reduced regime of the transitional flow. Similar results are
noted in the case with the trip positioned downstream of the injector (Fig. 7.8(i)), however, the
effect is seen to diminish at a higher rate which is partially attributed to the relatively higher
diffusion rate of the average near-wall polymer concentration (Fig. 7.3).

In order to facilitate a more effective comparison between the two different trip placement
configurations, variation of H and Cf with the frictional Reynolds number (Reτ ) is considered
in Fig. 7.9. The figure also reproduces data from the T3A and T3B cases from Roach and Brier-
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ley [78] as a reference. Although their study was performed in transitioning boundary layers
bypassed using high freestream turbulence intensities, the Reτ obtained by Roach and Brierley
are similar to the ones employed in the present study. Figs. 7.9(a) and 7.9(b) show an excellent
agreement in the shape factor data of the present results and the reference in the later stages
of transition, while the differences in the earlier transition stages are attributed to the differ-
ent methods used to induce the bypass transition in the two studies. The collapse between the
tripped cases considered in the present study with those from Roach and Brierley [78] highlights
the universality of the variation in H in the late transitional stages. As suggested by Dhawan
and Narasimha [98], this universality is associated with the late transition stages being domi-
nated by turbulent spots, independent of the mechanism by which transition has been initiated.
Furthermore, the results for the polymer-injected flows are also found to be in agreement with
the Newtonian flows, highlighting self-similarity between these flows in terms of Reτ . This self-
similarity facilitates extrapolations for the streamwise distances required for the drag-reduced
transitional flows to reach fully-turbulent states expected at H = 1.5 or Reτ ≈ 300, and the
present results exhibit an effective delay in reaching the fully-turbulent state in the polymer-
injected flows. A similar result is noted in the variation of Cf (Figs. 7.9(c) and 7.9(d)), which
shows a collapse of both Newtonian and polymer-injected flows with the T3B case in the tran-
sition regime. Furthermore, the rate of increase of Cf with Reτ is found to be approximately
equal between the two trip configurations investigated in the present study, despite the noted
differences in the trip effectiveness and polymer performance between these cases.

To further aid the understanding of the transitional flow development, time averaged profiles
of the streamwise velocity are considered in inner coordinates in Fig. 7.10. An equivalent Reτ0
in the baseline flow in each of the cases is indicated to aid the comparisons between the two
tripped configurations. The figure shows that beyond the initial region of decreased near-wall
streamwise momentum caused by the wake of the trip-wire (Reτ0 < 150), the baseline and water-
injected Newtonian cases exhibit the expected progression towards a logarithmic profile in the
fully developed turbulent flow seen atReτ ≈ 300. A similar development is seen in the polymer-
injected cases as the flow develops past the initial trip-effects. The profiles at Reτ0 > 150
closely follow the expected trends in a drag reduced turbulent boundary layer with the developed
logarithmic region shifted vertically from the Newtonian log-law depending on the achieved DR
as shown by previous studies [17, 59, 61]. The disparities in the development of the velocity
profiles in the earlier stages of the transition between the two configurations are attributed to
the earlier noted differences in the initial transition process and near-wall polymer distribution
between the two cases.

Time-averaged profiles of Reynolds normal and shear stresses in inner coordinates are con-
sidered in Fig. 7.11 with increasing Reτ0 . Close to the trip-wire, i.e., at Reτ0 < 100, the results
show substantial magnitudes for all the Reynolds stresses within y+ < 30 which is attributed to
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Figure 7.10: Mean streamwise velocity profiles in inner coordinates for (a) trip-upstream and (b)
trip-downstream case. Profiles are displaced vertically to distinguish the streamwise positions
marked by Reτ0 . Color coding for the various cases follows the one shown in Fig. 7.9. Black-
dashed lines indicate the near-wall and logarithmic laws in turbulent boundary layers and dash-
dotted lines show Virk’s MDR profile.

the amplification of K-H instability and the subsequent shedding of vortical structures in this re-
gion. Comparatively lower peak magnitudes are observed in this region for the trip-downstream
configuration due to a lower tripping efficiency (lower Rer) in this tripping scenario. As the
vortices breakdown farther downstream (Reτ > 100), a peak in 〈u′u′〉 develops at y+ ≈ 15
and grows in both transitional scenarios, aligned with the results expected in the limiting case of
fully developed turbulent boundary layers. Similarly, both 〈v′v′〉 and −〈u′v′〉 peak farther away
from the wall from a relatively early stage of transition in both configurations and reach their

118



101 102
0

2.5,0

2.5,0

2.5,0

2.5,0

2.5,0

2.5,0

2.5,0

2.5,0

2.5

101 102
0

2.5,0

2.5,0

2.5,0

2.5,0

2.5,0

2.5

(a) (b) (c)

(d) (e) (f)

=314

=262

=253

=226

=193

=182

=115

=71

=50

=298

=233

=162

=102

=68

=50

-
-

Figure 7.11: Reynolds normal and shear stresses in inner coordinates for (a-c) trip-upstream
and (d-f) trip-downstream case. Profiles are displaced vertically to distinguish the streamwise
positions marked by Reτ0 in the left column. Color coding for the various cases follows the one
shown in Fig. 7.9. Black dashed profiles are shown at equivalent friction Reynolds numbers from
the T3A case of Roach and Brierley [78].
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respective expected peak values in the limiting case by Reτ0 ≈ 200. Furthermore, the profiles
of both 〈u′u′〉 and 〈v′v′〉 corresponding to the Newtonian flow agree with the results of the T3A
case from Roach and Brierley [78] in the late transition stages, signifying the aforementioned
universality in the flow development.

Although a similar development of the profiles of the Reynolds stresses is seen in the polymer-
injected transitional flows, notable differences in the peak magnitudes and locations are seen with
respect to the corresponding Newtonian profiles. Moreover, the differences are considerable in
the early transition stages (Reτ0 < 100) between the two transitional flows. The latter is at-
tributed to a rapid transition process due to a relatively high shear and the resulting amplification
of the instabilities within the separated shear layer in the trip-downstream configuration. As the
flow proceeds towards the late transition stages (Reτ0 > 100), the polymer effect is seen to reduce
the near-wall turbulent fluctuations in all Reynolds stresses, while increasing the 〈u′u′〉 above the
Newtonian values in the buffer and lower-log regions (20 < y+ < δ+/2), in alignment with the
behaviour expected in drag reduced turbulent boundary layers [49,59,61]. Further, following the
behaviour in the limiting case of turbulent boundary layers, the peaks in all the Reynolds stresses
appear to shift in the wall-normal direction in the late transition stages, indicating the formation
of a thicker buffer layer.

The efficiency of the polymers within the boundary layer is directly observed by consider-
ing the normalized profiles of the total shear stress (τtotal) which is composed of the Reynolds
shear stress (−ρ〈u′v′〉) and the viscous stress (µd〈u〉/dy) as illustrated in Fig. 7.12. Since the
normalized stress components are significantly higher in the early transition stages, and they de-
velop towards their limiting values in the late transitional stages, as illustrated in Figs. 7.12(a)
and 7.12(c), the normalized profiles of τtotal are considered for Reτ0 > 100. Following the ap-
proach of Hou et al. [69], the normalization by the local wall-shear stress (τw = ρu2τ ) and weight-
ing by (1− y/δ) allows for an evaluation of the polymer stress (τP ). The results in Figs. 7.12(b)
and 7.12(d) corresponding to the two transitional cases investigated in this study indicate a col-
lapse of the weighted data on a linear trend within 0 < y/δ < 0.6 as expected in turbulent
Newtonian flows. Further, the weighted profiles for the polymer-injected flow are also seen to
collapse on the same trend in the outer layer of the boundary layer with a progressively decreas-
ing stress deficit which is attributed to the decreasing polymer concentration in the near-wall
region. While the self-similar linear trend of the weighted total stress profiles is not observed
in the early-mid transitional regime precluding a quantitative assessment of the polymer stresses
in this region, the results qualitatively show a significant accumulation of the polymer stresses
throughout the boundary layer thickness. Comparison of the stress deficits between the two trip-
ping configurations suggests that considerable polymer stresses are accumulated and maintained
farther away from the wall in the trip-downstream case owing to a relatively larger wall-normal
polymer transport close to the trip (Fig. 7.3) leading to a broader polymer-affected region.
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Figure 7.12: Variation of the viscous (µd〈u〉/dy) and Reynolds shear stress (−ρ〈u′v′〉) in outer
coordinates for (a) trip-upstream and (c) trip-downstream case. Variation of the total stress mul-
tiplied by (1 − y/δ) for the respective cases in shown in (b) and (d) following Hou et al. [69].
Stresses are normalized by the respective wall-shear stress (τw) in each of the cases. Profiles are
displaced horizontally to distinguish the streamwise positions marked by Reτ0 . Dashed lines in
(a) and (c) represent Reynolds shear stress and solid lines show the viscous stress. Total stress
profiles ((1− y/δ)τtotal) are shown only for the later stages of the transitioning boundary layer as
indicated by the top axis.

7.4 Concluding remarks

The present study experimentally investigates the effect of slot-injected polymer (1000 ppm of
polyethylene oxide) on laminar-to-turbulent transition in flat-plate tripped boundary layers using
a two-dimensional trip wire. The resulting transitioning boundary layer is characterized using
planar PIV and PLIF measurements which allow for a detailed study of the streamwise develop-
ment of the bypass transition process. Further, the study explores the effectiveness of polymer
injection for two different trip placements relative to the injection slot. For the trip positions
upstream of the slot (Rer = 229 based on the trip height), the polymer is injected within a
recirculating bubble formed downstream of the trip wire (trip-upstream configuration). On the
other hand, with the trip positioned downstream of the injector (Rer = 210), the polymer is
injected in the laminar boundary layer upstream of the trip (trip-downstream configuration). The
results provide a detailed understanding of the salient flow features and the potential advantages
and drawbacks of polymer injection in the considered configurations which are critical for the
practical implementation of this flow control technique on various marine vehicles.
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The mean flow in the region downstream of the trip elicits an inflectional streamwise velocity
profile due to the formation of a long recirculating region (approximately 10δslot). Accordingly,
this leads to a relatively rapid amplification of Kelvin-Helmholtz instabilities within the separated
shear layer which is illustrated using both flow visualization and quantitative measurements. In
both trip-slot configurations, a more accelerated transition is induced by the polymer injection
in comparison to the corresponding Newtonian base flow. The polymer injection within the
laminar flow region upstream of the trip wire (trip-downstream case) results in more rapid am-
plification of perturbations and consequently an earlier breakdown to turbulence compared to the
trip-upstream case. This is likely a result of more pronounced elasto-inertial instabilities result-
ing from higher polymer deformations induced in the higher strain regions around the trip wire.
Additionally, the confinement of the polymer solution within the separated shear layer in con-
junction with the larger wall-normal fluctuations closer to the trip-wire in the trip-downstream
case results in a discernible increase in polymer diffusion in the lower half of the boundary layer.

While the results highlight a counterproductive effect of the polymer injection on the bypass
transition, reflected in the decreased shape factors (H) and increased Cf , the peak Cf attained
at the transition point is lower than that in the corresponding Newtonian flow. The ensuing
flow downstream of the transition point elicits drag reduction related to the near-wall polymer
concentration, highlighting the onset of the drag reduction phenomenon within the late transition
stages. In this regard, the critical shear stress corresponding to the onset of drag reducing effect
is observed to be nearly equal in the two tripped cases considered in the present study while the
drag reduced regime persists over a longer streamwise distance in the trip-upstream scenario due
to a relatively higher near-wall polymer concentration. Although the differences in the tripping
efficiency in the considered cases result in varying trends in the outer coordinates, consideration
of the variation of both H and Cf with Reτ is observed to be in excellent alignment with the
results of Roach and Brierley [78], illustrating a universal behaviour in the late transition stages
irrespective of polymer injection or the mechanism by which bypass transition is initiated.

In accordance with the noted universality in the late transition stages, the time-averaged pro-
files of streamwise velocity and Reynolds stresses show a consistent progression towards those
expected in the limiting fully developed turbulent flow from the mid-to-late stages of transition
regime (Reτ0 > 150). Barring the differences in the early stages of transition, similar progres-
sion is seen in the polymer injected flow relative to the corresponding expectations in the drag
reduced turbulent boundary layer flow. Further, the development of the profiles of total stress
elicits a self-similar behaviour in the outer layer in both Newtonian and drag reduced flow. A
progressively decreasing stress deficit in both magnitude and wall-normal coverage is observed
in the polymer-injected cases which is attributed to the declining drag reduction and polymer
stress accumulation closer to the wall.
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Chapter 8

Conclusions and Recommendations

The main findings from various works reported in the result chapters are summarized and rec-
ommendations for future studies are provided.
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8.1 Conclusions

This thesis experimentally investigated the effect of polymer injection on turbulent and bypass
transitioning flat plate boundary layers in pursuit of the key objectives presented in Sec. 1.1,
which are essential for a fundamental understanding of polymer based drag reduction and its
practical application on marine vehicles. These research objectives were systematically formu-
lated to answer the research questions with regards to the polymer effect on (i) development
of transitioning and turbulent boundary layers; (ii) various coherent structures in the near-wall
region; (iii) skin friction; and (iv) various turbulent scales. The experimental investigations con-
ducted using planar and tomographic PIV and PLIF techniques provide important insights into
the various interactions of polymers and turbulent motions which directly affect the drag reduc-
tion effected by the polymer, while supplementing the extensive body of work mainly derived
from numerical simulations. Furthermore, unlike the vast majority of previous studies that con-
sidered homogeneously distributed polymer-laden channel and pipe flows, the present investiga-
tion considers the boundary layer subjected to inhomogeneously distributed polymer additives
injected via a two-dimensional slot, which is more representative of possible practical applica-
tions on marine vehicles.

The investigations reported in Chapters 4 and 7 highlight that injection of polymer solutions
at relatively low Reynolds numbers (100 < Reτ0 < 300) produce a substantial, albeit waning,
drag reduction over an extensive length of the flat plate depending on the polymer concentration
in the near-wall region. Higher drag reduction is obtained in turbulent boundary layers with
increasing injected polymer concentration within the range 100 ppm < cinj < 1000 ppm, in
alignment with the universal variation of DR withK [59]. Various sub-regimes of drag reduction
are distinguished by the variation of the slope of the time-averaged streamwise velocity profiles in
the logarithmic layer (k) which is found to be well-correlated with DR at comparable Reynolds
numbers. The sub-regimes defined using this parameter reflect the dominance of the inertial
and viscous effects at moderate and high levels of drag reduction, respectively. Further, the
velocity fluctuations and Reynolds shear stress are observed to be dampened with increasing
drag reduction, and this dampening is most notable for the turbulence producing ejection and
sweep motions occurring within the buffer layer.

The Reynolds shear stress, being relevant to turbulence production, was further investigated
in Chapter 5 by means of three-dimensional PIV measurements in the buffer and lower log layers
in Newtonian and drag reduced boundary layer flows. The RSS producing coherent structures
in these layers were shown to be significantly modified even in low to moderate drag reduction
states. The three-dimensional reconstructions of the conditionally sampled ejections and sweeps
corresponding to the extreme RSS production were utilized to elucidate the average distribution
of the RSS within the coherent structures. The results highlighted a significant dampening of
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the RSS within the cores of the coherent structures and enlarged regions of low-RSS, particu-
larly in the vicinity of the rotational structures in polymer injected flows, directly pointing to
an elastic mechanism previously discussed by Min et al. [54]. Various mechanisms of poly-
mer transport within these near-wall coherent structures and other structures associated with the
low-speed streaks were elucidated through conditional sampling and reconstruction. These con-
ditional flow fields demonstrated weakened counter-rotating and hairpin-like vortices in addition
to the dampening of structures corresponding to extensional motions in the core regions of the
low- and high-speed streaks, providing support for the widely debated theories involving the
elastic mechanism [53] and extensional viscosity [65].

The polymer effect on the extreme skin friction events and the associated flow fields was eval-
uated using both planar and tomographic PIV measurements in the turbulent boundary layer in
Chapter 6. The fluctuations in the wall-shear stress obtained by proxy of the fluctuating stream-
wise velocity at the edge of the viscous sublayer allowed for a characterization and conditional
sampling of the extreme low and high wall shear stress events, which demonstrated the presence
of large scale ejections and sweeps within these extreme events. Accordingly, large structures of
RSS were found within the cores of these extreme events. The effect of various turbulent scales
on the extreme events was evaluated by means of a scale decomposition technique employed on
both planar and tomographic PIV data. While the results highlighted the dampening of small-
scale motions (< δ/2) and the corresponding RSS, which is generally associated with incoherent
motions within the large scale coherent structures, they illustrated the relative robustness of the
large scale coherent motions (> δ/2) to polymer injection. The conditionally sampled large scale
skin friction events further demonstrated the dominant contributions of the large scale RSS to the
total RSS, and were, thus, used for a quantitative investigation of the association of the large
scale RSS with the wall-shear stress by means of a three-dimensional two-point correlation. The
correlation structures confirmed the presence of large-scale RSS with magnitudes substantially
exceeding the peak time-averaged RSS in both low and high wall-shear stress events, while high-
lighting a significant phase delay in the RSS with respect to the extreme wall-shear stress.

Considering the notable effect of the polymers on various turbulent motions, the effect of
polymer injection on bypass transitioning boundary layers was investigated in Chapter 7 by con-
sidering two positions of polymer injection with respect to a trip wire. The transition process
initiated via the amplification of perturbations in a separated shear layer formed downstream of
the trip wire, leading to an inflectional K-H instability followed by vortex shedding and break-
down to turbulence. This process was shown to be accelerated in the polymer injected flow,
which resulted in an earlier breakdown to turbulence. Further, the injection of polymer solu-
tion upstream of the trip wire led to a more significant upstream advancement of the transition
point, which was attributed to significant elasto-inertial instabilities compared to the case when
the polymer was injected downstream of the trip. However, an onset of the drag reducing effect
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of the polymer was noted to occur within the late transition stages with substantial levels of DR
reached in both polymer injected cases. The DR was observed to decay more rapidly in the case
with the trip positioned downstream of the injection slot which is attributed to the relatively lower
near-wall polymer concentration sustained in this case. The effect of drag reduction in the late
transition stages was also observed to be reflected in the reduction of velocity fluctuations and
the Reynolds shear stresses, as expected from the investigations in drag reduced turbulent flows
reported in this thesis.

Overall, in the context of a practical implementation of this flow control strategy on marine
vehicles, the results of Chapters 4 and 7 highlight the important considerations required for the
optimization of the location of polymer injection. These studies show that an increase in the
local skin friction is expected up to varying streamwise distances close to the injection slot de-
pending on the regime of the flow, which is attributed to the relatively high viscosity layer of the
polymer solution formed downstream of the injection slot. While the higher turbulent intensity
in late transition and fully turbulent regimes causes an effective mixing of this viscous polymer
layer with the base medium and activates the polymer effect leading to drag reduction within a
relatively short streamwise distance (i.e., within x − xtrip < 20δtr, Chapter 4), the streamwise
distances required for the onset of drag reduction with the injection in earlier transition stages
are notably larger (x−xtrip > 40δtr, Chapter 7) due to a delayed activation of the polymer. In this
regard, a critical shear stress is observed to be applicable for the activation of the polymer effect,
which is reached late in the transition process. Furthermore, the results in Chapter 4 illustrate
that the High Drag Reduction (HDR) states are rapidly attained downstream of the onset of drag
reduction in fully turbulent flow. In contrast, the injection of similar concentrations of polymer
solutions in early transition stages result in the drag reduction to be limited within the Low Drag
Reduction (LDR) regime, while declining rapidly in the late transition and turbulent regimes, as
shown in Chapter 7. Thus, the injection of polymer solutions at the location corresponding to the
late stages of transition in the base flow is more preferable than the injection earlier upstream.

8.2 Recommendations

1. The investigation of bypass transition in Chapter 7 demonstrated the drag reducing effect
of the polymer in the late transition stages, while its onset was noted to occur slightly up-
stream of the transition point. Further studies using three-dimensional measurements are
required in the late transition regime, particularly in the vicinity of the transition point,
to investigate the onset phenomenon in transitioning boundary layer flow. Polymer ef-
fect on the generation of turbulent spots and the resulting intermittency are of particular
interest. The understanding gained from such a study is expected to be useful for the imple-
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mentation of polymer injection in naturally transitioning boundary layers, given the noted
universality in the late transition stages.

2. The present work has highlighted the effect of polymer injected via a two-dimensional slot
in the bypass-transitioning and fully turbulent regimes of a flat-plate boundary layer flow.
A notable limitation of slot injection is the progressive decrease of the near-wall polymer
concentration, limiting the region where high levels of drag reduction can be sustained
over the hull of a ship. To overcome this limitation, recent studies have considered dis-
tributed dosing of polymer solutions [218, 305] and use of polymer releasing antifouling
paints [306], which maintains a consistent near-wall polymer concentration. In addition,
multiple tangential injection slots can be considered for this purpose with the streamwise
spacing between the slots related to the achievable extent of high drag reduction. Detailed
investigations using advanced measurement techniques, such as PIV and PLIF, should be
conducted to evaluate the drag reduction performance using these control strategies to pro-
vide optimal parameters for practical implementation.

3. Further, for a practical application of polymer drag reduction on large marine vehicles,
such as cargo ships, the effect of polymer should be considered at large Reynolds numbers.
Previous studies have shown a remarkable Reynolds number effect in turbulent boundary
layer flows [307, 308] at Reynolds numbers such as those obtained on large marine vehi-
cles. While Elbing et al. [162] and Winkel et al. [182] have considered polymer based
drag reduction at such high Reynolds numbers, further detailed investigations are required
for the characterization of the drag reduced boundary layers given the high data scatter
in these studies. In addition, the utility of the above control strategies of wall-dosing and
polymer releasing paint should be explored at high Reynolds numbers.

4. The present investigation considered the effect of polymer injection in a flat-plate bound-
ary layer. In practice, the design of the marine vehicles leads to both favourable and ad-
verse pressure gradient regions on the fore and aft-body, hydrofoils, and control surfaces.
Furthermore, pressure gradients are also encountered during various maneuvers as well
as in the presence of locally misaligned oceanic currents. Thus, investigating the effect
of polymer injection within regions of non-zero pressure gradients is of practical inter-
est. The study by Koskie and Tiederman [232] showed that the effectiveness of the poly-
mer solutions in external boundary layers under adverse pressure gradients was greatly
reduced. Further investigations in this area are warranted with the advanced measurement
techniques for a detailed understanding of the effect of polymer injection in regions of
non-zero pressure gradient.
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Appendix A

Characterization of water tunnel facility

This chapter presents the mean flow fields, uniformity, and turbulence intensities characterized
using PIV and LDV measurements. The flow in the tunnel was characterized at freestream veloc-
ities in the range 0.27 m s−1 to 0.5 m s−1 in the test section, which was adjusted by a combination
of the settings of the inlet valve and the porosity on the back-gate. The test section has a length
of 2.5 m, height of 0.8 m, and a width of 0.5 m.

A.1 Experimental setup

Planar PIV measurements were conducted in the mid-span vertical plane (x − z) and spanwise
horizontal (x − y) planes. The coordinate system used for data presentation is illustrated in
Fig. A.1. A FastCam SA4 (Photron Inc.) with a 12 bit CMOS sensor having a pixel pitch
of 20 µm and a resolution of 1024 × 1024 pixels was used for image acquisition. The camera
was equipped with a 50 mm fixed focal length Nikkor macro lens set to a numerical aperture of
f# = 5.6. For the measurements in the x − z plane, the camera imaged three field of views
(FOVs) measuring 220 mm × 220 mm which were vertically displaced maintaining an overlap
of 20 mm between the subsequent FOVs to aid stitching of the resulting velocity vector fields.
The traverse used for this purpose has a resolution of 5 µm and is controlled digitally via a
computer. The vector field obtained from the stitching procedure measures 220 mm × 620 mm
and covers the bulk of the flow in the test section. Illumination of the FOVs was achieved
by a DM20 single cavity Nd:YLF laser (Photonics Inc.) and hollow glass spheres (Sphericel,
Potters Inc.) with an average size of 10 µm were used for seeding the flow. Synchronization
between the laser and the camera was achieved using a high-speed timing unit (LaVision Inc.).
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Figure A.1: Sketch of the test section of the water tunnel showing the coordinate system and
field of view used for flow characterization using PIV.

Following the measurements in the x − z plane, a FOV of approximately 77 mm × 77 mm was
positioned in the x − y plane at the mid-height of the test section for the characterization of
the spanwise uniformity of the streamwise velocity. Each data set containing 5456 images was
acquired in a single frame mode at an acquisition frequency of 60 Hz which was downsampled
to 30 Hz resulting in particle displacements of approximately 90 pixels at a freestream velocity
of 0.5 m s−1. These acquisition parameters were chosen to achieve large particle displacements
to minimize the effect of the measurement uncertainty on the estimates of turbulence intensity
[309]. The image pre-processing included subtraction of the minimum over a kernel of 7 images
and normalization of the images to minimize the variations in the background light intensity due
to a significant expansion of the laser beam. PIV processing was performed by using a final
interrogation window of 64 × 64 pixels with a 50% overlap.

In addition to the planar PIV measurements, the uniformity of the flow in the test section
was further characterized using laser doppler velocimetry (LDV) in the streamwise direction by
traversing the LDV probe in both vertical and spanwise directions covering approximately 0.75 m
and 0.3 m, respectively. The spanwise measurements were conducted at three different heights,
i.e., z = 0.25 m, 0.45 m, and 0.65 m with the measurement duration at each location exceeding
5 min.
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(a)

(b)

(c)

Figure A.2: Profiles of mean streamwise velocity in (a) vertical direction, and (b) spanwise
direction using planar PIV. Freestream velocities of 0.5 m s−1 and 0.3 m s−1 are used in (a) and
(b), respectively. (c) shows spanwise profiles of the streamwise velocity at three vertical positions
using LDV. Red dash-dot lines in (a) and (b) indicate ±1% limits.

A.2 Results

A.2.1 Flow uniformity

The profiles of mean streamwise velocity are shown in Fig. A.2. The profiles in Figs. A.2(a) and
A.2(b) obtained using planar PIV illustrate that the flow in the test section has a non-uniformity
of < 1% within the bulk flow region in both vertical and spanwise directions. Further, the
measurements performed at 0.5 m s−1 and 0.3 m s−1 in these figures show that the flow uniformity
is maintained throughout the range of the achievable freestream velocities in the tunnel. Results
for the spanwise profiles of the streamwise velocity obtained using LDV measurements acquired
within a larger span (0.15 ≤ y ≤ 0.15) demonstrate a non-uniformity of approximately 0.6%
(Fig. A.2(c)), which is aligned with the PIV results.
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Figure A.3: Turbulence intensities obtained using planar PIV corresponding to (a) streamwise
velocity fluctuations, and (b) streamwise and vertical velocity fluctuations.

A.2.2 Turbulence intensity

The PIV measurements performed with the consideration of minimizing the measurement un-
certainty are suitable for the characterization of the turbulence intensity in both streamwise and
vertical directions. Figs. A.3(a) and A.3(b) illustrate the turbulence intensity in the stream-
wise and the combined turbulence intensity in both streamwise and vertical directions (TI =√

(u2rms + w2
rms)/2/U∞), respectively. Results in Fig. A.3(a) depict that the turbulence intensity

in the streamwise direction is close to 1% within the bulk of the flow and it decreases closer to
the bottom wall, barring the region closest to the wall comprising of the boundary layer. Similar
trend is observed in the combined turbulence intensity in Fig. A.3(b), which is seen to be within
2% - 3% in the region 0 m < y < 0.5 m.

The effect of the variation of the freestream velocity on the turbulence intensity at the centre
of the test section while maintaining the water height at 0.8 m in the test section was investigated
by adjusting the porosity on the back gate of the water tunnel which allowed for the freestream
velocities to be varied between 0.27 m s−1 to 0.5 m s−1. Results in Fig. A.4 show that the stream-
wise turbulence intensity (urms/U∞) remains at about 1% throughout the range of the freestream
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Figure A.4: Variation of the turbulence intensity averaged over a FOV z = 0.2 m to z = 0.42 m
with freestream velocity.

velocities investigated, whereas the total turbulence intensity (TI) increases by approximately
0.3% with increasing freestream velocity. Noting the reduced combined turbulence intensity at
lower freestream velocities, the freestream velocities in the range 0.28 m s−1 to 0.3 m s−1 are
used in the various studies reported in this thesis.
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Appendix B

Characterization of polymer injector

This chapter presents the characterization results of the outlet velocity from the injection man-
ifold used for the polymer injection throughout this thesis. The chapter briefly describes the
design of the injector and the methodology used for the characterization of the outlet velocity be-
fore presenting the results. The design of the injector used in the present thesis mainly consists
of two parts viz., a manifold created within the flat-plate and an inclined slot from the manifold
to the plate surface (see Fig. 3.2). This chapter is aimed at the characterization of the outlet
flow through the manifold which itself has a spanwise opening, and is referred to as a slot in this
chapter. The outlet velocity profile and the spanwise velocity distribution is of interest in this
study to obtain the flow uniformity.

B.1 Injector design

The design of the injector follows the design guidelines provided by Walker et al. [202]. Similar
designs have been implemented by several preceding studies with a wide range of slot dimensions
and inclination angles (e.g., [50,59,182]). The slot width in these studies vary between 0.15 mm
- 1 mm with the most commonly employed inclination angle of 30° at comparable Reynolds
numbers. Previous studies [21,182] have also used one or more layers of metallic screens within
the plenum to equilibrate the pressure drop and mitigate the spanwise non-uniformity in the
outlet flow.

The present injector design is shown in Fig. B.1 with the coordinate axes in Fig. B.1(a) used
for the presentation of the velocity data in this chapter. The injection manifold is 3D printed in
two parts using PC-ABS with the dimensions 400 mm × 25 mm × 9.5 mm. The material of the

160



injector was chosen to be non-metallic to minimize polymer degradation [21]. The wall thickness
is 2 mm, except for the sides connected to the tubes which have a wall thickness of approximately
6 mm. A wire mesh with wire diameter of 0.23 mm and an open area of approximately 70% is
sandwiched between the two pieces before they are glued together (Fig.B.1(b)) to enhance flow
uniformity. The manifold has two inlet ports on the sides fitted with push-to-connect tube fittings
for 4 mm outside diameter tubes. The outlet of the injector is a narrow slot with a slot width (d)
of 0.5 mm and a spanwise length of 300 mm.

(a) (b)

Figure B.1: Design of injection manifold. (a) shows the CAD model of the injector, and (b)
shows the metallic mesh sandwiched between the top and bottom parts of the injector plenum.

B.2 Experimental setup

Characterization of the outlet flow was performed using planar PIV and laser doppler velocimetry
(LDV) in two different experimental setups shown in Fig. B.2. Firstly, planar PIV measurements
were conducted with the injector placed at the bottom of a glass water tank with the dimensions
0.6 m × 0.4 m × 0.3 m (Fig. B.2(a)). The tank was filled with water up to a height of at least
0.1 m. The measurements were conducted for the injection of water that was pumped into the
injector using a peristaltic pump (Model: AOBL BT101S). The planar PIV measurements were
conducted in the spanwise (y − z) and cross-span (x − y) planes with the high-speed FastCam
SA4 (Photron Inc.) having a resolution of 1024 px× 1024 px and a pixel pitch of 20 µm. To cap-
ture the full span of the injection slot, two cameras were placed along the span with each of the
cameras imaging a field of view of 160 mm × 100 mm resulting in an overlap of approximately
10 mm in the spanwise centre of the slot. On the other hand, one camera mounted on an optical
rail was used to image the cross-span fields of view at three spanwise stations corresponding
to z = −100 mm, 0 mm, and 100 mm. The illumination of the field of view was achieved by a
Nd:YLF laser (Photonics Inc.) and both injected and ambient water was seeded with the Spher-
ical hollow glass sphere particles (Potters Inc.) with a mean diameter of 10 µm. Particle images
were acquired in the single frame mode, and the timing and synchronization between the laser
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Figure B.2: Experimental setup for characterization of outlet flow through injector. (a) Planar
PIV setup with two cameras positioned along the span of the injector, (b) schematic of the setup
for LDV measurements along the span, and (c) schematic side-view of the injector and LDV
setup showing limitation of optical access below y = 2 mm.

and cameras was achieved using the LaVision High-Speed controller and DaVis 8.4 software.
The PIV parameters used for each of these measurements are provided in Table B.1.

The image processing and vector evaluation was performed in DaVis 8.4. The particle im-
ages were first processed using a minimum intensity subtraction time-series filter with a kernel
of 15 images. The images for the spanwise measurements were processed using a sequential
correlation algorithm with an interrogation window of 24 × 24 pixel2 and 75% overlap resulting
in instantaneous velocity fields with a vector pitch of 0.93 mm. The velocity fields obtained for
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the two cameras were averaged in time and then stitched to produce a single vector field span-
ning the full length of the injection slot. The cross-span measurements were processed using the
ensemble of correlation [208] algorithm with a final window size of 6 × 6 pixel2 and no overlap
resulting in a time-averaged velocity field with a vector pitch of 0.12 mm, sufficient to resolve
the width of the outlet jet.

PIV parameters

Parameter Spanwise (y − z) Cross-span (x− y)

Cameras 2 1

FOV 160 mm × 100 mm 25 mm × 25 mm

Lens 50 mm 200 mm

Numerical aperture (f#) 16 5.6

Acquisition frequency (Hz) 60 120

Dataset 1500 2400

Velocity evaluation method Seq. correlation Ensemble of correlation

Int. window (px) / Overlap 24 × 24 / 75% 6 × 6 / 0%

Vector pitch (mm) 0.93 0.12

Table B.1: PIV parameters for characterization of outlet flow through the injector.

Since the laser sheet thickness (1-2 mm) in the planar PIV measurements conducted along
the span is larger than the slot width of the jet outlet resulting in the averaging of the velocity
data along the width of the jet, the outlet flow was also characterized using the laser doppler
velocimetry (LDV) (Fig. B.2(b)). In this case, the injector wass placed at the bottom of a
glass water tank (0.46 m × 0.09 m × 0.37 m) mounted on a fixed table. A water column of at
least 25 mm was maintained above the injector throughout the data acquisition period which was
confirmed to produce negligible effects of the surface waves on the outlet jet flow using flow
visualization.

The measurements were conducted using the MiniLDV G5L velocimeter (Measurement Sci-
ence Enterprise) and the acquisition and processing software provided by the same manufacturer.
The measurement probe focuses two laser beams at a distance of 400 mm from the plane of the
lens of the probe resulting in a measurement volume with a length of 0.9 mm× 100 µm× 70 µm.
Optical access is limited by the inclination of the bottom beam. The lowest streamwise position
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Figure B.3: Spanwise distribution of time-averaged outlet velocity (V ) obtained using planar PIV
and LDV. Velocities are normalized by the mean of the measurements at the measured vertical
location. Error-bars and shaded regions correspond to 95% confidence intervals.

that is optically accessible, with the measurement volume vertically aligned with the slot, is
approximately 2 mm as shown in Fig.B.2(c). The probe was mounted on a traversing system
(Velmex BiSlide) to enable measurements along the span. Measurements were performed at a
distance of 3 mm from the outlet plane of the slot with a spanwise spacing between the measure-
ment stations of 10 mm.

The data was acquired for at least 60 s with an average data rate of approximately 100 samples/s.
This resulted in statistically converged time-averaged velocities confirmed by the convergence of
uncorrelated samples at each measurement location, with the correlation time determined using
an auto-correlation function of the time-series signal (refer Tropea et al. [310] for details).

B.3 Results

The time-averaged outlet velocity (V ) obtained using PIV and LDV along the spanwise direction
of the injection slot are presented in Fig. B.4. In order to aid comparisons of the spanwise
uniformity from the two measurements considered at slightly different wall-normal locations,
the outlet velocities are normalized by the corresponding spatial means of the velocity data at
the considered vertical locations (V ). The results considered at approximately y = 3 mm from
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Figure B.4: Spanwise distribution of time-averaged outlet velocity (V ) obtained using planar PIV
and LDV. Velocities are normalized by the mean of the measurements at the measured vertical
location. Error-bars and shaded regions correspond to 95% confidence intervals.

the outlet plane of the jet using both measurement techniques show comparable distributions of
the spanwise velocity within the uncertainty of the measurements. The spanwise uniformity is
found to be within±13% over the full span of the injection slot and it is within±7.6% over 75%
of the centre span. It is further observed from both measurements that the spanwise uniformity
improves slightly with the vertical distance.

Both PIV and LDV measurments show notable non-uniformity between the left and right
halves of the injection slot which is attributed to the unequal lengths of the tubing used to feed
the injector through the inlet ports on either sides. This mismatch of the tubing lengths was
eliminated in all the remaining experiments reported in this thesis. Deformations of the 3D
printed injector body, particularly under the loads applied by the injected fluid on the inner lips
of the upper part containing the slot, is also expected to cause non-uniformity in the outlet flow
along the span of the slot. The deformation of the injector body is eliminated in the flat-plate
experiments since the injector body is tightly sandwiched between the upper and lower aluminum
plates of the flat-plate model and securing its position under the inclined duct (Fig. 3.2). The
outlet flow through the inclined duct is expected to further improve the spanwise uniformity of
the outlet velocity.
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Appendix C

Uncertainty estimation

C.1 Uncertainty in mean velocity

The uncertainty in the estimation of the mean velocity (〈u〉) using N independent samples with
the assumption of a normally distributed random error is given by Eq. C.1.

ε〈u〉 =
σu√
N
, (C.1)

where σu is the estimated standard deviation considering both the variance due to true velocity
fluctuations (σu,fluct) and the uncertainty in the instantaneous velocity component (εu) [311].

The PIV data is acquired at 14 Hz and 15 Hz in Chapter 4 and Chapters 5 to 7, respectively,
leading to spatial separations between the consecutive samples exceeding the boundary thickness
(δ) along the streamwise direction. Thus, the acquired datasets, each containing more than 4000
independent samples, lead to an uncertainty in the mean velocity ε〈u〉 of less than 0.1% at the
peak of the velocity fluctuations within the boundary layer. It is further noted that the uncertainty
in the streamwise velocity (εu) is expected to vary from 0.1 pixels in the freestream to 1.5 pixels
at the wall due to the strong velocity gradient closer to the wall, whereas the uncertainty in the
wall-normal component (εv) is expected to be approximately 0.2 pixels [214]. However, this has
relatively minor effect in the uncertainty of the mean velocity which is dominated by the variance
corresponding to the velocity fluctuations.
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C.2 Uncertainty in wall shear stress

The wall-shear stress is estimated by a linear fit to the time averaged PIV data in the viscous
sublayer. The goodness of the linear fit (R2) is estimated to be greater than 0.98 in each of the
time averaged datasets with a sliding average operation as described in Sec. 4.3.3. The relative
uncertainty in the wall shear stress (εd〈u〉/dy) is derived using Eq. C.2

ε d〈u〉
dy

=

√
1/R2 − 1

n− 2
, (C.2)

where n is the number of data points considered for the linear fit within the viscous sublayer
[312]. The uncertainty decreases with an increased magnification in the viscous sublayer in-
creasing the number of data points (n) while also leading to a simultaneous improvement in R2.
Thus, the planar PIV measurements were designed to consider relatively large magnifications to
have at least 12 velocity vectors for the linear fit. The resulting uncertainty in the gradient of the
time averaged velocity is estimated to be approximately ±5%.

C.3 Uncertainty in velocity fluctuations and Reynolds shear
stress

The uncertainty in the root-mean-squared velocity (σu) and time averaged Reynolds shear stress
is estimated using Eq. C.3 and Eq. C.4, respectively,

εσu =
σu√

2(N − 1)
, (C.3)

ε〈u′v′〉 = σuσv

√
1 + ρ2uv
N − 1

, (C.4)

where ρuv is the cross-correlation coefficient between the velocity components u and v. In the
case of planar PIV measurements, the maximum uncertainty ε〈u′v′〉 with an assumption of ρuv = 1
is negligible due to the collection of large number of samples.

The measurement accuracy of the velocity fluctuations and Reynolds shear stress from to-
mographic PIV is assessed via a comparison with the planar PIV data in Fig. C.1. Fig. C.1(a)
shows that the maximum relative error in the rms of the in-plane component obtained from to-
mographic PIV is within 7.5% of the local magnitude. On the other hand, the relative error in
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Figure C.1: Time averaged profiles of rms of (a) streamwise
√
〈u′u′〉, and (b) wall-normal√

〈v′v′〉 velocity fluctuations at x − xinj = [150, 190]mm for the data presented in Chapters
5 and 6. Solid lines show results from planar PIV and ◦ show results from tomographic PIV.
Results are normalized using the inner scaling in the baseline case.

the wall-normal component, which is the out-of-plane component in the present measurements,
varies between 25% and 80% of the local magnitude as shown in Fig. C.1(b). While the to-
mographic PIV is able to capture the trends in the profiles of wall-normal velocity fluctuations,
results show an over-estimation close to the wall, which is attributed to the higher relative error
in the measurement of low velocities. However, this uncertainty in the out-of-plane component
does not correlate with the errors in the streamwise component leading to a minor overestimation
in the time-averaged Reynolds shear stress (Fig. 6.5).
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