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Abstract
Passive flow control can be applied to reduce the drag over ships and wings or
increase the mixing in reacting flows simply through modifying the surface properties.
Often it utilizes the dependence of turbulent flows on boundary conditions to manipulate momentum transport in the mean flow. To that end, the viscous sublayer has
garnered significant research interests as any quantities transported from the wall to
the mean flow (e.g. heat and momentum) must pass through it. However, our ability
to design and implement passive control schemes is constrained by our inability to
understand and predict turbulent flows as well as a lack of tools and means to interact
with the flow. This is primarily because the flow encompasses a wide range of length
and time scales that continues to expand with increasing Reynolds number. Difficulties in measuring or modifying the flow are exacerbated near walls where the scales of
the flow are smallest. In this dissertation, I will present a series of findings and tools
aimed at improving our ability to modify, understand, and measure near wall flows.
First a novel method for passive drag reduction inspired by Nepenthes pitcher plants
is proposed. A regime is found where both drag reduction and robustness characteristics of these surfaces are well predicted by laminar flow criteria. These surfaces modify
the near wall flow with localized pockets of recirculating fluid, effectively lubricating
the external flow, and exhibit behavior consistent with Townsend’s Reynolds number
similarity hypothesis. Then, a novel nanoscale velocity sensor is deployed in a high
Reynolds number boundary layer flow to obtain fully resolved measurements of the
streamwise variance in the near wall region. To facilitate resolved measurements of
the wall normal component of Reynolds stress, a novel strain-based sensing mode is
developed and validated.
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Chapter 1
Introduction
1.1

Motivations and Goals

The ubiquity of fluid flows, especially turbulent ones, in industrial processes, transportation, medicine, energy, meteorology (weather prediction), etc. means that research in fluid mechanics can have an immediate and far reaching impact. There is
a consistent need to understand the fluid flows around us and, if possible, modify
them to exhibit more desirable behavior. It is especially advantageous if we can exert
this control through a passive means such as a surface modification. The dimpling
on a golf ball is a classic example of this idea and demonstrates the power of passive
flow control. This simple surface modification initiates turbulence before the laminar
separation point, allowing the flow to remain attached until the turbulent separation
point, which is closer to the rear. This feature both decreases the pressure drag on the
ball through wake narrowing and increases lift from backspin allowing the golf ball
to fly farther. This example might be simple, but it illustrates the potential impact
that surface modifications can have.
There are several commercial and military applications where surface modifications that decrease drag can have a significant impact. For example, even small
1

hydrodynamic efficiency improvements to the performance of a single ship can result in significant reductions in CO2 emissions when applied over its 30-year lifetime.
Compound this savings over the thousands of vessels on the ocean and the savings
start to chip away at the 3.1% of global CO2 emissions that is due to shipping alone
[41]. The same logic applies to the 2% of global CO2 emissions due to commercial
aviation [59].
On the other hand, there are also applications where we want to generate turbulence to promote efficient mixing. Industrial-scale chemical reactions rely on turbulent mixing to ensure complete conversion of reactants into products. Proper surface
modification can help increase the transfer of vorticity into the flow and reduce reaction times. Additionally, turbulent mixing can play a similarly important role in the
efficiency of heat transfer devices such as heat exchangers.
However, achieving even a modest improvement in system efficiency, especially in
the case of drag reduction, is a difficult task. This is primarily because we are limited
in our ability to accurately predict and control turbulent flows by our incomplete understanding of the underlying physics. Even in canonical flows, the nonlinearity and
wide range of scales inherent to turbulence make it challenging to model and study.
To effectively control turbulent flows, we need to understand both the underlying
mechanisms that drive turbulence and how our interventions will affect them. Fortunately, the sensitivity of turbulent flows to boundary conditions means that relatively
modest adjustments (e.g. surface roughness) can result in significant changes to fluid
behavior. Recent developments in surface chemistry and micro-manufacturing provide
new tools for precisely fabricating surfaces that interact with near-wall turbulence.
These surfaces are capable of exacting significant changes in the bulk flow behavior,
however, the nature of their influence, and its effect on the turbulence remains poorly
understood.

2

1.2

Wall-Bounded Turbulence

Introducing a surface into a fluid flow fundamentally alters its behavior by imposing
two distinct boundary conditions. The first is the kinematic condition which constrains the wall-normal velocity component of the fluid flow at the surface to be equal
to the normal velocity of the surface. This condition is typically not very complicating and can be satisfied by solutions to the inviscid Euler equations. The second and,
in the author’s opinion, more interesting boundary condition is the no-slip condition
which requires that the tangential velocity component at the surface be the same as
the tangential velocity of the wall. Satisfying the no-slip condition not only requires
viscosity, but more specifically, often a smaller characteristic length scale near the
surface where viscous stresses are relevant, namely a boundary layer.
If the flow is turbulent, our picture of the boundary layer becomes considerably
more complicated. In contrast to the laminar case, turbulent boundary layers (and
other turbulent-wall bounded flows) are characterized by a broad spectrum of length
and time scales in addition to several regions throughout the boundary layer where
different scaling and behavior can be expected. Specifically, inertial and turbulent
stresses are dominant within most of the boundary layer, meaning that viscous stresses
are negligible in most of the overlying flow. However, viscosity cannot be negligible
everywhere, meaning that there must still exist a thin, viscously-dominated region
within the boundary layer, appropriately called the viscous layer, to satisfy the no-slip
condition.
By its nature, the viscous layer plays an important role in conveying information
about the wall condition to the overlying turbulent flow and vice versa. Townsend [92]
proposed that the turbulence outside the viscous layer is almost entirely unaffected
by the details of the surface configuration and viscous layer flow. Rather, the effect
of the viscous layer on the overlying flow is limited to that of an imposed stress.
Furthermore, this idea is valid in many cases for turbulent flow over rough walls
3

[92, 24] as well, where the turbulent stress distribution, when normalized by the wall
shear stress, is insensitive to the details of surface topology outside of the equivalent
roughness sublayer (i.e. several roughness length scales). Similar to the smooth
wall case, the turbulence above the roughness sublayer is not affected by the exact
nature of the roughness but rather only the average wall shear stress, provided that
the roughness size is significantly smaller than the boundary layer thickness (approx.
40×) [24].
These ideas can be formalized using classical scaling arguments. Each region of
the flow (shown in figure 1.1) can be characterized by considering the relative scale
of inertial to viscous stresses. This ratio is expressed by the dimensionless parameter
called the Reynolds number, ReL ≡

U c Lc
,
ν

where Uc and Lc are characteristic velocity

and length scales of the flow and ν is the kinematic viscosity of the fluid. In the nearwall or inner region, flow behavior over a smooth wall is typically well parameterized
by the dimensionless wall-normal distance, y + = yδν−1, normalized with the viscous
p
τw ρ−1
length scale, δν = νu−1
τ , where uτ is the friction velocity defined as, uτ =


. In the immediate
and τw is the shear stress at the wall given as τw = ρ ν dU
dy
y=0

vicinity of the wall (y

+

< 30) viscous stress are either dominant or comparable to

the turbulent stresses [77] and is denoted the viscous sublayer. Further from the wall
(30 < y + < 300), viscosity does not affect the mean flow but still contributes to the
turbulent scales responsible for generating Reynolds stresses [33]. However, outside
of this viscous layer (y + > 300), the flow is considered fully turbulent and viscosity
is not found to directly affect the dynamics or energetics of the flow.

1.2.1

Passive Means of Turbulent Drag Reduction

Passive flow control can utilize turbulence’s dependence on boundary conditions to
modify transport in the mean flow. To that end, the viscous layer is interesting
because any quantities transported from the wall to the mean flow (e.g. heat and
4

Figure 1.1: Structural diagram of canonical zero pressure gradient turbulent boundary
layer. The inner and outer scaled regions are shaded in blue and red, respectively.
The overlap region where both scales are valid is shown in purple.
momentum) must pass through it. While manipulation of the viscous layer is not the
only drag reduction strategy, it plays a role in many current methods of turbulent
drag reduction. One of the oldest and most successful methods still utilized today
is turbulent drag reduction through the addition of long-chain polymers. Though
not entirely passive in nature, this phenomenon was first discovered by Toms in 1948
[91], who found that small additions of high-molecular weight molecules (O(10)ppm)
could reduce turbulent friction drag significantly, up to 80% [98]. The performance of
the drag reducing agent improves with both increasing concentration and Reynolds
number and has been successfully employed in fluid distribution applications such as
pipelines [82]. The precise mechanism of drag reduction remains a source of debate
[103]. Lumley [53] proposed that the stretching of the long chain polymers within the
buffer layer of the viscous sublayer effectively increases the viscosity in this region,
5

damping out turbulent fluctuations. The net result is an effectively thicker viscous
layer and significantly reduced drag. de Gennes [15], however, proposed that this
thickening of the buffer layer was instead due to the polymer elasticity modifying and
truncating the energy cascade in this region. Though the success of this technique can
yield significant results, sustained drag reduction requires the continual addition of
polymers to either dope new fluid or replenish polymers that have been mechanically
severed.
Another notable method of turbulent drag reduction that has garnered significant
attention is the use of riblets, which are periodic, streamwise-oriented grooves [17, 32].
In contrast to regular roughness or spanwise grooves, the streamwise nature of riblets
exhibits minimal, if any, form drag and permits streamwise flow within the grooves.
If the groove periodicity and depth are the proper size compared to the scales of
the turbulence (≈ O(1 − 10)δν ), the vortices and turbulence above the riblets only
interact with the riblet tips and are unable to penetrate into the grooves. This
feature minimizes their contribution to skin friction drag. Consequently, the external
flow is then lubricated by the streamwise velocity within the grooves which behaves
analogously to a thickened viscous sublayer. The result is that there exists a regime
where the reduction in turbulent skin friction drag exceeds the added viscous drag
from flow within the groove. This trade off can result in lower skin friction drag up
to 10% [17]. However, such a mechanism is only effective on net over a narrow range
of riblet sizes and geometries. Should the riblets become too large compared to the
turbulent scales or have too large a wetted surface area, the net result will be a drag
increase.
One of the most recent and exciting methods for modifying near wall flow has
been the use of superhydrophobic surfaces [SHS], which have garnered significant
attention in the last decade as a means of passive drag reduction. Designed to mimic
the composition of a lotus leaf, SHS typically consist of roughness with a hydrophobic
6

surface chemistry or functionalization. When these surfaces are submerged under
water, they are able to locally trap pockets of air within the surface textures. The low
dynamic viscosity of these bubbles compared to the overlying fluid, means that they
effectively behave as a local shear free boundary to any passing flow. In the proper
configuration, these air-water interfaces have been shown to produce significant drag
reduction in both turbulent [14, 106, 50, 73] (up to 75%) and laminar (upwards of
45%) flows [71, 70]. However, the drag reduction is predicated on retaining the air
within the roughness and minimizing the influence of form drag. While a significant
amount of effort has gone towards improving the robustness and performance of these
surfaces [87, 34], they still exhibit a susceptibility to failure modes such as hydrostatic
pressure, low surface tension fluids, mechanical damage, and turbulent fluctuations.
Though the viscous layer plays an important role in many drag reduction schemes,
it also remains one of the least understood parts of the boundary layer, particularly at
high Reynolds number. This is because 1) the presence of the wall limits or obscures
many conventional measurement techniques and 2) the length scales of the turbulence
near the wall shrink with the increasing Reynolds number and typically become too
small to measure accurately in lab scale experiments.
The work presented here represents an effort to provide new tools for investigating
the flow behavior in the near-wall region and its role in transporting quantities from
the wall, particularly momentum.

1.3

Outline and Author’s Contributions

Chapter 2 describes a novel method of passive drag reduction inspired by the Nepenthes pitcher plant. These surfaces rely on trapped pockets of liquid lubricant
within the surface to modify the flow field near the wall. These collection of slipping
fluid-fluid interfaces, facilitates a nonzero slip velocity at the effective surface that
7

modifies the near wall flow and reducing the wall shear stress. The drag reduction
over canonical grooved configurations of these surfaces is modeled and found to have
good agreement with direct numerical simulations. The robustness of these surface
configurations is then investigated experimentally and found to have limited agreement with laminar flow models. A novel method for fabricating robust surfaces is
then proposed and demonstrated. This chapter is primarily based on content from
Fu et al. [26, 25, 29] but carries contributions from a number of collaborators. The
numerical simulations were conducted by Dr. Isnardo Arenas and Prof. Stefano
Leonardi on the Texas Advanced Computing Center (TACC). The results of these
simulations were analyzed independently by me and were informed by helpful discussions with Prof Marcus Hultmark, Prof. Alexander Smits, and Prof. Howard Stone.
The Taylor-Couette experiments were conducted by Brian Rosenberg and Tyler Van
Buren and I contributed to the analysis of the results. Retention experiments using
the turbulent channel flow facility were largely conducted and analyzed by myself
with helpful guidance from and discussions with Dr. Jason Wexler, Dr. Ian Jacobi,
Ying Liu, and Prof. Howard Stone.
Chapter 3 presents fully-resolved measurements and analysis of a turbulent
boundary layer at high Reynolds number, with a focus on the near-wall behavior.
Streamwise velocity measurements were acquired using nanoscale thermal anemometry probes (NSTAPs) in the Melbourne High Reynolds Number Boundary Layer
Wind Tunnel. The experiments were conducted collaboratively by Milad Samie,
Yuyang Fan, and me. The sensors used in this campaign were manufactured by
Yuyang Fan. The data from this campaign was processed independently by Milad
Samie and me and the analysis was informed by many helpful discussions from Prof
Marcus Hultmark, Prof. Alexander Smits, and Prof. Ivan Marusic. The results and
analysis in the section are published in [80].
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Chapter 4 introduces a new, strain-based method for measuring the velocity of
liquids and gases called Elastic Filament Velocimetry [EFV]. The sensing mode relies
on fluid forcing to deflect and elongate a thin, conductive filament. The strain in
the wire changes the filament resistance and can be correlated to the fluid velocity.
A combination of experimental, theoretical and numerical simulations is used to validate then sensitivity of the bending mode to fluid velocity and then a theoretical
framework is presented to demonstrate how this technique can be used to acquire
wall-normal velocity near the wall. This chapter is based primarily based on content
from Fu et al. [28] with ideas and results from Byers et al. [9, 8, 7]. The sensitivity to
velocity was first noticed by Clayton Byers as an anomalous reading in his experiment.
The theoretical and numerical modeling of the wire is primarily my own work, but
were informed by thoughtful conversations with Prof. Marcus Hultmark, Prof. Craig
Arnold, Prof Andrej Kosmrlj, and Ting-Hsuan Chen. Confocal microscopy measurements and analysis of the wire deflections were gathered by Ting-Hsuan Chen and
me, while the electrical strain measurements and analysis were conducted by Clayton
Byers, Yuyang Fan, and myself. Water channel measurements using the sensors were
conducted and analyzed by Clayton Byers. All of the sensors used in this chapter
were designed and manufactured by Yuyang Fan.

9

Chapter 2
Turbulent Flow over Liquid
Infused Surfaces
2.1

Concept

Liquid-infused surfaces [LIS] present a novel alternative to SHS as a passive method of
turbulent drag reduction. Analogous to SHS, LIS are composed of a lubricant that is
trapped within chemically matched roughness elements and is immiscible with external fluids. Where SHS derive their properties from the presence of air pockets within
the surface topography, LIS are inspired by Nepenthes pitcher plants and rely on the
movement of liquid lubricants to facilitate mobility of fluid-fluid interfaces. In each
case, a heterogeneous surface is formed, comprising both solid-fluid and fluid-fluid
interfaces. The choice of a liquid lubricant enables LIS to exhibit numerous beneficial properties for naval applications including anti-biofouling [20] and ice-phobicity
[43]. In contrast to SHS, which are typically susceptible to hydrostatic pressure,
liquid-infused surfaces also exhibit extreme pressure stability [105]. The presence of
this trapped fluid is also instrumental in modifying the near wall flow and facilitating
passive drag reduction. Under shear, mobility of the fluid within the roughness allows
10

Figure 2.1: Image of Nepenthes pitcher plant with an illustration of the slippery surface composition. Picture credit: Richard W Sinyem and Wikimedia Commons. This
figure was adapted and licensed under Creative Commons Attribution 2.0 Generic.
the fluid-fluid interface to maintain a finite velocity. The collection of the localized
slipping interfaces yields a nonzero, streamwise slip velocity at the effective interface.
A wide range of SHS studies [14, 78, 30, 74] have established this effect as the primary
mechanism by which SHS are expected to reduce drag in turbulent flows.
Though numerous experiments have quantified the drag reduction capabilities of
SHS, [94, 14, 73], it has only recently been demonstrated that LIS are able to reduce
drag in laminar [86] and turbulent [79] flows. Though the lubricating fluids are quite
different, the drag reducing mechanisms are fundamentally the same for both SHS
and LIS. A common modeling approach for SHS is to simply consider a pattern
of shear-free and no-slip regions, and to neglect the effects of fluid properties and
surface features within the air layer. While this model neglects the details of the
flow within the cavity, the leading order physics and effects on the external flow can
still be replicated. For SHS, such a simplification might be justifiable as the dynamic
viscosity of water is ∼ 55 times larger than that of air, but it is inappropriate for LIS,
as the lubricant will typically have a viscosity on the same order as the external fluid.
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Consequently, predicting the drag reduction from a LIS requires a more detailed
understanding of the interaction between the lubricant, structural roughness and
external flow.
Here, a combination of numerical and experimental approaches is used to investigate how grooved configurations of LIS interact with turbulent channel flow. First, the
drag reduction mechanism and performance for this regime are modeled for grooved
configurations of LIS and found to have good agreement with results from direct numerical simulations (DNS) of turbulent channel flow over these surfaces. Despite the
increased detail and complexity of the heterogeneous boundary, the drag reduction
derived from such surfaces is found to be consistent with slip drag reduction results
and models from the superhydrophobic literature. Furthermore, the surfaces in this
regime are well characterized with an effective slip length that agrees with laminar
flow models. Next, the robustness of streamwise groove configurations of LIS is investigated using a table-top channel flow experiment. A similar regime is established
where the results from laminar flow studies are found to predict the amount of retained lubricant within the surface. A novel method for fabricating surfaces that can
retain large areas of lubricant is proposed and tested experimentally.

2.2

Turbulent Drag Reduction Mechanism and
Prediction

In contrast to SHS, it is necessary to understand the coupling between the lubricant
flow within the roughness and the external fluid to determine the effects of the finite
lubricant viscosity. Recirculation of the fluid lubricant supports a finite interfacial
velocity. Locally along the interface, the external and lubricating fluids must both
exhibit the same slip velocity, Us , and shear stress. Alternatively, we can express the
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Figure 2.2: Illustration of fluid flow within LIS cavities in a streamwise (left) and
spanwise (right) groove configuration. Blue represents the external fluid with dynamic
viscosity µext, while green represents the lubricant with a lower dynamic viscosity µint .
second matching condition at the interface, denoted as location i, in the following
manner

N

dUext
dy

=
i

dUint
,
dy i

(2.1)

with the viscosity ratio, N, defined as the ratio of the viscosity of the external fluid,
µext , to that of the infused liquid, µint , given by N = µext /µint . Also,

dU
dy

is defined

as the surface-normal gradient of the streamwise velocity for the respective fluids.
Due to the presence of the slip velocity, the external flow will have a smaller local
velocity gradient over the fluid-fluid interface compared to the flow over the no-slip
regions. From equation 2.1 it is clear that if the lubricating and external fluids exhibit
different dynamic viscosities, there will be a discontinuity in the velocity gradient at
the interface. As the viscosity within the cavity is decreased, and N is increased, the
fluid-fluid interface is able to sustain a higher slip velocity; specifically, in the limit
when N → ∞, we expect the fluid-fluid interface to behave as a shear-free boundary.
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Understanding effective drag reduction over LIS involves aggregating all of the
individual, localized slipping effects along the fluid-fluid interfaces as a macroscopic
boundary condition for the flow. Given the inherent complexity in considering the full,
heterogeneous boundary, it is typically assumed that one can homogenize the surface
and simply consider the surface averaged or effective slip velocity [46], hUs i, over the
surface. In the case of surfaces exhibiting periodic patterning (e.g. stripes or grooves),
surface-wise averaging can be considered over a pattern period. Equivalently, it is
E−1
D
dUext
,
usually more convenient to consider the effective slip length, b ≡ hUs i dy
i
E
D
denotes the surface-normal gradient of the mean streamwise velocity
where dUdyext
i

evaluated at the effective interface. In the current work, where the flow is turbulent,

hi denotes averaging both in time and space. The effective slip length, b, can be
rigorously defined as the distance into a surface where the no-slip condition would be
satisfied by a linear extrapolation of average velocity gradient at the interface.
Generally, the magnitude of drag reduction derived from a slip surface is governed
by the ratio of b to the nominal length scale of the shear. As the ratio between
these two length scales increases, so does the drag reduction. For laminar flows,
where the shear is usually determined from the domain geometry, drag reduction
can be related explicitly to b and known parameters. Unfortunately, a relationship
is not as straightforward for turbulent flows. It is currently understood that the
drag reduction is not solely governed by b, but by the nondimensional slip length,
b+ , given as b+ ≡ buτ ν −1 [87, 74, 78]. This relationship has been demonstrated
using direct numerical simulations [DNS] of turbulent channel flow by Park et al.
[74], where the drag reduction over shear free stripes of various widths and area
fractions was found to collapse with b+ . This relationship has also been validated
experimentally by Srinivasan et al. [87] using a turbulent Taylor-Couette apparatus
with superhydrophobic cylinders. Several models have been derived to predict the
drag reduction associated with a given b+ , typically by applying the slip as an offset to
14

Figure 2.3: Diagram of the computational domain and LIS surface configuration. Illustration of the four configurations for liquid infused surfaces. Spanwise and streamwise orientations of grooves were considered and two different levels of lubricant filling: filled to the crest plane and over-filled with an overlying film thickness is 0.05w.
Grooves dimensions are w = 0.5ℓ = 0.05h.
the mean velocity profile [78, 30, 6]. The model presented by Rastegari and Akhavan
[78] considers only the drag reduction associated with streamwise slip, while Fukagata
et al. [30] and Busse and Sandham [6] utilize results from numerical simulations to
additionally model drag increasing mechanisms such as spanwise slip. Each model
indicates that a larger b+ will generate increased drag reduction. Importantly, such a
relationship is encouraging for high Reynolds number applications where, assuming
that the lubricating layer can be retained, the drag reduction from a given surface will
increase with the flow shear stress. Such a trend stands in contrast to the behavior
of riblets which have a narrow range of Reynolds numbers over which a particular
configuration will successfully reduce drag [32].
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2.3

Direct Numerical Simulations [DNS] of LIS in
Turbulent Channel Flow

To evaluate if LIS reduce drag in a manner consistent with a slip surface, several
DNS of turbulent channel flow over idealized liquid infused surfaces were performed.
In these simulations, the flow over canonical grooved surfaces, consisting of square
bars infused with a second, fully wetting and immiscible, liquid with viscosity ratio
from N = 10−1 to N = 102 was studied, where N = 0.1, 1, 2.5, 10, 20, and 100.
The width (w) and depth of the roughness elements are equal and constant for all
the simulations (w = 0.05h where h is the half height of the channel, see figure 2.3).
For both transversal square bars and longitudinal square bars, the width to pitch (ℓ)
ratio is w/ℓ = 0.5. The Reynolds number, Re = ρext Ub h/µext = 2800, corresponds
to Reτ = 180 when both walls are smooth, where Ub is the bulk streamwise velocity.
The flow rate has been kept constant in all simulations. To quantify the effect of
the interface position on the drag, three cases have been computed: the interface
placed at the crests plane and 0.05w above and below the crests plane, though the
analysis presented above relies only on the first two configurations. The displacement
of the interface corresponds to about 0.5 wall units for a Reτ = 180 for a smooth
channel. The computational box is 6.4h × 2.05h × 1.6h and the computational grid
is 1024 × 512 × 256, each in the streamwise, surface-normal and spanwise directions.
The additional 0.05h increase in channel height corresponds to the cavity height of
the textured surfaces. A nonuniform grid is used in the surface-normal direction with
40 points clustered within the roughness. An illustration of these parameters is given
in figure 2.3. Periodic boundary conditions apply in the streamwise and spanwise
directions for both the upper and lubricating fluids while the no-slip condition is
imposed on both walls. At the interface, continuity of the shear stress

dU
dy

and zero

surface-normal velocity is imposed to mimic a stable interface and flow in Cassie
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state corresponding to a high surface tension. In high Reynolds numbers flows, interfacial deformations will become important, however, the choice of a flat interface
is to understand the consequences of using a finite viscosity lubricant compared to
the typical treatments of superhydrophobic surfaces as no-slip/shear free patterns
(which also assume flat interfaces). Furthermore, this approximation will be considered reasonable for surfaces when the interfacial tension dominates the interfacial
dynamics. For example, the interfacial Weber number in Rosenberg et al. [79] was
found to be W e = ρu2τ wγ −1 = O(10−3 ), where γ is the interfacial tension between the
lubricant and external fluid. Statistics are computed with about 300 velocity fields,
2 non-dimensional time units apart (time is normalized by h/Ub ). After the first
3,000 non-dimensional time units, which were discarded when processing the data,
convergence to a statistically steady state was achieved.
Results were obtained by solving the incompressible, dimensionless Navier-Stokes
and continuity equations which can expressed concisely, using index notation, as:



∂ui ∂uj
∂p
1 ∂
∂ui ∂ui uj
µ
e(φ)
+ Πδi1 + f δ(φ)
+
=−
+
+
∂t
∂xj
∂xi Re ∂xj
∂xj
∂xi
∂ui
= 0,
∂xi

(2.2)

(2.3)

respectively. Here, i = 1 denotes the streamwise direction, i = 2 is the surface-normal
direction, and i = 3 is the spanwise direction, Π is the pressure gradient required to
maintain a constant flow rate, φ is the signed distance from the interface, and f is
the force at the interface between the two fluids in normal direction to the interface.
The distance function, φ, is used to distinguish between the two fluids and it appears
also in the factor µ
e, defined as µ
e(φ) = 1 + (N −1 − 1)H(φ), where H is the Heaviside

function, which is H = 0 when φ < 0 (external fluid) and H = 1 when φ > 0 (

internal fluid).
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The force at the interface, f , is computed to prescribe a u2 = 0 condition with
f δ(φ) = 0 at any other point not lying on the interface. The Navier-Stokes and
energy equations have been discretized in an orthogonal coordinate system using
the staggered central second-order finite-difference approximation. Details of the
numerical method can be found in Orlandi [68]. The discretized system is advanced
in time using a fractional- step method with viscous terms treated implicitly and
convective terms explicitly. At each time step, the momentum equations are advanced
with the pressure at the previous step, yielding an intermediate non-solenoidal velocity
field. A scalar quantity, Φ, projects the non-solenoidal field onto a solenoidal one. A
hybrid low- storage third-order Runge-Kutta scheme is used to advance the equations
in time. The structure of the grooves is treated by the immersed boundary technique
described in detail by Orlandi and Leonardi [69].

2.3.1

Results

The computed drag reduction for the different groove and lubricant filling configurations is shown as a function of viscosity ratio in Figure 2.4. In most cases, the
spanwise grooves show a drag increase, while the streamwise grooves will generate
a drag reduction. This is consistent with the observations of Woolford et al. [106]
who found a similar pattern for grooved configurations of superhydrophobic surfaces.
Furthermore, the drag reduction behavior for the overfilled grooves appears to be
dominated by a “thin-film” drag reduction effect, generating significant drag reduction in the cases where N ≫ 1 for both streamwise and spanwise grooves. In all
cases where N ≪ 1 a minor drag increase was found. An important consideration
(though not simulated here) is the case where the grooves are underfilled or unfilled.
In the unfilled case, the wall will behave as classical roughness or riblets depending
on the surface configuration. In the underfilled case, one would expect the answer to
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Figure 2.4: Drag reduction results of turbulent channel DNS at Reτ ≈ 180 as a
function of viscosity ratio, N = µext/µlub . Drag reduction is defined using the no-slip
wall shear stress, τ0 , compared to that of a slip wall, τLIS , where % Drag Reduction
= 100 × (1 − τLIS )τ0−1 . Blue and red denote streamwise and spanwise configurations,
respectively. (2,2) : Results from idealized LIS from present study with the lubricant
filled to the crest plane. (△,△) : Results of idealized LIS where an overlying lubricant
film of thickness 0.05w is present.
lie somewhere in between where the slip effect competes with the added roughness
friction.
If the idealized LIS surfaces reduce drag through a streamwise slip at the interface,
as hypothesized, the drag reduction measured in the DNS should demonstrate the
same correlation to b+ as slip surfaces such as those in Min and Kim [62] and Busse
and Sandham [6] as well as patterned shear free surfaces like those in Park et al.
[74] and Rastegari and Akhavan [78]. Figure 2.5 shows the correlation between b+
and the measured drag reduction for the idealized LIS for values of N ranging from
N = 10−1 to N = 102 are compared to the correlation from Park et al. [74] and the
theoretical prediction from Rastegari and Akhavan [78]. Encouragingly, the results
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Figure 2.5: Drag reduction results of turbulent channel DNS at Reτ ≈ 180 as a
function of b+ . Drag reduction is defined using the no-slip wall shear stress, τ0 ,
compared to that of a slip wall, τLIS , where % Drag Reduction = 100 × (1 − τLIS )τ0−1
. Blue and red denote streamwise and spanwise configurations, respectively. (2,2)
: Results from idealized LIS from present study with the lubricant filled to the crest
plane. (△,△) : Results of idealized LIS where an overlying lubricant film(0.05w) is
present. ( ): Results from [74] of turbulent channel flow DNS shear free stripes.
(−−): Prediction from [78] for drag reduction over shear free stripes.
from the current study demonstrate the same correlation between b+ and the drag
reduction that has been established in the literature for SHS.
Homogenization of the heterogeneous LIS boundary into a single, effective, parameter, b, is convenient for several reasons. While we wish to discern how effective
different surfaces are for reducing drag, the performance of any given surface will vary
for different flow conditions and facilities. To good approximation, b behaves as a flow
independent parameter, provided it is not significantly larger than the viscous length
scale, δν = νu−1
τ [83, 74, 87]. By using DNS of channel flow over idealized SHS, Seo
and Mani [83] found that when b+ < 5, b could effectively be characterized with the
b derived in the Stokes flow limit. Consequently, in this limit, the flow dependence
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of the drag reduction can be separated from the dependence on surface properties.
This allows us to reduce our problem to characterizing how b varies with N, and
ultimately, describe the effect on drag reduction more generally.
This idea is conceptually analogous to Townsend’s Reynolds number similarity
hypothesis which proposes that the behavior of the outer turbulence is set by the imposed shear from the wall and is otherwise insensitive to the details of the boundary
condition. Here, one should expect a similar behavior where the details of the surface
geometry can be homogenized using the effective slip length and the overlying turbulence is only affected by the corresponding shear stress. Furthermore, in this more
restrictive regime outlined by Seo and Mani [83], the surface behavior is accurately
modeled by the effective slip length derived in Stokes flow.
While there are numerous studies that have sought to model b for SHS in Stokes
flow using canonical patterns of shear-free and no-slip regions [76, 46, 107], such models are insufficient for use with LIS, because the details of the flow within the cavity
are largely neglected. Recent studies [81, 66] have characterized the effect of finite
lubricant viscosity on b for wetted grooves (i.e. lubricant is filled to the crest plane of
the grooves with no overlying film) in streamwise and transverse configurations such
as those seen in figure ??. Of particular interest is the work from Schönecker et al.
[81] which derives explicit relationships for b in terms of N and surface geometry for
grooved configurations. The effective slip length in Stokes flow, for wetted grooves,
is given by:

  πa 
ℓ ln sec
 πa   ,
b= 
 2
1
+
sin
2  
cπ + 1 ln 
 πa
2aDN
1 − sin
2

(2.4)

where ℓ denotes the periodicity of the grooves in the transverse direction, a gives
the exposed liquid area fraction and D is the normalized local maximum slip length
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at the center of the grooves. The constant c is c = 1 for streamwise and c = 2
for spanwise configurations. While this study considers grooves with square cross
sections, this model is applicable to any rectangular geometries with arbitrary aspect
ratio (assuming a stable interface). D, which is determined from purely geometric
properties of the surface, describes the depth of the uppermost eddy within the cavity
and captures the influence of cavity aspect ratio on b. For aspect ratios larger than
0.5 (depth/width), both D and b are approximately constant to within a few percent,
however there is a rapid decrease in both D and b as below this aspect ratio.
If the results from Seo and Mani [83] are applicable to LIS, we should find that
replicating the LIS boundary condition from Schönecker et al. [81] in a turbulent flow
will yield the same b when b+ < 5. From the turbulent DNS data set, we can select
the results for which b+ < 5 and evaluate their agreement with the prediction from
the Stokes flow model. A comparison between the b from the turbulent DNS with the
theoretical prediction from Stokes flow can be seen in figure 2.6. For the streamwise
configuration, there is good agreement between the measured b in the turbulent flow
and the Stokes flow prediction for that surface configuration. The agreement for
values N ≤ 1 is excellent and begins to overpredict slightly for values N ≫ 1. This
deviation most likely stems from the larger values of N equating to larger Re in the
cavity, where the flow in the cavity begins to deviate slightly from the Stokes flow
distributions.
However, for the spanwise configuration, the overall agreement appears to be
acceptable only when N ≤ 1, while the model more significantly overestimates b as N
increases. The finite Re flow in the spanwise cavities deviates more significantly from
the Stokes flow approximation than their streamwise counterparts. This deviation
is further compounded by the presence of significant spanwise slip. The spanwise
orientation of the grooves means that the spanwise slip length of the surface is larger
than the streamwise slip length. The presence of spanwise slip has been shown to
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Figure 2.6: b/ℓ as a function of viscosity ratio, N, from DNS of turbulent channel
flow at Reτ ≈ 180 where one wall is replaced with streamwise (2) and spanwise (2)
grooves that are perfectly wetted with second liquid up to the crest plane. Results are
compared to predictions from Stokes flow models of LIS from [81] for both streamwise (−) and spanwise (−) groove configurations as well as predictions from [76] for
streamwise (−−) and spanwise (−−) configurations of shear free stripes. In both
configurations, the exposed liquid area fraction is modeled assuming 50% liquid area
fraction.
strengthen the turbulent structures which serves to increase the drag over the surface
[62, 30]. Consequently, the average wall shear is increased resulting in a smaller
streamwise b. This effect becomes more pronounced with larger values of N, as an
increase in N corresponds to a larger increase in the spanwise slip compared to the
streamwise slip.

2.3.2

Comparison to Laminar Models

An important limit to consider is N → ∞ as the surface behavior should mimic the
behavior of shear-free and no-slip stripes, such as those used in Park et al. [74]. In this
limit, the details of the flow within the grooves are no longer important as the fluidfluid interface begins to resemble a shear-free surface to the outer flow. Consequently,
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b of the surface is well approximated by that described by Philip [76] and Lauga and
Stone [46] in the regime established by Seo and Mani [83], as is indicated by the
dashed lines in figure 2.6.
Particularly interesting is the ability to reduce drag using infused fluids with
higher viscosity compared to the bulk flow. Consider the case of N = 1, where
non-zero drag reduction was found in the numerical simulations. At first glance it
might seem counter intuitive that a surface infused with a liquid of the same viscosity
can reduce drag. This effect is due to the interface that is imposed at the crestplane, altering the method of dissipation from turbulent dissipation, in the bulk flow,
to Stokes flow dissipation within the cavity. Any infused lubricant with a finite
viscosity will reduce overall drag if the drag reduction introduced by the streamwise
slip exceeds the additional viscous drag introduced by the lubricant flow within the
roughness, similar to the trade-off found in riblet drag reduction. Often times, even
for N ≈ O(1), this exchange can yield a net drag reduction, although the magnitude
of the drag reduction decreases rapidly when N < 1 as can be seen in figure 2.6. In
the limit of N → 0, the liquid infused surface generates a minor drag increase before
approaching the behavior of a conventional no-slip surface.
In addition to variations in the viscosity ratio, N, the influence of an overlying
film can also be evaluated. One would expect that the presence of a film would
provide additional drag reduction and correspondingly a larger b, since it completely
isolates the external flow from the solid surface. This enhanced slip length due to an
overlying film is analogous to the findings of Gao and Feng [31], where the presence of
a continuous gas layer over superhydrophobic grooves due to depinning of the contact
line was shown to produce a significant increase in slip length. Without the presence of
the grooves structure underneath, the slip length of this thin film alone would be well

w
.
approximated by the thickness of the film scaled with N, where bf ilm = (N − 1) 20ℓ

One might expect that the effect of this film would be similar, even with the presence
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N
0.1
1
10
20

bDN S /ℓ
best /ℓ
=
−0.0106 −0.0162 =
0.0443 0.0416 =
0.3964 0.3197 =
0.7546 0.5769 =

bStokes /ℓ
(0.0063)
(0.0416)
(0.0947)
(0.1019)

+
+
+
+
+

(N − 1) (0.05w/ℓ)
(−0.0225)
(0)
(0.2250)
(0.4750)

Table 2.1: Comparison between the effective slip length from the DNS, bDN S , of overfilled, streamwise grooves and the estimated slip length best using Stokes flow models
and thin film approximation.

of underlying grooves. If this was the case, the b of the overfilled surface could be
constructed by summing the individual b values associated with the film and the
groove structure (e.g. the value given by equation 2.4).
To evaluate the appropriateness of this low order approximation, the b values from
the DNS for overfilled, streamwise grooves were compared with the corresponding
prediction using the additive model. The results are found in table (2.1). Noticeably,
the values from the DNS are consistently under-predicted by the simple addition of
each b for the film and grooves, with the discrepancy becoming more pronounced
with increasing N. The placement of the interface above the crest plane means that
the flow field in the groove is no longer accurately modeled by equation 2.4. A
more refined model is necessary to better capture the role of the overlying film in
modifying the flow within the groove structure. However, despite the deficiencies in
this approach, this conservative approximation reveals that not only does an overlying
layer of lubricant provide a significant increase to the slip length, but that the added
contribution exceeds the expected slip length associated with a thin film alone.

2.3.3

Comparison to Turbulent Experiments

Given that utilizing LIS for drag reduction purposes is a relatively nascent concept,
there are comparatively few experimental studies to quantify their drag reduction
potential. The most relevant study to the authors’ knowledge was conducted by
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Figure 2.7: Diagram of the Taylor-Couette experiment used by Rosenberg et al. [79] to
evaluate the drag reduction of liquid infused grooves. Grooves infused with different
lubricants and air were shown to exhibit up to 15% less skin friction drag compared
to the unlubricated grooves.
Rosenberg et al. [79] where threaded cylinders were infused with several liquid lubricants of different viscosities (N = 0.03, 0.67, & 2.7) and evaluated in a turbulent
flow generated by a Taylor-Couette flow apparatus, see figure 2.7. Air (N ≈ 55) was
also tested as a lubricant to create a SHS with the same surface geometry as the LIS.
The experimental results from the Taylor-Couette apparatus can then be compared
to the predictions from the framework presented above by applying the methodology
outlined by Srinivasan et al. [87] to determine their effective slip lengths.
By comparing the slip surfaces to the no-slip case, the slip lengths can be approximated by assuming that b+ can be applied as an on offset to the skin-friction law
given by:
s

2
= M ln (Reτ ) + N + b+
Cf
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(2.5)

where Cf denotes the skin friction coefficient defined as Cf = 2τ ρ−1 (ω(Ri +d))−2 with
M and N being empirical, geometry-dependent constants analogous to the “universal”
von Kármán constant κ and the additive constant B for turbulent flat-plate (zero
pressure gradient) boundary layers. Here, ω is the angular velocity, Ri is the inner
cylinder radius, and d is the gap distance between the inner and outer cylinders.
Similar to the channel flow experiments, we define Reτ as Reτ = duτ ν −1 .
The comparison between the calculated b from Rosenberg et al. [79] and the Stokes
flow estimation can be seen in table (2.2). Conspicuously, the Stokes flow model
tends to under predict the estimates for b from the Taylor-Couette study, especially
for the heptane lubricant. However, this discrepancy can best be explained by the
noted presence of a lubricant film in the experimental study. The thickness of the
lubricant film was estimated by weighing the dry cylinder and then the liquid-infused
cylinder before and after the experiment to estimate the amount of lubricant retained
in the grooves. Furthermore, it was estimated from imaging of the surface prior to
testing that a lubricant film of O(1) µm was most likely present on the liquid-infused
cylinders. The slip length models assume that the crests of the roughness features
are completely exposed to the external flow, acting as no-slip surface. In contrast
to the fluid-fluid interfaces, these no-slip portions are responsible for the bulk of
the skin friction drag. From the presented simulations, the presence of an overlying
film is shown to have an effect on b exceeding that of the nominal thickness of the
film. While one would expect that b of an overfilled, grooved surface would equate
to the sum of the slip lengths from the Stokes flow prediction and an overlying film
(nominally the film thickness weighted by N), the simulations indicate that this is
not that case. The configuration of overfilled, streamwise grooves is a more effective
drag reducing surface than the sum of the individual components (i.e. the film and
filled grooves). The noted presence of a lubricant film on the cylinder can explain
some of the difference in the magnitude of the slip lengths. The experimentally
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Lubricant
1. FC3283
2. Heptane
3. Air (SHS)

N
bexp (µm) bStokes (µm)
0.67
38
9
2.7
133
25
55
68
55

Table 2.2: Values for bexp were estimated from the results of Rosenberg et al. [79]
using the methodology of Srinivasan et al. [87]. The values were compared to values
for bStokes from [81] given by equation 2.4 using the rough approximation outlined in
section 2.3.2 for calculating the slip length of streamwise grooved surfaces with an
overlying layer of lubricant.

determined values exceed the prediction from Stokes flow for the grooved surface
alone and highlights the importance of maintaining a thin film on a LIS for drag
reduction applications.

2.3.4

Drag Reduction Summary

Using evidence from direct numerical simulations and turbulent Taylor-Couette flow
experiments, a framework was presented that enables the design of drag reducing
liquid-infused surfaces for turbulent flows. The drag reduction results from the DNS
agree well with the slip drag reduction models derived for SHS and results of Park
et al. [74]. Furthermore, a regime, corresponding to b+ < 5, was found for lubricant
filled streamwise grooves where b is well predicted by Stokes flow relations. This
regime roughly corresponds to surfaces that would reduce drag up to 20% and is
consistent with the findings of Seo and Mani [83] for patterned surfaces shear-free
and no-slip conditions. Because the effective slip length and drag reduction is well
predicted by the Stokes flow value, the relationship between the external shear stress
and effective slip velocity can be determined a priori and will serve as a guideline for
surface design.
Important practical considerations regarding surface designed are revealed by this
analysis. First, it is clear that a larger value of N associated with the air in SHS is
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advantageous for increasing the drag reduction, there are diminishing returns once
N ≫ 1. For example, heptane is approximately 20 times more viscous than air,
however, b of a LIS surface using a heptane lubricant is estimated to be half that
of the equivalent SHS. While this viscosity penalty associated with choosing a liquid
lubricant over air (i.e. SHS) appears significant, the choice of a liquid can provide
greater robustness against hydrostatic pressure and turbulent pressure fluctuations, a
common failure mechanism for SHS. Additionally, one must remember that the drag
reduction of both LIS and SHS is not solely determined by b, but rather b+ . Therefore,
it is possible that one could compensate for the higher viscosity of the lubricant, if
LIS can support larger feature spacing or liquid area fraction in streamwise grooves
than similar SHS. Consequently, the viability of LIS in this framework in practice is
likely to be determined by how robust streamwise grooves are in turbulent shear flow.

2.4

Robustness to Shear/Slip Driven Drainage in
Turbulent Flow

By utilizing a liquid lubricant, LIS can exhibit robustness to the most common
forms of failure associated with SHS. However, this choice also introduces a unique
set of failure modes, in particular, a susceptibility to lubricant drainage by external
shear flow [102]. Much like SHS failure, as lubricant is depleted from the surface, the
underlying roughness is exposed and the drag reduction is mitigated. While streamwise groove configurations of LIS [27, 97] are some of the most successful at reducing
drag, they are also highly susceptible to shear driven failure. Many of the studies
reporting LIS drag reduction have circumvented this failure mode through the use
of periodic flow domains. There, lubricant can be allowed to drain downstream indefinitely since it is globally retained by the streamwise periodicity. Most practical
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flow scenarios however are aperiodic, and achieving LIS drag reduction requires either a replenishment or retention mechanism to sustain the lubricant layer and drag
reduction. From the author’s perspective, continual replenishment of the lubricant
could be practical for SHS but is an expensive choice for LIS. Rather, a more elegant
solution is to design a LIS that can locally and passively retain lubricant within the
micro-textures, even in turbulent flow.
Laminar studies [102, 51] on LIS robustness have documented the susceptibility
of grooved LIS to drainage by external shear flows. However, it was also found that a
finite length of lubricant can be retained indefinitely upstream of a drainage barrier.
This retention mechanism is evaluated in turbulent flow conditions and applied to locally stabilize individual cells of lubricant. Similar to [101], this retention mechanism
is extended to cover a larger surface through the use of periodically spaced chemical
barriers, disrupting the streamwise drainage of lubricant. A novel laser ablation technique is then used to locally remove the chemical functionalization and expose the
hydrophilic substrate. The efficacy of this technique is evaluated in turbulent channel
flow with promising results.

2.4.1

Retention Mechanism

There are very few, if any, studies detailing the robustness of LIS in turbulent flows.
Recent studies have almost exclusively focused on the failure of LIS under laminar
shear flows [102, 51]. To inform the design of our robust LIS, let us utilize the retention
phenomenon outlined by Wexler et al. [102], who considered how lubricant could be
drained from streamwise microgrooves that were exposed to a laminar shear flow.
After an initial period of draining, it was found that a finite length of lubricant would
remain in the groove indefinitely, sustained by a mechanism analogous to capillary
rise. While the external shear drives the lubricant downstream, a flux of lubricant
is driven upstream by a Laplace-pressure gradient associated with the interfacial
deflection, see illustration in figure 2.8. For lubricants much more viscous than the
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Figure 2.8: Illustration of retained lubricant trapped in a streamwise microgroove by
the capillary rise mechanism described by Wexler et al. [102]. Deflection of the interface generates Laplace pressure gradient, providing an upstream return mechanism
for the lubricant.
external fluid, the equilibrium retention length is reached when the drainage flux
driven by the shear stress τs is balanced by the return flux driven by a Laplacepressure gradient.
These results were later adapted by Wexler et al. [101] to design a surface with
barriers placed along the streamwise direction to locally retain lubricant and inhibit
downstream drainage, allowing a wider surface area to remain covered by lubricant.
For a given laminar shear flow, Wexler et al. [101] determined an upper bound on
distance between the retention barriers, L∞ to ensure complete lubricant coverage. In
other words, for a given laminar shear flow, one can prescribe the streamwise spacing
of retention barriers such that the microgrooves remain fully wetted. It was found
that L∞ is given by

L∞

2cp h γ
=
cs rmin τs



w
1+
2rmin



,

(2.6)

where w and h are the width and height of the microgroove, cp and cs are dimensionless geometric parameters only depending on the aspect ratio of the groove’s
cross-section and rmin is the radius of curvature of the interface at the upstream end
of the lubricant, which depends on the geometry and wettability of the substrate by
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3.9mm
Interchangeable surface slides

1mm
35mm
102mm

Figure 2.9: Illustration of the turbulent channel flow facility and removable surface
slides. Fifty streamwise microgrooves were molded out of optical epoxy onto glass
slides. The total length of the microgrooves and upstream reservoir is 36 mm and the
spanwise width of the groove array was under 1 mm.
the two liquids, and γ is the interfacial tension between the external and lubricating
fluid. To establish robustness criteria for turbulent flows, we first seek to determine
if this capillary rise retention mechanism can stabilize a lubricant cell under turbulent flow conditions and evaluate the applicability of the laminar retention criteria.
If an analogous criterion can be determined, an upper bound on the barrier spacing
necessary to retain lubricant within the cavities can be determined for a given flow
and cavity geometry.

2.4.2

Experimental Setup

To evaluate the robustness of different LIS surface configurations, retention experiments were conducted in a 1-m long, table-top turbulent water channel ( a section of
which is diagrammed in figure 2.9) which has a half height, H = 1.9 mm and width
W = 102 mm. A downstream portion of channel can be tiled with interchangeable
glass slides that lay flush and are held in by a vacuum chuck. Samples were placed
approximately 80 mm downstream of the channel entrance and the pressure drop
over the fully developed section of the channel was monitored with a Validyne DP103
differential pressure transducer. The pressure drop over the test section was monitored by four evenly spaced static pressure ports separated by 127 mm. The resulting
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friction factors computed from the pressure drop over the smooth glass slides (i.e. no
LIS surface textures) for the Reynolds numbers considered in this study showed good
agreement with the empirical friction factor correlation from Dean [18].
Different surface textures were either molded or machined onto the interchangeable slides and placed in the channel test section. The retention was monitored by
mixing the infused lubricant with a fluorescent tracer and photographing the retained
lubricant. The imaging technique utilized here is similar to the technique described
in Wexler et al. [102]. The channel was operated in a dark room and illuminated with
a strip of LEDs with a peak emission wavelength of 395nm. The infused lubricants
were mixed with Tracer Products TP-4300 UV Fluorescent Dye in a volume ratio of
1000:2. A Nikon AF Micro-Nikkor 200 nm lens and Tiffen Yellow 8 filter (Wratten 8
transmission) were fitted onto a Nikon D7100 DSLR camera programmed to take images every 10 seconds. The filter permits the camera to capture the dye fluorescence
in the visual spectrum, while blocking the ultraviolet excitation light. The imaging
setup can resolve the width of individual grooves and the fluorescent tracer enables
accurate measurement of the length of oil retained in the groove. Imaging was conducted for a duration sufficiently long to ensure a steady-state retention, typically
∼2hrs, which exceeds the nominal time to reach the steady-state length, typically
10-30 minutes. Two different configurations of streamwise grooves were considered.
First, we considered how lubricant drains from set of narrow, streamwise grooves that
are sufficiently small so as to exhibit negligible roughness or riblet effects. We then
considered larger configurations of grooves machined where the retention will be more
susceptible to drainage from turbulent fluctuations and roughness effects.
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2.4.3

Retention in Narrow Grooves

Micro-groove Fabrication
Several surfaces were created following the methodology and lubricant choices of
Wexler et al. [102]. Microgrooved surfaces were molded from optical epoxy and cured
onto glass slides that can be placed flush into a turbulent channel flow facility. Fifty
streamwise microgrooves were patterned onto a glass slide, with each groove being
35 mm long, with a spanwise periodicity, ℓ = 20 µm, depth, h = 10 µm, and width
w = 9 µm. The groove geometry of each sample was measured and verified with
confocal microscopy (Olympus LEXT OLS4000), an example of which can be seen
in figure 2.10. Immediately upstream of the grooves was 1 mm by 1 mm by 10 µm
lubricant reservoir, while the downstream end of the groove terminated in a flush
vertical wall to prevent continual lubricant drainage. The groove geometry fabricated
by photolithography and Deep Reactive Ion Etching (DRIE, Bosch process) a silicon
wafer with a positive of the features. A layer of Trichloromethylsilane (TCMS) was
vapor deposited onto the wafer to reduce adhesion and Polydimethylsiloxane (PDMS,
Sylgard 184 mixing ratio of 10:1 elastomer base to curing agent) was then molded
onto the wafer to create a negative of the structure. A positive of the grooves was
then molded from Norland Optical Adhesive (NOA 81) and cured onto glass slides
using the microfluidic ‘sticker’ technique [4].
Two different flow conditions were tested, the first of which corresponds to Reτ ≡
Hδν−1 = 190 (ReH ≡ Ub Hν −1 ≈ 3000) and τw = 10.5 Pa and the second of which
corresponds to Reτ = 330 (ReH ≈ 6000) and τw = 30 Pa, Ub is the bulk flow velocity, ν
is the kinematic viscosity of the working fluid (deionized water), and τw is the average
wall shear stress measured by the pressure drop. For these retention experiments,
the infused lubricant was 1,1,5,5-Tetraphenyl-1,3,3,5-tetramethyltrisiloxane (Gelest
PDM-7040, µoil = 42.7cP ) mixed with Tracer Products TP-4300 UV Fluorescent
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Figure 2.10: Representative height map of the epoxy microgroove surface acquired
using confocal microscopy. Dimensions of each axis are given in microns. Each
microgroove is nominally 10 µm deep and 9 µm wide, with a spanwise periodicity of
20 µm.
Dye in a volume ratio of 1000:2 giving a viscosity ratio of µwater /µoil ≈ 1/43 and
the interfacial tension between the lubricant and water is γ = 29 × 10−3 N/m and
the receding contact angle for the system is assumed to be approximately 56◦ as
measured by Wexler et al. [101] for the epoxy, oil, and water configuration. The
surface reservoir was filled with oil and allowed to wet the length of the microchannel
completely. Once filled with oil, the microgrooves were gradually covered with water
to ensure no air was trapped in the oil and grooves. The surfaces were then exposed
to the turbulent channel flow and allowed to drain until the retained lubricant level
reached a steady state. The retention length for this particular configuration and oil
choice were observed to not be appreciably affected by the rate at which the flow was
ramped to the steady-state wall shear stress. This is primarily attributed to the large
viscosity of the lubricating fluid, whereby the time scales associated with draining of
the lubricant exceed the ramp time.
Here, we hypothesize that the microscopic groove size and viscous lubricant maximize the chances that the laminar results can be replicated in the presence of turbu35

lent flow. Despite, ReH being three orders of magnitude larger in the external flow
than the laminar study, the flow within the microgrooves is locally in Stokes regime
−3
(Recav = wuτ ρoil µ−1
oil ≈ O(10 )). Equally important is that the relevant dimen-

sionless numbers regarding surface tension are also small, specifically the Bond and
Weber numbers. In each experiment the maximum shear Weber number, defined as
W eτ = τs wγ −1 , is O(10−2 ). Furthermore, we expect there to be minimal roughness
or riblet effects from the grooves because the groove width, w, on the order of viscous
length scale of the flow with w + = wδν−1 = 1 − 3 for the experiments conducted here.
Retention Results: N ≪ 1
Similar to the laminar drainage, a finite length of retained lubricant was observed
in each experiment using the epoxy microgrooves. Images from a typical drainage
event at τw = 30 Pa are shown in figure 2.11. In contrast to the laminar drainage
event, where the front of lubricant recedes until it reaches the equilibrium length,
the turbulent drainage occurs throughout the streamwise length of the microgroove.
The details of this transient behavior are hard to identify specifically due to their
dependence on the channel start-up condition, however, in every experiment the
microgrooves were successful in retaining a finite length of lubricant. Steady-state
retention images are analyzed to determine the amount of lubricant retained in each
individual microgroove.
The final retention lengths were measured in several drainage experiments are
shown in figure 2.12. In each experiment the green bars represent the retained length
of lubricant in millimeters and the dashed line represents the prediction from Wexler
et al. [101] for retention length of lubricant where the downstream end is pinned by
a barrier given by eq. (2.6).
Deviations from the theoretical predictions are best explained by the use of vertical
walls or “dead ends” at the downstream end of the groove. The effect of a “dead end”
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Figure 2.11: Images of lubricant retention in microgrooves. Turbulent channel flow
(from left to right) with wall shear stress τw = 30 Pa drains fluorescent silicone oil
lubricant (green) from microgrooves. Each image is approximately 30 seconds apart.
Final retention length, L, of wetted lubricant seen in final image is stable for at least
1 hr.
downstream barrier on the drainage dynamics and retention length was investigated
by Jacobi et al. [42], where they noted that the effect of the droplet formation on the
retention was readily apparent but hard to quantify. Additionally, the slip velocity
present at the oil-water interface causes the accumulation of surfactant molecules towards the downstream end of the groove. The net result is a streamwise gradient in
the interfacial surfactant concentration and corresponding Marangoni stress near the
“dead end” termination. It is difficult to measure or predict the size of this Marangoni
stress without knowing the exact surfactant concentration or interface shape. From a
retention perspective, the Marangoni stress is able to counter the draining shear stress
from the external flow and increase the retained stretch of lubricant. However, the
interfacial nature of Marangoni retention means that this additional length of lubricant does not exhibit a net streamwise slip velocity and won’t contribute significantly
to any drag reduction.
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Figure 2.12: Experimental retention lengths in narrow grooves for τw = 10.5 Pa and
τw = 30 Pa. The error bars denote the standard deviation among the measured retention lengths in the 50 individual micro-grooves. Dashed lines denote the prediction
from equation 2.6.
Furthermore, we also observe the overflow cascade (seen in figure 2.13) described
by Jacobi et al. [42] where the accumulation of excess oil at groove ends generates a
pearling instability and the oil droplets overflow the tops of the grooves. Droplets,
which can significantly larger than width of the grooves, coalesce and drain oil from
the attached grooves. Drainage through this mechanism locally varies the downstream
boundary condition and accounts for the variations in retention lengths on individual
grooves in a given experiment.
Retention Results: N = O(1)
From the results of section 2.3.1, it is clear that in order to achieve meaningful drag
reduction, it is necessary to choose a lubricant such that N ≥ O(1). Consequently,
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τw = 10 Pa
Figure 2.13: Droplet coalescence and removal at the downstream end of the groove.
The whole sequence of images spans 30 seconds. Images start approximately t0 = 8
min into the test with wall shear stress, Reτ = 190 Pa. Streamwise flow moves from
the top of the image to the bottom.
it remains to be established how the retention rules need to be modified to account
for finite values of N. We can refer to more recent work conducted by Liu et al.
[51] where lubricant retention was explored in the same configuration as Wexler [100]
but with lubricants where N has a finite value. Investigating this parameter involves
modeling the removal of lubricant as a slip-driven drainage as opposed to a simpler
shear-driven drainage. A new retention length incorporating N could be expressed
explicitly as
L∞


−1

γ
2D
∂pe
csl  w 2 τ∞
=χ
+ −
,
h 1 + 2DN c∗p h
h
∂x

(2.7)

where χ is a dimensionless parameter depending on the geometry and wettability, csl
and c∗p are dimensionless geometric parameters only depending on the aspect ratio of
the groove’s cross-section and ∂pe /∂x is the external pressure gradient. Compared
with equation 2.6, equation 2.7 incorporates the effects of an external pressure gradient and viscosity ratio, N = µext /µlub. However, an important distinction between
these two models is that equation 2.7 considers a zero Laplace pressure condition
for the end of the groove. While precise quantitative agreement is not expected due
to the different boundary condition and presence of surfactants, the general trends
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predicted by this refined model should still be applicable if the lubricant viscosity
is changed. From equation 2.7, it can be shown the laminar retention length of the
groove system should increases with larger values of N. To observe these viscosity
ratio effects, a series of alkane lubricants were used to infuse the microgrooves. This
family of lubricants have been used in the literature by Van Buren and Smits [97] to
vary the viscosity ratio in an aqueous Taylor-Couette facility, with minimal change
to the interfacial tension or contact angles. Additionally, the availability and cost of
the lubricants make them convenient candidates for larger surface applications. Here,
four different alkanes (Hexadecane, Dodecane, Octane, and Heptane) were infused
into the microgroove surface corresponding to viscosity ratios of N = 0.4 − 2.3. In
each case the Bond number is, Bo = (ρext − ρlub )gw 2γ −1 = O(10−6 ), and the shear
Weber number is, W eτ = ρu2τ wγ −1 = O(10−3 ).
Lubricant

N

Bo = ×106

W eτ × 103

Heptane (C7 H16 )

2.3

6.0

1.9 − 5.7

Octane (C8 H18 )

1.8

5.6

1.9 − 5.7

Decane (C1 0H22 )

1.1

5.1

1.9 − 5.7

Dodecane (C12 H26 )

0.7

4.7

1.9 − 5.7

Hexadecane(C16 H34 )

0.4

4.3

1.9 − 5.7

This is illustrated in figure 2.14a which shows the predicted retention length for alkane
lubricants (N = 0.4 − 2.3) in the current turbulent channel flow experiment. Consequently, there is a multifaceted advantage to increasing N for a system, where both
the effective slip length and robustness to slip-driven drainage are increased. The retention results for several alkane lubricants can be seen in figure 2.14b. Qualitatively,
it is clear that the retention length of the lubricant increases with larger values of N.

These drainage results provide guidance on how to inhibit shear-driven drainage
as the viscosity ratio is varied. For a given flow, it is again advantageous to utilize
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(a) Lubricant retention length predicted (b) Experimentally measured retention
by equation 2.7.
length.

Figure 2.14: Comparison of laminar flow prediction and experimental retention of
alkane lubricant in turbulent channel flow. Five different alkane lubricants were considered: ( ): Hexadecane (N ≈ 0.4), ( ): Dodecane (N ≈ 0.6), ( ): Decane (
N ≈ 1), ( ): Octane (N ≈ 1.6), and ( ): Heptane (N ≈ 3.4).(a) laminar retention
length prediction for the various alkane lubricants given by equation 2.7. (b) Retention lengths of alkane lubricants exposed to turbulent channel flow (Reτ = 190−330).
a larger N to maximize L∞ of patterned longitudinal grooves due to the lower shear
stress at the interface. In principle, increasing L∞ facilitates increasing the liquid
area fraction of the substrate, which should increase drag reduction.

2.4.4

Retention in Wide Grooves

While the narrow groove configurations are capable of retaining lubricants in turbulent flow, significant drag reduction can only be achieved if the groove features
exceed the viscous length scale of the turbulence, δν [26]. Van Buren and Smits [97]
evaluated the performance of streamwise grooves filled with alkane lubricants in a
Taylor-Couette facility and found a maximum drag reduction when the groove width,
w, was approximately 35 times larger than the viscous length scale, w + ≡ wδν−1 ≈ 35.
The diminishing performance for larger values of w + was attributed to the observed
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loss of lubricant. However, as noted before, the periodic nature of the Taylor-Couette
facility meant that the lubricant was allowed to recirculate in the streamwise direction, meaning the lubricant loss was likely due to the inability of surface tension to
stabilize the interface in the presence of turbulent fluctuations. In the authors’ opinion, it is far more likely that shear or slip driven drain will be a much more significant
factor in limiting the performance of aperiodic grooved LIS. According to the laminar
theory predictions, the physical dimensions of the groove does not directly affect the
retention length, but the aspect ratio of the cavity. Therefore, if the aspect ratio of
the cavity is kept constant for each case, any deviations from the laminar prediction
are directly result of turbulence driven drainage. To evaluate this hypothesis, we
conduct a series of similar retention studies on wider arrays of grooves to evaluate
their ability to successfully retain lubricant.
Here, we consider grooves with width and depths from 200 − 400µm. Because the
physical size of the grooves approaches a non-negligible fraction of channel height,
patterning the grooves onto glass slides via the micro-fluidic sticker technique would
create a significant obstruction in the flow. To evaluate the wide groove surfaces, we
instead rely on machined aluminum slides. Aluminum slides are first machined to be
flush with the adjacent surfaces. The wide groove arrays are then micro-machined
into the aluminum surface, so the crest planes of the grooves are flush with the rest
of the channel wall.
Two different methods of machining were used to create the microscale grooves.
The first fabrication method used a 200 µm diameter end mill to machine finite
length slots, i.e. grooves that terminate in “dead-ends”. Significant difficulty was
encountered when trying to machine features using smaller diameter end mills due to
their fragility. The second fabrication method relied on the use of a slitting saw to
machine long grooves through the entirety of the slide. This method of fabrication is
efficient at creating extremely long grooves with small cross section over large areas.
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Figure 2.15: Illustration of the grooved surface with chemical barriers.
Smaller features down to 100µm could be achieved, however, unlike end-milling, this
fabrication method cannot create physical barriers on the material and necessitates
the development of an alternative barrier scheme. To accommodate this shortcoming,
a novel laser patterning system was developed to create chemical barriers.
The idea of chemical patterning to retain lubricant was suggested by Wexler et al.
[101] to sustain oil layers under a body force or shear. While the idea presented
is intriguing, the methods implemented to create the chemical patterns do not lend
themselves to the samples considered here.
For this study, a novel chemical patterning technique was developed that utilizes
the natural hydrophilicity of the aluminum substrate to prevent drainage. Using a
laser to ablate the functional layer, chemical barriers can be precisely scribed onto
the surfaces, pinning lubricant cells in place. This technique can be coupled with the
slitting saw manufacturing to create precision width grooves with tailored retention
barriers. The combination of physical and chemical retention techniques allows the
surfaces, to support locally retained lubricant cells in a predominantly streamwise
configuration, see figure 2.15. The fabrication technique for the wide groove samples
with chemical barriers is illustrated in figure 2.16 and is detailed below:
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Fabrication
1. Groove Fabrication: Aluminum plates were machined with a slitting saw to
fabricate a groove along their entire streamwise length. This step provides the
scale for the largest roughness features of the surface.
2. Nano-texturing: To generate a hierarchical roughness, nanotexture was grown
on the surface of the aluminum sample following the procedure of Kim et al.
[44] . The surfaces were cleaned with acetone and exposed to an oxygen plasma
(Harrick Plasma) for 20 minutes to render the surfaces strongly hydrophilic. The
samples were then suspended in boiling deionized water for 30 minutes to grow
a layer of Boehmite on the exposed surface, providing a nanoscale roughness.
3. Functionalization: The surface chemistry was modified by soaking the samples
in a solution 1% (by weight) of n-Octadecyltrichlorosilane (OTS) in Octane
overnight (8-12 hours) similar to Van Buren and Smits [97]. This solution coats
the roughness in a hydrophobic monolayer rendering the surface superhydrophobic. One could alternatively apply a perfluorinated monolayer following Wong
et al. [105].
4. Chemical Patterning: Chemical barriers were created by selectively removing
functionalization and revealing the naturally hydrophilic aluminum beneath.
Here, a novel laser machining process is used to ablate the functional layer
from the surface and exfoliate the underlying aluminum. A Nd:YAG lasers
(EKSPLA, 355 nm, 30 ps) is guided through an 5X objective (N.A. 0.13) and
focused on grooves. The repetition rate of the laser is 1kHz and the stage is
moving in the direction perpendicular to the grooves at 1 mm/s. This results
in a pulse separation of 1 µm. The laser energy used in this paper is 10 µJ per
pulse and the result is a strongly hydrophilic patch isolated in a hydrophobic
surface. Importantly, this energy is large enough to ablate the chemical func44

tionalization without modifying the macroscale structure of the aluminum. In
the samples presented here, spanwise, hydrophilic stripes are patterned across
the streamwise grooves.
5. Lubricant Infusion: To ensure indefinite retention of lubricant, it is helpful to
“prime” the barriers by first exposing the entire surface to water. The preemptive wetting will cause the hydrophilic barriers to pin water droplets to
the surface. In the absence of priming, lubricant flow freely along the groove
until the water is able to penetrate into the groove and form a stable barrier.
Priming is simple, as water will be repelled by the hydrophobic sections of the
surface and pin easily to the barriers. Once the barriers have been established,
the surface will readily wet with the chosen lubricant. Given the choice of a
silane surface functionalization, alkane lubricants will readily wet the surface
roughness when applied.
In the case of the physical barriers, the lubricant would ideally be wetted to the
crest plane of the features, minimizing the form drag and roughness effects of the
surface. However, in the case of the chemically patterned surface, the lubricant cells
will be pinned in place between patches of hydrophilic surface chemistry as illustrated
in figure 2.15. This will leave patches with finite depth below the crest plane of
the features and will likely introduce a roughness effect negating some of the drag
reduction. The degree of this roughness effect will depend on the characteristics of
the flow, lubricant, barrier width, and surface morphology.
Optimization of the barrier width for drag reduction was not extensively investigated. Here, the streamwise width of the barrier was made to be the width of the
groove to ensure minimal interaction between neighboring pockets of lubricant. This
barrier size was found to provide adequate separation between streamwise neighbors
to disrupt the drainage while still being several times smaller than the length of the
retained lubricant.
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Figure 2.16: Illustration of the aluminum surface fabrication process.
Wide grooves without the chemical barriers (i.e. physical barriers) were manufactured in the same manner, with the chemical patterning step excluded. Machining
grooves out of aluminum with these micro machining techniques has limitations in
how small of a groove width can be achieved. In the samples used here for chemical
patterning, a slitting saw was used to machine grooves with nominally square cross
sections. Three different sizes of grooves were considered, each with a nominally
square cross section and widths between 200µm and 400µm. The physical barrier
samples were restricted to a 200µm and 400µm groove width. In all cases the liquid
area fraction is kept at around 50%.

Chemical Barrier Sample Characteristics
A slitting saw was used to create long rectangular grooves along the entirety of one
of the aluminum samples plates and a series of spanwise chemical barriers were later
etched across the grooves. The three arrays of grooves considered in this study each
consisted of 10 streamwise grooves with rectangular cross sections of varying sizes; the
groove geometries were measured via confocal microscopy with typical spanwise depth
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profiles shown in figure 2.17. Measurements of the groove geometry are summarized
in table 2.3.
Table 2.3: Groove geometries
Sample

depth, h(µm)

width, w(µm)

pitch, p(µm)

1

190

220 ± 40

500

2

320

345 ± 45

680

3

400

490 ± 25

800

To inform the design of the surface patterning, we first evaluate 1) if the chemical
barriers were effective at inhibiting streamwise drainage and 2) if these wider grooves
geometries could successfully retain a finite length of lubricant. After the different
groove geometries were machined and functionalized, a single 1 mm wide chemical
barrier was scribed at the downstream end of the grooves. The ablation technique used
to create the chemical barriers was found to modify the surface roughness, smoothing
out the larger roughness features, without altering the macroscale features appreciably. Confocal imaging of the surfaces over and around the chemical barriers are shown
in figure 2.18.
Here, we consider only the behavior of the surfaces infused with Hexadecane
(µwater /µoil = 1/3.7, γ = 53 × 10−3 N/m) under channel conditions corresponding
to Reτ = 190. Because the groove in these experiments are significantly wider than
those in the narrow groove cases, it is expected that locally the wall shear stress will
deviate noticeably from the average value measured by the average pressure drop.
To minimize these effects, the surface area of the samples was restricted to arrays
of 10 spanwise grooves to minimize the affected area still provide a suitable number
of grooves to visualize generate spanwise interactions. Due to the large streamwise
distance between pressure taps and comparatively small surface area of the sample,
the influence of the samples was found to affect the wall shear stress measurements
no more than a few percent, within experimental resolution.
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Figure 2.17: Spanwise profiles of 250µm wide grooved surfaces with chemical barriers.
(−): Typical profile of treated, grooved surface after laser ablation treatment. The
laser effectively smoothed the surface roughness and increased the height of the surface
by approximately 10µm in the trough. (−): Typical profile of the treated, grooved
surface that did not undergo the laser ablation.
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Figure 2.18: Height map of the surface finish over and adjacent to the chemical barrier
the in trough of a groove. Top left area of map shows the surface finish of the chemical
barrier. The laser ablation smoothed over the larger surface roughness and elevated
the surface height by approximately 10µm. The lower right shows the area adjacent
to the barrier. The overlying roughness in this area is an artifact of the machining
and functionalization process.
Chemical Barrier Results
Images of the lubricant retention using a single chemical barrier can be seen in figure
2.19 and the results are summarized in table 2.4. Though the physical dimensions
are different, the groove cross sections of each sample are geometrically similar so
that the retention lengths predicted by the laminar model are the same (approx. 1
cm). However, figure 2.19 illustrates that not only does the laminar model significantly over-predict the retention length in these wider grooves in turbulent flow, the
discrepancy increases with larger groove width.
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Table 2.4: Comparison between experimentally measured retention length in turbulent flow and the laminar prediction
Sample

Laminar Model, eq. 2.6 (mm)

Experimental Length (mm)

w+

1

9.1

4.7 ± 0.2

22

2

9.9

2.9 ± 0.15

35

3

8.5

1.4 ± 0.13
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While the deviation between the prediction and the measured retention lengths
is clear, it is difficult to prescribe a model for this discrepancy. The large size of the
grooves means that roughness effects will play a significant role in local drainage. In
the samples tested here, there is a significant length of exposed grooves upstream of
the retained oil. Unlike the narrow groove results, which appear insensitive to the
external turbulence, the retained length of oil in the wider grooves exhibits a dependence on the roughness effects related to the physical size of the groove compared
to δν . A more detailed investigation is necessary to accurately model the retention
of lubricant in these conditions as the local turbulence and shear will be strongly
influenced by the upstream surface configuration.
While modeling the drainage behavior of these surfaces poses a difficult problem,
these experiments demonstrate that it is possible to retain a length of oil within these
wide geometries using only a patterned chemical barrier. This result is sufficient to
proceed with a wider patterning to trap a finite surface area of lubricant within the
grooved surface.
To demonstrate that several lengths of oil could be retained, additional chemical
barriers were scribed on the upstream portion of the two narrower arrays of grooves
(Samples 1 and 2) and exposed to the same flow conditions (τw = 10.5 Pa and
Reτ = 190) but with a Dodecane lubricant (µwater /µoil = 1/1.5, γ = 53 × 10−3N/m).
Though the Dodecane used here is less viscous than the Hexadecane used above,
this difference is expected to negligibly affect the retention length [51] and is more
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2 mm

τw = 10 Pa

(a) Sample 1

2 mm

τw = 10 Pa

(b) Sample 2

2 mm

τw = 10 Pa

(c) Sample 3

Figure 2.19: Retention of hexadecane in grooves between 200 − 400 µm wide using
a single chemical barrier with τw = 10.5 P a. The location of the chemical barrier
is outlined in red and the dashed white line indicates the prediction from eq. (2.6)
assuming a receding contact angle ≈ 60◦ . Images were taken after the retention
lengths had stabilized, approximately 10 minutes after the start of the flow.
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representative of other drag reducing lubricants. The spacing between the chemical
barriers was chosen as half of the measured retention length in the single barriers
experiments to ensure that lubricant level remained near the height of the crest planes
of the roughness and minimize the deflection of the lubricant interface. Similarly, the
streamwise length of the chemical barriers was chosen to be the same size as the groove
width, to minimize the exposure of the solid surface but ensure minimal separation of
the lubricant cells. A more detailed exploration in optimizing these parameters was
not conducted in this study but merits future exploration.
The retention results for Samples 1 and 2 with multiple barriers can be seen in
figures 2.20 and 2.21, respectively. Each figure shows the number of grooves that
remain wetted before and after 1 hr. of exposure to turbulent flow. While some of
the lubricant is initially drained from the grooves, both surfaces were successful in
stabilizing a length of lubricant between the chemical barriers.
In contrast to the single barrier, where the lubricant overflowed the downstream
end of the groove, the presence of the chemical barriers inhibited the downstream
drainage. In this configuration, excess lubricant was drained up to the chemical barriers and forced out in the spanwise direction, spilling out and around the sample
rather than the overflow cascade seen in the previous experiments. As the surface
becomes wider and the lubricant is unable to drain around the sample, it will be necessary to understand how the overflow cascade from the upstream grooves influences
the downstream retention.
While the shape of the retained lubricant appears qualitatively similar to the
illustration of figure 2.15, a more detailed microscopy technique is needed to validate
the interfacial curvature and contact angles of the lubricant within the texture. In the
author’s opinion, this is perhaps most easily accomplished with confocal microscopy
or interferometry of the oil surface.
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τw = 10 Pa
(a)

(b)

Figure 2.20: Images of lubricant retained within sample 1 using chemical barriers
spaced along the streamwise length of the groove. (a) Initial level of lubricant within
the grooves. The chemical barriers can be seen as dark horizontal stripes that divide
the streamwise length of lubricant. (b) Retained lubricant after 1 hr. The locations
of the chemical barriers are outlined in red. The width of the groove is nominally 200
µm and the retained length is approx. 2.5 mm.
Physical Barrier Results
Compared to the performance of the chemical barriers, the physical barriers do
not function effectively at these larger scales.

Retention experiments using the

wide grooves terminating in “dead-ends” were unsuccessful in retaining appreciable
amounts of oil. Figure 2.22 shows a typical drainage event for 400µm wide grooves
with square cross section machined with an end mill. The circular shape of the
“dead-end” termination is an artifact of the end mill shape and conspicuously differs
from the square termination of the patterned grooves in the narrow case. While it is
unlikely that the different shape of the termination is the sole cause of the inability
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τw = 10 Pa
(a)

(b)

Figure 2.21: Images of lubricant retained within sample 2 using chemical barriers
spaced along the streamwise length of the groove. (a) Initial level of lubricant within
the grooves. The chemical barriers can be seen as dark horizontal stripes that divide
the streamwise length of lubricant. (b) Retained lubricant after 1 hr. The locations
of the chemical barriers are outlined in red. The width of the groove is nominally 300
µm and the retained length is approx. 1.5 mm.
to retain lubricant, tests with similar square “dead-ends” were not conducted. Figure
2.23 shows the results from typical drainage experiment with a hexadecane lubricant.
Significant lubricant retention was not observed for any of the different length slots.
Because the wide grooves were unable to demonstrate a finite retention length,
we evaluate if using a finite length slot can stabilize the lubricant. Groove lengths of
0.4, 0.8, 1.6, 3.2 and 6.4 mm were machined with 200µm and 400µm end mills. The
respective groove depths were kept approximately the same as the groove giving the
grooves a nominally square cross section. Figure 2.23 shows a typical drainage event
for 200µm and 400µm wide grooves machined with 200µm and 400µm micro end
mills, respectively. Similar to the previous section, the circular shape of the “deadend” termination is an artifact of the end mill diameter. As illustrated in figure 2.23,
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τw = 10 Pa

(a) t = 0 min.

(b) t = 1.5 min.

Figure 2.22: Before and after images of lubricant drainage from 400µm wide grooves
(800µm spanwise periodicity). Grooves are initially filled with dodecane (a) but
are quickly emptied after being exposed to the flow (b). Bright green indicates the
presence of lubricant. The underlying green color of the image indicates the presence
of lubricant within the nanoscale roughness of the grooves, however this small amount
of lubricant should not contribute to the drag reduction significantly.
the slotted surfaces of various lengths were largely unsuccessful in retaining a finite
length of lubricant.
Similar to the chemical barrier case, the turbulent fluctuations are able to penetrate into the grooves. However, unlike the chemical barriers which can pin the
lubricant in place through surface chemistry, the lubricant can be pushed out and
over the groove walls and get swept downstream.

2.4.5

Retention Summary

A series of retention experiments were conducted to evaluate the robustness of grooved
LIS in a turbulent channel flow. In the regime where the groove widths were small
(w + = O(1)), the length of lubricant retained within the grooves demonstrated good
agreement with the laminar flow model. The small size of the grooves indicates that
there are negligible effects from roughness and that the overlying turbulence has a
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τw = 10 Pa

(a) t = 0 min.

(b) t = 10 min.

Figure 2.23: Before and after images of lubricant drainage from 200µm and 400µm
wide slots of varying length. Each of the sets of grooves is unsuccessful in retaining significant lubricant. (2.23a) shows different lengths of 200µm (left) and 400µm
(right) wide slots initially filled with hexadecane lubricant (bright green). (2.23b)
shows the groove mostly emptied of lubricant. The underlying green color indicates
the presence of lubricant trapped within the nanostructure, however this lubricant
will not contribute significantly to the drag reduction.
minimal effect on the dynamics of the lubricant retention. As the groove sizes increase,
the retained level of lubricant becomes significantly smaller than the laminar theory
prediction. Ostensibly, the roughness effects from the large groove sizes increase the
local shear stress and turbulence level, though further investigation of the local flow
conditions is needed to validate this hypothesis.
To retain lubricant over a longer streamwise length, a novel chemical patterning
method was proposed and validated. A laser was used to ablate the surface functionalization of the samples to create hydrophilic barriers within hydrophobic grooves. This
method was effective in the wide groove cases and serves as a convenient alternative to
physical barriers for large samples. These barriers were periodically scribed along the
streamwise length of the groove with a distance informed by the experimentally measured retention length. Two such surfaces were fabricated and evaluated in turbulent
flow conditions. The limited success of the chemical barriers in retaining lubricant
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is further highlighted by the failure of the physical barriers at retaining lubricant at
the same scale of grooves. While the laminar flow model provides suitable starting
point for fabricating lubricant retaining surfaces, further work is needed to model the
influence of external turbulence and surface roughness. Furthermore, additional work
is needed to parameterize the behavior of the lubricant within these periodic grooves,
particularly the optimum barrier size. Though the surfaces evaluated here demonstrate that lubricant can be retained in surface composed of streamwise grooves, this
study did no evaluate how well, if at all, these surfaces compositions can reduce drag.
Design of a drag reducing, grooved LIS will require finding optimum groove dimensions that maximize the feature size and liquid area fraction, while minimizing the
roughness effects associated with the chemical barriers.

2.5

LIS, Turbulence, and Townsend’s Hypothesis

Though all of the analysis presented above considered the interactions between LIS
and turbulent flow, turbulence often did not factor into the leading order behavior.
More specifically, both results for drag reduction and retention compared favorably
with laminar flow models for these low turbulent Reynolds numbers (Reτ O(100)).
It was only when the groove sizes and slip lengths became large compared to the
viscous scale that turbulence needed to be considered directly. These ideas are thus
far consistent with Townsend’s Reynolds number similarly hypothesis [93] and we can
begin to consider the behavior the turbulence itself and evaluate its consistency, as
well. Here, we will consider the behavior of the normal Reynolds stresses from the
current simulations and evaluate how these quantities are impacted by the presence
of LIS.
Townsend’s Reynolds number similarity hypothesis implies that because the turbulence only feels the applied shear stress, the behavior of the turbulence should only
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be a function of the Reynolds number of the outer flow, Reτ , assuming the influence
of the surface features do not extend far from the wall. In the DNS considered in
section 2.2, because the slip lengths in most cases are small compared to the channel
height, we could expect to see the flow exhibit Reynolds number similarity. This is
evidenced by figure 2.24 which shows the correlation between the peak value in the
max(u
velocity variances above the LIS wall ( max(u
′2

′2

LIS )

smooth )

max(v
, max(v
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and the measured drag reduction. Consistent with expectations, more drag reduction corresponds to lower magnitudes in these peak values. Furthermore, a similar
correlation is seen in figure 2.25 between these peak variance values and the friction
Reynolds number over the LIS surface, where Reτ (LIS) is computed using uτ over
the LIS wall. The correlations with drag reduction and Reτ appears quite good for
all velocity variance (u′2 , v ′2 , and w ′2 ) except for the cases where there is an overlying
film, denoted by triangles. In these cases, the drag reduction over these surfaces is
quite significant (in excess of 30%) owing to 1) the variance levels being smaller overall and less defined and 2) effects from the opposite wall of the channel approaching
the LIS wall. While a peak is present in all of the streamwise variance profiles, in
the configurations with an overlying film and N/gg1, the drag reduction is so large
in these cases that there is no discernible peak in v ′2 or w ′2 near the LIS surface.
Overall, the correlation between the peak values of the variances with Reτ is
consistent with the Townsend’s hypothesis. We can take a deeper look at the wall
normal profiles of the velocity variances u′2 , v ′2 , and w ′2 which are shown in figures
2.26, 2.27, and 2.28, respectively. The first plot in each case (figures 2.26a, 2.27a, and
2.28a) shows the dimensionless velocity variance as a function of dimensionless wall
normal distance, where each parameter is normalized by the no-slip friction velocity,
uτ 0 from the reference channel case. Normalization with this parameter is denoted
with a 0 subscript. All of the profiles in each plot are qualitatively similar, however
the effect of the slip surface is evident in the change in magnitude of the respective
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variances. Again, in the cases with an overlying film and N ≫ 1 the profiles that are
greatly altered due to the high degree of drag reduction. In these cases, the variances
are comparatively small relative to the other cases.
Similarly, the second plot in each case (figures 2.26b, 2.27b, and 2.28b) shows the
dimensionless velocity variance as a function of dimensionless wall normal distance,
where each parameter is normalized by the friction velocity determined from the LIS
surface. To varying degrees, the collapse of the profiles is noticeably improved using
the LIS friction velocity. For comparison, the collapse of the variance profiles using
the local friction velocity on the no-slip wall can be seen for comparison in figure 2.29.
Overall the collapse is best near the LIS surface for low values of y + and the inner
peaks of the streamwise variance, seen in figure 2.26b, remain roughly aligned around
y + = 14. Here, we do not expect a perfect collapse of the profiles as each would ideally
be uniquely determined by the Reynolds number of the flow. However, because the
variances change weakly with Reynolds number, the profiles should be qualitatively
similar. Again, the cases with substantial levels of drag reduction exhibit significantly
different variance profiles.
Lastly, the third plot in each case (figures 2.26c, 2.27c, and 2.28c) shows the
dimensionless velocity variance as a function of dimensionless wall normal distance,
where the variance is normalized by the friction velocity determined from the LIS
surface and the wall distance is normalized by an approximate outer scale given by
the zero crossing of the u′ v ′

+

distribution, denoted δuv . Overall the collapse is best

near the center of the channel in the outer portions of the flow. Similar to before,
the cases with significant drag reduction exhibit considerable different behavior that
is significantly influenced by the presence of the opposite smooth wall.
From this limited analysis, there is evidence that LIS could be behave in a manner
consistent with Townsend’s Hypothesis, though fully substantiating this idea requires
more simulations and experiments and is beyond the scope of this dissertation. Ad59

mittedly, the results presented here, while promising, are all at low Reynolds number
compared to many practical applications. Further exploration of these ideas at higher
Reynolds numbers is necessary as the role of turbulence could likely change and become more relevant. However, the behavior of turbulence in the near wall region,
even in canonical flows, is not fully understood nor resolved. The work from this
point forward will focus primarily on contributing new tools and understanding to
the near wall region for canonical flows.
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Figure 2.24: Correlation between turbulence intensity and LIS Drag Reduction at
Reτ ≈ 180. Drag reduction is defined using the no-slip wall shear stress, τ0 , compared
to that of a slip wall, τLIS , where % Drag Reduction = 100 × (1 − τLIS )τ0−1 . Blue
and red denote streamwise and spanwise configurations, respectively. (2,2): Results
from idealized LIS from present study with the lubricant filled to the crest plane.
(△,△) : Results of idealized LIS where an overlying lubricant film of thickness 0.05w
is present. (▽,▽) : Results of idealized LIS where lubricant is below the crest plane
by 0.05w. [1]
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Figure 2.25: Correlation between turbulence intensity and Reτ computed using the
friction velocity of the LIS with Reτ0 ≈ 180 on the smooth wall of the channel. Blue
and red denote streamwise and spanwise configurations, respectively. (2,2): Results
from idealized LIS from present study with the lubricant filled to the crest plane.
(△,△) : Results of idealized LIS where an overlying lubricant film of thickness 0.05w
is present. (▽,▽) : Results of idealized LIS where lubricant is below the crest plane
by 0.05w. [1]
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(a) u′2 0 v. y0+

(b) u′2

(c) u′2

+

+

v. y +

v. y/δuv

Figure 2.26: Dimensionless profiles of streamwise Reynolds normal stresses: u′2 . (a):
+
u′2 0 v. y0+ profiles are normalized by the friction velocity from the smooth channel
+
case, uτ 0 and denoted with a 0 subscript. (b): u′2 v. y + profiles are normalized
+
by the friction velocity over the LIS. (c): u′2 v. y/δuv profiles are normalized by
+
the friction velocity over the LIS in the variance and the zero crossing of the u′ v ′
profile, δuv . Streamwise and spanwise groove simulations are denoted by blue and red,
respectively. Overfilled grooves are denoted by ( , ). Underfilled grooves are denoted
by ( , )
.
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Figure 2.27: Dimensionless profiles of wall normal Reynolds normal stresses: v ′2 . (a):
+
v ′2 0 v. y0+ profiles are normalized by the friction velocity from the smooth channel
+
case, uτ 0 and denoted with a 0 subscript. (b): v ′2 v. y + profiles are normalized
+
by the friction velocity over the LIS. (c): v ′2 v. y/δuv profiles are normalized by
+
the friction velocity over the LIS in the variance and the zero crossing of the u′ v ′
profile, δuv . Streamwise and spanwise groove simulations are denoted by blue and red,
respectively. Overfilled grooves are denoted by ( , ). Underfilled grooves are denoted
by ( , )
.
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Figure 2.28: Dimensionless profiles of spanwise Reynolds normal stresses: w ′2 . (a):
+
w ′2 0 v. y0+ profiles are normalized by the friction velocity from the smooth channel
+
case, uτ 0 and denoted with a 0 subscript. (b): w ′2 v. y + profiles are normalized
+
by the friction velocity over the LIS. (c): w ′2 v. y/δuv profiles are normalized by
+
the friction velocity over the LIS in the variance and the zero crossing of the u′ v ′
profile, δuv Streamwise and spanwise groove simulations are denoted by blue and red,
respectively. Overfilled grooves are denoted by ( , ). Underfilled grooves are denoted
by ( , )
.
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Figure 2.29: Dimensionless profiles of Reynolds normal stresses on the wall opposite
the LIS surface. Parameters are normalized by the local friction velocity on the no-slip
+
+
wall in each case. (a): Streamwise variance, u′2 . (b): Wall-normal variance, v ′2 (c):
+
Spanwise variance, w ′2 . Streamwise and spanwise groove simulations are denoted
by blue and red, respectively. Overfilled grooves are denoted by ( , ). Underfilled
grooves are denoted by ( , )
.
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Chapter 3
Near Wall Measurements of
Streamwise Velocity at High
Reynolds Number
3.1

Wall Bounded Turbulence at High Reynolds
Numbers

Turbulent, wall-bounded flows at high Reynolds number continue to garner sustained
research interest, given their relevance to numerous industrial and geophysical applications. Unfortunately, studying the physics of these flows remains an extremely
difficult task. The wide range of length and time scales inherent to high Reynolds
number flows makes DNS of these flows extraordinarily expensive computationally
as the grid spacing has to be small enough to resolve the behavior of the smallest
eddies and the domain size has to encapsulate the largest eddies. Because a DNS
must resolve the flow in three spatial dimensions and time, the computational cost of
ensuring a fully resolved flow grows quickly with Reynolds number, i.e. Re9/4 , making it intractable a significant portion of engineering applications. To overcome this
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limitation, it is common to either model different terms of the (Reynolds-Averaged)
Navier-Stokes Equations or the behavior of the flow below a certain length scale.
One of the most popular computational methods for studying high Reynolds number
flows is Large Eddy Simulations [LES]. This approach models the flow below the grid
resolution and solves for the dynamics of the largest eddies. Through the additional
modeling, significant computation time can be saved. However, in the case of wallbounded flows, where the scales near wall are well below the grid resolution, one has
to completely model the wall’s influence on the large-scale motions. Such models require some theoretical or, more likely, experimental foundation to accurately predict
the near wall flow behavior, particularly at high Reynolds number. Consequently,
there continues to be an enduring relevance and need for experimental measurements
of high Reynolds number flows.
To that end, impressive facilities such as the Long Pipe facility in the Center for
International Cooperation in Long Pipe Experiments (CICLoPE) and the Melbourne
High Reynolds Number Boundary Layer Wind Tunnel Facility (HRNBLWTF) were
developed. These facilities are able to achieve high Reynolds numbers (Reτ = O(104 ))
by running atmospheric air through an apparatus with an exceptionally large diameter
and development length, respectively. Compressed air facilities such as the Princeton
Superpipe [108] and High-Reynolds number Test Facility [96] can achieve even larger
Reynolds numbers (Reτ = O(105 )) in more moderately sized spatial footprints. The
physical scales of the facilities are more moderate than their atmospheric counterparts,
but the use of compressed air significantly decreases the kinematic viscosity, further
shrinking the viscous scales of the flow.
There are still several open scientific questions around the behavior of turbulent
flow in the near wall region, many of which revolve around the behavior of the socalled inner peak in the streamwise Reynolds normal stress, u′2 . This inner-peak
+

refers to a feature in the wall-normal distribution of u′2 = u′2 /u2τ where a distinct
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peak occurs at y + = 15 [16]. Though this peak is frequently observed in experiments
and simulations, the nature and behavior of this peak is not well understood[16].
Recent studies [61, 55, 16, 23] have found that the magnitude of this peak continues
grow in zero pressure gradient boundary layers with increasing Reynolds number.
However, the picture appears different for turbulent pipe flow. Studies looking at
pipe flow [37, 39, 63] have found that the peak exhibits a distinct maximum value and
corresponding invariance with Reynolds number, but recent data from the CICLoPE
[104] indicates that the peak continues to grow, albeit much slower than in a boundary
layer. The continued growth of the inner peak with increasing Reynolds number
implies that the large scales in the outer region of the boundary layer continue to
impact the dynamics near the wall [92, 93]. Several groups have proposed fits to
+

capture the dependence of the inner peak magnitude, u′2 max , on Reynolds number,
specifically Reτ . One of the most recent fits proposed Lee and Moser [47] is given as
+

u′2 max = 3.66 − 0.642 ln(Reτ ).

(3.1)

Our inability to fully resolve this behavior is due to the limited range of Reynolds
number in which DNS is feasible and our limited ability to experimentally obtain
fully resolved measurements in the near-wall region.

3.1.1

Experimental Difficulties

One of the primary difficulties in obtaining experimental measurements in these facilities, particularly in the near wall region, is resolving the full range of the length and
times associated with the near wall flow. This problem is especially true for the compressed air facilities where the viscous length scale, δν , can approach 0.3µm. However,
in all of these facilities, most conventional techniques are incapable of fully resolving
all of the length scales in the near-wall region of the flow. Constant Temperature
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Hotwire Anemometry (CTA) is the de facto standard for highly resolved turbulence
measurements (in both space and time) in wall-bounded flows. This technique relies
on heating a thin, electrically conductive wire to a fixed temperature through Joule
heating. The streamwise flow velocity can be extracted by relating the heat transfer from forced convection to the amount of electrical current necessary to maintain
the wire temperature. These wires are typically a few hundred microns long with a
diameter 0.5 − 5µm and the aerodynamic form factor enables close proximity to the
wall.
Obtaining hotwire measurements in the viscous region of wall-bounded turbulence
has traditionally been limited by the spatial resolution of the sensing element (i.e.
the wire itself). Ligrani and Bradshaw [48] examined the effects of hotwire length, l,
and associated spatial filtering on velocity measurements in the viscous sublayer. It
was found that their measurements of turbulent statistics were independent of wire
length when the wires were less than 20 − 25 viscous lengths (i.e. l+ < 20 − 25). More
recent studies [85, 64] have found that this requirement is insufficiently stringent and
that fully resolved measurements close to the wall at high Reynolds number require
something closer to l+ ≤ 4. This requirement however is overly restrictive further
away from the wall where the dissipative scales of the flow are larger. Increasing the
wire length beyond this range was found to strongly attenuate the flow energy as a
result of spatial filtering. Consequently, the small viscous length scales inherent to
these high Reynolds number facilities makes spatial filtering an almost unavoidable
problem, obscuring the true Reynolds number dependence of near-wall flow. This is
especially true in resolving the Reynolds number dependence of the inner peak, where
spatial filtering can significantly attenuate the magnitude of the peak. While there
is a desire to reduce the overall length of a hotwire to minimize spatial filtering, it
becomes more difficult to ensure that the heat transfer in the wire is dominated by
forced convection. Should the wire become too short, there will be significant heat
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conduction to support structure, i.e. end-conduction effects, attenuating the flow
measurements. It was found by Ligrani and Bradshaw [48] that for a conventional
hotwire l/d > 200 was sufficient to ensure that end conduction does not significantly
affect the turbulent statistics. This was later generalized by Hultmark et al. [38] to
include the effect of wire material, flow, and overheat ratio.
To minimize the effects of both spatial filtering and end-conduction, a suite of
nanoscale hotwire probes was developed, dubbed NanoScale Thermal Anemometry
Probes, or NSTAPs [3, 95]. These probes are manufactured using standard semiconductor manufacturing techniques and utilize a 60 µm long platinum wire with
nanoscale thickness. This allows the wire to have an order of magnitude better spatial
resolution compared to conventional hotwires while having negligible end-conduction
effects. The NSTAP has been successfully deployed to measure streamwise velocity
fluctuations in the compressed air facilities at Princeton, obtaining measurements
in both high Reynolds number pipe flow [39] and zero-pressure gradient boundary
layer[96]. While the is NSTAP can provide unrivaled spatial resolution, the l+ in
each of those studies noticeably exceeded the spatial filtering criteria of l+ > 20 at the
highest Reynolds numbers due to the small viscous length scales of these compressed
air facilities. Here, I will present NSTAP measurements taken in the HRNBLWTF
at the University of Melbourne. The combination of high spatial resolution from the
NSTAP and comparatively large viscous lengths scales in this facility means that
l+ ≤ 3 for Reτ ≤ 20000, allowing all turbulence scales throughout the boundary layer
to be fully resolved.
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Figure 3.1: Rendering of the High Reynolds Number Boundary Layer Wind Tunnel
at the University of Melbourne. Image adapted from [45]

3.2
3.2.1

Experimental Setup
Flow Facility

Measurements were taken in the High Reynolds Number Boundary Layer Wind Tunnel (HRNBLWT) at the University of Melbourne, see Figure 3.2. The tunnel test
section is 27m×1.89m×0.92m and operated under Normal Temperature and Pressure
conditions (between 18 − 25o C at atmospheric pressure). To facilitate the evolution
of a zero-pressure gradient (ZPG) along the bottom wall, the top wall of the tunnel is
vented, while flow along the bottom wall is tripped with a 35mm wide strip of P40 grit
(425 − 500 µm grit size). The facility is capable of maintaining a constant free-stream
velocity throughout the entire working section to within ±0.5% with a free-stream
turbulence intensity (urms /U∞ ) of less than 0.05%. Further details of the facility can
be found in Marusic et al. [57]. The long development length of the boundary layer
facilitates the growth of a very thick boundary layer (approx. 20-30 cm) and enables
better resolution of the smallest flow features.
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Point-wise measurements of the streamwise velocity were obtained at 40 points
distributed logarithmically throughout the boundary layer in the wall-normal direction. The initial displacement of the probe with respect to the tunnel wall was verified
using a Titan Tool Supply depth measuring microscope with an encoder accuracy of
±1µm. A linear traverse consisting of a RENISHAW RGH24 linear encoder (±0.5µm
accuracy) and stepper motor (±5µm accuracy) were used to position the probe.

3.2.2

Experimental Parameters

Three different test conditions were considered, corresponding to friction Reynolds
numbers between Reτ ≡ δuτ ν −1 = 10000−20000. Two different streamwise locations,
x, were considered with two different freestream velocities, U∞ . To determine values
for the friction velocity, uτ , and boundary layer thickness, δ, the mean velocity profile
was fitted to the composite profile of Chauhan et al. [10] by a least-squares fit, where
log-law constants are set as κ = 0.384 and B = 4.17. Chauhan et al. [10] demonstrated
agreement in uτ value to within ±2% with oil film interferometry and in each case
presented here, the R2 value of the fit exceeded 0.9997. A summary of the test
condition details can be found in Table 3.1.
Reτ
10000
14500
20000

x
(m)
13
21
21

U∞
νu−1
τ
(ms−1 ) (m)
20
24.4
20
25.2
30
17.2

uτ
(ms−1 )
0.66
0.65
0.93

T U∞ δ −1

∆t+

l+

l/ηmin

12500
14400
12500

0.54
0.51
0.68

2.5
2.4
3.5

1.2
1.1
1.6

Trials Line
4
4
6

Table 3.1: Experimental parameters for boundary layer measurements

3.2.3

Anemometry Technique

To acquire streamwise velocity measurements, Nanoscale Thermal Anemometry
Probes (NSTAPs) were employed. These custom probes were designed and manufac73

tured at Princeton University and have a platinum sensing element 60 µm×2 µm×100
nm and can be mounted onto a standard Dantec Boundary Layer hotwire prong.
Further details of the NSTAP manufacturing and design can be found in Vallikivi
and Smits [95]. Importantly, the small size of the NSTAP sensing element minimizes
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Figure 3.2: Diagram of the Nanoscale Thermal Anemometry Probe (NSTAP) used
for streamwise velocity measurements. These probes are operated as conventional
hotwire anemometer but have a platinum sensing element 60 µm × f2 µm ×100 nm
the effects of spatial filtering most often encountered by hotwire anemometers in
high Reynolds number experiments. Crucially, the length of the sensing element,
l = 60µm, is only a few times larger than the viscous length scale of the flow (i.e.
l+ ≡ lδn u = 2.4 − 3.5) and approximately the same size as the smallest Kolmogorov
−1
microscale in each case (i.e. lηmin
= 1.1 − 1.6). This enables the probe to fully resolve

the smallest scales of the flow [12]. Here, we still define the viscous length scale
as before where, δn u = νu−1
τ , and Kolmogorov microscale in the classical manner,
η ≡ lν

3/
4

ε

−1 /
4

, where ε is the dissipation.

The NSTAPs were operated as a Constant Temperature Anemometer (CTA) using
a Dantec Streamline CTA System using a 1:1 bridge. An external resistor was used
to set the overheat ratio which, for all conditions considered here, was kept around
1.6, corresponding to a NSTAP temperature approximately 300oC hotter than the
surrounding air. The frequency response of the sensor at this overheat was estimated
74

from the square wave response and always found to be in excess of 150 kHz when
evaluated in quiescent air.
Data was acquired using a 16-bit analog to digital converter (Data Translation DT9836) with a range of ±10V. Measurements were acquired at a sampling frequency
of fs = 50 kHz for cases where U∞ = 20ms−1 and fs = 80kHz for cases where
U∞ = 30ms−1 . The analog signal was low pass filtered using an 8th order Butterworth
filter (Frequency Devices, Inc. Model 9002) at with a cutoff frequency set at half the
sampling frequency, fc = fs /2, prior to sampling by the data acquisition system.
In all cases, the viscously scaled cutoff frequency fc+ = fc νu−2
falls between fc+ =
τ
0.74 − 0.99. This sampling and cutoff frequency should allow full resolution of the
energy containing frequencies of the flow as it obeys the criterion outlined by Hutchins
+
et al. [40] who found that frequencies larger than fmax
> 1/3 contains negligible energy

content in a wide range of Reynolds numbers. In each case, the total sampling period,
T at each wall-normal location was fixed such that the dimensionless sampling time
in outer units, were between, T U∞ δ −1 = 12000 − 15000. This was sufficiently long to
allow at least several hundred of the largest flow structures advect past the probe at
each location.
A static calibration curve of the NSTAPs was performed using 18 points in the
freestream of the tunnel before and after every boundary layer profile. The freestream
velocity was varied and measured with a Pitot-static tube and the resulting curve was
fit with a fourth-order polynomial. To compensate for drift during the experiment
(due to temperature or dust accumulation), the probe was traversed to the freestream
after every sixth measurement location to provide some temporal resolution to any
changes between the pre-calibration and post-calibration curves. The information
from these freestream checks can be used to temporally correct the calibration curves
throughout the boundary layer profile as outlined by Talluru et al. [89]. The effect of
such corrections to the average profiles presented here is minimal and are therefore
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not used. To minimize thermal drift, the tunnel is allowed to run for two hours
prior to data acquisition and monitored with a thermocouple (DP25 Omega, 0.1◦ C
accuracy) to equilibrate the facility with added heat from the fan. The temperature
variations during each profile were found to be no more than ±1.5◦ C for measurements
conducted at U∞ = 20ms−1 and ±3◦ C for measurements conducted at U∞ = 30ms−1 .
These admittedly large temperature swings are systematic in the operation of the
facility and can be accounted for using a number of different correction schemes.
One could choose to use the methodology of Hultmark and Smits [36], but for
the temperature variations experienced in the tunnel over the course of a single run,
including the calibration, we can apply the correction proposed by Bruun [5]:

Vw,r = Vw



Tw − Tr
Tw − Ta

1/2

.

(3.2)

Here, V denotes the voltage across the wire and T denotes the various temperatures.
The subscript w denotes a parameter (i.e. voltage or temperature) taken at or across
the wire and the subscript a denotes the conditions (i.e. temperature) in the ambient
air. The subscript r indicates the value corresponding to a reference temperature, Tr .
In each case, the temperature correction scheme was found to have a minimal impact
on the results.

3.3

Results and Discussion

The statistics from each Reynolds number were compiled into average profiles and
are presented below. The mean velocity profiles from each test condition are shown
in figures 3.3a and 3.3b as a function of wall normal distance normalized by inner
and velocity-defect scaling, respectively. Each figure also presents the mean velocity
profile from the boundary layer DNS of Sillero et al. [84] computed at Reτ = 2000 for
comparison. Similarly, profiles of the streamwise velocity variance are shown in figures
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(a) Mean Velocity as a function of inner unit normalized distance from
the wall
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(b) Velocity-defect law as a function of outer unit normalized distance
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Figure 3.3: Mean velocity profiles with different scalings. (a) Mean velocity profile
+
expressed using inner unit scaling (U vs. y + ). Blue reference line ( ) denotes the
classic log-law given as U + = 1/0.384 ln(y + ) + 4.17. (b) Velocity defect law against
+
outer unit normalized wall distance ((U∞ − U + ) vs. y/δ). Blue reference line ( )
denotes the classic log-law given as U + = 2.3 − 1/0.384 ln(y/δ). In both plots, the
average profiles for the different Reynolds numbers are as follows, ( ): Reτ = 10k,
( ): Reτ = 14.5k, ( ): Reτ = 20k, ( ): DNS of Sillero et al. [84] at Reτ = 2.5k.
3.4a and 3.4b normalized by uτ as a function of wall normal distance normalized using
inner and outer length scales, respectively, and are compared with the results from
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Sillero et al. [84]. Collapse in the outer scaling is observed for all the profiles (including
the DNS) for y/δ ≥ 0.25. The variance profiles of the streamwise velocity are shown
in figure 3.4. A distinct logarithmic behavior is exhibited in the overlap region and
is consistent with the theoretical predictions of Townsend [92], Perry et al. [75] and
the experimental observations of Hultmark et al. [39], Vallikivi et al. [96], Marusic
et al. [56] and many others. The solid blue line shows a logarithmic behavior of the
variance given by the equation
+

u′2 = B1 − A1 ln(y/δ)

(3.3)

with A1 = 1.26 and B1 = 1.95 as found by Marusic et al. [56] for a zero-pressure
gradient boundary layer. From figure 3.4a it appears that the magnitude of the
inner peak grows with increasing Reynolds number. The difference in magnitude
is quite stark when comparing the value of the peak from the DNS of [84] to the
NSTAP measurements, though the difference in magnitude is much smaller between
the two highest Reynolds numbers considered here. When observing the behavior
of the peak in outer units in figure 3.4b, we can compare the growth of the peak to
the correlation of Lee and Moser [47] given by 3.1, denoted by the dashed blue line.
Because the l+ < 3.5 for all the measurements presented here, the resulting statistics
can be considered fully resolved. This allows us to compare the magnitude of the
peak to lower Reynolds number experiments, in particular inner peak calculations
resulting from DNS. To provide a better comparison, the magnitude of the inner peak
is extracted from the variance profiles and compared against those from several lower
Reynolds number DNS in figure 3.5. Consistent with the observations from figure 3.4b
the magnitude of the inner peak grows with Reynolds number and appears consistent
with the proposed fit from Lee and Moser [47] in addition to that of Sillero et al. [84]
to within the experimental uncertainty.
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Figure 3.4: Mean velocity profiles with different scalings. (a) Streamwise veloc+
ity variance profile expressed using inner unit scaled wall distance (u′2 vs. y + ).
(b) Streamwise velocity variance profile expressed using outer unit normalized wall
+
distance (u′2 vs. y/δ). Solid blue reference line ( ) denotes a log-law given as
+
u′2 = 1.95 − 1.26 ln(y/δ) and dashed blue line ( ) showing the correlation of
+
Lee and Moser [47] given as u′2 = 5.4 − 0.642 ln(y/δ). In both plots, the average
profiles for the different Reynolds numbers are as follows, ( ): Reτ = 10k, ( ):
Reτ = 14.5k, ( ): Reτ = 20k, ( ): DNS of Sillero et al. [84] at Reτ = 2.5k.
To gain some insight as to the nature of the Reynolds number dependence of the
inner peak magnitude, we can look to the energy spectra of the streamwise velocity.
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Figure 3.5: Magnitude of the inner peak in the streamwise variance u′2 max as a
+
function of Reτ . Solid black line ( ) shows the fit u′2 max = 3.63 + 0.65 ln(Reτ )
+
proposed by Sillero et al. [84] and dashed black line ( ) shows the fit u′2 max =
3.66 + 0.642 ln(Reτ ) proposed by Lee and Moser [47] . Peak variance values from the
average profiles at the different Reynolds numbers are as follows, ( ): Reτ = 10k,
( ): Reτ = 14.5k, ( ): Reτ = 20k, ( ): Boundary Layer DNS of Sillero et al. [84],
( ): Channel DNS of Lozano-Durán and Jiménez [52] ,( ): Channel DNS of Lee and
Moser [47]
Figure 3.6 shows the normalized average pre-multiplied energy spectra of the stream+
wise velocity (φuu kx u−2
= 15)
τ ) at the wall-normal location of the inner peak (y

for each Reynolds number as a function of wavenumber normalized by inner units
(kx+ ). Here, the streamwise energy spectrum is computed for temporal frequencies
and then related to the streamwise wavenumber by Taylors Frozen Field Hypothesis
[90]. These results are compared with streamwise energy spectra of channel DNS at
Reτ = 5200 [47]. Good collapse between all of the NSTAP and DNS data is observed
in the high wavenumber range of k + > 10−2 and the NSTAP data exhibits excellent
collapse even down to k + > 3 × 10−4 . This indicates that the small-scale energy is
invariant with Reτ and, at the smallest scales, largely independent of the flow system
geometry (i.e. boundary layer v. channel). However, the larger scale regions exhibit
a clear Reynolds number dependence and do not collapse well with inner scaling.
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As the Reynolds number increases, there is an increasingly large contribution of low
wavenumber energy, indicating the increased importance of large-scale motions.
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Figure 3.6: Normalized 1-D wavenumber spectra (φuu kx u−2
τ ) as a function of streamwise wavenumber kx at z + = 15 for the different Reynolds numbers: ( ): Reτ = 10k,
( ): Reτ = 14.5k, ( ): Reτ = 20k, ( ): Channel DNS of Lee and Moser [47] at
Reτ = 5.4k.

3.4

Summary

Combining nanoscale anemometry probes and large-scale facilities has enabled fully
resolved measurements of a zero-pressure gradient boundary layer at high Reynolds
numbers. By using a NSTAP probe with ℓ+ < 4, unattenuated measurements of
the streamwise velocity variations could be obtained in the near wall region. These
measurements revealed the continued growth of the inner peak in the streamwise variance for all Reynolds numbers considered here (Reτ ≤ 20, 000) in a log-linear manner
consistent with the observations of [47]. By considering the 1-D wavenumber spectra,
the outer scale motions are shown to have a continued influence at the inner peak
and serve as the main contributor to the continued growth of the peak’s magnitude.
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While these new measurements provide insight into how the large, outer scales
of the flow can still impact the near wall behavior, it is still unclear how they influence momentum transport, i.e. drag. Identifying these contributions and behaviors
requires measuring the wall normal velocity component, in particular the wall nor2

mal Reynolds stress: v ′ and u′ v ′ . Despite the success of the NSTAP in acquiring
these fully resolved streamwise velocity measurements, there are few if any comparable probes or techniques for measuring other components of velocity, specifically
the wall-normal velocity, with the same spatio-temporal resolutions as the NSTAP.
Crossed hotwire anemometers, or crosswires, are the de facto standard for highly
resolved measurements of multiple velocity components, however the physical size
of these devices significantly limits their proximity to the wall and spatial resolution. Particle Image Velocimetry (PIV) systems such as that used by Willert et al.
[104] have comparable spatial resolution to the NSTAP and are capable of resolving
multiple velocity components. Such systems however, are limited in their temporal
resolution, which is determined both by the speed of the camera and laser power.
A logical next step to using the NSTAP is to design and implement a crossed
hot wire version of the NSTAP, i.e. the X-NSTAP. Though one such a device has
been developed by [21], it has not yet been deployed successfully. Consequently, there
is a need for analogous methods of resolving the full Reynolds stress tensor at high
Reynolds numbers.
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Chapter 4
Elastic Filament Velocimetry
[EFV]
Advancements in our understanding of turbulence have often focused on the quantities that are easiest to measure and not necessarily those most relevant to turbulent
transport. This is especially true in turbulent, wall-bounded flows where the presence of the wall limits and complicates the application of conventional velocimetry
techniques. New instrumentation like the NSTAP have allowed new insights into the
behavior of streamwise flow at high Reynolds numbers. There are, however, far fewer
options for resolving the wall-normal component of velocity and Reynolds stresses
that are most associated with wall normal transport, in such as u′ v ′ and v ′2 . To try
and address this shortcoming, a novel, highly anisotropic, strain-based method for
velocity measurements known as Elastic Filament Velocimetry (EFV) was developed
to enable simple probe-based measurements of wall-normal velocity.
EFV is novel method for velocity measurements in both gaseous and liquid flows.
The sensing element is comprised of a free-standing electrically conductive nanoscale
ribbon suspended between silicon supports. Due to its minuscule size, the nanoribbon
deflects in flow due to viscously dominated fluid forcing, inducing an axial strain in
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the sensing element. The strain leads to a resistance change, which is measurable
through a simple Wheatstone bridge circuit and can be related to the flow velocity
through semi-analytic analysis. The unique combination of a hotwire-like form factor
and anisotropic sensitivity to velocity make the EFV ideally situated for resolving
wall-normal velocity components in turbulent, wall-bounded flow.
Here, I present modeling for the sensing mode along with two different methods
of experimental validation. First, confocal microscopy was used to validate physical models and assumptions through imaging of the nanoribbon deformation under
different fluid loads. Second, the resistance measurements of various nanoribbons under different flow conditions were found to exhibit sensitivity to fluid flow consistent
with lower order model predictions. The model is then extended for more realistic
flow scenarios and demonstrates promise that this technique can selectively measure
wall-normal velocity fluctuations.

4.1

Concept

EFV is a strain-based sensing mode that measures the velocity of a passing fluid
through the use of a free-standing, electrically conductive nanoscale ribbon. Drag
from the passing flow deflects the nanoribbon and induces an axial strain within the
material. The small dimensions of the sensing element result in viscously dominated
drag force, enabling sensitivity to both liquids and gases. The combination of the
elongation, thinning, and piezoresistive effects relating to the axial strain generates
a change in electrical resistance across the nanoribbon, i.e. a strain gauge effect.
Because the fluid velocity can be uniquely related to the fluid drag on the wire, the
flow velocity can be directly correlated with the resistance of the wire.
The idea of using calibrated strain gauges to measure fluid velocity is not new
[72, 22, 11]. Most of these ideas involve utilizing calibrated cantilevers or plates
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embedded with strain gauges on one or more surfaces. The bending and deflection
of the entire member is then calibrated to the fluid velocity. The novelty of the
EFV lies in the blending of form and function in a simple design, as the calibrated
member and strain gauge are one and the same. The construction and form of the
sensor are similar to the design of a nanoscale hot-wire, while the operation of the
sensor is similar to that of a strain gauge. This hybrid design eliminates the most
complicated and expensive aspects of each sensing method, resulting in simpler design
and operation.
This simple design and operating mode is enabled by the nanoscale thickness of
the sensing element and has only been realizable through advancements in microelectromechanical systems (MEMS) manufacturing techniques. The nanoscale thickness
of the free-standing nanoribbon allows it to exhibit negligible flexural rigidity to forcing aligned with the nanoscale dimension. Consequently, any component of fluid
flow aligned with the nanoscale dimension will elastically elongate the wire until the
streamwise component of the tensile stress is sufficient to balance the fluid loading.
This net elongation can be measured as a resistance change across the length of the
nanoribbon. The deformation and corresponding elongation from an external loading
can be examined using beam theory [35, 67].
Supporting the free-standing nanoribbon at two ends constrains the transverse
deflections to be small compared to the span, while allowing it to undergo measurable strains. Furthermore, the small transverse deflection to span ratio ensures that
the fluid flow is restricted to a quasi-2d regime, ensuring that spanwise changes along
the wire have negligible effects and interaction on the fluid flow. Finally, the overall
microscale dimension of the wire profile allows a linear relationship between the fluid
forcing on the wire and the flow velocity. The consequences of these geometric properties enable both a high degree of sensitivity and conceptual simplicity that facilitates
analytic modeling [67, 35].
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The nanoribbon configuration was inspired by the sensor designs of the NSTAP
[3, 21] and its cold-wire counterpart (T-NSTAP) [2]. The T-NSTAP, a platinum
nanoribbon with dimensions of span L0 = 200 µm, width b = 2 µm, and thickness
t = 100 nm, (see figure 4.2) was deployed for use in a water channel. It was revealed
that the wire exhibited a sensitivity to the flow velocity, in addition to the sensitivity
to temperature changes in the channel when it was mounted with an angle to the
incoming flow. Holding the bulk temperature of the flow constant, a calibration of
the T-NSTAP voltage to flow velocity was performed against a Pitot tube for a range
of velocities. The sensor was then traversed through the boundary layer, and the data
was corrected for a wall temperature of 0.3◦ C higher than the free-stream temperature.
Figure 4.1 shows a convincing agreement between the corrected measurements and
classical curve fits for a turbulent boundary layer, with error bars demonstrating the
sensitivity to the temperature correction. This basic proof of concept shows that a
strain-based sensor, using a free-standing nanoribbon design pinned at both ends, is
indeed practical.

4.2
4.2.1

Theory of Operation
Low Order Modeling

To design a nanoribbon with optimal sensitivity for a given velocity range, relationships must be established between axial strain and fluid velocity. Consider the
nanoribbon with rectangular cross section illustrated in figure 4.2. The span, L0 , is
much greater than the width, b, and thickness, t, the latter of which shall be considered
the nanoscale dimension. Under uniform loading, q, the nanoribbon will experience a
maximal deflection, δ, and overall elongation, L−L0 . Choosing a nanoscale thickness,
several orders of magnitude smaller than the other geometric dimensions, enables the
wire to exhibit negligible flexural rigidity to loading along that dimension. The result
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Figure 4.1: Corrected mean velocity profile of a turbulent boundary layer measured
with a T-NSTAP sensor in water tunnel, mounted at an angle to the flow, and plotted
in
p inner coordinates. Flow conditions are Reτ = 1218, with Reτ = ρuτ δ99 /µ, uτ =
τw /ρ, wall shear stress τw , fluid density ρ, the boundary layer thickness δ99 , and
dynamic viscosity of the fluid µ. The approximate fits for Spalding’s Law of the Wall
(−) and Coles’ Law of the Wake (−) are included for comparison.
is that the governing force balance is dominated by the internal tension rather than
classic Euler-Bernoulli bending.
Let us consider the full Timoshenko beam equation with an external loading that
is coincident with t. The governing equation for the deflection across the wire as a

87

x̂

b

L0
ẑ
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ŷ

t

δ
L
Figure 4.2: A schematic of the nanoribbon of length L, width b, and thickness t.
The geometry is oriented such that flow is in the direction of ẑ, causing a distributed
load, q, that leads to a center-line deflection of δ. The platinum nanoribbon used to
generate the results in figure 4.1 had L0 = 200 µm, b = 2 µm, t = 100 nm.
function of time, τ , is given by:
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For this wire configuration ρs is the density of the nanowire, A is the cross sectional
area of the wire (A = bt), I is the second moment of area (I = bt3 /12), w is the
deflection from the neutral axis, x denotes the spanwise axis along the wire, κ is
the Timoshenko shear coefficient, G is the shear modulus, E is the elastic modulus,
η is linear damping coefficient from the surrounding fluid, q is a uniform loading
per unit span and N the axial tension in the wire from elastic deformation. It is
assumed that the deflections are significantly smaller than the span of the wire to
ensure that the deformation of the wire is elastic and well below the yield point of
common nanofilament materials (e.g. platinum). Under this assumption, N can be
treated as constant across the length of the wire.
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Using knowledge of the geometry, fluid flow and material properties, the governing
Timoshenko beam equation can be expressed in terms of nondimensional quantities
and derivatives, scaled by dimensional coefficients. Scaling parameters are chosen
as w = δw ∗ , τ = ω −1τ ∗ , x = L0 x∗ , q = Qq ∗ , where the ∗ superscript denotes a
non-dimensional scaling function. Note that δ and ω are unknown but prescribed
such that the dimensionless terms are order unity. Here, Q is the scale of the applied
loading and the size of Q will typically be known within a given range for a desired
application. If we first assume that the N is the tension arising solely from the net
∗
axial strain in the wire, we can scale it with N = EAδ 2 L−2
0 N . Plugging these scaling

relations into the governing Timoshenko equation results in:
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Terms in square brackets are dimensionless and are on the order of unity and are
scaled by dimensional constants.
To determine the scale of the deflection, δ, the steady state balance between a
uniform external loading, q, and the elastic deformation of the wire can be considered. All terms with derivatives in time can be neglected and the resulting governing
equation is given by the following equation:
−Ebtδ 3
0=
QL40




 

2
t2 ∂ 4 w ∗
∗∂ w
− N
+ [q ∗ ] .
2
∗4
∗2
12δ ∂x
∂x

(4.1)

Note that the geometric parameters for the cross-sectional area and second moment
of area have been plugged in.
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From this form of the equation, the relative contributions of the flexural rigidity
and internal stress towards balancing the external loading are revealed. In the case
where the deflections are much larger than the thickness of the nanoribbon (δ ≫ t),
the flexural rigidity provides negligible resistance to external loading, with most of
the resistance coming from internal stress. In the case where all of the resistance is derived from the internal stress, a scale for δ can be determined as δ ∼ (QL40 (Ebt)−1 )

1/
3

.

It should also be noticed that if Q is insufficiently large to achieve δ ≫ t, the scaling analysis reverts to the classic Euler-Bernoulli result. Using these relationships,
a threshold value for Q can be established to determine when the bending transitions from classic Euler-Bernoulli bending to the elongation-dominated bending where
4
δt−1 ≫ 1 ⇒ Q ≫ Eb(tL−1
0 ) . Furthermore, to ensure that the beam remains in the

small angle approximation regime, Q must be small enough to ensure that δ ≪ L0 .
Using the same scaling, this criterion can be re-expressed as an upper bound on Q
where Q ≪ Eb(tL−1
0 ).
Ebt
Ebt4
≪Q≪
.
4
L0
L0

(4.2)

Together, these criteria specify the minimum design criteria to ensure that the
governing equation apply to the specific nanoribbon geometry, though they ignore
specific material limitations such as yield strength. Expressing equation ?? in dimensional terms allows us to see that the steady-state deflection of the nanoribbon of
uniform cross section under uniform loading is governed by

−N

d2 w
= q,
dx2

(4.3)

As N is the tension derived from axial elongation, equation 4.3 can be expressed
as
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−EAε



EA 
d2 w
=−
−L0 +
2
dx
L0

L
Z0 /2

−L0 /2

s

1+



dw
dx

2



 d2 w
dx 2 = q.
dx

(4.4)

The small angle approximation can be invoked to simplify the integration through the
treatment of w as a second order Taylor approximation. Using the coordinate system
outlined in figure 4.2, w can be accurately represented by w(x) ≈ δ(1 − 4x2 L−2
0 ).
Given that

dw
dx

≪ 1, the integrand in equation 4.4 can also be simplified as a second

order Taylor approximation to give


 EA
−
2L0



L
Z0 /2

−L0 /2

dw
dx

2



 d2 w
dx 2 = q.
dx

(4.5)

Again, applying a parabolic approximation for the shape of the deflected beam, an
explicit solution to this equation can be achieved. A simple integration of a parabolic
arc length along the axis of the nanoribbon reveals that the strain ε of the nanoribbon
can be expressed in terms of the L0 and δ as

ε=

8δ 2
.
3L20

(4.6)

Integrating equation 4.5 presents a relationship between the axial stress induced
by the strain and the uniform loading, given by

EAε =

qL20
.
8δ

(4.7)

The above equation is consistent with a force balance where the external loading
must be balanced by vertical component of the force applied at the pinned ends of
the nanoribbon. The midpoint deflection can be solved for explicitly as
δ
=
L0



3qL0
64EA
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1/3

,

(4.8)

and the strain as
1
ε=
2



qL
√ 0
3EA

2/3

.

(4.9)

An important consequence of equations 4.8 and 4.9 is that the functional relationship
is consistent with the scaling analysis derived from equation 4.1.
To ensure that the modeling is applicable, q must be related to the fluid flow to
determine if the criteria outlined in equation 4.2 remains valid. In the small angle
approximation, changes and gradients along the length of the wire are considered
insignificant compared to the streamwise and transverse gradients of the flow. It
is therefore appropriate to treat the fluid mechanics in a quasi-2D manner. This
implies that the deflections of the beam have a negligible effect on the fluid gradients
and the loading on the beam can be related to the local flow velocity around the
nanofilament. Additionally, if b is sufficiently small so that the Reynolds number
based on b, Reb ≡ ρUbµ−1 < 50, then the flow can be considered viscously governed
and the drag from the flow can be accurately described using semi-analytic techniques.
Here, ρ is the fluid density, µ is the dynamic viscosity of the fluid and U is the incoming
flow velocity. Under these conditions, the local load per unit span, q(x), from the
fluid can be described in a linear fashion as,

q(x) = CD U(x)µ

(4.10)

where U(x) is a velocity component of the flow aligned with the thickness dimension
and CD is the coefficient of drag. While there is no analytic solution for low Reynold’s
number flow over a 2D shape, there are several approximations that specify CD ≈
1 − 10 for slender bodies and cylinders [88]. When CD is defined in this manner, it
should approach a constant value in the limit where Reb → 0. However, the Reynolds
numbers explored in this study are finite and found to be 1 ≤ Reb ≤ 10. In this range,
inertial effects become leading order as separation can occur behind the nanoribbon
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and CD is acknowledged to increase with Reb . Collecting the results from equations
4.9 and 4.10, the induced strain in the flexible nanoribbon can be directly related to
a uniform flow velocity in a closed form manner with

2/3
1 CD µUL0
√
ε=
.
2
3EA

(4.11)

With the established relationship between the fluid flow and loading, a range of
validity for the small angle deflection and elastic tension dominated bending can be
defined in terms of the fluid flow. Using the criteria from 4.2, a new inequality on
velocity can be established for different fluids and wire configurations given by
Ebt
Ebt4
≪U ≪
.
4
CD µL0
CD µL0

(4.12)

If the nanoribbon used to acquire the data in figure 4.1 is considered, the criteria
from inequality 4.12 can be used to determine the velocity range in which the bending is dominated by elastic tension and captured by the small angle approximation.
With CD ≈ 5 and E = 168 GPa, the velocity criteria from inequality 4.12 is found
to be 4 µm/s ≪ U ≪ 3.3 × 104 m/s for water and 200 µm/s ≪ U ≪ 1.8 × 106 m/s
for air. It is evident that in both cases the minimum velocity is significantly smaller
than many common flow applications of interest and the maximum velocity criteria is
significantly larger than any physical flow one could realistically measure. Additionally, the velocities recorded in figure 4.1 are safely within this range. The size of the
maximum velocity criteria indicates that it is more appropriately determined through
a consideration of the wire yield stress rather than the deviation from the small angle
approximation. Reassuringly, this result indicates that the small angle approximation should be valid for all velocities of interest, for this particular wire configuration.
Furthermore, one could rearrange the terms in inequality 4.12 to establish a criterion
for t, given a wire length, material and flow of interest.
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With the wire mechanics related to the fluid flow, the classical strain gauge equations can be utilized to relate the strain in the nanoribbon to a measured resistance
change. Through a simple first order Taylor series approximation, it can generally be
shown that
1 ∂R
∆R
≈
R0
R0 ∂ε

ε=
0



1 ∂̺
1 + 2ν +
̺0 ∂ε

0



ε = GF ε,

(4.13)

where R is resistance of the wire defined in the classical manner R = ̺LA−1 , ∆R
is the change in resistance from the reference resistance due to strain, ν is Poisson’s
ratio for the wire material, ̺ is the wire resistivity, and the subscript 0 denotes the
specific reference state of known temperature and strain. The first two parenthetical
terms incorporate the geometric elongation and narrowing derived from strain, while
the third is contribution from piezoresistivity. Each of the terms contained in the
parenthesis in equation 4.13 are material properties and independent of wire geometry.
It is common to express these terms collectively as a single material specific gauge
factor, GF , which relates the fractional change in resistance to the strain. Collecting
the results from equations 4.11 and 4.13, a functional relationship between the fluid
loading and measured resistance is given by
GF
∆R
=
R0
2

4.2.2



CD µUL0
√
3EA

2/3

.

(4.14)

Pre-Tension and Pre-Deflection Effects

Closure of the nonlinear, steady-state deflection equation with a parabolic shape
profile neglected the effects of finite pre-tension or pre-deflection in the unloaded
nanofilament. A simple modification to equation 4.7 to account for this effect yields
the new equation
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EAε + Aσ0 =

qL20
,
8δ

(4.15)

where σ0 is the preexisting axial stress in the unloaded nanoribbon. A positive σ0
corresponds to a pre-tension, while a negative σ0 will be treated as an equivalent
deflection of the wire in the unloaded state. Combining equations 4.15 and 4.6 gives
a modified equation for the deflection

3qL0
EA
√
3
2
4σ0
σ0+ =
E
√

−1/3 
1/3 !
q
q
3
4L0
−σ0+ q + + (q + )2 + (σ0+ )3
+ q + + (q + )2 + (σ0+ )3
δ =
8
q+ =

It can be shown that in the limit where σ0 → 0, the relationships revert to the results
in equations 4.8 and 4.9. The overall effect of both pre-tension and pre-deflection is
to reduce the net change in deflection and strain experienced by the wire under load.
Evaluating these equations for different pre-tension and pre-compression values
shows that the net effect in both cases is to depress the change in strain resulting
from the external loading, see figure 4.3. Furthermore, if the pre-stress is significantly
smaller than the fluid loading, then the effects on the mechanics are negligible and
the response converges to the 2/3 power law. However, when the pre-tension and
pre-deflection exceeds the magnitude of the fluid loading, the induced strain appears
to follow a quadratic and linear response to fluid loading, respectively.
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Figure 4.3: Low order model prediction from equation 4.16 for strain as a function
of nondimensional fluid forcing with different pre-tension and pre-deflection values.
Colors correspond to the magnitude of the pretension & pre-deflection, with values
ranging from 10−7 (green) to 10−1 (blue). Solid lines (−) correspond to solutions
with predeflection and dot-dashed lines(·−) correspond to solutions with pretension.
Thick solid black lines (-) of fixed slope are labeled and provided for reference.

4.3

Nanoribbon Dynamics

Considering the full equation with the scale for the steady state deflection, the time
scale can be determined. Assuming the local acceleration term to be leading order, a
frequency scale can be defined as

ω∼

s

Eδ 2
∼
ρs L4

s

E
ρs L4



Ebt
qL4

−1/3

(4.16)

Plugging in the proposed time scaling and rearranging for the leading order term
gives the following relation.
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As viscous drag is the proposed method by which the fluid flow exerts a load on
the nanoribbon, the scaling analysis reveals the relative importance of the various
viscous terms. As I is known to be very small and G is assumed to be the same
order as E, it is clear that the leading order damping term is the final term in the
left hand side of the equation. Collecting the leading order terms, (as well as the
Euler-Bernoulli bending term) and replacing the loading term with the fluid forcing
from section 4.2.1, a modified damped harmonic oscillator equation can be derived
to describe the deflection of the nanoribbon. If the fluid density is near the order of
the beam density, one needs to account for the effect of added mass on the vibration
of the beam. Including this term, the full dynamical equation can be written as:


∂4w
∂2w
∂w
∂2w
,
(Ca ρf + ρs )A 2 = −EI 4 + N 2 + CD µ U −
∂τ
∂x
∂x
∂τ
where ρf is the density of the fluid and Ca is the coefficient of added mass. Decomposing N into the contribution from pre-stress and the deflection induced stress, the
above equation can be re-expressed as:


∂2w
∂4w
∂2w
∂w
(Ca ρf + ρs )A 2 = −EI 4 + N 2 + CD µ U −
∂τ
∂x
∂x
∂τ


s
L
 2
Z0 /2
dw
EA 

dx
1+
N = −N0 −
−L0 +
L0
dx
−L0 /2
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(4.17)

(4.18)

One can notice that we have arrived at an equation analogous to that proposed by
Morison et al. [65] for modeling the wave loading on ocean pylons. However, one
should note that our equation assumes that the primary interaction between the
fluid and the bending beam is described by the last term in equation 4.18, i.e. the
viscous drag term. Such an assumption will be valid in the regime where Reb < 1.
However, should the viscous forcing term be insufficiently large to sufficiently suppress
oscillations in the wire, one would need to incorporate the effects of a Basset force
taking the form:

qB ≈ CD µb

Z

τ

τ0



d
∂w
p
U−
dϑ
∂ϑ
ν(τ − ϑ) dϑ
1

(4.19)

Incorporating such a force will be necessary for systems that are underdamped by
the viscous forcing to capture the dynamic behavior of the wire but will not affect
the steady-state behavior of the wire. For simplicity, we will restrict ourselves to the
cases where the forcing is dominated by the viscous drag force and we can neglect
the effects of the Basset force.

4.4
4.4.1

Numerical Modeling
Drag Coefficient Modeling

Because the Reynolds number based on the wire width is order unity or smaller (Reb ≡
ρU b
µ

6 O(1)), the fluid forcing on the wire is assumed to be viscously dominated and

given by equation 4.10. Importantly, because this is the only term by which the
fluid behavior is incorporated into the wire mechanics, one needs to take great care in
accurately determining that the value of CD . Here, if Reb ≪ 1, then CD will approach
a constant value. However, for the given wire geometries and flows of interest that
are considered here, Reb = O(1) and CD can vary significantly as a function of Reb .
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While there are several models in the literature that tabulate the coefficient of drag
for a cylinder in this range of Reynolds numbers, there are no equivalent studies or
tabulations to the author’s knowledge for a rectangular cross section such as those
considered in this work.
Here, we hypothesize that the drag coefficient of a rectangle of cross section b × t,
such as the wire in figure 4.2, in this range of Reynolds number is well approximated
by that of a cylinder of diameter b. To validate this hypothesis, a series of numerical
simulations of 2D incompressible flow over both a rectangle and cylinder were conducted using the Stanford University Unstructured (SU 2 ) incompressible flow solver
1

. The purpose of these simulations is not to arrive at the precise values of the drag

coefficient, but to determine how the drag on the flat plate compare to that of a
cylinder in cross flow. Flow was simulated over both a circle of diameter b and 40 : 1
aspect ratio rectangle with longest dimension b perpendicular to the direction of the
flow. Both shapes were centered on a domain approximately 40b × 40b in size and
were evaluated between Reb =

ρU∞ b
µ

= 0.5 − 20. Illustration of the meshes for the

EFV shape and cylinder can be seen in figures 4.4a and 4.4b, respectively.
The simulated drag coefficients are plotted in figure 4.5 and compared to the
empirical correlation of Sucker and Brauer [88] given by
CD ≈ 0.59Reb + 3.4Re0.11
+ 0.98Re0.5
b −
b

0.0002Re2b
,
1 + 3.64 × 10− 7Re2b

(4.20)

which expresses the drag coefficient of a cylinder in cross flow with diameter, b, as a
function of Reb . Though there is no expectation that CD of a cylinder should match
that of a bluff ribbon, however this estimate captures the overall magnitude and trend
of the drag for the both rectangle and circle for Reb =
1

ρU∞ b
µ

≈ 0.1 − 10.

A large portion of the configuration files were based on the provided template found in https:
//su2code.github.io/tutorials/Laminar_Cylinder/
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Figure 4.4: Image of meshes for different wire shapes used in (SU 2 ) incompressible
flow solver. (a) corresponds to the close up of the rectangular geometry typical of a
bluff EFV and (b) cylinder. Domain is approximately 40b × 40b in size and evaluated
with approximately 105 elements, where b is the largest dimensions of the shape.

25
20
15
10
5
0

0

5

10

15

20

Figure 4.5: Comparison of viscous drag coefficients (CD ) for cylinders and bluff rectangles with a 40:1 aspect ratio. Red line (−) denotes the computed CD for the bluff
rectangle with longest dimension b. Solid black line (−) denotes the computed CD
for a cylinder of diameter b. Dashed line shows the empirical correlation of Sucker
and Brauer [88]
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4.4.2

Beam Deflection Modeling

With a suitable model for the drag coefficient in hand, we can begin to evaluate the
validity of the simplifications introduced in low order model outlined in equations 4.5
through 4.8. To accomplish this, equation 4.18 was solved numerically with uniform
loading for the T-NSTAP geometry, used to acquire the data in figure 4.1, and the
results were compared to the prediction from the parabolic deflection model. To fully
resolve the deflection near the boundary, as the Euler-Bernoulli term can become
leading order near the edges, the beam was discretized using a cosine spacing and
spatial derivatives were evaluated using a Chebyshev spectral method. The equilibrium deflection was found by advancing equation 4.18 in time with a fourth order
Runga-Kutta temporal scheme until steady state was reached. The use of a Chebyshev spectral method facilitates a high degree of accuracy and fine resolution near
the domain boundaries.
Equation 4.18 was nondimensionalized according to the scaling analysis in section
4.3 giving the following nondimensional, partial differential equation,
 ∗ 
 4 ∗
 


∂w
∂ w
δω ∂w ∗
I
∂ 2 w∗
∗
+ 1−
,
= −
−N
∂τ ∗2
Aδ 2 ∂x∗4
∂x∗
U
∂t∗
r
4
3 qL
δ =
,
Ebt
s
ω =

Eδ 2
,
ρs L4


1

N ∗ = −1 +
L0

L
Z0 /2

−L0 /2

s

1+



dw
dx

2





 σ0  L2
dx +  20 ,
E δ

(4.21)
(4.22)
(4.23)

(4.24)

where q is given by equation 4.10 and CD is approximated by equation 4.20. Results
from simulations with both pinned and fixed boundary conditions were compared to
the low order model and were both found to have agreement to within a few percent.
The agreement between the numerical solution and the model indicates that the small
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Differential Pressure Transducer
Pressure Regulator
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Flow out
EFV

Fluid Source
Wheatstone Bridge

Data Acquisition
Figure 4.6: Schematic of the experimental setup. Flow passed through a long, smooth
pipe of known length l, and velocity was extracted from the pressure drop. Working
fluid changed between air, nitrogen and water.
angle approximation is a valid assumption for nanoribbons of this configuration that
the Euler-Bernoulli term can be assumed to have a negligible impact on the overall
deflection of the beam.

4.5

Experimental Validation

The sensor was evaluated using the experimental setup shown in figure 4.6, which was
configured to use either water, air or nitrogen as the working fluid. Regulated fluid
flow was directed through a section of calibrated smooth pipe. Bulk flow velocity was
determined by measuring the pressure drop over a length, l, where the flow was fully
developed. Flow exiting the system would pass over the wire, inducing a strain and
resistance change. The fractional resistance changes were measured by integrating
the wire as part of a Wheatstone bridge, see schematic in figure 4.7. The voltage
across the bridge was directly related to the resistance change in the wire through
the known values of the bridge circuit components. Each of these components in
the bridge were carefully chosen to minimize the resistive heating in the wire, while
ensuring a measurable level of sensitivity to flow loading. The circuitry was designed
to limit the current in the Wheatstone bridge to 200 µA, which means less than 1%
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Figure 4.7: Diagram of the circuit to operate the EFV. A nondeflecting TNSTAP can
be incorporated into the place of Click Pot (RP ) with a proportional top resistor R1
to compensate for temperature changes.
of measured resistance change is due to Joule heating if the wire is under water.
However, Joule heating will contribute a larger change in wire resistance when in air,
especially at lower velocities. In experiments conducted with confocal microscopy,
the objective lens was placed above the outlet of the system so that the nanoribbon
deflections were perpendicular to the focal plane. A thermocouple was placed at the
outlet of the flow, less than 1 cm downstream of the EFV chip. The introduction of
the thermocouple was necessary, as the second wire was found to deflect when exposed
to flow.

To experimentally evaluate the validity of the theoretical and numerical

modelling, it is necessary to fabricate sensors where the loading deflection can be
controlled and observed. With the functional relationship between the fluid load and
the wire resistance established in equation 4.14, an optimal wire will have high gauge
factor GF , low Young’s modulus E, large span L0 , and small cross sectional area A.
In other words, for a given fluid flow, a long and thin wire will be more sensitive; a
carefully chosen material with low E and high GF will further boost the sensitivity.
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To ensure the fluid forcing is in the viscously dominated regime, width of the wire b,
needs to be small, on the order of micrometers.
Platinum (Pt) has a moderate Young’s modulus among metals but is non-reactive
and easy to process using standard MEMS techniques to form thin films. As a noble
metal, no oxidation layer will form to complicate the theory or experiments.
Pipe flow is one of the simplest flows to study and its velocity profile is well
studied across a wide range of Reynolds numbers. The sensor, shown in figure 4.8, is
designed to interface directly with the pipe used in this experimental study by having
a 4 mm through-hole, the center of which is spanned by the sensing nanoribbon. The
length-to-width ratio of the free-standing nanoribbon is limited by the strength of the
metal thin film and was kept under 150 to maintain the integrity of the wire during
processing. Minimal supporting structures were deployed to hold the nanofilament
to minimize blockage effects that could alter the flow in the vicinity of the sensing
element.

S

Figure 4.8: EFV chip mounted on PCB after being released from the silicon wafer
and closeup of the wire. The sensor through-hole is designed to mount inline with a
4mm pipe with the nanoribbon spanning the center.
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4.6
4.6.1

Results
Deflection Measurements - Confocal Microscopy

Laser scanning confocal imaging of a 750 µm×6.5 µm×150 nm sensor, such as that
shown in figure 4.9, was performed while the nanoribbon was exposed to flow to
investigate and validate the modeling in section 4.2.1. Two-dimensional area maps of
the nanoribbon elevation were recorded for several different flow velocities of nitrogen.
From each area map, a centered, linear height profile of the nanoribbon was extracted,
the results of which are shown in figure 4.10. Numerical integration was performed
along the length of each profile to find the elongation due to the flow, shown as figure
4.11.
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Figure 4.9: Confocal image of the 750µm×6.5µm in air with bulk flow velocity of 20
m/s. Image is taken from above the wire and flow is out of the page. All units are in
µm.
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Figure 4.10: Deflection profile of the wire center line at different flow velocities.
Graduated coloring from blue to yellow indicates increasing velocity from 0 to 23
m/s. The deflection of the wire increases with increasing velocity.
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Figure 4.11: Strain measurements of a 750µm×6.5µm wire from the confocal microscope imaging data. The diamonds display the experimental data. The solid line
shows the theoretical prediction from equation 4.11. The dashed line (- -) shows the
predictions for finite pre-deflection corresponding to σ0+ = 8 × 10−4 from Appendix
4.2.2
The profile of the unloaded nanoribbon, the bottom-most profile in figure 4.10,
indicates a pre-existing, asymmetric deformation. As the loading increases, so does
the net deflection of the nanoribbon, and the shape of the deflection away from the
boundary resembles the expected parabolic curve. The remaining deviation from a
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symmetric, parabolic shape, particularly near the edges, can be best explained by the
presence of two triangular platinum supports that are partially free-standing as well.
The relative size and shape of the deflections validate that the parabolic shape and
small angle approximations are appropriate for the wire mechanics. Furthermore, the
relative size of the deflection compared to the thickness implies that the force balance
is dominated by the elastic elongation rather than flexural rigidity.
The strain measurements resulting from the microscopy are compared to the theoretical prediction for ε from equation 4.11 in figure 4.11. The bulk value for the
Young’s modulus of platinum is taken as a reasonable approximation for E of the
nanoribbon [13]. Platinum’s small coefficient of linear thermal expansion further
ensures the validity of our theoretical strain predictions, as the small temperature
fluctuations in the flow will not have a measurable impact on the elongation.
Despite the uncertainty in CD , there is a reasonable agreement between the slopes
predicted by the model and the experimental results. The results deviate from the
simplest form of the model, where pre-stress and pre-deflection are neglected, but
adding the pre-deflection at zero velocity, σ0+ , shows an example of the strain that
the wire could be expected to take while exposed to flow.

4.6.2

Resistance Measurements

With the success of the confocal imaging in confirming the scaling theory and the operational principle of the sensor, the resistance changes in the wire were then tested.
Using the strains from the confocal imagery, the gauge factor, GF , can be estimated
to relate the strain in the wire to the measured change in resistance. The observed estimate of GF = 2.4 deviates from the expected value of GF = 6.1 for platinum as the
piezoresistive effect was likely reduced by the particular manufacturing process [19].
Figure 4.12 shows the estimated strain from both the air and water tests using the
resistance measurements along with the confocal microscopy measurements plotted
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against the non-dimensional fluid forcing, 3CD µUL/(EA) as defined in section 4.2.2.
The sensors were able to accurately capture the modeled wire strain from the measurement of ∆R/R. Quiescent temperature calibrations for each wire were performed
before data collection in order to remove any temperature dependencies of the resistance measurements. To monitor the temperature of the nanoribbon during the flow
experiments, a thermocouple was placed in the flow no more than 1cm downstream
of the wire. Using these temperature measurements, the resistance changes of the
wire due to a temperature change in the flow was subtracted out, and the remaining
∆R/R was then converted to a strain using the estimated GF value from the confocal
data.
The use of a thermocouple was necessary due to the second platinum wire also
deflecting when exposed to flow. The second wire was originally designed to register
temperature measurements without deflecting due to the fluid forcing, thus allowing
the two wires to measure both velocity and temperature simultaneously. Instead, since
these two variables could not be decoupled with this current sensor and circuit design,
the thermocouple was employed to record the flow temperature. In future designs
these effects can be decoupled and automatically compensated by incorporating two
wires with different geometries in the same Wheatstone bridge.
In figure 4.13 the results of only the 750µm×6.5µm sensor is compared to the theoretical predictions for the velocity measurement. The additional theory line includes
the factor σ0+ to account for any pre-deflection in the wire due to the manufacturing
process. The exact magnitude of the pre-deflection in the experimental setups are not
known, but an example value consistent the observations from the confocal imagery
measurements is plotted for reference.
The uncertainty in wire temperature are represented by the error bars of figure
4.13. The estimated errors increase with decreasing fluid forcing. This is especially
important in the water tests where heat transfer from the water to the pipe in the
108

3.5

×10

-4

3
2.5

ε

2
1.5
1
0.5
0
-0.5
0

0.2

0.4

0.6

0.8

1
-4

×10
3CD µUc L0
EA
Figure 4.12: Comparison of the scaling theory with experimental runs in both air and
water. Resistance change calculated from voltage measurements while under flow. CD
approximated with that of a cylinder with diameter b for this flow regime and GF
approximated at 2.4 for platinum. Loading is estimated using Uc , the centerline
velocity of the pipe. Symbols:  750µm×6.5µ m, ⋄ 750µm×6.5µm (from Confocal
Imaging), △ 375µm×6.5µm, ▽ 375µm×2.5µm. Dark gray symbols for measurements
in water, light gray for measurements in air. The solid line shows the theoretical
prediction from equation 4.11. The dashed line (- -) shows the predictions for finite
pre-deflection corresponding to σ0+ = 8 × 10−4 from 4.2.2
system becomes more pronounced, causing the temperature of the fluid to fall (due
to the water reservoir have a slightly higher temperature than the pipe system). As a
consequence, an artificially higher resistance will be recorded. This temperature uncertainty is approximately accounted for by the thermocouple, but the finite distance
between the thermocouple and the EFV result in a different temperature measured
than that of the wire. The faster velocities result in a more accurate temperature
measurement, since there is less temperature drop between the EFV and the thermocouple. Additional uncertainty lies in the temperature calibration of the EFV itself.
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Figure 4.13: Comparison of the predicted resistance change with experimental runs
in both air (a) and water (b) as a function of center-line flow velocity for the
750µm×6.5µm wire. The solid line shows the theoretical prediction from equation
4.14. The dashed line (- -) shows the predictions for finite pre-deflection corresponding
to σ0+ = 8 × 10−4 from section 4.2.2 with equation 4.13.
A shift of 0.005◦C in the calibration offset results in a change in ε by up to 0.0001,
based on the assumed GF . This sensitivity to temperature is a direct consequence of
the moderate temperature coefficient of resistance associated with platinum.
For the data taken in air, the velocities are much higher, and the thermocouple
can be expected to accurately capture changes in the wire temperature. However, the
uncertainty due to a calibration offset remains which results in error bars of equal size
across all measurements, in contrast to the increasing error with decreasing velocity
in water.
The large magnitude of the error bars indicates that a precise measurement of
the EFV temperature is paramount to improving the accuracy of the sensor. A
second wire exposed to the flow but fixed to prevent any deflection would allow a
very accurate temperature measurement in close proximity to the EFV, enabling a
precise temperature calibration of the sensor itself.
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Figure 4.14: Experimental setup for evaluating the sensitivity of an EFV to the flow

4.6.3

Viscous Fluid Measurements

Due to the small size and scaling of the EFV equations, we can readily predict the
response of the EFV to low flows of viscous fluids. Because of the linear response
with viscosity and velocity, we know that from the previous experiments, the response
of the 750µm long EFV has the same response in air at 20 m/s as water flowing at
0.4 m/s. We can extend this further to predict that we could measure very slow
flows of viscous fluids. For example, one would expect that for Ethylene Glycol,
which has a viscosity 16 times larger than water, we could measure easily down
to mm/s. To validate this hypothesis, we devise a similar experimental setup for
evaluate these minute flow rates, see figure 4.14. Due to the significantly larger
pressures necessary to drive the more viscous fluids, compressed air is used to drive
the flow. The upstream pressure is provided by the supply air line and regulated
with a needle valve. An analog pressure gage is used to monitor the effective driving
pressure. The compressed air pressurized a syringe containing the viscous fluid, which
is driven through off-the-shelf infusion set tubing past the EFV. Both the EFV and
fluid reservoir are submerged in a deionized water bath that has been allowed to reach
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room temperature overnight. The exiting fluid is measured using a mass balance
(Sartorius) to precisely measure the total mass of expelled fluid over time. The EFV
and a silicon backed TNSTAP were placed into a Wheatstone bridge compensate for
a temperature gradient between the working and bath fluids. The voltage across the
bridge was monitored and recorded over the course of a minute. A preliminary plot
of the wire resistance change as a function of fluid forcing can be seen in figure 4.15
using water as a working fluid. The improved temperature control scheme drastically
improves the precision of the data and agreement with the theoretical prediction.
The full range of flow rates measured with this system in 4.15 corresponds to 0 400mL/hr. of water.

4.7

Selectivity

The above results demonstrate the viability of the technique in resolving velocity,
specifically when the nanoscale dimension is aligned with the streamwise flow. The
following sections build upon the theoretical framework from before, but with an eye
towards measurements of velocity components that are not streamwise (i.e. wallnormal). The ultimate goal is to deploy an EFV with the nanoscale dimensions
situated parallel to the wall plane and have the EFV selectively respond to the wallnormal fluctuations. Such deployment means that the EFV must either demonstrate
an insensitivity to the streamwise component or be deployed in a manner when the
streamwise portion can be accounted for. In particular, we will investigate the selectivity of this sensing mode and the ability to resolve just the velocity component
aligned with the nanoscale dimension when the wire is pitched.
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Figure 4.15: Resistance measurements using temperature controlled viscous fluid
setup with water as the working fluid. The ability to control the temperature of
the fluid gives far more repeatable results. The full range of measurements correspond to 0-400 mL/hr flow rate. (◦): Resistance measurements from the EFV. (−)
Theoretical prediction with pretension set as σ0+ = 8 × 10−4. Data was acquired using
a 530µm×6.5µm×150 nm sensing element.
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4.7.1

Angle Sensitivity

To evaluate the velocity selectivity of the EFV, we computed the steady drag and
lift forces on the same rectangular profile from section 4.4 at different pitch angles
(0◦ ≤ α ≤ 90◦ ) and Reynolds numbers ranging from Reb = 4 − 20, the results of
which are summarized in figures 4.16a and 4.16b, respectively. Here, 0◦ pitch angle
corresponds to the streamlined orientation of the rectangle and a 90◦ corresponds
to the bluff orientation. Consistent with expectation, the largest coefficient of drag
occurs when the rectangle is pitched at α = 90◦ into the flow and the Reynolds
number is largest, indicating that inertial forces and scaling are becoming increasingly relevant. In contrast, the largest coefficients of lift occur near a pitch angle
of around α ≈ 30◦ . Determining the coefficient of fluid forcing aligned with the
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wire Reynolds number Reb and pitch angle. 0◦ corresponds to the thickness being
orthogonal with the incoming flow.
nanoscale dimension can be conducted through a simple rotational transformation
of the coordinate system. The resulting fluid loading that contributes to the thickness aligned bending has contributions from both the drag and lift components and
can be expressed as Cnorm = CL cos(α) + CD sin(α). Ideally, the loading component
aligned with the thickness should only be a function of the thickness aligned velocity
or more precisely, the Reynolds number calculated with the thickness aligned veloc114

ity, Cnorm = f (Renorm ≡

U·t̂b
)
ν

= f ( U∞ b νsin(α) ), which we will call the wire-normal

Reynolds number, Renorm . Should the thickness aligned fluid loading not collapse
with the wire-normal Reynolds number, the sensor will not be perfectly selective and
will exhibit some dependence on the Reb and α that will need to be parameterized
and accounted for during experiments. From figure 4.17, we can see that the thickness
aligned forcing (Cnorm ) does not completely collapse with the wire-normal Reynolds
number, Renorm . This indicates that for a given fluid flow, particularly for larger
values of Renorm , the fluid loading on the wire is not uniquely parameterized by the
wire-normal Reynolds number and could be due to a range of different wire-normal
velocities. Much of the spread in this area stems from the behavior of the wires at
large pitch angles and low values of Reb . The collapse however for lower values of
Cnorm appears noticeably better collapse but is still not ideal.

Figure 4.17: Coefficient of fluid loading along the thinnest dimension of the wire
as a function of wire-normal Reynolds number Reb sin(α). Colors indicate the wire
Reynolds number, Reb .
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However, if we allow ourselves to restrict the ranges of Reb and α that are considered, we can coax a better collapse from the data. For example, if we consider
Reb ≥ 8 and α < 30 we see a much better collapse in the data across the whole range
of Rethick . Such a restriction is very simple to enforce in practice. A sufficiently large
Reb can be achieved by increasing the wire width or increasing the velocity of the
flow and a pitch angle restriction of α < 30 is easily realizable throughout the vast
majority of a turbulent, wall-bounded flow, except perhaps very close to the wall.
The results from this analysis imply that an EFV probe can be deployed, and the
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Figure 4.18: Coefficient of fluid loading along the thinnest dimension of the wire as
a function of wire-normal Reynolds number Reb sin(α) for α < 30 and 20 ≥ Reb ≥ 8
wire-normal velocity directly related to the wire-normal loading
In the absence of this collapse between wire-normal velocity and forcing, such as
in figure 4.17, it necessary to employ a second anemometer to calibrate the EFV and
compensate for the influence of Reb and α. In this case, a second anemometry is
required calibrate the sensor for a wide range of Reynolds numbers and pitch angles,
then map the wire response for the whole parameter space. Validation of this method
116

was conducted by Byers et al. [8] for a hybrid, switching hotwire-EFV technique.
This technique relied on a single sensing element switching between an EFV sensing
mode for wall-normal velocity measurements and a constant current anemometry
(CCA) mode for streamwise velocity measurements. There, this procedure was relied
on using the hotwire to measure the instantaneous streamwise velocity and then
compensating the EFV signal for the streamwise influence. Importantly, this method
involves knowing the pitch angle of the probe very precisely to solve for the wallnormal component of velocity and is very sensitive to errors in this parameter.
Conveniently, this analysis implies that the if Reb is sufficiently large, and the
pitch angle is sufficiently small, then EFV is a selective to the thickness aligned
velocity component. In such a case, it is still wise to deploy a second anemometer if
the EFV is not perfectly aligned with the flow direction of interest. However, one is
not required to use to the lookup table method for calibration. In this case, the EFV
behaves analogously to a hotwire that is sensitive to a single velocity component and
can be calibrated using more convenient methods, an example of which is detailed in
appendix A.2.

4.8

Summary

Utilization of a nanoribbon as a strain-based velocity sensor has proven to be a practical methodology, with simple circuitry and calibration techniques leading to quick
and inexpensive data collection. The combination of form and function enables characterization of the sensor design with a simple, low order model, derived from classical
beam theory. Measurements from both confocal microscopy and electrical resistance
were shown to be consistent and comparable, despite uncertainties in temperature
and modeling parameters.
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As was demonstrated in the results, the sensitivity of the resistance measurements to temperature is a known problem with strain gauges. Should a nanoribbon
be exposed to a thermal flow, it will experience resistance changes due to both the
fluid forcing and thermal variations. Reduction of this temperature uncertainty will
significantly improve the velocity resolution of the sensor and robustness of the sensor measurements. Several methods and designs exist to mitigate the temperature
dependence of typical strain gauges, such as using temperature insensitive alloys
like Constantan. Utilizing multiple wires with different sensitivities to loading and
temperature (e.g. different stiffness, geometry, GF , etc.) will enable simultaneous
measurements of both fluid loading and temperature fluctuations.
Though not apparent in the scaled data, the dependence of nanoribbon sensitivity on geometry is consistent with the theoretical prediction. The sensor geometry
of 375µm×6.5µm registered the lowest resistance changes, while the 750µm×6.5µm,
predicted to be the most sensitive, registered the largest. These results were expected,
as a longer nanoribbon is exposed to more forcing and has a higher electrical resistance, while a wider nanoribbon has a higher resistance to bending and lower electrical
resistance. These two properties together enable longer and thinner nanoribbons to
produce greater resistance changes in response to flow. Velocity measurements using
EFV will benefit from nanoribbon geometries that maximize length while minimizing
cross-sectional area.
From the scaling analysis of section 4.3, the fundamental frequency scale, ω, can be
determined for the nanoribbon geometries and flows presented above. This frequency
scale is found to be on the order of 100 kHz for all geometries considered in this
study. This large frequency enables the sensor to react quickly to fluctuations in
the flow velocity, though the settling time is primarily driven by the fluid viscosity.
Simulation of the various nanoribbon geometries under flow conditions modeled after
the pipe flow experiment indicate settling times on the order of 10−4 sec in air and
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10−5 sec in water, though a lighter material could significantly reduce the settling
time. The favorable time response means that this sensor has the potential to rival
other velocimetry techniques such as hot-wire anemometry, though further work to
improve the robustness and adapt the sensor for different flows is necessary.

Figure 4.19: Wall normal variance reported by 4.19 using an EFV. (△) :Experimental
data of Byers et al. [7] taken at Reτ = 910 with the EFV at a 10o pitch angle. Solid
line shows the DNS of Sillero et al. [84] at Reτ = 1307. Red circle outlines the near
wall region where streamwise variance contaminates the EFV measurements of wall
normal variance. Figure adapted from [7]
Deployment of the technique remains an active area of research. Preliminary
measurements of wall normal variance in the boundary layer of a water channel were
reported by Byers et al. [7] and are shown in figure 4.19. This study considered
only strain measurements from a pitched NSTAP (10o angle of attack) operated as
an EFV in a turbulent water channel. Early indications of this result are promising
as the shape of the variance profiles match those of the DNS. However, because
this study did not compensate for the influence of streamwise velocity, there is an
overprediction of the variance in the near wall region, indicating contamination from
streamwise fluctuations.
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Chapter 5
Conclusions
A series of studies investigating the behavior of near-wall flow in wall bounded turbulence were presented. First, a new method of passive drag reduction using LIS was
proposed and characterized in turbulent flow at low Reynolds numbers using DNS
and experiments. Investigating the coupling between the retained lubricant and the
near wall flow not only revealed new insights both into how LIS surfaces can reduce
drag but how SHS function as well. For streamwise grooved LIS configurations, when
the groove widths were small compared to the viscous length scale, the retention and
predicted drag reduction were both well parameterized by laminar flow relations. As
the groove size or Reynolds number increases, the behavior of the surfaces begins
to depart from the laminar prediction as the influence of turbulence becomes more
relevant. The exact nature of this departure is not fully understood but plays an
important role in determining the asymptotic maximum of the theoretical drag reduction. However, while predicting the drag reduction becomes more difficult, the
achievable drag reduction theoretically continues to increase with increasing Reynolds
number, feature size, and liquid area fraction. With this understanding, it follows
that for drag reduction, one would want to design a surface with largest feature
spacing and liquid area fraction that can reliably retain the lubricating layer. Con120

sequently, it is ensuring the robustness of the lubricating layer that practically fixes
the maximum feature sizes where the lubricant can be retained, and roughness effects
can be minimized. Such a dynamic could imply that there exists an optimal grooved
geometry of LIS for reducing drag of a particular flow.
To understand the practicality of grooved LIS, the robustness to shear/slip driven
drainage was evaluated. Similarly, it was found that when the grooves were at or
below the smallest scales of the turbulence, the retention of lubricant quantitatively
agreed with laminar flow prediction and models. However, increasing the groove sized
considerably increased the susceptibility of the grooves to drainage, particular when
the groove width was tens of viscous units. To stabilize areas of lubricant within larger
feature spacings, a chemical patterning technique was proposed and evaluated. While
the results using this technique were quite promising, a more detailed investigation
is necessary to better understand the coupling between the turbulence and fluid in
the wide grooves as a function of W eτ . Furthermore, while drag reduction has been
demonstrated in periodic flow experiments such as a Taylor Couette facility, there is
no study to the authors knowledge that has demonstrated drag reduction over LIS in
an aperiodic facility. The fabrication and retention techniques presented here could
provide much needed tools to ensure that lubricant is retained in LIS for laboratory
studies. Enabling these aperiodic studies could help improve our understanding of
these surfaces and provide more detailed insight into the slip mechanism.
Practical surfaces for use in real-world applications will most likely need to rely
on randomly rough LIS to simplify the cost and effort associated with applying these
surfaces. Further investigations are necessary to investigate how comparable results
from these grooved studies are to more complicated surface topologies. Furthermore,
the low Reynolds numbers considered here are considerable smaller than most engineering applications. Better understanding of the behavior of LIS and wall bounded
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flows at high Reynolds warranted and necessary before these surfaces can become
practical fluid transport applications.
To experimentally improve our understanding near wall turbulence in canonical
wall-bounded flows, a series of new measurements and techniques were presented.
NSTAPs were deployed in a high Reynolds number boundary layer to obtain fully
resolved measurements of the streamwise velocity. The inner peak was shown to
grow consistent with the correlations of Lee and Moser [47] indicating the relevance
of large scales motions and energy imposed on the near wall flow. Despite the success in acquiring this highly resolved streamwise velocity data, there are currently no
analogous solutions for measuring other velocity components, in particular the wall
normal velocity. To address this, shortcoming, a fundamentally new method of measuring velocity was developed called Elastic Filament Velocimetry. This strain-based
method has the same form factor as a nanoscale hotwire, enabling close proximity to
surfaces, but utilized a highly anisotropic bending mode to detect a single component of velocity. The physics of this technique were modeled, and deployment of this
technique remains an active area of research. This technique provides a much needed
diversity to the current suite of measurement tools employed for near wall measurements. Refining this technique will require fabricating these sensors with temperature
insensitive materials and more detailed study of the influence of the superstructure
on the measurements.

5.1

Future Work

There are several avenues for continuing the work presented in this dissertation, the
most straightforward of which have been enumerated in the previous section. However, below are a few research ideas that are more attempt to address the same prob-
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lems outlined in this thesis while encompassing some additional scientific questions
and tools.

5.1.1

Non-Canonical Boundary Conditions

There are still many open questions surrounding the influence of non-canonical surface
configurations on turbulent flows. Semiconductor manufacturing and soft materials
processing techniques provide an exciting new toolbox for designing and tailoring
unique surfaces. Using these tools, we can study how turbulence (particularly at high
Reynolds numbers) interacts with a variety of passive surfaces that are elastic, rough,
porous, compliant, multiphase, hairy, etc. in a systematic fashion. Such investigations
are not only important for improving our understanding of practical flows, e.g. the
atmospheric boundary layer, where boundary conditions are far from canonical, but
also for improving the quality of wall models used in Computational Fluid Dynamics,
particularly RANS computations, and more significantly, large eddy simulations. In
particular, integrating low Reynolds number analysis for different surfaces into our
understanding of surface behavior in turbulent flows at high Reynolds number can
help improve our understanding of the full range of scales in wall-bounded flows.
Since LIS have only been studied actively in the past few years, there are many
open questions regarding the interaction between turbulent flow and these heterogeneous surfaces. In addition to drag reduction, there are many opportunities to study
how these surfaces modify other turbulent transport phenomena. Traditional surface
characteristics, such as surface roughness, tend to increase both heat and momentum transfer in a highly coupled way through increased turbulence. One question
of particular interest is whether turbulent heat and mass transfer can be modified
in a way that is independent of the momentum transfer. That is, to determine if a
surface can be designed to generate a significant enhancement of heat/mass transfer
through modification of the turbulence structure while maintaining a low skin fric123

tion drag. There is also very little understanding regarding the interactions between
LIS and turbulence using exotic lubricants. For example, ferrofluid-infused surfaces
could potentially be designed to greatly enhance heat transfer through thermomagnetic convection but configured to have minimal influence on the surface drag. Liquid
metal-infused surfaces may also have interesting applications because the extremely
large interfacial tension of liquid metals means that such surfaces have the potential
to reduce skin friction drag in both underwater and aerospace applications.

5.1.2

Novel Measurement Techniques

There are many instances where our understanding of turbulence is limited by our
experimental measurement resolution and techniques. Advancements in our understanding of turbulence have often been forced to focus on the quantities that are
easiest to measure and not necessarily those most relevant to turbulent transport.
While there has been a consistent effort to improve the resolution and robustness
of measurement techniques and instrumentation, we still lack the necessary tools to
adequately probe many real-world flows. Where semiconductor manufacturing has
proven indispensable for resolving high Reynolds number flows, I envision a broad
horizon of new technologies that can enable a host of innovations in the study of
turbulence.
Hot-wire anemometry is still the standard measurement technique for high-fidelity
turbulence measurements. While the high spatial and temporal resolutions of hotwire anemometry make it a suitable for a wide range of turbulence applications, the
resolution is still insufficient for the highest Reynolds number facilities. Furthermore,
because these sensors rely on a freestanding wire they are also quite delicate and
prone to drift.
An underutilized measurement technique known as Glow Discharge Anemometry
(GDA) can help improve the resolution of experiments in high Reynolds and Mach
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number flows. First developed around World War II[49, 99, 60], the technique showed
great promise in early studies but never gained traction in the turbulence community.
The technique relies on sustaining a glow discharge between two narrowly spaced electrodes. The resulting plasma exhibits a sensitivity to the surrounding air velocity as
ions are convected and deflected away from the electrodes. The temporal response of
the technique is primarily limited by the gas ionization rate (around several megahertz), more than tenfold faster than state-of-the-art thermal anemometry and the
lack of delicate features or moving parts makes it suitable for harsh flow environments [58, 54]. This combination of robustness and high temporal response make
GDA ideal for investigating turbulence in high speed and compressible flows. Leveraging MEMS manufacturing with modern circuitry can greatly improve the viability
of this technique for research and aerospace applications.
Where many the ideas presented above advance our understanding of turbulence
by integrating novel technologies, we can similarly apply techniques from fluids research to advance other fields. One such example is a technology that I helped develop, Elastic Filament Velocimetry (EFV). This technique relies on a free-standing,
electrically-conductive ribbon of nanoscale thickness. Drag from the passing fluid deflects the nanoribbon which is fixed at both ends, inducing an axial strain which can
be measured as a change in electrical resistance. The EFV acts in a highly anisotropic
manner, exhibiting a sensitivity solely to the component of velocity aligned with the
nanoscale dimension. This specific behavior is made possible by the advancements in
microelectromechanical systems (MEMS) manufacturing, allowing the EFV to exhibit
negligible flexural rigidity through its nanoscale thickness. While, EFV was designed
for near-wall measurements of wall-normal velocity fluctuations, there are several
applications outside of turbulence research that can benefit from this technology.
The combination of high sensitivity and low cost means that EFVs is suitable in
many applications. EFV is ideal for real-time monitoring of medical injections and
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infusions. Infusion pumps are commonly used to administer a wide range of drugs.
While these pumps were invented to reduce errors associated with medical infusions,
their use has not necessarily reduced clinical error rates. Part of the reason for these
errors is that these pumps do not have an effective method for directly measuring
the administration rate and often rely on an algorithm to detect problems and errors.
EFVs can provide an inexpensive method for externally monitoring real-time infusions
of drugs. Disposable EFV sensors can be integrated directly into tube-sets and provide
a needed check to verify the proper infusion of drugs.
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Appendix A
Supplemental EFV Calculations
A.1

Modified EFV Forcing

Here we modify the low order model presented in [28] to approximate the effects of
the variable width corresponding to the NSTAP geometry on the fluid forcing and
strains.
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Figure A.1: Top view diagram of NSTAP geometry
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Figure A.2: Side view illustration of NSTAP deflection under load
127

∂2w
∂2
[EIκ]
+
N
= −q(x)
∂x2
∂x2
"
 2 #
du 1 dw
N = Etb(x)
+
dx 2 dx
2

κ=

∂ w
∂x2

1+



dw
dx

(A.1)
(A.2)

2 !− 3/2

(A.3)

≪ 1, we can accurately approximate eq
In the small deflection limit where dw
dx



2
2
2
(A.3). Here, κ ≈ ∂∂xw2 1 − 23 dw
≈ ∂∂xw2 when simplified using a power series and
dx
taking the leading order terms. For the purpose of this analysis let assumed that
I
Aδ2

≡

t2
12δ2

<< 1 , where δ is the nominal scale of the deflection, I is the second

moment of area of the EFV, and A is the cross sectional area of the wire. Neglecting
the conventional Euler Bernoulli bending term, we are left with
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Inherent in this assumption is that the Euler Bernoulli bending is only relevant in
a small boundary layer near the edge of the wire. In our limit where the angular
deflections are small, it can be shown that N, the axial tension, is constant through
the length of the member.
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By the zero displacement boundary conditions, the first term must be zero as the
boundaries are fixed, u(L/2) = u(−L/2) = 0. Considering a simplified geometry
where there are discrete areas of constant width, the second term simplifies using


BL
+
θ
−x
−
, where θ is the Heaviside function.
b(x) = b2 + (b1 − b2 ) θ x − BL
2
2


BL
−
δ
, where δd is the Dirac
x
+
It follows that b′ (x) = (b1 − b2 ) δd x − BL
d
2
2
delta function. Since the
1
L

Z

L/2

Et(b1 − b2 )
(Etb (x)u (x)) dx =
L
−L/2
′

′


 


BL
−BL
′
′
u
−u
2
2

(A.8)

We have an ansatz that u(x) should it be a nonzero function, must be odd by symmetry of the problem. It follows that the derivative must be an even function leading


= u′ −BL
. For now, we will assume this parameter is small and the
to u′ BL
2
2

large gradients in lateral displacements are prohibited by the boundary conditions
and small angle deflection. Equation A.8 reduces to the expected
1
N=
L

Z

L/2
−L/2

Etb(x)
2



dw
dx

2

dx

(A.9)

To truly simplify the bending, we again use the small angle deflection and approximate
the deflection of the beam with a parabolic section. For each section we can accurately
represent this as the deflection in section i as wi (x) =

ai 2
x
2

+ ci x + di . By symmetry

of the problem we know that the c2 = 0 by symmetry. To be sufficiently general
we permit c1 to be finite but must change the sign to for the left and right sides to
preserve the symmetry of the problem

NL
b1 (a1 x − c1 )3
=
Et
6a1

−BL/2

−L/2

b1 (a1 x + c1 )3
+
6a1

NL
b1 (a1 x + c1 )3
=
Et
3a1

L/2

+
BL/2
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L/2

b2 (a2 x + c2 )3
+
6a1
BL/2
b2 (a2 x + c2 )3
6a1

BL/2

(A.10)
−BL/2

BL/2

(A.11)
−BL/2

NL
b1 a21
=
Etb2
b2 3



L c1
+
2 a1

3

Here, we can justify letting c1 =

−



BL c1
+
2
a1

(q1 −q2 )BL
2N

3 !

a2
+ 2
3



BL
2

3

(A.12)

by the constraints of the problem. By

looking at equation A.5, we can see that the curvature/second derivative is set by the
ratio of the forcing to the internal strain. This constrains a1 =

q1
N

and a2 =

q2
N

. We

are now left with one unknown which is c1 . From the force balance at the boundary,
we see that

tan(φ) ≈ φ =

dw
q1 L(1 − B) + q2 BL
L
(q1 − q2 )BL
=
(A.13)
= −a1 − c1 ⇒ c1 =
dx
2
2N
2N

We can now express our equation in terms of known parameters as:
b1 q1 2 L2
N3
=
E 3 t3 b32
b2 3E 2 t2 b22 23

A.2

!
3 
3

(q1 − q2 )B
(q1 − q2 )B
b2 q2 2 3
1+
B
− B+
+
q1
q1
b1 q1 2
(A.14)

Stress Calibration Method for EFV-Hotwire
Probe

Here, a “stress calibration” method inspired by Zhao et al. [109] is presented to
determine the angular sensitivity of the EFV component for probes that either employ
a switching mode or two sensing elements. This method relies on using the known
stress distribution in fully developed pipe for channel flow to calibrate the EFVhotwire probes for two component velocity measurements.
Calibration using the instantaneous compensation method uses the response from
both the hotwire and EFV modes at the centerline of the pipe. Because the turbulence levels are low, we can acquire a functional relationship between the centerline
velocity and the voltage from both modes of operation. Here we denote the rela130

tionship between the hotwire and EFV signals and the mean centerline velocity with
calibration functions f and g, respectively. Here, we can relate the hotwire signal, E1 ,
to the mean centerline velocity, U by f and similarly, we can relate the EFV signal,
E2 , to U by g. This is expressed mathematically as

f (E1 ) = g(E2 ) = U

(A.15)

These equations are predicated on having the sensing element of the EFV being
inclined at a slight angle to the incoming flow. This means that the EFV picks up
small streamwise component, making g(E2 ) a nonzero function. Ideally, if the EFV
were oriented exactly in line with the flow, the EFV would have no sensitivity to the
streamwise component and g(E2 ) = 0. If the bending direction is perfectly aligned
with the incoming flow, the EFV will only be sensitive to the streamwise component,
not the wall normal component in which we are interested. Having the sensing element
at a slight incline guarantees that the sensing element is primarily sensitive to the
wall normal direction but contains a small sensitivity to the streamwise component.
Furthermore, it keeps the EFV in the small pitch angle regime outlined above where
the selectivity is greatest. This will allow us to use the hotwire calibration curve to
aid in the calibration of the EFV mode.
Considering several discrete mean velocities (typically 18 points) allows the functional relations f and g to be determined. In each case a fourth order polynomial
fit was found to be sufficient in approximating each function. Deployment of the
hotwire mode is simple. Just as a conventional hotwire, the streamwise velocity and
fluctuations can be determined by the following relation for the mean, denoted by an
overline, and fluctuating component, denoted by ′ , with

U + u′ = f (E1 ) + f (E1 )′ .
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(A.16)

The isotropic nature of the hotwire in the plane in the sensing element and the
dominance of the streamwise velocity results in a negligible sensitivity to wall normal
fluctuations. Consistent with conventional hotwire anemometry, the hotwire mode
provides an accurate measure the instantaneous streamwise velocity component.
Similarly, the EFV will behave as an anisotropic velocity sensor with the sensitivity to the component of velocity aligned in the nanoscale dimension of the wire.
Because the wire is oriented with a slight inclination to the streamwise direction, the
EFV signal contains contributions from both the streamwise and wall-normal velocity component weighted by the wire orientation. Furthermore, if we are operating in
the regime outlined above, the contribution from the streamwise velocity is purely
geometric in nature. Therefore, the velocity component that contributes to bending
can be expressed in terms of the calibration function and wire angle of attack with
respect to the wall, α0 . Given that there is no mean wall-normal component, V = 0,
in a fully developed pipe flow, the mean and fluctuating component of the bending
velocity can be expressed as



U + u′ sin α0 − v ′ cos(α0 ) = g(E2 ) + g(E2 )′ sin(α0 )

(A.17)

Here g is expressed as a fourth order polynomial, though Byers et al. [8] chooses an
exponential function. If α0 < 10◦ , cos(α0 ) ≈ 1 to within 2 percent and sin(α0 ) ≈ α0
(in radians) within 0.5 percent. Let us consider a positive definite angle of attack
bounded by 10◦ such that the EFV equation can be well approximated by



U + u′ − v ′ α0−1 = g(E2 ) + g(E2 )′ )

(A.18)

With equations A.16 and A.18, we can determine both fluctuating velocity components (u′ and v ′ ) if α0 is known. If we use a methodology similar to that outlined by
Fu et al. [28] and Byers et al. [7] where α0 can be determined by physical inspection
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of the sensor element. Consequently, one can compensate the fluctuating component
of the EFV signal, g(E2 )′ , by using the fluctuating component of the hotwire signal,
f (E1 )′ . This allows one to solve for the individual fluctuating velocity components as

u′ = f (E1 )′

(A.19)

v ′ = α0 (f (E1 )′ − g(E2 )′ )

(A.20)

and the Reynolds stresses as

u′2 = f (E1 )′2

(A.21)

v ′2 = α02 (f (E1 )′ − g(E2)′ )2


′
′
′
′
′2
u v = α0 f (E1 ) g(E2 ) − f (E1 )

(A.22)
(A.23)

Conspicuously, the sensitivity of v ′ to angle of attack makes this methodology a bit
problematic, especially in a facility such as the Superpipe where optical access is
limited. Here, we describe an alternative methodology to determine α0 empirically
using the s̀tress calibration’ method.
Following [109], we can use the result that the total stress, τT , in fully-developed
turbulent pipe flow varies linearly across the diameter as

τT ≡

−ρu′ v ′



dU
1 dP
+µ
(R − y)
=−
dy
2 dx

where ρ and µ are the density and dynamic viscosity of the working fluid,

(A.24)

dP
dx

is the

streamwise pressure gradient, R is the radius of the pipe, and y is the distance from
the pipe circumference. Defining τT ≡ ρu2τ and simplify with the result from equation
A.24 at y = 0, gives
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−ρu′ v ′


y
dU
2
.
= ρuτ 1 −
+µ
dy
R

(A.25)

Using the result that the viscous stress has been shown to contribute less and 1%
to the total stress for y + ≡ yuτ ν −1 > 250 gives and explicit relation to empirically
determine α0 . If the viscous contribution is neglected and A.25 is combined with
equations A.23 and A.25



y
dU +
α0 f ′ (E1 )g ′(E2 ) − f ′ (E1 )2 = −u′ v ′ + + = u2τ 1 −
dy
R

(A.26)

Consequently, the data acquisition and angular calibration are one and the same.
Using the results where y + > 250 from the data acquisition and least-squares curve
fitting allows one to determine α0 from

α0 =

u2τ



−1
y  ′
′
′2
1−
f (E1 )g (E2 ) − f (E1 )
.
R
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(A.27)
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