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Summary

Experiments are presented to characterise low-drag turbulence events, or so-called intervals of hibernating
turbulence, which last for a prolonged duration in a zero-pressure gradient flat-plate turbulent boundary-layer
flow over a friction Reynolds number range of Re. = 335 to 880 in either a wind tunnel or water flume. The
presented experimental data is acquired at a friction Reynolds number several times higher than all previous
investigations on hibernating turbulence in channel flows. The spatiotemporal low-drag intermittencies are
identified by applying conditional sampling techniques to either simultaneously acquired wall-shear stress and
pointwise streamwise and wall-normal Laser Doppler Velocimetry (LDV) data, or simultaneously acquired
wall-shear stress and cross-stream stereoscopic particle image velocimetry (SPIV) data. The hibernating
turbulence events occur randomly in space and in time in the turbulent boundary-layer flow, with these intrinsic
events generating local skin-friction drag values up to 75% lower than the time-averaged mean skin friction.
However, these hibernating turbulence events are rare, typically being found in a single location less than 10%
of the time depending on the conditional sampling criteria. It is shown that ensemble-averaged streamwise
velocity during intervals of hibernating turbulence fall close to the Maximum Drag Reduction Asymptote
(MDR) asymptote at wall-normal distance of y* < 40, in excellent agreement with existing experimental and
Direct Numerical Simulation (DNS) data on hibernating turbulence in transitional channel flows. Further from
the wall, the conditionally sampled streamwise velocity data follows a gradient similar to the classical Prandtl-
von Karman log-law, upshifted by the scaling with the low-drag friction velocity. This suggests, from an
ensemble-averaged point of view, that the wall-turbulence during these intervals of low drag loses
communication with the wall beyond y* > 40. The SPIV data shows the hibernating turbulence structure in
turbulent boundary-layer flows is characterised by a weak near-wall quasi-streamwise counter-rotating vortex
pair, which generates upwash and the low-speed and low-stress streak in the near-wall region. These vortical
flow structures move chaotically, disappearing and reappearing within the wall-turbulent flow during the low
wall-shear stress events. Whilst the mean streamwise velocity appears to bound the hibernating turbulence
structure to the near-wall region, the conditionally sampled Reynolds shear stress data shows a reduction across
most of the turbulent boundary layer, when scaled with the oncoming free-stream velocity.
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Nomenclature
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Re, = d.u/v
Superscripts

+

Acronyms
DNS

LDV
SPIV

ECS

RMS

NLR

ADC
MDR

Streamwise distance
Wall-normal distance

Spanwise distance

Fluctuating streamwise velocity
Fluctuating wall-normal velocity
Reynolds shear stress

Absolute streamwise velocity
Free-stream velocity

Absolute wall-normal velocity
Friction velocity

Time

Fraction of time spent in hibernation
Voltage

Density

Wall-shear stress
Boundary-layer thickness
Kinematic viscosity

Thermal conductivity

Friction Reynolds number

Indicates viscous scaling of time, length and velocity, " = t.u/ /v,

v =yuv, u" = u/u,

Indicates outer scaling of time, t* = .U/

Indicates low drag
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m/s
m/s
m?/s?
m/s
m/s
m/s
m/s

volts
kg/m?
Pa

m?/s
W/mK

Overbar indicates a time-averaged or an ensemble-averaged quantity

Prime indicates an RMS quantity
Probability density function of u

Direct Numerical Simulation
Laser Doppler Velocimetry

Stereoscopic Particle Image Velocimetry

Exact Coherent State

Root Mean Square
Non-Linear Regression
Analogue-Digital-Converter
Maximum Drag Reduction
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Introduction

Turbulent boundary-layer flows can be visualised as a complex entanglement of vortical flow structures'. Some
of these vortical flow structures extend towards the wall to create cycles of upwash and downwash of turbulent
momentum, inducing the classical meandering near-wall streaky flow structure in order to sustain the turbulence
flowing over the wall'=>. The upwash sides of these vortices create the well-known ejection events, lifting low-
speed fluid away from the wall, while simultaneously, the downwash sides of these vortices create the well-
known sweep events, pushing high-speed fluid into the wall generating turbulent skin friction. Due to this fluid
pumping mechanism, many turbulence control techniques target this near-wall region to disrupt and weaken the
near-wall vortical flow structures to reduce the skin-friction drag®. Typical approaches have focussed on a
change in topography’®, low-amplitude wall-normal blowing”!°, or impositions of spatiotemporal wall-
motions®!'!!3, However, arguably the most successful turbulence control technique is one which can only be
used in liquid flows and is the dissolution of theology-modifying additives to the working fluid'+!¢.

Additives can reduce the energy consumption in flow processes by up to 80% and cause a phenomena
known as Maximum-Drag-Reduction (MDR)!*. MDR is an asymptotic upper limit to turbulent drag reduction
and its existence is a classical unsolved problem in the turbulent flows of highly drag-reducing polymer
solutions. Over the past 20 years, evidence has emerged from low Reynolds number Direct Numerical
Simulation (DNS) studies'’! that skin-friction drag reduction in polymer solutions is closely connected to
weakly turbulent flow structures found in Newtonian fluid flow. In the DNS studies of these polymeric fluid
flows, the weakly turbulent flow structures become more apparent as the viscoelasticity suppressed the
dominant turbulent motions, revealing spatiotemporal intervals of low drag, which had been noted in much early
simulation studies??. These intervals of low drag were named “hibernating turbulence.” During intervals of
hibernating turbulence, the instantaneous streamwise velocity profile approached the MDR asymptote. As the
level of viscoelasticity increased, the frequency of the hibernating turbulence events increased, with the flow
cycling in and out of regions of low drag, with a velocity profile which either approached the classical Prandtl-
von Karman log-law or the MDR asymptote. The MDR asymptote appeared as a laminar attractor, with the flow
spending time around the MDR asymptote before taking an excursion towards the classical Prandtl-von Karman
log-law, posing an analogy with dynamical system theory'*. Once the level of viscoelasticity was sufficiently
high, the dynamics of the fluid flow changed, generating a sustainable highly-drag reduced fluid flow with a
velocity profile which approached the MDR asymptote in a time-averaged sense.

Experimental evidence of hibernating turbulence in transitional channel flows soon followed. Whalley et
al.?>?* showed that the hibernating turbulence flow structure in Newtonian fluid flow resembled a recently
discovered travelling wave solution?*. This presented a possible connection between additive drag reduction,
transition-to-turbulence and nontrivial invariant solutions to the Navier-Stokes equations. Over the past 20
years, the mathematical framework of dynamical systems theory has facilitated the significant improvement in
physical understanding of transition-to-turbulence in wall-turbulent flows?*. One of the most important
discoveries for wall-turbulence was the non-linear travelling wave solutions to the Navier-Stokes equations
34 These solutions, or Exact Coherent States (ECS)?*, have allowed a priori investigation of the self-sustaining
structures associated with wall-turbulence, which appear as a low-stress streak straddled on either side by a
quasi-streamwise counter-rotating vortex pair — similar in appearance to the hibernating turbulence flow
structure observed experimentally in low-Reynolds number channel flows?*,

More broadly, hibernating turbulence is spatiotemporal low-drag phenomena which may begin to unravel the
origins of MDR. Intriguingly, these previous channel flow investigations observed hibernating turbulence in
Newtonian (i.e. additive-free) fluid flow, which has hinted at the possibility of obtaining MDR without recourse
to additives (e.g. in the boundary-layer flows over aircraft, submarines and around ships), by innovative flow
control inducing or maintaining hibernating turbulence. However, before these types of control strategies could
be applied, open questions remain: How frequently does Newtonian fluid flow enter a state of hibernation in
turbulent boundary-layer flows? What are the time and spatial characteristics of hibernation in turbulent
boundary-layer flows?

26,31—

Methods, Assumptions and Procedures

Experiments were conducted in both an open-return wind tunnel and water flume at Newcastle University. The
wind tunnel experiments were conducted at a free-stream velocity of U, = 6 m/s where the free-stream
turbulence intensity was around 0.5%. The turbulent boundary-layer flow was developed over a 3 m long flat
plate which was installed in the lower half of a 457 x 457 mm? test section. The flow was tripped 100 mm
downstream of an elliptic leading edge of the flat plate by a 3 mm high zig-zag trip*®. The turbulent trip fixed
the location of transition-to-turbulence and ensured a fully developed turbulent boundary-layer flow at all
measurement locations. In the water flume, experiments were conducted at a free-stream velocity up to Us = 0.5
m/s where the free-stream turbulence intensity was around 1%. The turbulent boundary-layer flow was
developed over a 3 m glass plate, which formed the bottom of the 325 x 195 mm? (width x height) glass test
section. Similar to the wind tunnel, the flow was tripped at the inlet of the test section with a 2 mm high zig-zag
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trip to fix the transition point and ensure all measurements were acquired in a fully developed turbulent
boundary-layer flow.

Throughout the report, x, y and z denote the streamwise, wall-normal and spanwise directions, and the
symbols U, V and W indicate the instantaneous streamwise, wall-normal and spanwise velocities, respectively.
The superscript L indicate conditional sampling during low-drag intervals, the superscript + indicates the usual
viscous scaling and an overbar indicates a time-averaged or an ensemble-averaged quantity. Fluctuating
velocities are represented by lowercase symbols (e.g., #) and primed symbols (e.g., u’) denote r.m.s values of
these fluctuations.

To detect the intervals of hibernating turbulence, Dantec 55R45 & 55R48 flush-mounted miniaturized hot-
film probes were calibrated to measure the instantaneous wall-shear stress of the turbulent boundary-layer flow
in air and water, respectively. The probes were powered and balanced by an IFA 100 anemometry system from
TSI. The probes were operated in constant temperature mode with an overheat ratio of 1.8 (in air) and 1.08 (in
water). Typically, a gain of 5 was applied to the voltage signal, which was low-pass filtered at 1 kHz prior to
sampling. Once optimised by a square wave test, the probe had a typical frequency response on the order of 10’s
kHz. The 55R45 probe had a sensing element which was 0.2 mm long (x* = xu./v = 3.6 in the streamwise
direction) and 0.75 mm wide (z* = 13.5 in the spanwise direction) and was flush mounted on the wall (y =0
mm) at x = 2.5 m downstream of the turbulent trip in the wind tunnel. Here u,= (z./p)"? is the friction velocity at
Re.= du./v =600, 7, is the wall-shear stress, p is the fluid density, v is the kinematic viscosity, and ¢ is the
boundary-layer thickness. The 55R48 glue-on hot-film probe used in the water flume had a sensing element
which was 0.1 mm long (x* = 1.8) and 0.9 mm wide (z* = 16.2) and was flush-mounted on the wall at x = 2.35
m downstream of the turbulent trip. Here the viscous scaling is shown for the highest friction Reynolds number
of Re,= 880.

The changes in turbulence structure during the intervals of hibernating turbulence were quantified by either
Laser Doppler Velocimetry (LDV) or Stereoscopic Particle Image Velocimetry (SPIV). During the LDV
measurements, the streamwise (U) and wall-normal (V) velocity components of the turbulent boundary layer
were measured directly above the location of the hot-film probe at various wall-normal distances. The TSI LDV
system consisted of two 1W solid state lasers with wavelengths of 514 nm and 488 nm, a TSI LDV probe, an
XPD60 beam expander coupled with a beam displacer to allow Reynolds shear stress measurements from within
the viscous sublayer, and a TLN15-480 lens, a 16-bit FSA-3500 burst spectrum analyser and a 3-axis traverse to
permit autonomous profiling: see figure 1(a). The LDV system was operated in burst mode in conjunction with
forward scatter optics in the wind tunnel and in backscatter in the water flume. The specially designed optical
head provided a focal length of 480 mm and focused the laser beams to create a measurement volume with
diameter of 0.0456 mm (x™ = 0.82) and length of 0.3 mm (z* = 5.4) in the wind tunnel and water flume at the
highest friction Reynolds number tested. A 4-channel, 12-bit, sample-and-hold analogue-to-digital converter
(ADC), built into the FSA, was used to record the voltage signal outputted from the hot-film probe. The ADC
was controlled by TSI FlowSizer software and sampled the devices when a Doppler burst was detected. This
set-up ensured that the velocities and wall-shear stress were sampled simultaneously. In the wind tunnel, the air
was seeded with nominal 1 pm diameter atomised olive oil generated by a TSI atomiser. In the water flume,
silver coated glass hollow spheres with a nominal diameter of 10 pm were used to seed the flow. During
experiments the air temperature in the wind tunnel was measured to an accuracy of +0.04°C with an Omega
PT100 powered by an Omega PT-104A DAQ module. The same temperature sensing system was using in the
flume, which used an external recirculating chiller unit to keep the water at a constant value to within +0.1°C.

During the SPIV measurements in the water flume, all three velocity components were measured in the
spanwise-wall-normal (z-y) plane, directly above the location of the hot-film probe, with the oncoming flow
moving through the laser light sheet: see figure 1(b). The LaVision high-speed SPIV system consisted of two
Phantom VEO E-310L 1-megapixel high-speed cameras and a 15 mJ per pulse double cavity, 527 nm
wavelength Litron LD15 YLF PIV laser. The SPIV measurements were taken 1.8 m downstream of the
turbulent trip. The instantaneous wall-shear stress signal was time stamped alongside data collected by the SPIV
system using a National Instruments Data Acquisition module. The instantaneous wall-shear stress signal was
processed “on the fly”, and once a low-drag event was detected, the SPIV data were downloaded for post-
processing. Silver-coated glass hollow spheres with a nominal diameter of 10 um were used to seed the flow.
The SPIV data were obtained at friction Reynolds number of Re; = 335, 650 and 880 with a field of view of 42 x
50 mm? (/6 = 1, z/5 = 1.2). Images were acquired at a frequency of 1.2 kHz (" = tu’/v = 0.3) (single frame
mode) at the highest friction Reynolds number. Data processing was performed using a recursive cross-
correlation algorithm to generate velocity vectors over a 16 x 16-pixel interrogation area with 50% overlap,
providing a spatial resolution of 0.92 x 0.92 mm? (3* = 16.8, z* = 16.8, at Re, = 880).

Alfredsson et al.3” showed that the thermal conductivity of a fluid can effect a hot-film probe's ability to
measure fluctuating wall-shear stresses. Hot-film measurements in low thermal conductivity (1) fluids, such as
air (4 = 0.024 W/mK) or oil (4 = 0.18 W/mK), underestimated the wall-shear stress fluctuations by up to a factor
of 4; however, measurements in water (A = 0.60 W/mK) remained unaffected. The damping of the wall-shear
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stress fluctuations was due to heat loss to the substrate, which was largest in air and smallest in water. In the
previous channel flow experiments on hibernating turbulence,?>** the working fluid was a 60/40% concentration
by weight of glycerine/water which had a thermal conductivity of 4 = 0.38 W/mK. Whalley et al.?* showed that
the hot-film probe correctly captured the fluctuating wall-shear in this fluid medium by comparing probability
density functions (PDFs) of the fluctuating wall-shear stress obtained with the flush-mounted hot-film probe and
with LDV. Part of the current investigation was conducted in a wind tunnel. With a usual static calibration,
figure 2(a), of the hot-film probe in either a laminar channel flow facility or by using LDV data from within the
viscous sublayer® in the turbulent boundary-layer flow, the fluctuating wall-shear stresses obtained with the
hot-film probe were underestimated; figure 2(c) shows the instantaneous wall-shear stress obtained with the
flush-mounted hot-film probe (red line) and by an LDV probe (black line) which was positioned directly above
the flush-mounted hot-film probe. To overcome the underestimation in the wall-shear stress fluctuations, a novel
non-linear regression (NLR) calibration technique®® has been used for the first time on flush-mounted hot-film
probes to accurately measure the instantaneous wall-shear stress in air flows. The NLR calibration technique
requires an independent measurement of the fluctuating wall-shear stress at a given Reynolds number. In the
turbulent boundary-layer flow measurements, an LDV probe was positioned directly above the location of the
flush-mounted hot-film probe within the viscous sublayer. Data was then acquired for several minutes with the
hot-film probe and LDV probe so that the first 4 moments of the wall-shear stress signal can be obtained with
the LDV data. Once the first 4 moments are known, an NLR algorithm was used to find the appropriate
calibration coefficients for the hot-film probe to match the first 4 moments of the wall-shear signal acquired
with the LDV. Figure 2(a) shows the NLR calibration curve (red line) alongside the usual statically calibrated
response of the hot-film probe (black line). The NLR calibration curve is much broader, facilitating the capture
of the full fluctuating wall-shear stress signal. The intersection of the two curves is the mean wall-shear stress,
which both calibration techniques capture accurately. A comparison of the PDFs of the wall-shear signals
generated with the two calibration techniques is shown in figure 2(b). The PDF of the statically calibrated hot-
film probe (red cross) is narrow when compared to the PDF of the NLR calibrated hot-film probe (red circles).
The PDF of the NLR calibrated hot-film probe collapses to the PDF obtained with LDV, which is a direct
consequence of the NLR calibration procedure. The resulting instantaneous wall-shear stress signal from the
NLR calibrated hot-film probe is shown in figure 2(d). Here, the wall-shear stress obtained with the hot-film
probe (red line) closely matches the wall-shear stress obtained with LDV (black line) with a linear correlation
coefficient of 0.83; note that the same data is shown in figure 2(c) with the statically calibrated hot-film probe
for comparison. Any small differences between the two wall-shear stress signals are likely due to the
experimental uncertainties between the two measurement techniques and contributions due to differences in the
measurement control volumes. Interestingly, the linear correlation coefficient of the statically calibrated or NLR
calibrated wall-shear signal when correlated with the LDV wall-shear signal is the same: the NLR calibration
technique essentially amplifies the statically calibrated wall-shear signal by a constant factor across the full
frequency spectrum to match onto the LDV wall-shear stress signal, at least for the Reynolds number studied
here. This is likely a consequence of the third order polynomial calibration curves shown in figure 1(a) being
approximately linear over the voltage range at these Reynolds numbers. The NLR calibration technique was
used to calibrate the hot-film probes in both the wind tunnel and water flume investigations. The approach was
used in the water flume as measurements were acquired at the highest friction Reynolds number in the facility.
Therefore, a static calibration curve would have needed to be extrapolated to capture the fluctuations at that
Reynolds number. The NLR calibration coefficients were compared to the coefficients from a static curve with
data compared at lower Reynolds number to validate the NLR approach in the water flume.

Results and Discussions

Figure 3 (a) shows instantaneous and ensemble-averaged wall-shear stress signatures of the hibernating
turbulence phenomena in a turbulent boundary-layer flow at Re; = 880 in a water flume turbulent boundary
later-flow. The wall-shear stress time series are captured using a flush-mounted hot-film probe calibrated using
an NLR technique. The wall-shear stress data is post-processed using the criteria that a hibernating turbulence
event is detected once the instantaneous wall-shear stress drops 10% below the mean wall-shear stress for a
duration of ¢ > 150. Throughout figure 3, each hibernating turbulence event is aligned to begin at ¢ = 0, which
is the point at which the instantaneous wall-shear stress initially drops 10% below the mean wall-shear stress.
Each individual hibernating turbulence interval is shown by a thin grey line and the ensemble average through
all instantaneous events is shown by the thick black line. The black dashed lines show the normalised mean
wall-shear stress and the threshold line of 10% below the mean wall-shear stress. The red line and blue line
show instantaneous hibernating turbulence events which last for a duration of "= 200 and 300, respectively.
The data presented in figure 3(a) was captured over a 6-hour window and shows 2732 independent hibernating
turbulence events. The boundary layer hibernating turbulence signatures show remarkable resemblance to the
hibernating turbulence events in transitional channel flows?*?*. From an ensemble-averaged point of view, there
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is a higher-than-average peak in wall-shear stress before the start of the hibernating turbulence interval, which is
thought to be an artifact of conditionally sampling data*, before falling to a plateau region starting from ¢+ > 25.

The conditionally sampled and ensemble averaged wall-shear stress for a different wall-shear stress criterion
and time criterion are shown in figure 3(b,c), respectively. Here, the more stringent the wall-shear stress
criterion, for example, the detection of a hibernating turbulence event when the wall-shear stress drops to 20%
(pink line) or 30% (black line) below the mean wall-shear stress for a duration of 7" > 150 reduces the ensemble-
averaged wall-shear stress in the plateau region, figure 3(c). Similarly, extending the time criterion so that a
hibernating turbulence event is detected when the instantaneous wall-shear stress drops to 10% below the mean
wall-shear stress for a duration of /> 150 (green line), "> 200 (pink line) and /"> 250 (black line) extends the
plateau region, figure 3(c). Probability density functions (PDFs) of the wall-shear stress data at friction
Reynolds numbers of Re,= 335, 650 and 880 are shown in figure 3(d). Similarities with transitional channel
flow data?>* can be seen, with PDFs of the entire time series appearing positive skewed and the PDFs of the
low-drag data appearing symmetric. The choice of criterion used to detect the intervals of hibernating turbulence
is critical, with intervals of longer duration and/or with lower stress occurring more infrequently: see figure
3(e,f), which shows the fraction of time spent in hibernation decreases exponentially as a function of time.

Conditionally sampled and ensemble-averaged streamwise velocity, wall-normal velocity and Reynolds
shear stress during states of hibernating turbulence at Re, = 880 are shown in figure 4. The grey thin lines show
instantaneous events aligned to accentuate the evolution of velocities and Reynolds shear stress at the beginning
of the hibernating turbulence intervals. In figure 4 (a), acquired at y* = 18, the thick black line shows an
ensemble-average through all the instantaneous conditionally sampled data, the thick red line shows an
instantaneous event with a duration of #* > 200 and the thick blue line shows an instantaneous event with a
duration of t > 300. A distinct difference is observed in the instantaneous evolution of the streamwise velocity
and wall-shear stress signals. It was a condition when post-processing the wall-shear stress data that the signal
remained below a threshold for a given duration. Yet conditionally sampling the streamwise velocity on the
wall-shear stress data shows that instantaneous streamwise velocities fluctuate largely around the ensemble-
averaged data: see the blue and red lines in figure 4(a). However, close to the wall, on an ensemble-averaged
point of view, the streamwise velocity mimics the wall-shear stress signatures during the intervals of hibernating
turbulence. There are small peaks at the start of the ensemble-averaged low-drag intervals, joined by a plateau of
almost constant streamwise velocity. The coherence between the wall-shear stress and streamwise velocity is
lost further away from the wall: see figure 5(a) which show ensemble-averaged data at various wall-normal
distances. Instantaneous wall-normal velocity and Reynolds shear stress data at y* = 18 is shown in figure
4(b,c), respectively. Similar to the conditionally sampled streamwise velocity data, the instantaneous wall-
normal velocity and Reynolds shear stress events fluctuate during states of hibernating turbulence. From an
ensemble-averaged point of view, figure 5(b), there is a noticeable increase in averaged wall-normal velocity
close to the wall. In contrast, there is a large reduction in ensemble-averaged Reynolds shear stress close to the
wall at y+ < 30, figure 5(c). Beyond y+ > 30, there appears to be a slight increase during hibernation compared
to the usual canonical data. Common across these three quantities is the reduction in fluctuation during the
instantaneous events close to the wall at y+ = 18, which can be clearly seen in figure 4.

Figure 6 investigates the fluctuations across the streamwise and wall-normal velocities in more detail by
plotting the joint PDFs of these quantities at y* = 18 (Re; = 880). Figure 6 categorises the turbulent flow in the
usual four quadrants*!, with the turbulent boundary layer having a higher probability of being in a state of
ejection (low-speed fluid moving away from the wall, top left quadrant), or a state of sweep (high-speed fluid
moving into the wall, bottom right quadrant): see figure 6(a). This situation changes significantly during
hibernating turbulence, figure 6(b). During hibernating turbulence, there is a much higher probability that the
wall-turbulent flow will be in a state of ejection, which can be clearly seen by the high density of data in the top
left-hand quadrant. This would allow us to posit that the turbulence structure associated with hibernating
turbulence may be a vortical flow system which is lifting low-speed fluid away from the near-wall region,
similar to observations in transitional channel flow. What is also observed are instances of sweep-behaviour,
which is perhaps in contrast to the sustained low-drag region associated with hibernating turbulence. As this
data is a snapshot in time passing a small LDV probe away from the wall, these fluctuations may not be
coherent enough to have made contact with the wall. The presence of sweep events in this region does indicate
turbulence production, which points towards the flow behaviour in this region remaining somewhat chaotic even
in these states of low drag.

Shown in figure 7 is the ensemble-averaged streamwise velocity plotted against wall-normal distance. The
log-law is the black dot-dash line. The blue, red and pink closed symbols show the ensemble-averaged
streamwise velocity measured during intervals of hibernating turbulence for various detection criteria in the
wind tunnel, figure 7(a), at friction Reynolds numbers of Re,; = 600, and in the water flume, figure 7(b), at
friction Reynolds numbers of Re, = 335, 650 and 880. These data are averaged over the plateau region and are
scaled with the ensemble-averaged wall-shear stress determined during the same time interval for LDV. Beyond
y* = 40, the low-drag data appears to follow a gradient similar to the log-law, as observed with experiments®*-*
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and DNS*? of hibernating turbulence in channel flows — the black solid circles are data taken from transitional
channel flow experiments®* at Re. = 70 — 100, with a black line to guide the eye. There is remarkable collapse
between the hibernating turbulence data acquired within the transitional channel flow and turbulent boundary-
layer flow despite the boundary-layer flow data being acquired at a friction Reynolds number one order of
magnitude larger than the channel flow data. A sensitivity analysis on the conditional sampling criteria shows
that the conditionally-averaged streamwise velocity data is rather insensitive to small changes in the time
criterion (blue closed symbols in figure 7(a)) used to detect hibernating turbulence. Here the conditionally-
sampled streamwise velocity data collapses when using the criteria that hibernating turbulence occurs once the
instantaneous wall-shear stress drops to 10% below the mean wall-shear stress for a duration of #* > 150 — 400.
Making the wall-shear stress criterion more stringent, by conditionally sampling data once the instantaneous
wall-shear stress drops to 70%, 75%, 80% or 85% below the mean wall-shear stress, causes a shift towards the
MDR asymptote in the conditionally-sampled streamwise velocity data as shown in figure 7(a,b); these same
trends have been observed in the recent experimental®* and DNS* studies of hibernating turbulence in
transitional channel flows. It should also be commented on that Dubief et al.** analysed the boundary-layer
simulation data of Wu & Moin** to find that transitional boundary layers had intrinsic streamwise profiles which
also approached the MDR asymptote. Further, Hutchins ef al.** conditionally sampled streamwise velocity on
low-drag events in a high Reynolds-number turbulent boundary-layer flow. They used the criterion that the flow
enters into a state of low drag when the skin-friction fluctuation was below zero and observed an upward shift in
the log-law rather than a change in log-law gradient as seen here up to the lower log-law region. This could be a
consequence of Reynolds number as their study was conducted at Re, = 14200, or that their conditional
sampling technique did not have a stress/time criterion which may have caused the averaging out of the rare
low-drag events observed here, and/or could also be due to the issues surrounding calibrating flush-mounted
hot-film probes in air flows.

Figure 8 shows the turbulence intensity of hibernating turbulence in the turbulent boundary layer. When the
data is scaled with the lower-than-average wall-shear stress, figure 8(a), both the streamwise and wall-normal
turbulence intensities are increased above the usual canonical flow. In an absolute sense, when the data is scaled
with the free-stream velocity, the streamwise turbulence intensity is markedly reduced over the entire boundary
layer, compared to the canonical data, as observed in the instantaneous data shown in figure 4(a). The wall-
normal intensity sightly reduces when y* > 100.

The Reynold shear stress data during intervals of hibernation is shown in figure 9, scaled with the lower-
than-average wall-shear stress in figure 9(a) then free-stream velocity in figure 9(b). When these data are scaled
with the lower-than-average wall-shear stress, the Reynolds shear stress is largely increased throughout the
boundary layer, due to the scaling with the low wall-shear stress. When scaled with free-stream velocity, the
Reynolds shear stress is reduced close to the wall, y* < 30, before rising to the levels associated with its
canonical counterpart up to y+ = 60, after which the Reynolds shear stress reduces throughout the remainder of
the boundary-layer thickness. The outer scaling helps to illustrate that hibernating turbulence is associated with
much lower turbulence production compared to the fuller canonical footprint of wall-turbulence at the same
global Reynolds number.

To elucidate on the distributions of streamwise velocity during hibernating turbulence, PDFs of the
instantaneous streamwise velocity scaled with the instantaneous wall-shear stress is shown in figure 10 at y
27,y" =37 and y*" = 66 in a turbulent boundary layer at a friction Reynolds number of Re; = 880. Plotting the
entire canonical data (black solid lines) at these locations shows, from an instantaneous point of view, that the
flow spends some portion of time above and below the MDR asymptote and classical log-law, less so beyond
the MDR asymptote with increasing distance from the wall. Conditionally sampling these data to separate the
hibernating turbulence data (blue solid lines) shows that during intervals of low drag, the fluid flow spends some
part of its trajectory around and below the Prandtl-von Kérman log-law as well as beyond the MDR asymptote.
These PDF plots support an analogy to dynamic systems theory'#, where it's been shown in transitional channel
flows, that the flow predominantly resides around the Prandtl-von Karman log-law, then takes a rare excursion
towards a low-energetic, or low-drag state, close to the MDR asymptote. From an ensemble-averaged point of
view, these relatively low-Reynolds number turbulent boundary layer flows appear to be somewhat bounded
between the Prandtl-von Kéarmén log-law and the MDR asymptote.

Finally, a typical instantaneous snapshot of the streamwise velocity during a hibernating turbulence event,
captured with SPIV at Re; = 880, is shown in figure 11(a). At times during the low-drag event, a counter-
rotating vortex pair meanders in the spanwise direction lifting low-speed fluid from the near-wall region
throughout the height of the boundary layer, similar to an ejection event: see figure 6(b). The ensemble-
averaged streamwise velocity throughout the 460 hibernating turbulence events captured with SPIV is shown in
figure 11(b). From an averaged point of view, the hibernating turbulence flow structure is characterized by a
low-stress streak which is flanked by a quasi-streamwise vortex; this is in excellent agreement with previous
transitional channel flow investigations®*?*%2, Figure 11(c) shows streamwise velocity fluctuation in the (x*, z*)
plane at y* = 28. This figure has been generated by using Taylor’s hypothesis*® on the SPIV data using the local
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mean streamwise velocity as the convection speed. Here a streamwise-orientated low-speed streak meanders in
the spanwise direction around z* = 0, the location of the wall-shear stress sensor. The low-speed, and stress,
region is flanked on either side by regions of high streamwise velocity fluctuation, perhaps indicative of the
downwash regions associated with the quasi-streamwise vortices which characterise the hibernating turbulence
phenomena.

Conclusions

Hibernating turbulence has been successfully detected and characterised in turbulent boundary-layer flows at
friction Reynolds numbers up to Re. = 880. The hibernating turbulence detected in the turbulent boundary layer
shows strong resemblance to earlier work in transitional channel flows. The hibernating turbulence is
characterised by a low-stress, low-speed streak, which is flanked on either side by regions of higher-than-
average streamwise velocity, generated by weak quasi-streamwise vortical flow structures whose legs extend
towards the wall to create the low-speed streaky structure of hibernating turbulence. Whilst hibernating
turbulence is characterised by states of low drag, the vortical flow structures associated with hibernating
turbulence remain chaotic in nature, meandering in the spanwise direction as they convect downstream, but
generate only small amounts of turbulence themselves. The hibernating turbulence events occur randomly in
space and in time in the turbulent boundary-layer flow, with these intrinsic events generating local skin-friction
drag values up to 75% lower than the time-averaged mean skin friction. However, these hibernating turbulence
events are rare, typically being found in a single location less than 10% of the time depending on the conditional
sampling criteria. It has been shown that the ensemble-averaged streamwise velocity during intervals of
hibernating turbulence approaches the MDR asymptote up to y* = 40, in excellent agreement with previous
experiments and DNS on transitional channel flow. Further from the wall, the ensemble-averaged streamwise
velocity profile follows a gradient similar to the classical Prandtl-von Karman log-law but upshifted due to
scaling with the lower-than-average wall-shear stress, suggesting that the fluid flow loses communication with
the wall. Analysing the time-trajectories of the streamwise velocity during hibernating turbulence has shown
that there are times when the turbulent boundary-layer flow will move beyond the MDR asymptote, and also
beyond the Prandtl-von Kérman log-law too, even when the ensemble-averaged streamwise velocity appears to
have fallen away from the MDR asymptote. A dynamical systems description of the turbulent boundary layer is
useful with regards to hibernating turbulence. The turbulent boundary layer spends a large proportion of its time
close to the classical Prandtl-von Karman log-law, but on rare occasions takes an excursion towards a laminar
attractor, the MDR asymptote. Perhaps more broadly, the dynamics of the turbulent boundary could be said to
be enveloped somewhere between the classical von-Karman log-law and the MDR asymptote.
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Figure 1: (a) Schematic of the 2D LDV measurements, (b) stereoscopic PIV measurements in the y-z
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Figure 2: (a) Calibration curves for the flush-mounted hot-film probe using a standard statically
calibrated approach (black line) and a non-linear-regression (NLR) approach, (b) probability density
functions (PDFs) of the fluctuating wall-shear stress obtained via static calibration (red cross), NLR
(red circle) and with laser Doppler velocimetry (LDV, black line), (¢) an example of instantaneous wall-
shear obtained with LDV (black line) directly above the location of the hot-film probe (red line) which
is processed with a static calibration and (d) an example of instantaneous wall-shear obtained with
LDV (black line) directly above the location of the hot-film probe (red line) which is processed with an

NLR calibration technique.

DISTRIBUTION A: Distribution approved for public release.



FA9550-17-1-0231 FINAL REPORT DR RICHARD D WHALLEY

G — : S , 15
|.“ Instantancous data i " I | |

2.5
E 20 oo | /SN 0 .\ T = S
~ 3
h{ 1.5
l\“: — Tyt < 0.97, 1
SEERY 000 ek — Tt < 0.87
—Tl <0,
&
0.5 - -=Tuw
0 . | T
0 [ : L : . -200 0 200 400 600
-200 0 200 400 600 T
t'H’
(@) (b)
1.5 . 0.6
— Re, = 335, all daia
5 = 335, low drag|
% L= all data | |
05 0. low drag
5 o, = 88D, all data
"'l: i = BB, low drag|
5 '
:.]\‘ *‘l\;
|& &0
0.5+ — T > 150 5
— L > 200 502
— 7L > 250 Y
- Tw 0.1
0 \ . 7
-200 0 200 400 600
0
ttk 05 1
(© (d)
10t F ]
= . 101
< -,
- =
5
o e, — 335 {[o Re =33
—— 7% =101 43(cap(~0.0220A¢7)) |—t1* =63.37(cap(—0.277A1L))
o He, = 650 || o Re, B
100} —— tL =80.07(eap(—0.0215A8")) o E —— 38 =74.37(eap(—0.5426A8L))
o ite, =880 & o Re, =880
—— ;% =68.87(cap(~0.0159A¢)) |1} =68.87(cap(-0.51a¢1""))
a— 0 I . . . 10 T I . .
60 80 100 120 140 160 180 200 220 2 3 4 5 6 T
4+ L t*L
(e

®

Figure 3: (a) Instantaneous (grey thin lines) and ensemble-averaged wall-shear stress signatures (black
thick lines) of hibernating turbulence in a turbulent boundary-layer flow at Re:= 880 in a water flume.
The red line and blue lines show instantaneous hibernating turbulence events which last for a duration
of r'=200 and 300, respectively. (b) Ensemble-averaged wall-shear stress signatures using the criterion
that events are detected with duration of " > 150 when the instantaneous wall-shear stress remains
10% below the mean wall-shear stress (green line), 20% below the mean wall-shear stress (pink line)
and 30% below the mean wall-shear stress (black line). (c) Ensemble-averaged wall-shear stress
signatures using the criterion that hibernation is detected when the instantaneous wall-shear stress
drops 10% below the mean wall-shear stress for a duration of > 150 (green line), > 200 (pink line)
and > 250 (black line). (d) PDFs of wall-shear stress fluctuation during hibernation, 10% below the
mean wall-shear stress for a duration of # > 150, for Re: = 335 (solid lines), 650 (dashed lines) and 880
(open circles), alongside canonical date. (e,f) Fraction of time spent in hibernation when the wall-shear
stress falls 10% below the mean in (e) inner and (f) outer scaling. All data acquired in a turbulent
boundary layer in a water flume.
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Figure 4: Conditionally sampled instantaneous (grey thin lines) and conditionally sampled and
ensemble-averaged (thick black line) (a) streamwise velocity, (b) wall-normal velocity and (c) Reynolds
shear stress during intervals of hibernating turbulence at y* = 18 at Re.= 880 in a water flume
turbulent boundary layer. The red line and blue line show conditionally sampled instantaneous
hibernating turbulence events which last for a duration of # > 200 and 300, respectively. All data is
processed using the criterion that the flow enters a state of hibernating turbulence when the

instantaneous wall-shear stress falls 10% below the mean wall-shear stress for " > 150. Shown are 2700
events detected over a period of 6 hours.
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Figure 5: Conditionally sampled and ensemble-averaged (a) streamwise velocity, (b) wall-normal
velocity and (c) Reynolds shear stress during intervals of hibernating turbulence at y* = 18 (light blue
line, 2732 events), y* = 27 (dark blue line, 3070 events), y* = 103 (green line, 4246 events), y* = 262
(orange line, 2486 events), y* = 661 (red line, 1670 events) in a water flume boundary layer at Re:= 880.
All data is processed using the criterion that the flow enters a state of hibernating turbulence when the
instantaneous wall-shear stress falls 10% below the mean wall-shear stress for ¢ > 150.
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Figure 6: Joint PDFs of streamwise and wall-normal velocity fluctuations for (a) canonical data and (b)
conditionally sampled low-drag data at y* = 18 for Re: = 880 in a water flume turbulent boundary
layer. Data normalised by time-averaged friction velocity.
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Figure 7: Conditionally averaged streamwise velocity scaled with conditionally averaged wall-shear
stress at (a) Re:= 600 in a wind tunnel and at (b) Re:= 335, 650 and 880 in a water flume. A sensitivity
analysis on the conditional sampling criteria show conditionally averaged streamwise velocity data in
(a) when using the criteria that the flow enters into a state of hibernating once the instantaneous wall-
shear stress drops between 10 — 30% below the mean wall-shear stress for a duration of r > 200 (red
closed symbols), and once the instantaneous wall-shear stress drops 10% below the mean wall-shear
stress for a duration of t* > 200 — 400 (blue closed symbols). In (b) as legend states. The open symbols
show the usual time-averaged streamwise velocity acquired with hot-wire anemometry (black cross)
and LDV (black circles). The red dashed line shows the MDR asymptote and the blue dashed lines
shows the 95% confidence interval to the MDR asymptote. The black solid/dot-dash line is the law of
the wall. For comparison the channel flow data from Whalley et al.>} taken at Re: = 70 — 100 is shown
by the black closed symbols with a black line to guide the eye in (a).
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Figure 8: Conditionally averaged streamwise and wall-normal turbulence intensity during intervals of
hibernating turbulence with (a) inner scaling and (b) outer scaling. Data acquired in a water flume

turbulent boundary layer at Re. = 880.
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Figure 9: Conditionally averaged Reynolds shear stress during intervals of hibernating turbulence
with (a) inner scaling and (b) outer scaling. Data acquired in a water flume turbulent boundary layer
at Re-= 880.
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Figure 10: PDFs of conditionally sampled instantaneous streamwise velocity scaled with instantaneous
wall shear stress during low-drag events (blue solid line), alongside PDFs of all data (black solid line)
scaled with instantaneous wall shear stress at (a) y* =27, (b) y* =37 and (¢) y* = 66. The black dashed
line shows the location of the Prandtl-von Karman log-law and the blue dashed line shows the location
of the 95% confidence interval of the MDR asymptote!* !>,
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Figure 11: (a) Instantaneous and (b) ensemble-averaged streamwise velocity scaled with time-averaged
wall shear stress at Re: = 880 during hibernating turbulence captured using SPIV. The ensemble-
average comprises 460 SPIV snapshots acquired over a single hibernating turbulence event. Black
arrows show wall-normal and spanwise velocities. The (y*,z*) axes are scaled with the time-averaged
wall shear stress. (¢c) Shows a projection of the streamwise velocity fluctuation acquired with SPIV into
the (x+, z+) plane using Taylor’s hypothesis at y* = 28.
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