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ABSTRACT

Turbulent boundary layers over smooth and rough
walls are investigated using high frame-rate PIV in a
refractive-index-matched (RIM) flow facility to better un-
derstand the structure of inner-outer modulating interac-
tions. The RIM enables well resolved investigation of
the near-wall buffer and roughness sub- layers to iden-
tify the effect of large and very large scales on the same.
A hexagonally-packed hemispherical roughness pattern is
investigated, together with baseline measurements over a
smooth wall. Amplitude and frequency modulation coef-
ficients are computed for each case, and preliminary results
have shown strong correlation coefficients over roughness
compared to the smooth-wall baseline. The wall-normal
velocity fluctuations in the roughness sub-layer are stronger
compared to that in the smooth-wall near-wall region, and
exhibit frequency modulation. The on-going work aims to
investigate the effect of roughness geometry on this interac-
tion structure using conditional averaging methods.

INTRODUCTION

The exploration of the modulations of near-wall turbu-
lence by the very large-scale structures in wall-bounded tur-
bulent flows has garnered significant interest in recent years.
With increasing Re in these flows, the large- and very large-
scale motions become increasingly stronger, while simulta-
neously developing (by definition a high Re) a large tempo-
ral and spatial scale separation between them and the near-
wall smaller scales. This was shown to yield amplitude and
frequency (and possibly scale) modulations of the latter by
the former (Mathis ez al., 2009; Ganapathisubramani et al.,
2012). This amplitude modulation (AM) was also observed
on wall skin friction traces (Mathis ef al., 2013), indicat-
ing the practical significance of these interactions. These
modulation interactions highlight the presence of turbulent
phenomena that are dominant only at higher Re, and that
must be understood to develop effective models for use in

real world applications.

Many recent works have extended the initial works of
Mathis et al. (2009) in identifying similar phenomena in
other kinds of turbulent flows such as jets, flows with dis-
crete roughness elements, rough-wall flows, etc. Theoret-
ical frameworks that attempt to explain these interactions
were proposed based on the quasi-steady, quasi homoge-
nous (QSQH) hypothesis, resolvent modes, attached eddy
hypothesis, etc. Models to accommodate AM based on sim-
ple superposition (Mathis et al., 2011) and linear stochastic
estimation have been proposed, and used for LES simula-
tions to model unresolved SGS scales. Recent works based
on hot-wire measurements and applying Taylor’s hypothe-
sis (Baars et al., 2015) have proposed a mean spatial struc-
ture for these inner-outer interactions. The current work
is a part of this recent interest to observe, define and bet-
ter understand this phenomena so as to lead to improved
predictive capabilities of flows involving high Re turbulent
boundary layers. By using refractive-index matching (RIM)
and highly-resolved PIV measurements, we aim to better
understand the spatio-temporal structure of inner-outer in-
teractions. In particular, we aim to understand the effects of
the wall roughness and its geometry on the nature of these
interactions as well as to extend our recent observations for
flow over smooth walls (Pathikonda & Christensen, 2019)
to a rough-wall boundary layer, to eventually aid develop-
ment of LES models for high Re simulations of flow over
realistic rough walls (Pathikonda & Christensen, 2017).

EXPERIMENTS

All experiments were performed in the small RIM flow
facility at the University of Notre Dame — a closed loop lig-
uid facility. The test section is 2.5m long from entry to
exit, has a square cross-section of side length 112 mm. The
working solution for the facility is a saturated solution of
sodium iodide (Nal), with a refractive index of Rl = 1.491,
which is matched to that of the acrylic test section and floor.
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Matching the RI of the working solution with that of the
test section floor avoids strong near-wall reflections of the
laser sheet which typically plague PIV measurements of
flow over rough walls in wall-normal planes. This thus en-
ables accurate interrogation of the velocity within the buffer
and roughness sub- layers (in smooth- and rough-wall flow,
respectively), without being hindered by wall reflections.
This is particularly crucial to the current work, since much
of the modulated small scales reside in the immediate vicin-
ity of the wall (y© < 30 — 50).

Two sets of experiments with different wall conditions
were performed under near-identical conditions—smooth-
wall (SW) and hemispherical rough-wall (HS-RW) bound-
aries. While the boundary layer on the floor of the test
section was used for the smooth-wall measurements, cast
roughness panels were mounted on this floor for the rough-
wall measurements. Hexagonally-packed hemispherical
roughness (2 mm dia.) was produced for the latter, where
uniform mating roughness panels were cast using urethane
with an R/ close to that of the working fluid. A detailed
spatio-temporal analysis of the current smooth-wall data,
including details of the experimental setup, was presented
in Pathikonda & Christensen (2019) and is included herein
as a baseline case. The same experimental approach was
utilized for the rough-wall case, so further details on the ex-
perimental setup, and the considerations for PIV measure-
ments to investigate modulating interactions, can be found
in this reference.

The PIV system consists of two high-frame-rate, 4 MP
Phantom V641 cameras, that are capable of measuring 700
vector fields per second at full resolution. Two cameras (si-
multaneously measuring a big field of view (bFOV) and
a small one (sFOV)) were placed on opposite sides of a
streamwise—wall-normal-oriented light sheet. The bFOV
had a large FOV that captured velocity structures over a
larger streamwise extent (26, where & is the boundary
layer thickness) at lower spatial resolution. The sFOV
has a smaller FOV (0.78) that specifically resolved the
smaller scales near the wall. A high-repetition, dual
cavity, Northrop Grumman Patara laser capable of up to
54 mJ/pulse at 1000 Hz was used for illumination, and the
entire PIV system was run synchronously at F; = 700 Hz
(Fsy* Jur ~ 3). The flow was seeded with 2-micron tracer
particles at a high seeding density to ensure high spatial res-
olution in the sFOV. Table 1 lists various boundary-layer
parameters and details of these experiments.

Table 1. Measurement and flow parameters of experi-

ments.

Label SW RW
Vector fields per second 700Hz | 700 Hz
No. datasets 20 20
Vector fields per dataset 2734 2734
Free-stream velocity (U, m/s) 1.07 1.07
Boundary layer height (8, mm) 38 34
Kéarman number (Rez) 1410 1350
Skin-friction velocity (i, m/s) | 0.045 0.048
Viscous length scale (y*, um) 27 25.4

MEAN BOUNDARY-LAYER CHARACTERIS-
TICS

Time-uncorrelated ensembles of 2000 vector fields ac-
quired at 20 fields-per-second in both smooth- and rough-
wall flow were first captured over a FOV that extended be-
yond the edge of the boundary layers to compute single-
point statistics, mean boundary-layer parameters and veloc-
ity spectra. A non-linear regression fit of the mean velocity
profile was performed to the theoretical form proposed by
Chauhan et al. (2007). A parameter space of ‘true’ bound-
ary layer (8), virtual origin correction (y.), friction veloc-
ity (u7), wake parameter (I1) and the velocity defect due to
wall roughness AU were determined in this regard. Follow-
ing the modified Clauser chart method (Perry & Li, 1990)
and to exclude the effects of the roughness sub-layer, this fit
was performed only to points above the momentum thick-
ness, 6. A unique, converged parameter set was obtained
with the virtual origin below the tip of the hemispherical
roughness, and was found to be reasonably insensitive to
the initial guesses of the parameter space.

Figure la-c presents the variation of mean veloc-
ity (UT), streamwise Reynolds normal stress (#2) and
skewness of the streamwise velocity fluctuations (uy =

ut3) (u*z)s/ %) for the rough-wall case, together with that
from the baseline smooth-wall case. The rough-wall bound-
ary layer shows a wake profile more representative of a
canonical boundary layer than the smooth-wall case. We
suspect this to be due to a slight favorable gradient in the
latter case, and possibly due to the trip mechanism. The
observations of the current work, however, are not affected
by this change as they are related to the flow dynamics very
close to the wall. Additionally, the profiles of ut? and ug
show the effect of roughness in altering the near-wall turbu-
lence, where the inner peak of the former and representative
of turbulence production is weaker.

The spatial information available from the current PIV
data enables one to compute the spatial spectrum of the
streamwise and wall-normal velocity fluctuations. Fig-
ure 1(d,e) shows the distribution of the streamwise and wall-
normal TKE contributions at various wavelengths com-
puted from the bFOV data. The roughness sub-layer em-
bodies structures A" > 1000, the strength of which is less
than that of the baseline smooth-wall case (Pathikonda,
2017, not shown here). This similarity of the small-scale
dynamics near the wall can be attributed to the low equiva-
lent sandgrain roughness height (k;” = 16) of the roughness
and the boundary layer. The wall-normal velocity fluctua-
tions in the logarithmic region, however, are stronger in the
rough-wall case compared to that of the smooth-wall flow
(Pathikonda, 2017, not shown here). The temporal spectra
form the high-speed data has also been computed, and was
found to be identical to the spatial spectra in figure 1(d,e).
With this understanding of the mean and spectral character-
istics of the boundary layer, inner-outer modulation effects
can be investigated. For the current work, we make use
of the measurements to perform a ‘temporal-only’ analysis,
where only the temporal evolution of velocity fluctuations
across the boundary layer akin to that performed conven-
tionally using hot-wire anemometry.

AMPLITUDE MODULATION

The amplitude modulation (AM) of the near-wall
streamwise velocity fluctuations was characterized using
Hilbert transforms by Mathis er al. (2009), and Mathis
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Figure 1. Wall-normal profiles of (a) mean streamwise velocity, (b) in-plane Reynolds stresses, and (c) skewness of stream-

wise velocity fluctuations from measured smooth-wall and rough-wall cases and from the computations of Schlatter & Orlii

(2010). Also shown are the spatial spectra of (d) streamwise and (e) wall-normal velocity fluctuations from the bFOV for the

rough-wall case (see Pathikonda, 2017, for SW).

et al. (2011) soon extended the observations for a predic-
tive model of the same. Besides Hilbert transforms, AM
has also been investigated using small-scale integrals of
wavelet power spectra (Baars et al., 2015), small-scale vari-
ance (Ganapathisubramani et al., 2012, etc.), for flow over
rough walls (Squire et al., 2016; Pathikonda & Christensen,
2017; Basley et al., 2018; Awasthi & Anderson, 2018),
channel and pipe flows (Wu et al., 2019), and other com-
plex flows. For the current work, we utilize the method of
Hilbert transform to study the AM correlation coefficient,
R4, of the near-wall small scales by the outer large scales.
This correlation is obtained by correlating the large-scale
envelope of the small scales with the large scales sampled
either locally (‘/-point’) or within the logarithmic region
(’2-point’). Further details on this method can be found
in the original work of Mathis et al. (2009). Figure 2(a,b)
shows the AM correlation coefficients computed for flow
over the hemispherical roughness, using the ‘I-point’ (R1P)
and the ‘2-point’ (RgP ) techniques. For the former, the large
scales are sampled locally with the small scales and the cor-
relation coefficient is computed (as R}lP ). For the latter, the
small scales are sampled at various wall-normal positions
(similar to R.P), whereas the large scales are always sam-
pled at a fixed position centered in the logarithmic region
(o = v/ 15Rez). The latter approach is a more direct mea-
sure of AM, since the true outer signature of the large scales
is sampled independent of the location of the small scales,
which is particularly important in rough-wall flows where
the superposition of the large scales on near-wall velocity
fluctuations can be limited by roughness effects. Both R}IP
and R2F show a sharp increase in the near-wall region, sim-
ilar to their smooth-wall counterparts, with the later being
consistently higher than the former and both correlations
being higher in the rough-wall case than that of the smooth-

wall flow. These observations are entirely consistent with
previous findings in rough-wall flow where a higher corre-
lation was observed over roughness compared to a smooth
wall (Squire et al., 2016; Pathikonda & Christensen, 2017).

The availability of temporally-resolved fluctuations
across the the boundary layer enabled computation of multi-
point correlation maps, as was demonstrated by Bernardini
& Pirozzoli (2011) from DNS data. These correlation maps
for the streamwise and wall-normal velocity fluctuations
are shown in figure 2(c,d), where the horizontal and ver-
tical axes demarcate the locations where the large and small
scales were sampled (y, and y;, respectively). Extracting
the correlations along the diagonal y, = y; recovers the ‘I-
point’ correlations shown in figure 2(a), while extracting
that along y, = +/15Rez recovers the 2-point correlations.
The appearance of a strong outer peak at y, ~ 100y* demon-
strates the enhanced AM in the rough-wall flow.

FREQUENCY MODULATION

In addition to AM, the near-wall small scales have been
previously found to be frequency modulated (FM) as well.
Baars et al. (2015) used the wavelet power spectra, while
Ganapathisubramani er al. (2012) used peak-counting of
conditionally-sampled small scales to investigate this phe-
nomena in smooth-wall flow. Pathikonda & Christensen
(2017) and Awasthi & Anderson (2018) have subsequently
investigated the same for flow over rough walls and ob-
served that FM can be a more robust metric of inner-outer
interactions compared to AM, especially for rough-wall
boundary layers where the extent of the roughness sub-layer
could overlap with the dynamics of the logarithmic region.
To investigate FM correlation coefficients for the current
rough-wall flow, a representative time series of small-scale
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Figure 2. The wall-normal variation of amplitude modulation correlation coefficients of (a) streamwise and (b) wall-normal
fluctuations. (c,d) The multi-point correlation map of the corresponding analysis for rough-wall (see Pathikonda & Christensen,
2019, for SW). Solid lines in (a,b) represent smooth-wall and symbols represent the rough-wall counterparts from /-point (red)

and 2-point (blue) analysis.

frequency is obtained using the continuous wavelet trans-
form of the velocity fluctuations, which is then correlated
with the large scales. More detailed explanation of this
method of analysis can be found in the original work of
Baars ez al. (2015). Similar to the AM counterparts, the ‘I-
point and ‘2-point’ FM correlation coefficients were com-
puted based on the location where the large scales are sam-
pled.

Figure 3(a,b) shows the FM correlation coefficients
corresponding to streamwise and wall-normal velocity fluc-
tuations, compared with their smooth-wall counterparts.
Albeit weaker than AM, the rough-wall flow exhibits clear
FM of near-wall small scales by both local and log-region
large scale fluctuations. RFM shows similar trends in wall-
normal variation, albeit stronger than the smooth-wall base-
line. A distinction between the two cases is observed in the
near-wall behavior of REM. While the coefficients anoma-
lously tend towards zero in the smooth-wall case, the same
behavior is not observed in the rough-wall flow as they tend
to plateau to a non-zero value. This difference could be due
to a strong suppression of the wall-normal velocity fluctua-
tions in flow over smooth walls compared to the rough-wall
case. This, coupled with the finite resolution effects of PIV
in measuring wall-normal fluctuations and a sensitivity of
FM coefficients to noise, could be leading to this behav-
ior over smooth walls as has previously been discussed in
Pathikonda & Christensen (2019). The current observations
in rough-wall flow support this suspicion of the anomaly,
which show stronger wall-normal velocity fluctuations as
was also seen in figure 1. Finally, similar to AM, 2-D FM

correlation maps were constructed based on the availability
of simultaneous velocity fluctuations across the boundary
layer. Figure 3(c,d) shows a FM-structure similar to that of
figure 2 for AM, in both the u— and v— correlation maps.
The presence of an outer peak near the wall at y, ~ 100y*
demonstrates the enhanced FM in rough-wall flow.

CONCLUSIONS AND FUTURE WORK

The current work investigates amplitude and frequency
modulation effects via high-frame-rate, dual field-of-view
PIV measurements in a refractive-index-matched flow fa-
cility. This is an extension of a similar analysis conducted
for smooth-wall flow reported in Pathikonda & Christensen
(2019) which provides a spatio-temporal picture of these
interactions using conditional averaging techniques. The
current work measures the mean structure of the bound-
ary layer over hexagonally-packed hemispherical roughness
and, using temporal analysis, reports the /-, 2- and multi-
point correlation coefficients for amplitude and frequency
modulation embodied in streamwise and wall-normal ve-
locity fluctuations. We observe similar characteristics of
stronger AM correlation coefficients in rough-wall flow
(compared to smooth-wall flow), and finite FM coefficients.
An anomalous decrease in near-wall Rf™ in smooth-wall
flow was found to be absent in the rough-wall results, sup-
porting the hypothesis that this could be from a more strin-
gent no-penetration condition imposed by the smooth wall.

The current work leveraged the availability of velocity
data across the boundary layer as a series of temporally-
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Figure 3. As in figure 2, but for frequency modulation.

resolved point measurements to show AM and FM corre-
lations as traditionally computed from hot-wire anemom-
etry measurements. With this preliminary demonstration
of the ability to capture AM and FM effects using high-
frame-rate PIV, the ongoing efforts include exploring the
spatio-temporal structure based on conditional averages in
rough-wall flow, similar that reported for smooth-wall flow
in Pathikonda & Christensen (2019). The near-wall struc-
ture over the hemispherical roughness is expected to be
markedly different than that of the smooth-wall flow and a
spatial analysis will provide additional details on the mech-
anisms of these inner-outer interactions in the presence of
roughness.
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