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Abstract

In turbulent boundary layers, the wall-normal gradient of the Reynolds shear stress identifies
momentum sources and sinks (7" = 9]—uwv]/0y). These motions can be physically interpreted in
two ways 4.) as contributors to the turbulence term balancing the mean momentum equation,
and ii.) as regions of strong local interaction between velocity and vorticity fluctuations. In this
paper, the space-time evolution of momentum sources and sinks are investigated in a turbulent
boundary layer at the Reynolds number (Re;) = 2700, with time-resolved planar particle image
velocimetry in a plane along the streamwise and wall-normal directions. Wavenumber—frequency
power spectra of T' fluctuations reveal that the wave velocities of momentum sources and sinks tend
to match the local streamwise velocity in proximity to the wall. However, as the distance from
the wall increases, the wave velocities of the T events are slightly lower than the local streamwise
velocities of the flow, which is also confirmed from the tracking in time of the intense momentum
sources and sinks. This evidences that momentum sources and sinks are preferentially located in
low-momentum regions of the flow. The spectral content of the T' fluctuations is maximum at
the wall, but it decreases monotonically as the distance from the wall grows. The relative spectral
contributions of the different wavelengths remains unaltered at varying wall-normal locations. From
autocorrelation coefficient maps, the characteristic streamwise and wall-normal extents of the T
motions are respectively 60 and 40 wall-units, independent of the wall distance. Both statistics and
instantaneous visualizations show that momentum sources and sinks have a preferential tendency

to be organized in positive-negative pairs in the wall-normal direction.



I. INTRODUCTION

Several flow structures have been investigated that play a significant role in the Reynolds
stress production and in transport of mass and momentum, in wall-bounded flows. These
features include hairpin vortices (Adrian [1], Adrian et al. [2]) and packet of vortices (Adrian
and Liu [3], Ganapathisubramani et al. [4]), ejections and sweeps (Lozano-Duran et al. [5],
Lozano-Duran and Jiménez [6]), large-scale motions (Hutchins and Marusic [7], Chung and
McKeon [8], Lee and Sung [9], and Hellstrom et al. [10]). Nonetheless, the mean momentum
equation shows that the gradient of Reynolds shear stress is highly relevant to the rate of
change of momentum. The mean momentum equation for a zero-pressure-gradient turbulent
boundary layer (TBL) is given in the following:
ou Va_U 0*U  —
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In this formulation of the mean momentum equation and throughout this paper, the

streamwise, wall-normal and spanwise directions are along the z-, y-, and z-axis. The mean
and fluctuating velocity components along these three directions are respectively given by
(U, V, W) and (u, v, w). Kinematic viscosity of the fluid is v. The overline represents the
operation of averaging in time. In Equation 1, the terms on the left-hand side of the equal
represent mean advection, which is balanced by the terms on the right-hand side of the equal.
The term V%%] represents physically the momentum transport at molecular level, while the
term T is the mean momentum transport induced by the fluctuating velocity field, thus by
turbulence. The present work focuses on the term 7" of the mean momentum equation. This
is dimensionally a force-like quantity, and it can act as a sink or a source of momentum
depending on its sign. In other words, the term T accounts for the action of turbulence in
balancing the rate of change of momentum expressed in Equation 1.

When examining the value of the term T at different wall-normal positions, a four-layer
structure could be identified for different wall-bounded flows, as shown by Wei et al. [11]

and by Fife et al. [12]. The relative weight of T over the viscous term was quantified from
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both experimental and direct numerical simulations data, and used to the explain dynamical
properties of each layer. These empirical observations on the wall-normal gradient of the
Reynolds shear stress provided the basis for an alternative physical model of the TBL, which
was proposed by Klewicki et al. [13]. According to this model, the relative magnitude of T
over the viscous term can be associated with the dynamics of the vortical motions examined
in earlier studies. In this way, a link could be established between the hairpin paradigm and
the observed four-layer structure. On this respect, it can also be shown mathematically that
velocity and vorticity fluctuations can be related to the Reynolds shear stress gradient as it

follows:

I - S
= — (L w? — 2
T [uxw]x—l—zaw(v +w u) (3)

where [u X w]x = vw, — wwy, and (wy, wy, w,) are the fluctuations of the vorticity along
the z-, y-, and z-axis. In a turbulent channel flow, the last term of Equation 3 is zero, while
in TBLs that term is generally small (see Hinze [14]). Therefore, for a TBL, Equation 3

simplifies in this way:

T%Uwz—w_wy (4>

This simplification for Equation 3 enabled Klewicki [15] to estimate terms 7w, and wwy,
and their contributions to 7', from hot-wire anemometry measurements in a channel flow.
These results were later confirmed by the studies of Rovelstad [16] and of Ong [17], respec-
tively from simulations and experiments.

The direct relationship between [u X w], and momentum sources and sinks, which is de-
scribed by Equation 3, motivated further investigations of the velocity—vorticity interactions
after the pioneering measurements of Klewicki [15]. Rajagopalan and Antonia [18] examined
the structure of the velocity field associated with the spanwise vorticity field, and presented
one-point correlations of vw, and wwy. These correlations suggested the presence of internal
layers of intense shear, inclined to the wall. Klewicki et al. [19] studied the velocity—vorticity
interactions in the near-wall region of a TBL at a low Reynolds number. The dynamics of
the coherent structures of vorticity in relation to ejections and sweeps were associated with

the gradient of the Reynolds stress.



The spectral content of the velocity—vorticity interactions could be quantified from cospec-
tra in a TBL, using hot-wire anemometry measurements (Priyadarshana et al. [20]). In par-
ticular, the effects of both Reynolds number and wall roughness were explored. It was found
that the statistics of vw, and its cospectrum are considerably sensitive to wall roughness
as well as to the Reynolds number of the flow. The low-wavenumber peak in the velocity—
vorticity cospectra and earlier observations over the spatial organization of hairpin packets
of vortices led to elaborate a conceptual scenario illustrating the general structure of TBLs.
According to this, large-scale regions of approximately uniform streamwise momentum are
surrounded by elongated “fissures” of highly vortical flow. Later observations based on parti-
cle image velocimetry (PIV) confirmed and highlighed the importance of this interpretation
[21] [22].

Guala et al. [23] computed the wall-normal derivative of the uv cospectra in the outer
region of a pipe flow, at different distances from the wall. They observed that the very-
large-scale motions within the flow contribute significantly to the wall-normal gradient of the
Reynolds shear stress. In particular, the contribution associated with the very-large-scale
motions is comparable to that from smaller motions, including the large-scale motions. Monty
et al. [24] examined velocity—vorticity correlations in a turbulent channel flow, from direct
numerical simulations (DNS). These correlations rapidly change behavior when moving from
the wall up to the location where the Reynolds shear stress is maximum, while beyond this
point their behavior is not significantly altered. A mild asymmetry in the velocity—vorticity
correlations along the streamwise direction was regarded as responsible for the non-zero mean
of the Reynolds shear stress gradient, which balances the mean momentum equations. It was
concluded that a subtle deviation from the asymmetry in the velocity—vorticity correlations

implies large changes in the mean velocity flow.

The spatial organization and statistical stucture of momentum sources and sinks was inves-
tigated by Ganapathisubramani [25], at two different wall-normal positions. PIV data were
acquired in streamwise—spanwise planes. It was obtained that the size of momentum sources
remains relatively constant across the two wall-normal locations under analysis, whereas the
size of momentum sinks increases with the wall distance. Both momentum sources and sinks
are located in low-velocity regions of the flow. The sign of the velocity fluctuations changes

in the vicinity of sinks, which implies a transition between quadrants.



Thus far, the spectral content of the Reynolds shear stress gradient (7" term, Equation 2)
has been investigated based on cospectra of the velocity—vorticity fluctuations. In this way,
the spectral composition of vw, and wwy, was derived, and therefore of T'. However, the spec-
tral content of the motions constituting 7" is still unknown, in that the spectral composition
of the T fluctuations has never been examined. In the present work, wavenumber—frequency
power spectra of the T fluctuations are presented. The characteristic wave velocity of the T’
events is estimated at different wall-normal locations, which has never been assessed in any
previous works.

In the past, the size and spatial organization of Reynolds shear stress structure has been
examined only at two wall-normal locations, and along the streamwise-spanwise directions
(see Ganapathisubramani [25]). As a consequence, it is still obscure how momentum sources
and sinks are spatially organized in the wall-normal direction, and what is their characteristic
size, also in relation to their wall distance. With the aim of quantifying size and spatial
distribution of momentum sources and sinks, autocorrelation coefficient maps are calculated.
In addition, intense T" events are identified with an approach similar to that of Willmarth
and Lu [26], and tracked in time. The local velocities of the intense 7" events are estimated

at different wall distances, and compared to the wave velocity obtained from spectra.

II. EXPERIMENTS AND METHODS OF ANALYSIS

In the present work, time-resolved PIV velocity fields of a TBL are analyzed. A brief sum-
mary of the dataset is given in the following text and further detail about the experimental
campaign can be found in de Kat and Ganapathisubramani [27] and Fiscaletti et al. [28].
The dataset itself is also openly available (http://doi.org/10.5258/SOTON /D0297).

The TBL dataset consists of time-resolved PIV data in a plane along the streamwise and
wall-normal directions. Nominal flow conditions at the measurement location (4.5 m down-
stream of a glass rod trip) in the water tunnel were: free-stream velocity, Uy, = 0.67 m s™;

boundary layer thickness, 6 = 0.1 m; friction velocity, U, = 0.027 m s~}

; and corresponding
Reynolds number, Re, = 2700. Four high-speed cameras were placed side by side with the
aim of obtaining a field of view (FOV) of an adequate streamwise dimension. Each cam-

era’s FOV was calibrated using a single calibration plate, which covered the full FOV of the
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measurement.

Particle images are acquired and analyzed using the LaVision software DaVis 7.2. A min—
max normalisation was applied to the PIV images before processing. Gaussian-weighted
correlation with a hierarchical approach started with an initial window size of 64 x 64 pixels
and finished at 16 x 16 pixels, with an overlap factor of 50%. The resulting data covered an
area of 0.185 m x 0.045 m (1.185 § x 0.45 ). The spatial resolution of the data was h™ = 10,
and the temporal resolution was tU?/v = 0.7. About 50000 velocity fields were obtained in
total — 10 runs of 5000 images over 5 s each — for a time span larger than 300 0 /U.

A. Methods for identification and tracking in time of intense 7T events

The main subjects of the present investigation are the intense momentum sources and
sinks that populate the TBL. They are detected and statistically characterized in terms of
extension, average intensity, and position of their weighted centroids. From the time-resolved
data, the events are tracked across the time, which enables to obtain the instantaneous local
velocities of each event. In this section, we describe the method used for detecting and time
tracking the intense T' events.

The noise in the PIV data was attenuated a posteriori by applying a regression filter,
before calculating the Reynolds stress gradient. The filtering of the data was performed both
in time and in space, similar to Fiscaletti et al. [28]. The filter replaces the value measured
experimentally in a certain point of the domain, with the value obtained in the same point
by least-square fitting a polynomial function of the second order in z (streamwise direction)
and y (wall-normal direction), and of the first order in the third dimension (time), in a
5 x 5 x 3 neighborhood around the point. Details on this regression filter are given by Elsinga
et al. [29]. From these filtered velocity vector fields we obtained the instantaneous Reynolds
shear stress fields (uv). The discrete derivative of uv over the wall-normal direction, which
was computed with a second-order central difference scheme, enabled to compute T fields.
Similarly, fields of vw, were also obtained.

The criterion used for the detection of the intense 7" events is analogous to Willmarth and

Lu [26], and is the following:

|T(:L‘,y)‘ >H - TrmS(y) (5)

max



where Tims(y) = 1.5 [m/s?] is the maximum of T,,,,(y) across the range of wall-normal
locations availgl;lxe from experiments, and H is a coefficient. The maximum of T},s(y) was
obtained at the closest point to the wall (y/d ~ 0.02). Throughout the analysis, we adopted
H = 0.8. In addition, the connected regions satisfying the criterion in equation 5 should be at
least composed of 9 points in order to be identified and tracked. In this way, transport events
that are excessively small in size are discarded, as they can be the result of measurement

error (spurious vectors or outliers, [30]).

In the present section, the algorithm for the tracking of the intense intense momentum
sources and sinks is described too. Two intense 1" events ev; and evy that are identified at
two consecutive time instants are considered to be the same event if the following relationship

holds:

dcent < Dbox (6)

where dg.¢ is the distance between the centroids of ev; and evy, and Dy is the diagonal
of the smallest rectangle including all the points of ev;. The same algorithm was used in
Fiscaletti et al. [28] for tracking in time the intense Reynolds-shear-stres events. Further

detail on this algorithm can be found in Section 2 of that study.

The range of wall-normal locations object of the present study falls partially within the
logarithmic region of the turbulent boundary layer, and it extends farther, entering the wake
region of the flow. Nonetheless, given that the results in the current work are presented in the
context of momentum sources and sinks, the traditional classification of wall-normal locations
based on log/wake layers may not be appropriate. The wall-normal locations examined in
the following can be better classified based on the four-layer structure described by Wei et al.
[11]. In this case, the wall-normal locations are partially in Layer III, the viscous/advection
balance meso-layer, and in Layer IV, the inertial/advection balance layer. Specifically, Layer
I1I ranges from y* =~ 1.6 x (Re,)"/? to y* ~ 2.6 x (Re,)"/?, while Layer IV ranges from
y* ~ 2.6 x (Re;)Y? to y* = Re, (see Wei et al. [11], p. 308, section 2.2 for details on the

physical extent of the four layers).



III. RESULTS AND DISCUSSION

From the time-resolved fields of T', the inner-normalized mean profile T could be calcu-
lated, and it is given in figure 1. The inner-normalized mean profile of vw,™ is also reported
in figure 1. The relationship between 7w, and T is shown in Equation 4. The largest value of
T" is obtained at the lowest wall-normal location available from the measurements (close to
the wall). At increasing wall distance, T" rapidly decreases, and becomes negative. There-
fore, a local maximum of the —uw profile (T = 0) is obtained at y* ~ 140. At y* > 140,
we obtained T < 0 independent of wall-normal position. The profile of T presented in
figure 1 agrees well with the experimental study of Monty et al. [24] (their figure 1). In this
range of wall-normal locations, a prevalence of momentum sinks is in agreement with the
growth of ww for increasing y*. The vw,™ profile exhibits its smallest value at the lowest
wall-normal location of the measurement FOV (close to the wall). Throughout the exam-
ined range of wall-normal locations, 7w, remains negative, which is evidence that positive
wall-normal velocity fluctuations tend to be associated with negative out-of-plane vorticity
fluctuations (clockwise-rotating vortices), while negative wall-normal velocity fluctuations
with positive out-of-plane vorticity fluctuations (counterclockwise-rotating vortices). The
v, profile shown in figure 1 is analogous to that presented by Klewicki [15] (figure 1 of
his work) and more recently by Monty et al. [24]. After reporting the mean profile of the
Reynolds shear stress gradient, it is of interest to examine the motions that contribute to
this mean value. The characteristics of the 7" motions can be assessed by determining the
spectral content of the T fluctuations, the size and spatial organization of the T" events, and

their local velocities.

In figure 2, the wavenumber—frequency power spectra of the T' fluctuations (Pr) are pre-
sented in a logarithmic scale, at different wall-normal distances. The continuous blue lines
indicate the mean streamwise velocity of the flow. From the analysis of the spectra, T events
are characterized by the largest spectral content in proximity to the wall, while at increasing
wall-normal locations their spectral content gradually diminishes. This can be appreciated
from the range of shades in the wavenumber—frequency power spectrum, in which the max-
imum value decreases progressively at growing wall-normal locations. Another consequence

of the decrease in the spectral content associated with the T' events at growing wall-normal
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FIG. 1: Profile of T (black asterisks, *) and vw, ™ (red circles, o) at different wall-normal

locations within the flow.

locations is that the extension of the visible region of the power spectrum shrinks significantly
for a given range of shades in the colourbar. These observations on wavenumber—frequency
power spectra of the T" fluctuations are consistent with the intense uv events being smaller in
size and shorter in lifetime at the wall, which was postulated in the attached-eddy hypothesis
of Townsend [31], and confirmed by recent hot-wire measurements [32] and time-resolved PIV
data [28]. The described trend is more evident from figure 3, where power spectra of the
T events are presented at the different wall-normal locations. These spectra were obtained
from the wavenumber—frequency spectra shown in figure 2, by summing the spectral contri-
butions of the different frequencies. From figure 3, it can be appreciated that the decrease
in the spectral content for growing wall distances occurs similarly at every wavenumber of
the spectrum. In other words, all the different spectra can be ideally obtained by vertically
shifting the same spectrum. Moreover, from figure 3 it can be seen that the largest decrease
in the spectral content of the T events occurs in proximity to the wall, thus when moving
from y* = 60 to y* = 140. At increasing wall-normal locations, the drop in the spectral

content becomes progressively less significant. As a result, the spectrum at y™ = 740 and

10



ln(PT) 19 18 17 16 15

300 — 300
yt =60
200 200
5 100/ 100}
2
= 0 0l
3
100} 1 100}
200} | 200}
3007350 200 100 0 100 200 300 %0 300 200 -100 0 100 200 300
ky0 )
300 — 300 —
yt =540 yt =840
200,1//5%0.20 200,y/(5%0.31
g 100/ 100+
D
= 0 0l
3
100} 1 -100t
-200+ 1 -2007
3007350 200 -100 0 100 200 300 <99 300 200 -100 O 100 200 300
X X

FIG. 2: Wavenumber—frequency power spectral density of the T fluctuations, at different

wall-normal distances. Lines represent the local mean streamuwise velocity.

the spectrum at y* = 1040 nearly overlap.

From the wavenumber—frequency power spectra presented in figure 2, the local character-
istic wave velocities (Uw) of momentum sources and sinks can be estimated, and compared
to the profile of mean streamwise velocities of the flow. For this purpose, a procedure analo-
gous to Fiscaletti et al. [28] was established. Eight values of in(Pr) at intervals of 0.25 were
considered. Each value of In(Pr) was taken as a contour level of the wavenumber—frequency
power spectrum, and an ellipse was fitted to the points delimiting the edge of the contour
level. A linear least-square fitting method was employed, which optimizes the squared sum

of orthogonal distances from the points to the fitted ellipse. The result of this procedure is
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different wall-normal locations, calculated from the wavenumber—frequency power spectra. Black

filled spot (e) indicate the mean streamwise velocity.
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presented in figure 4. As it can be observed, the characteristic wave velocities approximately
match the mean streamwise velocities of the flow for U/U,, < 0.8. At larger distances from
the wall, these wave velocities are mildly lower than the mean streamwise velocity of the flow.
Overall, the characteristic wave velocities of the T events do not deviate significantly from
the mean streamwise velocity of the flow. The deviations of the characteristic wave velocities
of the T' events from the mean streamwise flow velocities are analogous to the ones of the
momentum transport events obtained by Fiscaletti et al. [28] (figure 5). This result confirms
the statistical observations of Ganapathisubramani [25], who found that at y* = 110 and at
yT = 575 both momentum sources and sinks are correlated with low-momentum regions of
the flow. It is worth stressing that the flow is never intermittent at the wall-normal locations
object of the analysis given in figure 4, and the turbulent/non-turbulent interface is always
located above that region (see figure 2 of Eisma et al. [21]). It descends that the observed
deviations of the wave velocities of momentum sources and sinks from the mean streamwise
velocities cannot be explained as potential fluid at U,, contributing to the mean velocity

profile.

Following these observations, the wavenumber—frequency power spectra of the T" fluctu-
ations (figure 2) can be compared with spectra of the wv fluctuations, which were given in
figure 4 of Fiscaletti et al. [28]. The two-peak structure that was identified in the spec-
tra of the Reynolds-shear-stress fluctuations cannot be found when examining spectra of
momentum sources and sinks. Considering that the two-peak structure of the spectra was
interpreted as the result of two characteristic wave velocities, the absence of this structure in
the T-fluctuations spectra indicates that only one single characteristic wave velocity exists
for momentum sources and sinks, at a given wall-normal location. This seems to suggest that
the streamwise wave velocities of these motions do not depend on the type of Reynolds-shear-
stress (quadrant) events they are associated to. However, the characteristic wave velocities of

T events and those of Reynolds-shear-stress events are comparable, as previously discussed.

It is of interest to examine the structure of the sources and sinks of momentum at different
wall-normal locations. Specifically, geometrical properties of the T" events such as size and
shape can be statistically investigated based on autocorrelation coefficients maps. Each of
these maps can be calculated by 1D-correlating a 7" signal at a given distance from the wall

with other 7T signals at different distances from the wall. The obtained map is normalized by
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FIG. 5: Autocorrelation coefficient map of T events, at different wall-normal distances.

the respective autocorrelation coefficient at a given wall distance, at zero shift. The result of
this analysis can be observed in figure 5, where autocorrelation maps are presented at four
different wall-normal locations, namely at: y* = 60 (y/0 ~ 0.02), y* = 130 (y/d =~ 0.05),
yT =220 (y/d ~ 0.09), and y* = 840 (y/d ~ 0.31). As it can be seen, the structure of the
sources and sinks of momentum does not change significantly with the wall distance, and it

is characterized by a nearly circular shape, slightly elongated along the streamwise direction.

The size structure of these events can be estimated as 60 wall units in the streamwise
direction, and 40 wall units in the wall-normal direction, if R = 0.2 is adopted as a threshold.
This result does not deviate significantly from the assessment of Ganapathisubramani [25],

who quantified the streamwise extent of T events with two-points correlations, at two different
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FIG. 6: Snapshot of sources and sinks of momentum. Black dashed lines mark intense momentum
sinks, while black continuous lines mark intense momentum sources, both identified with the
criterion shown in equation 5. Spots of different sizes and shades mark the time evolution of the

weighted centroids of the intense events.

wall-normal locations, i.e. y™ = 110 and y™ = 575. At y* = 110, both momentum sources
and sinks were quantified to be approximately 70 wall units along the x direction, while
at y* = 575 momentum sources were quantified to be approximately 70 wall units and
momentum sinks approximately 85 wall units [25]. Moreover, T" events of opposite sign tend
to be located in the close neighborhood of a T' event, for a characteristic streamwise shift
equal to zero (AzT =~ 0), and at a characteristic wall-normal distance of around 30 wall
units. It is worth underlining that the choice of providing the geometrical description of
these motions in terms of wall units does not mean that their sizes scale as the inner units of
the turbulent boundary layer. The scaling of these motions cannot be assessed only based on
one single Reynolds number, therefore further investigations on turbulent boundary layers at
a range of different Reynolds numbers would be necessary to this purpose.

The statistical observations thus far reported can be corroborated when watching the
video “Movielssm.mov”, which is part of the supplementary material of this article. The
first frame of the video is given in figure 6. In this video, the intense sinks of momentum
have been marked with a dashed black line, while the intense sources of momentum have
been marked with a continuous line. It is worthy to recall that the criterion identifying an
intense sink/source of momentum is given in Equation 5. The video “Movielssm.mov” has

been obtained from the same velocity vector fields as the video “Movie2.mov” included in
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Fiscaletti et al. [28], which presents the time evolution of the @~ events. The time span
covered in the video “Movielssm.mov” is 1.330/U, therefore the video reduces the flow
velocity of approximately 150 times. The video “Movielssm.mov” shows that the sinks
(blue) and sources (red) of momentum tend to be elongated in the streamwise direction, and
that they are vertically bounded by events of opposite sign, consistent with the statistical
findings based on autocorrelation, and presented in figure 5. Therefore, the main evidence
obtained from this video is that T" events appear preferentially in pairs, and that they are

typically stretched along the flow direction.

The described structure of the sources and sinks of momentum can be seen as a con-
sequence of their mathematical definition. Across the external edge of an intense quad-
rant event, the absolute value of wv increases significantly with the wall distance (large
|0(—uwv)/0y|), which determines the identification of an intense 7" event. The internal side of
the same bespoke edge is characterized by the opposite phenomenon, and the rapid drop of
the absolute value of uv (large |0(—uv)/0y|) leads to the detection of an intense T' event of
opposite sign. This gives origin to the pair-like structure obtained statistically, and shown in
figure 5. The observed spatial organization can also be interpreted from a physical point of
view. Turbulence acts as a balancer of momentum by redistributing the momentum surplus
to the closest region where there is a momentum deficit, and vice-versa. The turbulent mo-
tions that actively play this role are momentum sources and sinks (Equation 1). As a result
of this process, turbulence levels off the mean velocity profile of a TBL when compared to
a laminar boundary layer. From the size structure of figure 5 it can be observed that the
described redistribution is a local small-scale phenomenon, even though it results ultimately
in a flattened mean velocity profile, which is a macroscopic effect. Therefore, the small scales
of turbulence seem to be the main responsible for flattening the mean velocity profile in tur-
bulent wall-bounded flows. This conclusion could be interpreted as in contradiction with the
mean velocity profile being accurately captured in large-eddy simulations (LES), where the
small scales of turbulence are not directly resolved, but only modelled. However, it could be
that the stochastic behaviour of momentum sources and sinks can be captured in the mean

sense from LES, but LES fails to capture these motions instantaneously.

The detected intense sources and sinks of momentum can be described based on their

average intensity and wall-normal position within the flow. In figure 7, the joint probability
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FIG. 7: Joint probability density function between the wall-normal locations of the positive (a) and

negative (b) T events and their intensities averaged over the respective areas.

density function (j.p.d.f.) between the intensity and the wall distance of the intense mo-
mentum sources (top) and sinks (bottom) is presented. The largest number of T events is
detected close to the wall, while at increasing wall-normal locations the probability of finding
them diminishes. This is consistent with the observations of Morrill-Winter et al. [32] and
Fiscaletti et al. [28]. Both the experimental investigations reported a decreasing number of
intense uv events when moving away from the wall, which implies that a lower number of
momentum sources and sinks can also be detected for growing wall-normal locations. From
figure 7, we can observe that in proximity to the wall, we have the largest range of intensi-
ties. This range tends to become more and more narrow at growing wall-normal locations.

The two j.p.d.f.s look almost specular, even though in proximity to the wall there is a larger
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FIG. 8: Probability density functions of the wall-normal component of the local velocities (Vi) of
the intense momentum sources (a) and sinks (b) (continuous line), and a two-term Gaussian
fitting curve (dashed line). The vertical lines in the insets represent the mean values, which are

respectively of 0.20 for the momentum sources and of 0.25 for the momentum sinks.

probability to find a momentum source than a momentum sink. This is consistent with the
mean 7" profile across the TBL (figure 1).

From the tracking in time of the T" events we can estimate their local velocities. Figure
8 shows the probability density functions (p.d.f.s) of the wall-normal component of the local
velocities (V) of the intense momentum sources and sinks. Two-term Gaussian fitting curves
have been added to the p.d.f.s, and drawn with a dashed line. It can be observed that
the distribution of the vertical velocities is nearly-Gaussian for both positive and negative
T events. From the two p.d.f.s it is difficult to confidently determine the position of the
peak values of the two p.d.f.s. If we look at the peak value of the fitting curves, we can
observe that they are both located in the positive part of the graph. Consistent with this
result, the mean of the vertical velocities of both sources and sinks calculated from the
range —15 < V. /U, < 15 gives V. /U, = 0.20 for momentum sources, and V. /U, = 0.25 for
momentum sinks. These values have been marked with vertical black lines in the insets of
figure 8. Therefore, T" events have the tendency to move upwards, at a vertical velocity that
is a small fraction of the friction velocity, U,.. This finding reinforces the results obtained by
Ganapathisubramani [25], who reported that at y* = 110 and at y* = 575 both momentum

sources and sinks are correlated with regions of upwash.
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FIG. 9: Joint probability density functions between the streamwise component of the local velocities
(U.) of the positive (a) and negative (b) T events, and their wall-normal locations (Y.). The black
thicker line is a contour of the 50% of the peak value at each wall-normal location. The blue
dashed line represents the streamwise component of the mean velocity profile of the flow (U/Ux).

Asterisks (x) mark the mean of the local streamwise velocities

of the intense T events.

It is worth noting that, in consequence of splitting of events across time, one event at a
certain time instant can be associated with two or more events at the following time instant,
thus leading to two or more local velocities. On this respect, all the local velocities obtained
from time tracking intense transport events contributed to the statistics presented in the
following. Furthermore, the wall-normal location associated with a certain displacement
(and thus local velocity) is the wall-normal location of the weighted centroid of the forward

tracked intense event, by convention.

Perhaps of more interest is to examine the streamwise component of the local velocities of
the T" events (U.) obtained from their tracking in time, and to compare these local velocities to
the wave velocities estimated from the analysis of the spectra (figure 2). The joint probability
density functions between the local streamwise velocities and the wall-normal locations of
the momentum sources (left) and sinks (right) is given in figure 9. The blue dashed lines

represent the mean streamwise velocity of the flow, and the two black thick lines in each

19



j.p.d.f. identify a region where the number of samples of U, is larger than 50% of the largest
number of samples at a given wall-normal location. Asterisks mark the mean values of the
local streamwise velocities of momentum sources and sinks at different wall-normal locations.
As it can be observed, the two j.p.d.f.s are very similar. This is evidence that the sign of the T’
events does not affect significantly the distribution of their local velocities U, at different wall-
normal positions. In the j.p.d.f.s, the isoprobability contours widen at decreasing wall-normal
locations, therefore as the wall approaches. This is a consequence of the largest number of
intense momentum sources and sinks being identified in proximity to the wall. From the mean
of the local streawise velocites (marked with the asterisks) and from the area delimited by two
black thick lines, it appears that the T" events are characterized by local streamwise velocities
mildly lower than the mean flow velocity, and that this velocity difference increases with the
wall distance. This is consistent with the estimate of the characteristic wave velocities from
the analysis of the spectra (see figure 4).

In the upper range of the logarithmic region and in the wake region of turbulent boundary
layers and channel flows, the small-scale motions were observed in the past to be characterized
by convection velocities lower than the mean streamwise velocity (see figure 8 of Mathis et al.
33], figure 21 of Adrian et al. [2], and figure 2 of del Alamo and Jiménez [34]). Given that
sources and sinks of momentum can be considered small-scale motions (figure 5), the results

obtained in the present work confirm those observations.

IV. CONCLUSIONS

The characteristics of sources and sinks of momentum in space-time and wavenumber—
frequency domains were examined in a turbulent boundary layer (Re, = 2700), using time-
resolved PIV data in a plane along the streamwise and wall-normal directions. The field-of-
view in the PIV measurements covers a range of wall-normal locations from 50 to 1280 wall
units, which is equivalent to y/d ~ 0.46.

The mean profile of the Reynolds stress gradient, identified as T throughout the paper,
shows a monotonic decrease in the range between 50 and 160 wall-units. At y™ ~ 140,
the Reynolds stress gradient becomes negative, and it remains negative at increasing wall

distances. This indicates that in proximity to the wall there is a prevalence of momentum
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sources, while momentum sinks tend to be dominant farther away from the wall, consistent
with the average profile of Reynolds shear stress. The spectral composition of momentum
sources and sinks was quantified from the wavenumber—frequency power spectra of T fluctu-
ations. The larger spectral content was obtained at the lowest wall-normal location available
from measurement, while at increasing wall distance the spectral content decreases. The dis-
tribution of spectral contents among the different wavenumbers (and therefore wavelengths)
remains approximately the same at the different wall-normal locations under analysis. The
two-peak structure that was identified in the wavenumber—frequency spectra of the Reynolds-
shear-stress fluctuations (see Fiscaletti et al. [28]) cannot be detected in the current study
when examining spectra of momentum sources and sinks. From this it seems that the stream-
wise wave velocities of these motions do not depend on the type of Reynolds-shear-stress

(quadrant) events they are associated to.

Wavenumber—frequency power spectra enabled to estimate the wave velocities of the T
fluctuations, at different wall distances. A procedure analogous to Fiscaletti et al. [28] was
applied. It was found that the characteristic wave velocities of the T events approximately
match the local streamwise velocities of the flow (U) near the wall (for U/U, < 0.8). At
larger distances from the wall, the characteristic wave velocities are slightly lower than the
local streamwise velocity of the flow. Analogous observation was obtained from time tracking
of the intense T  events. This finding is consistent with sources and sinks of momentum being
preferentially located in low-speed regions of the flow, as Ganapathisubramani [25] found in

a turbulent boundary layer, at y™ = 110 and at y* = 575.

Size and spatial organization of momentum sources and sinks were investigated with au-
tocorrelation coefficient maps. The spatial extent of the T" events along the streamwise and
wall-normal directions can be estimated as 60 and 40 wall-units, respectively, and it does not
change significantly with the wall distance. Furthermore, T events of opposite sign can be
found in the close neighborhood of a T" event, at a characteristic streamwise shift approx-
imately equal to zero (Az™ & 0), and a characteristic wall-normal distance of around 30
wall-units. This finding was confirmed from instantaneous visualizations of contour maps of
T events. It was observed that momentum sources and sinks appear preferentially in pairs,

and that their shape is elongated along the flow direction.
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