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ABSTRACT

Planar particle image velocimetry (PIV) measurements
were performed in a thermal boundary layer with simul-
taneous measurements of the streamwise density gradient,
averaged across the boundary layer height. Previous work
on the topic (Saxton-Fox et al., 2019) revealed that large
density gradients were associated with tall wall-normal ve-
locity structures extending across the entire boundary layer
height. The authors suggested that these structures were a
result of a wall-normal average of smaller scales, which re-
side at different locations from the wall, and contribute to
the same density gradient change. Results from the present
work support this model and show that, if a second con-
dition on the vertical location of the identified features is
imposed, one can extract wall-normal velocity structures
that are localized in the vertical direction. Their average
wall-normal extent is found to be around 0.18, with no sig-
nificant variation across the boundary layer height. The
corresponding conditionally averaged streamwise velocity
fluctuations also show a change in sign from the wall up
to edge of the boundary layer, consistent with the underly-
ing density gradient condition. This sign change is found
to originate on average from upstream leaning structures of
opposite signs, while the inferred flow topology is shown
to agree with earlier results on the topic (Antonia and Fu-
lachier, 1989).

INTRODUCTION

Knowledge of the scalar transport mechanism in turbulent
flows is essential for many industrial and environmental ap-
plications, due to its direct implications on mixing, reaction
dynamics, and pollutant dispersion. In the case of a mildly
heated boundary layer, where temperature acts as a passive
scalar, and the Prandtl number is near unity, temperature
and momentum transport are in close correspondence (An-
tonia et al., 2009) and therefore knowledge of the velocity
field can be leveraged to infer conclusions about the scalar
field and vice-versa. Specifically regarding the latter, pas-
sive scalar contaminants have been used for many decades
to study coherent structures in wall-bounded flows (Chen

and Blackwelder, 1978; Bisset et al., 1991, among others),
while the mechanism of scalar mixing and its link to ve-
locity structures have been also examined (see for example
Fulachier and Dumas, 1976; Antonia et al., 2009; Abe et al.,
2009).

When the full scalar field is not readily available (which
is most often the case, especially in experimental studies),
measurements of scalar gradients can still provide vital in-
formation on velocity structures. Such an alternative, when
the scalar contaminant is temperature, was used by Saxton-
Fox et al. (2019), who employed a Malley probe set-up
(MP) to acquire integral measurements of streamwise den-
sity gradients in a mildly heated subsonic boundary layer
following work in the field of aero-optics (Malley et al.,
1992; Gordeyev et al., 2014, for compressible flows). Si-
multaneous PIV measurements allowed for the identifica-
tion of velocity structures conditioned on large density gra-
dients; tall vertical velocity structures on either side of the
MP beam, of opposing signs, spanning the boundary layer
height, were found to be associated with large streamwise
density gradients (Saxton-Fox et al., 2019). The authors
postulated that these structures were a result of a wall-
normal average of instantaneous smaller scales residing at
the same streamwise location but at different heights y from
the wall, depending on the phase of large-scale streamwise
velocity structures. In this work we assess the proposed
model. We attempt to separate the different wall-normal ve-
locity scales triggering large deflections of the optical beam
(and therefore large density gradients), and determine their
wall-normal extent while also identifying the localised sig-
natures of the corresponding streamwise velocity fluctua-
tions.

EXPERIMENTAL SET-UP

Throughout this paper, we use the coordinate system x, y,
and z to denote the streamwise, wall-normal and spanwise
directions, respectively and u, v, w to denote the corre-
sponding velocity components. Concurrent planar PIV and
aero-optic measurements were performed in a moderately
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heated turbulent boundary layer in the Merrill recirculating
wind tunnel located at the California Institute of Technol-
ogy. The test section is 2.1 m long with a square cross-
section spanning 0.6m x 0.6m in y and z, respectively.
The boundary layer was developed on an aluminium flat
plate, tripped at the leading edge. Two sections of the plate
were heated with rubber resistance heaters, their tempera-
ture kept at 22°C above the freestream temperature. The
Prandtl number was Pr = 0.71, while mean flow and tur-
bulence statistics between heated and unheated conditions
were identical, indicating that temperature acted as a pas-
sive scalar. Measurements were acquired downstream of
the two heated plates, at a distance 1.9 m downstream of the
trip.

For the aero-optic measurements, a Malley probe (MP) set-
up (Malley et al., 1992; Gordeyev et al., 2015; Saxton-Fox
et al., 2019) was used to acquire streamwise density gradi-
ents, at the same streamwise—wall-normal plane as the PIV
measurements. This was achieved by recording the stream-
wise position of a laser beam, passing twice through the
thermal boundary layer, after being spatially filtered. The
beam’s position was recorded at 32 kHz and high-pass fil-
tered at 100 Hz to remove low-frequency noise, using a But-
terworth filter. The addition of heat in the flow led to a con-
tinuously varying density field, p(x,y,z,7), directly propor-
tional to the index of refraction change : n(x,y,z,r) =1+
Kepp(x,y,2,t), where Kgp is the Gladstone-Dale constant
(Gladstone and Dale, 1862). This change in refractive index
distorted the incoming wave-front (Gordeyev et al., 2015)
and the time-varying fluctuation of the beam’s recorded po-
sition could then be used to estimate the final deflection an-
gle of the beam, 0(), an integral measurement of the dis-
tortion across the entire boundary layer height. This can be
related to the streamwise density gradient (Saxton-Fox and
McKeon, 2017, equation 1):

Kg, Y 8p
0037.1) = 000) = T | 50 (o z0.0dy, (1)

where 6(y;) and 6(yy,t) are the initial and final angles of
the incoming beam respectively, p, the ambient density of
the fluid, and xp, zo the streamwise—spanwise coordinates of
the beam location. This means that, for a beam entering the
flow at a zero angle, 0(y;) = 0, a negative exit angle, 6(y),
corresponding to a negative streamwise gradient, will indi-
cate an upstream deflection of the beam (x positive down-
stream, figure 1). Considering only a single step change in
density across y, such a deflection can result from a density
interface inclined either upstream or downstream (figure 1).
A similar behaviour can be expected from the streamwise
velocity fluctuations, given the well documented similarity
between streamwise velocity and passive scalar fluctuations
fields (Antonia et al., 2009 among others).

For the PIV measurements, Dioctyl—di(2-ethylhexyl)—
sebacate liquid was used for the seeding, atomised with
a LaVision Aerosol Generator into particles with a nom-
inal diameter d, = 0.25um. The particles were illumi-
nated with a YLF Photonics laser (DM20-527), running
in double pulse mode, with a pulse separation df = 38 ps.
Images were recorder using a Phantom Miro 320S high-
speed camera (1920x 1080 pixels), fitted with a Tamron
/3.5 SP AF Macro lens with a focal length of 180 mm
at an aperture stop of {/8. The system was synchronised

Figure 1. Beam deflection schematic for a negative
streamwise density gradient event, g—i < 0 assuming a step
change in density and index of refraction. The beam experi-
ences an upstream deflection regardless of the angle «, be-
tween the density front and the horizontal. Upstream lean-
ing density front, g—‘y’ <0, o < /2 (left), downstream lean-

ing density front, %’ >0, o > /2 (right).

using a LaVision high-speed controller. The camera cap-
tured a field of view (FOV) approximately 0.05m x 0.04 m
(1.56 x 1.00), in x and y respectively, at 600 Hz, with a
resulting digital resolution of 29 pix/mm. We acquired
19,287 images using DaVis 8.3.1, which we subsequently
processed using the same software applying an iterative
correlation with a final interrogation window of 32 x 32
pixels with an overlap factor of 50%. The nominal flow
conditions at the measurement location were: U, = 12m/s,
899 = 36 mm, Re; =1070. The friction velocity was com-
puted using the Clauser chart method (Clauser, 1954). The
mean flow and turbulence statistics showed overall good
agreement with Laser Doppler Anemometry (LDA) mea-
surements of similar Reynolds numbers from De Graaft and
Eaton (2000).

RESULTS

Large magnitude beam deflections

The simultaneous PIV and MP measurements allow for
the use of the MP signal as a condition on which the ve-
locity fields can be averaged. Any scalar quantity g can
be conditionally averaged on large positive (downstream)
or negative (upstream) MP angle fluctuations, 0(¢): ¢|g=
(@)||6|>wo,» Where Oy is the standard deviation of the fluc-
tuating MP signal and w is a threshold value, here chosen
as w = 0.5. Different values of w have been tested and al-
though the exact quantitative results varied, the main trends
discussed here were unaltered. In what follows, quantities
with the subscript 0 will denote averaging on a large MP de-
flection, the sign of which will be explicitly stated.

In line with the observations from Saxton-Fox et al. (2019),
both fluctuating velocity fields, when conditioned on large
beam deflections show a change in sign across the MP mea-
surement location, that extends across the full boundary
layer height (figures 2a and 2b). The sign of the MP de-
flection (and therefore of the streamwise scalar gradient)
matches that of the streamwise velocity gradient (figure 2c),
supporting the strong correlation of the two fields when Pr
number is close to unity, while the wall-normal velocity gra-
dient is of the opposite sign and is shown to be stronger and
more robust across 6 (figure 2d). It is also interesting to
note that, while the vertical velocity gradient is homoge-
neous across y, the streamwise velocity gradient shows a
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Figure 2. Contour plots of inner-normalised velocity fluctuations and their outer-normalised streamwise gradients, condition-

ally averaged on the MP deflection angle (negative deflection on the left and positive on the right for all sub-figures). Black

dashed lines indicate the MP location. Streamwise velocity fluctuations (a), and the corresponding streamwise gradient (c).
Wall-normal velocity fluctuations (b), and the corresponding streamwise gradient (d).

moderate upstream inclination angle, which will be further
explored in the following section.

Wall-normal localisation

The wall-normal coherence of the conditionally averaged
fields is much larger than the one observed in the instanta-
neous realisations, suggesting that it is a result of multiple
smaller scale structures, situated at different wall-normal
locations across 6 (Saxton-Fox ef al., 2019). The goal of
the present work is to identify such structures and explore
their geometry for both the streamwise and wall-normal ve-
locities. Since the wall-normal velocity gradient is shown
to be the most homogeneous across y in the conditionally
averaged fields (figure 2), we use its wall-normal average

s1(x) = <% ’6> (see figure 3a), as a second condition upon

which the velocity fields associated with large beam deflec-
tions will be further classified. Specifically, we assume that
each instantaneous wall-normal velocity gradient field as-
sociated with a large beam deflection, s; = %(x, y) (for
i=1,..,N|g, where N|g is the number of velocity fields as-
sociated with a large beam deflection), will contain, at some
y location, a structure with similar streamwise signature as
s51(x). We then proceed to identify the wall-normal location
Ye for which the correlation coefficient py, s,, is maximum
(see figure3b, equation 2):

_ cov(sy,s2;)
Oy, Osy;

Py () @

with y. = argmaxpsy,; s, .

The probability density function (pdf) of y., for a large neg-
ative MP deflection, indicates that, in most cases, struc-
tures more strongly correlated with the average behaviour
described by s;, are found at locations close to the mid-
dle of the boundary layer, y =~ 0.56 (figure 3c). A similar
picture emerges for y, in the case of a large positive MP de-
flection. The location of maximum correlation y., can then
be used as a second condition upon which to average the
velocity fields, a procedure denoted in what follows with
the subscript y.. In particular, instantaneous velocity fields
that are associated with large MP deflections using the first
condition outlined above, are classified further based on the
location of y.; for convergence purposes, 5 regions are con-
sidered: y. € [0,0.28), y. € [0.26,0.48), y. € [0.45,0.65),
Ye € [0.66,0.85), and y. € [0.85,1.05). Using the snap-
shots classified to each of these regions, the conditional ve-
locity fields (uT|g ), and (v©|g . ) are computed, using a
moving frame of reference; the streamwise axis is unaltered
from the one at the Cartesian coordinate system, while the
wall-normal one is centred at y.. Thus, at each streamwise
location x, u and v profiles are collected along y — y,., irre-
spective of the value of y. within each of the regions chosen.
As such, the resulting fields highlight the velocity variation
across y., and their wall-normal extent is independent of the
size of the regions chosen (figure 4).

Results indicate that wall-normal velocity structures that in-
stantaneously exhibit the strongest correlation with the av-
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Figure 3. (a) Wall-normal average of the gradient field from figure 2d for a negative MP deflection. (b) Instantaneous example

of the wall-normal variation of the correlation coefficient py,, 5,, where y. = argmaxpy,, 5,. (c) Probability density function of

yc for a negative MP deflection.
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Figure 4. Contour plots of inner-normalised velocity fluctuations, conditionally averaged on both the MP deflection angle and
onyc: yc €[0.45,0.68). (a) Negative MP deflection. (b) Positive MP deflection. The three panels from left to right denote: flow
streamlines using the full velocity fields and subtracting U, = (U (X, Yem)), streamwise and wall-normal velocity fluctuations,
respectively. Vertical solid lines indicate the MP location and horizontal dashed lines y = y.. Red dashed lines indicate the
tangent to the (u"[g ) = 0 contour at the MP location. Purple and cyan solid lines denote the region of the (u*|g, ) =0
contour that is linearly approximated for a negative and positive MP deflection, respectively.

erage behaviour (in terms of the wall-normal velocity gra-
dient) are localised in y. The emerging picture is that of
a pair of elliptical v structures of opposing signs (depend-
ing on the underlying density gradient) on either side of the
MP location (figure 4 for y. € [0.48,0.68)). Using an el-
liptical fit to approximate their extent at 50% of the peak
magnitude (figure 5a), reveals a minimal variation in size
across all wall-normal locations, with a wall-normal extent

of ~ 0.16 (figure 5b). For contours at lower magnitudes,
there is a more noticeable size variation, mainly for the re-
gions close to the wall and the freestream.

Regarding the streamwise velocity field, the conditional
structures leading to the average behaviour (see figure 2a),
are shown to exhibit the expected sign change across the
MP location, consistent with the sign of the underlying
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Geometrical characteristics for <v+|9,y(_> (see figure 5) (a) Elliptical fits for the conditionally averaged wall-

normal velocity fluctuation contours from figure 5 at 50% of the peak magnitude and for all y. locations: y. € [0,0.25),
ye €[0.26,0.468), y. €[0.45,0.65), y. € [0.65,0.89), and y. € [0.85,1.08). A, and A, denote the streamwise and wall-normal
extent respectively. (b) Variation of A, and A, with wall-normal location. Solid lines denote the negative MP deflection (figure

5a) and dashed the positive (figure 5b).
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Figure 6. Geometrical characteristics for (u™ lg.y.) (see figure 5). (a) Coloured lines indicate contours of <"‘+|9-,yc> =0 at all

wall-normal locations and grey solid lines denote the linear fits (left). For a positive MP deflection, contours are limited in the
streamwise region: x € [—0.258,0.15], where @ g~ is defined (right). For a negative MP deflection, this region is x € [0,0.44],
where ¢ |9 is defined. (b) Variation of ¢ |9 and ¢|g~¢ with wall-normal location.

density gradient. Interestingly, this happens across an up-
stream leaning interface as indicated by the tangent to the
(u*g.y.) = O contour at the MP location (dashed red lines
in figure 5, middle panels). This suggests that out of the
two possible scenarios outlined earlier (see figure 1) the
most prominent geometry associated with a large MP de-
flection is that of an upstream leaning front. The average
behaviour, across all y locations, of the streamwise velocity
gradient, hinted at that (see figure 2c), although the effect
was significantly suppressed. For large negative MP deflec-
tions, this upstream slope is fairly narrow, centred around
the MP location, and it is seen to be imposed on a larger-
scale, downstream leaning (u+|97yc = 0 contour creating
a sawtooth profile. A linear fit of this downstream leaning
contour (solid purple line in figure 5, middle panel, top row)
results in an angle ¢|go~ 18°, for y. € [0.28,1.08] (figure
6). Close to the wall, this larger-scale, downstream leaning
interface is much less pronounced and ¢|g-( approaches
180° (figure 6b). For large positive MP deflections, the
larger-scale structure is absent and the upstream leaning
(u*gy,.) = 0 contour dominates the conditional structure
across x (solid cyan line in figure 5, middle panel, bot-
tom row) at an average angle ¢|g~o~ 142°, almost constant
throughout the boundary layer (figure 6b).

Finally, the addition of the mean flow field U, and the sub-
traction of a constant convection velocity allows the anal-
ysis of the flow topology associated with these conditional
velocity fluctuations, at each region of y.. For a convec-
tion velocity U, equal to the mean velocity at the mid-
dle of each region y.,, the resulting streamlines highlight
the presence of a saddle point for the case of a negative
MP deflection and a focus point in the case of a positive
deflection (left panels in figures 4a and 4b), a behaviour
consistent throughout the boundary layer. The same criti-
cal point behaviour was observed by Antonia and Fulachier
(1989) who used concurrent temperature and velocity mea-
surements from cold-wire and hot-wire anemometry respec-
tively, and analysed the flow topology conditioned on the
presence of strong negative (coolings) and positive (heat-
ings) temperature gradients in time. Taking into account
the relationship between temperature and density in an ideal
gas and the analogy between density gradients and the mea-
sured MP angle (equation 1), we can conclude that heatings
in time would be consistent with strong positive MP deflec-
tions (positive streamwise density gradients), while cool-
ings could be identified with negative MP deflections (neg-
ative streamwise density gradients). Although there are sev-
eral differences between the two measurement techniques,
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the strong similarities in the resulting flow topologies sup-
port the assumption that the underlying flow structures giv-
ing rise to strong aero-optic distortions of a certain orien-
tation, and to temperature gradients of a certain sign are
closely connected. This could allow more direct compar-
isons of the current technique with the existing vast body of
work employing cold wire measurements.

DISCUSSIONS AND CONCLUSIONS

Simultaneous particle image velocimetry and Malley probe
(MP) measurements were performed in a moderately heated
turbulent boundary layer. Velocity fluctuations conditioned
on large MP deflections revealed a clear change in sign for
both u and v velocities, consistent throughout the boundary
layer height. In an effort to determine which scales con-
tributed to this average behaviour, structures that instanta-
neously were more strongly correlated with the average be-
haviour were identified and were shown to be localised in y.
The v fluctuations exhibited an average wall-normal extent
~ 0.16 almost constant across y, in line with the conceptual
model introduced by Saxton-Fox et al. (2019), where the
tall, conditionally averaged v structures (figure 2b), were a
result of a superposition of smaller-scale v events, sitting
at different heights from the wall (figure 7). The condi-
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Figure 7. Contours of inner-normalised vertical velocity
fluctuations at 30% of their peak magnitude, conditionally
averaged on both a negative MP deflection and on y,, sup-
porting the conceptual schematic proposed by Saxton-Fox
etal. (2019).

tional u structures revealed a sign change across upstream
leaning interfaces—more prominent for positive MP deflec-
tions. The resulting flow topology supported results by An-
tonia and Fulachier (1989), enabling more direct compar-
isons with cold-wire studies. The emerging picture from the
conditional fields of both the streamwise and wall-normal
velocity fluctuations is consistent with earlier ideas of tem-
perature ramps with a sawtooth profile (Gibson et al., 1977)
and of ‘typical eddies’ superimposed on turbulent bulges
(Falco, 1977), while it also supports recent low-order mod-
elling results of passive scalar transport, based on a superpo-
sition of different velocity scales (Saxton-Fox et al., 2019).
Future work aims to exploit the available time information
from the MP signal and extend the current structural analy-
sis leveraging observations from cold-wire studies in order
to allow for a more complete conceptual picture and inform
further modelling efforts.
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