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ABSTRACT

The evolution of entrainment in the separated and reat-
taching flow induced by a wall-mounted fence are studied by
means of particle image velocimetry (PIV) experiments in the
water tunnel. The flow undergoes the transition process of sep-
aration, reattachment and the development of the new turbulent
boundary layer until it is fully developed. In this transition pro-
cess, the entrainment also evolves in accordance with the de-
velopment of flow. The entrainment velocity is modulated by
vortex structures: the entrainment velocity decreases above the
prograde vortex while it increases significantly above the ret-
rograde vortex near the turbulent/non-turbulent interface. As a
result of the modulation of vortex structures, the entrainment
velocity is the smallest along the streamwise direction where
the prograde shedding vortex is strong when deforming due
to the secondary instability, while the entrainment velocity in-
creases significantly when strong retrograde vortices appears
after the breakdown of shedding vortices. The global peak of
the mean entrainment velocity appears after the reattachment,
which is not related to the effect of vortex structures.

INTRODUCTION

Many studies have demonstrated the existence of a thin
and distorted layer that demarcates the turbulent and non-
turbulent regions in turbulent shear flows such as jets, mixing
layers and boundary layers. This layer is commonly known as
the turbulent/non-turbulent interface (TNTI) and has become
an important focus in the study of instantaneous entrainment
characteristics (Da Silva et al., 2014). Entrainment refers to
the processes by which fluid in the non-turbulent region is con-
tinually drawn into the turbulent region, leading to the increase
of the extent of the turbulent region. Generally, it is agreed that
entrainment is achieved in two ways, which are anthropomor-
phically called engulfment and nibbling, respectively. Engulf-
ment is an inviscid process that occurs locally and occasion-
ally, in which the fluid outside the interface is swallowed by
the turbulent region. Nibbling happens continuously along the
entire interface which is mainly caused by viscous vorticity
propagation. It is indicated that the contribute of nibbling to

entrainment accounts for the majority in many flows (Wester-
weel et al., 2005; Jahanbakhshi & Madnia, 2016; Long et al.,
2022a). Therefore, more attention has been attached to the
characteristics of nibbling rather than engulfment.

To gain deeper insights into the mechanisms of entrain-
ment, the effect of turbulent coherent structures on entrain-
ment has attracted considerable attention. It was reported
that local entrainment is mostly controlled by small-scale mo-
tions (Westerweel et al., 2009). The local entrainment veloc-
ity, which is commonly used to quantify the nibbling process,
is modulated by the nearby Taylor-microscale eddies (Mistry
et al., 2019; Neamtu-Halic et al., 2020). Meanwhile, some
other works indicated that the large-scale motions also play an
important role in local entrainment (Philip et al., 2014; Long
et al., 2022a). Long et al. (2022a) reported that low-speed
large-scale motions could induce stronger instantaneous nib-
bling, but the integral nibbling flux is larger above high-speed
motions due to the more distorted TNTI induced by high-speed
large-scale motions.

When most detailed researches focus on entrainment in
fully developed turbulent flows, some have shown the charac-
teristics of entrainment in spacially developing flows. Zhang
et al. (2021) studied the TNTI properties in the airfoil flow.
They reported that the dependency of local entrainment on the
TNTI geometry after the transition is analogous to that in the
jets and wakes, but in the early transitional stage the entrain-
ment is not modified by the geometric properties of the TNTIL.
Long et al. (2022b) explored the evolution of entrainment in
the transitional boundary layer over a multi-element airfoil,
and indicated that the increase of the TNTI length has a greater
effect on entrainment than the decrease of the vorticity gradi-
ent during transition, resulting in the increases of local entrain-
ment flux along the streamwise direction.

Despite of the investigation on the development of en-
trainment, the effect of flow structures on entrainment in the
transition process needs to be further studied. Thus, the goal
of the present work is to study the evolution of the turbulent
entrainment in spacially developing flows e.g. separated and
reattaching turbulent flows, and assess the effect of flow struc-
tures on the entrainment. For this purpose, experiments were
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Figure 1: Schematic of the experimental setup.

carried out where the separated and reattaching flows is in-
duced by a wall-mounted fence in the flat-plate boundary layer.

EXPERIMENTAL SETUP

The time-resolved particle image velocimetry (PIV) ex-
periments were conducted in the low-speed water channel at
Beihang University. The experimental setup is illustrated in
figure 1. A flat and smooth acrylic plate was vertically fixed
in the center of the 3-meter-long, 60-centimeter-wide channel.
The length, width and thickness of the plate were 200, 50 and
1.5 cm, respectively, and the free surface of water just sub-
merged the top of the plate. An elliptic leading edge with the
aspect ratio of 5 : 1 was utilized to avoid flow separation from
the leading edge of the plate, maintaining the flow laminar be-
fore the disturbance of fence. The flow separation was induced
by a stainless steel fence mounted on the plate as shown in the
lower-right subgraph of figure 1. The fence was 10 mm in
height (denoted as /), 1 mm in thickness and 30 cm away from
the leading edge of the plate. The freestream velocity U, is
102 mm/s and the Reynolds number based on the height 4 is
Rey, = Ussh/v = 965, where V is the kinematic viscosity.

The two-dimensional PIV system was used to capture the
velocity field. The fields of view (FoV) were located in the
central plane of the plate, which were far away from both the
free surface and the bottom wall of the channel to minimize the
end effect. Seeding particles were hollow glass beads with a
diameter of 5-20 um and a density of 1.05 g/cm?, which were
lightened by a laser sheet approximately 1 mm thick produced
by a high-frequency double-pulsed laser (Beamtech Vlite-Hi-
527-30k). The particle images were synchronously captured
by three CMOS cameras (2048 x 2048 pixels) with Nikkor 85-
mm tilt-shift lenses, with a sampling frequency of 250 Hz. The
FoV for each camera was approximately 104 x 10/ and there
was an overlap of at least 10 mm between the FoV's of adjacent
cameras. Calibration with a single long reference target cover-
ing the entire measurement area was used for stitching FoVs.
To obtain a longer velocity field on this basis to analyze the
evolution of entrainment, measurements were repeated three
times at different stations with each measurement covering a
streamwise region of approximately 25A, limited by the width
of the laser sheet. The multiple iterative Lucas—Kanade algo-
rithm (Pan er al., 2015) is used to calculate the velocity field
with an interrogation window of 32 x 32 pixels and an over-

y/h
o N b

Figure 2: Visualization of the instantaneous vorticity
field downstream of the fence. The TNTI is denoted by
the black solid line.

lap of 75% for the final iteration. The velocity vector spacing
scales at the Kolmogorov scale 17; measured on the TNTIL, in-
dicating that the present spatial resolution is high enough and
suffices for the TNTI detection and relevant analyses. The ve-
locity uncertainty &, was approximately 1.21 mm/s, and the
relative velocity uncertainty &,/Us.. was approximately 1.2%.
The vorticity uncertainty £g_was obtained following Qu et al.
(2019), which was approximately 2.32 s~!, and the normal-
ized vorticity uncertainty g h/U.. equals 0.23.

RESULTS AND DISCUSSION
Development of the flow field

Generally, the vorticity of the turbulent flow is much
higher than that of non-turbulent flows, so the vorticity magni-
tude (or the enstrophy) is usually used to detect this irrotational
boundary between turbulent and non-turbulent regions. In the
present work, spanwise enstrophy @? = (dv/dx — du/dy)? is
used to detect the interface, and the procedure is the same as
our previous work (Li et al., 2022). An instantaneous vorticity
field superimposed with the TNTI is shown in figure 2. Mean-
while, a clear development process of the separated shear layer
can be observed, which is similar to the development of the
bluff body shear layer (Lander et al., 2016), that is, the sep-
arated shear layer rolls up forming the shedding vortex, and
then the shedding vortex deforms and breaks down into small-
scale eddies. It should be noted that in the initial stage, the
separated shear appears laminar, which makes it debatable to
call this irrotational interface “TNTI”. Nevertheless, the de-
tection procedure is consistent with the detection of TNTI in
fully developed turbulence (Da Silva et al., 2014; Long et al.,
2022a). In addition, when the downstream boundary layer is
fully developed, the present results could be consistent with
the existing turbulent entrainment conclusions. As a conse-
quence, following previous practices (Philip ef al., 2015; Long
et al., 2022b), the interface herein is also referred to as TNTI
for convenience.

To statistically quantify the development process of the
shear layer, the vorticity thickness is investigated, which is de-
fined as 8, = (Umax — Umin)/(QU /9y)max, where Unmax and
Upin are the maximum and minimum mean streamwise ve-
locity, respectively, and (AU /dy)max is the maximum verti-
cal gradient of the mean streamwise velocity. The vorticity
thickness 9§, increases along streamwise direction with four
different slopes as shown in figure 3(a). The change of vor-
ticity thickness slope indicates the development of flow struc-
ture (Fang & Tachie, 2019; Kang et al., 2021). Drawing on
the past understanding of the evolution of separate shear lay-
ers (Lander et al., 2016) and the observation of instantaneous
motions, the development of the separated shear layer in the
present case is divided into four stages based on the charac-
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Figure 3: (@) Streamwise variation of vorticity thickness
0,. The magenta solid lines represent the linear fits to
vorticity thickness. k = d6,/dx is the growth rate of
vorticity thickness. x; is the location of the reattachment
point. (b) Tortuosities of the TNTI at different stream-
wise positions.

teristic points of the vorticity thickness, i.e. the laminar shear
stage when x < 2h, vortex generation and growth stage when
X € [2h,6h], vortex deformation stage when x € [6/,9.2h] and
vortex breakdown stage after x > 9.2h.

In the early stages when x < 6h, the irrotational interface
is relatively flat and stable. When the shedding vortex deforms
significantly, the position of the interface begins to fluctuate up
and down. Further, after the breakdown of the shedding vortex
when x > 9.2h, the shape of the TNTI becomes more distorted.
To quantitatively reflect the evolution of the TNTI geometry,
the tortuosity is investigated, which is defined as the length
of TNTI curve per streamwise distance Lg/Ly. As shown in
figure 3(b), Ls/ Ly = 1 before the shedding vortex breaks down
into turbulent eddies, while the tortuosity of TNTI begins to
increases monotonously after x > 9.2h. Finally, it reaches a
new plateau of Lg/L, ~ 3 when the new turbulent boundary
layer is fully developed after x > 46h.

Development of the entrainment velocity

The entrainment velocity v, is the velocity of the TNTI
relative to the flow, which has been extensively studied to
quantitatively understand local entrainment (Holzner & Luthi,
2011; Mistry et al., 2016; Long et al., 2022a). It is generally
believed that the movement of TNTI is composed of the ad-
vection with local flow and the displacement caused by local
entrainment, as illuminated in figure 4(a). As a consequence,
to obtain the entrainment velocity v,, the interface-tracking
method proposed by Wolf et al. (2012) is implemented. Fig-
ure 4(b) shows an example of this procedure for obtaining v,
via the interface-tracking method. First, the TNTI at a short
time interval after (7o + Ar) is advected with the local veloc-
ity back to the current instant #y, which is called the advected
TNTI. Second, calculating the distance along the normal di-
rection from the TNTI at 7y to the advected TNTI. Third, the
entrainment velocity is obtained by dividing the normal dis-
tance with the advection time Az. In practice, the selection of
At lacks a uniform standard, which depends on the data set
and flow type being considered. Mistry et al. (2016) studied
the effect of At on the statistics of v, based on which they car-
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Figure 4: (a) Illustration of the interface movement as a
result of advection and entrainment. (b) Illustration of

the interface-tracking method for obtaining the entrain-
ment velocity.

ried out the optimum At for their case. Following this idea, the
variation of mean entrainment velocity v, against Ar was ex-
amined and Ar = 0.57, was selected because results were least
sensitive to A around here, where 7y is the local Kolmogorov
time scale.

The streamwise variation of the mean entrainment veloc-
ity v, is shown in figure 5. Note that, since the interface nor-
mal vector is defined to point towards the turbulent region, a
negative v, corresponds to entrainment causing the extension
of the turbulent region. When x < 24, the separated flow is
dominant by the shear motions and the increase of v, is quite
small. When the shedding vortex appears (x > 2h), the en-
trainment velocity begins to decrease. The magnitude of v,
decreases more quickly when the vortex structure begins to
deform due to secondary instability when x > 6A. The entrain-
ment velocity is minimum at x = 7.5h where the shedding vor-
tex is the strongest. With the further deformation of the shed-
ding vortex, the vortex structure is stretched more significantly
in the vertical direction and the entrainment velocity begins
to recovery gradually. After the breakdown of the shedding
vortex, the mean entrainment velocity continues to increase
and and reaches the maximum magnitude of [v,| = 1.85uy
downstream of the reattachment point, where uy is the local
Kolmogorov velocity scale. The mean entrainment velocity
decreases monotonously downstream of its global peak. Fi-
nally, when the turbulent boundary layer is fully developed
(x > 46h), |v,| decreases back to a constant value of 0.85uy,
which is consistent with results reported by previous studies
for fully developed turbulence (Wolf et al., 2012; Mistry et al.,
2016; Long et al., 2022b).

Modulation of vortex structures on the entrain-
ment velocity

Since the vortex near the TNTI could modify the local
entrainment velocity Neamtu-Halic ez al. (2020), it is not dif-
ficult to consider that the variation of the entrainment veloc-
ity is related to the development of the shedding vortex. In
the present work, vortex structures are detected by swirling
strength criterion (Zhou et al., 1999). In this criterion, the
swirling strength of vortex structure is represented by the mag-
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Figure 5: Streamwise variation of the mean entrainment velocity v,,. The location of the reattachment point is marked with

the vertical dashed line.

nitude of the imaginary part of the eigenvalue of the velocity
gradient tensor |A.;|, and the sign of A; is set to be the same
as that of the local spanwise vorticity to distinguish spanwise
vortices with different swirling directions. Herein, the pro-
grade vortex refers to the spanwise vortex that rotates in the
same sence as the mean shear (4.; < 0), while the retrograde
vortex is the opposite (4.; > 0).

To more profoundly study the effect of vortex structures
on entrainment, the entrainment velocities are conditionally
averaged based on whether there is prograde, retrograde or
no vortex structure beneath the TNTI, which are denoted by
(Va)ps (vn)r and (v,)o, respectively. When there is no vor-
tex structure beneath the TNTI, the conditional averaged en-
trainment velocity (v,)o is almost constant when x < 9.2k
as shown in figure 6(a). Subsequently, (v,)o increases after
the breakdown of the prograde shedding vortex and declines
downstream of its global peak which is at the same stream-
wise location as that of the time mean entrainment velocity.
Thereafter, the effect of vortex structure on entrainment is rec-
ognizable by comparing with the no-vortex case.

Around the retrograde vortex structures, the entrainment
velocity is dramatically enhanced, with the maximum 2.4
times as large as that of (v,)q at x = 11h. After x > 11, (v,),
decreases monotonously, and it becomes constant when the
boundary layer is fully developed (x > 46h). On the other
hand, the prograde vortex shows obvious suppression effect
on the entrainment process, causing (v;) p to be smaller than
(va)o when x > 4h. The decrease of v, does not occur from
the generation of the prograde shedding vortex in x € [2h,44],
indicating that the weak vortex generated in the early stage
are difficult to affect entrainment. The greatest reduction of
the entrainment velocity appears at x = 7.5h. It is noticeable
that when the modulation of the prograde vortex is strongest
in the vicinity of x = 7.5h, (v,), even becomes positive cor-
responding to the detrainment process. After the breakdown
of the shedding vortex, (v,), shows the similar variation trend
with (v, )¢ as the effect of the prograde vortex weakens. When
the boundary layer is fully developed, the conditional averaged
entrainment velocities become constant, while the entrainment
velocity above the retrograde vortex is still slightly larger than
the other conditional averaged entrainment velocities. In the
transition process, the streamwise locations of the greatly en-
hanced and reduced local entrainment velocities are consistent
well with the extreme circulations of retrograde vortices and
prograde vortices, respectively, as shown in figure 6(b). The
circulation I is obtained by integrating the vorticity in the do-
main of the vortex structure, and T refers to the time mean
circulation. This shows that the local entrainment velocity is
related to the strength of the vortex structures in the vicinity of
the TNTI in the transition process.

The comparison between cases shows that the decrease in

the time mean entrainment velocity is caused by the growth of
the progressive shedding vortex before the breakdown. How-
ever, the global peak of the mean entrainment velocity is not
caused by the modulation of the retrograde vortex. According
to Holzner & Luthi (2011), the entrainment velocity is related
to vorticity strain motion, viscous diffusion and dissiaption.
We suspect that the global peak of entrainment velocity in the
separated and reattaching flow is more related to the variation
of vorticity viscous propagation rather than to the effect of vor-
tex structures. Due to the lack of three-dimensional data, it is
difficult to obtained direct evidences, and more studies will be
conducted in the future to gain a deeper understanding.

CONCLUSION

The evolution of entrainment in the separated and reat-
taching flow induced by a wall-mounted fence are studied by
the time-resolved particle image velocimetry experiments in
the water tunnel. The flow undergoes the transition process of
separation, reattachment and the development of the new tur-
bulent boundary layer until it is fully developed. Significant
variations of entrainment occur mainly above the recirculation
zone and the reattachment zone. The local entrainment veloc-
ity decreases above the prograde vortex, while it increases sig-
nificantly above retrograde vortices near the TNTI. As a result
of the modulation of vortex structures, the mean entrainment
velocity is the smallest along the streamwise direction where
the prograde shedding vortex is strong when deforming due
to the secondary instability. The conditional averaged entrain-
ment velocity above retrograde vortices increases significantly
when strong retrograde vortices appears after the breakdown
of shedding vortices. However, the global peak of the mean
entrainment velocity appears after the reattachment, which is
not related to the effect of vortex structures.
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