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Shear-layer structures in turbulence generated by opposed
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ARTICLE INFO ABSTRACT

Keywords: Shear layers arising from turbulent velocity fluctuations are important flow structures that
Turbulent structures strongly influence heat and mass transfer, but their characteristics have been examined in only
Triple decomposition a limited range of flows. The present study investigates shear layers in turbulence generated
Shear layers by opposed multiple-fan arrays. Velocity fields are measured by particle image velocimetry

in a multi-fan turbulence chamber under three fan-speed conditions, including nearly isotropic
and anisotropic cases. Shear layers are analyzed using the triple decomposition applied to low-
pass-filtered velocity fields to examine their scale dependence over the filter range from 20n
to 80n, where 7 is the Kolmogorov scale. The results show that intense shearing motions form
layer-like structures. Conditional averaging in a shear-aligned coordinate system reveals that the
conditionally averaged shear-vorticity profile is self-similar for filter scales above 307. The aspect
ratio of shear layers remains approximately 4-5 and varies little with scale or flow condition.
The mean velocity jump across a shear layer increases with scale and is reasonably scaled
by (555)1/3, where ¢ is the turbulent kinetic energy dissipation rate and ¢ is the shear-layer
thickness, indicating consistency with Kolmogorov scaling. Although the most anisotropic case
exhibits larger velocity fluctuations in the fan-axial direction than those in the vertical direction,
the probability density function of shear-layer orientation is nearly uniform, and both the aspect
ratio and the normalized velocity jump depend only weakly on orientation. These results suggest
that the fundamental characteristics of shear layers at scales of O(10'#) are robust against large-
scale anisotropy.

1. Introduction

Turbulent flows efficiently transfer heat and mass through chaotic fluid motions over a wide range of scales. This
enhanced transport plays an essential role in many natural and engineering flows. In the atmosphere and oceans,
turbulence governs the dispersion of heat, moisture, salinity, and chemical species, thereby influencing weather,
climate, and environmental transport [1, 2, 3, 4]. In engineering applications, turbulent mixing determines the
performance of heat exchangers, combustion devices, chemical reactors, and ventilation systems, where rapid transport
of momentum, heat, and scalar quantities is often required [5, 6, 7, 8]. Because of its strong impact on transport
efficiency, turbulence has long been a central subject in fluid mechanics and heat and mass transfer.

One important aspect of turbulence is its structure, which can be perceived as characteristic patterns in flow
visualization. Analysis from a flow-structure perspective allows intuitive physical observations [9]. Because turbulence
comprises vortical motions at different scales, structures associated with vorticity have been of great interest

in understanding turbulent flows from the flow-structure perspective. A velocity gradient tensor du;/dx; can be
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decomposed into symmetric and antisymmetric components, which are called the rate-of-strain tensor S;; = (du;/dx;+
0u;/0x;)/2 and the rate-of-rotation tensor Q;; = (du;/0x; — du;/0dx;)/2. The component of €;; is proportional
to the vorticity vector component @; = ¢;;,0u;/dx;, where €;;; is the Levi-Civita symbol. Additionally, €;; can
be further decomposed into two components associated with rigid-body rotation and shear [10]. These two distinct
motions manifest as vortex tubes with rigid-body rotation and vortex sheets with shear. The former is often identified
in flows based on the second invariant of the velocity gradient tensor, Q@ = (Q;;Q;; — S;;S5;;)/2, whose positive
values indicate that rotation predominates over strain [11]. An alternative method for identifying vortex tubes is the
A, criterion [12]. These identification methods have led to extensive studies of vortex tubes in various turbulent flows
[13, 14, 15, 16, 17, 18, 19, 20]. Statistical analyses of vortex tubes with respect to the radial position from the vortex
center have revealed their characteristics, such as diameter and azimuthal velocity.

Compared with vortex tubes, vortex sheets associated with shear, also called shear layers, were investigated
less extensively in early studies of vortical structures, except through observations based on flow visualization [21].
Visualization of vorticity in three-dimensional space reveals intense vorticity concentrated in layers, whose evolution
suggests that vortex tubes are generated by the instability of shear layers. A more recent method for identifying shear
layers is based on the triple decomposition of the velocity gradient tensor [10]. This decomposition splits the velocity
gradient into three parts: elongation, rigid-body rotation, and shear. The shear component yields the shear-vorticity
vector, which is useful for identifying shear layers. Shear layers have been analyzed using the triple decomposition in
isotropic turbulence, jets, and mixing layers [22, 23, 24, 25]. These studies have consistently confirmed that small-scale
shear layers have characteristic velocity and length scales determined by the Kolmogorov velocity and length scales. It
has been shown that small-scale shear layers form within a biaxial strain that stretches the shear-vorticity and sustains
the thin-layer structure, exhibiting similarity to Burgers’ vortex layer [22]. The triple decomposition applied to a low-
pass-filtered velocity gradient tensor extracts the three motions at the filter cutoff scale. Analyses of shear layers in
filtered velocity fields have shown that self-similar shear layers exist over a wide range of scales [26]. Recent analyses
based on velocity-gradient partitioning have also emphasized the importance of distinguishing pure shearing, rigid-
body rotation and normal straining in turbulent velocity-gradient dynamics [27, 28]. In particular, a normality-based
analysis of filtered velocity gradients showed that shear layers contribute significantly to inertial- and subinertial-range
dynamics [28].

Shear layers play an important role in heat and mass transfer in turbulence. The velocity field induced by small-
scale shear layers can be calculated using the Biot-Savart law applied to the shear-vorticity vector. Turbulent jets
rapidly transport scalar quantities and momentum in the transverse direction, causing the jet region to expand outward
[29, 30, 31, 32, 33]. The shear-induced velocity field has been shown to contribute predominantly to turbulent heat

flux in turbulent jets [34]. In contrast, the velocity field reconstructed from the vorticity vector of rigid-body rotation,
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associated with vortex tubes, has virtually no contribution to the turbulent flux. Additionally, instability of small-
scale shear layers has been shown to promote mixing at small scales [35]. These studies have consistently confirmed
the importance of shear layers in turbulent transport phenomena. However, investigations of shear layers have been
reported for fewer canonical turbulent flows than those of vortex tubes. Vortex tubes are sensitive to variations in large-
scale characteristics, such as mean shear, which leads to their preferential alignment with the mean shear direction
[36, 37, 38]. The present study therefore examines whether the characteristic geometry, scaling, and orientation
statistics of shear layers persist in turbulence with imposed large-scale anisotropy generated by opposed multiple-fan
arrays.

The present study investigates shear layers using a turbulence chamber with opposed multiple-fan arrays [39]. The
multi-fan turbulence chamber consists of two sets of 9 X 9 fans placed on opposing sides of a rectangular chamber.
Similar fan-driven turbulence chambers have been developed in previous studies [40, 41,42, 43, 44]. These studies have
shown that interactions among fan-induced flows lead to the formation of nearly homogeneous isotropic turbulence
with a small mean velocity near the chamber center. The present facility can employ different rotational speeds for each
fan row, thereby varying the velocity of fan-induced flows in the vertical direction. When the rotational speed is fixed
for all fans, nearly homogeneous isotropic turbulence with a small mean velocity forms near the chamber center [39].
Additionally, large-scale anisotropy can be introduced into the flow by adopting different rotational-speed profiles. The
characteristics of shear layers are investigated for turbulence under both isotropic and anisotropic conditions. Velocity
measurements are conducted using two-dimensional two-component particle image velocimetry (PIV).

The paper is organized as follows. Section 2 describes the turbulence chamber, experimental conditions, and
measurement methods. Section 3 presents the methods adopted to analyze shear layers using velocity data measured
by PIV. Section 4 presents the experimental results, including both the fundamental flow characteristics and the

characteristics of shear layers. Finally, the main findings are summarized in Sec. 5.

2. Experimental setup and methods

2.1. The multi-fan turbulence chamber

Figures 1(a) and (b) show a schematic of the multi-fan turbulence chamber. The same facility was used in our
previous study [39]. The details were presented there, and this section briefly describes the facility and measurement
methods. Two multiple-fan arrays are arranged on opposite sides inside a rectangular chamber. The laboratory
coordinate system is defined with the origin at the chamber center. The fan-axis and vertical directions are denoted by
x and y, respectively, while z is defined as the spanwise direction normal to the x and y directions. Each multiple-fan
array comprises 81 DC fans (Sanyo Denki, 9GA0412P3K011), arranged in a 9 X 9 square configuration with a center-

to-center pitch of p = 60 mm, as illustrated in Fig. 1(c). The chamber is constructed with an aluminum frame, with
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(b)
} 9 x 9 fans %
.

© @
T =

40
= 1% (%
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Figure 1: Schematic of the multi-fan turbulence chamber. (a) Overall perspective view of the confined chamber. The fans
are illustrated with enlarged dimensions and are not drawn to scale, while installation details are omitted for clarity. The
green dashed rectangular frame and the red solid rectangle indicate the large and small FOVs of the PIV measurements,
respectively. (b) Perspective view of the installation of two adjacent fans. (c) Front view of two adjacent fans, defining the
fan pitch p. (d) Side view of the installation of a fan. The fan blades are shown for schematic purposes only and do not
imply any information about their actual geometry or dimensions. All dimensions are in mm.

620

aluminum plates forming the bases of the fan arrays and clear acrylic panels used for the remaining walls. The internal
dimensions of the chamber are 620 x 620 x 640 mm?3. Each fan, with dimensions of 40 x40 x 28 mm, is mounted on the
aluminum plate with an offset distance of 35 mm using a 3D-printed stand illustrated in Fig. 1(d). These arrangements
lead to a distance of 514 mm between the opposed fans. The top wall of the chamber is removable for maintenance
and the introduction of tracer particles.

Within each array, each fan row at the same height (y) is connected to a common pulse-width modulation (PWM)
controller, which controls the fan rotational speed through a variable duty ratio (DR). The PWM signal has a fixed
frequency of 25 kHz. The minimum speed is 6500 rpm at DR = 0%, from which the speed increases with DR. The fan
speed is about 8600 rpm at DR = 6%, and then increases linearly with DR to 22000 rpm at DR = 95%, above which

it remains constant. The flow rate is 1.35 x 10~2 m3/s at DR = 100% and 0.38 x 102 m3/s at DR = 0%.

2.2. Experimental conditions
Different DR settings lead to turbulence with different properties. Experiments are conducted for the three cases
summarized in Table 1. Here, the fan rows are indexed from bottom to top along the y direction, with n, = 1-9. Array

number distinguishes the two arrays to present the DR settings for each array, although the arrays are identical. Case 1
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Case DR for array 1 (%) DR for array 2 (%)
1 100 for all n, 100 for all n;
2 10+10><nf 110—10><nf
3 100 forSSnf§9 100 forlgnfSS
0 otherwise 0 otherwise

Table 1
DR settings for each case. Here, n, = 1-9 is the index distinguishing the fan rows

applies the same DR to all fans. This setting was used in our previous study to produce nearly homogeneous isotropic
turbulence near the chamber center [39]. In Case 2, DR varies linearly from 10 to 100. For array 1, DR increases from
bottom to top, while the profile is reversed for array 2. Case 3 applies DR = 100 or 0. Cases 2 and 3 are intended to

introduce anisotropy into the flow, with mean shear near the fans.

2.3. Velocity measurement

Two-dimensional, two-component PIV is employed to measure velocity vectors in the x and y directions, (U, V),
on x—y planes near the chamber center. The PIV system consists of a double-pulse Nd: YAG laser (Dantec Dynamics,
Dual Power 65-15) and a high-speed camera (Dantec Dynamics, SpeedSense 9070) with a resolution of 1280 x 800
pixels, operated using integrated software (Dantec Dynamics, DynamicStudio) with a synchronizer (Dantec Dynamics,
80N77). Tracer particles, with a mean diameter of approximately 1 ym, are generated using a fog generator (Dantec
Dynamics, SAFEX F2004) and a fog fluid (Dantec Dynamics, Fog Fluid Standard). The particles are seeded into the
chamber prior to each measurement. The laser illuminates the measurement plane from bottom to top, and the camera
is aligned along the z axis. The particle image pairs are acquired at a sampling rate of 15 Hz and processed using the
adaptive PIV algorithm [45] together with the universal outlier detection method [46] for erroneous vector handling,
both of which are implemented in DynamicStudio. The particle image pairs are processed with a prescribed vector
spacing of 8 pixels, with a minimum interrogation window size of 16 X 16 pixels (corresponding to a 50% overlap)
and a maximum window size of 32 X 32 pixels. The convergence criterion for the adaptive PIV algorithm is set to
0.01 pixels for all cases. The laser pulse interval is adjusted such that the mean particle displacement is of the order of
several pixels.

For each DR setting, two sets of measurements are conducted using different fields of view (FOVs). Large-FOV
measurements yield the spatial distributions and scale dependence of turbulence statistics. Small-FOV measurements
are conducted to examine small-scale characteristics. Since the pixel resolution is fixed, a smaller FOV results in a
higher spatial resolution. The large FOV is illustrated by the green dashed rectangular frame in Fig. 1, located in the
x—y plane, centered at the origin O, with dimensions of approximately 12075 mm. For the large-FOV measurements,

the camera is equipped with a macro lens (Nikon, AI AF Micro Nikkor 105 mm F2.8D). The small FOV has dimensions
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of approximately 40 X 25 mm and is illustrated by the red solid rectangle in Fig. 1. The small FOV is centered at the
location (x, y, z) = (0, 0, 120 mm), with the offset of 120 mm corresponding to twice the fan pitch. For the small-FOV
measurements, an additional extension tube set (Meike, MK-N-AF1-A) is mounted in conjunction with the macro
lens. The spanwise offset of the small-FOV measurements is a compromise imposed by the camera working distance.
Because the fan rotational speed is the same for all fans at the same height, this spanwise offset has minimal influence
on the measured velocity statistics.

Measurements are repeated 8—12 times for each case to obtain more than 1000 velocity snapshots. The sampling
interval corresponding to a sampling rate of 15 Hz is 0.067 s, which is comparable to the characteristic timescale of
large-scale turbulent motions and much larger than that of small-scale turbulent motions. However, the present analyses
are based on ensemble averages of instantaneous velocity fields and do not rely on time-series information. Therefore,
the sampling interval does not affect the present statistics, although it would be insufficient for analyses of temporal
evolution, such as temporal tracking of shear layers or velocity time derivatives. The time interval between the two
particle images used to evaluate each instantaneous velocity field is the laser pulse interval, approximately 100-200
us, which is adjusted for each fan-speed condition to satisfy the particle-displacement requirement and is much shorter
than the turbulence timescale. An ensemble average over all snapshots is applied to evaluate turbulence statistics. The
average value of f is denoted by (f)(x, ). The velocity fluctuations are denoted by u = U —(U)and v =V — (V).
The present study also applies spatial averages within the FOV in the discussion of the general flow characteristics,
rather than spatial distributions.

Because the present measurements are limited to two in-plane velocity components on an x—y plane, the following
analysis characterizes the in-plane signatures of shear layers rather than their full three-dimensional geometry.
Comparisons between two- and three-dimensional analyses of shear layers using DNS data of isotropic turbulence
showed that two-dimensional analysis underestimates the absolute shear intensity and velocity jump because the out-of-
plane components are not included, but captures the scale dependence and the main conditional characteristics of shear
layers [26]. Therefore, the absolute magnitude of the shear intensity should be interpreted with this limitation in mind,
whereas the scale dependence discussed below is expected to be less sensitive to the two-dimensional measurement

limitation.

3. Shear layer analyses with the triple decomposition

3.1. Triple decomposition
The shear-layer analyses are conducted using the triple decomposition, which is useful for quantifying shearing
motion. The present analyses follow those conducted for nearly homogeneous isotropic turbulence in our previous

experiments with a turbulence wind tunnel [26]. The decomposition is applied to the low-pass-filtered velocity to
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examine the scale dependence of shear layers. A Gaussian low-pass filter is applied to the velocity fluctuation fields

[47]:
y+Lp x+Lp
i(x,y; L) = / / G(r, Lpu(x',y)dx'dy, 1)
y—-Lp x—Lp
y+Lp px+Lp
o(x,y; Lp) = / / G(r, Lp)v(x', y)dx'dy/, 2
y—Lpg x—Lp
r=VE-x2+@-y)> 3)

2
G(r,Lp) = % exp (—%) ) @
v F F

The cutoff length L is determined from the Kolmogorov scale = (v*/ €)!/4, which is defined using the kinematic
viscosity v and the turbulent kinetic energy dissipation rate €. The integral in the filtering operation is truncated to the
region x + Ly and y + L around the point (x, y). G(|r| = Lp) is less than 0.25% of its peak value at r = 0, and
extending the integration range does not affect the results presented here [26]. From the two-dimensional profiles of

(u, v) measured in the small FOV, the dissipation rate is evaluated under the local-isotropy assumption [48]:

e=v <4 (g—i)z +4 <3—$>2 +3 <%>2 +3 (%)2 +4 (g—i‘c) <3—;> +6 <%> (%>> ®)
The spatially averaged value of € is used to evaluate the Kolmogorov scale. The cutoff length is given by Ly = Cgy,
with Cr = 20-80. Quantities calculated from the filtered velocity fields are denoted by a tilde, e.g., @.

Equation (5) estimates the dissipation rate from the four in-plane velocity-gradient components available from the
present two-dimensional two-component PIV measurements. Here, the local-isotropy assumption is used mainly to
estimate the order of magnitude of € and the Kolmogorov scale #, which defines the filter range. Therefore, possible
uncertainty in ¢ affects the exact numerical value of # but does not alter the qualitative conclusions drawn from the
scale dependence and orientation dependence of the conditionally averaged shear-layer statistics.

The triple decomposition is applied to the filtered velocity gradient tensor Vii, whose components are denoted by
(Va);; = 0i;/0x;, where the subscripts indicate tensor and vector components. The triple decomposition separates
Vii into three components associated with shear (S), rigid-body rotation (R), and elongation (E), such that Vii =
Viig + Viig + Viig. The decomposition algorithm is the same as that used in previous studies [10, 26, 49]. The
decomposition is performed in the basic reference frame, in which the formula given below effectively extracts shear.
The orthogonal transformation matrix from the laboratory frame x to the basic reference frame (BRF) x 3 is denoted by

Q. which is determined from the eigenvectors of the rate-of-strain tensor S;; = (d;/0dx; + dii; /dx;)/2 [10, 26, 49].
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The velocity gradient tensor in the BRF is evaluated as Vi = 0 BVﬂQT, where QE is the transpose of Qp. The

decomposition formulae in the BRF are written as

(Vﬁ%s% — sen [(Ww))u] min [|(Vﬁ<3))ij| ’ ’(W(m)ﬂ” , (6)
<Vaff)>[j = (va®), - <Vﬁ(lfés>[j, ™
(Vi) = |(vas), ~ (vaiss) | > ®
(v, = [(vats), + (vt | 2 ®

These decomposed terms in the BRF are subsequently transformed back to the original laboratory coordinate system

using the inverse of Q.

3.2. Shear layer analyses

Shear-layer analyses are conducted at a given filter scale L to investigate the scale dependence of shear layers.
Shear layers can be identified using the shear intensity defined as Iy = 1/2(Viig);;(Viis);;. Following previous studies
of shear layers, the present study investigates the local flow fields in regions around the local maxima of I, which
are located within shear layers. Here, local maxima with small I values are excluded from the analyses to mitigate
the effects of measurement errors. Specifically, local maxima satisfying I > C,,(I¢) are considered, with C,;, = 1.5.
Different values of C,;, were also tested in Appendix A, but no significant changes in the scale dependence of shear
layers were observed [26].

For each local maximum, a shear coordinate x¢ = ({;, {,) aligned with the shear layer is introduced to evaluate
conditional averages of shear layers. A quantity evaluated in the shear coordinate is denoted by a superscript (.5). The
directions of | and ¢, are determined such that the shear component of the velocity gradient tensor Vii g has only one
non-zero component in the form

vald) = 0 ~losl (10)
0 0
The transformation matrix from the laboratory coordinate to the shear coordinate, Q g, in xg = Q gx, can be obtained

by applying a 90° rotational transformation and/or a symmetric transformation matrix to Q 5 [26].
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Observations of the flow field in the shear coordinate provide a consistent evaluation of the local flow field around

shear layers. For each shear layer, the shear coordinate is discretized using non-uniform grids, defined as

_ _ Smax h A 11
gi(n) = _“_g arctan [tan (ag) < — N >] s (11

where n = =N, ..., N is the index of the discrete points, N, = 100 determines the spatial resolution, ¢y = 2.5 is a
stretching parameter controlling the non-uniformity, and ¢,,,, defines the spatial extent of the discretized region. In the
present study, ..« is set to 7.5 L, as the filter is applied to identify shear layers at the scale of L. This non-uniform
grid provides better spatial resolution near the shear-layer center. Flow variables, such as velocity and shear intensity,
are interpolated onto the discretized shear coordinate using a third-order Lagrange polynomial interpolation scheme.
The velocity vector in the shear coordinate is evaluated by applying the coordinate transformation to the velocity field.
Here, the velocity components in the {; and ¢, directions are denoted by u; and u,, respectively. The interpolation onto
the shear coordinate is repeated for all local maximum locations. Ensemble averages over all shear layers, denoted by
7, are then taken as functions of (|, {5).

The present analysis with two-dimensional velocity data characterizes the in-plane signatures of shear layers rather
than their full three-dimensional topology. The term “shear layer” is used because previous three-dimensional analyses
have shown that intense shearing motion is concentrated in layer-like structures [22, 23, 24, 50]. Moreover, DNS-
based comparisons between two- and three-dimensional analyses showed that two-dimensional velocity data capture
the shear-layer structure and its scale dependence, although the shear intensity and velocity jump are underestimated
because the out-of-plane components are not included [26]. Thus, the present analysis is suitable for discussing the scale
dependence of shear-layer characteristics, while the absolute magnitude of the shear intensity should be interpreted

with this limitation in mind.

4. Results and discussion

4.1. Fundamental flow properties
Table 2 summarizes the velocity statistics obtained for each DR case. The velocity statistics are evaluated using
both ensemble averages and spatial averages within the FOV to provide the overall flow properties. The mean velocities,

(U) and (V'), and the rms velocity fluctuations, u,,,; = (u*)'/? and v,,,, = (v*)!/2, are evaluated from the large-FOV

rms

measurements. The mean velocity is comparable to the rms velocity fluctuations, and the mean flow is very weak

compared with that in other wind-tunnel facilities. For Cases 1 and 2, u,,,, is comparable to v and the velocity

rms rms?

fluctuations are nearly isotropic. For Case 3, u,,,, is about 1.4 times larger than v,,,,. This case adopts different DRs

that change from O to 100% at the central fan row. It is expected that the x-directional velocity changes drastically
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Table 2

Summary of flow statistics. Results from the large FOV are presented for the mean velocities, (U) and (V'), and the
rms velocity fluctuations, u,,,, and v,,,. The turbulent kinetic energy dissipation rate ¢ is evaluated with Eq. (5) from
the small-FOV measurements. The Taylor microscale A = u,, /(du/0x),,, the Kolmogorov scale 1 = (v3/¢)'/4, and the
turbulent Reynolds number Re, = u,, A/v are also evaluated from the small FOV. A is the spatial resolution, defined as

the side length of the minimum interrogation window. The statistics are evaluated using ensemble and spatial averages.

Case 1 Case 2 Case 3
(U) (m/s) 0.10 0.28 0.52
vy (m/s) -0.28 -0.10 -1.03
u,,, (m/s) 0.47 0.39 0.97
U,ms (mM/s) 0.42 0.40 0.71
Uppys ] D 1.12 0.98 1.37
e (m?/s%) 3.0 1.2 12.7
2 (m) 40%x 107 53x107°  4.0x107
n (m) 1.9x10* 24x10* 13x10™*
Re, 1.2 x 102 1.3 x 102 2.4 % 10%
A/n for small FOV 2.7 21 3.8
A/n for large FOV 8.1 6.3 11.4
(a) (b)
K SN 1.0 F -
@ I ] = \\v 1 — Casel
Em | & L {1 — Case?2
g 0.5 [ —— ] g 0.5 7 —— Case3
s -_ S r 1
0-0 1 L L 1 L 1 1 L ! L 1 0.0 1 ! L L 1 1 1 T L 1 1
-0.5 0.0 0.5 -0.5 0.0 0.5
y/p y/p

Figure 2: Vertical profiles of the rms velocity fluctuations in the (a) x direction (u
Results from the large-FOV measurements are presented.

) and (b) y direction (v,,,) at x =0.

rms rms

in the y direction near the fan. Therefore, turbulence is produced by the mean velocity gradient d{U)/dy. As also
observed in other turbulent shear flows, turbulent production associated with d(U)/dy results in larger u,,,, than the
other components [47].

Table 2 also presents statistics related to velocity gradients evaluated from the small-FOV measurements. The
Taylor microscale is evaluated using the x-directional velocity as 4 = u,,,,/(du/0x),,,,. The Kolmogorov scale is
calculated as n = (v3/e)!/* using the turbulent kinetic energy dissipation rate evaluated with Eq. (5). The turbulent
Reynolds number defined with 4 is Re; = u,,,A/v, which exceeds 100 for all cases. Because of the large velocity
fluctuations, Re, is large in Case 3. The spatial resolution A is defined as the side length of the interrogation window.
For the large-FOV measurements, A is 6-11 times the Kolmogorov scale 7. The shear-layer analyses below focus on

scales greater than 207, which are well captured by the present large-FOV PIV measurements.
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Figure 3: Longitudinal energy spectra E, (k,) and E,(k,) for Case 3. Results from the small-FOV measurements are
presented.

Figure 2 presents the vertical profiles of the rms velocity fluctuations, u,, . and v, .. The anisotropy discussed on

rms rms:*

the basis of spatial averages is observed at different vertical positions. Cases 1 and 2 exhibit better uniformity in the y
direction than Case 3, which is the most anisotropic case.

Figure 3 shows the longitudinal energy spectra of u and v, which are denoted by E, (k) and E(k,), respectively,
for Case 3, where k, and k,, are the wavenumbers in the x and y directions, respectively. Although Case 3 exhibits
large-scale anisotropy, as indicated by u,,,,/v,,s = 1.37, the two spectra nearly collapse at high wavenumbers. This
result indicates that the directional dependence of the velocity fluctuations becomes weak at small scales, which is
consistent with the local-isotropy assumption used to estimate the order of #. This behavior is also consistent with
observations in other turbulent flows with large-scale anisotropy, which exhibit less pronounced anisotropy at smaller
scales [51]. Nevertheless, the present two-dimensional two-component PIV measurements do not provide all out-of-
plane velocity-gradient components. The spectra therefore support, but do not fully validate, the local-isotropy estimate
of €. In the present study, this estimate is used mainly to set the filter scales, and the main conclusions are based on the
relative scale dependence and orientation dependence of the shear-layer statistics. In addition, the collapse of E,(k,)
and E, (k) at high wavenumbers also suggests that the influence of the unmeasured out-of-plane components on the
present two-dimensional shear-layer analysis is expected to be similar to that reported in the DNS-based comparison
between two- and three-dimensional analyses in isotropic turbulence [26].

The filter range Ly /n = 20-80 of the low-pass filter corresponds to the representative dimensionless wavenumber
range kn = 2zn/ Ly = 0.31-0.079. The energy spectra in Fig. 3 approximately follow the —5/3 law for normalized
wavenumbers smaller than kn ~ 0.1. Thus, the analyzed scales extend from the dissipation-range side to the inertial-
range side [47]. Since # is evaluated from the dissipation rate estimated under the local-isotropy assumption, these
values are used only as approximate indicators of the spectral location of the filter scales. The present discussion

therefore focuses on the scale dependence over L /n = 20-80, rather than on a precise classification of each scale.
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Figure 4: Probability density functions of the shear intensity I for Cases 1-3 at (a) Ly/5n =80, (b) L/n =50, and (c)
Ly /n=20.
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Figure 5: Instantaneous distribution of shear intensity I, normalized by the Kolmogorov timescale 7, = n*/v, for Case 1
at the filter length L, =205.

Figure 4 shows the probability density functions of the shear intensity I for L /7 = 80, 50, and 20. At each filter
size, the pdfs for Cases 1-3 almost overlap. This indicates that the probability of observing intense shear regions is

only weakly affected by the large-scale anisotropy examined here.

4.2. Conditionally averaged properties of shear layers
Figure 5 shows the distribution of shear intensity I g for the filter length L = 207 in Case 1. Regions with high
values of T 5T, often appear in layer-like patterns, consistent with previous observations [26]. The shear intensity takes

non-zero values at almost all locations, indicating that shearing motion persists throughout the flow.
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Figure 6: Number of detected shear-layer samples, N, as a function of the filter size.
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Figure 7: Conditionally averaged shear-intensity profiles around shear layers at the filter length L, = 20y for (a) Case 1,
(b) Case 2, and (c) Case 3. The arrows represent the conditionally averaged velocity vector at ¢, = 0.

Figure 6 shows the number of shear-layer samples, N g, used to evaluate the conditional statistics, as a function of
the filter size. The number of samples decreases with increasing L /#, because larger filters extract larger structures
and reduce the number of local maxima of I ¢ within the measurement region. Nevertheless, even at the largest filter size
examined here, N g remains larger than 10* for all cases. A previous study reported conditionally averaged shear-layer
statistics using sample numbers between 103 and 107, and showed that the mean shear-layer properties were insensitive
to the sample number over this range [23]. Therefore, the present sample number is considered sufficient for evaluating
the conditionally averaged shear-layer statistics.

The following profiles are obtained by conditional ensemble averaging around detected shear layers after alignment

with the shear coordinate system. Figure 7 shows the conditionally averaged shear-intensity profiles around shear
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Figure 8: Conditionally averaged shear-vorticity profiles across shear layers in (a) Case 1, (b) Case 2, and (c) Case
3 at different filter sizes. The experimental results for decaying nearly homogeneous isotropic turbulence generated by
multiple-jet interaction are also compared with those of Case 1 [26].

layers, evaluated in the shear coordinate. The color contours represent (2-4) the conditionally averaged shear intensity
normalized by its value at (£, §,) = (0,0), (E)o- The conditionally averaged velocity vectors at {; = 0 are also shown
to indicate the flow direction. The conditionally averaged shear intensity exhibits a clear layer-like structure, with
variation more pronounced in the ¢, direction than in the ;| direction. The conditionally averaged vectors also show
that the shear arises from the gradient of the {;-directional velocity in the {, direction. As the distance from the layer
center increases, the shear intensity decreases. The conditionally averaged shear intensity and conditionally averaged
velocity vectors show similar distributions in both the isotropic cases (Cases 1 and 2) and the anisotropic case (Case
3).

Figure 8 shows the variations of the conditionally averaged shear vorticity cb_S, normalized by its center value (cb_S)O,
in the ¢, direction at {; = 0, namely across the shear layer. For each case, the results for different filter lengths Ly
are plotted against {, /L. At large |{,| outside the shear layer, the conditionally averaged shear vorticity oscillates
because of the limited number of samples at large |{,| for large filter sizes. The conditionally averaged shear-vorticity
profiles obtained in decaying nearly homogeneous isotropic turbulence generated by multiple-jet interaction [26] are
also compared with those of Case 1, which is the most isotropic case among the present experimental conditions. The
previous experiment was conducted at much higher turbulent Reynolds numbers (Re; = 400-800), and the filter size
normalized by the Kolmogorov scale was much larger than that in the present study. Nevertheless, the compared scales
were still located in the inertial subrange. The normalized shear-vorticity profile across the shear layer is consistent with
the present result. This agreement supports the reliability of the present conditional averaging procedure and indicates
that the normalized shear-vorticity distribution across the layer agrees with that reported in a different turbulent flow

at a higher Reynolds number.
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Figure 9: Profiles of the conditionally averaged {,-directional velocity &; normalized by the Kolmogorov velocity un across
shear layers in (a) Case 1, (b) Case 2, and (c) Case 3 at different filter sizes.

Nonetheless, the conditionally averaged shear-vorticity profile does not depend on L for Ly /5 > 30, indicating
that the shear layer exhibits self-similarity in all cases, including both isotropic and anisotropic conditions. The profile
for Lr/n = 20 in Fig. 8 shows a slight deviation from those at larger filter sizes. Since this is the smallest filter size
examined here and is closest to the dissipation range, greater viscous effects associated with the smaller filter may
contribute to this deviation. However, the present data do not allow us to identify the precise cause.

Figure 9 shows the conditionally averaged velocity in the {; direction, a, across the shear layer. The mean velocity
changes significantly across the shear layer. This mean velocity jump is observed in the layer where ((Z)_S) is locally
large. The jump becomes larger as the scale increases, and larger-scale shear layers are associated with a greater velocity
change across the shear layer.

The mean properties of shear layers are evaluated using conditional statistics. The aspect ratio of shear layers is
evaluated from @ /(@),. The shear-layer extent in the ¢, direction, L ¢1» 1s defined as the distance between two points
with &g /(@g)y = 0.1 at £, = 0. Similarly, the layer extent in the ¢, direction, L, is defined as the distance between
two points with @ /(@) = 0.1 at {; = 0. The aspect ratio is defined as A = L¢y /Ly, The shear-layer thickness is
evaluated from the profile of @g /(@) in the ¢, direction. The thickness 8 is defined as the half-width of @ /(@ )o»
namely the distance between two points where @g/(@g), = 0.5 at {; = 0. The thickness is proportional to the filter
length L, as the filter is applied to investigate shear layers at the scale of L. The mean velocity jump across the shear
layer, Au, is defined as Au = 64(@g),, Where (@), is equivalent to the mean velocity gradient across the shear layer.

Figure 10 presents the aspect ratio A of shear layers as a function of scale. For all cases, Ag =~ 4-5 and varies little
with scale. This value of Ay, is consistent with results obtained for nearly homogeneous isotropic turbulence generated
by the interaction of supersonic jets [52], and remains unchanged even in Case 3, which is the most anisotropic case

with a large u,,,,; /Upms-
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Figure 11: Velocity jump across shear layers evaluated from conditional averages, normalized by (a) the Kolmogorov
velocity u, and (b) (¢65)'/.

Figure 11(a) shows the mean velocity jump across the shear layer, Au, normalized by the Kolmogorov velocity
u, = (ve)!'/* and plotted against the shear-layer thickness & ¢ normalized by the Kolmogorov scale . The mean velocity
jump gradually increases with increasing scale. The present study investigates shear layers at scales above 20%. Shear
layers at the smallest scale have a thickness of about 57 and a mean velocity jump of about 4-5u, [23]. Extrapolation of
the data points in Fig. 11(a) also suggests that Au/u, is about 4-5 at L /n = 5, which is consistent with the properties
of the smallest-scale shear layers.

In the inertial subrange, the scale dependence of Au is predicted by Kolmogorov’s second similarity hypothesis as
Au ~ (€6 S)l/ 3. Figure 11(b) plots Au normalized by (€6 S)l/ 3. This normalized velocity jump depends only weakly on
6g/n. The range of 6¢/n is not fully contained within the inertial subrange, as it is as small as 6¢/n ~ 20. However,
Au ~ (g6 S)l/ 3 is only weakly influenced by viscous effects at scales smaller than the inertial range. In addition, this

scaling is not affected by the anisotropy in Case 3.
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Figure 12: Probability density function of the angle 6 between the shear-layer normal direction and the x direction: (a)
Case 1, (b) Case 2, and (c) Case 3.
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Figure 13: Aspect ratio of shear layers for different 9: (a) Case 1, (b) Case 2, and (c) Case 3.
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Figure 14: Mean velocity jump Au, normalized by (¢85)!'/3, for different 9: (a) Case 1, (b) Case 2, and (c) Case 3.

sn 4.3. Dependence of shear layers on orientation

32 The anisotropic velocity fluctuations in Case 3 may cause shear layers to align preferentially in a specific direction

s because the velocity fluctuations are larger in the x direction than in the y direction. Therefore, the dependence of shear
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layers on orientation is examined here. The orientation of a shear layer is defined as the angle of the ¢, direction of the
shear coordinate measured from the x direction of the laboratory coordinate. The ¢, direction is perpendicular to the
shear layer. Thus, # = 0 indicates that the shear layer is perpendicular to the x axis of the laboratory reference frame.
Figure 12 shows the probability density function (pdf) of 6. The pdf is almost constant over all angles, indicating that
the shear layers exhibit no preferential orientation regardless of the level of large-scale anisotropy.

This weak orientation dependence is consistent with the classical picture of local isotropy, in which sufficiently
small-scale turbulent motions tend to become less dependent on the directionality imposed by the large-scale
flow [53, 54, 55]. Although Case 3 exhibits anisotropic velocity fluctuations at large scales, the longitudinal energy
spectra shown in Fig. 3 indicate that the directional difference becomes weak at small scales. The nearly uniform
orientation pdf therefore suggests that the shear layers examined here, whose scales are of O(10'#), are governed mainly
by local small-scale dynamics rather than by the anisotropic large-scale velocity fluctuations. This interpretation is also
consistent with the weak orientation dependence of the aspect ratio and normalized velocity jump discussed below.

The conditional averages of shear layers are evaluated as functions of 8 to examine the orientation dependence.
The shear layers are divided into 18 groups according to 6, which is discretized between 0 and 180° with an interval of
10°. The angle-conditioned statistics are therefore used to identify systematic orientation trends rather than small
differences between neighbouring angle bins. The 6#-dependent characteristics of shear layers are calculated from
statistics evaluated using the samples in each group. Figure 13 shows the aspect ratio obtained for shear layers with
different angles. The aspect ratio is about 4-5 in Cases 1 and 2, and the shear-layer shape hardly changes with
orientation. For Case 3, the aspect ratio is relatively small at § =~ 90° and increases as 8 departs from this value.
When the shear layers are parallel to the x direction (6 =~ 90°), they are slightly shorter in the layer-parallel direction.
However, this 8 dependence is not significant enough to alter the overall shear-layer pattern observed in Fig. 7. Figure 14
shows the mean velocity jump Au, normalized by (£6)!/3, for shear layers with different angles. For all angles and
scales, Au/(e6 S)l/ 3 is between 1.8 and 2.1. The scaling of Au ~ (6 S)l/ 3 still holds for shear layers with different

angles. It is possible that u,,, > v,,, leads to a larger mean velocity jump Au for shear layers that are parallel to

rms
the x direction, because such shear layers have a velocity jump arising from velocity in the x direction. However, the
negligible § dependence of Au in Case 3 indicates that rms velocity fluctuations are irrelevant to the velocity jump of
shear layers at scales of O(10'#). This implies that large-scale anisotropy does not affect the properties of shear layers
at these scales, and that the prediction established for isotropic turbulence in previous studies remains valid even in
anisotropic cases.

Although scalar fields were not measured in the present study, the present results have implications for scalar

transport. Previous studies showed that the velocity field induced by shear layers makes a dominant contribution to

turbulent scalar flux in turbulent jets [34], and that small-scale shear-layer instability enhances the dissipation of scalar
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fluctuations [50, 56, 35]. These findings indicate that shear layers are important for turbulent heat and mass transfer.
The present results show that the geometrical and kinematic characteristics of shear layers are only weakly affected by
the moderate large-scale anisotropy examined here. This suggests that the shearing motions relevant to scalar transport
can remain similar even when the large-scale velocity fluctuations are anisotropic.

It should be noted that the anisotropy examined in the present study is limited to the moderate level represented

by Case 3, for which u,,,/v,,, = 1.37. Therefore, the present results do not imply that shear-layer characteristics

rms
are unaffected by all forms of strong anisotropy. In wall-bounded turbulence and turbulent shear flows, direct effects
of the wall or mean shear can influence the geometry and orientation of shear layers. For example, in turbulent jets,
previous studies showed that the shear-layer orientation is influenced by the mean shear, especially near the outer
edge of the jet [23, 57]. In such flows, it is difficult to separate the effect of anisotropic velocity fluctuations from the
direct influence of the wall or mean shear. The present opposed multi-fan configuration provides anisotropic velocity
fluctuations with relatively small mean velocity, and is therefore useful for examining the influence of anisotropic
fluctuations on shear-layer characteristics. The present results indicate that, within this range of anisotropy and weak

mean flow, the scale dependence and orientation dependence of the shear-layer statistics are only weakly affected by

the large-scale anisotropy.

5. Conclusion

The present study investigated shear-layer structures in turbulence generated by opposed multiple-fan arrays using
two-dimensional two-component PIV and the triple decomposition applied to filtered velocity fields. Measurements
were conducted for three fan-speed conditions, including nearly isotropic and anisotropic cases, in order to examine
the scale dependence and flow dependence of shear layers. The results showed that intense shearing motions form clear
layer-like structures and that the conditionally averaged shear-vorticity profile exhibits self-similarity for filter scales
above 30x within the investigated range from 20 to 80#.

The conditional statistics showed that the aspect ratio of shear layers remains approximately 4-5 and is only weakly
dependent on scale. The mean velocity jump across shear layers increases with increasing scale and is approximately
scaled by (6¢)!/3, even though the examined scales are not fully within the inertial subrange. These characteristics
were similar among all cases, including the anisotropic case with u,,, > v,,,, indicating that the fundamental
properties of shear layers at scales of O(10'#) are not strongly affected by large-scale anisotropy.

The orientation dependence of shear layers was also examined. The probability density function of the shear-
layer orientation was nearly uniform, showing no preferential alignment even in the anisotropic case. In addition, the
normalized velocity jump exhibited minimal dependence on orientation, while a weak orientation dependence of the

aspect ratio appeared only in the most anisotropic case. In that case, shear layers parallel to the fan-flow direction were
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slightly shorter in the layer-parallel direction, but this trend was too small to modify the overall shear-layer pattern.
These results suggest that, within the moderate anisotropy and weak-mean-flow conditions examined here, the small-
scale shear-layer structure is governed primarily by local dynamics rather than by the anisotropy of the large-scale
velocity fluctuations. Overall, the present results indicate that shear layers retain common geometrical and kinematic
features across the isotropic and anisotropic conditions examined here. This robustness is relevant to heat and mass
transfer associated with shear layers [34, 35] because it suggests that the local kinematics governing scalar transport

and mixing can remain similar even when the large-scale flow is anisotropic.
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Figure 15: Conditionally averaged shear-vorticity profiles across shear layers in Case 3 for (a) C,, =2, (b) C,, = 3, and
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Figure 16: Aspect ratio of shear layers for different 6 in Case 3 for (a) C,, =2, (b) C,, =3, and (c) C,, = 4.

A. Threshold dependence of shear-layer characteristics

The present study evaluates the statistics of shear layers identified using the threshold criterion I ¢ > C,,(I¢) with
C,, = 1.5. As C,,, increases, weaker shear layers are excluded from the statistical evaluation. This appendix examines
the dependence of the shear-layer characteristics on C,j. Specifically, we test C,, = 2, 3, and 4 for Case 3.

Figure 15 shows the conditionally averaged shear-vorticity profiles across shear layers. Figures 16 and 17 show
the aspect ratio and the normalized mean velocity jump evaluated from conditional averages for different shear-layer
angles. The corresponding results for C,, = 1.5 are presented in Figs. 8(c), 13(c) and 14(c). The conditionally averaged
shear-vorticity profiles, normalized by the center value of the shear layer and the filter size, change little with the
threshold value. Similarly, the aspect ratio shows little variation with C,;. The mean velocity jump becomes larger as
C,;, increases because increasing C;;, excludes weak shear layers from the statistical samples. However, its dependences
on the filter size and angle remain nearly unchanged for different C,;, values. Therefore, the present conclusions on the

scaling and orientation dependence of the shear-layer characteristics are not affected by the specific choice of threshold.
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