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ABSTRACT

We demonstrate a nonintrusive technique that is capable of measuring all three-components of vorticity following small tracer particles in
the flow. The vorticity is measured by resolving the instantaneous spin of the microsized spherical hydrogel particles, in which small mirrors
are encapsulated. The hydrogel particles have the same density and refractive index as the working fluid—water. The trajectory of the light
reflected by the spinning mirror, recorded by a single camera, is sufficient to determine the 3D rotation of the hydrogel particle, and hence
the vorticity vector of the flow at the position of the particle. Compared to more conventional methods that measure vorticity by resolving
velocity gradients, this technique has much higher spatial resolution. We describe the principle of the measurement, the optical setup to
eliminate the effect of particle translation, the calibration procedure, and the analysis of measurement uncertainty. We validate the technique
by measurements in a Taylor-Couette flow. Our technique can be used to obtain the multipoint statistics of vorticity in turbulence.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5121016

I. INTRODUCTION

The vorticity field underlies the dynamics of turbulent flows.
Measuring vorticity experimentally, however, is notoriously diffi-
cult.”” Most available techniques obtain vorticity from fluid veloc-
ities at close distances. More than 60 years ago, Kavasznay started
using four hot-wire probes to measure a vorticity component.” With
the advances of manufacturing technology, it is now possible to mea-
sure the full velocity gradient tensor using a miniature probe with an
array of as many as 20 hot-wire sensors spanning over an approxi-
mately 5 x 5 mm? region.”* Overall, hot-wire based vorticity mea-
surements provide a superior temporal resolution, but the method
uses intrusive and delicate probes, which are severely limited in

spatial resolution as they can hardly be made significantly smaller
with current technologies.

Optical based velocimetry, such as laser Doppler velocimetry
(LDV), has also been extended to measure the vorticity by utilizing
multipoint measurements.” ’ Particle image velocimetry (PIV)® and
its variations, such as holographic PIV’ and tomographic PIV,*"
are naturally suitable for measuring vorticity (or some of its com-
ponents) through differentiation of the velocity fields. One inter-
esting implementation of this method is the work reported by Zeff
et al,'"' who used three orthogonal laser sheets to construct three
simultaneous planar PIV measurements at one location, from which
they could access the whole velocity gradient tensor, which includes
vorticity and rate-of-strain at a fixed location in a turbulent flow.
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All these methods measuring vorticity require that the velocity fields
are well-resolved. A typical PIV setup usually has a spatial resolution
of approximately 0.5-1 mm. This resolution imposes a lower bound
on the resolvable scale. For a given apparatus size, this translates to a
limit on the Reynolds number. For example, the Taylor-microscale
Reynolds number of the flow in the measurement of Zeff et al.'" is
only 50, for which the turbulent cascade is not well developed.

Vorticity can also be measured from the velocity-related signals
at multiple points without actually resolving the velocities them-
selves. For example, when illuminated by an incident laser beam,
two nearby particles with slightly different velocities induce different
Doppler shifts to the scattered light, which then form a beating signal
that can be used to deduce the velocity gradients.'”'” The autocor-
relation of this interference signal, also called homodyne detection,
therefore can be used to extract information about the probability
distribution of the velocity gradients."*'” When many particles are
present in the measurement volume, the speckle pattern, formed by
the interference of the scattered light and recorded by a fast cam-
era, can be used to deduce the full instantaneous velocity gradient
tensor.'® These methods, although they avoid explicitly measuring
velocities at several points, still rely on the information provided by
separate particles within a close distance. Therefore, they are also
limited in spatial resolution.

An alternate way of measuring vorticity is to directly detect the
spin of a single particle.'” Since vorticity equals twice the angular
velocity of the local fluid element, measuring the rotation rate of a
small spherical tracer is sufficient to obtain the vorticity. Recently,
several groups used the light orbital angular momentum (OAM) to
measure the angular velocity of a particle.'*'” The OAM of a laser
slightly changes after reflection from a rotating object. Measuring
this change provides the rotation rate. This technique requires the
laser to be focused at a fixed point. The setup is similar to that of
LDV. Therefore, it cannot follow a moving particle or provide the
vorticity along a Lagrangian trajectory. In addition, direct imag-
ing has also been used to measure the rotation of a sphere with
surface markers™ and that of a symmetric nonspherical object (a
jack),”" which give the vorticity sampled at the scale of the objects.
These methods, however, are difficult to be used to measure true
vorticity in high-Reynolds number turbulent flows as the objects
must be large so that the surface marker or particle shape can be
fully resolved on camera images. Another technique, magnetic par-
ticle tracking, is able to measure the rotation of a particle along its
Lagrangian trajectory.”” ** However, the drawback is that the mag-
netic field decays as a cubic function of the distance from the magnet;
hence, the source particle has to be large enough to be detectable
in a laboratory scale experiment. Currently, only particles in the
order of 1 mm are used. Their resolution and traceability are not
enough.

A fourth method of spin detection, proposed by Frish and
Webb,'” has the potential to provide Lagrangian vorticity informa-
tion. To measure the rotation of the particle, they used thin mirrors
encapsulated in transparent polymer beads that had the same reflec-
tive index as the working fluid. When illuminated by a laser beam,
the reflection from the mirrors swept across two slots with known
distance. By measuring the time lag between the light detected at
the two slots, they could deduce one component of the rotation, and
hence the related vorticity component. The system was able to mea-
sure one component of the vorticity at a fixed point. The advantage
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of this method was obviously the high spatial resolution determined
by the particle diameter, which was easily orders of magnitude bet-
ter than conventional indirect methods such as hot-wire arrays. The
technique was later developed to measure all vorticity components
using position sensitive photodiodes.”” The accuracy of photodi-
odes, however, was limited, and the method was left without further
improvement.

Here, we present a major advance in pursuing the direct vor-
ticity measurement technology. Using a novel optical setup, we can
follow the reflection from the mirror-encapsulated particles while
they move in the flow, in contrast with the previous fixed-point
measurement. This development gives us access to the Lagrangian
statistics of vorticity, which has long lacked experimental investiga-
tion. We show that, by recording the reflected light with state-of-the-
art high-speed digital cameras and analyzing with carefully designed
algorithms, the accuracy of the vorticity measurement is well estab-
lished. In Secs. II-1V, we describe the principle of the measure-
ment, the optical setup to eliminate the effect of particle translation,
the calibration procedure, and the analysis of measurement errors.
We validate the technique by measurements in a Taylor-Couette
flow.

Il. THE MIRROR-ENCAPSULATED PARTICLES
AND THE MEASUREMENT PRINCIPLE

A. The particles

The key to this vorticity measurement technique lies in the
micro-mirror-capsules. According to the classical theory of Jeffery,”
only small spherical particles follow the flow rotation faithfully, i.e.,
being immune to the influence of strain. Hence, it is necessary to
enclose the flat mirrors in transparent spherical capsules. The size
of the particle should be smaller than the Kolmogorov length scale,
which ranges roughly from 20 to 200 ym in common turbulent flow
experimental apparatus using water as the working fluid. We there-
fore developed a procedure to manufacture microparticles of diam-
eters as small as 20 ym. In the validation experiments reported here,
we used 72 ym (on average) diameter particles. For a tracer particle,
its response times should be smaller than the time scale of the local
flow variation. Under the Stokes flow assumption, the particle trans-
lational relaxation time is 7, = 2r2p/9y and the rotational relaxation
time is 7, = 2r2p/ 154, according to Brenner.”” Here, r is the radius
of the particle, p is the density of the particle, and y is the dynamic
viscosity of the fluid. In water, our 72 ym particle has translation
and rotation relaxation times of 0.3 ms and 0.2 ms, respectively. The
typical Kolmogorov time scale, which also depends on the Reynolds
number, is usually larger than 1 ms. In addition, the particle ought to
be transparent and neutrally buoyant. This requirement can be sat-
isfied using polyacrylamide hydrogel material, which has a refractive
index of 1.34 and a specific density of 1.05.

We utilize the emulsion polymerization method to produce
the hydrogel particle. Figure 1 shows one mirror-embedded parti-
cle under microscope. The particle shell is hardly visible due to the
refractive index matching. The mean diameter is 72 ym, and the
standard deviation of the diameter is 13 ym. Gravity sedimentation
is used to narrow the distribution. The number of nonspherical or
damaged particles is negligible. The diameter of the mirror disk is
on average 30 ym, and their thickness is 1 ym. Although the mirror
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is enclosed inside the capsule, it may be off-center. This breaks the
spherical symmetry, but the maximum perturbation to the momen-
tum of inertia is actually less than 2%, estimated with the dimension

and density of the flake material.
Due to diffraction, the reflections of parallel beams from a finite
size mirror diverge with a small angle, forming an airy pattern. This
divergence angle depends on the relative size of the mirror, i.e., 8
y ~ A/D, where A is the wavelength of the incident light and D is the
P 4 characteristic size of the mirror. For A = 488 nm in our experi-
4 ment, the estimated divergence angle is about 1° for D ~ 30 ym. This
causes uncertainties in the determination of mirror orientation. The
~— smaller the mirror, the larger the ambiguity. Diffractions from mir-
rors smaller than 20 ym are found to be too large for proper analysis.
This is the main reason that we set the minimum hydrogel particle

5 0 l./l:m size to 20 ym in manufacturing.

B. Measurement principle

FIG. 1. A glass flake mirror embedded in a polyacrylamide hydrogel particle with a Figure 2(a) shows a sketch of the coordinate system. A mir-
diameter of 70 um. Due to refractive index matching, the hydrogel particle itself is ror is located at the origin. It reflects the incident laser beam and

hardly visible. . .
! leaves a light spot on a screen, which could be the sensor of a camera.

Focal plane

Translation
—~—
|
|
|
=]
|

Rotation

d

Qz(l) Qs(z)

QY

K frames K frames

A

FIG. 2. Schematics of the optical setup. (a) The particle rotates around the axis Q; hence, the mirror norm vector N forms a cone. The reflection marks a trajectory on the
camera sensor. The incident laser is located in the X-Y plane. The X axis bisects the angle between the illumination and viewing direction. (b) Parallel beams are converged
to a single point on the focal plane of a spherical convex lens; therefore, all translation information is filtered out and only rotation is recorded. (c) To determine the curvature
center of an arc, any small perturbation may induce a large error. ANs are the real increments of N, and ANs are the measured results. (d) A strategy to improve accuracy is
to calculate vorticity using the Ns over a large distance instead of using the neighboring ones.
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We define the viewing direction as the line OC, which connects the
center of the mirror and the center of the screen. The viewing direc-
tion OC and the incident direction IO together define the X-Y plane,
and the X-axis is chosen to bisect the angle between IO and OC. The
Z-axis is determined by the right-hand rule. For simplicity, here, we
consider rotation about the mirror center only. The effect of trans-
lation will be discussed later. As the mirror rotates with the angular
velocity Q = %w, where w is the vorticity of the flow, its outward
norm vector N forms a cone and the reflection spot leaves a tra-
jectory on the screen. As the incident direction IO is fixed, there
is a one-to-one correspondence between the reflected spot position
on the screen and the direction of N. Hence, measuring the tra-
jectory of the reflected spot allows us to determine the rotation of
N, which consequently gives the angular velocity €, and hence the
vorticity w.

To be specific, the tip of N forms a circle that is perpendicu-
lar to Q. As three points on the circle uniquely determine the circle,
three successive measurements of Ns are theoretically enough to cal-
culate Q. Obviously, the variation of N over finite time, denoted as
AN, is perpendicular to Q. This is evident from the kinetic equations
N = QxNsothat N-Q = (@xN)-Q = 0, where N = dN/dt is the rate
of change of N with time. Hence, Q must be parallel to the direction
of AN} x AN3, where AN; = N, — N; and AN; = N3 — N;. The mag-
nitude of ©Q can be determined by evaluating the effective rotation
of N over a certain time. Given three successive measurements of N,
the angular velocity can, in principle, be calculated by

(1)

1 ( |AN; x AN,| ) AN x AN,
At

Q) = — arcsin .
|AN;||AN;| J|AN; x AN,

Here, At is the time interval between successive images, and |x| indi-
cates the magnitude of a vector x. If At is very small, Eq. (1) can be
approximated by

1 AN, x AN, )
At |AN{| AN,
where we have used arcsin(x) ~ x for x — 0.

Two subtleties in the above analysis need to be addressed. The
first is the effect of particle translation, which would shift the light
spot position on the screen even though the particle is not rotat-
ing, causing ambiguity in vorticity measurement. We eliminate this
ambiguity by adding a spherical lens just one focal length in front
of the camera sensor, as shown schematically in Fig. 2(b). This
lens focuses all parallel beams to a single point, which eliminates
all the translation-induced shift of the spot. Therefore, any move-
ment of the spot must be due to the rotation of the mirror. Note
that instead of the spherical lens, a concave spherical mirror can be
used with the observation camera’s sensor plane again in the focal
plane (Fourier plane imaging). Indeed, concave mirrors are advanta-
geous as they can cover larger solid angles. Thus, in the experimental
system presented below, we used a concave mirror. The setup illus-
trated in Fig. 2(b) is insensitive to translation as long as the inci-
dent laser beam is collimated. The other subtlety is that the method
described above would fail if the mirror norm is in the same direc-
tion of the vorticity vector. In this situation, N remains unchanged
even though the particle is rotating. As a result, the spin cannot be
detected. However, in real experiments, N is randomly distributed,

ARTICLE scitation.orgljournal/rsi

having no correlation with Q at all. The probability of the situa-
tion that N and Q are experimentally indistinguishable is negligibly
small.

C. Analysis of the computational algorithm

Our algorithm essentially reconstructs the circle formed by the
tip of N based on the arc recorded by a finite size camera sensor. The
primary uncertainty source is the error of N detection, as indicated
in Fig. 2(c). If the arc is short, any small perturbation of N will jeop-
ardize the curvature computation and the reliability of circle center
positioning. Obviously, the longer arc is more robust. The following
algebraic derivation clearly shows this relation. It also shows that the
accuracies of two components [the Y and Z components in Fig. 2(a)]
are much better than that of the third component X.

A solid body rotation in three dimensions can be generated by
the angular velocity Q or the skew-symmetric rotation matrix Q,

0 -Q; O
Q=] Q 0 -Qi,
- Q1 0

in which Q;s are the components of Q. Over a certain time 7, mir-
ror norm vector Ny is rotated to a new vector N; = ¢**Ny, and then
N, = ¥ Nj. Therefore, AN, = ¢"AN;. The experimentally mea-
sured mirror norm N differs from the true normal vector N, and the
two vectors can be related, in general, by N = PN, with P being a
matrix. As both N and N are unit vectors, it is obvious that for small
uncertainties, i.e., [N -~ N| <« 1, the matrix P can be expressed as
follows to the first order:

0 -p3 p2
P~xI+¢ p3 0 _Pl :I+£Q,
-p2 p1 O

where I is the unit matrix and ¢ <« 1.
The quantity in the actual calculation of the angular velocity is
the cross product of AN; and AN,

AN] X AN2 = (Nl _NQ) X (Nz —Nl)
= (P1N1 - P()N()) X (PzNz - P1N1)
= (P1N1 - PoN()) X (PzeQTNl - P1€OTN0). (3)

Since both 7 and ¢ are much smaller than 1, the infinitesimal
rotation operators, P and ¢, commute to the accuracy of the first

order, i.e., P ~ &P, Therefore, keeping only the first order
terms, the above equation turns out to be

AN; x AN, ~ (P1N; - PoNo) x (¢M"P,N; — ¢*"P1Np)
= [(N1 = No) +&(Q;N1 - QNo)]
x [e¥(Ny = No) + ¢®"2(Q,N1 - Q,No)]
= ANj x AN, +e(Q;N; — QyNo) x [¢*"(N; - No)]

+ (N] - No) X enTS(QZNl - QlNO) ]
= AN] X ANZ + V, (4)
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in which V includes the first order terms of € or e7€). Careful evalua-
tion of V shows that Vx ~ ¢|]AN|, while Vy and Vz ~ 7Q¢|AN]|. Here,
Q is the magnitude of Q and we assume that both |AN;| and |AN,|
~ |AN]|. It is clear that the Vy and V; components are much smaller
than Vx since 7Q « 1 in high speed sampling. The relative errors
can be estimated from Eq. (2) as

Vs/(BNFT) 1 e

E -
* Q 7Q [AN]

and

Vy)z/(|AN‘2T) 3
Ey,Ep~ 222
Q |AN|

To obtain numerical values of these relative errors, we can esti-
mate the uncertainty of the mirror norm vector to be 0.1°, which is
about 10% of the diffraction-induced divergence angle. Therefore,
e~ 1.7 x 1077 rad. If we tune the recording speed high enough so
that N travels 0.1° per frame, then 7Q) is also 0.1° and AN ~ 1.7
x 107° rad. Substituting these numbers to the above equation, we
find that Ex is on the order of 500, and Ey, E; are on the order of 1.
These enormous errors indicate that using three successive measure-
ments of N to calculate the vorticity is impractical. An effective way
to improve the accuracy is to use the Ns from a longer arc. As shown
in Fig. 2(d), we select three N-vectors with K-frames spacing instead
of using neighboring ones. The difference between the two vectors
in this condition is KAN. As a result, the uncertainty is reduced by
a factor of K™*. Every such group of three Ns produces one angular
velocity Q", and there are roughly K groups along each trajectory.
We then take the average of all these Q”s to yield the final Q. This
further decreases the uncertainty by a factor of K ~2. The final uncer-
tainty is reduced to the order of _%s/|AN| = s/(LK% ). Here, L
= K|AN| is measured in radians. For example, the uncertainty of
vorticity determined from a 20°-arc trajectory, in which the mirror
normal vector N sweeps 20° with increment |AN| = 0.1°, is about
3% for Y and Z components and 15% for the X component. Nev-
ertheless, the estimation above is based on the assumption that the
position errors on spot centers are independent, which may not be
true for centers determined from real images. Therefore, we would

expect that the error should grow faster than L'K™* when L and

K decrease. The empirical threshold value of LK * needs to be tuned
by experiments. Note that the computation algorithm [Eq. (1)] does
not require 7 to be infinitesimal; this alternate method does not need
high order term corrections.

One may notice that using an entire trajectory to calculate one
w requires the angular velocity to be constant throughout this trajec-
tory. In the case that the vorticity varies during the time interval of
recording one trajectory, the result w will be a time-averaged value. If
we denote the recorded angular range by © in radian, we note that ©®
is usually smaller than 1. The vorticity magnitude in homogeneous

1
isotropic turbulence is in the order of (w®)* =~ 1/, so the record-

1
ing time interval is 7 = ®/(w®)* < 1, i.e., the interval of recording
is shorter than the smallest time scale of the flow; hence, the vor-
ticity hardly changes in this time. There is no appreciable loss of
temporal resolution when reporting only one “mean” vorticity from
arecorded trajectory.

ARTICLE scitation.orgljournal/rsi

I1l. EXPERIMENTAL SETUP
A. Calibration

To carry out experimental tests of this innovative technology,
we have two more problems to solve. The first is how to deduce the
mirror norm vector N from the reflection spot position recorded on
an image. In other words, the question is to find a mapping from a
pixel position to a unit vector N. Our solution uses a mirror array, in
which all the mirror’s orientations are known [Fig. 3(c)]. When illu-
minated, the mirror array creates a column of spots on the screen.
Consequently, we rotate the mirror array along the axis shown in
Fig. 3(c). A light spot pattern can be generated [Fig. 3(d)]. The image
is inverted, so the light spots are black. Every spot corresponds to a
given normal vector N. In between the light spots, the mapping can
be obtained using a two dimensional cubic polynomial interpola-
tion. Additional tests using a mirror on a rotary stage show that this
mapping function introduces less than 1% uncertainty to the normal
vector results.

The second problem is how to enlarge the angular field of view.
As discussed before, a larger field (and a longer spot trajectory) can
provide more accurate results. If the mirror rotates 1°, the reflection
beam changes 2°. Hence, to enclose a 19° x 17° solid angular range,
the optical system has to cover approximately 40° x 35°, which can-
not be achieved using a normal photography camera lens because of
their small diameter. The solution is to use a spherical concave mir-
ror as a light collector. As shown in Fig. 3(a), the measurement field
is closer to the light collector than the camera. Therefore, a large
angular field of view is compressed to a smaller one and fed into
the camera. The diameter of our mirror is 156 mm, its curvature is
1/325 mm™ !, and its focal length is 162.5 mm.

B. Apparatus

The Taylor-Couette flow in concentric cylinders has an ana-
Iytical solution at low Reynolds numbers and displays a variety of
transitions at higher Re. This is a good testbed for our vorticity
measurement technique. The Taylor Couette apparatus and optical
arrangement are shown in Fig. 3(a). The outer cylinder is station-
ary, and the inner cylinder rotates with a prescribed speed. The
radius ratio is # = ri/ro = 0.58. The Reynolds number defined by
the inner cylinder speed is Re = Wr?/v. The inner cylinder radius
ri = 29.75 mm, and W is the angular velocity of the inner cylinder
driven by an electric motor. A 75% glycerol-water solution is used as
the working fluid in our test experiments. The fluid temperature is
22.1°C. Its viscosity is v = 2.63 x 10> m*/s. At low Reynolds num-
bers, the analytical solution of the velocity profile is vg = Ar + B/r,
where A = ?W/(r? = r2) and B = r7r2W/(r2 - r?). The other two
components are v, = v, = 0. The vorticity then is

0. I(rve)  Ovr
T ror rof

wr = wg = 0.

=24 =2 W/(r} = 12),
7, /(r ro) (5)

Notice that w;, wy, and w, in the stable analytical solution do
not vary over the axial or radial positions. Given the geometry of
our device, we calculate the critical Reynolds number to be about
72, according to the theoretical evaluation by Recktenwald.”* In our
flow, this critical Reynolds number is slightly larger, at approxi-
mately 80, which most likely is due to the effect of the side walls

Rev. Sci. Instrum. 90, 115111 (2019); doi: 10.1063/1.5121016
Published under license by AIP Publishing

90, 115111-5


https://scitation.org/journal/rsi

Review of

Scientific Instruments

a Concave mirror

Glyserol
solution

Camera

ARTICLE scitation.orgljournal/rsi

7 mm

’ :8° -.4‘-' T oo 440 48

FIG. 3. The Taylor-Couette device and the validation experiment setup. (a) The arrangement of optics and camera. (b) Definition of coordinates. The vorticity is computed in
the XYZ frame as described in Fig. 2(a). This frame is slightly different from the cylindrical frame determined by the Taylor Couette device. (c) The geometry of the calibration
target. It is made of a mirror array aligned on a curve line. The angle between neighboring mirrors is 3°. To generate a two-dimensional reflection pattern, it is mounted on a
motorized rotary stage. (d) The calibration image, each light spot corresponds to a known mirror norm direction. For clarity, we have enhanced and inverted the image. (e)
One sample light spot trajectory captured by the high speed camera. It consists of 24 overlapped frames. The light spot sweeps 12°.

as the theory is for infinitely long devices. Above the critical value,
Taylor vortices appear. At a higher Re number, Taylor vortices begin
to show a wavy pattern. In our tests, the investigated flow is in the
Couette and Taylor vortex regimes.

Figure 3(a) depicts the entire experimental setup. As previously
mentioned, a concave mirror is used to collect the reflections from
the tracers. This light collector is located near the Taylor-Couette
device and far from the camera. It converges parallel beams to a
single point on its focal plane, eliminating the effect of particle trans-
lation. The camera records the light-spot trajectory. The concave
light collector and Taylor-Couette device are both submerged in the
glycerol solution to minimize the light refraction due to the curved
cylinder surface. The concave mirror is slightly rotated so that the
light beam can reach the camera without being blocked by the outer
cylinder. As a result, the coordinate system (X, Y, Z frame) slightly
differs from the cylindrical frame of the device (r, 8, z frame). Our
Z still coincides with the cylindrical axial direction z, so the mea-
sured vorticity wz = w;, i.e., at low Re number, wy = 2r; W/ (1 —2).
The X direction deviates from the radial direction by 23°, so
wx = wy c0s(23°) + wy sin(23°), and wy = wy cos(23°) — w, sin(23°).
Atlow Re number, they are both 0. The camera is located outside the

container. A 10 x 10 x 10 mm® measurement volume is located near
the outer cylinder and slightly above the midheight of the device.
This domain is illuminated by a collimated laser beam.

The measurement volume is chosen to be close to the station-
ary outer cylinder where the flow velocity is small. and hence the
tracer particles can stay in the measurement volume for relatively
long times, enough for their rotation to be recorded on the cam-
era sensor. For the Taylor-Couette flow at low Reynolds numbers,
the vorticity is nearly a constant across the gap between cylinders.
Therefore, the size of the measurement volume is not critical when
evaluating the accuracy of the method. If the method is to be applied
to more spatially in homogeneous flows, smaller measurement vol-
ume size should be used to reduce the error due to spatial variation
of flow vorticity. In that case, care must be taken to ensure that the
residence time of the tracer particle in the measurement volume is
still sufficiently long for a reasonable number of mirror directions to
be recorded by the optical system in order to calculate vorticity with
a good accuracy.

The calibration of this setup has been described in Subsection
[T A. After calibration, we inject the microcapsules into the Taylor-
Couette cylinders. Figure 3(e) shows a sample light spot trajectory.
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is in the order of 50% for LK'/> = 0.4. To obtain an accurate wx, the

It is an overlap of 24 frames recorded by a high speed camera. The
strong criterion LK"? > 0.8 must be used and the uncertainty is in

mirror flakes may be noncircular, so the reflection spot is gener-

ally elliptical. The widely spread reflections from extremely small
or strip-shape mirrors are filtered out by image processing as they
cause large errors. Regarding the data processing, we define the loca-
tion of the spot using the center of mass and fit the trajectory with a
third-order polynomial to filter out high frequency noise.

IV. MEASUREMENT ACCURACY
A. Uncertainty

It should be emphasized that optical vorticity probing is a
general vorticity measurement technique. The Taylor-Couette flow
serves as a testbed, but the error analysis in this section is valid
for all conditions. We can obtain the uncertainty by comparing the
measurement results at low Re numbers to the analytical solution
[Eq. (5)]. The relative error of the ith component is defined as E;
= |wi — Wana,i|/|@ana|- The numerator is the magnitude of the dif-
ferences, and the denominator is the magnitude of the analytical
solution |@ana|. As aforementioned, the uncertainty should increase
slightly faster than L™'K~"? as L and K decrease. Figure 4 confirms
this result. The data used here are from the Re = 78 case.

When the spot trajectory is extremely short, the error can be
many times larger than the signal. However, it quickly decreases with
a longer L and larger K until it reaches the minimum at LK"? >
0.8. Actually, the errors of Y and Z components reach an accept-
able value of 5%-8% at LK"/* > 0.4. Data of other Reynolds numbers
(Re = 50-70) show similar results. Therefore, we choose a weaker
threshold LK"? > 0.4 for the Y and Z components. In addition, we
apply another threshold L > 0.05 to rule out the extremely short ones.
Higher thresholds can be used to achieve a better accuracy, but the
penalty is that fewer samples are available. The X component error

10 T T
10" b
10°}
N
%
Ly
10"
0 X component
2| A Y component H
107 i :
[ Z component 0.4
10° 10" ke 10°

FIG. 4. The accuracy and arc length relation. The uncertainty is defined as the
average difference between the measurement values and the analytical solution,
normalized by the vorticity magnitude, E = |w; — wana,ill|@anal. At LK = 0.4, the
uncertainty of Y and Z components reaches an acceptable level of 6%. For LK
> 0.8, the uncertainty reaches the minimum.

the order of 20%. These results are consistent with the theoretical
error estimation in Sec. II.

Since the relative error is of the same magnitude for all the low
Re number cases in the stable Couette flow. We collect all the trajec-
tory samples that satisfy our criteria and investigate the probability
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FIG. 5. The probability density distribution of uncertainties for X, Y, and Z compo-
nents [from (a) to (c)]. They all have Gaussian profiles. Obviously, the X component
has a much wider distribution as the error in this direction is inherently larger.
The standard deviations of the Gaussian fittings are ¢ = 0.17, 0.027, and 0.056,
respectively.
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density distribution of these instantaneous samples. As shown in
Fig. 5, these distributions have Gaussian profiles. The mean values
of the relative errors are 0 for all the three components. By numer-
ically fitting the profile, we obtain their standard deviations: 2.7%,
5.6%, and 17% for the Y, Z, and X components. Therefore, accord-
ing to the 40 rule, 99.9% samples have accuracy of +5.4%, +11.2%,
and +34% in Y, Z, and X directions, respectively.

B. Flow transition in the Taylor-Couette flow

To describe the flow field, the cylindrical coordinate (z, r, 0) is
used in this subsection. The average vorticity at different Re numbers
is shown in Fig. 6(a). The vorticity measured in the stable Cou-
ette flow regime Re = 50-78 agrees with the analytical solution. At
slightly larger Re numbers, the mean vorticity deviates from the pro-
jected analytical results as Taylor vortices begin to form. Due to
the mixing caused by Taylor vortices at very high Re, the average
axial vorticity near the outer cylinder walls is usually larger than
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FIG. 6. The mean value (a) and standard deviation (b) of the measured vorticity
at different Re numbers. The consistency between the analytical solution and the
mean at low Re is evident. As the flow transits, the measured vorticity deviates
from the analytical solution.
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the projected analytical solution. Our measurements, which were
performed near that wall, indeed show this trend at Re > 200. The
standard deviation of vorticity is in Fig. 6(b). At low Re number, they
are very small, representing the measurement uncertainty. As the Re
number passes the critical value, the vorticity inside the measure-
ment domain is not uniform any more and the current measurement
method does not distinguish particles positions in the configuration
space. As a result, the standard deviations increase significantly.

V. SUMMARY AND OUTLOOK

We have developed a vorticity measurement technique that is
based on the idea proposed by Frish and Webb'” to directly measure
the rotation of fluid elements using mirror-encapsulated micropar-
ticles. The spatial resolution, given by the size of the particles, can
be an order of magnitude higher than that of conventional meth-
ods such as hot-wire arrays and PIV. However, the reconstruction
of particle rotation has large uncertainties, which is a disadvantage,
because the system is inherently insensitive to one component of
the rotation. The solution is to enlarge the numerical aperture of
the optical system that collects the reflections from the encapsulated
mirrors. A spherical concave mirror serves this purpose better than
a spherical lens. The setup of placing the screen at the focal plane of
the concave mirror (or spherical lens) eliminates the effect of parti-
cle translation. The theoretical analysis shows how the relative errors
depend on parameters of the experimental setting, and the results are
confirmed experimentally. The errors of three vorticity components
in the studied flow are approximately +5% for two vorticity compo-
nents and +15% for the third one. Although we cannot obtain the
same uncertainty for all components in the instantaneous measure-
ment, it is possible to add a second optical system to achieve the same
accuracy for statistical results of each component.

The performance of the new technique is demonstrated using
the transition of a Taylor-Couette flow from the Couette to Taylor-
vortex regime. The high spatial and temporal resolutions of the
technique make it an ideal tool to study vorticity dynamics in high-
Reynolds-number turbulence, e.g., how vorticity statistics scale with
the Reynolds number.”’ Furthermore, the temporal evolution of vor-
ticity along the particle trajectory in turbulence is even more inter-
esting.“m 30732 Therefore, in the future, we will combine our current
setup with the standard Lagrangian particle tracking” to study the
vorticity evolution.
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