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The rotational dynamics of anisotropic particles advedted turbulent fluid flow are important in many
industrial and natural setting. Particle rotations aretrmdied by small scale properties of turbulence that are
nearly universal, and so provide a rich system where exgertisncan be directly compared with theory and
simulations. Here we report the first three-dimensionakerpental measurements of the orientation dynamics
of rod-like particles as they are advected in a turbulendfflaw. We also present numerical simulations that
show good agreement with the experiments and allow extensia wide range of particle shapes. Anisotropic
tracer particles preferentially sample the flow since theentations become correlated with the velocity gra-
dient tensor. The rotation rate is heavily influenced by ghieferential alignment, and the alignment depends
strongly on particle shape.

The dynamics of anisotropic particles in turbulent fluid the anti-symmetric and symmetric parts of the velocity gra-
flows are central to understanding many applications rangindient tensor respectively. Particle dynamics become much
from cellulose fibers used in paper making [1] to ice crystalanore complicated when the particles are large [16] or den-
in clouds [2, 3] to locomotion of many micro-organisms [4— sity mismatched [2], or high particle concentration pragkic
7]. When the particles are small and their concentration isnter-particle interactions and two-way coupling [1]. Aeh
low, their rotations are determined by the velocity gratien nomenology of the dynamics of anisotropic tracers at lowcon
along their trajectories. Velocity gradients are domiddig  centrations in turbulence is needed to provide a found&bion
the smallest scales in turbulence about which we have an exontinued work on the more complex cases that often appear
tensive fundamental understanding [8-10]. So the stisti in applications.

of rotations of anisotropic particles forms an importardtpr e have performed an experimental and computational
lem foundational to many applications for which we need tostydy of rotation rates along the trajectories of anisatrppr-
develop a predictive understanding based on the fundaientgcles in turbulent flows. In the experiments, small rods are
properties of turbulence. _ _ tracked using stereoscopic images from four high speed cam-
Advances in imaging technology have made it possible tQras. Turbulence was generated between two grids osuilati

obtain time-resolved trajectories of particles in turlngle us- i phase in an octagonal Plexiglas tank [25] that is 1 x 1.5

ing high speed stereoscopic imaging, and these measuremeRi3, The experiments are performed at two Taylor Reynolds
have produced many new insights about Lagrangian translanymper, R, = (15uL/v)'/2 , Ry =160 andR, =214.

tional dynamics of spherical particles [11]. There is also a The Kolmogorov length scale;(= (v3/(€))*/4) and time
extensive literature on the motion of anisotropic paridle  gcgle 6, = (w/{e)/?) aren = 375um and7, = 70ms

fluid flows. Anisotropic particles have fascinating dynam-ga; p, :16_0, andy = 210pum andr, = 25ms atR, =214.
ics even in simple flows [12-15]. Several simulations haverhe rods are 1 mm in length by 2061 in diameter and are cut
addressed the turbulent case [16-20], and experiments hag®m nylon thread at density f = 1.15 g/cm?. These rods
measured dynamics in 2D flows [21] and orientation distribuaye length of.67 at R,=160 andi.8n at R,=214. Ref [16]
tions in 3D turbulent flows [22-24]. However, there are noindicates that rods less than abaytshould not have a mea-
available experimental measurements of time-resolvett rot syrable change in their mean square rotation rate. The fluid
tional dynamics of anisotropic particles in 3D turbulence. s density matched with rods by adding 19% GaBy mass
When ellipsoidal particles are small compared with theto water. On average there is less than one particle in the de-
smallest length scales in the flow, their rotation rate i®det tection volume of approximately 140 émso inter-particle
mined by the velocity gradient tensor through Jeffery'sequ  interactions are negligible. The position of the centerhe t

tion [12]: rods was measured with an uncertaintyofl0um. We have
o2 —1 measured the orientation of rods in two dimensional (2D) im-
pi = Qijpj + m(Sijpj — PiPESkIPL) (1) ages from each camera and reconstructed the orientation of

rods in three dimensional (3D) space using images from mul-
where p; is a component of the orientation director andtiple cameras. Determining the orientation of the rods in 3D
a = l/d, is the aspect ratio of the ellipsoid given by requires measurements of the orientation in 2D images from
the ratio of length §) to diameter {). ;; is the rate-of- at least three cameras that are not in the same plane. The
rotation tensor, and;; is the rate-of-strain tensor which are rotation ratep, is determined from quadratic fits to the mea-
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FIG. 1: Three-dimensional view of a rod trajectory with agkaro-
tation rate from the experiment &, = 214. The color of the rod
represents the rotation rate. This rod is tracked for 284Te.green
lines show the projection of the center of the rod onto theapd x-y
planes. The rod is a circular cylinder with length 1 mm andirditer
0.2 mm. m
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sured orientation versus time data. We have also studied the pbfbipi) - © /<w > > #/e)

motion of anisotropic tracers in direct numerical simuas . ]

(DNS) of homogeneous and isotropic turbulenc&at=180. F.IG. 2: .The pdf of rotation rate sq.uared of. rods. (a) Comparisf

The translational motion of tracer rods matches that of quio‘igng:_\?gg:(?%Iue_l'g?g;ofa?(gc‘;";gis;‘rfgméprgﬁl:zi’e RrAes:ent

particles, so we are "?‘b'e tc_) usea datf'albase of previously SimHotﬁ rando'm ljngertainty andpthe system;tié uncertaintdm?@d by

|_ated Lagrang|an trajec_tor'es [26] _to mtegraye Jeff_egtmg- measuring rotation rates from experimental orientatiora deer a

tion (1) and obtain the time evolution of particle oriend@.  ime interval. (b) Comparison of the pdf of rotation rate aa for

The spatial spectral resolution wak2? points. These simula- ods ata = 5 (Blue +) and spheres at = 1 (black o) with pdfs

tions stored the full velocity gradient tensor along Lagjian  of enstrophy (Greefl) and energy dissipation rate (reji for the

trajectories at time intervals of about107,. Equation 1 has simulation atR, = 180. One symbol is displayed for every twenty

been therefore integratedposteriori with the same integra- bins.

tion time step and with an Adams-Bashforth second order in

time scheme.

Figure 1 shows an experimentally measured trajectory of ghe core of the distribution up to 2(;p;). At larger rota-
1mm rod atR, = 214. This example illustrates several of tions rates the experimental pdfs are slightly below the DNS
the important properties of the rotation of rods. Firststtid  This difference is not much larger than the systematic srror
has bursts of high rotation rate where the rotation raterggua in the experimental data represented by the error barst but i
is up to 30 times its mean reflecting the intermittency of rodmay reflect the effect of finite length of the rods in the ex-
rotations. Second, in the upper right, the rod is caught in geriment. Although Ref [16] indicates that these should not
vortex, but its rotation rate is not large because the rod halsave a measurable change from the tracer limit in their mean
become aligned with the vorticity reflecting the tendency ofsquare rotation rate, it is possible that the rare eventsare
anisotropic particles to become aligned by the velocitylgra sensitive to rod length. In Fig. 2b, the probability distitilon
ents in the flow. of rotation rate squared from the numerical simulation im€o

The probability distribution function (pdf) of the rotatio pared with the distributions of enstrophy* = 2Q,,;9;,;) and
rate squaredp;p;, of rods is shown in Fig. 2a. The pdf has energy dissipation rate (= 2v.S5;;S;;, wherev is the kine-
long tails which indicates the presence of rare events with r matic viscosity). For large values of rotation rate squatieel
tation rates squared up to 60 times the average vajug;§). pdf for rods ¢« = 5) is larger than that of spheres & 1), and
The agreement between DNS and experimentis very good fdroth are larger than either enstrophy or energy dissipaditen



Spheres simply rotate with the vorticityp; = ;2 sin” 0, a

and the larger intermittency for spheres compared withrenst 025F

phy comes from the distribution of the anglebetweerp and

the vorticity vector. Rods witlh = 5 have a contribution to 02r

their rotation rate frond;;, which one might think would de- 5»

crease the probability of large rotations, making it moke li S|

the distribution of energy dissipation rate. However, aari S + Simulation at R;=180 ", i

tions in the orientation of the rod with respect to the veipci & 0lf e Ex"e’fme“:azﬁff;g *ef ee o+ 4e o4
gradient tensor contribute additional fluctuations givinds ol ° randomy Orened Rods

the most high rotation rate events. 1 - - Vorticity

Figure 3 shows effect of the shape of particles on their ro- o Shin & Koch 2005 Simulation
tation dynamics by plotting the mean square rotation rate as b

a function of aspect ratiay. Our two experiments at = 5 03

are consistent with our simulations and with earlier work on ~+ Simulation at R, =180

thin rods at lower Reynolds number by Shin and Koch [16]. _ *? Vel oreentec rods

The simulations allow us to study the full range of aspect ra- =] >O sl delta—correlated in time

tios. The mean square rotation rate of disk shaped particles \/; " yelody gradientfixed in

(o < 1) is much larger than that of the spheres=£ 1). This = oot ~ Simple shear flow

can be qualitatively understood as the additional contidbu ’

of strain (S;; in equation 1) to the rotation rate. However, the o0sh

rotation rate of rods«{ > 1) is much smaller than spheres

even though the rate-of-strain contributes to their rotatis .

well. C o025} . gij; ;
Understanding the rotation rate data in Fig. 3 requires con- 1230 3 1184 + R,=180

sidering the preferential alignment that occurs betweeti-pa oab ', PR

cles and the velocity gradient tensor. When particles d@re or ~__ “ m

ented randomly, their mean square rotation rate can be-calcu $0,15 I '*‘

lated analytically from Eq. 1 by extending the calculation i
Ref [16] to finite aspect ratio:
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This result is shown as the green solid curve in Fig 3a. As par-

t'Ck.eS are gdvected by the ﬂOW’ they become oriented so th'i'l—IIG. 3: Mean square rotation rate as a function of aspeai.ré#)
their rotation rates are very d_n‘ferent than thg random_ly OF Blue + is the DNS atR, — 180. Black [ is the experiment at
ented case, with the largest difference occurring for thatsr . — 914, Redo is the experiment ak» = 160. The error bars on
(o >> 1). Quantification of the effects of alignment with the the experimental points represent systematic error dugttapsla-
velocity gradient tensor requires considering the alignthoé  tion from the finite fit time required to measure the rotatiater{29].
the rods with the vorticity vector and the eigenvectors @f th The purpleo shows the result for infinite aspect ratio rods from sim-
strain rate tensor. Thin tracer rods are material line segsne ulations by Shin and Koch [16] a8\ = 53.3. The Green line is
and earlier work on the alignment of material lines [27, 28]the analytic prediction for randomly oriented rods from Bq.The
has shown that lines align most strongly with the vorticitga dashed I|_ne indicates the rota_tlon due to vo_rt|C|ty. (b) Ricases of
the intermediate eigenvector of the strain rate. RecenkworParticles integrated through different velocity gradieeids: Blue +
focusing specifically on tracer rods has explored the peefer uses velocity gradients along Lagrangian trajectorieRat= 180.

. . . S . ! Black [0 uses velocity gradients sampled from the DNS and delta-
tial alignment with vorticity in more detail [18]. Qualitaely, correlated in time. This data matches the analytic presfidibr ran-

alignment with the vorticity will reduce the mean squar@fot gomly oriented rods shown as the green line. Regses velocity
tion rate since only the vorticity perpendicular to the ro#¢  gradients sampled from the DNS and held fixed in time. Thelpurp
tributes to its rotation rate. However, it is not currentiyovn 4 uses the velocity gradient of a plane shear flow. (c) Comparis
how to quantitatively predict the effect of alignment on the simulations at different Reynolds numbers.

mean square rotation rate.

Figure 3b shows the dependence of rotation rate on aspedevelop alignment with the velocity gradients, and therefo
ratio for several simple cases in order to better underdtead the mean square rotation rate matches the prediction fer ran
ways the data in Figure 3a depends on both alignment with théomly oriented rods in Eq. 2. When the velocity gradients
velocity gradient tensor and the time evolution of the vitljoc are sampled from the DNS and held fixed in time, the align-
gradient tensor. If the velocity gradients are sampled fronment effect is too strong and the rotation rates are smaider t
DNS but are delta-correlated in time, the particles donot  the rotation rates of rods advected in the turbulence atstimo
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8 ' ' ' malized fourth moment of the rotation ratép;p;)?)/ (p:p:)>

as a function of aspect ratio. The normalized fourth moment
is a measure of occurrence of extreme events. The experi-
mental measurements are in fairly good agreement with the
simulations considering that the differences are on therord
of the experimental measurement errors and particle size ma
affect the tails of the experimental distribution as disaas
above. The fourth moment for a sphere can be related to
2t i the fourth moment of the vorticity tensor by assuming that

1k ) the orientation director is uncorrelated with; which leads

to ((pipi)?)/(pipi)? = 6/5((Q4;%;)%)/(;;)%, in good
agreement with the simulations. All these fourth momends ar
much larger than the value of 5/3 that is obtained if the com-
ponentsp;, have a gaussian distribution. Rods*% > 1) and
disks (@ << 1) have nearly identical normalized fourth mo-
ments, and the variation with aspect ratio is less than 20%,
indicating that the dependence on particle shape of the nor-
malized probability distribution is much weaker than that o
the mean square rotation rate in Fig 3.

—— DNSat R, =180

s - Experiment at R, =214

o ExperimentatR, =160
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FIG. 4: Fourth moment of the rotation rate of ellipsoids. @&ly is
the DNS atR, = 180. Black W is the experiment ak, = 214.
Redo is the experiment aR, = 160. Green dashed line is the
prediction for spheres uncorrelated with the directiorf®f. The
purple dashed-dot line is the fourth moment%f and the black
dashed line represents the case of a Gaussian distribution.
From both experiments and numerical simulations we have
) ) ) ) ) obtained a phenomenology of the rotational rate of elligabi
all aspect ratios. Finally, we integrated particles thiotime  particles in turbulent fluid flow. Rod-like particles haveaa r
independent plane shear flow which generates Jeffery orbitgation rate that is strongly affected by the alignment of the
None of these cases has even qualitative agreement with thgds with the vorticity vector. Disk-like particle also shef-
rotation rates of rods advected in the_ turbulence. Since t_hf_écts of alignment although their mean square rotationigate
dependence of the mean square rotation rate on aspectratiodioser to the randomly oriented case. The transition batwee
sensitive to both instantaneous statistics and temporet-co pe two limiting aspect ratios is quite abrupt, with 80% o th

lations of the velocity gradient tensor, it provides a ntetor  gifference in mean square rotation rate between disks ated ro
evaluating models of the velocity gradient tensor in tuebcke

that is directly accessible experimentally.

occurring between aspect ratios 0.5 and 2. Thus for many bac-
teria or ice crystals that are transported in turbulent f|divs

Figure 3c shows the dependence of the rotation rate on thgicture of a thin Lagrangian rod or disk is much better than

Reynolds number. In simulations ranging frain = 31 to

the approximation that they are spheres.

Ry = 400, the mean square rotation rate changes by less than

9% with the largest differences occurring for disks< < 1).
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