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Full Rotational Dynamics of Plastic Microfibers in Turbulence
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The motion, settling, and dispersion of microplastics in the ocean are determined by their rotational
dynamics. We present experiments on elongated, large aspect ratio, and mildly curved plastic fibers slightly
longer than the Kolmogorov length scale. Exploiting their uniquely identifiable three-dimensional
orientation, we perform original optical Lagrangian investigations and provide a set of homogeneous
data on their rotation rates around their longitudinal axis: spinning rate, and transversal axes: tumbling
rates, which we explain in the context of the general features of turbulence.
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Turbulent flows with suspended anisotropic particles are
ubiquitous [1,2] in many industrial [3,4] and natural
processes [5—7]. The motion, dispersion, and sedimentation
rate of anisotropic particles depend on their rotational
dynamics. The recent and sudden increase of attention
on the dynamics of such particles is driven by the growing
concern about ocean microplastics pollution [8—14]. Most
oceanic microplastics are small and elongated microfibers
[15,16] and their dynamics depend on the forces and
torques applied by the smallest turbulence scales
[17,18]. However, even if the statistical properties of
turbulence at the smallest scale are rather well established
and given that no closed form of the drag on nonspherical
particles is available, a predictive understanding of the
dynamics of anisotropic particles remains elusive. The full
rotational dynamics of a small elongated particle is given
by the rotation rates around the three principal axes:
spinning rate—around the longitudinal axis, and tumbling
rates—around the two transversal axes. Current numerical
[19-23] and experimental investigations [17,24-26] are
limited to tumbling rates of small slender objects. The
present study takes advantage of the specific shape of the
investigated particles, which are microplastic slender fibers
with aspect ratio ~100 and a slight curvature: these fibers
behave like elongated ellipsoids [1], but their slight
curvature provides the complete information on their
three-dimensional orientation, and allows measurements
of rotation rates around their three axes. We focus
on wall-bounded turbulence, confirm previous measure-
ments of fiber tumbling obtained in different flow con-
figurations, boundary layers, and homogeneous isotropic
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turbulence (HIT), and discuss the results of each rotational
component—spinning and two tumbling rates.
Experiments are performed in the TU Wien Turbu-
lent Water Channel [27], at a shear Reynolds number
Re, = u,h/v =720, where u, =20.5mms™!, v=
1.13 mm?s~!, and h = 40 mm are the friction velocity,
kinematic viscosity, and half-channel height, respectively.
Additional methodological details are provided in [28]. In
the fully developed turbulent channel flow, the viscous
length and timescales are &, =v/u, =55 pm and
t=206,/u, =27 ms, [27]. The Kolmogorov length
7= (1/€e)"/*] and timescales [z, = (v/€)'/?] vary be-
tween wall and channel center in the range 5 =
83-286 pm and 7, = 5.7-75 ms, respectively, where ¢ is
the turbulent kinetic energy dissipation rate. To obtain the
values for the Kolmogorov time and length scales we
interpolated values of previous direct numerical simula-
tions (DNS) at Re, = 590 [35] and Re, = 950 [36]. Fibers
have a density of p, = 1.15 gcm™ (see [28] and [37] for
details about their settling behavior), are / = 1.2 mm long
and d = 10 pm in diameter (aspect ratio A = [/d = 120)
[38]. Relative to the local Kolmogorov length scale, /
ranges between 4.25n and 11.4#, from the channel center to
2 mm above the wall, respectively. At Re, = 720, they are
rigid and inertia-less with a translational Stokes number
[39] St ~ O(1072) [40]. The tumbling Stokes number [41]
is St, ~ O(107°). Fibers are dispersed in water to form a
dilute suspension with a volume fraction of O(107?), with
negligible interparticle interactions and influence on the
flow [2]. Measurements are performed at two wall-normal
locations, y™ =y/5, <270 and 640 < y™ < 800. The
laser-illuminated fibers are imaged with six high-speed
cameras [27] to reconstruct their shape and measure their
dynamics [42]. In Fig. 1, we show as dark gray voxels the
tomographic reconstruction of the light scattered by one
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FIG. 1. A reconstructed fiber (dark gray voxels), its fitted
polynomial (yellow line), the fiber-fixed axes (ey, e,, e3), and its
center of mass G (black dot) are shown. Spinning (®@,) and
tumbling rate components (@,, @3) around these axes are noted
[1]. The laboratory reference frame is indicated by e, (stream-
wise), e, (wall-normal), and e, (spanwise).

fiber (see [28]). Fibers are contained in a plane (light gray
plane) [40,42], with their center of mass (G) and eigen-
vectors of their inertia tensor (e;, e,, e3—in order of
ascending eigenvalues) defining their position and orienta-
tion. A 2nd order polynomial (yellow line in Fig. 1) is fitted
to the reconstructed fiber to measure its curvature. All
statistics have been computed with fibers having a curva-
ture in a limited range. Consult [28] for the distribution of
the fibers’ curvature and the considered range. In the fiber
reference frame, the spinning rate, w, is defined as the
rotation rate around e; and the two tumbling rate compo-
nents, @, and w5 as the rotation rates around e, and ej,
respectively [1]. In the laboratory reference frame, rotation

rates around e, (streamwise), e, (wall-normal), and e,
(spanwise) directions are w,, ®,, and w,, respectively
(see [28]).

The richness of the present measurements is demon-
strated by a fiber trajectory near the wall in Fig. 2. This fiber
moves O(5005,) in the streamwise (x*) and O(3085,) in the
wall-normal (y™) and spanwise (z") directions. Its trajec-
tory is colored by its spinning rate scaled by the track
average (denoted with 7). The fiber is shown magnified at
three different times to illustrate the temporal change of its
orientation, defined by the three vectors e, e,, and e3. The
traces of the fiber’s center of mass onto the Cartesian planes
are also shown, with those onto planes xz and xy being
colored by @, and w3, respectively, and scaled by their
track average.

The length scales and timescales of turbulence increase
from the wall towards the channel center, where turbulence
features are similar to HIT. We focus first on the channel
center region. In Fig. 3 we show the probability density
function (PDF) of the squared tumbling rate w? = w3 + w?
normalized by its average value, (w?), computed over the
entire dataset and indicated here by angular brackets. The
comparison with measurements (//n = 4.9) [43] and direct
numerical simulations (DNS) of rods (I/n = 1) [17] shows
excellent agreement, particularly in the distribution’s long
tails, where rare, strong rotation rate events occur. DNS
data exhibit slightly larger rotation rates at high values of
normalized squared tumbling rates. This is possibly due to
the effect of the fiber’s finite length in the experiments and
the assumption of tracing, pointwise fibers in DNS. Consult
[28] for the effect of sample size on the PDF of tumbling
rates. The slight curvature of fibers appears to have no
discernible effect on the PDF of tumbling rates. Consult
[28] for the effect of curvature on rotation rates.

Previous observations have shown that the tumbling rate
is a strong function of the wall distance, with fibers
tumbling faster near the wall [21,24,25,40,44,45]. In the
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FIG.2. A 3D view of a fiber trajectory, showing its center of mass on xz, xy (color indicates |, |, |@s|), and yz planes (gray line). The
black arrows indicate its progression. The fiber-equivalent polynomial is colored by |w,|. The rotation rates are normalized with their

corresponding mean absolute track value of |w,| = 1908, |w,| = 731, and |w;| = 665°'. Above, three instances in time are
magnified. The black vectors (e, e,, and e3) are the reference frame fixed to the fiber (see Fig. 1). The fiber’s end-to-end length relative
to the Kolmogorov scale (1) near the wall is noted.
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FIG. 3. PDF of the normalized tumbling rate measured in the
center of the channel (red circle) compared to numerical
simulations of straight rods with //n = 1 ([17], black line) and
experiments [/n~4.9 ([43], x) in HIT. Re, is the Taylor
Reynolds number.

main panel of Fig. 4, the mean squared tumbling rate
normalized by the viscous timescale as a function of the J,-
scaled wall distance is shown (see [28]). The present data
are compared with measurements in a boundary layer at
Re, = 620, with fibers 2.4 times longer than the present
ones [24]. As areference, we show measurements in HIT of
fibers 1 order of magnitude longer than # [43,46] and with
maximum aspect ratio of ~10. Present values of tumbling
rates exhibit the same qualitative behavior of previous data
[24], with values higher in the wall region and decreasing
towards the center of the channel. The high tumbling rates
compared to Ref. [24] may be due to the shorter length of
our fibers (I/n < 11—approximately in the dissipative
range of turbulence [43]) compared to rods in Ref. [24]
(22 <1/ < 42—in the inertial subrange, where tumbling
rates scale with (I/n)™*/3 [43,46]). The different tumbling
rates compared to Ref. [24] may not be explained by
differences in the translational Stokes number. At y* = 50,
Ref. [21] found negligible differences in the root-mean-
square of rotation rates between tracer particles (St = 0)
and rigid fibers (4 = 50, /5 ~ 10) at two different Stokes
numbers (St = 1 and 5). Furthermore, Ref. [20] reported a
reduction of only ~20% in the mean squared tumbling rate
between tracer particles (St = 0) and inertial straight fibers
(St = 30, A = 50) at the channel center. The mean squared
tumbling rate exhibits a peak at y* ~ 60, which has not
been observed in previous experiments. At the channel
center, values similar to previous HIT experimental data are
recovered [43,46]. Previous experiments on fibers in wall-
bounded and HIT turbulence are limited to measuring
tumbling rates only. Notable exceptions are Ref. [46]
(tumbling and spinning rates of cylinders) and Ref. [47]
(solid body rotation rates of jacks and crosses). Examples
also include numerical studies with prolate and oblate
ellipsoids modeled as point particles and carried out by
Ref. [19] (all rotation rates) and Ref. [20] (tumbling and
spinning rates). Our measured spinning rates at the channel
center are found in good agreement (within 20%) with
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FIG. 4. Main panel: mean square tumbling and spinning rates
normalized by the viscous timescale over the wall-normal
coordinate. Combined tumbling in the present study (//n = 4.2,
red diamond) and straight rods in a turbulent boundary layer
([24], I/n ~ 22-42, Re, = 620, St = 6, diamond). At the channel
center, tumbling measurements of straight rods in
HIT [/n~4.9 ([43], Re; =210, cross) and I/n=~11 ([46],
Re;, = 630, +). The fiber length (L;r =~ 20, —) is displayed.
Spinning rate for present experiments (//n ~ 4.2, purple square)
and straight rods in HIT ([46], I/n~ 11, Re; = 630, square).
Error bars represent confidence intervals at 95% and 99%
confidence level for data from Ref. [24] and present study,
respectively. Note: the values for HIT (cross, plus, and square) are
obtained by multiplying the reported values for (w7)z; of 0.12
[43] and 0.13 [46] and for (w3)7; of 0.21 [46] with the ratio
/77 = 1.6 x 1077 (here 7, is the mean Kolmogorov timescale in
the channel central region). Inset: ratio of the mean squared
spinning to mean squared tumbling rate R = (@?)/{(w?) for the
present study (//n~4.2, green circle) over the wall-normal
coordinate. At the channel center, the measured ratio for HIT
([46], I/n~11, Re; = 630, circle). Arrows indicate measure-
ments in HIT configuration.

those of longer, lower aspect ratio, straight rods in HIT
[43,46]. While the spinning rate trends qualitatively similar
to tumbling, its peak occurs at y* ~ 40. The inset of Fig. 4
displays the ratio (R) of the mean squared spinning to mean
squared tumbling rates as a function of the wall-normal
coordinate and is compared with measurements in HIT
[46]. R consistently exceeds unity, reaching up to three (at
y* ~25). Near the channel center, the ratio agrees fairly
with HIT experiments [46]. This corroborates other studies
[19,20,48] that also reported spinning rates higher than
tumbling rates. This was attributed by Ref. [46] to rods
being preferentially trapped in elongated vortical struc-
tures, which have been described by Refs. [49,50] in HIT.
In wall-bounded flows, such coherent structures, are
typically oriented in the streamwise direction [51-56]. In
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FIG. 5. Panel (a): PDF of the streamwise component of the

longitudinal axis vector (e;,) in the present study for y*© < 100
(green circle) and 640 < y* < 800 (+) compared to straight rods
in a turbulent boundary layer ([24], circle). Panel (b): PDF of the
absolute wall-normal (e,, for y* < 100, open square and
640 < y* < 800, filled square) and spanwise (e,, for
y* < 100, circle and 640 < y* < 800, blue circle) components
of the transversal axis vector e,. Main panel of (c): mean squared
components of tumbling scaled by the viscous time: second
(yellow down-pointing triangle) and third (green up-pointing
triangle) over y*. Mean squared wall-normal (red circle) and
spanwise (blue right pointing triangle) rotation rates over y*.
Inset of panel c): mean absolute wall-normal (Red diamond) and
spanwise (blue left pointing triangle) rotation rates over y™. Error
bars represent confidence intervals at 99% confidence level.

Ref. [20], in agreement with Refs. [23-25,40,44,57,58], a
high probability of a streamwise alignment of the longi-
tudinal axis of inertia-less rods (St = 0) near the wall (at
yt ~10) was observed. Considering the perpendicular
alignment of rods to vorticity (mainly oriented in e,), it
was argued by Ref. [20] that the mean shear cannot explain
tumbling rates weaker than spinning rates, and this was
attributed to the transport and interaction of inertia-less rods
with coherent structures, resulting in the preferential
streamwise alignment of rods.

Advancing previous studies, in which only the orienta-
tion of the longitudinal axis was measured, this study
investigates the orientation of all fiber axes: e, e,, and ej.
In Fig. 5(a) we show the PDF of the streamwise component
(e;,) of ey, of our fibers and that of straight rods [24]. We
consider two flow regions. In the near-wall region (here
y* < 100), the PDF peaks near unity, indicating a prefer-
ential alignment of the longitudinal fiber axis with the
streamwise direction (e = e,). While a fair agreement with
Ref. [24] is observed, our measured streamwise alignment

is stronger, as evidenced by the narrower distribution. The
streamwise orientation near the wall (y© < 50) has been
also observed in numerical studies [59,60]. This preferen-
tial orientation is attributed to rods aligning with the
strongest Lagrangian stretching direction and was observed
in wall-bounded [23,58] and homogeneous isotropic tur-
bulence [61]. At the channel center (here 640 < y™ < 800)
and consistent with previous studies [20,24,44], the prob-
ability of alignment is less than half of that near the wall. In
Fig. 5(b) we show the PDF of the absolute wall-normal
(e5,) and spanwise (e,.) components of e, in the same
regions as in Fig. 5(a). In both regions, a preferential
alignment with the wall-normal direction (e, ~ey) is
observed, as indicated by the two peaks of |e,,| and the
low probability of |e,.| close to unity. This indicates that in
the near wall region the plane of the curved fibers
considered is most probably parallel to the x —y plane.
In [28] we quantify the effect of fibre curvature on fiber
orientation and we show that in the curvature range
examined this effect is negligible. The near-wall preferen-
tial orientation of the fibers is used to investigate the effect
on their rotation of the near wall mean shear—and in turn,
of the mean vorticity, mainly oriented in the spanwise
direction [62]. To this aim, we use the fiber rotation rates
measured in the fiber-fixed frame and in the laboratory
frame of reference. In the main panel of Fig. 5(c) we show,
as a function of y™, the mean squared rotation rates around
the two fiber transversal axes, (w3)7?> and (w?})z> and
around the wall-normal and spanwise directions, (w?)7*
and (w?)7?, respectively. Across the channel height, all
rates follow nearly the same trend with a minimum in the
central region and a peak at y© = 60. We observe that
values for (w})7* and (w?)7* are similar, and so are the
values of (w3)7? and (w3)7>. In connection with the results
on fiber orientation discussed before, this demonstrates no
prevalent role of the mean shear or mean vorticity near the
wall. As further evidence, in the inset of Fig. 5(c) we show
the mean absolute rotation rates around the wall-normal
(wy) and spanwise directions (@,) as a function of y*t: both
exhibit similar magnitudes across the channel height,
further demonstrating no major influence of the spanwise
oriented mean shear. In a DNS study [63], it was observed
that the rotational mechanical energy of inertia-less
(St = 0), high aspect ratio (4 = 10) ellipsoids was domi-
nated by angular velocity fluctuations rather than by the
mean angular velocity. The former were associated with
turbulent fluctuations, while the latter with the mean shear.
Conversely, the rotational mechanical energy of inertial
ellipsoids (St = 30, 4 = 0.1-10) was found to be domi-
nated by the mean angular velocity, so by the mean shear.
This is also supported by experimental evidence [24],
where the high tumbling rates of inertial rods (St =6,
A = 11.8) were attributed to the mean shear.
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With the aim of characterizing the dispersion and
sedimentation rates of microplastics in oceanic turbulence,
we analyzed the rotation rates of slightly curved, inertia-
less fibers in turbulent channel flow. Their shape enables
measurements of their full rotational dynamics both in the
fiber and laboratory frame of reference. Our findings align
with those in both homogeneous isotropic [43,46] and wall-
bounded turbulence studies [24]. We find that the rotation
rates of inertia-less fibers are dominated by turbulent
fluctuations and not by the mean shear, that spinning rates
are higher than tumbling rates [20,46,63], that the compo-
nents of tumbling rates have similar values, and also the
spanwise and wall-normal components of the rotation rates
have similar values.

Our technique may be used in the future to study the
interaction between fibers and a solid boundary. Future
studies might employ simultaneous measurements of
curved fibers and surrounding flow to examine how
near-wall structures influence the alignment of the fiber
plane with the x-y plane.
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