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Angular Velocity of Kolmogorov-Scale Fibers as Proxy for Turbulent Dissipation
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We introduce a fiber-based method to directly measure turbulent energy dissipation. Combining original
measurements of the full-body rotation—tumbling and spinning—of short, Kolmogorov-scale fibers in
turbulent channel flow with direct numerical simulations using a point-fiber model, we show that the mean-
square angular velocity closely reproduces the mean dissipation rate. The method is accurate both in the
nearly homogeneous turbulence of the channel center and in the logarithmic layer, with a mean deviation
below 6%, demonstrating that Kolmogorov-scale fibers provide a robust and reliable tool for quantifying

dissipation.
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Introduction—In turbulent flows, the mean rate at which
viscosity converts the kinetic energy of turbulent fluctua-
tions into heat is a fundamental quantity for both practical
applications [1-3] and theoretical formulations [4-7]. It is
defined as (e) = 2u(S;;S};) [8], where v is the kinematic
viscosity and Sj; = S;; = (S;;) is the fluctuating part
of the strain-rate tensor, with S;; = 1/2(A;; +A;;) and
A;; = du;/ox; the velocity gradient tensor. The brackets (-)
denote ensemble averaging and the prime / indicates the
fluctuations.

Direct measurements of (¢) remain challenging [9], since
evaluating the velocity gradient tensor requires three-
dimensional velocity field acquisitions [10,11] with spatial
resolution on the order of the Kolmogorov length scale,
n = (3/(e))"/*. At high Reynolds numbers, this require-
ment poses major difficulties, motivating the development
of alternative approaches to estimate (e¢) from proxy
measurements [1].

Recently, the possibility of using rigid fibers to measure
(€) has been enabled by advanced optical tracking [12,13],
combined with their sensitivity to the velocity gradient
tensor [9,14-17]. Measurements of the full rotational
kinematics of fibers [12,13], both tumbling and spinning,
advance earlier methods limited to tumbling only
[14-16,18] enabling the mean-square angular velocity
of nearly inertia-free fibers to serve as an accurate proxy
for (e).
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In the Stokes-flow regime, the mean-square angular
velocity (wf,) of fibers follows from Jeffery’s equation
for inertialess ellipsoids [19]:

(@*) +2*((p xSp)*) + @ - (p x Sp)), (1)

EN

@} =

where p is the unit vector along the ellipsoid’s symmetry
axis, S the strain-rate tensor, @ the fluid vorticity, and
A= (a*-1)/(a®*+ 1), with a=7/d the aspect ratio
(7 and d denote the major and minor axes, respectively).

With simulations of Jeffery’s ellipsoids dispersed in
homogeneous isotropic turbulence (HIT), Ref. [17] showed
that the second and third terms in Eq. (1) nearly cancel,
making <w%> essentially independent of particle shape (1)
and dominated by enstrophy, (@3) =~ §(@?). In HIT, the
mean vorticity vanishes, implying that (@3) ~ § (@'?).
Applying the first Betchov constraint [20], this relation
simplifies to (%) ~ 1 (¢) /v. Kinematically, this implies that
the ellipsoids’ rotational timescale (@?)~!/2 scales with the
timescale of Kolmogorov-sized eddies, 7, = (v/(€))"/%.

For fibers with lengths in the inertial subrange, this
scaling remains valid [17] if 7, is replaced by the eddy
turnover time at scale ¢, 7, = (A';A’(;)~/2, where A"/, is
the fluctuating velocity gradient tensor filtered at the
ellipsoid length [21]. Since (A'[A') = Ce;2(¢/n)~*>
[8,21], it follows that (w3) ~1Cr;?(¢/n)~*3, which is
equivalent to (@?) ~1C¢~4/3(e)?/3. Here the multiplica-
tive constant is C=a;Cx~11.22, with Cg~1.58
Kolmogorov’s constant for the three-dimensional energy
spectrum [22], and a; ~ 7.10 a filter-dependent factor for a
Gaussian kernel [8].
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This leads to the question of whether the kinematic
principle and its implication of measuring (€) using (@?),
observed thus far only in numerical simulations in HIT, can
be confirmed experimentally. Furthermore, can this
approach be used in wall-bounded flows, beyond the
assumptions of statistical homogeneity and isotropy?

In this Letter—To address these questions, both exper-
imental and numerical evidence of the mean-square angular
velocity of slender fibers suspended in turbulent channel
flow are provided. Considering fibers with negligible
inertia and lengths between 1.5 and 13#, this study
presents the first estimation of the mean turbulent dis-
sipation rate based on measurements of the full angular
velocity of fibers, introducing a novel method referred to as
fiber-based dissipation measurement (FDM).

The canonical configuration of a turbulent channel flow
(TCF) provides an ideal test case for exploring the appli-
cability of the FDM method: near the channel centerline,
turbulence can be regarded as approximately homogeneous
and isotropic [23], allowing direct evaluation of the pre-
dictions (w?) ~ 1/47,> and (w3) ~ 1/47;% suggested in
HIT [17] for the dissipative and inertial subrange, respec-
tively. Toward the wall, the increasing anisotropy and
inhomogeneity offer conditions to examine the presented
principle beyond its assumptions.

Experimental and numerical setup—The measurements
were conducted in the TU Wien Turbulent Water Channel
facility [24] at a mean water temperature of 20.2 °C. A new
experimental dataset—including two shear Reynolds num-
bers, Re, = 180 and 360, defined as Re, = u,h/v, with u,
friction velocity—was obtained, complementing previ-
ously published data at Re, = 720 [13]. The kinematic

viscosity and channel half height were v = 1 mm?s~! and
h = 40 mm, respectively.
Fibers used in these experiments were slightly

curved and identical to those in Ref. [13], with density
pr=115gem™, length £=1.2mm, and diameter
d =10 pm. The resulting aspect ratio was a = 120.
Under the present flow conditions, the fibers behave as
rigid, inertialess, and effectively straight tracer fibers [13].
Note that their slightly curved shape is exploited to
measure their full angular velocity, including the spinning
rate, following Ref. [13].

Complementary direct numerical simulations (DNS) of
turbulent channel flow laden with prolate ellipsoids [25],
having an aspect ratio a = 120, were conducted at
Re, = 180, 360, and 700. The translational and rotational
motion of the ellipsoids was computed within a Lagrangian
point-particle framework [25] by time integrating the
equations of rigid-body motion described in Ref. [26].

To account for the finite-length effects of the exper-
imental fibers while retaining the point-particle formu-
lation, the simulations adopted the approach of Ref. [17]:
the hydrodynamic torque on each ellipsoid was evaluated

from a spatially filtered velocity-gradient field, A7,
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FIG. 1. Measured mean-square angular velocity of fibers, (w?,),
as a function of the ratio between the nominal fiber length, £, and
the local Kolmogorov length scale, #. Various Re, are showcased
(Re, = 180, 360, 720), with solid orange markers denoting
results for y™ > 60 and open markers indicating results for
yT <60. The angular velocities are rescaled by the local
Kolmogorov time scale 7, = (v/(e))'/?, with (¢) obtained from
DNS at similar Re, (Re, = 180, 360, and 700). Overlain, the
scalings suggested by Ref. [17] for ¢ in the dissipative range
((w3)7; ~ 1/4, solid line) and for # in the inertial subrange
(@3)72 ~ 1/4C(¢/n)~*/3, with C = 11.22, dashed line) are also
shown. The mean-square angular velocities reported by Ref. [12]
for rods with aspect ratio o = 10.8 and those computed by
Ref. [17] for spherical particles (@« = 0) are also included.

sampled at the particle center. As detailed in Ref. [26],
A, was obtained by filtering A;; at the experimental fiber
length (Z/h =3 x 107%) using an isotropic Gaussian
kernel. A small Stokes number, St™ = 0.35, defined as
the ratio of the particle response time [25] to the viscous
timescale 7, = v/uZ, ensures that the ellipsoids behave as
translational and rotational tracers in all simulations.
Results and discussions—Figure 1 shows the measured
mean-square angular velocity of the fibers, rescaled by the
local Kolmogorov timescale, as a function of £/5. While
the fibers have a fixed length, # decreases with increasing
Re,, so that, relative to the scales of turbulence, the fibers
span the dissipative range (£ < 677) and the onset of the
inertial subrange (¢ 2 67). The results are reported for three
Re, (squares for Re, = 180, triangles for Re, = 360,
diamonds for Re, = 720). Since Ref. [39] finds deviations
of velocity gradient quantities in TCF with respect to HIT
starting below y* ~ 60, measurements in the channel core
(y™ = 60, solid orange markers) are distinguished from
those in the near-wall region (y* < 60, open markers).
In the region y™ > 60, the fibers’ mean-square angular

velocity (@?) closely follows the scaling laws suggested
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for HIT [17] in both the dissipative range and the inertial
subrange. Specifically, in the dissipative range the scaling is
constant with Z/#, and in the inertial subrange it follows the
—4/3 law. Both scalings include the factor 1/4, as predicted
by Jeffery’s equation (1) and consistent with the fact that
the local angular velocity of a fluid element is half the
magnitude of the vorticity vector.

This close agreement has two main implications. For
most of the channel height, (i) the mean-square angular
velocity of slender fibers with lengths in either the
dissipative or inertial range provides an accurate estimate
of the local mean turbulent dissipation rate, as (¢) ~ 4v(w?)
and (€) ~ 8C=3/*(w?)3/?¢?, respectively. The FDM method
achieves remarkable accuracy, with a mean relative error of
5.4% across all Reynolds numbers considered (specifically,
6% in the dissipative range and 3% in the inertial subrange).
Near the wall (y© <60), however, (w3) progressively
departs from both scaling laws (open markers in Fig. 1),
with deviations exceeding 25% for all Re,, reflecting the
emergence of small-scale anisotropy [39]. (ii) The rota-
tional kinematics of fibers, governed solely by the rotation
of eddies of comparable size, are essentially independent of
A and nearly indistinguishable from those of spheres,
consistent with numerical results in Ref. [17] (gray circles
in Fig. 1). Owing to this near shape invariance—absent
when considering tumbling and spinning rates separately
[25]—(w?) emerges as a more robust estimator of (¢) than
the individual rotational components.

The near shape invariance of (w?) has been attributed,
for Jeffery’s ellipsoids in HIT, to its statistical independence
from the fiber orientation relative to the eigenframe of A;;
[17]. In contrast, spinning or tumbling alone retain an
orientation dependence that varies with both the scale
sampled by the fibers and their aspect ratio [17]. Prior
estimates of (¢) based solely on the mean-square tumbling
rate [9,15], which commonly assume random fiber ori-
entation relative to A;;, can introduce errors up to 20% in
direct measurements of (e) [9,40].

For reference, comparison with previous measurements
for longer, thicker (@« = 10.8) fibers (blue stars in Fig. 1)
shows an offset relative to the present data, consistent with
finite-diameter effects reported in Ref. [12].

As discussed earlier, the kinematic principle whereby, in
HIT, fibers’ angular velocity scales with the turnover time
of eddies of comparable size—confirmed in Fig. 1 for
y© Z 60—rests on the validity of Jeffery’s model in
describing the rotational kinematics of fibers, and on the
near balance between the strain-induced and mixed vor-
ticity-strain contributions it contains. The remainder of this
Letter is therefore dedicated to the examination of these two
underlying aspects.
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FIG. 2. Mean-square angular velocity of both numerical (gray
circles) and experimental (yellow markers) fibers plotted together
with the numerical dissipation rate (¢*) (dashed line) and
magnitude of the fluctuating gradient tensor (A’ ’;’}*A_’ ff) filtered
at the experimental fiber length £ (solid blue line). Both (¢*) and
(A'FA'Y) are obtained from DNS. Results are shown as a
function of the wall-normal coordinate, y*, and have been made
dimensionless using inner scales: §, = v/u, and 7, = v/u?.
Each panel presents different friction Reynolds numbers:
(a) Re, = 180, (b) Re, =360, and (c) Re, = 700 (DNS) and
Re. = 720 (experiments). The upper horizontal axis reports £/
of the experimental fibers. Error-bars represent confidence
intervals at 99% confidence level and have been computed using
the bootstrap-based method of Ref. [41].

054001-3



PHYSICAL REVIEW LETTERS 136, 054001 (2026)

Figure 2 compares the mean-square angular velocity
obtained from experiments (yellow markers) with numeri-
cal results for Jeffery’s ellipsoids (gray circles) sampling
the velocity-gradient tensor filtered at the fiber length 7,
Afj, at corresponding Re,. The results are shown as
functions of y* and are nondimensionalized using the
viscous length and time scales, §, and 7,, as conventionally
denoted by the superscript “+.” Additionally, 4(@,?) is
shown to facilitate comparison with the expected scalings.
Quantitatively, Figure 2 suggests that the Z-filtered Jeffery
model for numerical ellipsoids (gray circles) captures the
(w;?) of finite-length fibers (yellow markers) from the
center line down to y™ ~ 20 at Re, = 180 [Fig. 2(a)] and
Re, = 360 [Fig. 2(b)], and to y* =~ 40 at the highest Re,
[Exp. 720, DNS 700; Fig. 2(c)]. Visible deviations con-
sistently appear below y* ~2¢7% for all Re, investigated
(with £t = 5.4,10.8, and 21.8 at Re, = 180, 360, and 720,
respectively), indicating that the reduced angular velocities
exhibited by the experimental fibers while approaching the
wall result from fiber-wall interactions that limit rotation.
This near-wall effect is absent in the simulations, where the
idealized Jeffery ellipsoids do not experience such geo-
metric constraints.

Confirming earlier observations, for y* > 60 both the
ellipsoids and the experimental fibers exhibit a mean-
square angular velocity that closely follows the numerical
prediction (7})2 = (A"/;*A’;") (solid blue line). This
quantity approaches and saturates to (7)™ = (¢T)
(dashed line) for lengths Z < 65, as shown by the upper
axis in Z/n.

The excellent agreement between numerical and exper-
imental values of (@ ;?) validates a modeling approach that
replaces the local velocity gradient in Jeffery’s equation
with its spatially filtered counterpart. This formulation
effectively captures finite-length effects, bridging the gap
between conventional point-particle descriptions and par-
ticle-resolved simulations.

Guided by this agreement, we use the numerical sim-
ulations to examine the contributions responsible for the
scalings and near-wall reduced rotation rates observed in
experiments. Recalling Eq. (1), we replace the local strain-
rate tensor and vorticity vector, S and @, with their
counterparts spatially filtered at the fiber length scale 7,
and decompose the filtered enstrophy term into mean and
fluctuating contributions, obtaining

1/du)\?* 1 —
2\ __ - 762
wh =5 () i@
+2((p x8p)?) + 4@” - (p xS’P)). (2)
The relative magnitudes of the contributions on the right-

hand side of Eq. (2), evaluated from DNS, are presented in
Fig. 3. The contributions are rescaled by 1/(47%) and
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FIG. 3. Relative contributions to the mean-square angular

velocity of ellipsoids [Eq. (2)] obtained from DNS: the mean
shear 1/4(d(u)/dy”)* (black stars), the fluctuating enstrophy
1/4(w'?) (red circles), the strain-induced term A2((p x §7p)?2)
(blue squares), and the cross term (@’ - (p x S”p)) (orange
diamonds, plotted with reversed sign). The quantities are rescaled
by 1/ 41;2 and plotted against y™, with each panel corresponding

to a different friction Reynolds number: (a) Re, = 180,
(b) Re, = 360, and (c) Re, = 700.

plotted as a function of y*. In order these terms represent
the pure effect of mean shear (black stars) and the
contribution from fluctuating vorticity (red circles)—nei-
ther of which depends on particle orientation or shape—
followed by the strain-induced (blue squares) and the
mixed strain-vorticity (orange diamonds) contributions.
For clarity, the latter is plotted with its sign reversed, so
that the degree of cancellation between the two shape-
dependent contributions can be directly observed. These
two terms depend explicitly on particle shape through A
and account for the relative orientation between fibers, the
strain eigenframe, and the vorticity vector. For spherical
particles (4 =0) the strain-induced and mixed terms
vanish, so the mean-square angular velocity reduces to
the flow enstrophy alone.

Across all Re, examined, Fig. 3 shows that (Jﬁ} ~ r;z,
indicating that any deviations of the fibers’ angular velocity

1

from 4<A’§A’f}) must arise from the remaining terms.
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At the channel center, where the mean shear is negligible,
the strain-induced and mixed contributions nearly cancel,
consistent with the findings of Ref. [17] for HIT. Moving
toward the wall, the relative contribution of mean shear
increases, while the strain-induced and mixed terms con-
tinue to partially cancel down to y™ ~70 for all Re,
considered. This balance explains the near shape-invariance
of (w?) observed in Fig. 1 within the channel core and,
together with the weak mean shear, the close agreement
with HIT scalings.

As the wall is approached, the balance is progressively
disrupted: the negative cross term outweighs the positive
strain-induced term, and despite the growing contribution
of mean shear, the total normalized contribution falls below
unity. This imbalance causes the systematic near-wall
deviation of (w3) from 1/47;>—and, by extension, from
1/4z; 2 when # < 6n—so that fibers cannot be expected to
recover (¢) accurately in this region. Approaching the wall,
the imbalance between the third and fourth terms in Eq. (2)
signals the breakdown of the canonical HIT alignment
among the fluid vorticity, the strain eigenframe, and the
direction of strongest Lagrangian stretching [42].

Conclusions—A fiber-based dissipation measurement
(FDM) provides a direct, experimentally accessible proxy
for the mean turbulent energy dissipation rate. Fibers with
lengths on the order of the Kolmogorov scale capture the
local velocity gradients responsible for dissipation, allowing
(€) to be inferred from their angular velocity statistics.
Experiments and direct numerical simulations show that,
when scaled with the turnover time of eddies of comparable
size, the mean-square angular velocity of such fibers yields
a nearly shape-independent estimate of (e) for y* > 60,
with average relative errors below 6%. The agreement
between experiments and simulations across a range of
shear Reynolds numbers confirms that Jeffery’s model,
evaluated using the velocity gradient filtered at the fiber
length, accurately accounts for finite-size effects, providing
a framework that bridges point-particle and particle-
resolved descriptions. The near cancellation between the
strain-induced and mixed strain-vorticity contributions to
(w3) explains the observed shape invariance, while the
deviations near the wall arise from the breakdown of HIT-
like vorticity-strain alignments. These results establish FDM
as a robust approach for quantifying turbulent dissipation in
wall-bounded (for y* > 60) and homogeneous flows alike.
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