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a b s t r a c t 

We successfully perform the three-dimensional tracking in a turbulent fluid flow of small axisymmetrical 

particles that are neutrally-buoyant and bottom-heavy, i.e., they have a non-homogeneous mass distribu- 

tion along their symmetry axis. We experimentally show how a tiny mass inhomogeneity can affect the 

particle orientation along the preferred vertical direction and modify its tumbling rate. The experiment is 

complemented by a series of simulations based on realistic Navier–Stokes turbulence and on a point-like 

particle model that is capable to explore the full range of parameter space characterized by the gravi- 

tational torque stability number and by the particle aspect ratio. We propose a theoretical perturbative 

prediction valid in the high bottom-heaviness regime that agrees well with the observed preferential ori- 

entation and tumbling rate of the particles. We also show that the heavy-tail shape of the probability 

distribution function of the tumbling rate is weakly affected by the bottom-heaviness of the particles. 

© 2021 Published by Elsevier Ltd on behalf of The Chinese Society of Theoretical and Applied Mechanics. 
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Many turbulent natural and artificial fluid flows are seeded 

ith small inclusions either organic or mineral or manufactured, 

alled dispersed phase. As examples one can mention the water 

roplets, the ice crystals, the sand grains or the volcanic ashes car- 

ied by atmospheric winds; the wide variety of planktonic organ- 

sms transported by the oceans [1] ; and in the industry the liq- 

ids loaded in cellulose fibers in paper making production [2] or 

he tiny bubbles rising in column chemical reactors. Although the 

ommon aspect of all these examples is that they concern the fluid 

ransport of small-in-size inclusions (from now on dubbed parti- 

les), each case differs by the specific nature of the particles and 

y their physical properties. The particles shape can be regular like 

 sphere or irregular, their material structure can be rigid or de- 

ormable, the mass density can be lighter/heavier than the sur- 

ounding fluid, and homogeneous or not. For what concerns liv- 

ng particles they can react to external stimuli (like temperature, 

ight or local acceleration and deformations) through motility or 

hanges in orientation or shape. 
∗ Corresponding authors. 

E-mail addresses: chaosun@tsinghua.edu.cn (C. Sun), enrico.calzavarini@univ- 

ille.fr (E. Calzavarini). 
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In the last two decades a vast amount of work has been de- 

oted to the investigation of the dynamics of particles in turbu- 

ent flows [3-8] . This renewed interest into a classical fluid dy- 

amics problem has notably taken a fundamental point of view, 

onsidering idealized turbulent flows with their known universal 

eatures and simplified models for the particles, often assumed 

iny and spherical. Major advances have been performed thanks 

o the strategy of combining experiments, numerical simulations 

nd theoretical predictions built on models of developed turbu- 

ence [9] . More recently the studies have attacked the problems 

f less idealized, real so to say, particles, such as non spherical 

nes [10] or active particles [11-13] . Researches on the rotational 

otion of spherical and non-spherical particles [14-27] have re- 

ealed how the complex dynamics of the turbulent velocity gradi- 

nt in the vicinity of the particle affects the characteristic tumbling 

nd spinning rates. The rotation of larger particles have been con- 

ected to the property of turbulence in the so-called inertial range 

16 , 28 , 29] . Studies of particle dynamics in wall-bounded flow have 

rovided new insights on the fact that particles tumbling proper- 

ies can be affected by the background shear-flow in a non trivial 

ay [ 25 , 30 , 31] . 

When particles are non-homogeneous in their mass density dis- 

ribution, an extra torque induced by the gravitational field comes 
cal and Applied Mechanics. This is an open access article under the CC BY-NC-ND 
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Fig. 1. a Photos and scales in mm of one of the axisymmetric bottom-heavy rods 

and its assembly parts used in the experiments. The orientation of the unit vec- 

tor p is also shown. b Example of trajectory of a bottom-heavy rod reconstructed 

via 3D-PTV. The temporal duration of this trajectory is 23 s. The color encodes the 

quadratic tumbling rate. 
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nto play which can affect the preferred orientation and rotation of 

he particle. This has been revealed to be particularly important in 

he biological domain for tiny motile plankton, leading to the phe- 

omenon called gyro-taxis or gravi-taxis. This phenomenon first 

roposed by Kessler [32] is responsible for plankton clustering at 

mall scale by turbulence, and has been the subject of recent im- 

ortant works [ 33 , 34] . However, the experimental studies of non- 

omogeneous active particles by means of living organism are del- 

cate because of their sensitivity to diverse environmental factors 

nd for the unavoidable variability present in any real population. 

t is clear that experiments with real microorganisms are not the 

deal setting to test dynamical models for e.g. non-homogeneous 

on-spherical particles. 

In this paper, we study the statistical properties of the ori- 

ntation and rotation of passive bottom-heavy neutrally buoyant 

od-like particles in developed turbulence by means of dedicated 

xperiments and simulations. On one hand this is a challenging 

xperimental task, because of the many control parameters in- 

olved and the high accuracy required for the measurements. On 

he other hand the availability of simplified model system allows 

or a numerical study of the system that can be checked against 

xperiments. We will show that this combined approach is capable 

o assess the predictive potential of currently adopted models for 

he Lagrangian dynamics of single bottom-heavy anisotropic par- 

icles and to reveal the main trends as a function of the control 

arameters. 

We carry out the experiments in the central region (referred 

s bulk) of a Rayleigh–Bénard convection (RBC) cell in turbulent 

ow conditions. The RBC system we consider is cubic with side 

 = 24 cm, while the bulk is chosen as a cube at its center of size

/ 3 . The latter choice, already adopted in our previous work [25] is

otivated by the fact that we have verified that in that region the 

mall scale properties of the turbulent flows share a strong simi- 

arity with the ones found in homogeneous and isotropic flows. A 

etailed description of the experimental setup can be found in Ref. 

25] . Here, we carefully match the density of the working liquid (a 

olution of 15% in weight glycerol in water at a mean temperature 

 m 

= 40 ◦C ) to the one of the tracked particles so that the particles

esults to be on average neutrally buoyant in the fluid. The exper- 

ments are conducted at Rayleigh number Ra = βg�T H 

3 / ( νκ) = 

 . 4 × 10 10 and Prandtl number P r = ν/κ = 13 (here β is the ther-

al expansion coefficient, g is the gravity acceleration intensity, 

T the bottom-top temperature difference, κ the thermal diffu- 

ivity, ν the fluid viscosity). The global energy dissipation rate in 

he system is evaluated from the relation ε = RaP r −2 ( Nu − 1 ) ν3 / H 

4 

35] , while the local energy dissipation in the bulk is estimated by 

onsidering the ratio of the local energy dissipation rate to global 

nergy dissipation rate via matching with numerical simulations 

s done in Ref. [25] . Thus, the dissipative length and time scales in

ulk are, respectively, η = 0 . 94 mm and τη = 0 . 87 s, the Taylor mi-

rocale measures λ = 17 . 6 mm and the integral scale L = 38 . 2 mm. 

he resulting Taylor–Reynolds number is R e λ ≈ 37 . 

The bottom-heavy particles are fabricated by threading a 

olyamide rod into a thin polyethylene ring. The diameter and 

ength of rod are d = 0 . 56 mm and l = 10 mm respectively, which

esults in an aspect ratio α = l/d � 18 . The ring has an inner di-

meter of 0.56 mm and outer diameter 0.96 mm and a length of 

 mm. The centroid of the ring is placed at the position 0.5 mm 

way from the centroid of the rod, see particle picture in Fig. 1 a.

iven the basic geometry of the assembled particle, the position of 

ts baricenter can be easily estimated. We estimate as h = 0 . 14 mm

he off-center displacement of the particle centroid with respect to 

he particle geometrical center. 

The particles are tracked using a three-dimensional particle 

racking velocimetry (3D-PTV) technique by means of two orthog- 

nally positioned cameras. The details of the tracking method are 
2 
he same as in Ref. [25] . We track simultaneously ∼ 20 particles. 

iven the volume of the convective cell they can be considered as 

ighly diluted and non-interacting. The recorded series can be as 

ong as a minute, which is in the order of the large eddy turnover 

ime of the flow. A reconstructed trajectory for a typical case is 

hown in Fig. 1 b. 

The rotation of particles is governed by the dimensionless sta- 

ility number ψ = B/ τη where B is a reorientation time scale due 

o gravity, which is defined as B = να⊥ / ( 2 hg ) . Here, α⊥ is the di-

ensionless resistance coefficient for rotation, same as in Ref. [36] , 

hich is � 207 in our experiments. We note that due to slight dif- 

erences in the particles, a precise evaluation of h and so of B is ar-

uous. For this reason we also evaluate B in an alternative way, by 

he direct measurement of the tumbling trajectory in a quiescent 

ow. In such case the exact evolution of the vertical component of 

article orientation p z can be obtained analytically by solving the 

quation of motion (5): 

p z ( t ) = 

p z ( 0 ) 
(
e t/B + 1 

)
+ e t/B − 1 

p z ( 0 ) 
(
e t/B − 1 

)
+ e t/B + 1 

, (1) 

here p z (0) is a predefined initial condition, that can be easily 

ontrolled in the experiment. We proceed as follow, the particle 

s released in a bottom-up position in the still fluid, its trajec- 

ory filmed and the parameter B deduced from the matching with 

q. (1) . With this procedure we estimate ψ = 0 . 52 ± 0 . 1 , in good

greement with the a priori estimation of B. 

We carry out numerical simulations based on an Eulerian- 

agrangian modelization of the physical problem. This means that 

he turbulent environment is described by means of direct numer- 

cal simulations (DNS) of incompressible Navier-Stokes equations 

hile the particles are described by a point-particle model that 

akes into account the movement of the center of mass and the 
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Fig. 2. a PDFs of absolute value of particle vertical orientation component | p z | from 

experiments (EXP) and simulations (DNS). The black dot-dashed line represents the 

PDF of randomly oriented particles. b Mean absolute value of particle vertical ori- 

entation component 〈| p z |〉 as a function of stability number ψ from experiments 

(EXP) and simulations (DNS). The light blue shaded area represents the error of 

〈| p z |〉 in simulations. c 1 − 〈 p 2 z 〉 as a function of ψ in log-log scale. The pink solid 

line shows the prediction Eq. (10) . Inset shows 1 − 〈 p 2 z 〉 compensated by ψ 

2 as a 

function of ψ and the expected values according to the perturbative predictions 

Eqs. (8) and (9) . 
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patial orientation of the particle. The equation for the fluids reads 

s follows: 

 t u + u · ∇u = −ρ−1 ∇p + ν∇ 

2 u + f , (2) 

 · u = 0 , (3) 

here u ( x , t ) denotes the fluid velocity vector field, p is the hy- 

rodynamic pressure, and parameters are the kinematic viscosity 

, the reference liquid density ρ . The vector f refers to an external 

arge-scale random force with constant global energy input which 

roduces and sustains a statistically homogeneous and isotropic 

urbulent (HIT) flow. Periodic boundary conditions are enforced 

long all the directions of the three-dimensional cubic simulation 

omain. The HIT flow can be characterized by a single dimension- 

ess control parameter the Taylor-Reynolds number R e λ = u rms λ/ν
here u rms is the single-component root-mean-square velocity and 

= 

√ 

15 ν/εu rms is the Taylor micro-scale of turbulence. We simu- 

ate an HIT flow at R e λ ≈ 32 on a regular grid of 128 3 nodes. 

The model for the Lagrangian evolution of a single particle posi- 

ion, r (t) , and orientation, p (t) , is described by the following equa-

ions: 

˙  = u ( r ( t ) , t ) , (4) 

˙  = 

1 

2 B 

[ z − ( z · p ) p ] + �p + 

α2 − 1 

α2 + 1 

[ Sp − ( p · Sp ) p ] , (5) 

here p is a unit vector oriented along the particle symmetry 

xis, and pointing in the direction of its light-top; z is a unit vec- 

or pointing upward (i.e. opposite to the gravity direction), S = 

 ∇u + ∇ u 

T ) / 2 and � = ( ∇u − ∇ u 

T ) / 2 respectively represent the 

ymmetric and anti-symmetric components of the fluid velocity 

radient tensor at the particle position, ∇u . The equation of ro- 

ation Eq. (5) is an extension of the Jeffery equation [37] which 

onsiders the gravity torque due to the center of mass offset in 

he particle, as proposed by Pedley and Kessler [36] . This model 

as been originally proposed in the context of motile algae stud- 

es and since then extensively used to study the dynamics of gy- 

otactic swimmers [ 13 , 34] . This model is appropriate for particles 

hose motion is ruled by hydrodynamics in the viscous regime. 

t applies to turbulent flows as long as the particle size and the 

article translation and rotation response times are of the order of 

he respective dissipative (i.e. Kolmogorov) scales. Although here 

e have l � 10 η, the response times are O ( ∼ 0 . 1 ) τη which pro-

ide still a reasonable condition for the applicability of the model. 

his is also supported by previous studies of finite-sized homo- 

eneous fibers in turbulent flows [ 16 , 23] . The simulated HIT flow

s seeded by a large amount of non-interacting particles ( ∼ 10 6 ), 

ivided into distinct families characterized by aspect ratio and 

tability number parameters varying in the range α ∈ [ 0 . 01 , 100 ] 

nd ψ ∈ [ 0 . 01 , 100 ] . The simulations are performed with the CH4- 

roject code [38] . 

We begin discussing the effect of preferential orientation along 

he vertical direction of the particles, which appears to be a dom- 

nant effect in the experimental setting as it can be noticed in the 

econstructed trajectory of Fig. 1 b. This can be quantified by the 

bsolute value of the vertical component of the particle orientation 

ector | p z | . We use the absolute value here in order to allow for

he comparison between experimental measurements and simula- 

ions, in fact the experimental trajectory reconstruction technique 

llows to detect the particle direction but not to resolve its orienta- 

ion, due to the tiny asymmetry of its body. The probability density 

unction (PDF) of | p z | is expected to be non-uniform in the range 

 0 , 1 ] . This is illustrated in Fig. 2 a which reports the experimen-

al measurement for the rod-like particle with aspect-ratio α = 18 
3 
nd stability number ψ = 0 . 5 . In the same figure we show the re-

ults of simulations for the same parameters, which are in reason- 

ble quantitative agreement with the experiment. For comparison 

e also provide the case for high stability number ψ = 100 , where 

he particle orientation is only weakly affected by the gravity, and 

he distribution appears essentially flat. 

The trajectory and ensemble (i.e. particle population) average 

or the same quantity, 〈| p z |〉 , as a function of the stability num- 

er ψ is shown in Fig. 2 b). Such a quantity, as illustrated by the 

NS results, monotonically decreases as ψ increases from a grav- 

ty torque dominated regime ( ψ � 1 ) to the turbulence dominated 

egime ( ψ  1 ) . The value ψ ∼ 1 identifies an intermediate state 

etween the two limiting behaviours (here 〈| p z |〉 ∼ 1 / 
√ 

2 ) mean- 

ng 45 ◦ angle with respect to the vertical), confirming that the 

issipative time-scale of turbulence τη is the appropriate scale for 

he description of the dynamics of a tiny particle in turbulence. 

t also appears that a plateau is reached in the two limits when 

 

< ∼ 0 . 1 or ψ 

> ∼ 10 . The experimental measurement agrees with the 
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Fig. 3. a PDFs of tumbling rate squared ˙ p i ̇ p i from experiments (EXP) (circles) and 

simulations (DNS) (full lines). b Normalized mean tumbling rate squared 〈 ̇ p i ̇ p i 〉 τ 2 
η

as a function of stability number ψ from EXP and DNS. The light blue shaded area 

represents the statistical error of 〈 ̇ p i ̇ p i 〉 τ 2 
η in simulations. gray dashed line refers 

to the value of mean tumbling rate squared for homogeneous rod with a similar 

aspect ratio at R e λ = 32 . The inset show the same data on a log-log scale, the ψ 

2 

behavior is shown as black dashed line. 
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imulations and show a strong alignment with the vertical; con- 

erting the observable to an average angle in degrees one finds: 

cos ( 〈| p z |〉 ) � 32 ◦. 

In the limit of small but non-vanishing B , a perturbative solu- 

ion of Eq. (5) up to the first order in B can be performed. We

onsider the Taylor expansion of the solution p around the point 

 = 0 : p (t) � p 0 (t) + B p 1 (t) + O( B 2 ) , and substitute it into Eq. (5) .

he equation is then solved order by order in B starting by the 

eading order. This leads to 

 � z + B 

(
� × z + 2 

α2 − 1 

α2 + 1 

( Sz − S zz z ) 

)
+ O 

(
B 

2 
)
. (6) 

We note that this prediction does not satisfy the constraint of 

nit norm for p , hence its normalized expression reads: 

 � 

z + B 

(
� × z + 2 

α2 −1 
α2 +1 ( Sz − S zz z ) 

)
√ 

1 + B 

2 
(
� × z + 2 

α2 −1 
α2 +1 ( Sz − S zz z ) 

)2 
. (7) 

However, Eq. (6) can still be considered as an acceptable ap- 

roximation of the solution in the very small B limit, because 

t corresponds to the first order Taylor expansion of Eq. (7) . 

hese derivations when combined with the statistical proper- 

ies of the velocity gradient tensor in HIT flows 〈 ∂ a u b ∂ c u d 〉 τ 2 
η = 

 4 δac δbd − δab δcd − δad δbc ) / 30 [39] , allow to estimate the mean 

uadratic orientation along the vertical direction 〈 p 2 z 〉 . We discuss 

ere two special cases: the sphere α = 1 and the thin rod α → ∞ .

n the first case ( α = 1 ), from Eq. (6) , we get 

 − 〈 p 2 z 〉 � B 

2 
(〈 �2 

y 〉 + 〈 �2 
x 〉 

)
= 

2 

3 

ψ 

2 , (8) 

n the second case ( α → ∞ ), again from Eq. (6) , 

 − 〈 p 2 z 〉 � B 

2 (〈 ( ∂ z u x ) 
2 〉 + 〈 (∂ z u y ) 

2 〉 ) = 

16 

15 

ψ 

2 . (9) 

We observe that from Eq. (7) , upon averaging and by means of 

ensen inequality one can derive the slightly more general relation 

 − 〈 p 2 z 〉 ≤
16 
15 

ψ 

2 

1 + 

16 
15 

ψ 

2 
. (10) 

Such predictions are compared with the measurements in 

ig. 2 c, where it is clearly seen the quadratic trend for 1 − 〈 p 2 z 〉 ∼
 

2 for ψ < 1 and the saturation 1 − 〈 p 2 z 〉 = 2 / 3 occurring in the

egime dominated by turbulent fluctuations ψ  1 . The predic- 

ions for thin rods Eqs. (9) and (10) compare well both with the 

NS and experimental results. The agreement on the scaling pref- 

ctor, which is excellent in the case of the sphere, is compared in 

he inset of Fig. 2 c. 

We now focus on the tumbling rate of the particle, i.e. on its 

otation rate in the direction orthogonal to the symmetry axis. Pre- 

ious studies have shown that the particle shape is responsible for 

 phenomenon of preferential alignment of rod-like particles with 

he fluid vorticity leading for prolate particles to a reduced tum- 

ling rate with respect to the spherical particle case and the oppo- 

ite for oblate particles [ 14 , 15 , 28] . We show here how the gravita-

ional torque further reduces the tumbling of the particles. 

The PDFs of tumbling rate squared for different ψ are shown in 

ig. 3 a. The long tail of PDF of tumbling rate has also been ob-

erved for homogeneous axi-symmetric particles [ 15 , 16 , 25] . This 

enotes the presence of intense local rotation rates with respect 

o the average value 〈 ̇ p i ˙ p i 〉 . The PDF from experiments agrees with 

he PDF from simulation up to about ∼ 10 standard deviations. The 

ifferences observed for the higher tumbling rate regime could be 

 signature of sub-leading inertial effects associated to the finite- 

ize of the particles, as observed in Ref. [16] for homogeneous 

bers. Furthermore, a weak stability number dependence is ob- 

erved on the tail of PDFs, with an increasing intermittency for low 
4 
; such an observation can be considered as preliminary and will 

eserve further checks at different Reynolds numbers. 

The quadratic tumbling rate normalized by the temporal dissi- 

ative scale, 〈 ̇ p i ˙ p i 〉 τ 2 
η for α = 18 particles at varying the stability 

umber ψ is reported in Fig. 3 b. We observe a marked suppres- 

ion of the tumbling rate for the particle in the experiments to 

bout 20% of the known value for a corresponding equal-in-shape 

nd homogeneous particle. The numerics suggest that the trend 

f tumbling as a function of ψ is similar to the one already ob- 

erved for the orientation, with apparent saturation for ψ outside 

he range [ 0 . 1 , 10 ] . The perturbative solution Eq. (6) when derived 

ith respect to time and averaged gives, for spheres ( α = 1 ): 

 ̇ p ̇ p 〉 | sphere � 4 B 

2 

(〈(
D 

Dt 
∂ i u j 

)2 
〉

−
〈 

D 

Dt 
∂ i u j 

D 

Dt 
∂ j u i 

〉 )
(11) 

nd for rods ( α → ∞ ) 

 ̇ p ̇ p 〉 | rod � 8 B 

2 

〈(
D 

Dt 
∂ i u j 

)2 
〉
, (12) 

here the summation over repeated indexes is not implied. We 

emark that in both cases the scaling 〈 ̇ p i ˙ p i 〉 τ 2 
η ∼ ψ 

2 is expected 

nd well verified in the inset of Fig. 3 b, where we compare it 

ith the numerically measured behavior for a particle with α = 18 . 

he average values in Eqs. (11) and (12) can not be computed on 

he basis of purely statistical symmetry arguments. However, they 

ave been numerically measured in Ref. [40] as 〈 D Dt ∂ i u j 
D 
Dt ∂ j u i 〉 ≈

 . 6 〈 ( D Dt ∂ i u j ) 
2 〉 suggesting a larger tumbling rate for rods as 
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Fig. 4. The ratio of mean squared tumbling rate of non-spherical particles with re- 

spect to the sphere case, 〈 ̇ p i ̇ p i 〉 / 〈 ̇ p i ̇ p i 〉 sphere [Note: same as in the notation on the 

y axis of the figure], at various stability number ψ in the limit of highly stabilized 

particles ( ψ → 0 ). 

Fig. 5. Normalized mean tumbling rate squared 〈 ̇ p i ̇ p i 〉 τ 2 
η as a function of stabil- 

ity number ψ and aspect ratio in EXP and DNS. The color represents the value of 

〈 ̇ p i ̇ p i 〉 τ 2 
η . The black circle denotes the data from the present experiments. The black 

square shows the result for homogeneous particles ( ψ = ∞ ) of aspect ratio α = 6 

and 1/6 in the RBC bulk at a comparable turbulent intensity, from Ref. [25] . 
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ompared to spheres for vanishing ψ values. This is consistent 

ith our numerical results, where we obtain 〈 ̇ p ̇ p 〉 rod / 〈 ̇ p ̇ p 〉 sphere � 4 

with respect to the value 5 implied by DNS in Ref. [41] ). The de-

cribed trend is reported in Fig. 4 , for the smallest ψ values ex- 

lored in our simulations. 

Finally, we address the behavior of the mean quadratic tum- 

ling rate in the full two-dimensional parameter space ( α, ψ ) . This 

an be conveniently done by means of the simulations. The results 

re illustrated in Fig. 5 . At large ψ values, the mean tumbling rate 

hows two plateaus for slender rods and thin disks, which agrees 

ith the rotation dynamics of homogeneous particles in turbu- 

ence ( ψ = ∞ ) and with our previous experimental measurements 

t ψ = ∞ and α = 6 and 1 / 6 in the same bulk of RBC setting [25] .

s the stability parameter decreases, one observes a more pro- 

ounced similarity between disk-like and rod-like particles. And, as 

lready remarked in Fig. 4 in that limit the tumbling both of rods 

nd thin disks is larger than the one of corresponding spheres, in 

greement with the expectation from the perturbative prediction. 

In summary, we presented a study of the statistics of orienta- 

ion and rotation of anisotropic bottom-heavy particles in a turbu- 

ent flow by means of experiments and simulations. The effect of 

ravity induced torque due to the inhomogeneity of particles, char- 

cterized by stability number ψ , significantly modifies the statis- 

ics of the particle orientation and its rotation intensity. At low ψ , 

he particles are brought to align with the gravity direction. It is 

ound that in this limit 1 − 〈 p 2 z 〉 and mean tumbling rate squared

 ̇ p ˙ p 〉 scale as ψ 

2 at small ψ . A prediction based on perturbation 
i i 

5 
heory shows excellent agreement with the DNS measurements. 

ur results point to the fact that particulate matter with geomet- 

ical and mass density properties that are different from the ide- 

lized homogeneous one, are likely to possess rotational proper- 

ies that are very different from the one indicated by the homoge- 

eous particle model. As we show here even a tiny mass bottom- 

eaviness stabilizes the particle and drastically reduce its tumbling. 

urther studies will be needed in future to better understand the 

ich rotational dynamics of non-ideal particles in turbulent flows. 

n particular it would be of great interest to extend the present 

nvestigation to the analysis of spinning rates (i.e. the rotations 

round the symmetry axis), to the examination of inertial effects 

or larger particles and ultimately to a the exploration of much 

ore particle shape types and mass-density asymmetries. 
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