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The goal of this study is to elucidate the effect the particle moment of inertia (MOI) has
on the dynamics of spherical particles rising in a quiescent and turbulent fluid. To this
end, we performed experiments with varying density ratios I, the ratio of the particle
density and fluid density, ranging from 0.37 up to 0.97. At each I" the MOI was varied
by shifting mass between the shell and the centre of the particle to vary I* (the particle
MOI normalised by the MOI of a particle with the same weight and a uniform mass
distribution). Helical paths are observed for low, and ‘three-dimensional (3-D) chaotic’
trajectories at higher values of I'. The present data suggest no influence of I* on the
critical value for this transition 0.42 < I,.;; < 0.52. For the ‘3-D chaotic’ rise mode, we
identify trends of decreasing particle drag coefficient (C,) and amplitude of oscillation
with increasing I*. Due to limited data it remains unclear if a similar dependence exists
in the helical regime as well. Path oscillations remain finite for all cases studied and no
‘rectilinear’ mode is encountered, which may be the consequence of allowing for a longer
transient distance in the present compared with earlier work. Rotational dynamics did not
vary significantly between quiescent and turbulent surroundings, indicating that for the
present configuration these are predominantly wake driven.

Key words: particle/fluid flow, vortex shedding

1. Introduction

It is widely known that freely rising spheres can exhibit a host of different and complex
path oscillations. Numerous studies have been devoted to this topic, which is of interest
e.g. as a paradigmatic case for fluid—structure interactions. Canonically, the independent
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parameters considered are the density ratio I" = p,/pr and the particle Reynolds number

Re = (v;)D/v (or a related quantity such as the Galileo number Ga = /|1 — I"|gD?3/v).
Here, p, and pr denote the particle and fluid densities, respectively, (-) indicates a time or
ensemble average and v; is the velocity component of the particle velocity v in direction i
(which in the definition of the Galileo number is replaced by the buoyancy velocity V, =
/|1 — I'|gD). Further, D is the sphere diameter, v the kinematic viscosity of the fluid and
g is the acceleration due to gravity. Both parameters, I and Re, are related to the vertical
momentum balance

r dv  Fy(Re)

dr my

+ (1 = I")ge, (1.1)

where FF is the fluid forcing on the body, my is the mass of the displaced fluid and e; is a
unit vector pointing opposite to the direction of gravity.

The Reynolds number dependence enters implicitly in (1.1) via the fluid forcing Fy
on the sphere. Once Re £ 200 (Jenny, Bouchet & Dusek 2003), vortex shedding sets in
in the particle wake, which results in an approximately periodic forcing and a complex
dynamical coupling between particle motion and the surrounding flow field (Bearman
1984; Parkinson 1989; Williamson & Govardhan 2004; Govardhan & Williamson 2005).
The most comprehensive investigation of the I'-Re parameter space reported to date is
by Horowitz & Williamson (2010). Based on their experiments, these authors conclude
that a critical density ratio I, exists, which governs the onset of path oscillations.
The value of I, was shown to exhibit a Re dependence and path oscillations did not
occur for I, > 0.36 for 260 < Re < 1550 and I, > 0.6 at Re > 1550. Horowitz &
Williamson (2010) also state that the presence of path oscillations is associated with a
high-drag regime, for which the values of the drag coefficient C; significantly exceed
values reported for a fixed sphere at similar Re. However, there remain fundamental and
largely unexplained discrepancies in the literature on the topic. This is most evident in
the spread of reported C,; values (see figure 3(b) and the corresponding discussion), but
also manifests in differences in the reported rise modes. Whereas Horowitz & Williamson
(2010) reported only planar (‘zigzagging’) trajectories, other studies find helical or
spiralling motions (Preukschat 1962; Shafrir 1965; Auguste & Magnaudet 2018; Will &
Krug 2021; Will et al. 2021) for comparable parameter values. Also the ‘rectilinear mode’
described in Horowitz & Williamson (2010) for I" > I, in which particles rise straight
without path oscillations, is not observed consistently elsewhere; e.g. Preukschat (1962)
report a reduction in oscillating amplitude with increasing I" within this regime, but did
not encounter perfectly ‘vertical’ (i.e. non-oscillating) trajectories.

There certainly are a host of possible explanations for these differences and the origin of
some of them may well be linked to the precise experimental conditions. The latter include
the precision of the particle fabrication, residual disturbances in the flow and the size of
the tank among potentially many more. However, recent findings (Namkoong, Yoo & Choi
2008; Mathai et al. 2017, 2018; Will & Krug 2021) also suggest a more systematic cause
as they point to an additional relevance of the rotational dynamics in setting the overall
particle dynamics. Rotations of the sphere are governed by

do 107y

I'r—=—=,
dr me2

(1.2)

where @ is the angular velocity of the sphere and T the torque induced by the fluid.
The additional independent parameter introduced by (1.2) is the dimensionless moment of
inertia (MOI), I* =1,/Ir with Ir =7 /60,0PD5 the MOI of a particle with a uniform
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material density of p,. Note that the definition of /* is chosen such that its value is
entirely determined by the mass distribution within the particle and independent of I”
(i.e. fluid properties). For a homogeneous sphere I* = 1 and I* < 1 (I* > 1) if the mass is
accumulated towards (away from) the centre. Note, however, that the dynamically relevant
parameter implied by (1.2) is given by the product I*I".

While there is no explicit coupling between (1.1) and (1.2), the two degrees of freedom
can interact via the flow field, e.g. through a Magnus force F,, ~ @ x v. A potential
relevance of the MOI as an additional parameter was already mentioned by Ryskin &
Leal (1984). For the case of cylinders, its importance has been established via systematic
studies in two-dimensional simulations (Namkoong et al. 2008; Mathai et al. 2017).
More recently, Mathai et al. (2018) also uncovered a regime transition induced by a
variation in the MOI for spheres rising in a turbulent flow. These authors also reported
differences when the particles were rising in still fluid, but these observations remained
qualitative and limited to two different values of I* at a single density ratio (I"). Moreover,
recent experiments by Will & Krug (2021) confirmed the general relevance of rotational
dynamics for rising or settling spheres. By introducing a centre of mass offset, these
authors selectively varied the rotational dynamics while keeping I" and Ga constant. This
led to a resonant behaviour between particle rotation and wake shedding with significant
impact on parameters such as oscillation amplitude and C,;. Further and remarkably, also
horizontal path oscillations ceased almost fully once the offset got large enough to mostly
suppress rotational motion.

On this basis, it is the goal of this study to systematically explore the effect variations
in I* have on the rise behaviour of light spheres. Little can be gleaned from existing
datasets (most of them based on particles with a non-uniform mass distribution) to
answer this question, as this parameter is generally not reported. Therefore, we designed
and manufactured particles to perform new experiments exploring the parameter space
systematically. Details on this can be found in § 2. Afterwards, we present and discuss the
results of the experiments in § 3. Additionally, we investigate the effects of background
disturbances in the fluid and the effect of the time between experiments (waiting time) in
§ 5 and finally conclude in § 6.

2. Experimental set-up and procedures
2.1. Particle design and manufacture

We aim to vary the MOI while keeping Ga and I" nominally constant. This is achieved by
shifting the weight between the outer shell of the particle and a metal ball of varying size
at its centre as required; see figure 1(a). The shells are designed using three-dimensional
(3-D) CAD software and 3-D printed on a RapidShape 30L printer with a horizontal
resolution of 21 wm and a layer thickness of 25 pwm. The print is performed in two halves,
which are then glued together and sanded to smoothen the surface. In a last step, a pattern
is painted on the particle to enable the rotation tracking, resulting in the final particles
shown in figure 1(). The mass of the paint and glue contributed less than 0.5 % of the total
particle mass and, hence, does not induce a significant centre of mass offset nor variation
of I'*. Measured values of the final particle weight and diameter are used to update the
CAD model in order to obtain a more accurate value of the MOI. The surface roughness
on the particles was measured using confocal microscopy and found to be &, = 1.7 pum,
making the ratio of roughness to particle size &,,;/D = O(10~%). The roughness level can
affect the particle dynamics in two ways. First, roughness may affect the skin friction,
but this applies only if the boundary layer is turbulent (Moody 1944), which is not the
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Figure 1. (a) Schematic of the particle design showing how we vary the MOI of a particle by placing metal
bearing balls of varying sizes in the centre while keeping the density nominally constant. (b) Picture showing
the finished particles, one for each density ratio range (indicated by the coloured squares). (c) Particle diameter
(D) and density ratio (I7) of all particles used in the experiments. Isolines of Ga show the variation in this
parameter. (d) Particle density ratio (I") and the dimensionless MOI (I*I") for all particles.

case at the present Re. Second, the roughness can expedite the transition to turbulent
boundary layers. However, based on the study by Achenbach (1974), for the current levels
of roughness, such a transition would still only be expected at Re &~ 3 x 107, which is
much higher than present values. The sphericity achieved with this method is high with
diameter measurements (taken with a caliper) differing by less than 1 % of the diameter
at different cross-sections. An overview of the parameter space covered in this study is
shown in figure 1(c,d). Throughout this work the marker colour will designate the different
I' regimes and the different marker types indicate the value of Ga. Line colour is used to
indicate ranges of I*I". For each I"-regime, I* is varied as much as physically possible,
the resulting ranges are shown in figure 1(d) in terms of I*I". Parameters of all particles
used in this study are tabulated in the Appendix along with compiled results.

2.2. Experimental set-up and methods

All experiments were performed in the approximately 3 m high, water filled, test section
of the Twente Water Tunnel facility. The set-up is schematically shown in figure 2(a).
The lab is temperature controlled at 20 °C; thus, we assume constant fluid properties

or =998 kg m~—> and v = 1.0035 x 107° m?s~!. The particles were released using a
specifically built release mechanism located approximately 1.8 m below the measurement
region. The release mechanism, depicted in figure 2(b), consists of a pipe with a cutout
from which the particle can be released. Particles can be inserted into this pipe without
draining the tank using a basket. Once pushed to a cutout in the pipe in the centre of the
tank, this basket can be turned, thereby releasing the trapped air through a grate while
keeping the particle inside. After the bubbles have risen to the top of the tank, the water
is left to settle for at least 8 min before the particle is released by gently tilting the basket
further. Doing so did not cause significant rotation of the spheres upon leaving the release
mechanism. In § 5 we validate the dependence of the behaviour on the waiting time, since
this was previously found to be critical to the rise behaviour (Horowitz & Williamson
2010).

Once the particle has entered the measurement section, the particle is recorded by two
pairs of perpendicularly placed high-speed cameras (PHOTRON Fastcam AX200 with
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Figure 2. (a) Schematic of the test section of the Twente Water Tunnel along with the camera set-up.
(b) Schematic detailing the release mechanism and procedure. Left: particle is inserted in the basket and
pushed to the centre of the tank. Centre: basket is rotated in the pipe to expose the grate and to allow the air to
escape the basket. Right: after waiting for at least 8 min, the particle is released by rotating the basket slightly
further. (¢) An example of a particle trajectory (red) and its centreline (blue). Also shown are projections of
the particle path onto the sides and bottom of the domain. Note that horizontal axes are rescaled with respect
to the vertical to highlight the path oscillations. The properties of this particle are: I" = 0.402, I* = 1.140,
D = 16.2 mm. (d) An example of a particle trajectory for a secondary particle with properties: I" = 0.666,
I =0.827, D = 19.3 mm.

1024 x 1024 pixels at 256 grey levels, fitted with ZEISS Milvus 100 mm lenses). The
cameras are placed more than 3 m away from the centre of the tunnel in order to get a near
isometric view of the pattern on the particles. Stacking two camera pairs (see figure 2a)
allows tracking of the particles over a distance of approximately 1.1 m in the vertical
direction. Grey background panels are used to contrast with the white and black pattern on
the surface of the particles. The frame rate of the cameras was adjusted depending on the
rise velocity in order to keep the inter-frame translation between 2 and 6 pixels.

Based on the calibration of the camera position and taking into account parallax effects,
the 3-D particle position in space was reconstructed from the two orthogonal views. The
origin of the coordinate system is located at the base of the measurement domain in the
centre of the tunnel. The directions are defined as depicted in figure 2(a), with x and
y spanning the horizontal plane and z pointing upward, i.e. opposite to the direction of
gravity. The obtained position data are smoothed by convolution with a Gaussian kernel to
obtain the trajectories shown as red curves in figure 2(c,d). We further obtain the velocity
and acceleration of the particle by convolution with the derivatives of a Gaussian kernel
(Mordant, Crawford & Bodenschatz 2004). The window sizes and standard deviations of
the kernels were varied based on the particle size and were determined to minimize the
noise, while leaving the underlying signal intact (Mathai ez al. 2016).
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Additionally, we track the orientation of the spheres by matching the particle images to
rendered projections of the patterns at different orientations (Will et al. 2021). With the
sequence of orientations known, the angular velocity and acceleration can be derived as
described in Will & Krug (2021).

From the raw data for the trajectories we then determined the dominant frequency of
oscillation by considering the first peak of the autocorrelation functions of the horizontal
velocity signals. Initially, the autocorrelation was computed for the full segments. In order
to evaluate period-to-period variations, the procedure was then repeated for segments
of the velocity signals of approximately 1.5 periods in length. It was confirmed that
this procedure resulted in the same mean frequencies (to within 5 %). Results were
then compiled over all runs with the same particle to determine the mean and standard
deviation. This result is further used to determine the centreline of the trajectory indicated
by the blue curves in figure 2(c,d) (Will et al. 2021). Specifically, the centreline is
determined by applying a moving-average filter on the particle trajectory data. The window
size of this filter is taken to be the period of the dominant oscillation frequency, thus
removing the primary oscillation and leaving the residual ‘drifting” motion. The amplitude
of the path oscillations (a) is based on the distance between the trajectory and its centreline.
As a check, we also calculated the frequency based on the points of maximum amplitude
from the centreline, which confirmed our previous results.

Finally, in § 4 we perform experiments with a mean downward flow present and active
grid generated turbulence in the same facility. In these measurement we only use the top
two cameras and the measurement region is 0.8 m downstream of the active grid. In these
experiments we release the particle using the same mechanism but with a downward
flow in the channel, balancing out the particle rise velocity. The mean flow velocity
in the channel is measured using a magnetic flow meter and is kept constant during
the experiment. The active turbulence grid at the top of the channel is turned on and
when the particle is in the measurement domain the recording is started. The particle
can stay in this region for a long time producing recordings in excess of a duration of
30 s. Typical measurement times easily exceeded 30 s, resulting in very good statistics
for this configuration. The set-up is identical to that used by Mathai et al. (2018) with a
Taylor Reynolds number Re, ~ 300, n/D = 0.01 and Ar/D = 3, where 1 and Ay are the
Kolmogorov and the integral length scales of the turbulent flow, respectively.

3. Results and discussion
3.1. Particle drag coefficient
We start by considering the drag coefficient

2
c, = -Dbg _4Ga 3.1)
3(v,)? 3 Re?
as a function of the dimensionless MOI I*I" in figure 3(a). Most saliently, these results
cluster into a high-drag regime (C4 ~ 0.7) and a low-drag regime with C; ~ 0.45. Albeit
not as pronounced as the difference between these regimes, there is further a distinct trend
of decreasing C; with increasing I* I" within the low-drag regime. In figure 3(a) we also
included relevant data from Will ef al. (2021) and Will & Krug (2021) for both rising
and settling particles. These data points are largely in line with the low-drag mode in the
present dataset. Only for the lowest values of I" considered here (0.37 < I < 0.42) do
we encounter the high-drag regime. Given the limited data points, no conclusions on the
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Figure 3. (a) Drag coefficient as a function of the dimensionless MOI I*I". In addition to present results,
we plot data from Will er al. (2021) and Will & Krug (2021) for isotropic rising and settling spheres. (b) A
comparison of the drag coefficient with compiled data from literature vs the particle Reynolds number.
Light grey dots represent previous data compiled by Horowitz & Williamson (2010), the solid black symbols
(designating zigzagging motion) and the large open circles (rectilinear motion) are from experiments by
Horowitz & Williamson (2010), and the open black symbols are from the numerical study by Auguste &
Magnaudet (2018), where the marker indicates the regime of motion. The inset shows a more detailed view of
the current data and the results for a stationary sphere (solid black line) and the ‘vibrating fit’ from Horowitz &
Williamson (2010). (¢) Particle Reynolds number vs Galileo number; diagonal dashed lines indicate constant
drag coefficient. In all panels, the symbols correspond to ranges in particle Galileo number and the colours
indicate ranges in density ratio I.

dependence of C; on I'* can be drawn in this case. Finally, we also note that the transition
between the two drag regimes appears independent of I* in the present data.

To establish how the observed trends — and in particular the dependence of C; on
I*I" — relate to literature data, we compare our data to published values of C; (Allen
1900; Liebster 1927; Lunnon 1928; Preukschat 1962; MacCready & Jex 1964; Shafrir
1965; Stringham, Simons & Guy 1969; Boillat & Graf 1981; Kuwabara, Chiba & Kono
1983; Karamanev, Chavarie & Mayer 1996; Jenny, DuSek & Bouchet 2004; Veldhuis &
Biesheuvel 2007; Veldhuis, Biesheuvel & Lohse 2009; Will & Krug 2021; Will et al.
2021) in figure 3(b). The existence of two different drag states as a function of I" has
been observed and documented before by Horowitz & Williamson (2010). They attributed
the regimes to a transition from a ‘vibrating mode’, with large path oscillations at low I,
to a rectilinear mode with almost no path oscillations. The respective C; values for these
two regimes largely match our results (see also inset in figure 3a). However, the threshold
density ratio in the present data (0.42 < I" < 0.52) is significantly lower compared with
the critical value of I" = 0.61 determined in Horowitz & Williamson (2010) (for unknown
I*). Regarding the dependence of C; on I*, it is noteworthy that the C,; values of the
rectilinear mode — and at the same time also those for a stationary sphere — are best
matched at high 7*I". The increase in Cy with decreasing I*I" then leads to a deviation
from these reference data. Some part, but certainly not all of the spread in the drag data
reported in the literature, might therefore indeed be attributed to differences in the MOL.
However, the effect appears less strong compared with the I"-dependence, which remains
the dominant parameter in governing the particle drag.
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Finally, we also document the particle Reynolds number defined as Re = (v;)D/v.
These results are shown in figure 3(c) as a function of Ga. The Re-range for all our
experiments are in the Newtonian drag regime, Re £ 1000 (Clift & Gauvin 1971), for
which the drag is pressure dominated (C; ~ D?) and mostly independent of Re. The
Reynolds and Galileo numbers are linked to the particle drag coefficient as shown in
(3.1) and indicated by diagonal dashed lines in the figure with bi-logarithmic scales. The
variation in Re is small between most particles and there appears to be no systematic
relation between Cy4 and Re. This indicates that the variation in C; observed in figure 3(a)
in the low-drag mode is indeed an I* effect and not related to Re. In the following, we will
investigate in more detail how varying I" and the MOI changes properties of the particle
trajectories.

3.2. PFarticle trajectories

In figure 4 a number of representative trajectories for the five ranges of I and for three
values of I* are shown. To provide a sense of the variability, the main panel shows
the most commonly observed trajectory, while the inset shows a second trajectory for
the same particle that is (visually) most different from the typical one. Surprisingly,
the horizontal trajectories corresponding to the high-drag regime (0.37 < I' < 0.42) are
almost circular, indicating that the path is helical for these cases. This result is unlike the
planar ‘zigzag’ observed by Horowitz & Williamson (2008) and Horowitz & Williamson
(2010) for spheres with a low density ratio at similar Ga. However, helical trajectories are
not uncommon and have been observed for spheres at low density ratios (Preukschat 1962;
Karamanev & Nikolov 1992; Karamanev et al. 1996; Veldhuis ef al. 2009) as well as for
bubbles (Ellingsen & Risso 2001; Mougin & Magnaudet 2001, 2006). In the work by
Veldhuis et al. (2009), these helical trajectories were connected to a different drag scaling,
which could be attributed to lift-induced drag resulting from the shedding of additional
vorticity in the wake. This non-standard drag behaviour for spiralling trajectories was
also noted in the numerical work by Auguste & Magnaudet (2018). They found a similar
spiralling regime at low I”, but their dataset is limited to Ga < 700. Karamanev & Nikolov
(1992) state that all particles with Re > 130 and I" < 0.3 rose in a spiralling trajectory.
These spirals featured a constant pitch angle between v and e, of approximately £29°.
For the spiralling regime here, we find this angle to be around 18.5° independent of 7*. In
this context it is also important to note that trajectories became more circular for spheres
with centre of mass offset in resonance with their natural frequency (Will & Krug 2021).
However, this can be ruled out as a factor here since the required offset of 0.03D certainly
exceeds our fabrication tolerance. Furthermore, it is extremely unlikely to randomly hit
resonance for all particles across a range of I* values. We are therefore convinced that the
present trajectories reflect the genuine particle behaviour at the present values of Ga, I’
and I*.

The dynamics in the low-drag regime for I" > 0.52 are distinctly different from the
spiralling motion at low density ratios. While there remains periodicity in the sequence
of direction changes, the turning angles appear random. The resulting behaviour is
characteristic of the ‘3-D chaotic’ regime (Auguste & Magnaudet 2018), which applies to
all particles with I" > 0.52 here. These results are at odds with the findings of Horowitz &
Williamson (2010), who found a vertical rise regime for all particles larger than I" &~ 0.61
at comparable Ga.

Finally, there is no clear trend visible in the shape of the horizontal trajectories for
varying MOIs. We will proceed to investigate the horizontal motion more quantitatively in
order to elucidate such effects.

927 A7-8


https://doi.org/10.1017/jfm.2021.749

https://doi.org/10.1017/jfm.2021.749 Published online by Cambridge University Press

Effects of moment of inertia on rising spheres

(a) ammmn () osssmm (0) () (e) c— 2.0
0.37<1'<0.42 0.52 < 1'<0.57 0.66 < I"'<0.70 0.79 <1 <0.85 0.90 < I"'<0.97
| [Fr=0309 I"T'=0.324 I"I'=0.358 | [Fr=0482 I*I"'=0.476 19
X X
Q. (1) X ©Q pe 4 0)( 1.8
= 7] ©
-1 = X x S 1.7
| [Fr=0.458 I"T'=0.522 I*I'=0.551 I*I"'=0.736 "= 0.841 11.6
(¥ P ro)
> o}
Q X X 115
KR o
= X
1 X , X . 11.4
-1 i 1 o | L )
1.3
| 11Fr=0.602 I"r=0.767 I"I'=0.867 I*Ir'=1.028 I*I'=1.097
\ ® [ 11.2
S ) g( v
{ X X ) O
~ ¢ ~ c
S 1.1
-1 © | A = -
T o 0
x/D -1 1 -1 1 -1 0 1 -1 1 ~1 1 Uz/Vb

Figure 4. Representative particle trajectories in the horizontal (x—y) plane. The trajectories are colour coded
using the normalized vertical velocity v./V}, symbols mark the start (circle) and end (cross) of the recorded
path. Here I” increases from left to right (columns a—e) and vertically in each column the value of I* increases
from top to bottom. For each case, two trajectories are shown: the main window shows the most frequently
occurring trajectory and the inset shows the most aberrant run for that same particle.

3.3. Fluctuations of the horizontal velocity

To uncover the time-varying dynamics of the rising spheres, it is useful to consider the
probability density functions (p.d.f.s) of the horizontal velocity. The distributions of the

normalised horizontal velocity ( /vf + v}z, /Vp) are shown for various values of I*I" at

different I" in figure 5(a—e). As a most obvious trend, we note a change in skewness
from negative for I" < 0.42 (figure 5a) to positive skew at I" > 0.52 (figure 5b—e). This
is indicative of the transition from spiralling motion, for which the horizontal velocity is
generally high, to the ‘3-D chaotic’ state, for which strong horizontal translation occurs
more intermittently.

The effect of varying I*I" (indicated by the line colour) is negligible at 0.37 < I <
0.42, as evidenced by figure 5(a). Given the limited (by physical constraints) range of I*
at this density ratio, it remains unclear to what extent this indicates a lesser importance of
the rotational dynamics in the spiralling regime (see also § 3.5 on this).

For I' > 0.52 (i.e.in the ‘3-D chaotic’ state), however, a clear dependence of the

p.d.fs of jvZ+ vyz, /Vp on I*I" emerges. We observe that for low 7*I”, the distribution

is in general broader and extends further towards high velocities, whereas at high I*I”
the distribution is narrow and the peak shifts towards lower velocities. This trend is
most evident in figure 5(c,e), showing that at very low I* the distributions become
rather flat, reminiscent of a fluttering behaviour with more pronounced horizontal
motion.

It should be noted that the trends discussed here for  /v2 + v)z, /Vp also manifest in the

statistics of the vertical velocity v, (not shown), albeit with inverse effects regarding the
skewness and the MOI dependence. While there is a distinct negative correlation between
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Figure 5. (a—e) Normalized probability density functions of dimensionless horizontal velocity fluctuations
at different I". The colour coding of the lines represents ranges in I*I"; dashed lines are used for different
combinations of I* and I" resulting in the same value of their product. Note: each line represents an average
over multiple particles with the same nominal properties.

instantaneous vertical velocity and instantaneous horizontal velocity, which is also obvious
from the colour coding in figure 4(b—e), the magnitude of the velocity, ||v|| is not constant
but fluctuates quasi-periodically for all cases.

3.4. Oscillation frequency and amplitude

In all experiments performed here, we observed significant oscillations in the trajectory of
the rising spheres. In this section we will characterize these in terms of the frequency and
amplitude of the horizontal oscillations. In figure 6(a) we start by plotting the frequency f
as a function of the dimensionless MOI I*I". It is evident from this figure that there is no
significant dependence of f on I*I" as the data points with the same colour (i.e. constant
I') are at a near constant frequency. Note that the error bars on the frequency, indicating
the spread in the data, are very small for all density ratios besides 0.52 < I" < 0.57. This
indicates that even though some of the motion appears quite random, there exists a strong
dominant frequency associated with the vortex shedding. The outlier at 0.52 < I" < 0.57
is most likely related to this case falling within the transitional regime between helical
paths and 3-D chaotic patterns.

In figure 6(b) we show the frequency in dimensionless form in terms of the Strouhal

number, defined as

sor= 1P (3.2)

(vz)

This normalization separates the data into two regimes, akin to those encountered for Cy
and for the trajectories. For I" > 0.66, we find that the Strouhal number takes a constant
value of approximately Str = 0.04-0.05, while for 0.37 < I' < 0.42, we find Str ~ 0.09.
Only the data for 0.52 < I" < 0.57 do not completely fall in line with this decomposition
and lies at a slightly higher value of Str ~ 0.06, consistent with the transitional behaviour
of this case mentioned above. Furthermore, also the Strouhal number appears to be rather
insensitive to changes in /*. The value of Str ~ 0.09 at low I" matches the results by
Horowitz & Williamson (2010) (figure 31) closely. They find, for identical Ga and I,
also Str =~ 0.09, however, the sphere is zigzagging in their case instead of spiralling as
observed here. The value of Str ~ 0.04 — 0.05 for I" > 0.66 is in line with the results by
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Figure 6. (a) Measured oscillation frequency in Hz, (b) Strouhal number and (¢) amplitude of the path
oscillations normalized by the particle diameter as a function of the dimensionless MOI I*I”

Preukschat (1962) (see figure 19 and page 20) who, for 0.582 < I < 0.875, also find Str
as low as 0.05.

Finally, we report the normalized amplitude of the path oscillations a/D as a function of
the I*I" (see figure 6¢). Despite the scatter in these data, there appears to be a consistent
trend of a/D decreasing from approximately 0.8 to 0.3 with increasing I*I" over the full
range accessible here. Surprisingly, the values of the amplitude are congruent for both the
helical regime as well as for the more chaotic trajectories. Our results imply that decreasing
I*I" by either changing the internal structure of the particle or the density ratio, results in
larger amplitude path oscillations. In fact, it appears that a similar trend with consistent
amplitudes exists in the data of Horowitz & Williamson (2010) for varying I in their
‘zigzag’ regime. However, in their experiments 7* is not monitored nor controlled, which
renders a quantitative comparison of both datasets impossible.

3.5. Rotational dynamics and translational coupling

The mechanism by which the particle MOI I'* affects the particle kinematics and dynamics
is solely through the rotational equation of motion 1.2, effectively scaling the particle
rotation to the fluid torques. Rotational dynamics in turn affect the flow field around
the body, thereby inducing a coupling with the lateral motion, e.g. via Magnus lift
type forcing. Particle rotation can also affect vortex detachment and consequently the
flow structure in the wake of the particle, an effect that is believed to be at the heart
of the regime transition observed by Mathai ef al. (2018). Therefore, the most direct
parameter in investigating the impact of the MOI is the rotation rate of the body. This
quantity is explored in figure 7(a), where we plot the mean dimensionless rotation rate
o* = (|l@|)D/V}p, vs I*I". We find that the dimensionless rotation rate (w™), similar to the
drag and amplitude of the oscillation of the trajectory, shows a slight dependence on I*I".
The particles with lower rotational inertia indeed rotate more vigorously compared with
their higher I*I" counterparts. We further note that the normalization of (||w||) with D
and V}, collapses the results across all density ratios convincingly. It is important to note
that the rotation rate is not affected significantly by the change from spiralling to the 3-D
chaotic regime.

In order to explore the importance of rotational dynamics further, we examine the
alignment of the rotation vector @ with respect to the particle acceleration along the
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Figure 7. (@) Dimensionless rotation rate w* = (||@|)D/V, vs the MOI I*I". (b) Frenet-Serret (TNB)
coordinate system for a counter-clockwise spiralling sphere; T is parallel to the instantaneous direction of
motion, N is parallel to the curvature of the path and B is defined parallel to 7" x N. Definition of the direction
of rotation @ using azimuth (¢) and elevation (9) with respect to the TNB coordinate system. (¢) Normalized
histograms of the alignment of @ in terms of ¢ and 6 in the TNB coordinate system as a function of particle
density ratio (I"). These figures contain the data for all I*-values within this I" range. In these figures 6 = 90
is aligned with T, ¢ = —90, 6 = 0 is aligned with N, and ¢ = 0, 6 = 0 is aligned with B.

curvature of the path. Doing so allows us to establish the relevance of Magnus lift forcing
on the particle dynamics. To this end, we consider @ in the Frenet—Serret (TNB) coordinate
system (Zimmermann ef al. 2011). As is shown in figure 7(b), T points in the direction
of the instantaneous velocity v of the sphere, NV is aligned with the curvature of the
path (the acceleration of the sphere that is non-parallel to the direction of motion; a; 1),
and B=T x N. Thus, when @ || B, the induced Magnus force F,, || a1, making this
coordinate system very useful to study the effect of rotation on the horizontal motion.
The alignment of @ within the TNB coordinate system is given in terms of two angles:
the azimuth ¢ and the elevation 0 as indicated in figure 7(b). The directions of N and B
are also indicated in figure 7(c), where we show normalized histograms of the alignment
of w in the ¢ — 0 plane for different values of I". Most striking about these results is
the enormous difference in rotational alignments between the low-1" and high-I" regimes.
For the low-I" regime (0.37 < I < 0.42), we find that, depending on the direction of
the spiralling motion (clockwise or counter-clockwise), the alignment of w is either
0 ~ —40° or 40°, respectively. As illustrated in figure 7(b) for the counter-clockwise
spiralling case (but also true for clockwise rotation), this alignment implies that the
Magnus lift force (F;, ~ @ x v) predominantly acts downward. This mechanism therefore
leads to lift-induced drag, in a manner similar to that suggested by Mougin & Magnaudet
(2006) and Veldhuis et al. (2009). Furthermore, with |¢| = 90° the Magnus force acts
perpendicular to a,, and is hence not responsible for the lateral acceleration for the
lowest I". Thus, the spiralling motion encountered for these particles must have a different
origin, e.g. a rotation of the vortex shedding position relative to the direction of motion
(Karamanev et al. 1996).

On the other hand, for I > 0.52, the distribution of orientations of w is centred around
B. The histograms of all cases with I > (.52 are remarkably similar underlining that these
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Figure 8. (a) The effect of particle MOI on the alignment of w in the TNB coordinate frame. The results
shown here are 0.90 < I" < 0.97 and are representative of the other density ratios in the high I regime.
(b—d) Autocorrelation functions of an (arbitrary) horizontal component of the rotation rate @ for different
density ratios. The time axis is normalized using a vortex shedding time scale t,; = 0.05D/(v;). Each line
represents results for a single particle averaged across multiple experiments; line colour indicates the value of
I'r.

belong to the same dynamical regime. The data clusters around 6 ~ 0, i.e. @ pointing
normal to v. This is consistent with vortex shedding being a main driver of particle
rotation, as this induces a torque perpendicular to 7. Further, & ~ 0 on average implies
that there is no net contribution of the Magnus force in the vertical direction.

So far, we have only considered how the alignment statistics of @ depend on I". Potential
variations with I* I" are masked by plotting data with different MOI together in figure 7(d).
To elaborate on the influence of the MOI, we present additional orientation statistics of @
for 0.90 < I' < 0.97 at five different I*I" values separately in figure 8(a). At the lowest
MOI (I*I" ~ 0.48), the alignment of @ and B is very strong. This behaviour is associated
with a strong coupling of particle rotation and lateral acceleration resulting in a ‘fluttering’
type of behaviour (Mathai et al. 2018). The alignment with B progressively weakens for
higher values of I* and the distribution is approximately flat in terms of ¢ at I*I" ~ 1.10.
We note that the trend observed in figure 8(a) is representative also for the lower I” cases
in the 3-D chaotic regime. However, the alignment with B at the respectively lowest I
values is not equally as pronounced as for 0.90 < I < 0.97. It hence appears that the
“flutter’ type motion occurs at different values of I*I" at different I".

A related analysis, that allows us to more readily compare different combinations of 7*
and I, is to evaluate the autocorrelation C,, of an arbitrary horizontal component of @
as was done previously in Mathai ef al. (2018). Such results are shown for three different
ranges of the density ratio in figure 8(b—d), where the correlation coefficient is plotted
against the dimensionless time lags ¢/1,,, for which we take t,; = 20D/(v;), such that
t/tys = 1 is one oscillation cycle for Str = 20~! = 0.05 as is approximately the case for
the 3-D chaotic regime. The influence of the MOI seen in figure 8(a) is reflected also
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in the corresponding results in figure 8(d). In this case, it manifests itself by a gradual
transition from a periodic behaviour of C,, (low I*I", blue line) to a slow decorrelation
without significant oscillation at large I*I" (red lines). Note, however, that the drop to
0 at the largest #/1,s shown is an artefact of the finite observation time in all cases. A
similar influence of the MOI as seen at I" &~ 0.9 is also found at the lowest I in the
3-D chaotic regime in figure 8(c). Here, the correlation time scale outgrows the vortex
shedding time scale 7, at larger I*I", while at the same time the correlation also drops
in magnitude. For the lowest values of I" (figure 8b), for which spiralling trajectories are
observed, the periodicity in C,, is most pronounced of all the cases shown. Typical periods
of t/1,s = 0.5 are found in this regime, corresponding to Str ~ 0.1 as previously shown
in figure 6(b), with no obvious dependence on I*I". Non-periodic rotations are observed
most prominently at high I" and high MOI, which is consistent with the mostly random
orientation of the @ vector in the TNB coordinate system (see figure 8(a) for these cases).
Such behaviour was previously only reported in turbulent flow (Mathai et al. 2018) and we
will study this aspect in more detail in the next section.

4. On the effect of turbulence

Previously, Mathai et al. (2018) investigated the effect of MOI on spheres rising in a
downward turbulent flow. They showed that depending on their MOI the trajectories
of spheres with Ga ~ 6000 and I" ~ 0.88 differed significantly: for I*I" = 0.6, a
‘zigzag’ (or ‘flutter’) motion was observed without significant horizontal drift, whereas
for I"I" = 1, the behaviour changed to a tumbling motion featuring a strong mean
drift.

To test if such a transition can also be observed for the present set of particles, we
conducted measurements in turbulent flow. The turbulence properties were chosen to
match those of Mathai ef al. (2018), with turbulence properties as described in §2.2.
Further, we restricted measurements to two particles, both with I" ~ 0.9 and I*I" = 0.52
and I*I" = 1.18, respectively, again matching the literature conditions closely.

Clearly and consistently with Mathai et al. (2018), the two particles behave differently in
the turbulent flow as evidenced by the results for C,, in figure 9(a). However, discounting
the differences caused by limited observation times in the still fluid, there appears to be
little difference for the same particle in either quiescent or turbulent surroundings. This
holds for C,,, but also for the fact that the tumbling behaviour reported for the turbulence
measurements in Mathai et al. (2018) was not observed here. Consequently, we also see no
difference in the mean drift rate of the two particles (29.07 mms~! and 26.67 mms~! for
low and high MOI, respectively). It therefore appears that whether or not a sphere tumbles
in turbulence might depend quite sensitively on the flow or particle parameters (e.g. values
of D/n differ by approximately 10 % between the two studies). Other MOI related effects,
such as the decorrelation of the rotation rate and arguably the overall rise pattern, appear
largely independent of the flow state.

Naturally, small differences between the turbulent and the quiescent case arise for
specific parameters and some of these are documented in figure 9(b—e). The drag
coefficient Cy (figure 9b) is approximately 20 % higher in turbulence for both particles.
This result is in line with findings that the so-called fast-tracking effect (Maxey & Corrsin
1986), which reduces the apparent drag in a turbulent environment for small particles, is
much less pronounced for larger particles (with a higher Stokes number) (Tom & Bragg
2019). Similarly, also the typical oscillation amplitude is higher in turbulent surroundings
(figure 9c¢). Interestingly, the mean rotation rate (see figure 9d) is barely affected by
the ambient flow, which may indicate that these dynamics remain wake driven even
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Figure 9. (a) Results for C,, for I*I" = 0.52 (blue) and 1.18 (red) in turbulent flow (solid lines) and quiescent
surroundings (dashed lines). Comparison between the quiescent flow (circles) and turbulent flow (crosses)
cases are shown in terms of drag coefficient (b), amplitude of the path oscillations (c¢), dimensionless rotation
rate (d) and Strouhal number (e).

in turbulence. For all these quantities, the trend that higher values are observed at lower
I*I" is also preserved in turbulence. The only exception to this might be the Strouhal
number in figure 9(e), for which no MOI dependence is visible for the turbulence results.
However, when considering the standard deviation of both the vertical velocity and the
frequency of oscillation, the resulting standard deviation for the turbulent Strouhal number
is 0.02, much larger than the corresponding value for the quiescent experiments. The
difference at a given I*I" is therefore only of the order of the typical fluctuations of Str in
turbulence.

5. The effect of fluid disturbances

Apart from the effect of artificially introduced (turbulent) velocity fluctuations, another
point of interest is the effect of residual background disturbances in the nominally
quiescent fluid. This point was stressed in the work by Horowitz & Williamson (2010).
They found that the emergence of the rectilinear regime was very sensitive to the flow
conditions. Any remaining disturbances in the tank caused by the insertion of the release
mechanism, or caused by previous experiments, was sufficient to result in path oscillations.
Since this rectilinear regime was not observed here in the parameter range specified by
Horowitz & Williamson (2010), it is therefore imperative to check if this might be related
to flow disturbances.

For this purpose, we performed a series of experiments varying the waiting time
between the evacuation of the bubbles from the release mechanism (figure 2b) and the
particle release. All measurements were performed with a single particle with properties
(I' =0.907, Ga = 4800 and I = 0.822) well within the rectilinear regime of Horowitz
& Williamson (2010). The waiting times considered were 2, 4, 8, 16, 32, 64, 128 and
> 360 min with five repeats performed for each of these cases. None of these experiments
displayed a rectilinear rise behaviour, and the influence of the settling time on the outcomes
of the experiments was generally very limited. This is exemplified in figure 10(a,b),
presenting two representative trajectories, taken after waiting for 8 min and for more than
6 h, respectively. Visually, there is no discernible difference between the two. For a more
quantitative analysis, we present in figure 10(c—e) results for the oscillation frequency f
and amplitude a, as well as for the particle drag coefficient as a function of the waiting
time. Both f and a appear insensitive to the waiting time with differences within the range
of the error bars, which primarily reflect the period-to-period variations that occur in
these experiments. There is a slight initial decrease for C; with longer waiting times.
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Figure 10. Experiments performed to investigate the effect of residual fluid motion in the tank on the dynamics
and kinematics of rising spheres. All results in this figure are obtained using one and the same sphere with the
following properties: I" = 0.907, Ga = 4799 and I'* = 0.822. Trajectories of the same sphere as seen from
the side after waiting 8 min (a) and more than 6 h (b). (¢) Average oscillation frequency as a function of the
settling time. (d) Average oscillation amplitude as a function of the settling time. (¢) Average drag coefficient
as a function of the settling time.

However, around a waiting time of 10 min the curve levels off and C; stays constant for
even longer waiting times. In summary, we therefore conclude that with waiting times
greater than 8 min our results presented in § 3 are not affected by residual disturbances in
any significant manner.

An interesting observation in our experiments was that close to particle release, there
was very little rotation of the particle and it appeared to rise more vertically compared
with higher up in the measurement section of the water tank. The puzzling differences
between the present results and those of Horowitz & Williamson (2010) might therefore
be related to a relatively long transient period, in which the spheres build up rotational
kinetic energy. This is in line with a transient over 60—80D in the present study, whereas
the particles only travelled for approximately 10D in Horowitz & Williamson (2010) before
entering the measurement section.

6. Conclusion

The systematic study performed here showed mixed results regarding the relevance of
MOI variations for free rising spheres. On the one side, we identified a dependence of
the drag coefficient on the MOI in the 3-D chaotic regime. Namely, we found that Cy
increases with decreasing I*I". This is accompanied by a trend of stronger rotations at
lower I*I" and, therefore, in line with the findings of Will & Krug (2021), who suggested a
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correlation between rotation rate and drag. Furthermore, our results indicate an increasing
amplitude of horizontal path oscillations at lower I*I", which confirms similar qualitative
observations in Mathai er al. (2018). Finally, at lower values of the MOI there is a
stronger alignment between the rotation vector and the acceleration normal to the path.
This indicates a more dominant rotational-translational coupling in this case and leads to
fluttering-type trajectories.

On the other hand, the effect of MOI variations was limited to altering parameters within
the 3-D chaotic rise mode. It did not lead to regime changes in the overall behaviour,
not even in case of turbulent flow, for which a transition from flutter to tumble has been
reported previously (Mathai et al. 2018). The variation, e.g. in Cy, induced by variations
of I*I" is hence limited and is not adequate to explain the scatter in the literature data.
It appears that the rotational dynamics induced by centre of mass offsets, which can lead
to drastic changes in the drag (Will & Krug 2021), play a more important role in this
context.

Apart from the effect of the MOI, our results are also useful in revisiting the broader
studied I"-dependence, which together with Re is the dominant parameter in governing
the rise mode. Our analysis revealed the existence of a spiralling mode for I" < 0.42 for
which the drag is significantly elevated (C; = 0.69) similar to that found by Auguste &
Magnaudet (2018) at lower Ga. Since neither the lateral amplitude nor the rotation rate
excel similarly in this regime, it appears likely that the higher drag originates from a
change in the wake structure. Three-dimensional chaotic motion was found for 1" > 0.52
with Cy & 0.47 (and the I*I" dependence outlined above). This drag value is close to that
of a fixed sphere at comparable Re and matches also the results of Preukschat (1962) in
the same range of density ratios (") and the cases in Horowitz & Williamson (2010)
for I" > 0.61. Horowitz & Williamson (2010) also identified a density ratio triggered
regime transition consistent with our observations, albeit with a different critical density
ratio I, =~ 0.61 in the same Ga regime. Other relevant differences between the present
results and those of Horowitz & Williamson (2010) relate to the existence of a rectilinear
regime at larger I", which — potentially due to a longer initial transient (see § 5) — is not
observed in the present study. Based on varying the waiting time between experiments,
we could rule out residual disturbances as a cause for this discrepancy. In this regard
our results appear consistent with Preukschat (1962), who report a gradually decreasing
but finite amplitude as I" — 1, in good agreement with the I*I" dependence established
here. Finally, even though the spiralling trajectories found at I” < 0.42 are in line with
Karamanev & Nikolov (1992) and Auguste & Magnaudet (2018) at lower Ga, they are at
odds with the two-dimensional zigzag reported in Horowitz & Williamson (2010) in this
same parameter range.
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Appendix. Tabulated experimental results

Ga

5014
5056
4978
4960
4958
4956

4922
4890
4852
4884
4872
4851
4716
4788
4774
4699
4759
4794

4801
4814
4873
4834
4830
4739
4713
4763
4635
4704

4720
4735
4556
4609
4572
4584
4558
4380
4440
4314
4395
4300
4308
4248
4138

0.393
0.377
0.402
0.406
0.406
0.412

0.524
0.530
0.537
0.531
0.541
0.541
0.559
0.553
0.556
0.562
0.566
0.556

0.666
0.669
0.661
0.666
0.667
0.682
0.685
0.681
0.696
0.686

0.794
0.792
0.808
0.806
0.808
0.808
0.810
0.825
0.820
0.830
0.825
0.832
0.832
0.835
0.843

I*

0.844
0.819
1.140
1.147
1.226
1.460

0.619
0.620
0.635
0.794
0.823
0.946
1.151
1.149
1.263
1.259
1.379
1.379

0.537
0.698
0.693
0.827
0.827
1.027
1.191
1.197
1.246
1.247

0.607
0.605
0.733
0.738
0.830
0.911
0.913
1.035
1.034
1.141
1.142
1.205
1.205
1.220
1.220

D (mm)

16.20
16.15
16.20
16.20
16.20
16.25

17.35
17.35
17.35
17.35
17.45
17.40
17.30
17.40
17.40
17.30
17.50
17.45

19.20
19.30
19.30
19.30
19.30
19.35
19.35
19.40
19.35
19.35

22.30
22.30
22.30
22.40
22.35
22.40
22.40
22.40
22.40
22.40
22.45
22.45
22.45
22.40
22.35

(v;) (ms™h)

1—1Trlg
037 <TI <042
0.427 0.104
0.434 0.127
0.435 0.095
0.449 0.091
0.432 0.113
0.419 0.090
052 <TI <0.57
0.453 0.062
0.454 0.066
0.468 0.041
0.439 0.079
0.468 0.043
0.451 0.053
0.446 0.053
0.453 0.039
0.475 0.026
0.469 0.025
0.452 0.037
0.465 0.034
0.66 < I <0.70
0.411 0.061
0.415 0.039
0.432 0.015
0.426 0.031
0.421 0.030
0.414 0.030
0.416 0.030
0.416 0.021
0.416 0.024
0.412 0.028
0.79 < I' <0.85
0.362 0.034
0.361 0.025
0.356 0.022
0.353 0.022
0.348 0.021
0.352 0.020
0.347 0.025
0.343 0.017
0.337 0.020
0.333 0.020
0.329 0.022
0.325 0.023
0.329 0.020
0.325 0.022
0.332 0.025

Table 1. For caption see next page.

(az) rms

6898
6983
7018
7245
6970
6786

7826
7842
8090
7595
8131
7814
7690
7860
8237
8088
7880
8081

7865
7987
8306
8191
8088
7991
8017
8048
8030
7941

8043
8013
7904
7889
7755
7846
7745
7655
7520
7433
7370
7280
7359
7253
7391

0.708
0.705
0.679
0.633
0.683
0.717

0.529
0.521
0.480
0.555
0.480
0.517
0.506
0.497
0.448
0.451
0.487
0.470

0.498
0.487
0.459
0.465
0.476
0.471
0.462
0.468
0.445
0.468

0.460
0.466
0.443
0.456
0.465
0.456
0.462
0.437
0.465
0.450
0.475
0.466
0.458
0.458
0.418

Str

0.092
0.092
0.092
0.088
0.091
0.095

0.077
0.061
0.058
0.064
0.050
0.060
0.067
0.064
0.057
0.063
0.060
0.045

0.062
0.049
0.058
0.045
0.043
0.045
0.047
0.043
0.046
0.039

0.047
0.042
0.037
0.042
0.047
0.043
0.042
0.042
0.045
0.041
0.037
0.042
0.035
0.044
0.037

a/D

0.735
0.730
0.676
0.639
0.705
0.670

0.575
0.752
0.698
0.771
0.716
0.658
0.503
0.516
0.440
0.380
0.474
0.659

0.621
0.626
0.304
0.587
0.762
0.542
0.439
0.502
0.439
0.611

0.810
0.610
0.649
0.554
0.446
0.452
0.520
0.431
0.467
0.515
0.709
0.540
0.391
0.466
0.667

({lwll)D
Vi

0.179
0.179
0.137
0.158
0.208
0.155

0.158
0.240
0.194
0.309
0.204
0.243
0.210
0.194
0.136
0.137
0.208
0.198

0.234
0.193
0.071
0.156
0.177
0.154
0.145
0.149
0.116
0.179

0.172
0.156
0.159
0.109
0.125
0.121
0.177
0.118
0.134
0.136
0.187
0.149
0.126
0.128
0.157
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Effects of moment of inertia on rising spheres

090 < I' <0.97
4474 0.918 0.519 29.25 0.239 0.056 6953 0.558 0.059 0.915 0.287
4777 0.906 0.680 29.25 0.274 0.024 7976 0.479 0.047 0.583 0.180
4705 0.909 0.682 29.25 0.276 0.020 8038 0.457 0.043 0.533 0.116
4062 0.933 0.831 29.35 0.217 0.021 6340 0.549 0.046 0.550 0.161
4269 0.926 0.829 29.40 0.227 0.019 6636 0.553 0.044 0.504 0.127
4799 0.907 0.822 29.40 0.263 0.027 7707 0.518 0.042 0.770 0.155
4688 0.911 0.822 29.35 0.266 0.018 7784 0.484 0.051 0.340 0.068
4559 0.915 0.923 29.30 0.266 0.017 7780 0.458 0.055 0.317 0.094
4701 0.910 0.923 29.35 0.265 0.015 7765 0.489 0.043 0.464 0.118
4678 0.911 0.923 29.35 0.267 0.014 7806 0.480 0.042 0.629 0.119
4493 0.918 1.000 29.30 0.266 0.016 7775 0.445 0.049 0.334 0.098
4608 0.913 0.999 29.30 0.276 0.019 8059 0.436 0.046 0.453 0.117
4474 0.918 1.000 29.30 0.269 0.017 7852 0.433 0.047 0.403 0.081
3286 0.956 1.002 29.30 0.202 0.013 5902 0.413 0.047 0.279 0.101
3453 0.952 1.001 29.35 0.200 0.010 5849 0.465 0.042 0.266 0.095
4361 0.923 1.058 29.35 0.253 0.017 7394 0.464 0.042 0.622 0.141
4528 0.917 1.058 29.40 0.258 0.015 7553 0.479 0.045 0.410 0.117
4540 0.917 1.058 29.40 0.255 0.013 7478 0.492 0.045 0.406 0.093
3055 0.962 1.050 29.35 0.175 0.011 5108 0.478 0.042 0.408 0.108
3320 0.955 1.051 29.40 0.180 0.015 5260 0.532 0.040 0.521 0.138
4298 0.925 1.113 29.35 0.255 0.013 7469 0.442 0.054 0.251 0.117

4504 0.918 1.113 29.40 0.249 0.017 7282 0.510 0.046 0.458 0.155
4416 0.922 1.115 29.45 0.252 0.019 7381 0.477 0.042 0.577 0.136
4114 0.932 1.178 29.40 0.250 0.016 7319 0.422 0.051 0.311 0.114

4290  0.926 1.178 29.40 0.245 0.018 7183 0.476 0.053 0.290 0.113
4090 0.932 1.177 29.35 0.250 0.014 7301 0.419 0.051 0.256 0.094

Table 1. Tabulated particle parameters and results.

REFERENCES

ACHENBACH, E. 1974 The effects of surface roughness and tunnel blockage on the flow past spheres. J. Fluid
Mech. 65 (1), 113-125.

ALLEN, H.S. 1900 The motion of a sphere in a viscous fluid: III. Phil. Mag. 50, 519-534.

AUGUSTE, F. & MAGNAUDET, J. 2018 Path oscillations and enhanced drag of light rising spheres. J. Fluid
Mech. 841, 228-266.

BEARMAN, P.W. 1984 Vortex shedding from oscillating bluff bodies. Annu. Rev. Fluid Mech. 16 (1), 195-222.

BOILLAT, J.L. & GRAF, W.H. 1981 Settling velocity of spherical particles in calm water. J. Hydraul. Div.
ASCE 107, 1123-1131.

CLIFT, R. & GAUVIN, W.H. 1971 Motion of entrained particles in gas streams. Can. J. Chem. Engng 49 (4),
439-448.

ELLINGSEN, K. & Risso, F. 2001 On the rise of an ellipsoidal bubble in water: oscillatory paths and
liquid-induced velocity. J. Fluid Mech. 440, 235-268.

GOVARDHAN, R.N & WILLIAMSON, C.H.K. 2005 Vortex-induced vibrations of a sphere. J. Fluid Mech.
531, 11-47.

HorowiITZ, M. & WILLIAMSON, C.H.K. 2008 Critical mass and a new periodic four-ring vortex wake mode
for freely rising and falling spheres. Phys. Fluids 20 (10), 101701.

HorowiTZ, M. & WILLIAMSON, C.H.K. 2010 The effect of Reynolds number on the dynamics and wakes
of freely rising and falling spheres. J. Fluid Mech. 651, 251-294.

JENNY, M., BOUCHET, G. & DUSEK, J. 2003 Nonvertical ascension or fall of a free sphere in a newtonian
fluid. Phys. Fluids 15 (1), L9-L12.

JENNY, M., DUSEK, J. & BOUCHET, G. 2004 Instabilities and transition of a sphere falling or ascending
freely in a Newtonian fluid. J. Fluid Mech. 508, 201-239.

KARAMANEV, D.G., CHAVARIE, C. & MAYER, R.C. 1996 Dynamics of the free rise of a light solid sphere
in liquid. AIChE J. 42 (6), 1789-1792.

927 A7-19


https://doi.org/10.1017/jfm.2021.749

https://doi.org/10.1017/jfm.2021.749 Published online by Cambridge University Press

J.B. Will and D. Krug

KARAMANEYV, D.G. & NIKOLOV, L.N. 1992 Free rising spheres do not obey Newton’s law for free settling.
AIChE J. 38 (3), 1843-1846.

KUWABARA, G., CHIBA, S. & KoNo, K. 1983 Anomalous motion of a sphere falling through water. J. Phys.
Soc. Japan 52 (10), 3373-338]1.

LIEBSTER, H. 1927 Uber den widerstand von kugeln. Ann. Phys. 387 (4), 541-562.

LUNNON, R.G. 1928 Fluid resistance to moving spheres. Proc. R. Soc. Lond. A 118, 680-694.

MACCREADY, P.B. & JEX, H.R. 1964 Study of sphere motion and balloon wind sensors. Tech. Rep. NASA
T™M X-53089.

MATHAI, V., NEUT, M.W.M., VAN DER POEL, E.P. & SUN, C. 2016 Translational and rotational dynamics
of a large buoyant sphere in turbulence. Exp. Fluids 57 (4), 1-10.

MATHAL, V., ZHU, X., SUN, C. & LOHSE, D. 2017 Mass and moment of inertia govern the transition in the
dynamics and wakes of freely rising and falling cylinders. Phys. Rev. Lett. 119 (5), 054501.

MATHAL, V., ZHU, X., SUN, C. & LOHSE, D. 2018 Flutter to tumble transition of buoyant spheres triggered
by rotational inertia changes. Nat. Commun. 9 (1), 1792.

MAXEY, M.R.T. & CORRSIN, S. 1986 Gravitational settling of aerosol particles in randomly oriented cellular
flow fields. J. Atmos. Sci. 43 (11), 1112-1134.

Mooby, L.F. 1944 Friction factors for pipe flow. Trans. ASME 66, 671-684.

MORDANT, N., CRAWFORD, A.M. & BODENSCHATZ, E. 2004 Experimental Lagrangian acceleration
probability density function measurement. Physica D 193 (1), 245-251.

MOUGIN, G. & MAGNAUDET, J. 2001 Path instability of a rising bubble. Phys. Rev. Lett. 88 (1), 014502.

MOUGIN, G. & MAGNAUDET, J. 2006 Wake-induced forces and torques on a zigzagging/spiralling bubble.
J. Fluid Mech. 567, 185-194.

NAMKOONG, K., Y00, J.Y. & CHoI, H.G. 2008 Numerical analysis of two-dimensional motion of a freely
falling circular cylinder in an infinite fluid. J. Fluid Mech. 604, 33-53.

PARKINSON, G. 1989 Phenomena and modelling of flow-induced vibrations of bluff bodies. Prog. Aerosp. Sci.
26 (2), 169-224.

PREUKSCHAT, A.W. 1962 Measurements of drag coefficients for falling and rising spheres in free motion.
Master’s thesis, California Institute of Technology.

RYSKIN, G. & LEAL, L.G. 1984 Numerical solution of free-boundary problems in fluid mechanics. Part 2.
Buoyancy-driven motion of a gas bubble through a quiescent liquid. J. Fluid Mech. 148, 19-35.

SHAFRIR, U. 1965 Horizontal oscillations of falling spheres. Tech. Rep. Air Force Cambridge Research Labs.

STRINGHAM, G.E., SIMONS, D.B. & GUY, H.P. 1969 The behavior of large particles falling in quiescent
liquids. Professional Paper 562-C. United States Geological Survey.

TowMm, J. & BRAGG, A.D. 2019 Multiscale preferential sweeping of particles settling in turbulence. J. Fluid
Mech. 871, 244-270.

VELDHUIS, C.H.J. & BIESHEUVEL, A. 2007 An experimental study of the regimes of motion of spheres
falling or ascending freely in a Newtonian fluid. Intl J. Multiphase Flow 33 (10), 1074-1087.

VELDHUIS, C.H.J., BIESHEUVEL, A. & LOHSE, D. 2009 Freely rising light solid spheres. Intl J. Multiphase
Flow 35 (4), 312-322.

WiLL, J.B. & KRUG, D. 2021 Rising and sinking in resonance: Mass distribution critically affects
buoyancy-driven spheres via rotational dynamics. Phys. Rev. Lett. 126, 174502.

WILL, J.B., MATHAI, V., HUISMAN, S.G., LOHSE, D., SUN, C. & KRUG, D. 2021 Kinematics and
dynamics of freely rising ellipsoids at high Reynolds numbers. J. Fluid Mech. 912, A16.

WILLIAMSON, C.H.K. & GOVARDHAN, R. 2004 Vortex-induced vibrations. Annu. Rev. Fluid Mech. 36,
413-455.

ZIMMERMANN, R., GASTEUIL, Y., BOURGOIN, M., VOLK, R., PUMIR, A. & PINTON, J.-F. 2011 Rotational
intermittency and turbulence induced lift experienced by large particles in a turbulent flow. Phys. Rev. Lett.
106, 154501.

927 A7-20


https://doi.org/10.1017/jfm.2021.749

	1 Introduction
	2 Experimental set-up and procedures
	2.1 Particle design and manufacture
	2.2 Experimental set-up and methods

	3 Results and discussion
	3.1 Particle drag coefficient
	3.2 Particle trajectories
	3.3 Fluctuations of the horizontal velocity
	3.4 Oscillation frequency and amplitude
	3.5 Rotational dynamics and translational coupling

	4 On the effect of turbulence
	5 The effect of fluid disturbances
	6 Conclusion
	Appendix. Tabulated experimental results
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


