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Abstract
Dispersed two-phase flows at air–water interfaces are ubiquitous in environmentally relevant flows such as in the dispersion 
of floating microplastics or transport processes across the air–sea interface. In the current study, we propose a method to 
study such flows through the study of a relatively flat turbulent free surface laden with spherical floating particles (“floaters”). 
The free surface is perturbed by a relatively low-mean nearly homogeneous subsurface turbulent flow that is produced in a 
turbulence box actuated by a 10× 10 synthetic jet array. The free surface flow field is characterized using planar particle image 
velocimetry (PIV) simultaneously with Lagrangian tracking of floaters allowing insight into the floater dynamics and the 
surface flow coupling. This is enabled by a relatively simple setup of LED panels and a single camera. Distinction between 
the continuous (flow tracers) and the dispersed (floaters) phase is carried out by exploiting their size disparity and number 
density. The proposed method is employed to characterize the single-phase flow field and the clustering statistics of floaters 
for different turbulence levels, the latter achieved by varying the distance of the free surface from the jet array. Specifically, 
we study the effect of different turbulence levels on the floater clustering behavior. We observe that the time required for 
floaters to reach a clustered quasi-steady state decreases with increasing vorticity and surface divergence amplitude. In 
addition, the growth rate of the mean cluster size is observed to increase with increasing vorticity and surface divergence 
amplitude, with its temporal evolution exhibiting two distinct phases: an agglomeration phase and an equilibrium phase. In 
contrast, in the absence of a subsurface flow, floaters are observed to cluster at a relatively slower rate characterized by a 
prolonged agglomeration phase. Finally, to highlight the potential of this technique in studying floater-laden turbulent free 
surfaces, preliminary results of flow–floater interactions are discussed.

1  Introduction

Transport along the free surface of a turbulent body of 
water is ubiquitous in both natural and industrial settings. 
Notable examples in nature include the transport of floating 
microplastics (Sutherland et al. 2023), oil slicks (Chen et al. 
2016), and algal blooms (Abraham 1998), while in industrial 
processes, surface transport plays a key role in techniques 
such as flotation. Even when wave transport is negligible and 
the free surface remains relatively flat, surface transport is 
influenced by a multitude of surface features such as upwell-
ings, downwellings, dimples, scars that are typical imprints 
of the bulk turbulent flow on the free surface; an extensive 
taxonomy and review of these surface features can be found 

in Brocchini and Peregrine (2001) and Muraro et al. (2021). 
While considerable attention has been given to the influence 
of the free surface on the subsurface turbulence and to the 
flow along the free surface, the latter receiving increased 
attention in recent literature, the behavior of floating parti-
cles on a turbulent free surface remains largely unexplored. 
In the current study, we present an experimental method to 
measure the flow on a relatively flat free surface below a 
nearly homogeneous turbulent subsurface flow while simul-
taneously tracking floating particles.

Knowledge background on air–water interface transport 
is remarkably vast and covers a wide range of scales. Here, 
we will primarily focus on insights from controlled labora-
tory and scale-resolving numerical studies on the topics of 
subsurface turbulence and floating particle transport. Such 
studies are by necessity small scale when compared to the 
majority of investigations in oceanic processes and transport 
of marine pollutants, which often employ in situ measure-
ments, remote sensing, or large-scale simulations involving 
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some level of empiricism or modeling or both (Chamecki 
et al. 2019; van Sebille et al. 2020). In contrast, both experi-
mental and numerical studies on subsurface turbulence and 
floating particle dynamics most commonly target the free 
surface in advection dominated open-channel flows, or in 
turbulence boxes where mean flow effects are usually mini-
mal: Turbulence generation and development, its modulation 
due to the presence of the free surface, and, in turn, its effect 
on free surface deformation and floating particle clustering 
behavior are the main points of focus. In what follows, we 
will briefly discuss the main insights and open questions 
from these lines of research and make connections to the 
present study where relevant.

In the context of turbulence generation and character-
istics, turbulence boxes allow turbulence to be studied in 
isolation from advection (i.e., in the absence of mean flows), 
particularly advantageous in investigating scalar transport 
and mixing. However, generating turbulence with a zero-
mean flow is notoriously difficult and depends on the type 
of actuation; often, a trade-off must be made between the 
strength of the mean flow and the degree of isotropy, homo-
geneity, and spatial extent of the generated turbulence. 
Using two counter-rotating disks in a cylindrical container, 
Douady et al. (1991), and later Voth et al. (1998), gener-
ated a high–Reynolds number turbulent flow with negligible 
mean shear, albeit anisotropic at large scales and homoge-
neous only within a small central region (Voth et al. 2002). 
A combination of high isotropy and homogeneity at high 
Reynolds number has been achieved through systems utiliz-
ing multiple loudspeakers (Hwang and Eaton 2004) or fans 
(de Jong et al. 2009) pointing toward a central region of 
homogeneous isotropic turbulence (HIT). That HIT region, 
however, is typically limited under such symmetric forcing, 
often smaller than the integral length scale of the flow, while 
the configuration prohibits the investigation of turbulence 
in the vicinity of boundaries, which is of interest in float-
ing particle transport. For boundary-related problems such 
as mixing and entrainment across interfaces (Thompson 
and Turner 1975; Hopfinger and Toly 1976) and turbulence 
near free surfaces (Brumley and Jirka 1987; McKenna and 
McGillis 2004), “stirred tank” designs with oscillating grids 
have been employed, where wakes from the grid interact 
to produce HIT sufficiently away from it. However, such 
systems often exhibit non-negligible secondary motions 
and inhomogeneities in the flow (McKenna and McGil-
lis 2004). Improvements in homogeneity and isotropy, as 
well as higher Reynolds numbers, have been achieved when 
employing a spatio-temporally varying, randomly actuated 
synthetic jet array (RASJA) instead (Variano and Cowen 
2008). Applications of RASJA systems in recent literature 
include the investigation of the influence of a free surface 
on the subsurface turbulent flow (Variano and Cowen 2008), 
later extended to scalar transport near a free surface (Variano 

and Cowen 2013), and turbulence above solid boundaries 
with the array operated in an inverted configuration (Johnson 
and Cowen 2018). The random nature of the forcing and the 
relatively large degrees of freedom enabled by the RASJA 
allow the flow properties to be tailored while maintaining a 
negligible mean flow (Pérez-Alvarado et al. 2016). Leverag-
ing this capability and the RASJA’s suitability for studying 
near-boundary phenomena, our study was performed in a 
facility inspired by its design.

As discussed earlier, investigations of free surface tur-
bulence and floating particle dynamics have largely been 
confined to turbulence boxes and open-channel flows. 
Within this body of work, the surface flow itself has been 
primarily studied in the latter, through both experiments 
(Komori et al. 1982; Rashidi 1997; Kumar et al. 1998) and 
numerical simulations (Banerjee 1994; Pan and Banerjee 
1995; Nagaosa 1999; Lovecchio et al. 2003). A link between 
the turbulent structures originating at the channel bottom 
and those present along the free surface was emphasized 
in these studies. Recently, Aarnes et al. (2025) reinforced 
this view analyzing conditional probabilities between free 
surface features and the subsurface flow in direct numerical 
simulation data of subsurface HIT–free surface interactions. 
However, Savelsberg and van de Water (2009), in an experi-
mental open-channel flow study with turbulence generated 
by an active grid, reported a weak correlation between free 
surface indentations and the subsurface velocity field. They 
attributed the reduced correlation to the presence of random 
capillary gravity waves. Using a similar facility to Savels-
berg and van de Water (2009), Bullee et al. (2024) observed 
that such waves exhibit correlations with their sources that 
are non-local in space and time. In contrast, the surface 
imprints of subsurface turbulent eddies are observed to be 
more localized (Muraro et al. 2021; Babiker et al. 2023), a 
difference that may have contributed to the weak correlation 
observed between the surface features and the subsurface 
flow in Savelsberg and van de Water (2009). Even in the 
regime of a relatively flat surface, which is of interest in our 
study, the nature of the surface flow has been the subject of 
ongoing debate in literature. In particular, for open-channel 
flows, earlier studies have reported the surface flow to be 
quasi-two-dimensional with prevalence of time persistent 
vortices at the surface (Pan and Banerjee 1995; Kumar et al. 
1998), while others have highlighted its three-dimensional 
nature, supported by observations of vortex stretching at 
the free surface (Walker et al. 1996) and strong intermit-
tency in floating particle accelerations (Li et al. 2025; San-
ness Salmon et al. 2023). Support for the latter was further 
provided by experimental (Goldburg et al. 2001; Cressman 
et al. 2004) and numerical simulations (Eckhardt and Schu-
macher 2001) above HIT. These studies found the structure 
function at the surface to scale as for a three-dimensional 
flow with strong intermittency in the velocity and vorticity 



Experiments in Fluids           (2026) 67:32 	 Page 3 of 21     32 

differences and in the surface divergence. The nonzero value 
of the surface divergence arises from the 2D compressible 
nature of the surface: Upwellings and downwellings from 
the incompressible bulk flow appear as sources and sinks 
at the surface (Guo and Shen 2010; Ruth and Coletti 2024).

With respect to floating particle behavior, this 2D com-
pressibility of the surface flow leads to clustering, as con-
firmed across a range of studies: experimental (Cressman 
et al. 2004; Larkin and Goldburg 2010; Qi et al. 2025; Li 
et al. 2025), numerical (Lovecchio et al. 2003; Chor et al. 
2018) and modeling approaches based on surface ocean 
turbulence (Maalouly et al. 2023; Meacham and Berloff 
2023). Initially distributed homogeneously, floating particles 
aggregate into sharp concentration fronts forming string-like 
distributions: fleeing upwellings (sources) and accumulat-
ing in downwellings (sinks). The degree of clustering, typi-
cally quantified in the literature using Voronoï tessellation, 
reaches values comparable to those of inertial particles in 
turbulence with a Stokes number of unity (Li et al. 2025). 
Furthermore, the clusters formed exhibit fractal-like scal-
ing in both open-channel flows (Lovecchio et al. 2003) and 
surface flows above HIT (Larkin and Goldburg 2010). Chor 
et al. (2018) refined such associations of clustering with 
surface flow divergence, by performing large eddy simula-
tions of the evolution of floater concentrations in the ocean 
mixed layer under free convection. They distinguished two 
types of preferential concentration, the primary being due 
to surface divergence, but happening immediately after ini-
tialization and being relatively short lived, and the secondary 
following at later stages and lasting much longer, attributed 
to floating particles becoming trapped within long-lived, 
surface-attached vortices. Using a kinematic flow model 
designed to resemble turbulent oceanic surface currents, 
Meacham and Berloff (2023) also investigated the temporal 
scales involved and found that time coherence in velocity 
fields led to enhanced particle aggregation rates, with larger, 
more coherent, and longer-lived clusters forming compared 
to an uncorrelated flow. Besides the surface flow, connec-
tions with the subsurface turbulence have also been identi-
fied, with clusters shown to exhibit length and time scales 
comparable to the integral scale of the flow (Qi et al. 2025; 
Li et al. 2025), again far exceeding those associated with 
surface divergence. Lovecchio et al. (2003) highlighted a 
possible dependence of clustering dynamics on the nature of 
the subsurface flow itself, observing slower cluster de-cor-
relation times in an open-channel flow than those reported 
by Larkin and Goldburg (2010) for surface flow above HIT.

From the above, it becomes clear that subsurface turbu-
lence, surface flow structures and floating particle behavior 
are intimately linked, and yet many open questions remain 
in associating the clustering temporal and spatial scales to 
specific flow events. In particular, the sensitivity of cluster-
ing dynamics to the underlying turbulence intensity as well 

as the combined roles of vorticity, surface divergence, and 
capillarity—each operating at different spatial and tempo-
ral scales—in such phenomena, remains relatively obscure. 
From a methods perspective, high-fidelity simulations often 
employ a point-particle approach that neglects interparti-
cle interactions, while surface forces arising from capillary 
interactions, a mechanism particularly relevant at free sur-
faces (Protière 2023), are also commonly not accounted for. 
While experimental setups do not suffer from such limita-
tions, concurrent measurements of the surface flow field 
while simultaneously tracking floating particles are chal-
lenging and thus have been scarce. To this end, in the cur-
rent study, we carry out measurements of a relatively flat 
free surface flow field laden with floating particles (hereafter 
termed “floaters”) above a nearly homogeneous turbulent 
flow of varying intensity. The surface flow field is measured 
using planar particle image velocimetry (PIV) while simulta-
neously tracking floaters using particle tracking velocimetry 
(PTV). We demonstrate the applicability of this technique in 
investigating the clustering of floating particles for different 
turbulence levels.

The manuscript is organized as follows. Section  2 
includes details of the experimental setup, the phase dis-
crimination (section 2.1), and velocity estimation (Sect. 2.2). 
The surface flow statistics are characterized in Sect. 3.1 
while the clustering statistics of floaters are characterized 
in Sect. 3.2. Preliminary results of flow–floater interactions 
are discussed in Sect. 3.3 with conclusions and future work 
presented in Sect. 4.

2 � Experimental setup

Experiments are performed in the TRACKqua facility of 
the Laboratory for Aero and Hydrodynamics at TU Delft. 
The facility (see Fig. 1), a glass cuboidal tank of cross sec-
tion 1.2 × 1.2 m2 and height 1.4 m , houses a pump array 
located at the base of the tank. The pump array consists 
of 100 submersible pumps (Albin bilge pump 32 L∕min at 
12 Volts ) placed in a 10 × 10 cartesian grid configuration 
with a spacing of 9.5 cm in both horizontal directions (x 
and y). Each submersible pump directs a jet toward the free 
surface by drawing water radially from its base and ejecting 
it from a nozzle located 19 cm from the base of the pump. 
Since the suction and ejection of water from the pumps take 
place simultaneously, there is no net flux of mass intro-
duced. 3D-printed 90◦ elbows with a nozzle diameter of 
14 mm (denoted as d) and a length of 7.5d are attached to 
the pumps. This length is adequate to straighten the flow and 
mitigate any secondary swirling effects due to the elbow.

The pumps are controlled through ethernet-based solid-
state relays (ETH8020 by Devantech) that are triggered 
through a custom MATLAB code. Upon activation, each 
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relay completes a circuit that delivers 12 Volts at 1.8 Amps 
to the designated pump. The jet firing pattern is governed by 
the sunbathing algorithm Variano and Cowen (2008) which 
introduces spatial and temporal randomness to the firing 
sequence. Pérez-Alvarado et al. (2016) showed that this 
algorithm can generate flows closely approximating zero-
mean flow HIT at relatively high Reynolds numbers outper-
forming other algorithms in the literature. In the sunbathing 
algorithm, each jet operates independently switching on and 
off repeatedly, with the durations of these periods sampled 
from Gaussian distributions characterized by their respec-
tive means and standard deviations ( �on,�off  and �on, �off  , 
respectively). The source fraction � , which relates �on and 
�off  ( � = �on∕(�on + �off ) ), controls the momentum input to 
the flow and hence the turbulence intensity. Experiments 
in the current study are performed with �on = 0.7 sec and 
� = 40 % , which were found to be optimal in the mixing of 
the subsurface flow and minimizing free surface imprints 
by individual jets.

In the current study, the distance of the free surface from 
the pump nozzle exit (h; see Fig. 1) is varied from 1 m to 

0.6 m (cases C1 to C4; see Table 1) to achieve different flow 
conditions at the free surface (see Table 2 and section 3.1 
for discussion). Specifically, the turbulence level is varied by 
changing h and its effect on the clustering of floaters is char-
acterized. We perform both single-phase (using only surface 
tracers) and two-phase (with both surface tracers and float-
ers) measurements for each case (C1–C4). In addition, we 
compare the floater clustering statistics in cases C1–C4 to a 
case without a subsurface flow (case No flow (NF)). For all 
the cases studied, the free surface deformations are minimal 
with negligible wave generation, consistent with the small 
values of the Froude ( Fr = urms∕

√
gLxx ∼ O(10−2) ) and 

Weber ( We = �u2
rms

Lxx∕� ∼ O(10−2) ) numbers (estimates 
from the lowest h case where most deformations expected), 
also supported by visual observations. Here, urms is the root-
mean-square (rms) velocity fluctuation, Lxx is the integral 
length scale (discussion of estimates in section 3.1), and 
� and � are the mass density and surface tension of water, 
respectively.

A single-camera planar PIV setup is utilized to measure 
the free surface flow field and track floaters simultaneously. 
The downward looking LaVision’s Imager sCMOS CLHS 
camera ( 5 Mpix , 16-bit ) captures a 27 (x) × 32 (y) cm2 field 
of view (FOV) at a resolution of 8 pix∕mm that is illumi-
nated by two continuous LED panels (Noxion LED Flood-
light 170 Watts ). A 24 mm Samyang lens is fitted to the 
camera with the aperture opened completely ( f# = 1.4 ) to 
minimize the focal depth ( ≈ 2 mm ) and prevent imaging of 
flow tracers below the free surface. Owing to the minimal 
undulations of the free surface, any unwanted light reflec-
tions are effectively absent. The camera acquisition param-
eters for the single-phase flow measurements are provided 
in Table 1. Low-speed ( fls,Nls ) and time-resolved ( fhs,Nhs ) 
data are used to obtain statistically independent and time-
resolved statistics, respectively, as presented in section 3.1. 
For the two-phase flow measurements, we perform 10 inde-
pendent time-resolved runs for each case (using the same fhs 
as shown in Table 1), acquiring approximately 8000 images 
per case for the floater clustering statistics presented in 
section 3.2. For the NF case, we acquire 3000 images at 
fhs = 1 Hz.

Fig. 1   A model of the experimental facility TRACKqua with a pump 
array located at the base of the tank which drives turbulence toward 
the free surface. The green dashed rectangle represents the field of 
view captured ( 27 × 32 cm2 in x and y directions, respectively). h is 
the distance between the free surface and the outlet of the pump noz-
zles

Table 1   Experimental cases investigated with associated acquisition 
parameters (single-phase flow). h is the distance between the free sur-
face and the pump nozzle exit. fls and fhs are the image acquisition 
rates, while Nls and Nhs are the number of images acquired for statisti-
cally independent and time-resolved statistics, respectively

Case h (m) fls (Hz) fhs (Hz) Nls Nhs

C1 1 1.5 10 2500 6000
C2 0.8 1.5 14 2500 6000
C3 0.7 1.5 17.5 2500 8000
C4 0.6 1.5 20 2500 9000
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For the free surface flow measurements, we seed the free 
surface using Polyamide tracers that have a mean diameter of 
60 μm . To prevent tracer aggregation caused by surface ten-
sion, the tracers are wetted with a small amount of surfactant 
( 20 mL of Cospheric Tween 80 per 1 m

3 of water). Monodis-
perse polypropylene spheres of diameter dp = 2 mm and spe-
cific gravity 0.87 are used as the floaters that are dispersed 
over the free surface using a custom-made seeding grid. The 
seeding grid consists of two perforated plates placed just 
above the free surface. The floaters are placed in the holes 
of the first plate; they are kept in place by an initial misalign-
ment of the two plates and can be seeded into the flow when 
the plates are offset such that their perforations align, pro-
viding a repeatable seeding method. The volume of submer-
gence of the floaters in water varies between 88 − 92 % . The 
change in floater submergence due to the small concentration 
of surfactant used is expected to be negligible (less than 
5 % ). The relevant floater characteristics with respect to the 
single-phase flow scales (for cases C1–C4) are as follows: 
dp∕Lxx ≈ 0.05 − 0.06 , dp∕� ≈ 2.5 − 3.5 and Stokes number 

St� = �p∕�� ≈ 0.25 − 0.5 , where � and �� are the Kolmogo-
rov length and time scales, respectively, and �p is the floater 
response time that is estimated assuming the floater is com-
pletely submerged in water. For all the cases studied, the 
floaters remain at the free surface, a characteristic commonly 
governed by the floatability parameter � = ut∕urms , where ut 
is the terminal rise velocity of the particle (Chor et al. 2018) 
(here, � ≈ 8 ). To characterize the influence of turbulence 
levels on floater clustering, the flow tracers and floaters must 
first be distinguished, followed by identification of floater 
clusters and their classification.

2.1 � Phase discrimination and cluster classification

The continuous and dispersed phases are distinguished by 
exploiting the size disparity ( O(102) ) and number density 
( O(102) ) between the tracers and floaters. Figure 2 shows an 
outline of the steps, and Fig. 3 provides a visual illustration 
of the process.

Fig. 2   Steps involved in the 
phase discrimination between 
the continuous and dispersed 
phases

Fig. 3   Visual illustration of the 
phase discrimination process 
between the continuous (flow 
tracers) and dispersed phase 
(floaters) up to the “Identify 
boundaries” step in Fig. 2. Also 
shown is a histogram of areas 
(pix) (ensemble over all instan-
taneous images in a dataset) 
enclosed within the detected 
boundaries enabling segregation 
between tracers (marked in red) 
and floaters (marked in blue). 
Individual floaters can then be 
identified (see inset of “Cluster 
classification” step; individual 
floaters marked in cyan) within 
the floater boundaries enabling 
cluster classification based on 
the number of floaters contained 
(shown in different colored 
boundaries)
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Initially, a background with no tracers or floaters pre-
sent is subtracted from the raw images. This removes image 
features that are not relevant such as the pumps in the back-
ground thereby improving contrast between the tracers and 
floaters (see “Subtract background” step in Fig. 3). This 
is followed by a morphological dilation. To facilitate the 
identification of floater boundaries (“Identify boundaries” 
step in Fig. 3, blue outlines) and their segregation from 
tracers, binarization is first implemented as a preprocess-
ing step. As a result, high-intensity regions (floaters) are 
isolated from the relatively low-intensity tracers (see fig-
ure 3 where intensity increases from white (low) to black 
(high)). The boundaries of these high-intensity regions are 
then identified using MATLAB’s in-built Moore–neigh-
bor tracing algorithm which traces closed contours based 
on pixel connectivity. Binarization helps in significantly 
reducing the tracer contributions to the phase segregation 
process due to their lower intensity. However, some tracers 
may not be completely removed at this stage. A histogram 
of areas enclosed within the detected boundaries provides a 
secondary means for further discrimination (see Fig. 3). The 
histogram exhibits a prominent peak at relatively smaller 
areas and a tail extending toward relatively larger areas. The 
former corresponds primarily to tracer boundaries charac-
terized by relatively high number density and smaller sizes 
(marked in red). On the other hand, the latter corresponds 
to boundaries of floater clusters of different sizes charac-
terized by relatively lower number density and larger areas 
(marked in blue). This distinction, based on size disparity 
and number density obtained from the histogram of areas 
enclosed within the detected boundaries, is used to separate 
the continuous phase (flow tracers) from the dispersed phase 
(floaters). By subsequently utilizing the identified dispersed 
phase boundaries as masks in the raw images, the floaters 
are extracted through inversion. On the other hand, to isolate 
the flow tracers, the masks are first enlarged by dilation to 
remove any halos present around the floaters. The dilated 
masks are then multiplied with the raw image resulting in a 
tracer-only image with “holes” left by the masks containing 
the position of the floaters. The latter are filled with noise 
with an amplitude comparable to the background noise of 
the raw image. This procedure is applied to the entire image 
series to yield the discriminated phases.

The floater-only images are utilized to identify indi-
vidual floater centroids. This is done using MATLAB’s 
built-in Circular Hough transform algorithm, which can 
be implemented and tuned relatively easily facilitated by 
the monodispersity of the floaters. Briefly, the algorithm 
detects circles by mapping edge pixels located at a distance 
of approximately one floater image radius, into a parameter 
space of possible center coordinates. A local maxima in this 
space corresponds to circle centers (i.e., floater centroids). 
Sometimes, false positives occur. This includes overlapping 

circles when floaters cluster together, or circle centroids 
identified at floater edges due to uneven illumination. By 
ensuring that detected centroids lie within high-intensity 
regions, and then applying a minimum distance threshold 
between centroids equal to dp , these false positives are elimi-
nated. The identified individual floaters are then employed 
along with the previously demarcated dispersed phase 
boundaries (identified in the “Identify boundaries” step, 
outlined in blue in Fig. 3) to carry out cluster classification 
(see inset of “Cluster classification” step in Fig. 3). This is 
done by counting the number of floaters within each identi-
fied boundary. In what follows, we define a cluster as two or 
more floaters within a closed boundary. We will utilize this 
classification to analyze cluster size distributions and their 
evolution under different turbulence levels, with estimation 
of velocities discussed next.

2.2 � Velocity estimation

2.2.1 � Particle image velocimetry

Velocity fields of the free surface flow for both single (tracer-
only) and two-phase (tracers and floaters) flow cases are 
obtained through a multi-pass cross-correlation process of 
the raw and phase-discriminated tracer images, respectively, 
using Davis 11.0.0. The final window size is 96 × 96 pix 
with an overlap of 75 % , the latter selected to improve sam-
pling in regions of high spatial velocity gradients (Tokgoz 
et al. 2012), such as those associated with surface divergence 
and vorticity (for example, see Fig. 6 and section 3.1 for 
discussion). The final vector spacing is 3 mm . The univer-
sal median test is used to validate the vectors and eliminate 
any spurious ones (Westerweel and Scarano 2005), which 
accounted for less than 5 % of the total.

2.2.2 � Particle tracking velocimetry

The identification of individual floaters (single or in clus-
ters), along with their relatively low number density 
( O(103) ), enables their time tracking. When this is cou-
pled with velocity fields of the free surface flow (obtained 
through PIV), cluster formation and evolution of floaters can 
be analyzed, an area of research within particle-laden turbu-
lent free surface flows that remains largely unexplored. To 
this end, we implement an in-house custom PTV algorithm 
to track floater centroids between frames (see Fig. 4, left). 
It combines a nearest neighbor approach (Malik et al. 1993) 
with a multi-frame strategy (Nishino et al. 1989; Hassan and 
Canaan 1991; Oulette et al. 2006). The algorithm first identi-
fies all floater centroids at time t. To estimate their floater 
displacements at time t + dt , a circular search radius based 
on a representative average floater displacement between 
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frames ( rs = dp ) is defined. Floaters found within that radius 
at time t + dt are then assumed to be possible matches. Sub-
sequently, a refined search, using an elliptical search area, 
is made for all of them for time t + 2dt . The ellipse is pro-
jected along the floater’s displacement vector d�

�
 from the 

previous time step (t to t + dt ), its semi-major axis corre-
sponding to |d�

�
| and its semi-minor axis to dp∕2 . Using 

an elliptical search radius is beneficial when displacements 
exceed dp and in reducing the potential number of matches, 
the latter particularly useful in tracking floaters within clus-
ters. The best trajectory is selected by matching the floater 
to its nearest neighbor (if there is one) and minimizing the 
angle between the two displacement vectors ( t → t + dt and 
t + dt → t + 2dt ). This criterion prevents false positives (if 
any) and is effective for the high temporal resolution avail-
able. Finally, this procedure is repeated for subsequent time 
steps, t + 3dt, t + 4dt and so on. In every independent meas-
urement run, we track on average 2000 floaters with about 
10 % of trajectories rejected. Different paths taken by floaters 
(either single or in clusters) as they navigate through differ-
ent flow regions can be observed in an instantaneous snap-
shot of floater velocity trajectories taken over 50 frames (see 
Fig. 4, right). As one would expect, floaters within clusters 
tend to move collectively (except in cluster forming/break-
ing events), exhibiting similar phases of acceleration and 
deceleration. Furthermore, these motions are well correlated 
with the curvature of the floater paths, information which 
can provide insight into dynamics of floaters within clusters.

As mentioned previously, the focus of the current study 
lies in the clustering statistics of floaters under varying tur-
bulence levels. Developing the tools for simultaneous free 
surface flow measurements and floater tracking as described 
here additionally allows us to analyze formation and evolu-
tion of clusters associated with specific flow features; even 

though a detailed analysis of such flow–floater interactions is 
reserved for future work, some representative examples will 
also be highlighted here, after the results on the clustering 
statistics (see section 3.3).

3 � Results

3.1 � Flow statistics

Based on the PIV analysis on the tracer images described 
above, the surface flow statistics are first presented here. In 
what follows, we denote the components of the instantane-
ous flow velocity vector u by u and v in the x and y direc-
tions, respectively. In RASJA facilities such as the one used 
here, the strength of the mean flow created will depend on 
the actuation parameters employed. For the parameters used 
here (minimizing free surface deformations) and for very 
long averaging times ( 2 hours ), the mean flow is between 
7 − 30% of the rms fluctuations (see Appendix for a detailed 
quantification of the mean and the discussion below for the 
rms calculation). Long times are needed to average out 
slowly evolving, large-scale flow patterns that are a result 
of the random nature of actuation and exist in addition to 
turbulent fluctuations. To ensure that these slowly evolv-
ing patterns do not contribute to the turbulence statistics, 
instead of a long averaging time, we compute spatially aver-
aged velocities ( u and v ) for every instantaneous velocity 
field instead. Subsequently, we subtract them from u and v, 
respectively, to get the instantaneous velocity fluctuations 
( u′ and v′ , respectively):

(1)u�
i
(x, y, t) = ui(x, y, t) − ui(t) = ui(x, y, t) −

1

IJ

I∑

x=1

J∑

y=1

ui(x, y, t)

Fig. 4   Left: Schematic of the 
PTV algorithm. Right: A repre-
sentative instantaneous snapshot 
of floater velocity trajectories 
(tracked over 50 frames) colored 
by their instantaneous velocity 
magnitudes ( |�

�
| ). Initial floater 

positions are marked by black 
filled circles
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Here, i is the component of velocity considered (u or v) and 
I and J are the number of velocity vectors in x and y direc-
tions, respectively. Subsequently, the rms velocity fluctua-

tions are found by ui,rms =

�
1

N

N∑
t=1

u�2
i

 , where N is the num-

ber of ensembles.
As mentioned in section 2, four different cases were stud-

ied (C1–C4) based on a decreasing nozzle-to-free surface 
distance, h; statistics of the single-phase (no floaters) free 
surface turbulent flow for each of them are summarized in 
Table 2. These statistics were not altered in the presence of 
floaters (two-phase flow), and thus, those are omitted. With 
decreasing h, the turbulence level is observed to increase. 
This is reflected in the increase of urms and vrms by approxi-
mately 50 % from C1 to C4 (and a resulting range of Taylor-
scale Reynolds number Re� = 72 − 101 ). In addition, the 
rms free surface normal vorticity ( �z,rms ) and the rms sur-
face divergence ( (∇ ⋅ u)rms ; surface divergence defined as 
∇ ⋅ u = �u∕�x + �v∕�y ) also increase, exhibiting a relatively 
greater change compared to the rms velocity fluctuations 
(about 62 % in �z,rms and 150 % in (∇ ⋅ u)rms from C1 to C4).

The longitudinal integral length scales in the x and y 
directions ( Lxx and Lyy , respectively) and the Taylor micro-
scale ( � ) are computed from the spatial autocorrelation func-
tion of the velocity fluctuations,

where r signifies the separation vector and i the component 
of velocity considered (u or v). Subsequently, Lxx and Lyy 
can be found by

while � is found by fitting a parabola of the form 
�i(r) = 1 − (1∕2)(r2∕�2) near the origin of �i(r) (Nieuwstadt 
et al. 2015), which is later used to normalize the scales of 
�z and ∇ ⋅ u . The FOV employed here is sufficiently large 
to resolve the integral length scale such that estimations 
of Lii are not biased ( ≈ 8Lii ). Lxx and Lyy are found to be 
of the order of d, consistent with previous observations in 

(2)�i(r) =
u�
i
(x) u�

i
(x + r)

u�2
i

,

(3)Lii = ∫
∞

0

�i(r)dr

jet-stirred turbulence (Carter et al. 2016; Bang and Pujara 
2023). The level of anisotropy observed in all cases here 
( Lxx∕Lyy ) is comparable to that of jet-stirred turbulence 
tanks without symmetric forcing (Variano and Cowen 2008; 
Johnson and Cowen 2018).

Spatial gradients in the flow, specifically those associated 
with vorticity and surface divergence, are important physical 
mechanisms in floater clustering and breakup (Chor et al. 
2018; Qi et al. 2025). While areas of mean flow convergence 
could, in principle, promote floater aggregation, the spatial 
gradients associated with the mean flow required to affect 
floater clustering act over time scales much longer than the 
clustering time scales linked to spatial gradients associated 
with turbulent fluctuations (see discussion in Appendix). 
Furthermore, the trends observed in the temporal evolution 
of floater clustering and its associated time scales discussed 
in section 3.2 remain quantitatively consistent across differ-
ent realizations despite variations in the mean flow strength 
and direction among realizations, indicating repeatability 
of the clustering statistics (see Fig. 15 in Appendix). Thus, 
while a non-negligible mean flow is present, it does not play 
a significant role compared to turbulent fluctuations in the 
clustering dynamics of floaters.

The normalized probability density functions (pdf) of 
u′ and v′ for all the cases are shown in Fig. 5(a) and (b). 
The pdfs of u′ and v′ exhibit a negligible skewness (Sk 
≈ O(10−2) ) and a kurtosis (Ku) of approximately 3.7 indi-
cating a higher probability of extreme velocity fluctuations 
compared to a Gaussian distribution, a characteristic typical 
of a fully developed turbulent flow (Mouri et al. 2002; Li and 
Meneveau 2005; Ruth and Coletti 2024). These values are 
consistent with similar zero-mean flow HIT experimental 
setups (Variano and Cowen (2008): Ku ≈ 4 ; Carter et al. 
(2016): Ku ≈ 3.2 ; Bang and Pujara (2023): Ku ≈ 3.9 ), where 
velocity fluctuations were measured in the homogeneous 
subsurface region. Furthermore, the collapse of the pdfs for 
different cases (when normalized by their rms values) sug-
gests similar statistical distributions of the velocity fluctua-
tions across changing turbulence intensities.

As discussed in section 1, both experimental (Cressman 
et al. 2004; Qi et al. 2025) and numerical studies (Lovecchio 
et al. 2003; Chor et al. 2018) reported velocity gradients on 
the free surface to play an important role in the clustering 

Table 2   Single-phase turbulent flow statistics measured at the free 
surface for different cases. �z,rms and (∇ ⋅ u)rms are the rms free sur-
face normal vorticity and surface divergence values. Lxx and Lyy are 

the integral length scales in the x and y directions, respectively. � and 
�T are the Taylor microscale and timescales, respectively

Case urms (mm∕s) vrms (mm∕s) �
�,���

(s
−1
) (� ⋅ �)

���
(s

−1
) L

��
(mm) L

��
∕L

��
� (mm) �T (sec) Re�

C1 4.3 4.2 0.59 0.14 36.55 1.02 15.99 1.26 72
C2 4.3 4.4 0.60 0.25 33.59 0.98 14.69 0.92 68
C3 5.3 5.4 0.79 0.37 32.32 0.98 13.97 0.59 77
C4 6.5 6.6 0.96 0.36 34.08 1.01 14.95 0.72 101
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of floating tracers. Specifically, �z and ∇ ⋅ u , distinct in both 
their spatial extent and temporal duration (Qi et al. 2025), 
have been hypothesized to imprint their scales on the clus-
ters formed. In the present study, different spatial scales of 
�z and ∇ ⋅ u can be qualitatively observed in representative 
instantaneous fields (Case C4) shown in Fig. 6.

The surface divergence field displays patches of sources 
( ∇ ⋅ u > 0 ) and sinks ( ∇ ⋅ u < 0 ) that occur at relatively 
smaller scales than the vorticity events. As we will show in 
what follows, this is not only instantaneously but also sta-
tistically true and is consistent with previous experimental 
(Qi et al. 2025) and numerical (Shen et al. 1999; Herlina and 
Wissink 2019) studies, highlighting that the length scales 
of the surface divergence field are smaller than those of the 
vorticity field, with sources ( ∇ ⋅ u > 0 ) surrounded by sinks 

( ∇ ⋅ u < 0 ), and vice versa. Sources arise from upward-
moving fluid parcels in the subsurface that diverge horizon-
tally as they approach the free surface, producing upwelling 
boils or splats; sinks arise from fluid parcels converging 
near the surface and being redirected downward, producing 
downwellings or antisplats (Pan and Banerjee 1995; Perot 
and Moin 1995; Shen et al. 1999; Ruth and Coletti 2024). 
Upwellings or downwellings are generally characterized 
by regions where ∇ ⋅ u is relatively large in magnitude and 
long-lived (Banerjee 1994; Ruth and Coletti 2024; Qi et al. 
2025). We note that a rigorous quantification of splats and 
antisplats was provided by Shen et al. (1999), who defined 
them as large positive (negative) values of ∇ ⋅ u when nor-
malized by the square root of the TKE and accompanied by 
small horizontal velocities at the free surface. In the present 

Fig. 5   Pdf of velocity fluctua-
tions (a) u′ and (b) v′ normalized 
by their respective rms values

Fig. 6   Representative instantaneous snapshots of (a) vorticity ( �z ) and (b) surface divergence ( ∇ ⋅ u ) fields
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study, for clarity, we refer to ∇ ⋅ u > 0 as positive surface 
divergence and ∇ ⋅ u < 0 as negative surface divergence. 
The vorticity field features elongated regions of both posi-
tive and negative vorticity, along with circular areas of high 
magnitude irrespective of sign, the latter typical imprints 
of surface-attached vortices (Banerjee 1994; Muraro et al. 
2021; Babiker et al. 2023; Aarnes et al. 2025). These aspects 
of spatial coherence in addition to the variation of �z,rms and 
(∇ ⋅ u)rms with turbulence level (see Table 2) are expected to 
influence floater behavior.

The distributions of �z and ∇ ⋅ u (Fig.  7(a) and (b), 
respectively) broaden from C1 to C4 (increasing turbulence 
activity). When normalized by their respective rms values, 
�z and ∇ ⋅ u (Fig. 7(c) and (d), respectively), they exhibit 
long tails reflecting the strong intermittency in the surface 
flow, in line with previous observations from both numerical 
(Eckhardt and Schumacher 2001) and experimental (Cress-
man et al. 2004; Qi et al. 2025) studies. Furthermore, both 
�z and ∇ ⋅ u exhibit symmetric distributions, the latter indi-
cating that the occurrence of positive and negative surface 
divergence events are equally probable, consistent with pre-
vious observations (Qi et al. 2025).

As observed in Fig. 6, the spatial scales associated with 
�z and ∇ ⋅ u differ, and these differences are expected to 
play a role in the formation and spatial characteristics of 
the floater clusters. To this end, we quantify their length 

scales through the spatial autocorrelation (vorticity: �� (r) 
and surface divergence: �

∇⋅u
(r) , where r is the separation 

vector) which is shown in Fig. 8(a) and (b). The following 
observations can be made. First, no discernible differences 
in spatial extent are observed across cases C1–C4 for either 
�z or ∇ ⋅ u with the Taylor microscale providing a reasonable 
collapse of �� (r) and �

∇⋅u
(r) . Second, ∇ ⋅ u exhibits a rela-

tively smaller length scale ( ≈ 0.5� ) compared to �z ( ≈ 1� ), 
aligning with visual observations of representative instan-
taneous fields in Fig. 6. Beyond ≈ 1� (see Fig. 8(a)), �� (r) 
drops to zero while �

∇⋅u
(r) exhibits a negative correlation 

(see Fig. 8(b)) instead. The latter occurs because, statisti-
cally, regions of positive surface divergence ( ∇ ⋅ u > 0 ) are 
always surrounded by regions of negative surface divergence 
( ∇ ⋅ u < 0 ), and vice versa, in accordance with the conserva-
tion of mass.

In addition to their differing spatial extents, their temporal 
durations have also been found to be distinct (Qi et al. 2025), 
an aspect that can in turn affect the temporal evolution of 
clusters. In our study, the smaller spatial extent of ∇ ⋅ u is 
corroborated by its relatively shorter temporal correlation 
( ≈ �T ) when compared to �z (see Fig. 8(c) and (d)). The 
latter exhibits relatively longer lifetimes ( ≈ 4�T ) and is com-
parable to the integral timescale ( TL ) consistent with recent 
experimental observations of Qi et al. (2025). This sug-
gests that vortical features at the free surface are more time 

Fig. 7   Pdf of the free surface 
normal vorticity (a,c) �z and 
(b,d) surface divergence ∇ ⋅ u 
in both dimensional and non-
dimensional (normalized by 
respective rms values) forms 
for all the cases. The arrow in 
(a) and (b) shows increasing 
amplitude of �z and ∇ ⋅ u with 
decreasing h 



Experiments in Fluids           (2026) 67:32 	 Page 11 of 21     32 

persistent than what would be expected in a 3D turbulent 
flow (which would scale with the Kolmogorov timescale), as 
previously observed for free surface-attached vortices (Shen 
et al. 1999; Aarnes et al. 2025). Within the turbulence levels 
tested here, both the short-term effects of sources and sinks 
( ∇ ⋅ u ) and the longer-term influence of persistent vortices 
are expected to shape the clustering behavior of floaters, 
with the latter analyzed in what follows.

3.2 � Floater statistics

As discussed in section 1, particles confined to an air–water 
interface cluster due to their inability to follow fluid path-
lines entering the bulk, that is, they probe a compressible 
field at the free surface. Features of the surface flow, distinct 
from those in an incompressible 3D turbulent flow, such 
as the presence of positive/negative surface divergence and 
long-lived surface vortices, can in turn have implications 
on the transport of floating particles and their clustering. 
Here, we discuss how the clustering behavior of floaters is 
affected by the varying turbulence levels. Specifically, the 
identification and classification of clusters (see section 2.1) 
allow us to analyze the cluster size distribution and its time 
evolution for different cases. Clustering of floaters brings 
about spatial inhomogeneity at the free surface, which we 

quantify here using the Voronoï diagram method (Monchaux 
et al. 2010). The latter is often employed in experimental 
(Sumbekova et al. 2017; Petersen et al. 2019) and numeri-
cal studies (Tagawa et al. 2012; Baker et al. 2017; Maalouly 
et al. 2023) to study clustering in particle-laden turbulent 
flows. This approach tessellates the domain into cells, each 
associated with a specific floater. The ensemble of points 
of a particular Voronoï cell is closer to the corresponding 
floater than to any other. In other words, smaller Voronoï 
cells (larger Voronoï cells) indicate the floaters are posi-
tioned closer (farther apart) relative to each other. An exam-
ple of a tessellated, instantaneous field of floaters is shown 
in Fig. 9 (bottom row, middle panel).

We employ the Voronoï tessellation in a flow case (C4; 
other cases are similar and are omitted here for brevity) and 
the NF case to evaluate the floater’s clustering behavior 
in each one (see red and black solid line, respectively, in 
Fig. 9). The spatial distribution of the floaters follows the 
uniform spacing of the seeding grid before release. Upon 
release, the floaters fall randomly onto the surface. At the 
start of image acquisition ( t = 0 ) which occurs with a short 
delay after floater release ( ≈ 1 sec ), floaters have already 
begun to cluster (see Fig. 9 bottom row, left). Thus, the pdf 
of the Voronoï cell areas ( Av , which is normalized by the 

Fig. 8   Spatial autocorrelation 
of (a) �z and (b) ∇ ⋅ u as a 
function of the separation vector 
(r) normalized by the Taylor 
microscale ( � ). Also shown is 
the temporal autocorrelation of 
(c) �z and (d) ∇ ⋅ u as a function 
of time lag ( � ) normalized by 
the Taylor timescale ( �T)
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mean cell area of the domain at each time instant Av ) at 
t = 0 , is quite similar but somewhat broader than that of 
a random Poisson process (Ference and Néda 2007) (see 
Fig. 9 top, blue solid: t = 0 and black dashed lines: “Ran-
dom,” respectively). At a later time, both the flow and the 
NF cases lead to floater clustering, which although spatially 
quite different (see Fig. 9 bottom row, middle, and right pan-
els, respectively) results in similar pdfs of Voronoï cell areas 
(Fig. 9 top, red and black solid lines). Both of them exhibit 
a sharp peak and a broader tail when compared to the pdf at 
t = 0 . A sharp peak at relatively small normalized Voronoï 
cell areas indicates an increased probability of smaller cell 
areas and thus floaters clustering together. A broader tail 
indicates an increased probability of larger cell areas due 
to the resulting voids. The degree of clustering, typically 
quantified using the standard deviation of Av ( �Av

 ) (Mon-
chaux et al. 2010), relative to the pdf at t = 0 ( �t=0 ), is found 
to be �Av

∕�t=0 ≈ 5 for both the flow and NF cases, indicat-
ing a relatively high intensity of clustering. As a reference, 
inertial particles with a unit Stokes number in turbulent flow 
exhibit strong clustering, with reported ratios ranging from 
1.5 − 3.5 (Sumbekova et al. 2017; Baker et al. 2017; Petersen 
et al. 2019). While the pdf of the Voronoï cell areas pro-
vides a statistical measure of the local floater concentration, 
it inherently lacks global information of the clusters such 
as their size distribution and spatial arrangement across the 

FOV, aspects important to study clustering and its dynam-
ics. In contrast, the ability to identify individual floaters and 
subsequently classify clusters based on the number of float-
ers included in each, as described earlier (see section 2.1), 
allows for a detailed insight into cluster distributions, their 
evolution, and their behavior under varying turbulence lev-
els. Thus, in what follows we will use that kind of cluster 
classification for the rest of our analysis.

Given the above discussed clustering behavior of an 
initially random distribution of floaters in both cases with 
flow (C1 to C4) and without flow (NF) (also see supple-
mentary movies), we first analyze the time scales involved 
in it. Specifically we track the number of floaters in clus-
ters of any size at each time step ( Nc(t) ), normalized by 
the total number of floaters in the FOV, N, for all cases 
(Fig. 10). Normalization by N is essential to account for 
floaters entering/leaving the FOV due to the mean flow, the 
latter unavoidable in jet-stirred tanks. In cases with flow 
(C1 to C4), a plateau is observed in Nc∕N  where approxi-
mately 95 % of N cluster. This reflects a quasi-steady state 
characterized by a balance between cluster formation 
and breakup, with the time required to reach it ( t ≈ 12 
(C4)−18 sec (C1); see dash-dotted lines of corresponding 
colors in Fig. 10) decreasing as the amplitude of �z and 
∇ ⋅ u (from C1 to C4, respectively) increases. On the other 
hand, in the NF case, a quasi-steady state is only reached 
when clusters continually form and grow until all the 

Fig. 9   Top: Pdf of the Voronoï 
cell areas ( Av ) normalized by 
the mean Voronoï cell area of 
the domain ( Av , computed at 
each time step) at time t = 0 
(when the floaters are released; 
blue solid line) and at a later 
time t for cases C4 (Flow, red 
solid line) and no flow (black 
solid line). These are compared 
to a pdf for a set of floaters 
following a random Poisson 
process (black dashed line). 
Bottom row: Representative 
raw images at t = 0 (left panel) 
and at a later time t (during 
quasi-steady state, see Fig. 10) 
for the flow (middle panel with 
example Voronoï cells) and no 
flow (right panel) cases
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floaters aggregate forming a single cluster (Lagarde et al. 
2021). Such a condition was similarly visually observed 
in the current experiments (case NF); however, this hap-
pens on a much longer time scale and was outside our 
measurement time.

This relatively slow growth to a quasi-steady state in the 
NF case compared to the cases C1–C4 can be intuitively 
understood by identifying the most prominent physical 
mechanisms governing clustering in each case. In the NF 
case, capillary forces are the only mechanism driving the 
clustering, bringing floaters together through the “Cheerios 
effect” (Vella and Mahadevan 2005). In the latter, multiple 
clustering mechanisms are at play: the compressible nature 
of the free surface field brought about by the subsurface 
flow (in the form of positive and negative surface diver-
gence), the presence of persistent vortices, and here too, cap-
illary forces, typically acting at smaller spatial separations 
(capillary lengths). A consequence of the above is that the 
quasi-steady state in the flow cases is indicative of a balance 
between cluster formation and breakup, while in the NF case 
clusters continuously grow due to the absence of a physical 
mechanism leading to breakup. These differences in cluster-
ing mechanisms between flow and NF cases also lead to dis-
parities in both the realizable size range of clusters as well 
as their spatial distribution (see Fig. 9). Cluster sizes in the 
NF case favor specific values, due to continuous merging of 
clusters of similar sizes, while in all the flow cases, a much 
more homogeneous distribution of cluster sizes is achievable 
due to continuous breakup and merging (see supplementary 
movies and discussion below). A more quantitative analysis, 
connecting the spatial and temporal scales of these differ-
ent physical mechanisms and the floater clustering ones, is 
reserved for a future study, explicitly analyzing flow–floater 
interactions.

The temporal evolution of Nc discussed above (and shown 
in Fig. 10) includes the contribution of all floaters within 
clusters and does not differentiate between clusters of dif-
ferent sizes. To explore how different cluster sizes contrib-
ute to Nc over time (and for different turbulence levels), the 
temporal distribution of the number of floaters present in 
clusters of size S (N(S)) normalized by N is shown for cases 
C1–C4 and NF in Fig. 11 (left panel). Also shown is the 
number of clusters of size S (n(S)) normalized by the total 
number of clusters in the FOV ( nc ) (Fig. 11 right panel). 
Warmer colors in the left and right panels represent a higher 
proportion of floaters within clusters of size S and of number 
of clusters of size S, respectively. For brevity, we focus here 
on the distribution of floaters within relatively small clusters 
( S < 15 ) due to their high frequency; however, larger clusters 
( S > 100 ) are also formed (see Fig. 12(a)) and are addressed 
later. Initially (at t = 1 sec ), the majority of floaters is pre-
sent in clusters of sizes S = 2 − 3 across all cases, as float-
ers begin clustering from an almost random distribution, as 
shown previously (see Fig. 9). Within t = 10 sec , the propor-
tion of floaters present in smaller cluster sizes ( N(S < 5) , see 
Fig. 11, left panel) decreases for C1–C4 while taking rela-
tively longer for the NF case ( t ≈ 30 sec ). This decrease of 
N(S < 5) (see Fig. 11, left panel) is promoted by a redistribu-
tion of floaters or homogenization among different cluster 
sizes (from > 15 % to approximately between 2 − 5 % of N) 
in cases C1 to C4. The time needed for this redistribution 
decreases with increasing turbulent activity (from C1 to C4, 
respectively). Despite the decreasing number of floaters in 
smaller-sized clusters ( N(S < 5) , see Fig. 11, left panel), the 
latter still make up the majority of the total clusters formed 
at all times ( n(S < 5) , see Fig. 11, right panel), which is con-
sistently observed across flow cases (C1 to C4). In contrast, 
for the NF case, the percentage of smaller-sized clusters 

Fig. 10   Temporal evolution of the total number of floaters in clusters 
( Nc ) normalized by the total number of floaters in the FOV (N) for 
different cases. Dash-dotted lines of corresponding colors indicates 
the approximate time at which 95 % of N cluster ( t ≈ 12 − 18 sec in 
cases C4–C1, respectively). Representative raw image of case C4 at 

an instant of time (gray dash-dotted line) during its quasi-steady state 
is shown in Fig.  9 (bottom row, middle panel); representative raw 
image of the NF case also shown in comparison at same instant in 
time (Fig. 9 bottom row, right panel)
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Fig. 11   Probability distribution of the number of floaters (N(S)) in 
clusters of size S (left) and of the number of clusters (n(S)) of size 
S (right), varying with time, for all different cases. Distributions are 
normalized by the total number of floaters (N) and clusters (nc) in the 

FOV, respectively. Note that the colorbar is logarithmic. Solid vertical 
lines from darker to lighter shades of blue (in the direction of increas-
ing time) in the right panel for case C2 indicate temporal slices of the 
distribution shown in Fig. 12(a)

Fig. 12   (a) Pdf of the number of clusters (n(S)) as a func-
tion of cluster size S at different time instants. The latter cor-
respond to temporal slices of the distribution of n(S)∕nc at 
t = [1.2, 2, 4.1, 6.3, 11.3, 14.8, 18.4, 26] sec , shown in the right panel 
of Fig. 11 for case C2 (darker to lighter shades of blue in the direc-
tion of increasing t, respectively). (b) Variation in the mean cluster 

size ( S ) with time for different cases. Arrow shows increasing ampli-
tude of �z from C1 to C4. Dash-dotted lines of corresponding colors 
indicate approximate time at which the equilibrium phase begins. 
The agglomeration (phase “A” in pink) and equilibrium (phase “E” in 
gray) phases are indicated for the flow cases (C1–C4)
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eventually decreases at longer times as clusters continuously 
grow due to the absence of a breakup mechanism (see sup-
plementary movie 2).

The relatively abundant smaller-sized clusters ( n(S < 5) ; 
see Fig. 11, right panel) are accompanied by a wide range 
of cluster sizes that are formed, including larger clusters. 
To explore how different cluster sizes formed contribute 
to the overall distribution of n(S) (shown in Fig. 11, right 
panel), we examine temporal slices of this distribution for 
case C2 at different time instants t (see Fig. 12(a) in varying 
shades of blue). Note that similar trends were observed in 
the cases C1, C3, and C4 and are not shown here for brev-
ity. As observed in Figure 11, initially (at t = 1 sec ), cluster 
sizes of S ≲ 10 dominate the distribution. With time, the 
tail of the pdf grows while the peak diminishes (see inset 
of Fig. 12(a)). The former reflects the formation of large 
clusters (for example, S > 100 ), while the latter indicates a 
reduction in floaters present in small clusters (for example, 
S ≲ 10 ), which, however, remain more abundant. The pdfs 
collapse after t ≈ 11.3 sec , indicating a quasi-steady state 
has been established between the number of smaller and 
larger clusters being formed and broken. This time scale 
closely matches to that observed in Fig. 10, where approxi-
mately 95 % of the floaters have clustered.

From a physical standpoint, size distributions in systems 
involving growth or fragmentation processes naturally arise 
in a lognormal form. Lognormal distributions are therefore 
widely used in literature to model, for example, the size 
distribution of particles, aerosols, airborne microbes (Limp-
ert et al. 2001; Andersson 2021), and ice floes (Wadhams 
1988), and have more recently been applied to predict the 
equilibrium aggregate size of cohesive particles formed in 
turbulence (Zhao et al. 2023). A lognormal distribution is 
thus a logical choice to model the cluster size distribution 
observed here, which fits this form closely and allows us to 
obtain the mean cluster size S . The temporal variation of S 
is shown in Fig. 12(b) for all cases studied. For cases with 
flow, two distinct phases can be identified: an agglomeration 
phase (see Fig. 12(b) in pink) characterized by increasing S 
representing growing/merging clusters and an equilibrium 
phase/quasi-steady state (see Fig. 12(b) in gray) charac-
terized by a plateau in S representing a balance between 
clusters forming and breaking. The “wiggles” around the 
plateau result from S being estimated from a reduced sta-
tistical sampling as fewer clusters remain in the FOV due to 
floaters leaving over time. The equilibrium phase appears to 
be reached by approximately t ≈ 10 (C4)−18 sec (C1) (see 
dash-dotted lines of corresponding colors in Fig. 12(b)), 
closely matching the time scales observed in Fig. 10. The 
rate of increase of S is more rapid with increasing turbulent 
activity (from C1 to C4, respectively). Notably, the trends 
in cases C3 and C4 show a near collapse similar to that 

observed in the temporal variation of Nc∕N (see Fig. 10). 
A similar collapse in the pdfs of the corresponding free 
surface divergence (see Fig. 7(b)) qualitatively indicates 
the role of ∇ ⋅ u in the observed clustering rate. It is inter-
esting to note that at equilibrium, all the cases with flow 
exhibit similar mean cluster sizes. This implies that within 
the range of turbulence levels studied, the distribution of 
floaters in different cluster sizes is statistically similar at 
equilibrium regardless of the turbulence intensity. However, 
these trends are in stark contrast to the NF case with respect 
to the growth rate of S and the mean cluster size achieved 
(see Fig. 12(b)). The former is relatively slower in the NF 
case compared to cases C1–C4. Furthermore, there is a con-
tinuous growth in S in the NF case, representative of a pro-
longed agglomeration phase until all floaters aggregate, the 
latter resulting from an absence of a breakup mechanism. 
However, this final equilibrium state is not captured within 
the current FOV and measurement time, and the observed 
plateau in S (see Fig. 12(b)) for the NF case results from 
floaters leaving the FOV.

In the presence of flow (C1–C4), floaters cluster as they 
probe a compressible field at the free surface, accumu-
lating at sinks ( ∇ ⋅ u < 0 ) and fleeing sources ( ∇ ⋅ u > 0 ) 
(Cressman et  al. 2004). However, while clustering is 
driven by the local surface divergence field, the time 
required for floaters to reach a quasi-steady clustering state 
is much longer ( ≈4TL ) compared to the surface divergence 
time scales ( ≈0.25TL ). This finding is consistent with pre-
vious studies: Measuring cluster evolution times through 
their local correlation dimension, Larkin et al. (2010) 
reported ≈ 1TL in experiments of surface flow above HIT, 
while Lovecchio et al. (2003) reported longer time scales 
( ≈ 5TL ) in direct numerical simulations of an open-chan-
nel flow. Furthermore, Lagrangian autocorrelation of par-
ticle clusters in open-channel flow (Li et al. 2025) and in 
surface flow above HIT (Qi et al. 2025) reported cluster-
ing timescales of approximately 1TL . As discussed in sec-
tion 3.1, vortical features at the free surface exhibit rela-
tively long lifetimes ( ≈ TL ; see Fig. 8(c)), consistent with 
recent estimates by Qi et al. (2025) and with the behavior 
of surface-attached vortices reported in literature (Shen 
et al. 1999; Babiker et al. 2023; Aarnes et al. 2025). The 
latter have been hypothesized to trap floating particles dur-
ing their lifetimes thereby imprinting their scales on the 
formation of clusters and its distribution spatially (Chor 
et al. 2018; Li et al. 2025). The relative contributions and 
interplay among mechanisms important at the free surface 
such as ∇ ⋅ u , �z , and capillarity, each typically acting on 
different spatial and temporal scales in driving floater clus-
tering, however, remain open questions. Addressing these 
questions requires surface velocity field measurements 
coupled with floater tracking to capture cluster formation 
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Fig. 13   Representative examples illustrating flow–floater interactions 
and their time evolution over ≈ 1 sec (left to right in time steps of 
≈ 0.25 sec ): (a) Clusters translating and merging under a flow veloc-
ity gradient. (b) Clusters rotating within a vortex. (c) Clusters sub-

jected to a positive surface divergence event ( ∇ ⋅ u > 0 ). Flow and 
floater velocity vectors are represented in black and orange, respec-
tively. Note that not all floater velocities are shown for clarity
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and evolution. The proposed experimental technique pro-
vides access to both (see section 2.2), and preliminary 
results demonstrating its potential are presented next.

3.3 � Flow–floater interactions

Representative examples of typical surface flow features 
interacting with floaters are shown in Fig.  13. These 

interactions, as seen through visual observations, repre-
sent more than 90 % of all the events (also see supplemen-
tary movie 1). When subject to a spatial gradient in flow 
velocity, clusters located in different regions of the gradi-
ent are advected at different velocities (see Fig. 13(a)). 
As a result of this velocity difference, the faster-moving 
cluster catches up to and merges with the slower one 
(see Fig. 13(a), where the clusters shown in green merge 
with the cluster in red). In addition to translation, clus-
ters can rotate within surface-attached vortices ( �z ), the 
latter a common flow feature in free surface turbulence 
(see Fig. 13(b)). Spatial velocity gradients can result not 
only in the merging of clusters, as described above, but 
also in their breakup. Velocity gradients across the vor-
tex and between the vortex and the surrounding flow can 
lead to cluster breakup (see Fig. 13(b), where clusters in 
green break away from the red cluster). That is, the shear 
imposed by the velocity gradient overcomes the attractive 
force between floaters, an aspect that can be quantified 

Table 3   Mean surface flow strength for all cases in the single-phase 
flow measurements and for two realizations of cases C1 and C4 
shown in Fig. 14

Single phase |u|∕urms |v|∕vrms Two phase |u|∕urms |v|∕vrms

C1 0.35 0.20 C1, R1 0.43 0.48
C2 0.15 0.24 C1, R2 0.32 0.30
C3 0.07 0.18 C4, R1 0.39 0.35
C4 0.19 0.12 C4, R2 0.18 0.19

Fig. 14   Surface mean flow for two independent realizations (R1 and R2) of cases C1 and C4 (two phase, averaged over 2 min ). Quantification of 
the mean flow strength is found in Table 3
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using the proposed experimental technique. Moreover, the 
relatively long time scales of these vortices (see Fig. 8(c)) 
can play an important role in both spatial distribution of 
clusters and the overall floater dispersion.

Along with persistent vortices, the free surface is popu-
lated by positive ( ∇ ⋅ u > 0 ) and negative ( ∇ ⋅ u < 0 ) sur-
face divergence events that have relatively shorter tempo-
ral durations (see Fig. 8(d)). A typical ∇ ⋅ u > 0 event is 
shown in Fig. 13(c) (characterized by outward pointing 
velocity vectors at the location of the source (in red); see 
second panel of the figure). Clusters in the vicinity of the 
positive surface divergence event are pushed away with 
floaters within clusters accelerating. In addition, the mor-
phology of clusters appears to change as they move (for 
example, see cluster in red located between y = 150 mm 
and y = 180 mm ). These examples illustrate a notable 
interplay between the floater behavior and different surface 
flow features. A detailed quantification of the flow–floater 
dynamics is inherently complex; however, the proposed 
relatively simple measurement setup already provides 
valuable insights into such dynamics. A more systematic 
analysis of these interactions is currently being pursued 
and will be the focus of future work.

4 � Conclusions

We have presented an experimental method to study 
dispersed two-phase flows at an air–water interface. A 
relatively flat free surface laden with spherical floating 
particles (“floaters”) above a low-mean nearly homoge-
neous turbulent flow is studied to demonstrate the appli-
cability of this technique, the latter produced in a turbu-
lence box actuated by a 10 × 10 synthetic jet array. Using 

a relatively simple setup of two LED panels and a single 
camera, we simultaneously measure the surface flow field 
using planar particle image velocimetry (PIV) and track 
floaters throughout the field of view. Specifically, we have 
employed the proposed technique to characterize the sin-
gle-phase flow field and the clustering statistics of floaters 
for varying turbulence levels (the flow cases C1–C4), as 
well in the absence of a subsurface flow (the NF case). The 
former is achieved by changing the pump nozzle-to-free 
surface distance (h).

Following the identification and classification of floater 
clusters, we utilized them to analyze influence of turbulence 
levels on cluster size distributions and their evolution. We 
showed that through the temporal evolution of different 
cluster sizes, we can distinguish between capillary-driven 
clustering in the NF case from turbulence-driven clustering 
in the cases C1–C4. The former leads to the formation of 
specific cluster sizes while the latter to a more homogeneous 
distribution of cluster sizes (also see supplementary movies). 
Furthermore, the growth of clusters over time, which we 
quantify using the mean cluster size, is relatively slower in 
the NF case compared to cases C1–C4. The former exhibits 
a prolonged agglomeration phase (without cluster breakup) 
while the latter exhibits a relatively short agglomeration 
phase followed by an equilibrium phase characterized by a 
balance between clusters forming and breaking. In addition, 
increasing the turbulence level (cases C 1 →C4) shortens the 
time required for clustering to reach the equilibrium phase. 
Nevertheless, the equilibrium phase is statistically similar 
in terms of the distribution of cluster sizes, regardless of the 
turbulence level.

To provide further insight into the temporal dynam-
ics of the cluster size distributions presented here such as 
from an instantaneous perspective would require analysis 

Fig. 15   Figs. 10 and 12(b) of the main manuscript, for case C1 (black, average over all realizations), re-plotted here with results from individual 
realizations R1 (green) and R2 (blue) (see Fig. 14 and Table 3)
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on cluster formation and evolution with specific flow fea-
tures. This is an aspect that can be addressed by surface 
velocity field measurements coupled with floater track-
ing, something accessible by the current experimental 
technique. A detailed exploration of this, however, will 
be presented in a future study. We anticipate the appli-
cability of this technique to enhance our understanding 
of floater-laden turbulent surfaces, a family of flows with 
notable environmental relevance.

Appendix: Mean surface flow

Here we quantify the time-averaged surface mean flow 
in our facility to assess any potential effects on cluster-
ing and facilitate comparisons with other similar RASJA 
configurations. Note that for the rms quantities used in 
the main manuscript, a different mean was subtracted (see 
equation 1 and the discussion in section 3.1).

As described in section 2 (see also Table 1), single-phase 
flow measurements were acquired over ≈ 2 hours . For the 
two-phase flow on the other hand, 10 independent, time-
resolved runs were acquired, each lasting ≈ 2 min , limited 
by the time that the floaters remained within the field of 
view. The time-averaged surface flow fields of the two-phase 
flow for two independent realizations of cases C1 and C4 are 
shown in Fig. 14. Across all datasets, the direction/pattern 
of the resulting mean flow varies markedly, even between 
different realizations at the same turbulence level. That is, 
the mean surface flow pattern is neither consistently pro-
duced nor persistently present. The strength of these aver-
age fields (see Table 3) is comparable to those reported for 
similar single-planar RASJA setups with bulk subsurface 
measurements (for instance, Nezami and Johnson (2024): 
u∕urms = 0.25 and v∕vrms = 0.33).

It is important to note that mean spatial gradients, spe-
cifically those associated with surface divergence ( ∇ ⋅ � ), 
affect floater clustering over time scales that are signifi-
cantly longer than those of turbulent fluctuations observed 
in Figs. 10 and 12(b). Thus, mean spatial gradients have a 
negligible effect on floater clustering, the latter which is of 
interest in this work. The negligible effect of mean spatial 
gradients on floater clustering can be further confirmed 
by the fact that, despite variations in both direction and 
magnitude of the mean surface flow (and its spatial gra-
dients) among realizations at the same turbulence level in 
the two-phase cases (see Fig. 14), the temporal evolution 
of clustering and its associated time scales remain quanti-
tatively the same (see Fig. 15).
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clustering of particles and bubbles in turbulence. J Fluid Mech 
693:201–215

Thompson SM, Turner JS (1975) Mixing across an interface due to tur-
bulence generated by an oscillating grid. J Fluid Mech 67:349–368

Tokgoz S, Elsinga GE, Delfos R, Westerweel J (2012) Spatial reso-
lution and dissipation rate estimation in taylor–couette flow for 
tomographic PIV. Exp Fluids 53:561–583

Variano EA, Cowen EA (2008) A random-jet-stirrred turbulence tank. 
J Fluid Mech 604:1–32

Variano EA, Cowen EA (2013) Turbulent transport of a high-
Schmidt-number scalar near an air-water interface. J Fluid Mech 
731:259–287

Vella D, Mahadevan L (2005) The “Cheerios effect’’. Am J Phys 
73:817–825

Voth GA, Porta A, Crawford AM, J, A, E, B.: Measurement of parti-
cle accelerations in fully developed turbulence. Journal of Fluid 
Mechanics 469, 121–160 (2002)

Voth GA, Satyanarayan K, Bodenschatz E (1998) Lagrangian accelera-
tion measurements at large Reynolds numbers. Physics of Fuids 
10:2268–2280

Wadhams P (1988) Winter Observations of Iceberg Frequen-
cies and Sizes in the South Atlantic Ocean. J Geophys Res 
93(C4):3583–3590

Walker DT, Leighton RI, Garza-Rios LO (1996) Shear-free turbulence 
near a flat free surface. J Fluid Mech 320:19–51

Westerweel J, Scarano F (2005) Universal outlier detection for PIV 
data. Exp Fluids 39(6):1096–1100

Zhao K, Vowinckel B, Hsu T-J, Bai B, Meiburg E (2023) Cohesive 
sediment: intermediate shear produces maximum aggregate size. 
J Fluid Mech 965(A5):1–17

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.


	Characterizing floating particle clustering in free surface turbulence using LED-based PIV
	Abstract
	1 Introduction
	2 Experimental setup
	2.1 Phase discrimination and cluster classification
	2.2 Velocity estimation
	2.2.1 Particle image velocimetry
	2.2.2 Particle tracking velocimetry


	3 Results
	3.1 Flow statistics
	3.2 Floater statistics
	3.3 Flow–floater interactions

	4 Conclusions
	Appendix: Mean surface flow
	Acknowledgements 
	References


