
Advances in Water Resources xxx (2014) xxx–xxx
Contents lists available at ScienceDirect

Advances in Water Resources

journal homepage: www.elsevier .com/ locate/advwatres
Influence of thermal stratification on the surfacing and clustering
of floaters in free surface turbulence
http://dx.doi.org/10.1016/j.advwatres.2014.03.009
0309-1708/� 2014 Elsevier Ltd. All rights reserved.

⇑ Corresponding author at: Dept. of Elec., Manag. and Mechanical Eng., University
of Udine, Udine, Italy. Tel.: +39 0432 558020; fax: +39 0432 558027.

E-mail address: soldati@uniud.it (A. Soldati).

Please cite this article in press as: Lovecchio S et al. Influence of thermal stratification on the surfacing and clustering of floaters in free surface turb
Adv Water Resour (2014), http://dx.doi.org/10.1016/j.advwatres.2014.03.009
Salvatore Lovecchio, Francesco Zonta, Alfredo Soldati ⇑
Dept. of Elec., Manag. and Mechanical Eng., University of Udine, Udine, Italy
Department of Fluid Mechanics, CISM, 33100 Udine, Italy
a r t i c l e i n f o

Article history:
Available online xxxx

Keywords:
Floater clustering
Stratified flows
Turbulence
Numerical simulation
a b s t r a c t

The dispersion of floaters, small organic particles lighter than water, on the free surface of an open tur-
bulent channel flow subject to thermal stratification is studied by Direct Numerical Simulation (DNS) of
turbulence and Lagrangian Particle Tracking (LPT). Constant heat flux is maintained at the free surface of
the channel, the bottom wall is adiabatic and the turbulent flow is driven by a pressure gradient. This
archetypal flow setup mimics an environmentally plausible situation which can be found in terrestrial
water bodies. The free surface turbulence characteristic of such flows has a strong influence on the dis-
tribution of the floaters: the objective of this work is to study the effect of different regimes of stable
stratification on the surface distribution of floaters. The distribution of the floaters can possibly influence
the transfer of chemical species across the water/atmosphere interface. Our results show that the mod-
ification of turbulence due to the thermal stratification strongly influences the settling velocity of floaters
in the bulk of the flow. At the surface, stratification effects are also observed on the clustering of the float-
ers: the filamentary patterns of floaters observed in unstratified turbulence are progressively lost as ther-
mal stratification increases, and the distribution of the floaters remains roughly two-dimensional.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The dispersion of floaters on the free surface of water bodies is a
crucial process in many environmental and geophysical flows
[1,3,9,10,20]. Floaters, as algae, plankton and aggregates of organic
matter are extremely important in the process of species transfer
across water/atmosphere interfaces and have been the object of a
number of recent works which question whether an homogeneous
or clustered distribution of these organic floaters on the open sur-
faces may have an impact on the overall fluxes of chemical species
between atmosphere and open water bodies. These studies under-
lined the existence of several physical mechanisms that induce a
non-homogeneous and clustered distribution, which is found to
ultimately depend on the structures and the scales of the turbulent
flow. Recently, Durham et al. [2] showed that a simple vortical flow
can trigger the rapid accumulation of the floaters via the combined
effect of the buoyancy, inertia and motility of the floaters. In a sim-
ilar study, Martins Afonso et al. [14] considered the dynamics of
the particles in a field representing a free surface flow populated
by synthetic vortices and were able to show the features of the
clustering of the particles.

The problem of the dispersion of the floaters in unstratified
free-surface turbulence was also examined by Lovecchio et al.
[12] who observed a non uniform distribution at the surface, where
the floaters cluster into string-like structures. In this case, cluster-
ing is controlled by the dynamics of the free-surface turbulence,
characterized by upwellings (structures caused by the impinge-
ment of bursts emanating from the bottom wall) and downwel-
lings (downdrafts occurring in regions where adjacent upwellings
interact). Floaters reach the surface entrained by the upwellings,
later gather in the downwelling regions from which, forbidden to
sink, they cannot escape. Lovecchio et al. [12] found that the clus-
ters of the floaters evolve in time producing filamentary structures
which are extremely persistent, and evolve over several surface
renewal cycles [7]. Building on these results, our object in this
paper is to study how the stable stratification of the fluid influ-
ences the distribution of the floaters at the free surface.

Stable stratification (i.e., fluid density decreasing with height) is
known to be an important feature in a number of environmentally
significant flows [4,5,11]. Compared to unstratified flows, the
dynamics of turbulent transport and internal energy conversion
in stratified flows is more complex because of the strong coupling
between velocity and temperature [25,26]. One of the most
ulence.
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Table 1
Floater surfacing and clustering in stratified free-surface turbulence: summary of the
simulation parameters.

Simulation Res Ris S ¼ qp=qf St ¼ sp=sf

S1 171 0 0.5 0.063
0.7 0.089
0.8 0.102
0.9 0.114

S2 171 165 0.5 0.063
0.7 0.089
0.8 0.102
0.9 0.114

S3 171 500 0.5 0.063
0.7 0.089
0.8 0.102
0.9 0.114
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Fig. 2. Mean fluid streamwise velocity and temperature for stably-stratified free
surface turbulence at Ris ¼ 0 (solid line), Ris ¼ 165 (dashed line) and Ris ¼ 500
(dotted line). Panels: (a) mean fluid streamwise velocity, huxi; (b) mean fluid
temperature, hðh� hSÞ=Dhi.
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interesting features produced by the thermal stratification in tur-
bulence is the formation of Internal Gravity Waves (IGW): the
less-buoyant (cold) fluid lifted upward by turbulence may bounce
back due to the buoyancy force causing an oscillation (IGW). A spe-
cific analysis on the effect of the fluid stable stratification in an
open channel flow has been done by Taylor et al. [22]. Relevant
to this study, the authors observed the generation of a stable ther-
mocline near the free surface overlying a well-mixed turbulent
region located near the bottom wall. It is reasonable to hypothesize
that the modulation of turbulence by thermal stratification may
result in a different dispersion/segregation of the floaters.

In this study, we use Direct Numerical Simulation (DNS) and
Lagrangian Particle Tracking (LPT) to analyze the surfacing and
clustering of the floaters in free-surface stably-stratified turbu-
lence. In the present flow configuration, the stable stratification
is realized by imposing a constant heat flux at the free surface
and an adiabatic condition at the bottom wall.

This paper is organized as follows. The problem statement, the
governing equations and the numerical methodology required for
the simulations are presented in Section 2. Section 3 is devoted
to the analysis and discussion of relevant statistics obtained from
simulations where the trajectories of the floaters in stratified tur-
bulence are computed from DNS+LPT. The discussion will be
focused on the analysis of the velocity/temperature fluid flow field,
on the quantification of the surfacing of the floaters and on the
computation of the clustering of the floaters at the free surface.
Finally, the conclusions are drawn in Section 4.

2. Methodology

The physical problem considered in this study is the dispersion
of the floaters in a thermally-stratified open channel flow with an
undeformable free surface (free-surface turbulence). The reference
geometry consists of two horizontal (infinite) flat parallel walls;
the x-, y- and z-axis of the coordinate system point in the stream-
wise, spanwise and wall-normal directions. Indicating with h the
channel height, the size of the channel is 2ph� ph� h in x; y and
z, respectively. A sketch of the computational domain, together
with the boundary conditions for the fluid (water) is given in
Fig. 1. For the fluid velocity, no-slip (resp. no-stress) boundary con-
ditions are enforced at the bottom (resp. top) boundary. Note that
the effect of imposing a flat non-deformable surface does not alter
significantly the strength of IGW, since the elevation of surface
waves is typically smaller (<0.1) compared to the thickness of
IGW. For the fluid temperature, a constant heat flux (resp. adiabatic
condition) is enforced at the top (resp. bottom) boundary [22].
Note that periodicity is applied in x and y for both velocity and
temperature. Due to the free surface heating, there is a negative
temperature difference between the bottom and the top layers of
Fig. 1. Sketch of the computational domain with bounda
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the channel which causes a stable buoyancy effect (the gravita-
tional acceleration g acting downward along the wall-normal
direction). In dimensionless form the conservation of mass,
momentum and energy of the fluid is described by the following
set of three-dimensional time-dependent equations:

r � u ¼ 0; ð1Þ

@u
@t
þ u � ru ¼ 1

Res
r2u�rpþ Gr

Re2
s

hdg þ dp; ð2Þ
ry conditions for the fluid velocity and temperature.

cation on the surfacing and clustering of floaters in free surface turbulence.
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@h
@t
þ u � rh ¼ 1

ResPr
r2h� bT ; ð3Þ

where u ¼ ðux;uy;uzÞ is the velocity vector, p is the fluctuating kine-
matic pressure, dp ¼ ð1;0; 0Þ is the mean pressure gradient that
drives the flow in the streamwise direction, h is the temperature
field and dg ¼ ð0;0;1Þ is necessary to compute the buoyancy term
only in the wall-normal direction. Eqs. (1)–(3) are subject to the fol-
lowing boundary conditions:

@ Wall : ux ¼ uy ¼ uz ¼ 0;
@h
@z
¼ 0 ð4Þ

@ Free� surface :
@ux

@z
¼ @uy

@z
¼ uz ¼ 0;

@h
@z
¼ 1 ð5Þ

The dimensionless Reynolds, Grashof and Prandtl number are
defined as

Res ¼
ush
m
; Gr ¼ gbh3

m2

@h
@z

�����
s

; Pr ¼ lcp

k
: ð6Þ

where l and m are the dynamic and the kinematic viscosity, b is the
thermal expansion coefficient, cp is the specific heat and k is the
thermal conductivity. In the definition of Res and Gr,
us ¼ ðh dp

�� ��=qÞ1=2 is the shear velocity (q being the fluid density)
whereas @h=@zjs is the imposed free-surface heating. Note that
bT ¼ 1=ðResPrÞ in Eq. (3), and depends on the specific flow configu-
ration considered here (an open channel flow with a constant sur-
face heating). Further details on this issue can be found in
Appendix A. Eqs. (1)–(3) are discretized using a pseudo–spectral
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Fig. 3. Root mean square (r.m.s.) of fluid velocity and temperature fluctuations for
stably stratified free surface turbulence at different Ris . Panels: (a) streamwise
velocity fluctuations, hu0x;rmsi; (b) spanwise velocity fluctuations, hu0y;rmsi; (c) wall-
normal velocity fluctuations, hu0z;rmsi; (d) temperature fluctuations, hh0rmsi=Dh.
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method based on transforming the field variables into the wave-
number space, through a Fourier representation for the periodic
(homogeneous) directions x and y, and a Chebychev representation
for the wall-normal (non-homogeneous) direction z. A two-level
explicit Adams–Bashfort scheme for the non-linear terms and an
implicit Crank–Nicolson method for the viscous terms are
employed for the time advancement. As commonly done in pseudo-
spectral methods, the convective non-linear terms are first
computed in the physical space and then transformed in the
wavenumber space using a de-aliasing procedure based on the
2=3-rule; derivatives are evaluated directly in the wavenumber
space to maintain spectral accuracy. Further details can be found
in [21,24,25].

The dynamics of the floaters is described by a set of ordinary
differential equations for the position, xp, and the velocity, vp, of
the floaters. In vector form:

dxp

dt
¼ vp; ð7Þ

dvp

dt
¼
ðqp � qÞ

qp
gþ ðu@p � vpÞ

sp
ð1þ 0:15Re0:687

p Þ; ð8Þ

where u@p is the fluid velocity at the position of the floater,
interpolated with 6th-order Lagrange polynomials, whereas
sp ¼ qpd2

p=18qm is the relaxation time of the floater based on the
density qp and the diameter dp of the floater. The Stokes drag coef-
ficient is computed using a standard non-linear correction when the
Reynolds number of the floater Rep ¼ ju@p � vpjdp=m > 0:2. For ther-
mally-stratified flows, the fluid density q in the equation of particle
motion (Eq. (8)) depends on temperature. However, the variation of
q with temperature is smaller compared with the difference
between the density of the particle and the reference density of
the fluid. This suggests that the variation of the fluid density in
Eq. (8) is negligible, and q can be considered constant. Note also
that, for the present choice of the physical parameters, the dynam-
ics of the particles is not influenced by the lift force [6,16]. Floaters
are treated as pointwise non-rotating rigid spheres (point–particle
approach) and are injected into the flow at a concentration low
enough to consider dilute system conditions: the effect of the float-
ers on turbulence is neglected (one-way coupling approach) as well
as the inter-floaters collisions. Periodic boundary conditions are
imposed on the floaters moving outside the computational domain
in the homogeneous directions. In the wall-normal direction, the
floaters reaching the free surface still obey the buoyancy force
balance, whereas elastic rebound is enforced at the bottom wall.
A 4th-order Runge–Kutta scheme is used to advance Eqs. (7) and
(8) in time, starting from a two-dimensional random distribution
of floaters (on the bottom plane, located at zþ ¼ dþp =2) with velocity
vpðt ¼ 0Þ � u@pðt ¼ 0Þ.

2.1. Summary of the simulations

An extensive campaign of Direct Numerical Simulations (DNS)
is performed to investigate the role of the fluid stratification on
the dispersion of the floaters with different inertia (see Table 1).
All the simulations are run at reference Prandtl number Pr ¼ 5
and Reynolds number Res ¼ 171. Three different values of the
Grashof number are considered in this study: Gr ¼ 0;
Gr ¼ 3:02� 105 and Gr ¼ 9:15� 105. As a consequence, the
numerical simulations are run at three different values of the shear
Richardson number Ris ¼ Gr=Re2

s , which measures the importance
of buoyancy compared to inertia: Ris ¼ 0;Ris ¼ 165 and
Ris ¼ 500. Note that Gr is changed by changing the temperature
gradient at the free surface. The spatial resolution of each simula-
tion (128� 128� 257) is chosen to fulfill the requirements
cation on the surfacing and clustering of floaters in free surface turbulence.

http://dx.doi.org/10.1016/j.advwatres.2014.03.009


Fig. 4. Contour maps (three dimensional visualizations) of the temperature field. Panels: (a) simulation of unstratified turbulence (Ris ¼ 0); (b) simulation of stratified
turbulence (Ris ¼ 165); (c) simulation of stratified turbulence (Ris ¼ 500).
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imposed by DNS [23]. To analyze the problem of the dispersion of
the floaters, we consider samples of NP ¼ 105 floaters characterized
by dp ¼ 250 lm (a value in the size range of large phytoplankton
cells, [18]) and by four different specific densities S ¼ qp=qf :
S ¼ 0:5; S ¼ 0:7; S ¼ 0:8 and S ¼ 0:9. The corresponding values of
the non-dimensional response time of the floaters (Stokes number
St ¼ sp=sf , with sf ¼ m=u2

s the viscous timescale of the flow) ranges
within St ¼ 0:06� 0:11. A summary of the simulations parameters
is provided in Table 1.
3. Results

3.1. Flow field and statistics

We consider first how the stable stratification of the fluid influ-
ences the mean flow field in free-surface turbulence. In Fig. 2(a) the
mean streamwise velocity profile huxi (in wall units) is shown for
the three regimes of stratification as a function of the wall-normal
coordinate zþ ¼ zus=m. Brackets indicate time and space average.
The averaging procedure is done using snapshots of velocity and
temperature fields separated in time exceeding the correlation
time and in space exceeding the integral scale. Since our
Please cite this article in press as: Lovecchio S et al. Influence of thermal stratifi
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simulations are run keeping the driving pressure gradient constant,
the slope of the velocity profile at the bottom wall is invariant
among the different simulations. For increasing stratification, how-
ever, we observe a clear separation of the domain into two differ-
ent regions: a turbulent region near the bottom wall (zþ < 80),
where the usual near wall-turbulence is maintained, and a buoy-
ancy-affected region near the free surface (zþ > 80), where the
stratification becomes important and the flow velocity increases.
The flow velocity and the corresponding mass flow rate increase
near the free surface for increasing Ris: this is due to a reduction
of the wall-normal momentum transport, and in particular of the
wall shear stress (the driving pressure gradient being constant in
all the simulations). In Fig. 2(b) we show the behavior of the mean
temperature profiles as a function of the wall-normal coordinate
zþ. Regardless of the value of Ris, we observe a region of large tem-
perature gradient (near the free surface) topping a region where
the temperature gradient is small and almost uniform (zþ < 80).
This region of well-mixed temperature near the bottom wall is
due to the existence of active turbulence which effectively stirs
the flow. The region near the free surface, characterized by the
large temperature gradient and low mixing is usually called ther-
mocline: the thickness of the thermocline increases with Ris, pos-
sibly indicating that mixing is increasingly reduced. Fluid parcels
cation on the surfacing and clustering of floaters in free surface turbulence.

http://dx.doi.org/10.1016/j.advwatres.2014.03.009


 0

 0.2

 0.4

 0.6

 0.8

 1

 0  200  400  600  800  1000  1200  1400

Riτ=0
n/Np

t+

S=0.5
S=0.7
S=0.8
S=0.9

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  200  400  600  800  1000  1200  1400

n/Np

S=0.9S=0.5

t+

Riτ = 0
Riτ=165
Riτ=500

(a)

(b)
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approaching the thermocline from the lower turbulent region do
not have enough momentum to trespass the gravitational potential
barrier created by the steep temperature gradient of the
thermocline.

To observe the influence of the stable stratification on mixing
and turbulence characteristics, we examine the statistics of the
fluid velocity and temperature fluctuations. The root mean square
(rms) of the fluid velocity fluctuations in each direction is shown in
Fig. 3(a)–(c). For unstratified turbulence (Ris ¼ 0), the velocity fluc-
tuations near the bottom wall (where turbulence production is
maximum) are similar to those observed in standard closed chan-
nel simulations, indicating that the near wall turbulence is not
influenced by the presence of a free-slip top boundary [8]. The larg-
est effect of the free surface on turbulence is the increase of hu0x;rmsi
and hu0y;rmsi near the surface itself. Correspondingly, hu0z;rmsi is
largely reduced at the free surface and turbulence is nearly two-
dimensional. For stratified turbulence (Ris > 0) we observe that
the profiles of the velocity fluctuations are not altered in the
near-wall region zþ < 40, where the typical dynamics of the wall
turbulence is maintained. A different situation occurs in the upper
part of the domain (zþ > 90), and in particular near the free sur-
face. In this region, hu0x;rmsi and hu0y;rmsi decrease significantly as
Ris increases. This is due to the stabilizing effect induced by the
fluid stratification, which reduces the turbulence fluctuations
(turbulent kinetic energy is lost to potential energy). By contrast,
hu0z;rmsi is less influenced by the fluid stratification near the free sur-
face, owing to the strong constraint on u0z imposed by the assump-
tion of an undeformable free surface. This turbulence modulation
has an impact on the distribution of temperature inside the
Please cite this article in press as: Lovecchio S et al. Influence of thermal stratifi
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free-surface channel. The rms of the temperature fluctuations,
h0rms=Dh, is shown in Fig. 3(d). For neutrally buoyant and weakly-
stratified flows (Ris ¼ 0 and Ris ¼ 165, respectively), the tempera-
ture fluctuations have a maximum at the free surface, or very close
to it. This is due to the specific boundary condition prescribed for
the energy equation (Eq. (3)): owing to the constant heat flux con-
dition, there is no constraint on the temperature value at the inter-
face, thus producing a maximum on the temperature fluctuations.
This situation changes when the fluid stratification becomes stron-
ger. For Ris ¼ 500, we observe a peak value for the temperature
fluctuations occurring at zþ ’ 150 (and not at the free surface).
Higher temperature fluctuations below the free surface are not
due to the turbulence structures; rather, they are the consequence
of the large scale IGW occurring in this region when Ris increases
(see also the following discussion on flow structures). We also
observe that h0rms=Dh decreases with increasing Ris.

Flow visualizations are now considered to identify specific flow
structures in free-surface stratified turbulence. In particular, we
use contour maps of the temperature field, since the temperature
distribution is a clear marker of the underlying flow field structure.
Results, obtained for simulations run at Ris ¼ 0;Ris ¼ 165 and
Ris ¼ 500, are shown in Fig. 4. The mean flow is from left to right
(positive x direction). For Ris ¼ 0 (unstratified flow), temperature
is passively advected by the velocity field. Bursts emanate from
the bottom wall and produce upwelling motions of fluid traveling
towards the free surface (blue regions in Fig. 4(a)). To replace the
fluid carried by upwellings, downward motions (downwellings)
are produced at the free surface and move towards the bulk region
(red regions in Fig. 4(a)). These mechanisms for the velocity/tem-
perature distribution change when considering a stratified flow.
cation on the surfacing and clustering of floaters in free surface turbulence.
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Fig. 7. Correlation between floater clusters and surface divergence r2D for Ris ¼ 0;165 and 500 and for floater specific density S ¼ 0:5 and S ¼ 0:9. Panels: (a) Ris ¼ 0 and
S ¼ 0:5; (b) Ris ¼ 0 and S ¼ 0:9; (c) Ris ¼ 165 and S ¼ 0:5; (d) Ris ¼ 165 and S ¼ 0:9; (e) Ris ¼ 500 and S ¼ 0:5; (f) Ris ¼ 500 and S ¼ 0:9.
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Stratified flows can sustain a variety of wavy motions which have
no counterpart in unstratified flows. The reason is the tendency for
the vertical motions to be suppressed by buoyancy: a fluid particle
which is displaced in the vertical direction by the velocity fluctua-
tions tends to be restored to its original position; it may overshoot
inertially and oscillate about this position [25]. This oscillation
(IGW) is clearly visible near the free surface in Fig. 4(c). In the
remaining part of the domain, intermittent bursts associated with
the near-wall turbulence are seen. Note that the region where the
internal waves are observed coincides with the region where a
thermocline exists (see Fig. 2(b)), proving that the internal waves
may be produced in a thermocline [4].

3.2. Floater surfacing

Floaters are initially positioned at the bottom wall and, being
lighter than the fluid, rise towards the free surface. To quantify
the surfacing process, we count the number of floaters n (normal-
ized by the total number of floaters NP) that have reached the free
surface as a function of time t expressed in wall units (tþ ¼ tu2

s=m).
We computed n=NP for each value of the specific density S. We
start considering the case of floaters moving in unstratified turbu-
lence (Ris ¼ 0, Fig. 5(a)). Obviously, according to their specific den-
sity, those floaters with the lowest density are the first to reach the
free surface. The surfacing process can be considered complete at
Please cite this article in press as: Lovecchio S et al. Influence of thermal stratifi
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tþ ’ 400 for S ¼ 0:5, at tþ ’ 600 for S ¼ 0:7, at tþ ’ 1000 for
S ¼ 0:8 and at tþ > 1400 for S ¼ 0:9.

The effect of the thermal stratification on the surfacing of the
floaters is shown in Fig. 5(b) just for the two cases in which the
floaters have maximum and minimum rise velocity: S ¼ 0:5 and
S ¼ 0:9. Since the effect of the fluid stratification on the surfacing
of the floaters is more evident for the floaters with S ¼ 0:9, we limit
the discussion to this case. In the first part of the surfacing process,
the fluid stratification prevents a larger number of floaters from
reaching the free surface: at tþ ’ 400;n=NP ’ 0:3 for Ris ¼ 0 and
n=NP ’ 0:15 for Ris ¼ 500 (a value half the size). In the second part
of the surfacing process the situation reverses with the fluid strat-
ification enhancing the number of the floaters that reach the free
surface: at tþ > 1000;n=NP ’ 0:8 for Ris ¼ 0 and n=NP ’ 0:9 for
Ris ¼ 500. From a physical point of view, these results suggest that
(i) the rise velocity of the faster floaters (those reaching the free
surface before tþ ¼ 400) is reduced by the fluid stratification and
that (ii) the rise velocity of the slower floaters is enhanced by the
fluid stratification (those reaching the free surface after
tþ ¼ 1000). This observation is necessarily related to the changes
in the structure of turbulence, which is known to influence the rise
velocity of light particles [13,15,18].

To characterize further the surfacing process, we quantify
explicitly the time taken by each floater to reach the free surface,
te. The probability distribution function (pdf) of te (expressed in
cation on the surfacing and clustering of floaters in free surface turbulence.
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Fig. 8. Probability density function (pdf) of surface divergence r2D computed at
floaters position. Panels: (a) the effect of floaters specific density (S) on pdf ðr2DÞ in
unstratified turbulence; (b) the effect of thermal stratification (Ris) on pdf ðr2DÞ for
S ¼ 0:5; (c) the effect of thermal stratification (Ris) on pdf ðr2DÞ for S ¼ 0:9.

(a)

(b)

Fig. 9. Application of the Voronoi tessellation to the analysis of the clusters formed
by the floaters. Panels: (a) Instantaneous distribution of the floaters at the free
surface of the open channel for the case of Ris ¼ 0 and S ¼ 0:5; (b) Voronoi diagram
corresponding to the small box indicated in Fig. 9(a).
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wall units, tþe ) is shown in Fig. 6. The abscissa of the maximum of
the pdf ðtþe Þ is the expected value. For Ris ¼ 0 (Fig. 6(a)), we observe
that the expected value decreases for decreasing S (i.e., for increas-
ing the buoyancy of the floater): the lower the density of the
floater, the larger its buoyancy drift and the shorter the time taken
to reach the surface (see also Fig. 5(a)). In particular,
tþe ’ 320;220;200 and 150 for S ¼ 0:9;0:8;0:7 and 0.5,
respectively. We also note that, as the floater density becomes clo-
ser to that of the fluid (S! 1), the pdf ðtþe Þ becomes broader, with
decreasing maxfpdf ðtþe Þg and higher tails: maxfpdf ðtþe Þg ’
0:25;0:15;0:08 and 0.05 for S ¼ 0:5;0:7;0:8 and 0.9, respectively.
The dynamics of the floaters with a stronger buoyancy is less
Please cite this article in press as: Lovecchio S et al. Influence of thermal stratifi
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influenced by the turbulence fluctuations and the dispersion of
the exit time (the tails of the pdf ðtþe Þ) is reduced. Fig. 6(b) shows
the distribution of the exit time of the floaters for S ¼ 0:9 and dif-
ferent Richardson number Ris (different fluid stratification): arrows
point in the direction of increasing stratification (increasing Ris).
We observe that the expected value of tþe increases for increasing
stratification: from tþe ¼ 350 for Ris ¼ 0 to tþe ¼ 500 for Ris ¼ 500.
Also, the value of maxfpdf ðtþe Þg increases for increasing the fluid
stratification, ranging from maxfpdf ðtþe Þg ’ 0:45 for Ris ¼ 0 to
maxfpdf ðtþe Þg ’ 0:55 for Ris ¼ 500. These results indicate that the
velocity of the faster floaters (those reaching the free surface at
short times) in unstratified turbulence is larger compared to the
corresponding value in stratified turbulence (but the number of
floaters associated to this value of tþe increases for increasing Ris).
Finally, we observe a crossover between the pdf ðtþe Þ curves occur-
ring at tþe ’ 900: for unstratified turbulence, there is a significant
number of floaters reaching the free surface at large time
(tþe > 900).
cation on the surfacing and clustering of floaters in free surface turbulence.
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Fig. 11. Time evolution of the cluster correlation dimension hD2ðtÞi at the free
surface for different Ris . Panels: (a) hD2ðtÞi for floaters with specific density S ¼ 0:5;
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3.3. Floater clustering

Once at the free surface, floaters cannot escape from it (due to
their buoyancy) and their dynamics is closely related to the local
structure of the velocity field. Turbulence at the free surface is
nearly two dimensional, and can be characterized by the diver-
gence of the velocity field [19,3]:

r2D ¼
@u0

@x
þ @v 0
@y
¼ � @w0

@z
: ð9Þ

In the present flow configurationr2D – 0 at the free surface. There-
fore, floaters moving on the free surface probe a compressible sys-
tem [1], where velocity sources are regions of local flow expansion
(r2D > 0) generated by upwellings, and velocity sinks are regions of
local flow compression (r2D < 0). In Fig. 7 we provide a qualitative
characterization of the clustering of the floaters on the free surface
by correlating the instantaneous position of the floaters with the
contour maps of r2D.

In particular, we consider the behavior of floaters with S ¼ 0:5
(left panels) and S ¼ 0:9 (right panels) for Ris ¼ 0 (Fig. 7(a) and
(b)), Ris ¼ 165 (Fig. 7(d)) and Ris ¼ 500 (Fig. 7(e) and (f)). To com-
pare the results obtained with the same number of floaters settled
at the free surface, the distribution of the floaters in Fig. 7 are
computed at different tþ, depending on the specific density of
the floaters: tþ ’ 200 for S ¼ 0:5 and tþ ’ 1000 for S ¼ 0:9 (this
corresponds to n=NP ’ 0:8, see Fig. 5(b)). For Ris ¼ 0 (Fig. 7(a)
and (b)) we observe that the floaters escape velocity sources (red
areas in Fig. 7(b)) and collect into velocity sinks (blue areas in
Fig. 7(a) and (b)). Once trapped in these regions, the floaters
Please cite this article in press as: Lovecchio S et al. Influence of thermal stratifi
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organize in clusters that are stretched by the fluid forming filamen-
tary structures: these filaments of floaters correlate very well with
the behavior of r2D < 0 [12]. The situation changes when consid-
ering a stratified fluid. Upwellings/downwellings at the free sur-
face are less intense and the filamentary structures less evident,
floaters being homogeneously distributed (Fig. 7(c)–(f)). To quan-
tify these observations, we computed the probability of finding a
floater in a flow region characterized by a specific value of
r2D; pdf ðr2DÞ. For Ris ¼ 0 (Fig. 8(a)), we clearly observe that float-
ers accumulate in regions of r2D < 0 (downwellings). This result
does not depend on the floater buoyancy since, for all values of
S;maxfpdf ðr2DÞg ’ 0:25 occurs for r2D ’ �0:02. The effect of the
fluid stratification on the clustering of the floaters at the surface
is shown in Fig. 8(b) and (c), where we present the behavior of
pdf ðr2DÞ at varying Ris and for the specific densities S ¼ 0:5 (in
Fig. 8(b)) and S ¼ 0:9 (in Fig. 8(c)). As Ris increases, we observe a
clear displacement of the maximum of the pdf towards larger val-
ues of r2D (Fig. 8(b) and (c)). This corresponds to a physical situa-
tion in which the accumulation of the floaters into downwellings
(r2D) does not occur, and the floaters are distributed more homo-
geneously over the free surface. To quantify further the segregation
of the floaters observed in Fig. 7, we use the Voronoi diagram [17].
The Voronoi diagram is a decomposition of the 2D surface into
independent cells built around each floater. The area of each cell
is therefore a measure of the local particle concentration: small
areas indicate high concentration of the floaters, whereas large
areas indicate low concentration of the floaters (see Fig. 9). In
Fig. 10, we show the probability distribution function (pdf) of the
Voronoi areas obtained by applying a Voronoi tessellation to the
distribution of floaters shown in Fig. 7. In particular, Fig. 10(a)
cation on the surfacing and clustering of floaters in free surface turbulence.
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refers to the situation observed in Fig. 7(a), (c), and (e) (S ¼ 0:5),
whereas Fig. 10(b) refers to the situation observed in Fig. 7(b),
(d), and (f) (S ¼ 0:9). Regardless of the value of S, we obtain similar
trends for the probability distribution function of the Voronoi
areas. For Ris ¼ 0, we note that the maximum of the pdf curves
occurs for very small areas. This reflects a situation in which float-
ers cluster in regions characterized by a very high concentration.
For increasing stratification, the situation changes and the values
of the Voronoi areas increase, thus meaning that the clustering of
the floaters is damped (i.e., the area surrounding each floater is lar-
ger). This confirms the qualitative observation (Fig. 7) that the
thermal stratification imposed throughout the channel reduces
the clustering of the floaters at the surface. Finally, we characterize
the topology of the clusters at the free surface by computing the
time evolution of the correlation dimension of clusters, D2ðtÞ
(Fig. 11). The correlation dimension is a measure of the topological
features of the distribution of the floaters. For simple geometrical
structures like points, lines and surfaces, D2ðtÞ ¼ 0;1;2, respec-
tively. We compute the behavior of D2ðtÞ for the floaters with
S ¼ 0:5 and S ¼ 0:9 and for all the values of Ris, starting the calcu-
lation when the floaters reach the free surface (tþ > 50 for S ¼ 0:5
and tþ > 150 for S ¼ 0:9, see Fig. 5(b)). We discuss our results con-
sidering S ¼ 0:5 (Fig. 11(a)). For Ris ¼ 0;D2ðtÞð@t ¼ 0Þ ’ 1:4 and
decays in time almost exponentially towards D2ðtÞ ’ 1. The initial
value of D2ðtÞð@t ¼ 0Þ is lower than in [12] because here floaters
are released from a plane close to the bottom wall and arrive at
the free surface already segregated. Therefore, a segregation due
to inertia is observed during the surfacing process. Once at the free
surface, floaters segregate due to buoyancy. In a long-term limit
D2ðtÞ ’ 1, meaning that the floaters accumulate into filaments,
i.e., line-like structures (see also Fig. 7a-b for a clear visualization
of this result). For Ris > 0;D2ðtÞð@t ¼ 0Þ ’ 1:5 and does not decay
in time. This reflects the physical observation that the filaments
of the floaters in thermally-stratified flows are hardly seen (see
also Fig. 7(f)) and the distribution of the floaters remains roughly
two dimensional (D2ðtÞ ’ 1:5). The segregation of the floaters into
filaments for unstratified turbulence is due to the combined
dynamics of upwelling/downwelling events. For stratified turbu-
lence, upwellings and downwellings lose momentum to trespass
the potential barrier created near the free surface by the tempera-
ture gradient. Therefore, it is clear that the homogeneous distribu-
tion of the floaters for stratified turbulence stems from the
weakening of upwellings and downwellings.
4. Conclusions

In this study, we used Direct Numerical Simulation and
Lagrangian Particle Tracking to analyze the surfacing and the clus-
tering of the floaters in a stably-stratified free-surface flow. In the
present physical configuration, the flow is driven by a constant
pressure gradient and the stable stratification is realized by impos-
ing a constant heat flux at the free surface and an adiabatic condi-
tion at the bottom wall. Simulations were run at Prandtl number
Pr ¼ 5, shear Richardson number Ris ¼ 0;165;500 and considering
floaters with a specific density ratio S ¼ 0:5;0:7;0:8 and 0.9. Flow
statistics reveal that the imposed stable stratification suppresses
the vertical transport of momentum and heat compared to the
unstratified case, where temperature is a passive scalar. Using flow
field visualizations we found that Internal Gravity Waves may be
generated (for sufficiently high Ris) near the free surface, whereas
active turbulent bursting phenomena still occur near the bottom
wall. Flow field modifications induced by the thermal stratification
influence both the surfacing and clustering of the floaters at the
surface. In particular, regardless of S, the fluid stratification focuses
the range of the values that can be attained by the rise velocity of
Please cite this article in press as: Lovecchio S et al. Influence of thermal stratifi
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the floaters. This indicates that the vertical spread of the floater
swarms induced by turbulence is decreased. Once at the surface,
the fluid stratification prevents the formation of filamentary struc-
tures (observed in unstratified turbulence) and produces a nearly
(two-dimensional) homogeneous distribution. This behavior is
associated to a weakening of upwelling/downwelling events pro-
duced by the near-wall bursting phenomena.
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Appendix A. Temperature flux balance

The temperature field inside the channel may be written as:

h ¼ h1ðtÞ þ hðx; tÞ; ð10Þ

where h1 is the deterministic temperature field (which increases in
time owing to the imposed surface heating), while hðx; tÞ is the tur-
bulent temperature field (statistically steady). The substitution of
Eq. (10) into the energy equation

@h
@t
¼ �u � rhþ 1

ResPr
r2h ð11Þ

gives

dh1

dt
þ @h
@t
¼ �u � rhþ 1

ResPr
r2h: ð12Þ

Using the Reynolds average, Eq. (12) becomes

dh1

dt
¼ � @hh

0u0zi
@z

þ 1
ResPr

@2hhi
@z2 : ð13Þ

The right-hand side (rhs) of Eq. (13) is only a function of space
(since hðx; tÞ is a statistically steady field) while the left-hand side
(lhs) is only a function of time. As a consequence, Eq. (13) is satis-
fied only when rhs and lhs are constant. To compute the value of
the constant, we integrate Eq. (13) from z ¼ 0 (wall, subscript w)
to z ¼ 1 (free-surface, subscript s):
Z 1

0

dh1

dt
dz ¼ 1

ResPr
@h
@z

����
s

� @h
@z

����
w

� �
: ð14Þ

Using the boundary conditions (see Eqs. (4) and (5)), we obtain

dh1

dt
¼ 1

ResPr
ð15Þ

and

h1ðtÞ ¼
t

ResPr
þ C: ð16Þ

From Eq. (16) we note that the deterministic temperature field h1

increases linearly in time. Since we are interested in the behavior
of the turbulent temperature field h only, we subtract the tempera-
ture changes due to h1 from the energy balance equation. Therefore,
the governing balance equation for the temperature field (Eq. (3))
becomes:

@h
@t
þ u � rh ¼ 1

ResPr
r2h� bT ; ð17Þ

where bT ¼ dh1=dt ¼ 1=ResPr.
cation on the surfacing and clustering of floaters in free surface turbulence.
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