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Abstract
Phoresis, the drift of particles induced by scalar gradients in a flow, can result in an effective
compressibility, bringing together or repelling particles from each other. Here, we askwhether this
effect can affect the transport of particles in a turbulent flow. To this end, we study how the dispersion
of a cloud of phoretic particles ismodifiedwhen injected in theflow, together with a blob of scalar,
whose effect is to transiently bring particles together, or push them away from the center of the blob.
The resulting phoretic effect can be quantified by a single dimensionless number. Phenomenological
considerations lead to simple predictions for themean separation between particles, which are
consistent with results of direct numerical simulations. Using the numerical results presented here, as
well as those fromprevious studies, we discuss quantitatively the experimental consequences of this
work and the possible impact of such phoreticmechanisms in natural systems.

1. Introduction

The transport of particles andmacro-molecules in aflow can be strongly affected by a scalar quantity present in
thefluid. The phenomenon of phoresis investigated here results from a drift velocity of the particles, vd,
proportional to the gradient of a scalar quantity, tx,q ( ) : tv x,d a q=  ( ). The scalarfield involved could be
temperature (thermophoresis), a chemical species (chemophoresis), or salt concentration (diffusiophoresis).
Themagnitude and sign of the phoreticmobility coefficientαdepends on the nature of the interaction of the
particle with the scalarfield [1]. Electrophoresis andmagnetophoresis [2, 3], induced by a drift proportional to
the electric ormagnetic field, respectively, provide two extra examples of phoresis with potential practical utility.

It is well-known that the diffusive transport of particles and ofmacro-molecules in a laminar flow is
generally very slow because of their very small intrinsicmolecular diffusion coefficient. Recent studies show that
a significant enhancement of the transport properties can be achieved by addition of a small salt concentration to
the solution, which induces a phoreticmobility in response to the salt gradients [4, 5]. The enhancedmobility of
the colloids observed inmicrofluidic channel experiments with salt gradients [4, 5]was initially interpreted in
terms of an effective diffusion aided by diffusiophoresis. The inferred diffusion coefficient is larger thanwhat is
expected from a simple Brownianmotion of colloidal particles and for certain salts it is almost two orders of
magnitude larger. Thismakes diffusiophoresis an important concept with a practical utility, which can be used
to selectively control themobility of colloids ormacro-molecules inmicrofluidic devices for scientific and/or
industrial purposes. Similar arguments based on effective diffusivity were later used to explain the experimental
results on enhanced or delayedmixing of colloids in chaotic flows [6].

However,more recent studies [7, 8] showed that a description of these phenomena in terms of amodulated
diffusion coefficient does not capture all the physics at play. In particular, it fails to explain the evolution in space
and time of the colloids concentration, especiallymixing and de-mixing at short times.

These studies stressed the importance of the effective compressibility of the velocity field v seen by the
particles: v 0 ¹· . Numerical simulations and experiments employing diffusiophoresis in chaotic flows have
conclusively shown that the compressibility strongly affects the transport of particles. In particular, it was found
that the compressible nature of the velocityfield acts as a source of colloids concentration variance [7]. As a
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consequence thewholemixing process ismodified by the phoretic transport, leading to eithermixing or de-
mixing depending on the local environment.Moreover recent experiments in a chaotic flow clearly
demonstrated that diffusiophoresismodifies the properties of the particle distribution not only at small-scales,
but even at the largest scales of themixing process [8].

Here, we ask how the transport of colloids by a turbulent flow is affected by phoresis. Turbulentmotion in
fluids involves a wide range of length and time scales and is known to enhancemixing by generating strong
gradients of advected scalar fields. The study of the transport of particulatematter in turbulent flows is an
important problem,with far reaching implications for a wide spectrumof applications, such as rain initiation in
warm clouds [9] or controlling industrial flows [10]. The velocity field experienced by inertial particles, with a
finite-size and/or different density compared to the carrierfluid, is compressible [11, 12]. It is known that this
effective compressibility results in an inhomogeneous distribution of inertial particles [13–15] in contrast to the
homogeneous distribution of pure tracer particles in turbulent flows. Therefore, it is natural to use the concepts
and current understandings of the role played by the effective compressibility in turbulent transport processes,
when extended to phoretic particles driven by turbulent scalarfield [16–19].

In the following, we examine the consequences of the turbulent fluctuations on the dynamics of a cloud of
particles undergoing phoresis. In the spirit of the original experiments, documenting phoretic effects by
injecting locally colloids and salt [4, 5], we focus on the effect of phoretic compressibility at short times, after
releasing a cloud of salt and colloids, of characteristic sizeℓc, in a turbulent flow. Although it is transported by a
turbulent flow, such a cloud of sizeℓc will grow ballistically during a characteristic time tc, which can be
estimated using the standard phenomenological description of turbulence (see section 3, and [20]).

Dimensionally, the effective compressibility v( · ), where v is the velocity seen by the particles, is an
inverse time scale, which should be compared to the typical time scale of themotion; note that v includes both
the velocity of the carrier flow u and the phoretic drift vd. Therefore, we introduce a dimensionless number,

tv cF ~  ´( · ) , which characterizes the competition between turbulent dispersion and compressibility.We
use these phenomenological arguments, which are corroborated by direct numerical simulations (DNS) of the
Navier–Stokes equations (NSE), to show that F is the parameter which controls themixing of the phoretic
particles in this problem. In particular, we show that themaximumcontraction of the particle cloud occurs in
the ballistic regime of turbulent dispersion, and varies as exp g- F( ). Our results show that γhas similar values
for different Reynolds numbers and particle cloud sizes, thereby suggesting an universal behavior.

Phoretic effects have also been observed to play a role in randomly stirred chaoticflows in twodimensions
[7], in a regimewhere the scalar field is in a statistically stationary state.We discuss the expression of F in such
cases. Our estimates, obtained by using realistic values of the physical parameters, suggest that phoretic effects
should also be observable in turbulent flows in steady state configuration at very small scales.

2.Methods

Specifically,we considerhere a simpleproblem,whereby ablobof scalarfieldwith a simpleGaussianprofile is
released in a turbulentfluid, alongwith a cloudof particles, as illustrated infigure 1.The scalarfielddecays, as it is
mixedby the turbulence.During this process, strong scalar gradients develop and this drives thephoreticmotionof
theparticles.We stress that this configuration is experimentally realizable, for example in a turbulent jet or awater-
tunnel,where the statistical properties of the cloudof particles and their dispersion couldbe accuratelymeasured.We
assumehere that theflow is incompressible, so that its description is basedon the (NSE)

t
p

u
u u u f, 12n

¶
¶

+  = - +  +( · ) ( )

where u 0 =· imposes the incompressibility conditionon the three-dimensional (3D) velocityfield u.p is the
pressurefield,ν is thefluid viscosity and f is the forcing term, acting at large scales,whichmaintains the turbulent
flowstatistically stationary. In equation (1), wehave,without any loss of generality, set the density of thefluid to 1.The
spatio-temporal evolutionof the scalarfieldfluctuations tx,q ( ) is governedby the advection-diffusion equation

t
u , 22q

q k q
¶
¶

+  = ( · ) ( )

whereκ is the diffusion coefficient of the scalarfield constituents, whose spatial average spatialqá ñ is zero.We
furthermore assume that themolecular diffusion coefficient of the colloidal particles of interest here is orders of
magnitude smaller than the constituents of the scalar field. Therefore, we are interested in the limiting case
where the particles are advected by the combined velocity field of the turbulent flow u and the phoretic
contribution vd a q=  ,α being the phoreticmobility coefficient, quantifying the efficiency of the gradient to
generate an additional driftmotion for the particles. To study the dynamics of this assembly of discrete particles
undergoing phoresis in a turbulent environment, we adopt a Lagrangian framework, inwhich the velocity of a
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particle, labeled by the index i, and located at position tX i( ) is given by

t tv u X X, , , 3i i ia q= + ( ) ( ) ( )
where tX vd di i= .

As briefly sketched in the previous section, the phenomenological approach of particle dynamics used here is
based on the standard (Kolmogorov–Obukhov) phenomenological description of turbulence [20]. A 3D
turbulent flow is sustained by injecting energy at a rate ε per unitmass, at the large length scales,ℓ∼L0,
comparable to the system size. This energy is transferred to smaller length scales, down to the scale ηwhere
energy is dissipated by viscosity: 3 1 4h n e= ( ) . The range of scales, defined by L0h  ℓ , is defined as the
inertial scales. The transfer of energy is a result of the nonlinear interactions, represented by the advection term
in theNSE (1). An (almost) self-similar structure is often postulated over the inertial range of scales, which is
characterized by a constant flux of energy, ε [20].

We test our phenomenological arguments andmake themmore quantitative by numerically determining
the statistical properties of this system. To this end, we performDNSs of theNSE (1) and the advection-diffusion
equations (2) in 3D to determine thefluid velocity field u and the scalar field θ, respectively; we then use them to
numerically determine the trajectories of the particles.We solve theNSE in a triply-periodic domain by using the
pseudospectral code, as described, e.g. in [15, 21]. Theflow ismaintained statistically stationary by forcing the
velocityfield at large scales (small wave numbers k) [21]. Simulationswere carried out atmoderate resolutions,
with 963, 1923 and 3843 Fouriermodes. Adequate spatial resolution for the velocity fieldwas imposed, by
maintaining the product k 1.5max h . This allowed us to simulate flows up to a Taylor-scale Reynolds number
R 175=l . To address themore demanding resolution criteria for the scalar field [21], wework herewith a
dimensionless ratio n k equal to 1/2.We refer here to this dimensionless ratio as the Prandtl number Pr, a
terminologywhich is generally usedwhen for a scalarfield (the corresponding dimensionless ratio is known as
the Schmidt number, Sc, in the case of a concentrationfield).

Here, we start with an initial configuration, wherewe release in a turbulent flow aGaussian blob of scalar:

tx
x

, 0 exp
2

4
c

0

2

2
q q= = -

⎛
⎝⎜

⎞
⎠⎟ℓ

( ) ( )

containing 2000 particles which are randomly distributedwithin it with the sameGaussian distribution. The size
ℓc then serves as a convenientmeasure both of the scalar blob and the particle cloud. The effect of the scalar is to
attract particles close to the center when 00aq > , and repel them away from the center when 00aq < , as
illustrated infigure 1.

A list of the simulations carried out in this work is provided in tables A1 andA2, see appendix.

3. Results

3.1. Competition between phoretic effects and turbulencemixing
As already stressed, the velocity field seen by the particles, (3), is compressible and its divergence is proportional
to the Laplacian of the scalarfield v 2a q = · . The divergence field tx v, º ( ) · can serve as a local

Figure 1.Turbulent phoresis. Schematic diagram showing the initial configuration of the scalarfield and the resulting phoreticmotion
of the colloids. Particles with positive ( 0a > , red ‘+’ symbol) and negative ( 0a < , blue ‘–’ symbol) phoreticmobilities are initially
distributed in aGaussian blob of scalar field (upper narrowGaussian profile). Scalarmixing in a turbulent fluid is indicated by drawing
a broader scalar profile; depending on the sign of the phoreticmobilityα, the particles either tend to cluster (de-mixing) or separate
from each other (mixing).

3

New J. Phys. 19 (2017) 123030 V Shukla et al



indicator of the compressibility.With (4) as the initial condition for the scalar field, the initial compressibility is
given by c0 0

2 aq~ ℓ . Starting from initial condition, the blob offluidwhich contains both scalar and particles
will be advected by turbulentmotions. Particles will then experience compressible effects at the scaleℓc (of the
order 0 ), until the scalar field is distorted, which is achieved in a time tc corresponding to the eddy turnover
time at scaleℓc. Such a time scale can be estimated following standard phenomenology of turbulent flows [20].
Asℓc lies in the inertial range, tc does not depend on the viscosity and reads tc c

2 1 3e~ ℓ( ) , where ε is the energy
injected per unitmass. This leads us to define the dimensionless parameter that characterizes the competition
between turbulent dispersion and compressibility effects at a given scaleℓc by:

t . 5
c

c
0
2 a

q
F =

ℓ
( )

Wechose to define 0F > for the attracting case which corresponds to 00aq > , andfixed 10q = in all our
DNS runs. Note that tc is Kolmogorov–Obukhov phenomenological estimate of the time forwhich an eddy of
the size of the scalar blobℓc survives in a turbulent flow.

3.2.Mixing and de-mixing of a turbulent cloud
Infigure 2we show the positions of two particle types at three different times: (a) t t 0c = , (b) t tc 0.07= , and
(c) t t 0.22c = . These two particle types correspond to two different values of 5.81F = (brown triangles,

0a > ) and 5.81F = - (blue circles, 0a < ). Starting at identical initial positions at t=0 (left), we observe
that for 0F > (brown triangles, 0a > ) the particle cloud shrinks as awhole, whereas for 0F < (blue circles,

0a < ) the particles in the cloudmove away from each other, resulting in an overall expansion.
To quantify the coherent expansion or the contraction of the particle cloud at short times, wemeasure the

mean relative separation between the particles r(t) and its ratio to its value at t=0

t
r t

r t 0
, 6

2

2
 º

=
( ) ( )

( )
( )

where r t t tX Xi j i j N
2 2

1 = á - ñ <( ) ( ( ) ( )) . In order to get better statistics, 8 blobs of scalar containingparticles are
released at the same timewithdistances larger thanhalf the box size.The simulation is then run and stoppedbefore
thedifferent deformedblobs overlap. Infigure3(a)we show the temporal evolutionof  forfivedifferent values of

F for theDNS run forwhich 20.8c h =ℓ and R 95=l . Thepink curvewith squares represents the case of apure
tracer 0F = ( 00 = ). For thephoretic particleswith 0F < (blue curveswith circles andblack curveswith stars)
 increases faster than it does for thepure tracers. This represents a casewhere the local environment selectively
assists in the faster dispersal of these particles, thereby resulting in an enhancedmixingor expansionof theparticle
cloud at short times. In adirect contrast to this, for phoretic particleswith 0F > (yellowcurvewithdiamonds and
browncurvewith triangles),  first decreases until it reaches aminimumvalue and then it rises rapidly.This clearly
represents a case of de-mixing aidedby the local environment,whose extent depends on the valueof F andhas been
quantified in termsof the coherent contractionof theparticle cloudmonitoredbymeasuring  .

In the following, we focus on the case 0F > , which results in de-mixing (see figure 3).We note that the
lower the value reached by  , the stronger is the de-mixing.We propose here a simple description of this effect,
based on the standardKolmogorov–Obukhov phenomenological theory of turbulence [20], resulting in a
prediction of min as a function of F .

We can use (3) and (4) towrite

t

X
u

d

d
, 7

d
d ad q= +  ( )

Figure 2.Mixing/de-mixing of phoretic particles. Positionsof twoparticle types at three different times: t t 0c = (a), t tc 0.07= (b),
and t t 0.22c = (c). The particles correspond to twodifferent values of the dimensionless number 5.81F = - (blue circles) and

5.81F = (brown triangles) to same local environment, from theDNS runwith R 95=l and 20.8c h =ℓ . The particleswith 0F >
de-mix,whereas the oneswith 0F < undergo enhancedmixing, for a scalar blobwith theGaussian profile in a turbulentflow.
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where Xd (resp. ud ) is the difference between thepositions (resp. velocities)of twophoretic particles (indices i j,
havebeendropped for the sake of simplicity).Note that thefirst termon the right hand side in (7) is a velocity
increment. In the absence of phoretic effect ( 0a = ), the term ud is responsible for turbulent particle dispersion.
This termaverages to zerowhen the colloids are released, as theparticle positions areapriorinot correlatedwith the
flowvelocityfield [22]. At small times, this termcontributes only a small correction to the constant term, inparticular
when 1 F∣ ∣ , seefigure 3. The second term is thephoretic contributionwhichproduces the effect shown in
figures 2 and3.At a qualitative level, this term is smooth andnearly isotropic so that onehas (t tc< , X X0d d~ )

t

X
X

d

d
, 8

c

2
0
2

2d
a
q

d
á ñ

µ - á ñ
ℓ

( )

when averaging over particle pairs in the ballistic regime of turbulent dispersion. As long as the injected blob of
scalar keeps its identity (with a simple, connected shape, before being torn apart by the turbulent flow), the
compression experienced by the set of particles leads to the overall contraction of the cloud, given by:

r

r

t

t
2 ln . 9c

c0

µ -F
⎛
⎝⎜

⎞
⎠⎟ ( )

The scalar blob retains its identity for a time tc» , so the particle cloud keeps contracting for a time tc» . During
this time interval, the value of  contracts by an amount, which increases with cF . Equation (9) suggests a simple
relation between min and F :

exp , 10cmin 0  g~ - F( ) ( )

where γ is a constant a priori of order 1.We emphasize that this prediction results from the competition between
the contraction introduced by the scalar, and themixing by the turbulent flow.

Wenow turn toDNS runs to test the validity of this phenomenological prediction. Infigure3(b)weplot min
versus F on log-linear scale for different particle cloud sizes andReynoldsnumbers.Weobserve that for all the cases

min decreases exponentiallywith increasing F , as confirmedby straight lines on log-linear axes andwhose slopesγ
agreewith eachotherwithin 15%.The inset offigure3(b) shows theplot of tcmint versus F for the cases considered
above.Wenotice that the time it takes to achievemaximumcontractionof theparticle cloudor themaximally de-
mixed state for thephoretic particles has a tendency to saturate as F increases.Moreover,wefind that theparticle
cloud survives only for a fractionof time tc.Our error bars are large, indicating aneed for better statistical averaging;
however,webelieve that our conclusionswill not changequalitatively.

As stressed in the introduction, the effect of phoresis on the transport properties of the particles can be best
understood in terms of an effective compressibility. Oneway to characterize this compressibility, appropriate in
the context of pair dispersion, is to introduce the dilation factor:

r

r

t t

1 d

d

1 d

d
. 11

2

2




c = = ( )

Figure 4 shows thedilation factorχ estimated for the smallest values of F represented infigure 3; as itwas difficult to
see anymeasurable effect of phoresis in the latter. Figure 4 indicates that for values of 0.3F » , the difference

Figure 3.Quantifying thede-mixing. (a)Temporal evolutionof the ratioofmean relative separation to its value at t=0, t º( )
r t r t 02 2 =( ) ( ), fordifferent values of thedimensionlessnumber F characterizing the effective compressibility, fromtheDNSrunwith
R 95=l and 20.8;c h =ℓ tc is the time scale forwhichaneddyof sizeℓc survives ina turbulentflow. (b)Log-linearplotsofminimumof 
versus F . min is representativeof themaximalde-mixingattained. Inset: plotsof mint versus F , shows that the time toachievemaximum
de-mixing (or contractionof theparticle cloud) initially increases and then saturates at large values of F .
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betweenχ and the corresponding value in the case of a passive tracer, 0c , significantly deviates from0. For
completeness, the values ofχ for all the values of F infigure 3 are shown infigureA1, see appendix. It canbe seen
that even for values of 10 1F = -( ) the impact of phoresis on the initial dilation factor is of order one compared to
thenon-phoretic situation.The inset offigure 4, representing the ratio 0  then shows that although thedilation
factor relaxes to thenon-phoretic value in a timescale of a fractionof tc, a sustainedmodificationof themean square
pair separationof the order of 5%compared to the non-phoretic case does persist at timescales t tc» . It can alsobe
noted that these alternativeways of presenting thedata better emphasize the symmetry between the compressing
situation ( 0cF > , showing aminimumof 0  , whichwas discussed earlier) and thedilating situation ( 0cF < ),
showing an equivalentmaximumof 0  . Thus, a value of cF of order 10−1 is sufficient to affect the rate of dilation
of pairs of particles by a significant amount, albeit over a short time lapse. Yet, as suggested below, these effectsmaybe
prevalent in conditionswhere the scalar and theparticles are in a steady state.

3.3. Short time separation of the particles in the cloud
To further understand themixing and de-mixing process, we look at the two-particle statistics, wherewe
compute how the relative separation between the particles changes with time.We again turn to
phenomenological arguments to predict the behavior of themean-squared relative displacement at short-times

t t

t

t
t

X X v

u

0

1 . 12c

c

2 2 2

2 2 2 2

2

2
2 2


d d d
d a d q

b

á - ñ á ñ
á ñ + á  ñ

+ F




 ℓ

∣ ( ) ( )∣ ( )
[ ( ) ( ( )) ]

( ) ( )

In going from thefirst to the second line in the above equation, we have neglected the cross term ud d qá  ñ· ( ) .
This is justified by the complete lack of correlation between the injected scalar field θ and theflow velocity u. The
dimensionless parameterβ introduced in equation (12), is expected to be independent ofℓc and Rel. Therefore,
we canwrite

t A t tX X 0 , 13c c
2 2 2d dá - ñ = ¢ℓ∣ ( ) ( )∣ [ ] ( )

with t t 1c c
2 1

2b¢ = + F -( ) andA is a constant. Infigure 5we show the log–log plots ofmean-squared relative
displacement tX X 0 c

2 2d dá - ñ ℓ∣ ( ) ( )∣ versus scaled time t tc¢ for different values of F (indicated by different
symbols) for three different Reynolds numbers Re 58=l (blue lines), Re 95=l (red lines), and Re 175=l
(green lines); and for different particle cloud sizes, see the caption offigure 5, as well as tables A1 andA2 in
appendix for further details. TheseDNS runs confirm the phenomenological prediction that, when rescaled by
the cloud sizeℓc, themean-squared relative displacement is a linear function of t tc

2¢( ) in the ballistic regime.
Moreover, we find that this statistical property is universal, as the plots for different F , Rel andℓc collapse onto
each for 0.05b  .

We end this sectionwith a remark that in the present studywe are interested in an elementary question,
whether phoretic effects can lead tomeasurable consequences. For this reason, we focus on a simple quantity,

Figure 4.Dilatation factor
t

1 d

d

c = and in the inset:mean square separation in presence of phoresis normalized by the non-phoretic

case; from theDNS runwith R 95=l and 20.8c h =ℓ .
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namely themean-square separation.However,much insight can be gained by systematically investigating the
full distribution of separation at different times. Such an investigationwill be the subject of futurework.

4.Discussion of the orders ofmagnitude: are phoretic effects observable?

Whether phoretic effects (thermo- and diffusio-phoresis, in particular) can give rise tomeasurable effects is the
important question that we address now. The present discussion is based on the parameter cF , introduced in (5),
which has been demonstrated in simple problems, see section 3, to provide a goodway to quantify the
importance of phoretic phenomena: the larger F the larger the effect of phoresis.

4.1. Revisiting the definition of F
In terms of possible applications, two effects need to be taken into account when defining the parameter F ,
relevant to evaluate the importance of phoretic effects.

First, the phoretic coefficientα is generally found to depend on the local scalarfield θ, with a dependence of
the form Dpa q= , whereDphas the dimension of a diffusion coefficient [4, 5, 23]. This implies that the
dimensionless expression of theflow compressibility, equation (5) simplifies to:

D
t

, 14p
c

lim
2F =

ℓ
( )

whereℓc is the small length scale of the scalar θ ( c
2 2q q µ ℓ ), and tlim is the persistence time of the fluctuations

of θ inducing phoresis. In our problem, turbulence disrupts a blob of scalar of sizeℓc, in a time tlim that depends
on theℓc.

Second, whereas in studying phoretic effects in section 3, we have explicitly considered scalars with a
diffusion coefficient of the order of viscosity: Pr 1» , it should be kept inmind that in practice, the diffusion
coefficient of the scalar can be significantly smaller than viscosity: Pr 6» in the case of thermophoresis, and
Pr≈1000 in the case of diffusiophoresis.We begin this section by discussing the parameter F by taking into
account the expression Dpa q= , and the large values ofPr.

The following discussion rests on the classical picture of themixing of a scalar field by a turbulent flow. The
fluctuations of the velocity field typically extend over a range of length scales, from the large (stirring) length, L,
down to theKolmogorov scale, η. A scalar field, advected by the flow, is also subject tomolecular diffusion,

Prk nº , where Pr is the Prandtl number already introduced. In applications with large Prandtl number the
scalarfluctuations can extend down to scalesmuch smaller than η. In fact, the smallest scale of the scalar
fluctuations, Bh , known as the Batchelor scale, is of order PrB

1 2h hº - for Pr 1 [24].
The persistence of scalar fluctuations at a scaleℓc depends on the range of scale. Namely, when Lc h ℓ

(the size of the scalar blob lies in the inertial range), the blob is subject to the turbulent shear, c
2 1 3eµ ℓ( ) , so the

persistent time is t clim
2 1 3eµ ℓ( ) . This is the casewe have considered so far. In this case, the expression(14)

reduces to

Figure 5.Ballisticmean squared relative displacement at short times loglog plots of themean-squared relative displacement

tX X 0 c
2 2d dá - ñ ℓ∣ ( ) ( )∣ versus scaled time t tc¢, where t t 1c c

2 1
2b¢ = + F -( ) , obtained fromDNS runs for different values of F

(represented by different symbols) for three different values of Taylor-microscale Reynolds number Re 58=l (blue dashed lines
10.7c h =ℓ ), 95 (red lines: dashed 20.8c h =ℓ and colon (:) 12.0c h =ℓ ) and 175 (green lines: dashed 50.5c h =ℓ , colon (:)
30.3c h =ℓ and dashed-dot 10.1c h =ℓ ); different values of particle cloud sizeℓc is indicated by different line-types. In our

simulations 1qD = and tc is time scale associatedwithℓc. See table A2 formore details.
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which immediately shows that the largest possible value of F is obtainedwhen c h»ℓ : Dp  nF . In the other
regime, cB  h hℓ , the velocityfield is smooth at the scaleℓc, and the strain acting on a blob of sizeℓc is

1 2e nµ( ) . This implies that the time tlim
1 2n eµ ( ) , which is also known as theKolmogorov time scale [20]. In

this case, the expression for F reduces to:

D D D
. 16

p

c

p

c

p

c
2

1 2 2
B

2


n
e n

h
k

h
F = ´ = ´ = ´⎜ ⎟⎛

⎝
⎞
⎠

⎛
⎝⎜

⎞
⎠⎟

⎛
⎝⎜

⎞
⎠⎟ℓ ℓ ℓ

( )

Equation (16) shows that the value of F can vastly exceed Dp n , the limiting valuewhen c  hℓ . Specifically, in
the case of blobs of size c Bh»ℓ , Dp kF » . These expressions are particularly relevant, given the large values
ofPr in the relevant cases of thermo- and diffusiophoresis.

To summarize, the estimates given so far show that themaximum strength of the phoresis effects quantified
in terms of the parameter F can be ultimately expressed as ratio of the diffusion coefficientDp and either the
viscosity ν or the diffusion coefficient of the scalar field (temperature or salt)κ.

4.2.How large are phoretic effects?
Toproceed, we use the values ofDp reported in the literature.Microfluidic experiments have shown so far a
maximumeffect when using carboxylate colloids in gradients of lithium chloride (LiCl), this combination of
particle and salt lead to a diffusiophoretic coefficient as large asDp≈300 μm2 s−1. In experiments on
thermophoresis values ofDp as large as 3000 μm

2 s−1 have beenmeasured [23], hence 10 times larger than in the
diffusiophoresis case. These estimates are consistent with thosemeasured in the oceans [25].

This implies that the ratio Dp n , which corresponds to the largest possible value of F whenℓc is in the
inertial range, see(15), is of the order 10−4 in the case of diffusiophoresis, and of order 3 10 3´ - in the case of
thermophoresis.

These values are clearly smaller than the values necessary tomeasure any of the effects discussed in section 3.
Assuming, however, a value of cℓ smaller than η, but larger than Bh shows that the values of F cannot be larger
than 0.02 F in the case of thermophoresis, and 0.1 F in the case of diffusiophoresis. These values are
sufficient to observe, in principle, a significant effect of diffusiophoresis.

It is useful to compare the previous estimates with existing experimental results, where effects of phoresis
were unambiguously found.

In themicrofluidic experiments on diffusiophoresis by Abecassis et al [4, 5], using a laminar flow, the
limiting time is given by themean advection t z Ulim obs 0= (where zobs is the observation position along the
micro-channel andU0 is the advection velocity along the channel). Interestingly, F in their experiment can
then be estimated to be in the range 10 103 1- -[ – ], withmeasurable effects on the spreading and focusing of the
concentration profile of an initial colloidal band.

For the experiments in chaotic flows byDesseigne et al [6] andMauger et al [8], which are closer in spirit to
the present work, the limiting time scale at the early stage of the process is given by the period of the chaotic cycle
(at larger times the diffusion time of salt also becomes important), leading to typical values of F of the order of
10 103 2- -[ – ], with subtle but stillmeasurable effects on the concentration field of colloids and its gradients.We
also notice that Schmidt et al [17] report a possible observation of diffusiophoresis, by looking at clustering
properties of particles at inertial scales in a turbulent gravity flowwith salt gradients. In such conditions, the
largest expected value for F is of the order of Dp n (with ν the kinematic viscosity of the fluid), which in their
experiment is of the order of 10−4.

It is worth pointing out that in the problemof pair dispersion, as we have studied it numerically, the initial
scalar distribution affects colloid transport for a small time only. Scalar gradients, in a statistically steady-state
regime,may act cumulatively, resulting inmuch larger effects. As such, the requirement in termof F to observe
a significant phoretic effect could be conceivablymuch reduced, compared towhat we found in the purely
transient problem investigated here.

The above discussion and the values of F obtained on the basis of [23, 25] indicate that the phoretic effects
can be important and thereforemay affect the transport of small organisms, or pollutant particles, as a result of
local gradients of salinity, dissolved oxygen, temperature, etc.

5. Summary

In this work, we have explored the interplay between turbulent transport and phoretic effects. The specific
problem investigated is purely transient, and concerns a cloud of colloids, releasedwith a blob of scalar of sizeℓc
in an otherwise statistically stationary flow.
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The phenomena discussed here results from a competition between the compressibility of the particle
velocityfield,(3), and the fast dispersion of the scalar blob.On dimensional grounds, this competition can be
described at short times by the dimensionless ratio F , defined by (5).

In the case where the scalar generates an effective compressibility ( 0F > ), we observed that particles tend
to come together, over a timewhich is a fraction of the time tc, characteristic of the sizeℓc. Theminimum in the
mutual distance between particles can be approximated as a function of F , which decays exponentially at large
values of F . The quantity F provides a satisfactoryway to describe the initial stage of the separation between
particles.

We have used our numerical results, as well as those fromprevious studies, to discuss the significance of the
approach followed in the present study for the existing or possible experiments and the natural flows. The
discussion of the previous section indicates that in order tomaximize the chances to observe a signature of
diffusiophoresis at inertial scales of turbulence, one has to: (i) use an appropriate indicator (e.g., the dilation
factor for pair separation diagnosis) and (ii)maximizeDp andminimize both ò and the observation scaleℓc.

We conclude by recalling that the present study has been focused on the transient problem,where the scalar
field is injected together with the particles.

In this time-dependent problem, the colloid velocity field is eithermanifestly attracting or repelling, possibly
leading to the strongmixing or de-mixing effects, illustrated infigures 2 and 3. Such strong effects are not
expectedwhen colloids are injected in a scalar field in a statistically steady state, as the divergence of the colloid
velocityfield v · , is equally likely to be positive or negative. The related but distinct problemof the properties
of the colloid distribution in the presence of a of turbulent scalar field in a steady state therefore deserves further
attention. In fact, as it is the case in the problemof inertial particles in a turbulent flow [13, 15, 26], the
compressibility of the velocity field experienced by the particles is likely to lead to preferential concentration. It
will be interesting to explore the analogies and differences between the two problems, in particular in terms of
particle dispersion properties [27, 28].
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Appendix. Supplementary information on theDNS runs

This appendix presents a list of the flowswe have simulated (table A1), and of the values ofα and F used
(table A2).

In addition, figure A1 presents the values ofχ and of themean separation 0  for values of F larger than
those shown infigure 4 of themain text.

Figure A1. (a)Dilatation factor 1 d

dt

c = and (b)mean square separation in presence of phoresis normalized by the non-phoretic

case, from theDNS runwith R 95=l and 20.8c h =ℓ .
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Table A1.Parameters for theDNS runs Run1 Run6– :N3
c the number of collocation points, ν the viscosity,κ the diffusivity, R urmsl n=l

the Taylor-scale based Reynolds number, u E2 3rms = the root-mean-squared velocity and u uxrms
2l = á ¶ ñ( ) the Taylor-

microscale, L u E k k20 rms
2

kp= å( ) ( ) the integral length scale, 22 1 4h n= W( ) theKolmogorov dissipation length scale, ò the energy
injection rate, andℓc themeasure of size of theGaussian scalar blob.E is themean kinetic energy and u 2 15x

2á ¶ ñ = W( ) , whereΩ is the
enstrophy. In ourDNSswe have fixed the Prandtl number Pr n k= at 0.5.

Nc 10 3n ´ - 10 3k ´ - Rl urms L0 λ η kmaxh ò c hℓ β

Run1 96 7.5 15.0 58 0.728 1.38 0.596 0.04 1.79 0.168 10.7 0.05

Run2 192 3.0 6.0 95 0.7289 1.30 0.39 0.0204 1.83 0.157 20.8 0.05

Run3 192 3.0 6.0 95 0.7289 1.30 0.39 0.0204 1.83 0.157 12.0 0.05

Run4 384 0.94 1.88 175 0.75 1.23 0.22 0.0084 1.52 0.168 50.5 0.05

Run5 384 0.94 1.88 175 0.75 1.23 0.22 0.0084 1.52 0.168 30.3 0.06

Run6 384 0.94 1.88 175 0.75 1.23 0.22 0.0084 1.52 0.168 10.1 0.07

Table A2.Values of the dimensionless number F fromourDNS runs Run1–Run6 for nine different values of
α. The symbols in thefirst column serve as guide for the curves infigure 5.

F F
Symbol α Run1 Run2 Run3 α Run4 Run5 Run6

◯ −1.0 −5.69 −5.81 −12.10 −0.1 −0.569 −1.12 −4.86

X −0.5 −2.84 −2.91 −6.05 −0.075 −0.43 −0.84 −3.65

+ −0.1 −0.57 −0.58 −1.21 −0.05 −0.28 −0.56 −2.43
* −0.05 −0.28 −0.29 −0.60 −0.01 −0.057 −0.11 −0.47

, 0 0 0 0 0 0 0 0

à 0.05 0.28 0.29 0.60 0.01 0.057 0.11 0.49

∇ 0.1 0.57 0.58 1.21 0.05 0.28 0.56 2.43

! 0.5 2.84 2.91 6.05 0.075 0.43 0.84 3.65

◃ 1.0 5.69 5.81 12.10 0.1 0.57 1.12 4.86
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