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ABSTRACT

We investigate experimentally the phenomenon of turbulent thermal diffusion of micrometer-size solid particles in an inhomogeneous con-
vective turbulence forced by one vertically oriented oscillating grid in an air flow. This effect causes the formation of large-scale inhomogene-
ities in particle spatial distributions in a temperature-stratified turbulence. We perform detailed comparisons of the experimental results with
those obtained in our previous experiments with an inhomogeneous and anisotropic stably stratified turbulence produced by a one oscillating
grid in the air flow. Since the buoyancy increases the turbulent kinetic energy for convective turbulence and decreases it for stably stratified
turbulence, the measured turbulent velocities for convective turbulence are larger than those for stably stratified turbulence. This tendency is
also seen in the measured vertical integral turbulent length scales. Measurements of temperature and particle number density spatial distribu-
tions show that particles are accumulated in the vicinity of the minimum of the mean temperature due to the phenomenon of turbulent ther-
mal diffusion. This effect is observed in both convective and stably stratified turbulence, where we find the effective turbulent thermal
diffusion coefficient for micrometer-size particles. The obtained experimental results are in agreement with theoretical predictions.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0163878

I. INTRODUCTION

Turbulent transport of particles has been a subject of many stud-
ies due to numerous applications in geophysics and environmental sci-
ences, astrophysics, and various industrial flows."” Different
mechanisms of large-scale and small-scale clustering of inertial par-
ticles have been proposed. The large-scale clustering occurs in scales
that are much larger than the integral scale of turbulence, while the
small-scale clustering is observed in scales that are much smaller than
the integral turbulence scale.

The large-scale clustering of inertial particles in the isothermal
non-stratified inhomogeneous turbulence occurs due to turbophore-
sis,” '’ which is a combined effect of particle inertia and inhomogene-
ity of turbulence. Turbophoresis results in the appearance of the
additional non-diffusive turbulent flux of inertial particles
Jiurboph = 7 erboph, where the mean particle velocity caused by tur-
bophoresis can be written as

V{u?) .

N W

Vturboph = —Krb

Here, 71 is the mean number density of inertial particles, u is the turbu-
lent fluid velocity, K is the turbophoretic coefficient, which gener-
ally depends on the Stokes number St = 7, /7, and the fluid Reynolds
number Re = ¢ tyys /v, where 1, = 10/ Re!/? is the Kolmogorov vis-
cous time, 79 = £/ ums is the characteristic turbulent time, v is the
kinematic viscosity, s = 4/ (#?) is the rms velocity in the integral
turbulence scale ¢, and T, is the Stokes time for the small spherical
particles. Due to turbophoresis, inertial particles are accumulated in
the vicinity of the minimum of the turbulent intensity. In particular,
direct numerical simulations (DNS)"” show that inertial particles in
inhomogeneously forced isothermal turbulent flows are accumulated
at the minima of turbulent velocity. Two turbulent transport processes,
turbophoresis and turbulent diffusion, determine the spatial distribu-
tion of the particles. Numerical simulations'” demonstrate that the
non-dimensional product of the turbophoretic coefficient Kb and
the rms velocity uys increases linearly with the parameter St for

Sty < 1, reaches a maxima for Sty ~ 10, and decreases as St;l/ ? for
large Sty, where Sty = 1, /1 is the Stokes number defined using the
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characteristic flow time scale 7, based on the forcing scale of turbu-
lence. The same large-scale clustering phenomenon caused by turbo-
phoresis has been studied in the DNS of turbulent Kolmogorov
flows."* Although the authors do not interpret their results as a balance
between turbophoretic and turbulent diffusive fluxes, they do observe
that the large-scale clustering increases for small St;, but this trend
reverses smoothly at higher values of St;. The large-scale clustering
due to turbophoresis has also been observed in the DNS of turbulent
channel flows'” and in various experimental studies. >’

Another example of the large-scale clustering of inertial particles
is the phenomenon of turbulent thermal diffusion that is a combined
effect of the temperature stratified turbulence and inertia of small par-
ticles.'®'” Turbulent thermal diffusion is a purely collective phenome-
non occurring in temperature stratified turbulence and resulting in the
appearance of a non-zero large-scale effective pumping velocity of par-
ticles in the direction opposite to the mean temperature gradient. This
implies that this phenomenon causes a non-diffusive turbulent flux of
particles in the direction of the turbulent heat flux. A competition
between the turbulent thermal diffusion and the turbulent diffusion
determines the conditions for the formation of large-scale particle con-
centrations in the vicinity of the mean temperature minimum.

Turbulent thermal diffusion has been intensively investigated
analytically'® > using different theoretical approaches. This effect has
been detected in DNS.”*”” Turbulent thermal diffusion has been
observed in geophysical turbulence, e.g., in the atmosphere of the
Earth® and the atmosphere of Titan,”” and it has also been discussed
in astrophysical turbulence applications.”’ Moreover, the phenomenon
of turbulent thermal diffusion has been detected in laboratory experi-
ments in nearly isotropic and homogeneous turbulence produced by
two oscillating grids”"' * and in a multi-fan produced turbulence.”
Recently, the phenomenon of turbulent thermal diffusion has been
found in an inhomogeneous and anisotropic stably stratified turbu-
lence produced by one oscillating grid in the air flow.”” These experi-
ments have demonstrated the formation of inhomogeneous
distributions of micrometer-size particles in the vicinity of the mean
temperature minimum.

The main goal of the present study is to investigate experimen-
tally the phenomenon of turbulent thermal diffusion of the
micrometer-size solid particles in an inhomogeneous convective tur-
bulence forced by a one oscillating grid in the air flow. In the experi-
ments, we measure velocity fields applying particle image velocimetry
(PIV). We measure the temperature field with a temperature probe
equipped with 12 E thermocouples. In addition, we determine spatial
distributions of small solid particles by a PIV system using the effect of
the Mie light scattering by particles in the flow. We perform detailed
comparisons of the obtained experimental results with those in the
experiments in an inhomogeneous and anisotropic stably stratified
turbulence produced by a one oscillating grid” and in a convective
turbulence forced by two oscillating grids in the air flow.”® This paper
is organized as follows. In Sec. II, we elucidate the mechanism of the
phenomenon of turbulent thermal diffusion and determine the turbu-
lent flux of particles using the spectral t approach for the fully devel-
oped temperature-stratified turbulence. In Sec. III, we discuss our
experimental facilities and instrumentation, and in Sec. [V, we describe
the obtained experimental results. Finally, in Sec. V, we outline conclu-

pubs.aip.org/aip/pof

Il. TURBULENT THERMAL DIFFUSION

In this section, we determine the turbulent flux of particles in a
temperature-stratified turbulence and elucidate the mechanism related
to the effect of turbulent thermal diffusion. We study dynamics of
small non-inertial particles advected by a turbulent fluid flow. An evo-
lution of the particle number density n(t, x) in a fluid velocity field
U(t, x) is determined by the convective-diffusion equation as follows:

@—FV-(nU—DVn):O, )
ot
where D = kg T/(6mpra,) is the coefficient of the molecular
(Brownian) diffusion of particles having the radius a,. Here, T and p
are the fluid temperature and density, respectively, and kg is the
Boltzmann constant. The fluid velocity is a turbulent field produced
by, e.g., an external steering force. Equation (2) is a conservation law
for the total number of particles that implies that the total number of
particles is conserved in a closed volume. Here, we do not consider a
coagulation of particles or chemical reactions as well as condensation
or evaporation of droplets, which change the total number of particles
or droplets in a closed volume.

Assuming for simplicity that the diffusion coefficient is indepen-
dent of coordinates, Eq. (2) can be rewritten as

@‘FV'(HU):DAH. 3)
ot

We use a point-particle approximation that implies that the size of par-
ticles is very small in comparison with all possible scales of fluid
motions. When the fluid velocity is much less than the sound speed
(i.e., for low-Mach-number fluid flows), the continuity equation for the
fluid density can be used in an anelastic approximation, V- (p U) = 0.
This equation can be rewritten as V-U = —(U - V)Inp, ie., the
anelastic approximation takes into account an inhomogeneous fluid
density.

We study a long-term evolution of the particle number density in
spatial scales L,, which are much larger than the integral scale of tur-
bulence ¢y, and during the time scales #,, which are much larger than
the turbulent time scales 7,. We use a mean-field approach in which
all quantities are decomposed into the mean and fluctuating parts,
where the fluctuating parts have zero mean values, ie., we use the
Reynolds averaging. In particular, the particle number density
n=n+n', where n = (n) is the mean particle number density and
n' are the particle number density fluctuations and (n’) = 0. The
angular brackets (---) denote an ensemble averaging. Averaging Eq.
(3) over an ensemble of a turbulent velocity field, we arrive at the
mean-field equation for the particle number density as follows:

on o / _

§+V-(Un+<un)):DAn, 4)
where F = (un’) is the turbulent flux of particles. We consider for
simplicity the case U = 0.

To derive an expression for the turbulent flux of particles, we
obtain the equation for particle number density fluctuations n’ by sub-
tracting Eq. (4) from Eq. (3), which yields

sions. In Appendix, we derive the expression for the particle turbulent on’ ~ S /
—=—-09Q — (u-V)in—n(V-u)+ DAn', 5
flux for small Péclet numbers. ot 2 ) ( ) )
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where Q = V- (' u — (n' u)) is the nonlinear term. The source term
for particle number density fluctuations, —(u - V)7, results in the pro-
duction of particle number density fluctuations by the tangling of the
gradient V 71 of the mean particle number density by velocity fluctua-
tions. The other source term, —7(V - u), for particle number density
fluctuations can be rewritten as —7n (V- u) = (71/p )(u - V)p, where
we take into account the anelastic approximation, V-u

—(1/p) (u- V)p, which is also valid for the mean fluid density, p.
This implies that this source term describes a production of particle
number density fluctuations by the tangling of the gradient V p of the
mean fluid density by velocity fluctuations. We use the Péclet number
Pe = |Q|/|DAn| defined as the dimensionless ratio of the absolute
values of the nonlinear term |Q| to the diffusion term |DA#’|. The
Péclet number can be estimated as Pe = £ t4yys/D. Since the nonlinear
equation (5) cannot be solved exactly for arbitrary Péclet numbers, we
consider the case of large Péclet and Reynolds numbers, which corre-
sponds to our laboratory experiments.

We apply the Fourier transform only in a k space but not in a @
space because in a fully developed Kolmogorov-like turbulence, the
turbulent time is universally related to spatial scales. We take into
account the nonlinear terms in equations for velocity and partlcle
number density fluctuations and apply the spectral t approach™~
(see also Ref. 7 for a detailed discussion).

For simplicity, we consider a one-way coupling by taking into
account the effect of turbulence on the particle number density and
neglecting the feedback effect of the particle number density on the
turbulent fluid flow. The one-way coupling approximation is valid
when the spatial density of particles 7 m, is much smaller than the
fluid density p, where m, is the particle mass. First, we consider
non-inertial particles, which means that the particles move with
the fluid velocity, i.e., the particle number density is a passive
scalar.

We use a multi-scale approach,” i.e., we consider the one-point
second-order correlation function as

(wi(t, %) ' (8, %)) = limui(8, %) ' (1, ))

=lim JFi(t, k,R)exp (ik-r)dk = JF,-(t, k,R) dk,

r—

(6)
where Fi(t,k,R) = [Fi(t,k,K)exp(iK-R)dK and F(t,k,K)
= (u;(t,k+ K/2)n'(t,—k + K/2)). Here, the mean fields depend
on “slow” variables R = (x + y)/2, while fluctuations depend on
“fast” variables r = x — y, which correspond to large-scale and small-
scale spatial variables, respectively. In the Fourier space, k = (k;
—k;)/2 corresponds to the small scales, and K = k; + k, character-
izes the large scales, where we use the Fourier transform,
ui(t,x) = [u;(t, ki) exp (ik; - x) dk;. For homogeneous turbulence,
the correlation function, F;(t, k, R), is independent of the large-scale
variable R, i.e., F;(t,k,R) = F;(t, k).

To obtain expression for the particle turbulent flux, we use Eq.
(5) written in a Fourier space. This allows us to derive the equation for
the correlation function F;(¢, k) in a Fourier space as

Ok (k) _

o

where for the brevity of notation, hereafter we omit argument ¢ in the
correlation functions. Here, ./\/lF () ( ) = ([Oui(t, k) /Ot v/ (t, —k))

~(Vini — ik i) fy(—k) + ME"(k), ()

pubs.aip.org/aip/pof

—(u;(t, k) Q(t, —k)) are the third-order moments appearing due to
the nonlinear terms QO in Eq. (5) and the nonlinear Navier-Stokes
equation. Here, fij(k) = (u;(t, k) u;(t, —k)) and Q=0 —DAx.

We use the spectral T approximation.””® This approximation
postulates that the deviations of the third-moment terms, M FU (k),
from the contributions to these terms afforded by the background tur-
bulence, MF™9)(k), can be expressed through the similar deviations
of the second moments, F(k) — F(®) (k), as follows:

b
7, (k)

where 7, (k) is the scale-dependent relaxation time, which can be iden-
tified with the correlation time t(k) of the turbulent velocity field for
large Reynolds and Péclet numbers. The functions with the superscript
(0) correspond to the background turbulence with a zero turbulent
particle flux and a zero level of particle number density fluctuations.

Consequently, Eq. (8) reduces to /\/lF (m ( ) = —F;(k)/t(k).
Validation of the 7 approximation for dlfferent situations has been
performed in various numerical simulations’®*”*’** (see also Ref. 7
for a detailed discussion of the ranges of applicability of this
approach).

We assume that the characteristic time of variation of the second
moment F;(k) is substantially larger than the correlation time t(k) for
all turbulence scales. This allows us to use a steady-state solution of
Eq. (7). Applying the spectral T approximation and using the steady-
state solution of Eq. (7), we obtain the following formula for the turbu-
lent flux of particles, F;(k), as

Ei(k) = —t(k) (Viit — ik 7) £} (—k), ©)

where smce we consider a one-way coupling, we replace the function
fi(k) by £ (k) in Eq. (9).

We use the followmg model for the second moments of the tur-
bulent velocity field f ( ) = (u;(k) uj(—k)>(0) of an isotropic and
homogeneous background turbulence in the anelastic approximation
in a Fourier space:

S Fm) (k) — M FUILo) (k) = — [F(k) —F© (k)], (8)

2) B(k
ﬁ§o>(k):% 5y — ky+ ﬁ(lkfzjk,-), (10)

where k;; = k; k;/k?, d;; is the Kronecker unit tensor, 2 = —(Vp)/p,
the spectrum functlon of the turbulent kinetic energy density is
E(k) = (2/3) ky* (k/ko)™ 5/3 [see Ref. 7 for a detailed derivation of
Eq. (10)]. Here, the wavenumber k varies within the interval ko < k
< k, corresponding to the inertial range of scales, the wave number
ko = 1/4, the length ¢, is the integral scale of turbulence, the wave
number k, = (;1, where ¢, = {yRe /4 is the Kolmogorov (viscous)
scale and the turbulent correlation time is given by (k)
=271 (k/ ko)_z/ 3 where 1, is the characteristic turbulent time. The
functions E(k) and (k) correspond to the fully developed turbulence
with the Kolmogorov scalings.

Using Egs. (6), (9), and (10), we determine the turbulent flux of
particles F; = (u; n') as follows:

B ) r" (k) E(k) dk J: do J sin 9 d9

8n ko 0
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For the integration over k in Eq. (11), we use the integrals given by

[ dep [ sin® dd ky = (47/3) 05 and [ <(k) E(k) dk = to. After

integration over k, we obtain the particle turbulent flux (n’ u) as
(n'u)y = Vi — DrVa, (12)
where the turbulent diffusion coefficient is

Dr = % o (u?) (13)

and the effective pumping velocity is given by

Vi
Ve = _Dyi =Dy 7p. (14)

Equations (12)-(14) are in agreement with those obtained using the
dimensional analysis (see Ref. 7 for detailed discussions). Remarkably,
the phenomenon of the turbulent diffusion of particles was predicted
more than 100 years ago in Ref. 45.

Note that for small Péclet numbers, Egs. (12) and (14) are also
valid, but the turbulent diffusion coefficient in these equations should be
replaced by Dy = [(q — 1)/3(q + 1)] 7o (u?) Pe (see the Appendix).
Here, g is the exponent of the spectra of the turbulent kinetic energy.
For small Péclet numbers, the effect of interactions between turbulent
diffusion and molecular diffusion for the mean particle number density
can also be important.”"*°

To understand the mechanism related to the effective pumping
velocity V<%, we use the equation of state for a perfect gas

P:k—Bp EB,’)T, (15)

my u

where P is the fluid pressure, kg = R/N, is the Boltzmann constant, R
is the gas constant, N, is the Avogadro number, y = m,N, is the
molar mass, and 11, is the molecular mass. We rewrite the equation of
state for the mean fields assuming that p T > (p’ 0), where p’ and 0
are the fluctuations of the fluid density and temperature, respectively,
and T is the mean fluid temperature. Thus, the equation of state for
the mean fields reads
LY (16)

my

ol

where P is the mean pressure.

Using Eq. (16), we express the gradient of the mean fluid density
in terms of the gradients of the mean fluid pressure VP and mean fluid
temperature VT as

\%

T (17)

b\‘_g
|3

Substituting Eq. (17) into Eq. (14), we obtain the final expression for
the effective pumping velocity of non-inertial particles as

VP VT
vl =D (T,T) 18
"\ 7 (18)
To understand different terms in Eq. (18), we compare the

molecular and turbulent fluxes of particles (or gaseous admixtures).
The equation for the number density of particles reads

pubs.aip.org/aip/pof

@+V-(nU):7V-FM, (19)
ot
where the molecular flux of particles Fy; is given by
vT vp
FM = _D(Vn"—ktT',_kp?)v (20)

which comprises three terms: molecular diffusion (o< V), molecular
thermal diffusion for gases or thermophoresis for particles (< k& VT),
and molecular barodiffusion (o< k, VP), where ki is the molecular ther-
mal diffusion ratio and k;, is the molecular barodiffusion ratio. Note
that the phenomenon of molecular thermal diffusion in gases has been
predicted long ago in Refs. 47-49.
In turbulent flows, the turbulent flux of particles can be rewritten
as
Fr=(nu) = fDT(V?l +szTTTf hV_—P),

3 21

which is obtained by the substitution of Eq. (18) to Eq. (12).
Comparing the molecular flux of particles (20) and the turbulent flux
of particles (21), we can interpret the new additional turbulent fluxes
as fluxes caused by the effects of turbulent thermal diffusion
[oc k7(VT)/T] and turbulent barodiffusion [x kp(VP)/P], where

VT VP
FT = <I’ll u) = *DT (Vﬁ + kT —+ kp T) (22)
T P
and kr = 7 is the turbulent thermal diffusion ratio and kp = —# is

the turbulent barodiffusion ratio. These phenomena have been pre-
dicted in Refs. 18 and 19.

For small inertial particles, the expression for the effective pump-
ing velocity reads'' (see also Ref. 7 for a detailed derivation)

vl = 4Dy VInT, (23)
where
In R T V,Lp InR
oc:l+2ﬂ(n e) SRR oy
my Pe T, ug by

where 1,V =y (mp/m,)D =9V, Lp T./T. Here, y = ¢, /cy is the
ratio of specific heats, Vo = (ykpT./ m,,)l/ % is the thermal velocity,
T is the characteristic mean fluid temperature, and Lp = |V,P/P|”"
is the pressure height scale. In derivation of Eq. (24), we take into
account that the Stokes time can be written as 7, = p V; Lp/P with
Vg = 1, g being the terminal fall velocity of particles, where g is the
acceleration caused by the gravity field. For large Péclet numbers,
Pe > 1, the turbulent thermal diffusion coefficient 2 =1 for non-
inertial particles, while for inertial particles, o depends on the particle
mass, the Reynolds, and Péclet numbers.

The non-diffusive turbulent flux of particles, 7 Vet toward the
mean temperature minimum is the main reason for the formation of
large-scale inhomogeneous distributions of inertial particles in
temperature-stratified turbulence. The steady-state solution of the
equation for the mean number density of inertial particles,

on

SV [ (Ve + V) = (D+Dr) V| =0, (29
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satisfying the boundary condition with a zero total particle flux at the
boundary, is given by

_ Dy
7 T “DiDp
iy (Tb) o

where the subscripts (b) represent the values of the mean temperature
and the mean particle number density at the boundary z = z,.
Equation (26) implies that small inertial particles are accumulated
below the mean temperature minimum due to the gravity field.

The mechanism for the turbulent thermal diffusion for inertial
particles is as follows. Particles inside the turbulent eddies due to its
inertia tend to be drift out to the boundary regions between the eddies
due to the centrifugal inertial force. Indeed, for large Péclet numbers,
the molecular diffusion of particles in equation for the number density
of inertial particles

=y,
,J § 47|, (26)

s D+ Dr

on

E+V~(nu(p> —DVn) =0 (27)
can be neglected, so that
on dn
PP IPOREIES I s @) . = _, 12
V-u n {at +( V)n] =14 (28)

where uP) is the particle velocity. On the other hand, for inertial par-
ticles, V- 4 =V u+ (t,/p) V?p. Indeed, the solution of the
equation of motion for inertial particles,

du® ulP) —y

S 2
i % +g (29)

for p, > p and small Stokes time, reads”’ ul®) = u — 7, (du/dt)
+ 1,8 +0(t;) = u+1,(Vp/p) + 758 + O(c,). Here, p, is the
material density of particles. This yields the equation for V - u(®),
Therefore, in regions with maximum fluid pressure fluctuations
(where V?p < 0), there is accumulation of inertial particles, i.e.,
dn’/dt oc —7i (1,/p) V?p > 0. These regions obey low vorticity and
high strain rate. Similarly, there is an outflow of inertial particles from
regions with minimum fluid pressure.

In a homogeneous and isotropic turbulence with a zero gradient
of the mean temperature, there is no preferential direction. This
implies that in a homogeneous and isotropic turbulence, there is no
large-scale effect of particle accumulation, and the pressure (tempera-
ture) of the surrounding fluid is not correlated with the turbulent
velocity field. The only non-zero correlation is ((u - V)p), which con-
tributes to the flux of the turbulent kinetic energy density.

In a temperature-stratified turbulence, the turbulent heat flux
does not vanish, so that fluctuations of fluid temperature 6 and veloc-
ity u are correlated, ie, (0 u) # 0. Fluctuations of the temperature
result in pressure fluctuations, which cause fluctuations of the particle
number density. Increase of the pressure of the surrounding fluid is
accompanied by an accumulation of particles, and the direction of the
turbulent flux of particles coincides with that of the turbulent heat
flux. The turbulent flux of particles is directed toward the minimum of
the mean temperature. This causes the formation of large-scale inho-
mogeneous structures in the spatial distribution of inertial particles in
the vicinity of the mean temperature minimum. In the next sections,

ARTICLE pubs.aip.org/aip/pof

we will study this phenomenon in the experiments with a forced con-
vective turbulence.

lll. EXPERIMENTAL SETUP

In this section, we describe the experimental setup and measure-
ment technique. We investigate the turbulent thermal diffusion of
small solid particles in experiments with a convective turbulence
forced by a one oscillating grid in the air flow. We conduct experi-
ments in a rectangular transparent chamber with dimensions L, x L,
X L, with L, = L, = 26 cm and L, = 53 cm, where Z is along the ver-
tical direction and Y is perpendicular to the grid plain. The oscillating
grid with bars arranged in a square array is parallel to the side walls of
the chamber; it is positioned at a distance of two grid meshes from the
left sidewall of the chamber (see Fig. 1).

Two aluminum heat exchangers with rectangular pins 3 x 3
%15 mm are attached to the bottom (heated) and top (cooled) walls of
the chamber, which allow one to form a large vertical mean temperature
gradient of up to 1.8K/cm in the main fluid flow and about 7 K/cm
close to the walls. We measure the temperature field using a tempera-
ture probe equipped with 12 E - thermocouples. The thermocouples
with a diameter of 0.13 mm and a sensitivity of ~75 V/K are attached
to a vertical rod with a diameter of 4 mm, and the mean distance
between thermocouples is about 21.6 mm (see for details, Ref. 35). We
measure the temperature field in many locations. The data are recorded
using the developed software based on LabView 7.0, and the tempera-
ture maps are obtained using Matlab 9.7.0.

We measure the velocity field with a particle image velocimetry
(PIV) system,”’ *” consisting of a Nd-YAG laser (Continuum Surelite
2 x 170 mJ) and a progressive-scan 12 bit digital CCD camera (with
pixel size 6.45 x6.45 ym* and 1376 x 1040 pixels). As a tracer for the
PIV measurements, we use an incense smoke with spherical solid par-
ticles having a mean diameter of 0.7um and the material density
Py 10%p. The particles are produced by high temperature sublima-
tion of solid incense grains (see for details Ref. 35).

For instance, the velocity fields in our experiments have been
measured in a flow domain 209.09 x 155.43 mm® with a spatial
resolution of 1376 x 1024 pixels, so that a spatial resolution of
151 um/pixel has been achieved. We analyze the velocity field in the
probed region with interrogation windows of 16 x 16 pixels. Using
the velocity measurements, various turbulence characteristics [e.g., the
mean and the root mean square (r.m.s.) velocities, two-point

FIG. 1. Experimental setup with the forced convective turbulence: (1) digital CCD
camera; (2) rod driven by the speed-controlled motor; (3) oscillating grid; (4) laser
light sheet; (5) temperature probe equipped with 12 E-thermocouples; (6) heat
exchanger at the top cooled wall of the chamber; and (7) heat exchanger at the bot-
tom heated wall of the chamber.
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correlation functions, and an integral scale of turbulence] have been
obtained in our experiments. In particular, we determine the mean
and r.m.s. velocities for every point of a velocity map by averaging
over 530 independent maps. We also obtain the integral length scales
of turbulences ¢, and £, in the horizontal Y and the vertical Z direc-
tions from the two-point correlation functions of the velocity field.

Next, we obtain the particle spatial distribution by the PIV sys-
tem using the effect of the Mie light scattering by particles.”* To this
end, we determine the mean intensity of scattered light in 80 x 64
interrogation windows with the size 16 x 16 pixels. This allows us to
find the vertical distribution of the intensity of the scattered light in 80
vertical strips composed of 64 interrogation windows. In particular, we
take into account that the light radiation energy flux scattered by small
particles is given by E; oc Eg\Y(nd,,/2; ag; n). Here, W is the scattering
function, dp is the particle diameter, / is the wavelength, and a is the
index of refraction. The energy flux incident at the particle is given by
Ey o< nd}% /4. Note that when 4 > nd,, the scattering function ¥ is
determined by Rayleigh’s law, ¥ dg. In opposite case for small /,
the scattering function W is independent of the particle diameter and
the wavelength. In a general case, the scattering function ¥ is deter-
mined by the Mie equations.”

Finally, we take into account that the light radiation energy flux
scattered by small particles is E; < Ey n (ndﬁ /4). This implies that the
scattered light energy flux incident on the charge-coupled device
(CCD) camera probe is proportional to the particle number density #.
The ratio of the scattered radiation fluxes at two locations in the flow
and at the image measured with the CCD camera is equal to the ratio
of the particle number densities at these two locations. For the normal-
ization of the scattered light intensity E” obtained in a temperature-
stratified turbulence, we use the distribution of the scattered light
intensity E measured in the isothermal case obtained under the same
conditions. Indeed, as follows from our measurements applying differ-
ent concentrations of the incense smoke, the distribution of the scat-
tered light intensity averaged over a vertical coordinate is independent
of the particle number density in the isothermal flow. Therefore, using
this normalization, we can characterize the spatial distribution of parti-
cle number density n o< ET /E in the non-isothermal turbulence.

Note that the measurement technique and data processing proce-
dure described in this section are similar to those used by us in various
experiments with turbulent convection”*”*”” and stably stratified tur-
bulence.”””" In addition, the similar measurement technique and data
processing procedure in the experiments have been performed previ-
ously by us to investigate the phenomenon of turbulent thermal diffu-
sion in a homogeneous turbulence’”' ** as well as for the study of
small-scale particle clustering,™

IV. EXPERIMENTAL RESULTS

In this section, we discuss the obtained experimental results in a
forced convective turbulence with a one oscillating grid in the air flow.
There are two sources of turbulence in a forced convective turbulence
with a heated bottom wall of the chamber and the cooling upper wall.
In particular, the turbulent kinetic energy is increased by buoyancy
and the grid oscillations. In our experiments, the frequency f of the
grid oscillations is f= 10.5 Hz, which yields the maximum turbulence
intensity in our experimental setup.

Note that early laboratory experiments, which have been
conducted in isothermal turbulence with a one oscillating grid in a

60-66
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water flow, have demonstrated that the r.m.s. velocity behaves as
/(u2) o f Y71, while the integral turbulence length scale increases
linearly with the distance Y from a grid. Therefore, the fluid Reynolds
numbers and the turbulent diffusion coefficient of particles are nearly
independent of the distance Y from the grid. Our previous” and pre-
sent studies in turbulence with one oscillating grid confirm these
findings.

In the present study, we conduct experiments in a forced convec-
tive turbulence with one oscillating grid for the temperature difference
AT = 50 K between the bottom and top walls of the chamber. Using
the PIV system, we measure the velocity field in the chamber for an
isothermal and a forced convective turbulence, which allows us to
determine various turbulence characteristics. In particular, we obtain
the spatial distributions of the mean velocity in convective turbulence
with large-scale circulations, the vertical and horizontal profiles of the
r.ms. turbulent velocity, and the integral turbulence length scales.
Since the oscillating grid is located near by the left wall of the chamber,
and the amplitude of the grid oscillations is 6 cm, we measure the
velocity field in the horizontal direction starting 20 cm away from the
left wall of the chamber. We compare these results with those obtained
in our recent experiments”” with stably stratified turbulence produced
by one oscillating grid in the air flow.

Figure 2 with the mean velocity patterns U in the main fluid flow
for isothermal, stably stratified turbulence, and convective turbulence
demonstrates that the temperature stratification and additional forcing
strongly affect the mean velocity distributions. Contrary to our previ-
ous experiments with a forced convection with two oscillating grids,”
the large-scale circulations in the convective turbulence with one oscil-
lating grid are not destroyed at a frequency of 10.5 Hz of the grid oscil-
lations, but their structure is strongly deformed (see the bottom panel
in Fig. 2).

Similar effects of the temperature stratification and additional
forcing are also seen in the horizontal profiles of velocity fluctuations

(see Fig. 3, where we plot the horizontal u}(,rms) and vertical u{™
ponents of turbulent velocities as the functions of Y averaged over the
vertical coordinate Z for isothermal turbulence, stably stratified turbu-
lence, and convective turbulence). The turbulent velocities for convec-
tive turbulence are larger than for isothermal turbulence, while the
turbulent velocities for the stably stratified turbulence are smaller than
those for isothermal and convective turbulence. This is because the
buoyancy increases the turbulent kinetic energy for convective turbu-
lence and decreases it for stably stratified turbulence.

The oscillating grid strongly affects convective turbulence, as can
be seen in Figs. 4 and 5, where we show the distributions of the turbu-

com-

(rms)

lent velocity uy, = = [<”;> + (uﬁ)]l/ * and the anisotropy parameter

ui“‘“)/ u}(,rms) for the turbulent velocity components for isothermal, sta-
bly stratified, and convective turbulence. Figure 5 demonstrates that
the anisotropy for isothermal and stably stratified turbulence is more
stronger than that for convective turbulence. This is not surprising
since the large-scale circulation enhances the mixing in the convective
turbulence, and it results in a decrease in the turbulence anisotropy
parameter uirms)/ u}(,rms). The same tendencies are also seen for the
horizontal £, and vertical £, integral turbulent length scales shown in
Fig. 6, as well as for the distributions of the anisotropy parameter
£, /£, of the integral turbulent length scales (see Fig. 7).
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FIG. 2. Mean velocity field in the core flow for (a) isothermal turbulence; (b) stably
stratified turbulence; and (c) forced convective turbulence. The velocity is measured
in m/s, and coordinates Yand Z are normalized by L, =26 cm.

To investigate the phenomenon of turbulent thermal diffusion in
a forced convective turbulence, we measure the spatial distributions of
the mean temperature and the mean particle number density. When
small solid particles are injected into the chamber, their initial spatial
distributions are nearly homogeneous. Due to the effective pumping
velocity caused by a combined effect of temperature-stratified turbu-
lence and particle inertia (described in terms of turbulent thermal dif-
fusion), the final spatial distributions of the mean particle number
density is expected to be strongly inhomogeneous.

Sedimentation of particles can also result in the formation of inho-
mogeneous particle distributions near the bottom wall of the chamber.
However, this effect in our experiments is very weak because the terminal
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FIG. 3. Horizontal u{™ (a—upper panel) and vertical u\™ (b—lower panel) com-
ponents of the turbulent velocity vs normalized coordinate Y averaged over the ver-
tical coordinate Z for isothermal turbulence (red), stably stratified turbulence (black),
and forced convective turbulence (blue). The velocity is measured in cm/s, and Y'is
normalized by L, = 26 cm.

fall velocity for the micrometer-size particles is about 102 cm/s, while
the turbulent velocity in the experiments with the forced convective tur-
bulence is much larger than the particle terminal fall velocity (it is about
18 cm/s near the grid and is more than 12 cm/s far from the grid). On
the other hand, our estimates for the effective pumping velocity due to
turbulent thermal diffusion show that it is more than 3-5 cm/s near the
grid and is about 0.5cm/s far from the grid. Therefore, the turbulent
velocity and the effective pumping velocity in our experiments are much
larger than the terminal fall velocity for micrometer-size particles. Note
also that the Stokes time for the micrometer-size particles is about 1.5 x
1076 s, while the Kolmogorov time in the forced convective turbulence
varies from 7 x 10> s near the grid up to 4 x 10~ s far from the grid.
Our experiments with a forced convective turbulence with large-
scale circulations show that the mean temperature is strongly nonuni-
form. In particular, as follows from Fig. 8 [where we plot vertical pro-
files of the relative normalized mean temperature (T — T)/To
averaged over different horizontal regions], the normalized mean tem-
perature near the grid increases with the height Z, reaches the maxi-
mum, and decreases nearly linearly with the height Z (blue line),
where T is the reference mean temperature. Far from the grid, the
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FIG. 4. Distributions of the turbulent velocity u{T™ — [(u2) + (12)]"/? for (a) iso-
thermal turbulence; (b) stably stratified turbulence; and (c) forced convective turbu-
lence. The velocity is measured in cm/s, and coordinates are normalized by
L,=26cm.

behavior of the mean temperature is even more complicated, e.g., the
normalized mean temperature (T — T;) /T decreases with the height
Z, reaches the minimum, and increases with the height Z reaching the
maximum, and finally it decreases nearly linearly with the height Z
(see red line in Fig. 8).

To demonstrate the phenomenon of turbulent thermal diffusion
in the forced convective turbulence, we show in Figs. 9 and 10 the
vertical profiles of the relative normalized mean temperature
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FIG. 5. Distributions of the anisotropy parameter ui™ /ui™ of the turbulent

velocity for (a) isothermal turbulence; (b) stably stratified turbulence; and (c) forced
convective turbulence. The velocity is measured in cm/s, and coordinates are nor-
malized by L, = 26 cm.

(T — Ty)/To (black crosses) and the normalized mean particle num-
ber density 71(Y, Z) /7 (blue circles) near the grid (see Fig. 9) and far
from the grid (see Fig. 10). Due to the phenomenon of turbulent ther-
mal diffusion, the behavior of the normalized mean particle number
density is opposite to the normalized mean temperature, i.e., the mean
particle number density increases in the regions where the mean tem-
perature decreases, and the mean particle number density reaches the
maximum at the minimum of the mean temperature, and vise versa.
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FIG. 6. Horizontal ¢, (a—upper panel) and vertical ¢, (b—lower panel) integral tur-
bulent length scales vs normalized coordinate Y averaged over Z for isothermal tur-
bulence (red); stably stratified turbulence (black); and forced convective turbulence
(blue). The velocity is measured in cm/s, and Y is normalized by L, =26 cm.

Therefore, Figs. 9 and 10 clearly demonstrate that particles are accu-
mulated in the vicinity of the minimum of the mean temperature even
in very complicated temperature field.

In the stably stratified turbulence, the behavior of the mean temper-
ature and the mean particle number density is more simple than for the
forced convective turbulence.” In particular, the mean temperature
increases linearly with the height Z in the flow for the stably stratified tur-
bulence, and the mean particle number density decreases linearly with
the height Z due to the phenomenon of turbulent thermal diffusion.

To determine the effective turbulent thermal diffusion coefficient o
for particles in the forced inhomogeneous and anisotropic convective
turbulence, we show in Fig. 11 the normalized mean particle number
density 71 /7 as a function of the relative normalized mean temperature
(T — Ty)/To, where the slope of this dependence yields the coefficient
o. In particular, we use a solution (26) for Eq. (25) for the mean particle
number density 7 obtained in a steady-state, where we assume that
Dy > D and neglect small terminal fall velocity. Thus, we arrive at the
following expression 7 /fig = 1 — o(T — Ty)/ T, which shows that
the effective turbulent thermal diffusion coefficient o for particles in the
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FIG. 7. Distributions of the anisotropy parameter ¢,/¢, of the integral turbulent
length scales for (a) isothermal turbulence; (b) stably stratified turbulence; and (c)
forced convective turbulence. The velocity is measured in cm/s, and coordinates
are normalized by L, = 26 cm.

forced convective turbulence is o = 4.86 for particles accumulated in
the regions Y = 4-15 cm and o = 1.74 for particles accumulated in
the regions Y = 16-24 cm (see Iig. 11). Now, we take into account that
turbulence far from the grid is less stronger than that near the grid. This
explains why the effective turbulent thermal diffusion coefficient o near
the grid is larger than that far from the grid. Therefore, this experimental
study has demonstrated the effect of turbulent thermal diffusion in an
inhomogeneous and anisotropic forced convective turbulence.
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FIG. 8. Vertical profiles of the relative normalized mean temperature (T — Tg)/To
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(green, crosses); and Y = 24.5-28.5 cm (red, slanting crosses), where Z is nor-
malized by L, = 26 cm.

Note that since the Stokes numbers for the micrometer-size par-
ticles in our experiments with an inhomogeneous forced convective
turbulence are very small [e.g., St varies in the range (0.2-0.4) x 1073
depending on the distance from the grid], the turbophoresis effect is
negligibly small.

V. CONCLUSIONS

In the present study, the effect of the turbulent thermal diffusion
of small solid particles, resulting in the formation of large-scale inho-
mogeneities in particle spatial distributions in a temperature-stratified
turbulence, has been investigated experimentally for micrometer-size
particles in an inhomogeneous convective turbulence forced by one
oscillating grid in the air flow. The obtained experimental results have
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FIG. 9. Vertical profiles of the relative normalized mean temperature (T — Tg)/To
(black, crosses) and the normalized mean particle number density n(Y, Z) /ny (blue,
circles) in the forced convective turbulence averaged over the horizontal region Y
= 4-15 cm (near the grid). The coordinate Z is normalized by L, = 26 cm.
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(black, crosses) and the normalized mean particle number density n(Y,Z)/ny
(blue, circles) in the forced convective turbulence averaged over the horizontal
region Y = 17-24 cm (far from the grid). The coordinate Z is normalized by
L,=26cm.

35,36

been compared with the results of our previous experiments””" con-
ducted in an inhomogeneous and anisotropic stably stratified turbu-
lence’ produced by a one oscillating grid and in a forced convection
with two oscillating grids in the air flow.”® We have found that con-
trary to our previous experiments with a forced convection with two
oscillating grids,™ the large-scale circulations in the convective turbu-
lence with a one oscillating grid are not destroyed at a maximum fre-
quency of 10.5Hz of the grid oscillations, but their structure is
deformed (see Fig. 2). The measured vertical turbulent velocities for
convective turbulence are stronger than for both, isothermal turbu-
lence and stably stratified turbulence produced by a one oscillating
grid, since the buoyancy increases the turbulent kinetic energy for con-
vective turbulence and decreases it for stably stratified turbulence.

1.08 T T T T T T T T

1.06

0.98
0.065 0.07 0075 008 0.085 009 0.095 0.1 0.105 0.11
T-T,

Ty

FIG. 11. The normalized mean particle number density n/ng vs the relative normal-
ized mean temperature (T — Tg)/To averaged over different horizontal regions:
Y = 4-15 cm (blue, circles) with o = 4.86 and Y = 16-24 cm (red, crosses) with
o = 1.74 in the forced convective turbulence.
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These effects are also observed in the measured vertical integral turbu-
lent length scales obtained from the two-point correlation functions
for velocity fluctuations.

To study the phenomenon of turbulent thermal diffusion, we
measure spatial distributions of the mean temperature and mean parti-
cle number density in many locations. We have found that in the con-
vective turbulence near the grid, the mean temperature increases with
the height reaching the maximum and then it decreases nearly linearly
with the increase in the height. On the other hand, far from the grid,
the behavior of the mean temperature in the convective turbulence is
more complicated. The mean fluid temperature decreases with the
height reaching the minimum, and for larger heights, it increases with
the height reaching the maximum, and finally it decreases nearly line-
arly with the height (see Fig. 8).

The behavior of the mean particle number density is opposite to
the mean temperature. In particular, the mean particle number density
increases in the regions where the mean temperature decreases, reach-
ing the maximum nearby the minimum of the mean temperature (see
Figs. 9 and 10). This implies that our experiments in convective and
stably stratified turbulence with micrometer-size solid particles have
clearly demonstrated the existence of the phenomenon of turbulent
thermal diffusion, which causes particle accumulation in the vicinity
of the minimum of the mean temperature even in a complicated verti-
cal profile of the mean fluid temperature. We have determined the
effective turbulent thermal diffusion coefficient using the vertical pro-
files of the mean temperature and the mean particle number density.
We have also demonstrated that the obtained experimental results are
in agreement with the theoretical predictions.
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APPENDIX: PARTICLE TURBULENT FLUX FOR SMALL
PECLET NUMBERS

Here, we derive the expression for the particle turbulent flux
for small Péclet numbers. In this case, the nonlinear terms in Eq.
(5) for the particle number density fluctuations are much smaller

pubs.aip.org/aip/pof

than the Brownian diffusion term, so we can apply the quasi-linear
approach. In the framework of this approach, we neglect the non-
linear terms but keep the molecular diffusion term in Eq. (5). We
rewrite Eq. (5) in a Fourier space, i.e., we use the Fourier transform
in the k- space as follows:

w(t,x) = Jjn’(w, k)exp (ik-x+iwt)dkdo, (A1)
u;(t,x) = JJui(w,k) exp(ik-x+iwt)dkdo. (A2)

Substituting Eqs. (A1) and (A2) into the linearized equation (5), we
obtain

”[(Dk2 +iw)n'(w,k)+ (Vi +i ki 7)ui(o, k)]
x exp(ik-x+iwt)dkdw = 0. (A3)

Therefore, the solution of the linearized equation (5) in the Fourier
space is given by

n'(w,k) = —Gp(o, k) (Vi +1 ki) uj(w, k), (A4)

where the function Gp(w, k) = (Dk* +iw) "
Note that Eqs. (A3) and (A4) are not valid in a general case.
Nevertheless, we use these equations since

* we take into account in the turbulent particle flux only the effects
that are linear in V;7 and neglect higher-order spatial derivatives
of the mean particle number density and

* we do not study here the compressibility effects of a turbulent
velocity field in the evolution of the mean particle number den-
sity (i.e., we do not consider the finite Mach numbers effects).

In this case, we can use Eq. (A4) to determine the turbulent
particle flux for small Péclet numbers.’
We determine the turbulent particle flux using the multi-scale
approach,” ie.,
(0 (t,x)ui(t,x))y = lim (n'(f,x)u;(t2,y))

th—tx—y

= lim Jko‘dwm’(a),k)uj(—a),—k)>

7—0,r—0

xexpli(k-r+ w1)]
= J‘ko.da) (n'(w,k) uj(—w,—k)), (A5)

where r = x — y, T =1t — t;, and we consider a homogeneous and
stationary (in statistical sense) turbulence. The latter implies that
the correlation function (n'(w,k) uj(—w, —k)) is independent of
the large-scale variables. We also assume that there exists a separa-
tion of scales, i.e., the maximum scale of random motions #; is
much smaller than the characteristic scales of inhomogeneities of
the mean particle number density.

Substituting Eq. (A4) into Eq. (A5), we determine the particle
turbulent flux (u;n") as

{um’> = — Jdkj dw(ui(w, k) l/lj(—(l)7 —k)) GB [ijl—lk]ﬁ} .
(A6)
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We use the simple model for the second moments,
(ui(w, k) uj(—w, —k)), of an isotropic and homogeneous turbulence
in the anelastic approximation in a Fourier space as follows:

() E(k) ()

({00, K) (—0, k) =L

X i )
bi]‘ —k,j +p ()le] —Ajki) s
(A7)

where the spectrum function E(k) for the turbulent kinetic energy is
E(k) = (q— 1) k' (k/ko) ® with the exponent q varying in the
interval 1 < g < 3, the interval in the wavenumbers is kg < k < ky,
and k; > ko. The frequency function ®(w) is chosen in the form of
the Lorentz profile: ®(w) = [n7 (w? + 152)] ", where 7, is the cor-
relation time of a random velocity field. This model for the fre-
quency function corresponds to the following non-instantaneous
correlation function: (u;(t)u;(t 4 1)) o< exp (—7/170). For small
Péclet numbers, 7o > (D kz)fl. Equation (A7) is derived using
symmetry arguments.

Substituting Eq. (A7) into Eq. (A6), we determine the turbu-
lent flux of particles (u; n') as

(uin) = — <;‘—2> ru E(k) dk rn do r sin v d

T

ko 0 0
i g
X I:(ﬁ,] — k,‘j +p (}vi kj — )*j k,):| [Vj}’l — lkj l’l}
] ) o [VER)
X JGDCD(w) do = — 3D (Vin + 2;in) . - dk.
(A8)
For the integration over , we use the following integral:
rc dw B T Ty Ty (A9)
o (Fiw+Di2) (0? +132) 1, + DK~ DK’

which is determined in the limit when the correlation time
70> (Dk*)™'. For the integration over k, we use the following
integral:

“ E(k) q—1
—Ldk=1_" 2 A10
Jk(} k2 q+1 0 ( )

After integration over w and in k-space in Egs. (A8), we obtain the
formula for the turbulent particle flux (n’ u) as follows:

(n'u)y = Vi — Dy Va, (A11)
where
Dr = q-1 7o (u?) Pe (A12)
3(g+1) ’
Vo
Ve — _ppi =Dy 2L (A13)
)
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