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ABSTRACT

We perform an experimental study of transport of nanoparticles in convective turbulence with the Rayleigh number �108 in the air flow.
We measure a temperature field in many locations by a temperature probe equipped with 11 E-thermocouples. Nanoparticles of the size �70
nm in diameter are produced by an advanced electrospray aerosol generator. To determine the number density of nanoparticles, we use a
condensation particle counter. The joint action of turbulent effects and the large-scale circulations in convective turbulence, which are impor-
tant in the core flow, and molecular effects, which are essential near the boundaries of the chamber, results in an effective accumulation of
nanoparticles at the cold wall of the chamber. The turbulent effects are characterized by turbulent diffusion and turbulent thermal diffusion
of nanoparticles, while the molecular effects are described by the Brownian diffusion and thermophoresis, as well as the adhesion of nanopar-
ticles at the cold wall of the chamber. In different experiments in convective turbulence in a chamber with the temperature difference DT
between the bottom and top walls varying between DT ¼ 29 and DT ¼ 61K, we find that the mean number density of nanoparticles
decreases exponentially in time. For instance, the characteristic decay time of the mean number density of nanoparticles varies from 12.8min
for DT ¼ 61K to 24min for DT ¼ 29K. For better understanding of experimental results, we perform one-dimensional mean-field numeri-
cal simulations of the evolution of the mean number density of nanoparticles for conditions pertinent to the laboratory experiments.
The obtained numerical results are in agreement with the experimental results.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0087873

I. INTRODUCTION

Turbulence1–7 and the associated turbulent transport of particles8–14

have been investigated systematically for more than a hundred years
in theoretical, experimental, and numerical studies. However, some
fundamental questions remain. It is well-known that turbulence
results in a sharp increase in the effective diffusion coefficient.15 In
addition to turbulent diffusion, there are various turbulent effects
resulting in formation of inhomogeneities in the spatial distribution
of particles.

In a non-stratified inhomogeneous turbulence, turbophoresis of
particles due to a combined effect of particle inertia and inhomogene-
ity of turbulence can occur.16–21 Turbophoresis causes an appearance
of the additional non-diffusive flux of inertial particles proportional to
the mean particle velocity, V turbo / �fturboðSt;ReÞ$hui2, where u
is the turbulent fluid velocity, St ¼ sp=sg is the Stokes number,
sg ¼ s0=Re1=2 is the Kolmogorov viscous time, sp ¼ mp=ð3pq �dÞ is
the Stokes time for the small spherical particles of the diameter d and
mass mp, q is the fluid density, Re ¼ ‘0 u0=� is the fluid Reynolds

number, u0 is the characteristic turbulent velocity at the integral scale
‘0 of turbulent motions, and � is the kinematic fluid viscosity. Due to
turbophoresis, inertial particles are accumulated in the vicinity of the
minimum of the turbulent intensity.

In a turbulent flow with a non-zero mean temperature gradient,
an additional turbulent flux of particles appears in the direction oppo-
site to that of the mean temperature gradient.22,23 This phenomenon
of turbulent thermal diffusion causes a non-diffusive turbulent flux of
particles in the direction of the turbulent heat flux (opposite to the
mean temperature gradient). Turbulent thermal diffusion results in
accumulation of particles in the vicinity of the mean temperature min-
imum, which leads to the formation of inhomogeneous spatial distri-
butions of the mean particle number density. Turbulent thermal
diffusion has been intensively investigated analytically24–29 using dif-
ferent theoretical approaches. This phenomenon has been detected in
laboratory experiments for micrometer-size particles in air flows in
oscillating grid turbulence30–32 and in multi-fan produced turbu-
lence.33 Turbulent thermal diffusion has been also detected in direct
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numerical simulations34 and observed in the atmospheric turbu-
lence.35,36 This phenomenon has been also shown to be important in
astrophysical turbulent flows.37

In spite of intensive laboratory studies of turbulent thermal diffu-
sion of micrometer-size particles, this effect has not yet been investi-
gated for nanoparticles. To study turbulent thermal diffusion of
nanoparticles, one need to take into account the dependence of the
characteristic relaxation time of particles (the Stokes time) on the
Knudsen number, Kn ¼ 2k=d,11 where k is the mean free path of
molecules and d is the particle diameter. Note also that various aspects
of transport of nanoparticles in turbulent fluid flows have been studied
in a number of papers.38–46

In the present paper, we discuss results of the experimental study
of transport of nanoparticles in convective turbulence. The combined
effects of turbulent thermal diffusion and the large-scale circulations
in convective turbulence in the flow core, andmolecular thermophore-
sis and adhesion of nanoparticles nearby the cold boundary, cause the
accumulation of nanoparticles nearby the cold wall. Our main goal is
to understand how fast it is possible to accumulate nanoparticles
nearby the cold wall of the chamber and how to control this process.
The effect of nanoparticle accumulation depends on properties of the
temperature stratified turbulence. To understand how to control nano-
particle accumulation, we performmeasurements of temperature fields
in many locations in the chamber and conduct the direct measure-
ments of the number density of nanoparticles in the chamber. This
allows us to determine the time-dependence of the mean number den-
sity of nanoparticles in the chamber. To understand the experimental
results, we also perform one-dimensional mean-field numerical simu-
lations of transport of nanoparticles for conditions pertinent to the
laboratory experiments.

This paper is organized as follows: In Sec. II, we discuss the phys-
ics of turbulent thermal diffusion, and in Sec. III, we outline the
numerical setup for the mean-field numerical simulations of turbulent
transport of nanoparticles. In Sec. IV, we describe the experimental
setup and measurements techniques. In Sec. V, we discuss the experi-
mental results and compare these results with those of the mean-field
numerical simulations performed for conditions pertinent to the labo-
ratory experiments. Finally, conclusions are drawn in Sec. VI.

II. TURBULENT THERMAL DIFFUSION

In this section, we discuss the physics of the phenomenon of tur-
bulent thermal diffusion. The evolution of the number density nðt; rÞ
of small particles in a turbulent flow is determined by the convective
diffusion equation

@n
@t
þ $ � ðnUpÞ ¼ �$ � JM; (1)

where Up is the particle velocity advected by a turbulent temperature
stratified fluid flow and JM is the molecular flux of particles that is
given by

JM ¼ �D $nþ kt
$T
T
þ kp

$P
P

� �
; (2)

where T and P are the temperature and pressure of the surrounding
fluid, respectively. The first term (/ $n) in the right-hand side of Eq.
(2) for the molecular flux of particles describes Brownian (molecular)
diffusion of particles, the second term accounts for the molecular flux

of particles, which is driven by the fluid temperature gradient $T
(thermophoresis for particles or molecular thermal diffusion for
gases), and the third term determines the molecular flux of particles,
which is driven by the fluid pressure gradient $P (molecular barodif-
fusion). Here, D is the coefficient of the Brownian diffusion, kt / n is
the thermal diffusion ratio, Dkt is the coefficient of thermal diffusion,
kp / n is the barodiffusion ratio, and Dkp is the coefficient of
barodiffusion.

In a turbulent flow, large-scale dynamics of particles is deter-
mined by the equation for the mean particle number density �nðt; rÞ

@�n
@t
þ $ � ð�n �U pÞ ¼ �$ � ð�JT þ �JMÞ; (3)

where �U p is the mean particle velocity, �JM is the averaged molecular
flux of particles,

�JM ¼ �D $�n þ kt
$�T
�T
þ kp

$�P
�P

� �
; (4)

�T and �P are the mean fluid temperature and pressure, respectively,
and �JT is the turbulent flux of particles,22,23

�JT ¼ �DT $�n þ kT
$�T
�T
þ kP

$�P
�P

� �
: (5)

Here, DT is the coefficient of turbulent diffusion, kT ¼ �n aðd;Re; �T Þ
can be interpreted as the turbulent thermal diffusion ratio, DTkT is
the coefficient of turbulent thermal diffusion, kP ¼ ��n can be
interpreted as the turbulent barodiffusion ratio, DTkP is the coeffi-
cient of turbulent barodiffusion, and aðd;Re; �T Þ is the function
that depends on the particle diameter, the Reynolds number, and
the mean fluid temperature.28

The physics of the effect of turbulent thermal diffusion for solid
particles is as follows: qp � q,22,23 where qp is the material density of
the particles. The inertia causes particles inside the turbulent eddies to
drift out to the boundary regions between eddies due to the centrifugal
inertial force. Indeed, for large P�eclet numbers, when molecular diffu-
sion of particles in Eq. (1) can be neglected, we obtain that $ � Up

� �n�1 dn=dt. On the other hand, for inertial particles, $ � Up

¼ ðsp=qÞ$2P.22 Therefore, in regions with maximum fluid pressure
fluctuations (where $2p < 0Þ, there is accumulation of inertial par-
ticles, i.e., dn0=dt / ��n ðsp=�qÞ$2p > 0. These regions have low vor-
ticity and high strain rate. Here, n0 and p are fluctuations of the
particle number density and fluid pressure, respectively, and �q is
the mean density of the surrounding fluid. Similarly, there is an out-
flow of inertial particles from regions with minimum fluid pressure
fluctuations.

In homogeneous and isotropic turbulence with a zero gradient of
the mean temperature, there is no preferential direction, so that there
is no large-scale effect of particle accumulation, and the pressure (tem-
perature) of the surrounding fluid is not correlated with the turbulent
velocity field. The only non-zero correlation is hðu � $Þpi, which con-
tributes to the flux of the turbulent kinetic energy density.

In temperature-stratified turbulence, fluctuations of fluid temper-
ature h and velocity u are correlated due to a non-zero turbulent heat
flux, hh ui 6¼ 0. Fluctuations of temperature cause pressure fluctua-
tions, which result in fluctuations of the number density of particles.
Note that in the mechanism of turbulent thermal diffusion, only
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pressure fluctuations that are correlated with velocity fluctuations due
to a non-zero turbulent heat flux play a crucial role. An increase of the
fluid pressure fluctuations is accompanied by an accumulation of par-
ticles, and the direction of the mean flux of particles coincides with
that of the turbulent heat flux. The turbulent flux of particles is
directed to the minimum of the mean temperature, and the particles
tend to be accumulated in this region.14

The similar effect of accumulation of particles in the vicinity of
the mean temperature minimum and the formation of inhomoge-
neous spatial distributions of the mean particle number density exists
also for non-inertial particles or gaseous admixtures in turbulent com-
pressible flows.23,29,34 Compressibility in a low-Mach-number strati-
fied turbulent fluid flow [with $ � u � �ðu � $�qÞ=�q 6¼ 0� causes an
additional non-diffusive component of the turbulent flux of non-
inertial particles or gases and results in the formation of large-scale
inhomogeneous structures in spatial distributions of non-inertial par-
ticles. In a temperature stratified turbulence, the preferential concen-
tration of particles caused by turbulent thermal diffusion can occur in
the vicinity of the minimum of the mean temperature. The latter effect
is caused by the compressibility of the turbulent fluid flow
½$ � u / ðu � $�T Þ= �T 6¼ 0�. This effect plays an important role in the
dynamics of gaseous pollutants in the stratified atmospheric
turbulence.

III. SETUP FOR MEAN-FIELD NUMERICAL
SIMULATIONS

For better understanding of the experimental results obtained in
this study, we perform one-dimensional mean-field numerical simula-
tions of turbulent transport of nanoparticles for the conditions perti-
nent to the laboratory experiments. In particular, we study the
evolution of the mean number density of nanoparticles, �nðt; zÞ, by
solving numerically the evolutionary equation for the mean number
density of nanoparticles

@�n
@t
þ $z V ðeffÞz þ V ðtpÞz

� �
�n � ðDþ DTÞ$z�n

h i
¼ 0: (6)

This equation takes into account the total transport effective velocity
VðeffÞ þ VðtpÞ due to turbulent thermal diffusion and thermophoresis,
where V ðeffÞ is the effective pumping velocity caused by turbulent ther-
mal diffusion and VðtpÞ is the thermophoretic velocity (see below). This
equation also takes into account the total particle diffusion Dþ DT,
where D is the coefficient of the Brownian diffusion, DT ¼ u0 ‘0=3 is
the coefficient of turbulent diffusion, and u0 is the characteristic turbu-
lent velocity at the integral turbulence scale ‘0. In one-dimensional
mean-field numerical simulations, we have not taken into account the
mean velocity field of the large-scale circulation produced in a small-
scale convective turbulence.

Turbulent thermal diffusion is described in terms of the effective
pumping velocity V ðeffÞ resulting in the non-diffusive turbulent parti-
cle flux, �n V ðeffÞ. The effective pumping velocity caused by turbulent
thermal diffusion of nanoparticles is given by

VðeffÞ ¼ �DT aðd;Kn;ReÞ $�T
�T
; (7)

where

aðd;Kn;Re; �T Þ ¼ 1þ
spðd;KnÞ

s0
Re1=4 ln ðReÞ Leff

‘0

� �
; (8)

(see Refs. 19, 35, and 47), where Leff ¼ 2c2s s
3=2
g =3�1=2 is the effective

length scale, cs is the sound speed, sp ¼ mp Cc=ð3pq �dÞ is the Stokes
time for nanoparticles, and Cc ¼ 1þ Kn½1:257þ 0:4 exp ð�1:1KnÞ�
is the slip correction factor.48 For instance, Cc ¼ 4:95 for d¼ 50nm,
Cc ¼ 3:7 for d¼ 70nm, and Cc ¼ 2:85 for d¼ 100nm.11

In turbulent flows, at the vicinity of the boundaries where the
intensity of velocity fluctuations drastically decreases, the molecular
effects (e.g., molecular diffusion and thermophoresis) become more
important than the turbulent effects. The thermophoretic velocity can
be estimated as V ðtpÞ ¼ �ftp � $�T=�T , where ftp is a function of the
Knudsen number, the particle size, and the ratio of the heat conductiv-
ities of the particle and the fluid. For small particles (i.e., for large
Knudsen numbers, Kn� 1), the coefficient ftp ¼ 3=4 for mirror
rebound of the gas molecules from the particles and ftp ¼ 1=2 for dif-
fuse evaporation of the molecules when they “forget” the direction and
value of their velocity prior to the impact.49 Different aspects related to
molecular effects have been studied in a number of publications.50–53

In mean-field numerical simulations, we use the following
boundary conditions:

• at the bottom boundary (z ¼ 0), the total flux of particles,

FðnÞz ¼ V ðeffÞz þ V ðtpÞz

� �
�n � ðDþ DTÞ$z�n; (9)

vanishes;
• at the upper boundary (z ¼ Lz), the vertical gradient of the mean
number density of nanoparticles $z�n vanishes. The latter condi-
tion implies that all particles in the vicinity of the cold wall of the
chamber (the upper boundary) are trapped due to adhesion of
particles at the wall.

The total transport effective velocity V ðeffÞ þ VðtpÞ caused by turbulent
thermal diffusion and thermophoresis depends on the vertical profile
of the mean temperature. We determine semi-analytically the vertical
profile of the mean temperature. To this end, we take into account
that the vertical component of the turbulent heat flux is Fz ¼ huz hi
¼ �jT$z �T , where jT ¼ ‘z uðrmsÞ

z ¼ ð2‘4zbFzÞ
1=3 is the turbulent heat

conductivity, b ¼ g=T� is the buoyancy parameter, g is the gravity
acceleration, T� is the characteristic temperature in the basic reference
state, and ‘z is the vertical integral turbulent scale. We take into
account that in convective turbulence, the characteristic vertical turbu-
lent velocity is uðrmsÞ

z ¼ ð2‘zbFzÞ1=3. The latter equation follows from
the steady-state solution of the budget equation for the turbulent
kinetic energy, which allows us to relate the turbulent velocity with the
turbulent heat flux. Next, we use the following model for the vertical
integral length scale: in the core flow (for z� 	 z 	 Lz � z�), the verti-
cal integral length is ‘z ¼ ‘0; and near the bottom and top boundaries
where the intensity of turbulence vanishes, the vertical integral length
is ‘z ¼ ‘0 /ðzÞ. Here, Lz is the thickness of the convective layer (the
vertical height of the chamber), z� ¼ � Lz with �
 1, and /ðzÞ is the
rapidly decreasing smooth function that varies from 1 to 0.

At the vicinity of the boundaries, the molecular diffusion of the
mean temperature is taking into account, so that the total vertical heat
flux FðtotÞz is the sum of turbulent, �jT$z �T , and molecular, �j$z �T ,
vertical heat fluxes, i.e., FðtotÞz ¼ �ðjT þ jÞ$z �T , where j is the
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molecular temperature diffusivity. The latter equation can be reduced
to a cubic equation NM3 þM2 � N ¼ 0 for M ¼ ðFz=FðtotÞz Þ1=3,
where N ¼ j�1 ð2‘4zbF

ðtotÞ
z Þ1=3. The numerical solution of this cubic

equation allows us to obtain the vertical profile for the mean tempera-
ture. This vertical profile of the mean temperature is used to determine
the total transport effective velocity V ðeffÞ þ VðtpÞ caused by turbulent
thermal diffusion and thermophoresis in mean-field numerical simu-
lations of nanoparticles in convective turbulence for the conditions
pertinent to the laboratory experiments. The numerical simulations
are performed using Matlab. The numerical results will be compared
with the experimental results (see Sec. IV).

IV. EXPERIMENTAL SETUP

We conduct various sets of experiments in a temperature strati-
fied convective turbulence. The experimental setup with an isolated
chamber is designed for measurements of spatial distributions of the

fluid temperature and the number density of nanoparticles in turbu-
lent convection (see Figs. 1 and 2). The chamber is fully isolated using
high-quality glass, and there is also control humidity in the chamber.

The experiments are conducted with air as the working fluid in a
rectangular chamber with dimensions Lx � Ly � Lz , where Lx ¼ Lz
¼ 20 cm, Ly¼ 50 cm, and the z axis is in the vertical direction (see
Fig. 1, bottom panel). A vertical mean temperature gradient in the tur-
bulent air flow is formed by attaching two aluminum heat exchangers
to the bottom and top walls of the test section (a heated bottom and a
cooled top wall of the chamber). A thickness of the massive aluminum
heat exchangers is 2 cm. The top plate is a bottom wall of the tank
with cooling water. Cold water is pumped into the cooling system
through two inlets and flows out through two outlets located at the
sidewall of the cooling system. The bottom plate is attached to the elec-
trical heater with wire tightly laid in the grooves milled in the alumi-
num plate and provided uniform heating. Energy supplied to the
heater is varied in order to obtain necessary temperature difference
between the heater and cooler. The characteristic time of the heater is
approximately 180min that stabilizes the applied temperature during
measurements.

The temperature field is measured with a temperature probe
equipped with 11 E-thermocouples (with the diameter of 0.13mm and
the sensitivity of �65lV/K) attached to a rod with a diameter of
4mm (see Fig. 1, bottom panel). The spacing between thermocouples
along the rod can be changed from 10 to 20mm. Each thermocouple
is inserted into a 1mm diameter and 45mm long case. A tip of a

FIG. 1. A scheme of the experimental setup: (a). Upper panel: (1) display; (2) pres-
sure measurements device; (3) data collection for temperature and humidity mea-
surements; (4) computer; (5) cooler plate; (6) and (7) controllers for nanoparticle
number density measurements; (8) container for CO2 for nanoparticles generator;
(9) chamber (see also the bottom panel); (10) cooling system; (11) nanoparticles
generator; (12) spray for nanoparticles generator; (13) condensation particle coun-
ter; (14) air quality controller nanoparticles generator; (15) heating system. (b).
Bottom panel: (16) probes for nanoparticle number density measurements; (17)
probe for humidity measurements; (18) probe for pressure measurements; (19) air
supply tube; (20) probes for temperature measurements.

FIG. 2. A scheme of the experimental setup: (1) air filter and dryer for particles gen-
erator; (2) display; (3) gas cylinder CO2 for particles generator; (4) frame; (5) par-
ticles counter; (6) vacuuum pump of particles counter; (7) butanol waste container
(drain balun of counter); (8) particles supply pump; (9) particles generator; (10)
frame.
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thermocouple protruded at the length of 15mm out of the case.
Thermocouples of type E are used for the temperature measurements
in the core flow, while thermocouples of type K are used for tempera-
ture measurements at the heater and the cooler. All thermocouples are
built by a manufacturer. Calibrations of all E-thermocouples in the
temperature probe are performed for three experiments with boiled
water ðT ¼ 373K), the cold water with ice ðT ¼ 273K), and water
with intermediate temperature ðT ¼ 296K). Comparisons is per-
formed using a precision temperature measurement manufactured
device.

The temperature is measured for 11 rod positions with
10–20mm intervals in the horizontal direction. A sequence of 240
temperature readings for every thermocouple at every rod position is
recorded and processed. We measure the temperature field in many
locations. Performing direct continuous measurements of the temper-
atures at the cooled top surface and at the heated bottom surface and
using a standard device for supporting constant temperature difference
DT between the top and bottom surfaces (Contact voltage regulator
TDGC-2K), we control the constant temperature difference DT during
the experiments.

Similar measurement techniques and data processing procedure
have been used by us previously in the experimental study of different
aspects of turbulent convection and stably stratified turbulence,54–57

investigations of turbulent thermal diffusion22–25 of micrometer-size
particles in the oscillating grid turbulence28,30–32 and in turbulence
produced by the multi-fan generator,33 and investigations of small-
scale particle clustering47,58,59 in the oscillating grid turbulence.60

To study turbulent thermal diffusion in the experiments, we use
70 nm nanoparticles produced by an advanced electrospray aerosol
generator (Model 3482). To determine the number density of nano-
particles, we use a condensation particle counter (Model 3750). We
conduct experiments for different temperature differences (from
DT ¼ 29 up to DT ¼ 61K) between the top and bottom walls as well
as for isothermal flow. The particle number density measurements are
performed for three heights z and two horizontal coordinates y.

V. RESULTS

Let us discuss the obtained results. In Fig. 3, we show the patterns
of the mean temperature field �T in the yz plane obtained in the labora-
tory experiments for different temperature differences DT between the
bottom and upper walls of the chamber: DT ¼ 29K (upper panel),
DT ¼ 44K (middle panel), and DT ¼ 61K (bottom panel). Figure 3
indicates that there are two large-scale circulations in the experiments
for DT ¼ 29 and DT ¼ 44K and one large-scale circulation for
DT ¼ 61K. The Rayleigh number Ra ¼ a� g L3z DT=ð� jÞ in the
experiments varies in the interval Ra ¼ ð0:61� 1:23Þ � 108 depend-
ing on the different temperature differences DT between the bottom
and upper walls of the chamber, where a� is the thermal expansion
coefficient and Lz is the height of the chamber.

In the present study, we have not performed measurements of
the velocity field. The velocity field in turbulent convection in a similar
experimental setup has been investigated in our previous study,54

where we have determined the mean and turbulent velocity fields, the
integral scales of turbulence in the horizontal and vertical directions,
the rates of energy dissipation and production in the convective turbu-
lence, and the dependencies of these turbulent parameters on the val-
ues of the temperature difference between the bottom and top walls of

FIG. 3. Patterns of the mean temperature field �T in the yz plane obtained in the labora-
tory experiments for different temperature differences DT between the bottom and
upper walls of the chamber: (a) DT ¼ 29 K (upper panel); (b) DT ¼ 44 K (middle
panel); (c) DT ¼ 61 K (bottom panel). The coordinates are measured in cm, and the
temperature is measured in K.
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the chamber. For instance, the integral turbulence scales in the cham-
ber with convective turbulence are ‘x ¼ ‘z ¼ 3 cm, ‘y ¼ 5 cm, and
the characteristic vertical turbulent velocity is uz¼ 5 cm/s at
DT ¼ 60K that depends on DT as uz / ðDTÞ1=2.54

In Figs. 4 and 5, we also plot vertical profiles of the mean temper-
ature �T and the vertical gradient $z �T of the mean temperature
obtained in the laboratory experiments for different temperature dif-
ferences DT between the bottom and upper walls of the chamber.
These profiles of the mean temperature �T are compared with the
results of the semi-analytical mean-field calculations described at the
end of Sec. II. Figures 4 and 5 show that there is qualitative agreement
between the modeling and experimental results. In general, the strong
temperature gradient is located near the walls of the chamber, while
inside the large-scale circulations, the vertical gradient $z �T of the
mean temperature is much weaker. The main reason for the deviations
of the modeling and experimental results for the temperature field is

that in the one-dimensional semi-analytical calculations of the vertical
mean temperature distribution, we have not taken into account the
mean velocity field of the large-scale circulation. We have checked a
particular form of the decreasing smooth function /ðzÞ that describes
the spatial vertical profile of the integral turbulence scale in the region,
where the turbulent intensity strongly decreases and weakly affects the
mean temperature distribution. Note also that we have not performed
temperature measurements in the vicinity of the wall but measure
temperature at the heat exchangers and in the core flow.

Measurements of the number density of nanoparticles allow us to
determine the time evolution of the normalized mean number density
�nðtÞ=�n0 of nanoparticles obtained in the laboratory experiments for
different temperature differences DT between the bottom and upper
walls of the chamber (see Fig. 6). Here, �nðtÞ ¼ L�1z

Ð Lz
0 �nðt; zÞ dz is

the mean number density of nanoparticles averaged over the vertical
coordinate z and �n0 ¼ �nðt ¼ 0Þ. Inspection of Fig. 6 shows that in the
experiments with turbulent convection with different temperature dif-
ferences between the bottom and top walls of the chamber, the mean
number density of nanoparticles decreases exponentially in time. The
characteristic decay time of the mean number density of nanoparticles
varies from 12.8min for the temperature difference DT ¼ 61K to
16.3min for DT ¼ 44K and to 24min for DT ¼ 29K.

We also perform comparison of the obtained experimental
results with the results of the mean-field numerical simulations of
transport of nanoparticles, which accounts for molecular and turbu-
lent effects for the conditions pertinent to the laboratory experiments.
The numerical setup is described in Sec. II. As follows from Fig. 6, the
obtained numerical results related to the time evolution of the normal-
ized mean number density of particles �nðtÞ=�n0 are in agreement with
the results of the laboratory experiments.

In Fig. 7, we show the time evolution of the ratios of the mean
number densities of nanoparticles �nbottom=�ntop and �nmiddle=�ntop

obtained in the laboratory experiments for the temperature difference
DT ¼ 61K between the bottom and top walls of the chamber, where
�ntop; �nbottom, and �nmiddle are the mean number densities of nanopar-
ticles measured in the vicinity of the top, bottom, and middle parts of

FIG. 4. Comparison of vertical profiles of the mean temperature �T obtained in the
laboratory experiments for different temperature differences DT between the bot-
tom and upper walls of the chamber: DT ¼ 29 K (slanting crosses); DT ¼ 44 K
(stars); DT ¼ 61 K (diamonds); and in the semi-analytical mean-field calculations:
DT ¼ 29 K (dotted line); DT ¼ 44 K (dashed line); DT ¼ 61 K (solid line). The
coordinate z is measured in cm and the mean temperature in C.

FIG. 5. Comparison of vertical profiles of the vertical mean temperature gradient
$z

�T obtained in the laboratory experiments for different temperature differences
DT between the bottom and upper walls of the chamber: DT ¼ 29 K (slanting
crosses); DT ¼ 44 K (stars); DT ¼ 61 K (diamonds); and in the semi-analytical
mean-field calculations: DT ¼ 29 K (dotted line); DT ¼ 44 K (dashed line);
DT ¼ 61 K (solid line). The coordinate z is measured in cm, and the mean temper-
ature gradient $z

�T is measured in K/cm.

FIG. 6. Comparison of the time evolution of the normalized mean number density
of nanoparticles �nðtÞ=�n0 obtained in the laboratory experiments for different tem-
perature differences DT between the bottom and upper walls of the chamber:
DT ¼ 29 K (slanting crosses); DT ¼ 44 K (stars); DT ¼ 61 K (diamonds); and in
the mean-field simulations: DT ¼ 29 K (dotted line); DT ¼ 44 K (dashed line);
DT ¼ 61 K (solid line). Here, �nðtÞ ¼ L�1z

Ð Lz
0

�nðt; zÞ dz and �n0 ¼ �nðt ¼ 0Þ. The
time is measured in minutes.
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the chamber, respectively. Figure 7 demonstrates that the distribution
of the mean number density of nanoparticles is inhomogeneous. In
particular, the maximum mean number density of nanoparticles is
located near the top cold wall of the chamber, i.e., for t> 0, the ratios
�nbottom=�ntop and �nmiddle=�ntop are always less than 1.

Let us estimate the effective pumping velocity caused by turbu-
lent thermal diffusion of nanoparticles, the velocity due to the thermo-
phoresis, and the terminal fall velocity. The effective pumping velocity
caused by turbulent thermal diffusion of nanoparticles having the
diameter d¼ 70nm is 7� 10�2 cm/s, where we use Eqs. (7) and (8).
We also take into account that the value of the gradient of the mean
temperature measured in the core flow at 3 	 z 	 17 cm is $z �T
¼ 0:4K/cm (see Fig. 5). In the core flow, the turbulent effects (turbu-
lent thermal diffusion and turbulent diffusion) are dominant in com-
parison with the molecular effects. Now we estimate the terminal fall
velocity Vg ¼ sp g of nanoparticles due to the gravity field, that is
about Vg ¼ 3� 10�5 cm/s, where sp ¼ 3� 10�8 s is the Stokes
time for nanoparticles with the diameter d¼ 70nm. The velocity
due to the thermophoresis in the vicinity of the cold wall is about
V ðtpÞ ¼ 1:2� 10�3 cm/s at z¼ 1.6 cm, where the gradient of the
mean temperature is 3K/cm.

VI. DISCUSSION AND CONCLUSIONS

We have performed different sets of experiments with turbulent
convection to study the turbulent transport of nanoparticles. The tem-
perature field has been measured with a temperature probe equipped
with 11 E-thermocouples. To determine the number density of nano-
particles, we used a condensation particle counter. Nanoparticles of
70 nm in diameter are produced by the advanced electrospray aerosol
generator. We measure the number density of nanoparticles as a func-
tion of time in three locations in vertical directions. In the different
experiments with turbulent convection with the temperature differ-
ence between the bottom and top walls of the chamber DT varying
between DT ¼ 29 and DT ¼ 61K, it has been shown that the mean

number density of nanoparticles decreases exponentially in time. For
instance, the characteristic decay time of the mean number density of
nanoparticles varies from 12.8min for the temperature difference
between the bottom and top walls of the chamber DT ¼ 61K to
16.3min for DT ¼ 44K and to 24min for DT ¼ 29K. The main rea-
sons for this effect are as follows:

• The large-scale circulations in convective turbulence in the
updrafts and the effective pumping velocity due to turbulent
thermal diffusion in the core flow result in the drift of nanopar-
ticles to the cold wall of the chamber. Turbulent thermal diffu-
sion is a turbulent effect, and it vanishes near the walls whereby
the intensity of turbulence tends to zero.

• In the vicinity of the walls, the molecular effects (the thermopho-
resis and adhesion of nanoparticles) play a crucial role in the par-
ticle accumulation at the cold wall of the chamber. The
thermophoretic velocity is proportional to �$�T , and the mean
temperature gradient is maximum in the vicinity of the walls.
Therefore, the thermophoretic velocity finally causes the trapping
of particles by the cold wall of the chamber.

We have also performed one-dimensional mean-field numerical
simulations of the evolution of the mean number density of nanopar-
ticles, which take into account turbulent and molecular effects. The
molecular effects include the Brownian diffusion of nanoparticles, the
thermophoresis, and the adhesion of nanoparticles at the cold surfaces.
The turbulent effects are described by turbulent diffusion and turbu-
lent thermal diffusion of nanoparticles. These simulations allow us to
determine the time-dependence of the mean number density of nano-
particles and to find the characteristic decay time of the mean concen-
tration of nanoparticles. The obtained numerical results are in
agreement with the experimental results.

Several different mechanisms affect the particle transport. In the
core flow, there are two alternative mechanisms of the vertical trans-
port of nanoparticles to the vertical cold wall of the chamber: (i) turbu-
lent thermal diffusion that causes drift of nanopartiles to the vertical
cold wall of the chamber and (ii) the mean fluid velocity of the large-
scale circulations in the updrafts. Our experiments in convective tur-
bulence cannot give a certain answer, which mechanism is dominant.

In particular, the effective pumping velocity caused by turbulent
thermal diffusion is the vertical velocity directed to the cold wall of the
chamber. (It is proportional to �$�T .) This pumping velocity can
cause an inhomogeneous distribution of nanoparticles, where particles
tend to be accumulated in the vicinity of the cold wall of the chamber.
On the other hand, the mean fluid velocity of the large-scale circula-
tions causes mixing of nanoparticles in the chamber producing nearly
homogeneous distribution of nanoparticles in the chamber. However,
the mean fluid velocity in the updrafts inside the large-scale circula-
tions can also cause the transport of nanoparticles to the vertical cold
wall of the chamber.

Both mechanisms result in the transport of nanoparticles to the
vertical cold wall of the chamber. The turbulent thermal diffusion acts
in all core flow, while the mean fluid velocity of the large-scale circula-
tions is effective in the vertical transport only in the updrafts, and the
region occupied by the updrafts in the large-scale circulation is much
smaller than the size of the large-scale circulation.

One-dimensional mean-field numerical simulations of the evolu-
tion of the mean number density of nanoparticles, which take into

FIG. 7. The time evolution of the ratios of the mean number densities of nanopar-
ticles �nbottom=�n top (slanting crosses) and �nmiddle=�n top (circles) obtained in the labora-
tory experiments for the temperature difference DT ¼ 61 K between the bottom
and top walls of the chamber, where �n top; �ni ¼ �nbottom, and �ni ¼ �nmiddle are the
mean number densities of nanoparticles measured at the top, bottom, and middle
parts of the chamber, respectively. The time is measured in minutes.
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account turbulent and molecular effects but do not take into account
the three-dimensional large-scale circulations, have shown that the
presence of both turbulent thermal diffusion and thermophoresis is
already enough to explain the measured in the laboratory experiments
characteristic times of the accumulation of nanoparticles in the vertical
cold wall of the chamber.

Our previous experiments32 with micrometer-size particles in
convective turbulence have shown that an additional source of turbu-
lence by oscillating grids results in a destruction of the large-scale cir-
culations. In this case, the turbulent thermal diffusion coefficient a for
convective (unstably stratified) turbulence is the same as in the experi-
ments with a stably stratified turbulence (with the heating upper wall
and the cooling bottom wall of the chamber) performed for the same
temperature difference DT between the bottom and top walls of the
chamber and the same frequency of the grid oscillations.32

Future experiments with nanoparticles in stably stratified turbu-
lence, where there are no large-scale circulations, can demonstrate the
importance of turbulent thermal diffusion for transport of nanopar-
ticles. However, such experiments with nanoparticles in an isolated
chamber require a source of turbulence, which does not destroy the
isolation of the chamber. For instance, oscillating grid turbulence30–32

or multi-fan produced turbulence33 cannot be used in the experiments
with nanoparticles.
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