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Airborne particle transport and deposition on solid surfaces play a key role in aerosol deposition, infectious
diseases transmission and surface soiling. Moving fluids disperse particles by the action of several forces
including drag, lift, thermophoresis, buoyancy and Brownian effects. The relative importance of each contri-
bution depends on the phases density ratio and the particle size. These two parameters, along with the char-
acteristics of the boundary layers, control the local wall deposition rate. Experiments and analytical solutions
have provided partial information on deposition velocity for several particle sizes and turbulent intensities in air
filled cavities. While experimental data is restricted to few selected wall locations, boundary layer models results
only provide wall-average values. Using Direct Numerical Simulations to solve the flow hydrodynamics and
Exponential-Lagrangian Tracking Schemes for the disperse phase, deposition rates on each surface of a cubical
cavity with oppositely heated walls have been determined. Numerical results at Ra = 5.4 x 10% are in very good
agreement with experiments for 0.1 and 0.5 pm particle diameters. Deposition rate on adiabatic walls is found to
be spatially inhomogeneous with particles accumulating near the corners where hot and cold walls meet. These

preferential spots are explained by intensified wall-normal turbulent transport in these particular regions.

1. Introduction

Understanding the transport and deposition of dispersed phases in
the form of particles, droplets or aerosols by the action of a moving fluid
is key in a wide range of processes of technological, biological and in-
dustrial interest. Applications range from indoor air quality [1],
dispersion of airborne virus-laden droplets produced when talking,
coughing or sneezing capable of spreading infectious diseases [2,3],
obstruction of flow due to accumulation of particulate biological ma-
terial on the inner walls of blood vessels [4] or soiling of valuable sur-
faces due to dust deposition [5].

The determination of the particle deposition rate on thermally active
surfaces has been the subject of both experimental and numerical efforts
[6-10]. The specific case for flows in rectangular cavities with differ-
entially heated walls has attracted a considerable amount of attention
[11-19]. Of particular interest is the work of Thatcher et al. [20] who
used a cubical cavity of 1.22 m filled with air to determine the accu-
mulation rate of particles for two different Rayleigh numbers. The flow
was driven by imposing a constant temperature T, on the bottom and
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one vertical wall while keeping the opposite walls at T, = T, — 3K (Ra =
5.4 x 10%) and T.=Th— 10K (Ra=3.6 x 10°). The other two vertical
opposed walls were thermally insulated. This specific configuration
generates a buoyancy-driven dominant recirculation where the fluid
moves upward along the vertical hot wall and downward along the cold
one. After seeding particles of different sizes ranging from 0.1 to 2.5 pm,
the dispersed phase was allowed to circulate for several turnover times
to ensure statistically converged conditions. The deposition rate for each
case was determined by counting the number of deposited particles on
several sampling areas distributed along the main cavity bisector. The
results provided data at seven discrete positions regularly distributed on
each four thermally active walls.

The hydrodynamics of the Ra = 5.4 x 108 case reported by Thatcher
et al. [20] was numerically reproduced by Fabregat and Pallares [21]
who used Direct Numerical Simulations (DNS) to solve the momentum
and heat transport equations. After characterizing the momentum and
thermal boundary layers using time-averaged profiles of velocity and
temperature, Pallares and Fabregat [22] derived mixed boundary layer
models for each thermally active wall. The resulting self-similar solution
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was used to advect a scalar representing particle concentration. Esti-
mates of the wall-average deposition rates were found to agree well with
the experimental results of Thatcher et al. [20] for 0.1 pm (thermo-
phoresis dominated regime) and 0.5 pm (buoyancy dominated regime).

Both experiments and numerical studies provided partial informa-
tion on particle deposition either by reporting rates at selected positions
in the case of Thatcher et al. [20] or by idealizing the boundary layer
flow to be homogeneous, two-dimensional and stationary. To gain
insight on the local transport of the dispersed phase across the entire
cavity surface extension, here a DNS of the turbulent hydrodynamics is
coupled with a particle transport model accounting for drag and lift,
thermophoresis, buoyancy and Brownian forces [23]. The relative
importance of each force term depends on the particle size, the ratio of
densities between the phases and the local flow characteristics. The
detailed maps of particle deposition for each wall allows to identify
significant spatial inhomogeneities in accumulation rates and identify
preferential deposition spots missed in both previous experimental and
analytical studies.
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2. Mathematical model and numerics

A sketch of the computational domain consisting in a cubical cavity
filled with air with coordinate origin located at the center is shown in
Fig. 1(a). Following the flow set-up used by Thatcher et al. [20], the
cavity, with a wall side length of [y = 1.22m, is heated by imposing a
constant temperature T, = 301.5K at the bottom and left walls, i.
e.T(x,—1/2%) = T(—1,/2,¥,%) = Ty (depicted in red), and cooled by
imposing a constant temperature T, = 298.5K at the top and right,
T(%,I,/2,Z) = T(l,/2,y,Z) = T. (in blue). Front and back walls are
considered adiabatic (note the use of a tilde to denote dimensional
variables).

All physical properties for both phases are evaluated at the reference
temperature To = (T, + T.)/2 = 300K and assumed constant. The
continuous phase (air) density, thermal diffusion kinematic viscosity,
thermal expansion coefficient and thermal conductivity are po = 1.3 kg
m=3 a=224x10""m% "}, v =1.57 x 10 °m?% "}, = 1/300K ! and
kf = 0.026 Wm 'K, respectively. The dispersed phase (particles)
density and thermal conductivity are p, = 1350.0kgm > and ky =
0.430Wm ™K' respectively.

The main flow feature for the thermal configuration shown in Fig. 1

Fig. 1. Panel (a): Domain sketch showing the coordinate system. Hot and cold in red and blue respectively. Panel (b): Slice at z = 0 of an instantaneous velocity field
showing the dominant rotating flow feature. Panel (c): Near wall slices of an instantaneous temperature field in each coordinate direction. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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(a) is a clockwise recirculation (as seen from +z) generated by the up-
ward flow along the hot cold and downward along the cold one. An
instantaneous snapshot of the developed turbulent velocity field at z =
0 showing this persistent large scale eddy is depicted in Fig. 1(b). To
illustrate the turbulent flow features, Fig. 1(c) shows three slices in each
coordinate direction of an instantaneous temperature fluctuation field

defined as 6 = (T — To)/(Th — Te) = (T — To)/Ts.

2.1. Carrier phase: hydrodynamics

Assuming incompressibility conditions and Boussinesq approxima-
tion and neglecting radiation and viscous heating effects, the non-
dimensional mass, momentum and heat conservation equations can be
written as:

ou;

=0 1
o (@9)
du; ou; op Pr P u;
R S Prés, 2
o Ty T Ton T JRa oxax, 0P )

W, 0 1 50
o "ox; ~ \/Ra ox,0x,

3

where t is time, y; is the velocity component in the direction x;, p is
pressure, §; is the Kronecker delta and Ra = (gﬂTslf)/(ua) =54 x 108
and Pr = v/a = 0.7 are the Rayleigh and Prandtl groups respectively. The
length, velocity, time and temperature scales are [ = 1.22m, us; = aRa'’/
2/1,=0.427 ms™ !, t; = I,/u;=2.86 s and T; = 3K respectively. Note that
the equation of state that relates fluid density py and temperature fluc-
tuation @ under the Boussinesq approximation can be written as Py =
po(1— (T —To)) = po(1 — fT:0).

Egs. (1)—(3) are solved using the solver Nek5000 [24]. Explicit res-
olution of all spatial and temporal scales has been guaranteed by
meeting the resolution criteria proposed by Scheel et al. for similar
buoyancy driven flow configurations [25]. Details on numerics and
mesh resolution for the hydrodynamics are provided in Fabregat and
Pallares [21].

2.2. Dispersed phase: particle transport

Assuming spherical and smooth particles, the position of a given
particle x;* is given by:
dx;

Loy 4
T ()]

where the particle velocity u;* can be determined by solving the force
balance on the particle expressed as:

du,  wi—u or
d; — zT Lt ngdn + nm—ax + e {uj — u/]a)k + n(1) 5)
» —— i ——
~—~—" Buoyancy S~ e Brownian
Drag Thermophoresis it

where ¢ is the Levi-Civita symbol and @ = V x U is the flow vorticity.
The particle transport model presented in Egs. (4)-(5) assumes that
there are five relevant forces acting on the particle, namely, hydrody-
namic drag and lift, buoyancy, thermophoresis and Brownian. Under the
one-way coupling approach, the carrier phase directly affects the par-
ticle transport through drag, lift and thermophoresis. Contrarily, the
dispersed phase is assumed to have negligible contributions to the car-
rier phase momentum conservation. This assumption is valid for small
enough particles and dilute conditions as those used in the experiments
carried out by Thatcher et al. [20]. In Eq. (5) the accelerations originated
from the pressure gradient force, the added mass force and the Basset
force are neglected. Lubrication forces associated to the pressure
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gradient generated when two solid surfaces approach each other have
also been neglected due to the small values of normal-to-wall velocity
component prior to deposition and the reduced local effective air vis-
cosity expected due to non-continuum effects when the particle size is
only one order of magnitude larger than the air mean free path [26,27].
Each contribution to the particle transport in Eq. (5) along with the
definitions of quantities zp, ng, n, n; and n; are discussed next.

2.2.1. Drag

Hydrodynamic drag accounts for the fluid resistance or friction a
particle experiences as it moves with respect to the carrier phase. The
hydrodynamic drag can be characterized by the particle Stokes number
7, defined as the ratio of the particle and flow characteristic times. Small
Stokes numbers are associated to particles that rapidly react to changes
in accelerations in the underlying flow while large Stokes are found in
inertia-dominated particles.

The non-dimensional Stokes number for a particle of diameter d;, can
be written as [28]:

2
4 Pyt

p = 6
7 18C, I I (6)

where C, is a correction factor that depends on the Knudsen number Kn
such that [29].

2

Kn = i , CL‘ =1 +Kn[lA20567[l.()()26/Kn +0.425670.74()0/Kn} (7)
i/

where 1 = 6.8 x 1078 m is the free mean path for air at Tj.

The estimated Stokes number for 0.1 and 0.5 pm are 8 x 10~8 and 3
x 107 respectively.

2.2.2. Buoyancy (weight)

The magnitude of the buoyancy force experienced by a particle
immersed in a fluid with different density under a gravitational field
with acceleration magnitude g = 9.8ms ™2 can be written as:

AR
o= —e(1-7) ®
44 s

2.2.3. Thermophoresis

Thermophoresis is the force due to gradients in the temperature field
across the particle characteristic length, this is, '&p for a spherical parti-
cle. The pre-factor of the non-dimensional temperature gradient, ngy, is
defined as:

K, Vi p; T,
ny = —18=2 L~ 9)
" dg u? p, To

where the factor kg, defined as [30],

K - 2C, (kr + 2k,Kn)[1 + 2Kn(1.2 + 0.41exp( — 0.44/Kn) ) |

. 10
v (1 + 6C,Kn) (2k; + k, + 4k,C,Kn) ’ 10

contains three constant set to C; = 1.17, C;,, = 1.14 and C; = 2.18. Note
that the negative sign in ng, indicates that the force points in the direc-
tion of maximal temperature decay.

2.2.4. Lift

The hydrodynamic force acts perpendicular to the flow direction and
is proportional to the cross product of the velocity difference between
the two phases and the local vorticity in the carrier phase. The propor-
tionality factor has the form

n=c an

Pp

where the lift coefficient Cy, is defined as [31].
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Sr,
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where the particle Reynolds number Rep, Srp, € and J are determined
using the relations

Eijk [M; — uj} @y ’ dp Sr
Sr,=1—- 4 17 =, /—2 (13
Tp u " ) 1. € Re],' 13)

u: — u,-| dl—pRe,

Re, =

J(€) = 0.6765{1 + tanh[2.5l0g10(¢ + 0.191) ] }{0.677 + tanh[6(e — 0.32)] }.
14

2.2.5. Brownian

For small enough particles, the net force due to molecular vibrations
may not be negligible and, therefore, contribute to the transport. This
Brownian force takes the form (see for example Ounis et al. [32]):

2 kgTovy
n(t) = Zi(r), [F 21672 K6 Tobr 1
AT dwC E

(15)

where kg = 1.38064852 x 10723 JK~! is the Boltzmann constant and
Z(t) is a random number with a Gaussian distribution updated each time
step of size At.

2.3. Exponential-Lagrangian tracking schemes

Classical explicit methods have been historically used to temporally
integrate the transport equations of Lagrangian particles (fluid markers)
with affordable computational costs. However, numerical integration of
Egs. (4)-(5) for relatively small values of 7, is usually prohibitive due to
numerical stability constrains. For example, 4-th order Runge-Kutta
method requires time steps of the order At < 27, To alleviate these
stability requirements, Egs. (4) and (5) are temporally integrated using
Exponential-Lagrangian Tracking Schemes (ELTS) [33] which is inher-
ently stable and offer, at least, a ¢(At?) local truncation error.

3. Results

Particle deposition has been investigated by randomly seeding a total
of N = 10° particles over the entire cavity volume once flow statistically
steady conditions have been reached at t =~ 150. Such condition has been
determined by analyzing the temporal convergence of instantaneous
wall-averaged Nusselt numbers (see Fig. 3 in Fabregat et al. [21]). A
particle is assumed to deposit when its distance from any wall is equal or
smaller than its radius. In the event of deposition, the values of particle
position, velocity, drag, thermophoresis, lift and Brownian forces are
recorded (weight force value is constant for a given d,) and the particle is
randomly reseeded into the cavity keeping the total number of tracked
particles constant (and equal to N). The N particles have been trans-
ported for At =212 (10.1 min) and Aty = 93 (4.4 min) time units for the
0.1 pm and 0.5 pm cases respectively. Over this time span, a total
number of 1221 and 1799 particles have deposited for each particle size.
The number of particles and deposition time span differ by several or-
ders of magnitude from those in the experimental set-up by Thatcher
et al. where two different experiments for each particle size used N = 70
and 32.5 billion particles over Aty = 141.1 h and Af; = 88.2 h for dy, =
0.1 ym and N = 103 and 263 million particles over At; = 94.4 h and
Aty = 93.3 h for d, = 0.5 pm. However, the deposition area considered
in the experiments takes values between 0.4% and 10% of the total
cavity surface where the exact value for each experiment could not be
exactly determined.

Fig. 2 shows the spatial distribution of depositions obtained by
plotting the impact locations on both horizontal walls (floor and ceiling
on left and right panels respectively) for both particle diameters d, = 0.1
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Fig. 2. Particle deposition locations for the horizontal hot (left) and cold (right)
walls for two particles sizes: Ep = 0.1 pm (black) and Hp = 0.5 pm (red). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

pm (in black) and d, = 0.5 pm (in red). The larger number of deposited
particles on the ceiling suggests that small particle transport is domi-
nated by thermophoresis. In contrast, large particles are dominated by
buoyancy with most of the impacts registered on the cavity floor.
Notably, while the large particles seem to homogeneously distribute
over the entire horizontal wall, smaller particles tend to accumulate
towards the left corner of the cavity, x < — 0.2, where the vertical hot
and the horizontal walls meet.

The relatively small number of d, = 0.1 pm particles deposited on the
floor or d, = 0.5 um particles deposited on the ceiling can be explained
by the action of Brownian transport. The increasing contribution of the
Brownian effects to the overall transport as particle size decreases ex-
plains the larger number of 0.1 pm particles deposited on the floor in
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Fig. 3. Particle deposition locations for the vertical hot (left) and cold (right)
walls for two particles sizes: EP = 0.1 pm (black) and HP = 0.5 pm (red). (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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comparison to the number of 0.5 pm particles on the ceiling.

Deposition on thermally active vertical walls is shown in Fig. 3. In
the absence of gravity effects, thermophoresis dominates transport in
the y direction for both particles sizes and depositions concentrate on the
cold wall. While no preferential distribution is found for large particles,
small ones tend to accumulate in the vicinity of the corner where, again,
the horizontal hot and vertical cold walls meet. Similarly, impacts on the
hot vertical wall can be attributed to Brownian effects.

Deposition on the adiabatic walls is shown in Fig. 4. While in-
homogeneities in the wall deposition velocity were modest on thermally
active walls, adiabatic ones exhibit evident preferential spots in the
areas where differently heated walls meet, this is, the top left (vertical
hot meets horizontal cold) and bottom right (vertical cold meets hori-
zontal hot) corners.

As shown in Fig. 5(a), intensification of wall-normal turbulent mo-
mentum flux (w'2) in the hot-cold corners near adiabatic surfaces (slice
at z = 0.499 used here) can explain the inhomogeneous deposition rate
on thermally passive walls shown in Fig. 4. Turbulent Reynolds stresses
in the vertical (Vw') and horizontal (u'w’) directions are shown in Fig. 5
(b) and (c) respectively. Results suggest that as fluid moves past the
corner of deferentially heated walls, turbulent plumes grow parallel to
the horizontal walls. This plume-like geometry elongating along the x
direction is also observed in the shape of the preferential deposition
patches in Fig. 4.

The deposition velocity is defined as vq4 = M/(Atg(C)Ag) = (Na/N)
(ls/ Atg) where Ny is the number of deposited particles over the At; time
span and Ag area, M; = ppA4V, is the total deposited mass, V), = (7[/6)d§ is
the particle volume and (C) = p,NV, /I is the bulk concentration of
suspended particles. Numerical results on each thermally active wall are
compared to experiments in Fig. 6. The experimental data, reported by
Thatcher et al. [20], is comprised of two realizations (solid and empty
markers) at seven locations per wall along the flow coordinate s. With
origin at the bottom right corner, s = 0, this coordinate increases in the
clockwise direction taking the values of s = 1, s = 2 and s = 3 at each
corner, namely, bottom left, top left and top right respectively. There-
fore, s =1 — x for the horizontal hot wall (floor), s =y + 3 for the ver-
tical hot wall, s=x +% for the horizontal cold wall (ceiling) and

s=7—y for the vertical cold wall. It is important to note that these

Front (Adiabatic) Back (Adiabatic)
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Fig. 4. Particle deposition locations for the two vertical adiabatic walls for two
particles sizes: d, =01 pm (black) and Ep = 0.5 pm (red). (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)

International Communications in Heat and Mass Transfer 134 (2022) 106048

seven locations on each wall correspond to seven sampling extraction
areas distributed along the main cavity bisector along s. (see Thatcher
et al. [20] for details).

The numerical results shown in Fig. 6 as dashed blue lines corre-
spond to wall-averaged deposition velocities over each entire wall.
Despite the differences in the total number of particles, sampling area
and time span and bulk concentration, numerical results are in good
agreement with experiments for all four walls and two particle size
associated to distinct deposition regimes. Predictions of the deposition
velocity using laminar boundary layer models, reported by Pallares and
Fabregat [22], are plotted in Fig. 6 with dotted lines. This model as-
sumes that the flow within the boundary layers is steady and laminar
and that the mass transfer for particles with small inertia is dominated
by flow convection, thermophoresis and Brownian motion. Fig. 6 shows
that, for the smallest particles, the boundary layer model estimates a
more uniform deposition velocities for the different walls than the nu-
merical simulations. For the particles of 0.5 pm, the relatively low flow
unsteadiness within the boundary layers, captured by the numerical
simulations but neglected in the boundary layer model, produces larger
deposition velocities in the simulations than in the boundary layer
approximation. For example, for the cold ceiling, the simulation predicts
similar deposition velocities to the experiments while the boundary
layer model estimates a zero deposition velocity at this wall because the
downward settling velocity overcomes the thermophoretic and Brow-
nian effects. Overall, it can be seen that both the numerical simulation
and the boundary layer model reproduce the general trend reported in
the experiments by Thatcher et al. [20].

Total deposition rate for the two particle sizes is shown in Fig. 7 as
solid lines. For each case, dashed lines indicate the values that would
result from deposition at the settling velocity defined as vq = 7pngdio. As
expected, the dominant buoyancy force in the larger particles case ex-
plains the larger deposition rates in comparison to the smaller particles
and also the relatively small difference with respect to the settling rate
due to the limited transport contributions attributable to Brownian and
thermophoresis forces. In contrast, the much larger actual deposition
rate of the small particles case in comparison to its settling value can be
explained by the significantly enhanced transport due to thermophoresis
and Brownian forces in comparison to that exclusively due to buoyancy.

4. Conclusions

Particle deposition in a cubic cavity with opposed thermally active
walls have been numerically investigated. Results indicate that a one-
way coupling approach with DNS for hydrodynamics and a particle
transport model accounting for drag, buoyancy, lift, thermophoresis and
Brownian effects is capable of reproducing experimental results in terms
of wall deposition velocity. This agreement between numerical and
experimental results exists not only for any wall configuration but also
for different deposition regimes including thermophoresis-dominated
(particle diameter 0.1 pm) and buoyancy-dominated (0.5 pm).

While experimental data was restricted to local values along the
cavity bisector of the cavity, numerical results on spatial distribution of
deposition rates for each wall allowed to identify preferential particle
accumulation spots. It was found that, while thermally active walls
exhibit limited inhomogeneities in deposition rates, adiabatic surfaces
exhibit high particle concentrations in the vicinity of the corners where
hot and cold walls meet. It should be noted that in real physical systems
there cannot be a strictly discontinuous gradient where hot and cold
meet, but a smooth transition between temperatures. Probably, under
these circumstances, the turbulence intensities near these regions, and
therefore particle deposition rate, would be more moderate than those
predicted by the present DNS.

Current efforts are directed to use this model in more complex ge-
ometries characterized by the presence of obstacles that notably inter-
fere with the dominant circulating feature that characterizes the cavity
flow used in this work. The expected results might be of interest in using
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Fig. 5. Turbulent fluxes (w’z) (a), (Vw') (b) and (Wu') (c) near one adiabatic wall at z = 0.499.
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Fig. 6. Experimental and numerical comparison of particle deposition velocity
for two particle sizes: d, = 0.1 pm (black) and d, = 0.5 pm (red). Symbols
correspond to two realizations of the experiments and blue dashed line shows
the wall-average numerical value. Dashed horizontal blue lines indicate the
wall-average particle deposition velocity from the current DNS. Dotted lines
show the values obtained from the boundary layer models in [22]. (For inter-
pretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

thermal flow control to minimize soiling in valuable surfaces.
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