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 Modeling both coagulation and deposition to predict aerosol behavior accurately.
 Both coagulation and deposition are signiﬁcant for submicron particles.
 Surface roughness and turbulence have a cumulative effect in increasing deposition.
 Increasing turbulence helps reduce aerosol peak concentration faster.
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Experiments were conducted using CsI aerosols in a small scale test chamber to simulate behaviour of
aerosols in the containment of a nuclear reactor. The primary focus of the study was on submicron
particles (14.3 nme697.8 nm) due to their hazardous effect on human health. Different wall surfaces, viz.,
plexiglass, concrete and sandpaper were chosen to study the effect of surface roughness on dry deposition velocity under both quiescent and turbulent conditions. An analytical approach to calculate dry
deposition velocity of submicron particles for rough surfaces has been proposed with an improvement in
the existing parameterization for shift in the velocity boundary layer. The predicted deposition velocity
with the improved parameterization was found to have better agreement with published measured data
of Lai and Nazaroff (2005) compared to the existing parameterizations (Wood, 1981; Zhao and Wu,
2006b). There was a signiﬁcant reduction in root mean square error (RMSE) between predicted, using the
improved parameterization and measured deposition velocity (upto 100%) compared to earlier ones. The
new analytical deposition approach was coupled with volume conserving semi-implicit coagulation
model. This aerosol dynamic model was evaluated against explicit particle size distribution for the ﬁrst
time for rough surfaces. Normalized RMSE between simulated and measured particle size distribution
varied in the range of 2%e20% at different instances. The model seems to closely predict submicron
particle behaviour in indoor environment.
© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
In a nuclear reactor, under postulated accident conditions, the
cooling to the reactor fuel can be lost and the fuel gets overheated.
This overheating can lead to fuel damage causing release of
radioactive ﬁssion products in the form of aerosols (Sapra et al.,
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2008). These aerosols get transported through the broken coolant
system and reach the containment which is the ﬁnal barrier in their
release to the public domain. The study of the behaviour of aerosols
in the containment is a subject of research worldwide (Fischer and
Kanzleiter, 1999). These studies are important to characterize the
source term into the environment so that the effect of radioactivity
in the public domain can be quantiﬁed and possibly mitigated by
conﬁnement within the containment. The aerosol particles
released during such scenarios are reported to have a diameter in
the size range of 0.1 mme20 mm, covering both the continuum and
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Nomenclature
A

b
b
C
D
d
e
eþ
ε
fi;j;k
J
kþ
ks
Q
rþ
Sc

Surface area (m2)
Coagulation kernel (m3 s1)
Effective roughness height (mm)
Particle number concentration (cm3)
Brownian diffusivity of particle (cm2 s1)
Particle diameter (nm)
Shift in velocity boundary layer (mm)
Dimensionless parameter for shift in velocity boundary
layer
Turbulent (eddy) diffusivity of particle (cm2 s1)
Volume fraction of colliding particles of bin i & j
partitioned into bin k
Particle ﬂux given by Fick's law (cm2 s1)
Dimensionless surface roughness height
Mean surface roughness height (mm)
Sampling rate of instruments (m3 s1)
Dimensionless radius of particle
Schmidt number

slip ﬂow regimes (Brockmann and Tarbell, 1984). From a health
perspective, the submicron particles are of great concern due to
their high number density, and ability to penetrate deep into the
lungs and induce oxidative stress with cellular damage (Song et al.,
2011). Natural attenuation of radioactive material occurs due to
deposition of aerosols on the internal surface of a reactor (Slama
et al., 2014). The aerosol inventory in the containment atmosphere depends on the aerosol released into the containment and
aerosol removal processes like deposition, gravitational sedimentation, and leaks.
Deposition of particles onto the indoor surfaces of the reactor
can effectively reduce the exposure to harmful aerosols unless
resuspended. The essential mechanisms for deposition in the nuclear containment have been listed as Brownian and turbulent
diffusion, turbophoresis, gravitational sedimentation, thermophoresis, convective transfer due to condensation of the vapours on the
inner surface of the reactor, and centrifugal force in case of ﬂow
around a curved surface (Simons and Simpson, 1988; Alipchenkov
et al., 2009).
Crump and Seinfeld (1981) derived a general formula for rate of
aerosol deposition due to Brownian and turbulent diffusion as well
as gravitational sedimentation in a turbulently mixed vessel.
However, this model is valid when the inertial effects are insigniﬁcant. Indoor particle deposition onto smooth surfaces was
modelled in Lai and Nazaroff (2000) and Mayya et al. (2004) taking
into account deposition only due to Brownian diffusion, turbulent
diffusion, and gravitational settling. A modiﬁed version of this
model (popularly known as the three-layer model), taking turbophoresis also into consideration, has been proposed (Zhao and Wu,
2006a). It is an improved model, which correctly models the three
different zones classiﬁed according to the particle relaxation times
(turbulent diffusion regime, turbulent diffusion-eddy impaction
regime, and particle inertia moderated regime).
Deposition onto rough surfaces has been studied both experimentally and theoretically, and similar trends of increase in deposition velocity with increase in particle sizes, turbulence and size of
roughness were observed (Shimada et al., 1988; Shimada et al.,
1989; Zhao and Wu, 2007; Hussein et al., 2009a,b). However, the
numerical model proposed by Shimada et al. (1988) focused only on
diffusion ignoring the gravitational sedimentation. Experimental
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Time (s)
Friction velocity (cm s1)
Chamber volume (m3)
Volume of a particular size bin (m3)
Velocity of particle (cm s1)
Ventilation rate (h1)
Particle relaxation time (s)
Time step (s)
Fluid kinematic viscosity (m2 s1)
Distance from the wall or surface (mm)

Subscripts
ceil
Ceiling (top surface of the chamber)
ﬂoor
Floor (base of the chamber)
wall
Vertical walls of the chamber
d
Deposition
p
Particle
s
Settling
t
Turbulent

studies were done in a 8 m3 test chamber facility and they also
showed similar results (Lai et al., 2002). Particle deposition on
rough surfaces was found to be less than that on the smooth surfaces for small particles and low airﬂow condition. For large size
particles and high airﬂow conditions, particle deposition on rough
surfaces increased upto three times to that on smooth surfaces.
Experimental studies for particle deposition in ventilation ducts
have been carried out and the results modelled by applying a
roughness of 180 mm as opposed to the hydraulic roughness of
about 1600 mm measured by the axial pressure drop in the ventilation ducts (Sippola and Nazaroff, 2004). Wood (1981) assumed
that for a rough surface, the virtual origin of the velocity proﬁle is
shifted by a distance eð¼ 0:55ks Þ away from the wall, where ks is the
roughness height. This was incorporated in the boundary condition
in the three-layer model of Lai and Nazaroff (2000) in order to
study coarse particle deposition onto rough surfaces (Lai, 2005).
Experiments were carried out using four sandpapers with different
roughness scales (Lai and Nazaroff, 2005), but the model predicted
satisfactory results only for the ﬁner sandpapers. Zhao and Wu
(2006b) have modelled particle deposition onto rough surfaces in
ventilation ducts as an improvement of the three-layer model
proposed in Zhao & Wu, (2006a) by incorporating surface roughness in the boundary condition. A new equation stated in Eq. (1)
was ﬁtted on the experimental data of Grass (1971) and Wan
(1981) in order to calculate the shifted distance in the boundary
layer (Zhao and Wu, 2006b). Both eþ and kþ are dimensionless
parameters, which are described later in detail (Section 2.2.2).

80
 
>
>
< 0:3219 ln kþ  0:3456
þ
e
¼
 þ
kþ >
þ 0:4652
>
: 0:0835 ln k
0:82

kþ < 3 Hydraulically smooth
3 < kþ < 30 Transition
30 < kþ < 70
kþ > 70

Transition

Completely rough
(1)

The results predicted by the improved model agreed better with
the measured data of Sippola and Nazaroff (2004) than the traditional model suggested by Wood (1981), but were not satisfactory.
It was suggested that this may be due to the fact that Eq. (1) was
obtained under the condition that the roughness was made up by
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uniformly distributed balls and that the roughness was far more
complicated in the experiments of Sippola and Nazaroff (2004).
Therefore, the accurate value of the shift distance might be
different due to different kind of roughness. However, most of these
studies overpredicted the dry deposition velocity for a rough surface to a great extent. Moreover, none of the studies have concentrated on the evolution of aerosol particles with time in case of
rough surfaces.
In another study, semi-empirical expressions were obtained for
evaluating dry deposition velocities on vertical and horizontal
surfaces, which signiﬁcantly reducing the dry deposition velocity
overpredictions (Piskunov, 2009). Another approach used a hybrid
parameter that included both the surface roughness height and the
peak-to-peak distance between roughness elements (Huessin et al.,
2012). This new approach predicts dry deposition velocities over
most surfaces and covers a wide size range of aerosol particles.
However, this approach needs to be further developed and information about peak-to-peak distance between roughness elements
should be available for each surface type.
Experimental chamber studies have also been conducted to
study collectively both coagulation and deposition of polydisperse
(NaCl) nanoparticles with size ranging from 30 nm to 120 nm (Kim
et al., 2006). It was found that in case of high number concentrations, coagulation played a more signiﬁcant role as compared to
deposition (Anand et al., 2012). In addition to studying both coagulation and deposition in a chamber, the effect of turbulence was
also investigated for combustion aerosols by studying the number
concentration decay and the variation of particle size distributions
(size range of 0.016 mme20 mm) with time for both quiescent and
turbulent conditions (Schnell et al., 2006). It was observed that
coagulation dominated concentration decay under still conditions.
In another chamber study, coagulation was found to be relevant for
ultraﬁne particles at high number concentrations (above 104 cm3)
and turbophoresis played a major role for micron particles (Hussein
et al., 2009a,b). Alipchenkov et al. (2009) have also modelled
coagulation and deposition and validated it using experimental
data for two impeller speeds for micron particles. However, we will
focus on submicron particle dynamics under both still and stirred
conditions.
To the best of our knowledge, no previous theoretical and
experimental study has examined the variation of particle size
distribution with time for rough surfaces or a combination of
smooth and rough surfaces. In the present study, experiments were
done using CsI aerosols in a small scale chamber, which represents
a compartment of nuclear containment. Though many radioactive
species are released into containment, CsI was selected for aerosol
behaviour studies as it poses major threat to the environment. The
primary focus was on the evolution of submicron particles with
time, considering their harmful effects on human health. A large
initial number concentration (~105 cm3) enabled us to study both
coagulation and deposition under quiescent and turbulent conditions. Different wall surfaces, viz., plexiglass, concrete and sandpaper were chosen in order to study differences in deposition onto
smooth surfaces, rough surfaces, or a combination of both. A
generalized model to simulate submicron particle behaviour is
proposed that couples the volume conserving semi-implicit coagulation of particles with a deposition model for different surfaces.
An analytical solution for dry deposition velocity of submicron
particles over different surfaces is proposed, along with an
improvement in calculating the velocity boundary layer shift in the
existing models for rough surfaces (Lai, 2005; Zhao and Wu,
2006b).

2. Materials and methods
2.1. Experimental setup and measurements
2.1.1. Chamber description
Experiments were conducted in a sealed chamber
(1  1  1.25 m3) with smooth plexiglass surface (Fig. 1). The
aerosol test chamber was designed with dimensions such that the
time required for coagulation of particles in the dry experiments be
smaller than their settling time, so that the particles have sufﬁcient
time to coagulate as they settle down. The chamber was provided
with multiple ports on two walls, ceiling, and ﬂoor. An inlet for
injecting aerosols and an outlet for sampling aerosols were
mounted through the side wall. A fan (diameter 12 in) operating at
900 rpm (revolutions-per-minute) to create turbulent conditions
was installed on the ceiling of the chamber. Probes to measure
temperature and relative humidity were inserted into the chamber
through the ceiling. A vacuum pump for purging the chamber was
connected at its base. To conduct experiments on rough surfaces,
sandpapers of grade P80 (roughness that might be expected on
indoor walls) with average grit size of 200 mm were afﬁxed on all
the inner surfaces of the chamber (100% chamber area covered by
sandpaper). Further, a reinforced concrete slab (1.2  0.4 m2) was
also fabricated (concrete mix 1:2:4 by volume) and mounted inside
the chamber against the wall for experiments with combination of
different wall surfaces (~7% chamber area covered by the concrete
slab).

2.1.2. Aerosol generation and measurements
In order to conduct the chamber studies, CsI aerosols were
generated using an atomizer (TSI Model 3079). A 0.01 M solution of
CsI was used for producing wet aerosol particles which were passed
through a silica gel denuder to dry the aerosol particles (relative
humidity of air in the range of 25e30%). The mode of the particle
size produced is between 0.04 mm and 0.06 mm while the geometric
standard deviation is between 1.5 and 1.7. In this study, all aerosol
particles were assumed to be spherical.
The particle size distributions were measured using a scanning
mobility particle sizer (SMPS, TSI model 3936; sample ﬂow rate: 0.3
lpm). Temperature and relative humidity measurements inside the
chamber were measured using humidity and temperature transmitter (HMT, Vaisala model 337). Temperature values are recorded
in the range of 30⁰Ce35  C with the relative humidity vary from
25% to 35%.

2.1.3. Experimental procedure
At the start of each experiment, the chamber was cleaned with a
wet cloth and then purged with ﬁltered dry air at a high rate
(~35 lpm) using the pump for 2 h to achieve minimal total background concentration (~1000 cm3). The tubing to the pump was
then directly connected to the chamber, thus ventilating the
chamber with clean dry air. Aerosol particles were then injected
into the chamber for 10 min at a ﬁxed ﬂow rate (4 lpm). The fan was
operated at 900 rpm (revolutions per minute) for turbulent condition and was switched off for quiescent conditions.
Each experimental setup was given a tag (listed in Table 1) based
on the wall surface and turbulence condition which will be used
hereafter to describe a particular condition. For each condition,
experiments were conducted at least four times to show that the
results were reproducible.
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Fig. 1. Schematic of the experimental setup.

Table 1
List of experiment tags under various conditions.
S. No.

Experiment tag

Wall surface

Fan ON/OFF

Roughness (Area covered)

1
2
3
4
5
6

PGFOFF
PGFON
SPFOFF
SPFON
CWFOFF
CWFON

Plexiglass (PG)
Plexiglass (PG)
Sandpaper P80 (SP)
Sandpaper P80 (SP)
Plexiglass with concrete slab (CW)
Plexiglass with concrete slab (CW)

OFF
ON
OFF
ON
OFF
ON

Smooth - 0 mm (100%)
Smooth - 0 mm (100%)
200 mm (100%)
200 mm (100%)
600 mm (~7%)
600 mm (~7%)

2.2. Data analysis and modelling
2.2.1. Modelling coagulation
Coagulation is a signiﬁcant process for very small particles when
the total number concentration is higher than 104 cm3 (Hussein
et al., 2009a,b). In all our experiments, the initial total number
concentration as measured by the SMPS was of the order of
105 cm3, thus making it necessary to model coagulation. The
evolution of size distribution of particles as a result of coagulation
process is described by the integro-differential equation stated in
Eq. (2) (Muller, 1928).

vCV
1
¼
2
vt

ZV

bV

V ;V

CV

bV

CV CV dV

V

CVV dV

0

Z∞
 CV

;V

(2)

0

where C is the time dependent number concentration (cm3) of
particles of volumeV ; V or V , and b is the coagulation kernel
of two colliding particles. The equation includes both production
and depletion of particles of volume V due to coagulation only.The
general formula obtained for volume conserving, semi implicit
coagulation of particles of uniform composition is stated in Eq. (3)
(Jacobson and Turco, 1994).

V k Cktþ1 ¼

where V

k

V k Ckt þ Dt

Pk nPk1

1 þ Dt

j¼1

PNB 
j¼1

tþ1 t
Cj
i¼1 fi;j;k bi;j V i Ci


1  fk;j;k bk;j Cjt

o
(3)

is the volume of bin k, Cktþ1 is the ﬁnal number con-

centration of bin k, Ckt is the initial number concentration of bin k,
Dt is the time step, bi;j is the coagulation kernel of colliding particles
of bins i and j, fi;j;k is the volume fraction of intermediate particles of
volume V i þ V j partitioned to bin k and NB is the number of bins.
2.2.2. Modelling deposition onto different surfaces
Inside the chamber, the injected aerosols undergo deposition on
different surfaces such as ceiling, walls and ﬂoor. The deposition
velocity is governed by diffusion and gravitational forces. In order
to model the deposition velocity, the particle ﬂux through the
boundary layer (J), is assumed to be constant through the particle
concentration boundary layer and is described below by a modiﬁed
form of Fick's law (Lai and Nazaroff, 2000).


 vC
 εp þ D
vy
J ¼ |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
Diffusion

ivs C
|ﬄﬄﬄ{zﬄﬄﬄ}

(4)

gravitational settling

where εp is the turbulent (eddy) diffusivity of the particle, D is the
Brownian diffusivity of the particle, C is the particle concentration
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in air, y is the normal distance to the surface, vs is the settling velocity and i is a constant used to characterize orientation of the
surface, i ¼ 1 for an upward facing horizontal surface (ﬂoor); i ¼ 1
for a downward facing horizontal surface (ceiling); i ¼ 0 for a vertical surface.
Let C∞ be the particle concentration outside the concentration
boundary layer; the particle deposition velocity (vd ) is deﬁned as
follows (Lai and Nazaroff, 2000).

vd ¼

jJðy ¼ 0Þj
C∞

(5)

For the sake of convenience, particle concentration (C), distance
from the surface (y) and deposition velocity (vd ) are normalized by
the freestream particle concentration (C∞ ), friction velocity (u* )
and ﬂuid kinematic viscosity (n) as follows in Eqs. (6)e(8).

Cþ ¼

yþ ¼

nþ
d

¼

C
C∞

vt

n

¼

(7)

 0:049774

(14)

3  yþ  52:108

0:4yþ

yþ > 52:108


r þ þbþ

dyþ
!3
yþ
11:15

52:108
Z

þ

þSc1


3

dyþ

!2
yþ
11:4


0:049774 þSc1

þ

(10)

whereks is the roughness height and e is the shift of the velocity
boundary layer. Boundary conditions taking the effect of interception on a rough surface have been stated in Eq. (12) (Guha, 1997).
Here, r þ ¼ ðdp =2Þðu* =nÞ; where dp is the particle diameter and

bþ ¼ kþ  eþ ¼ bðu =nÞ ¼ ðks  eÞð u =nÞ
at yþ ¼ r þ þ bþ
at yþ ¼ 200

dC þ
¼
vþ
d

rþ þbþ

(15)

(12)

n



εp þ D

where Schmidt number Sc ¼ nD1

A ¼ 3:71667 Sc2=3 ½A1  ðA2 þ A3 Þ

where A1 ¼

"
3 #
11:15Sc1=3 þ 3
Sc1 þ 0:01947
"
#
1=3
pﬃﬃﬃ
1 6  11:15Sc
p
ﬃﬃﬃ
þ 3tan
11:15 3Sc1=3

(17)

1
ln
2

"
#


3
11:15Sc1=3 þ r þ þ bþ
1
A2 ¼ ln

3
2
Sc1 þ 7:21398  104 r þ þ bþ

A3 ¼
dyþ ¼ I

(16)

The values of the three integrals A, B and C is stated in Eqs.
(17)e(23) below.

(11)

Eq. (9) is re-arranged as follows and its integration across the
boundary layer, subject to the boundary conditions stated in Eq.
(12) yields the deposition velocity.

Z200 

dyþ


0:4yþ þSc1
52:108
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

(9)

b ¼ ks  e

0
1

B

A

Z200

C

Guha (1997) extended his deposition model of smooth surfaces
to rough surfaces by assuming that the particles are being captured
when they reach the effective roughness height (b).

0

!2

Z3

(8)
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εp þ D vC þ
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n
vyþ

1
¼
vþ
d

yþ < 3

|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ} |ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

nd

Z1

!3

Case I : r þ þ bþ < 3

I¼

n

Cþ ¼

yþ
>
>
>
>
>
11:4
>
>
>
>
:

(6)

yu

yþ
11:15

Depending upon the three regimes indicated in Eq. (14), the
integral in Eq. (13) was solved analytically for three different cases.

Using Eqs. (5)e(8) for i ¼ 0, Eq. (4) can be written as follows in
order to calculate deposition velocity for a wall surface.

vþ
d

8
>
>
>
>
>
>
>
>
>
<

" 
#

pﬃﬃﬃ
2 r þ þ bþ  11:15Sc1=3
pﬃﬃﬃ
3tan1
11:15 3Sc1=3

(18)

(19)

(20)

(13)

Now in order to solve the integration, particle eddy diffusivity is
assumed to be equal to the ﬂuid turbulent viscosity (nt ). It has been
ε
proved mathematically that npt ¼ 1 for homogeneous isotropic tur-

B¼

64:98 ð52:108 þ B1 Þð3  B1 Þ
ln
B1
ð52:108  B1 Þð3 þ B1 Þ

1=2

where B1 ¼ 11:4 0:049774  Sc1

(21)

(22)

bulence and for particles with dimensionless relaxation times
!
*2

tp u
tþ
p ¼ n

less than 0.1 (Hinze, 1975). Here tp is the particle

relaxation time. For our conditions, the dimensionless relaxation
times were always found to be less than 0.1ðtþ
p ≪0:1Þ. The ﬂuid
turbulent viscosity is calculated by the correlation stated below
(Johansen, 1991).

C ¼ 2:5 ln

80 þ Sc1
20:8432 þ Sc1

Case II : 3  r þ þ bþ  52:108

(23)
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52:108
Z

dyþ

Z200

dyþ


I¼
!2
þ þ Sc1

þ
0:4y
yþ
52:108
rþ þbþ
1
 0:049774 þ Sc
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
11:4
C
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
D

(24)
The value of integral is stated in Eq. (25). The value of C was
already stated earlier in Eq. (23).




64:98 ð52:108 þ B1 Þ r þ þ bþ  B1



D¼
ln
B1
ð52:108  B1 Þ r þ þ bþ þ B1
þ

(25)

2.2.3. An aerosol dynamic model for different surfaces
Eq. (2) includes production and loss terms only due to coagulation. Two more loss terms are added to this equation - due to
deposition onto surfaces and ventilation. As we are focusing on
submicron particles, turbophoresis is neglected. As the particles are
being dried and no phase change is involved, condensation and
nucleation are also ignored. All the experiments are conducted at
room temperature and the effect of thermophoresis is not considered in the absence of a temperature gradient.

vCV
1
¼
2
vt

I¼
r þ þbþ

vwall ¼ vd ¼

I

(26)

(27)

The velocity for the horizontal surfaces (ceiling and ﬂoor) has
been calculated in the same way as in Lai and Nazaroff (2000) and is
stated in Eqs. (28) and (29). Summary of equations for calculating
the dry deposition velocity is shown in Table 5.

vceil ¼

v
 s
exp vusI  1

vfloor ¼

vs


1  exp  vusI

(28)

(29)

Deposition to all surfaces is assumed to proceed independently
and the overall loss rate coefﬁcient (ld ) is calculated as follows.

ld ¼

vceil Aceil þ vwall Awall þ vfloor Afloor
V

V ;V

CV

bV



CV CV dV  l þ ld;V CV

V

CV dV

0

;V

(32)

0

Here,ld;V is the overall deposition rate of particles with volume
V as computed in Eqs. (30) and (31) and l is the ventilation rate
They
(l ¼ Q =VwhereQ is the sampling rate of the instruments).
are incorporated in Eq. (3) as follows.

Now, the deposition velocity for the wall is obtained as follows.

u

bV
Z∞

þ

dyþ
80 þ Sc1


 ¼ 2:5 ln

0:4 r þ þ bþ þ Sc1
0:4yþ þ Sc1

ZV

 CV

Case III : r þ b > 52:108
Z200

335

(30)

The same formula is used for both smooth and rough surfaces.
However, in case of smooth surfaces, kþ is taken to be zero and then
the integrals are evaluated (Lai, 2005). In case of combination of
smooth and rough surfaces, the velocities are calculated separately
and the area of different surfaces are used accordingly. The
expression for calculating the overall loss rate coefﬁcient when a
rough concrete slab is used inside a smooth plexiglass chamber is
stated in Eq. (31). The subscripts rands are used for rough and
smooth surfaces, respectively. In case of plexiglass with a single
concrete slab attached only on one wall surface, Awall;r is ~7% of the
total chamber area and accounts for the roughness. In the experiment, concrete surface is not distributed evenly across the chamber
but in the model we have included rough surface area for all surfaces of the chamber considered in equation (30) which results in
equation (31) below. Now the model considers all the surfaces for
any type of rough surface distribution (even or uneven).

vceil;s Aceil;s þ vwall;s Awall;s þ vfloor;s Afloor;s þ vceil;r Aceil;r
þv
A
þ vfloor;r Afloor;r
ld ¼ wall;r wall;r
V
(31)

V

tþ1
k Ck

o
P nPk1
tþ1 t
V k Ckt þ Dt kj¼1
Cj
i¼1 fi;j;k bi;j V i Ci


P 
¼
NB
1  fk;j;k bk;j Cjt þ l þ ld;k
1 þ Dt
j¼1

(33)

The particle size distribution obtained from the SMPS, just after
ten minutes of aerosol injection will be hereafter referred to as
initial or time t ¼ 0. The model calculations give the same results
independent of the value of time step due to semi-implicit non
iterative volume conserving solution. The model simulations
require the chamber geometries, friction velocity, mean roughness
height of the rough surface and initial particle size distribution
inside the chamber as input parameters. The mean surface roughness height of sandpaper was known to be 200 mm and of concrete
slab was taken to be 600 mm (S. El Hamdani, 2008).
2.2.4. Revised parameterizations for eþ
Traditional parameterization for eþ ð¼ 0:55kþ Þ and the one
suggested by Zhao and Wu (2006b), as stated in Eq. (1), over predicted the dry deposition velocity and did not agree with Sippola's
experiments. The best curve ﬁtted for Sippola's experimental data
was of eþ ¼ 0:97kþ for Sippola's experiments as opposed to
eþ ¼ 0:82kþ obtained from Eq. (1) forkþ ¼ 66:9 (Zhao and Wu,
2006b). The predictions made with the ﬁtted equation Eq. (1)
were however better than those made using the traditional
model for these large surface roughness values. It should be noted
here that Zhao and Wu have modelled only deposition.
For very small values ofkþ , eþ z0 and thus large over predictions
in dry deposition velocities were obtained in hydraulically smooth
and transition regimesðkþ  30Þ. In these cases, the traditional
parameterization simulated better than the parameterization suggested in Eq. (1) which showed almost no shift in the velocity
boundary layer. Thus, we decided to check different values of this
parameterization and arrive at a new constant value of eþ =kþ
which could help simulate results closer to the experimental data
for any value ofkþ . Thus, it is decided to check different values of
this parameterization to arrive at a new constant value of eþ =kþ
which could simulate results closer to the experimental data for
any value of kþ . Since the study shows that the model is sensitive to
eþ =kþ value, multiple iterations of eþ =kþ ratio for different kþ was
done and calculated the RMSE between experimental and
modelled data. Based on the minimum RMSE, the ﬁnal chosen
value for eþ =kþ is 0.9, which is used for further calculations in
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present study and it is also validated for different sets of experimental data shown in Section 3.2. However, this term needs to be
recalculated, if the conditions differ from the presently considered
work.
3. Results and discussion
3.1. Effect of different wall surfaces
We examined experimentally the effect of different wall surfaces, viz., smooth, rough and a combination of both by plotting
time series of normalized number and volume concentrations under turbulent condition (Fig. 3). The initial size distributions and
total number concentrations of three experiments (PGFON, CWFON
and SPFON) are given below in Fig. 2 and Table 2 respectively.
The initial total number concentrations and the initial size distribution of particle in all our experiments were almost of the same
order of ~105 cm3 and mode of the distribution at ~0.06 mm as
shown in Fig. 2. So the effect of coagulation was similar for all three
cases. The detailed model calculation in terms of number concentration was done for above three cases and is described with results
in Fig. A1 and Fig. A2 under Appendix C. Normalization was done
with respect to the initial number concentration of each experiment to neglect the effect of initial number concentrations. Similarly, the volume concentrations were also normalized with respect
to the initial volume concentrations. Turbulent condition was
chosen to ensure homogeneous mixing inside the chamber, so that
the differences observed in Fig. 3 (a) could be attributed entirely to
the differences in deposition velocity for the different surfaces
chosen. Assuming no change in particle density, and using the fact
that coagulation is volume conserving, we attribute the depletion
in volume concentration in Fig. 3 (b) to deposition as well as loss
due intake of particles by the instrument.
Fig. 3 clearly shows that the decay in number concentration as
well as volume concentration increases with increase in surface
roughness of the inner surfaces of the chamber. Comparing experiments PGFON and SPFON, we expect the differences as plexiglass is smoother compared to sandpaper. Owing to the roughness,
the thickness of the particle concentration boundary layer is
reduced (Zhao and Wu, 2007) and a particle might be stopped at a
distance greater thandp =2 from the wall, where dp is the particle
diameter. The shorter stopping distance explains the increase in
deposition velocity over a rough surface (Huessin et al., 2012).

Experiments PGFON and CWFON differ in the setup by a concrete
slab, which accounts for only ~7% of the inner surface area of the
chamber so that signiﬁcant differences were not expected initially.
However, the observed differences are attributed to the large values
of surface roughness of the concrete slab, which dominated over
the fractional contribution of concrete in the chamber surface area.
Comparing experiments CWFON and SPFON, we see that even
though the surface roughness of sandpaper is less than that of the
concrete slab, the contribution of roughness in terms of area is
higher for sandpaper, which shows faster decay in both number as
well as volume concentrations.
3.2. Validation of proposed parameterization for eþ
In Fig. 4, the proposed model for calculating deposition velocity
is used with different values of eþ =kþ to compare with the experimental data of Lai and Nazaroff (2005) for four different roughness
values
of
sandpapers
(ks values are 70 mm; 100 mm; 150 mm and 250 mm). For these
small values of roughness, it is clearly observed that the proposed
value of eþ =kþ ¼ 0:9 performs the best in all four cases. The
traditional model ðeþ =kþ ¼ 0:55Þ simulates deposition velocity
better than the parameterization suggested by Zhao and Wu
(2006b) in Eq. (1). RMSE between the predicted data from the
three approaches and the measured data, along with percentage
reduction in RMSE after using the proposed approach has been
computed and shown in Table 3. Signiﬁcant reduction in RMSE can
be observed when the proposed approach is used compared to the
two existing ones.
The depletion in volume concentration is attributed to deposition as well as deposition as well as loss due intake of particles by
the instrument as suggested earlier. We plotted the time series of
normalized volume concentration of our experimental data
(SPFOFF and SPFON) with the simulated data for the above
mentioned three parameterizations (Fig. 5). The two different experiments were chosen to represent hydraulically smooth (kþ < 3)
and transition regimes (3 < kþ < 30). It is again observed that the
proposed approach works better than the previous two approaches
and that the traditional parameterization again simulates better
than Zhao's parameterization stated in Eq. (1) indicating inefﬁciency of Zhao's parameterization in case of low roughness
values (kþ < 30) in the hydraulically smooth and transition regimes.
Fig. 6 shows that the improved parameterization as suggested
by Zhao and Wu (2006b) simulates better than the traditional
approach, though both of them do not agree satisfactorily with the
measured data forkþ ¼ 66:9. As mentioned earlier, the best agreement was found foreþ ¼ 0:97kþ. In this case also, our proposed
parameterization performs better than both the traditional
approach and Zhao's approach suggesting that the proposed
parameterization predicts the best for different values ofkþ . Due to
lack of detailed measured data for different roughness values and
shift in the velocity boundary layer, Zhao & Wu used the experimental data of Grass (1971) and Wan (1981) in their study and
came up with Eq. (1). Due to irregular nature of surface roughness,
no universal rule for shift in velocity boundary layer can be derived.
However, as discussed in this section, the proposed approach
simulates the best results over a wide range of roughness values.
Thus, the proposed parameterization is used in the current study to
predict the deposition velocity over a rough surface in the aerosol
dynamic model.
3.3. Validation of aerosol dynamic model

Fig. 2. Initial size distribution of experiments.

The aerosol dynamic model proposed in Eq. (32) for submicron

K. Vohra et al. / Atmospheric Environment 152 (2017) 330e344

337

Fig. 3. Time series of normalized number and volume concentration for experiments (plotted at 5% signiﬁcance level) using different wall surfaces under turbulent condition.
Table 2
Initial total number concentration of experiments.
Experiments

Initial Total Number Concentration

PGFON
CWFON
SPFON

1.6112  105
2.7211  105
4.135  105

particles for smooth, rough, and combination of both surfaces has
been validated with the measured data obtained from the experiments done as a part of the current study. Comparison of the model
with the measured data for all six conditions (stated in Table 1) is
presented in Fig. 6. The effect of turbulence in the experimental

data can be clearly seen in all three subplots in Fig. 6. Under turbulent condition (when the fan was switched on), the number
concentration has a steeper decay rate compared to quiescent
conditions (when the fan was switched off) for all three cases. The
differences between quiescent and turbulent conditions for all
three wall surfaces are found to be statistically signiﬁcant with high
conﬁdence. These results are expected, as turbulent condition results in a higher value of friction velocity which implies a larger
value of inertia, contributing to higher deposition velocity as
compared to quiescent conditions (Zhao and Wu, 2007).
The coagulation time scale for polydisperse aerosol with count
median diameter (same as geometric mean diameter for lognormal

Fig. 4. Comparison of deposition velocities for different values of eþ =kþ with experimental data of Lai and Nazaroff (2005).
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Table 3
RMSE (expressed in 104 cm s1) between the model predictions and measured data of Lai and Nazaroff (2005). The values in brackets in last two columns indicate % reduction
in RMSE after using our proposed approach.
Sandpaper grade (Roughness value)

Proposed approach ðeþ =kþ ¼ 0:9Þ

Zhao & Wu's approach stated in Eq. (1)

Traditional approach ðeþ =kþ ¼ 0:55Þ

220 (70 mm)
150 (100 mm)
100 (150 mm)
60 (250 mm)

1.67
2.93
6.17
3.07

34.33 (95.1)
64.43 (95.4)
121.24 (94.9)
228.21 (98.7)

6.28 (73.4)
13.52 (78.4)
29.67 (79.2)
77.42 (96.0)

Fig. 5. Comparison of normalized volume concentration for different values of eþ =kþ with experimental data (a) SPFOFF (b) SPFON.

distribution) 50 nm, geometric standard deviation 1.70 and initial
number concentration of the order 105 cm3 is calculated to be
approximately 30 min. This is observed for quiescent conditions in
all three subplots in Fig. 7, which show that coagulation is a
dominating process out of deposition and coagulation when the fan
is switched off. In both cases, coagulation is the same (The Model
results of only coagulation for FAN-OFF and FAN-ON case are shown
in Appendix C - Fig. A3) but when the fan is switched off, deposition
due to turbulence is not included and deposition is thus less
effective. In case of turbulent condition, the number concentration
decays faster, and we can see that the number concentration reaches half of its initial value in less than 30 min in all three subplots
in Fig. 7. This shows that apart from coagulation, turbulent deposition is also playing a signiﬁcant role in number concentration
decay when the fan is switched on. However, in all these cases, we
observe that the number concentration decreases at a very slow
pace after two hours. This suggests that out of coagulation and
deposition, deposition contributes signiﬁcantly after two hours as
coagulation is less effective due to decrease in total number

concentration.
The predictions made by the aerosol dynamic model for all the
six conditions agree very well with the measured data. Normalized
RMSE is obtained by dividing the RMSE by the range of the
measured data and expressed as a percentage, hereafter referred to
as NRMSE. NRMSE is calculated for the predicted and measured
total number concentrations and varies from 1.17% to 5.36%. Differences between predicted and measured total number concentrations are observed initially for quiescent conditions. These
differences are attributed to the inhomogeneous mixing inside the
chamber when the fan is not in operation. The model assumes
homogeneous mixing and thus simulates the total number concentration really well for turbulent condition. To show that the
model is able to capture the aerosol dynamics at different instances,
evolution of size distributions for all the six cases is also considered
in this study.
Evolution plots for experiments with plexiglass walls are shown
in Fig. 8. The mode of the size distribution increases from 57.3 nm to
101.8 nm in 2 h when the fan is switched off and from 42.9 nm to

Fig. 6. Comparison of dimensionless deposition velocity of proposed model with measured data and earlier models for large roughness values (a) measured data of Sippola's
experiments along with traditional model and Zhao's model (Zhao and Wu, 2006b) (b) proposed model eþ ¼ 0:9kþ .
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condition. This suggests that coagulation is more pronounced when
the fan is on. Apart from the shifting of the mode, the peak number
concentration decreases faster in experiment PGFON compared to
experiment PGFOFF. This is a combined effect of coagulation and
turbulent deposition, the latter being dominant. Similar trends are
observed in case of sandpaper experiments and those with a concrete slab. To calculate deposition velocity for smooth plexiglass
walls, kþ is taken to be zero. NRMSE between measured and predicted data is as high as 10.49% for quiescent condition and 12.42%
for turbulent conditions. The model successfully predicts the head
and tail for both the conditions with signiﬁcant deviations near the
mode at 30 min. These differences are attributed to the high deviations in the experimental data. As the chamber is large in size, it
takes time to achieve uniformity of number concentration inside
the chamber. The model however assumes uniformity of number
concentration throughout the chamber at all times and hence we
observe differences between modelled and experimental data at
30 min. The differences are observed to reduce with time and the
model predicts the same size distribution as measured distribution
at 2 h.
Experiments for rough surfaces were done using sandpaper
with roughness heightks ¼ 200mm. Evolution plots for the same are
shown in Fig. 9. NRMSE calculated is as high as 13.61% for both
quiescent and turbulent conditions. The model predicts well for
turbulent condition and the deviations observed in case of quiescent conditions are attributed to the inhomogeneous mixing in the
chamber (see Fig. 10).
Experiments were also done using a concrete slab inside the
plexiglass chamber and evolution plots for this combination of
smooth and rough surfaces are shown in Fig. 10. NRMSE calculated
is as high as 19.00% under turbulent condition and upto 6.87%
under quiescent conditions. The model is able to predict the
measured size distribution within the error limits (5% signiﬁcance
level) for both cases.
The values of Peak Concentration Reduction Factor (PCRF) has
been calculated as the difference of the initial and ﬁnal concentration of mode of distribution over chosen time interval normalized by the initial number concentration of mode. PCRF for the
experimental data are computed for all the six conditions at all four
instances and the values are found to be maximum for SPFON
(Table 4). Therefore, it is observed that both surface roughness and
turbulence increase the dry deposition velocity of particles. We are
able to capture both these effects in our proposed model
successfully.

4. Summary and conclusions
In this study, experiments were done using CsI aerosols in order
to simulate a compartment of Nuclear Reactor Building under accident scenario in a small scale test chamber and evaluate the effect
of wall surface and turbulence on aerosol deposition. A generalized
model to predict size distribution considering the combined effect
of coagulation and deposition is proposed and validated with the
measured data. The equations derived to calculate the dry deposition velocity are summarised in Table 4. Following conclusions
can be drawn from this study:
Fig. 7. Comparison of normalized number concentration for both model and experiment (plotted at 5% signiﬁcance level) under quiescent and turbulent conditions. (a)
plexiglass walls, (b) sandpaper (P80) walls, (c) plexiglass with concrete slab.

85.1 nm when the fan is switched on. Here, Mode0 is the mode of
the initial size distribution and Modet is the mode of the size distribution at timet. The ratio of the modes (Modet =Mode0 ) increases
with time but the increase is found to be more in case of turbulent

(1) Both coagulation and deposition play a signiﬁcant role for
particles in submicron range for high number concentration
values (~105 cm3) as is evident from the increase in mode
ratio with time and the high peak concentration reduction
factors.
(2) Both surface roughness and turbulence increase the deposition velocity, and the maximum effect is observed when
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Fig. 8. Comparison of measured (5% signiﬁcance level) and predicted particle size distribution evolution plots for smooth surfaces under quiescent and turbulent conditions (a)
PGFOFF (b) PGFON.

Fig. 9. Comparison of measured (5% signiﬁcance level) and predicted particle size distribution evolution plots for rough surfaces under quiescent and turbulent conditions (a)
SPFOFF (b) SPFON.

Fig. 10. Comparison of measured (5% signiﬁcance level) and predicted particle size distribution evolution plots for combination of smooth & rough surfaces under quiescent and
turbulent conditions (a) CWFOFF (b) CWFON.

Table 4
PCRF values of experiments at different instances. The value mentioned in subscript denotes t minutes. The values are reported in cm3 h1.
Experiment

Wall surface

Fan ON/OFF

PCRF30

PCRF60

PCRF90

PCRF120

PGFOFF
PGFON
SPFOFF
SPFON
CWFOFF
CWFON

Plexiglass
Plexiglass
Sandpaper P80
Sandpaper P80
Plexiglass with concrete slab
Plexiglass with concrete slab

OFF
ON
OFF
ON
OFF
ON

1.381
1.484
1.422
1.651
1.168
1.585

0.848
0.891
0.842
0.950
0.755
0.918

0.603
0.632
0.605
0.655
0.564
0.643

0.468
0.486
0.467
0.496
0.446
0.490
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Table 5
Summary of equations for calculating the dry deposition velocity.
Description

Equation


vwall ¼ uI
I ¼AþBþC

Deposition velocity, wall
Case I :

rþ

þ

bþ

<3

A ¼ 3:71667 Sc2=3 ½A1  ðA2 þ A3 Þ
"
#
"
#
pﬃﬃﬃ
1=3
1=3
þ3Þ3
pﬃﬃﬃ
A1 ¼ 12 ln ð11:15Sc
þ 3tan1 611:15Sc
1=3
Sc1 þ0:01947
11:15 3Sc

"
ð11:15Sc1=3 þðrþ þbþ ÞÞ
Sc1 þ7:21398104 ðr þ þbþ Þ3

A2 ¼ 12 ln
A3 ¼

#
3

"

pﬃﬃﬃ
3tan1

#
1=3
2ðrþ þbþ Þ11:15Sc
pﬃﬃﬃ
11:15 3Sc1=3

ð52:108þB1 Þð3B1 Þ
ð52:108B1 Þð3þB1 Þ

B ¼ 64:98
B1 ln

B1 ¼ 11:4ð0:049774  Sc1 Þ1=2
C ¼ 2:5 ln
Case II : 3  r þ þ bþ  52:108

80þSc1
20:8432þSc1

I ¼CþD
D ¼ 64:98
B1 ln

Case III : r þ þ bþ > 52:108

I ¼ 2:5 ln

exp

Deposition velocity, ﬂoor

80þSc1
0:4ðrþ þbþ ÞþSc1

vs 

vceil ¼

Deposition velocity, ceiling

ð52:108þB1 Þððrþ þbþ ÞB1 Þ
ð52:108B1 Þððrþ þbþ ÞþB1 Þ

vs I
u

1

v
s

vfloor ¼

1exp



vusI

Sc ¼ nD1 ; where n is the kinematic viscosity of air and D is the Brownian diffusivity of particle:
r þ ¼ ðdp =2Þðu = nÞ; where dp is the particle diameter and u is the friction velocity:
bþ ¼ kþ  eþ where kþ is the dimensionless roughness height and eþ is the shift in the boundary layer ðdimensionlessÞ.vs is the settling velocity:

both the conditions exist together. Peak concentration
reduction factor (in 2 h) is found to have the maximum value
of 0.496 cm3 h1 for SPFON.
(3) The proposed model for predicting aerosol size distribution
incorporates an improvement in existing parameterization
for estimating shift in velocity boundary layer. This model
can be used to calculate dry deposition velocity for smooth,
rough surfaces, or combination of both, with the required
input parameters being chamber geometry, friction velocity,
surface roughness, and initial particle size distribution.
(4) Using the proposed model, the evolution of particle size
distribution with time for any kind of surface can also be
simulated. This will be helpful to determine number concentrations of a particular size range (at submicron level) at
any instance of time.
(5) This study suggests that introducing turbulence has the
tendency to reduce the peak aerosol concentration at a faster
rate. Besides, coagulation of ultra-ﬁne particles will continue
to take place.
According to our knowledge, evolution of submicron particle
size distribution due to the combined effect of coagulation and
deposition onto rough surfaces has been studied for the ﬁrst time.
The results of this study provide useful insights in minimizing the
radioactive ﬁssion product release from the containment into the

Z3
I¼


r þ þbþ

dyþ
!3
yþ
11:15

52:108
Z

þ

þ Sc1


3

dyþ

!2
yþ
11:4

atmosphere.
Acknowledgement
This study is supported by Reactor Safety Division, Bhabha
Atomic Research Centre (RSD/RKS/TI/97704/2013-BARC), Trombay,
Mumbai. We would like to thank Dr Abhijit Kushari for allowing us
to use the photo tachometer. We would also like to thank Deepika,
Shamjad and Abhishek for the useful discussions. We also
acknowledge Harishankar's assistance at the time of experiments.
Appendix A
The key steps in solving the integration to derive an analytical
solution for dry deposition velocity over a rough surface are outlined below,

I¼

1
¼
vþ
d

Z200 

n



εp þ D

rþ þbþ

dyþ

Case I : r þ þ bþ < 3

Z200

þ

 0:049774 þ Sc1

|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

A

B

dyþ


þ
0:4y þ Sc1
52:108
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ
ﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
C
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Z3
A¼


rþ þbþ



þ Sc1
3

¼
rþ þbþ

Z

yþ
11:15

52:108

ð11:15Þ
 

3 
3
yþ þ 11:15Sc1=3

where x ¼ yþ ; a ¼ 0:4 and b ¼ Sc1

#



pﬃﬃﬃ
dx
1 1 ðx þ aÞ3
1 2x  a
p
ﬃﬃﬃ
ln
¼
þ
3
tan
x3 þ a3 3a2 2 x3 þ a3
3a

Case II : 3  r þ þ bþ  52:108
52:108
Z

þ constant

I¼



where x ¼ yþ and a ¼ 11:15Sc1=3
52:108
Z

B¼


3
52:108
Z

¼
3



r þ þbþ

Z

þ

 0:049774 þ Sc1

dyþ


þ
0:4y þ Sc1
52:108
|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}
C

D



Integral C has been solved earlier and the integral D is the same
as integral B, only the initial and ﬁnal values are different.

 0:049774 þ Sc1

Case III : r þ þ bþ > 52:108

ð11:4Þ2 dyþ
2


yþ  ð11:4Þ2 0:049774  Sc1

Z200
I¼

Note:
Sc ¼ n=D Schmidt number is very small for submicron particles:
For
our
caseSc1 ≪0:049774,
such
that
1
0:049774  Sc > 0 always.

Now

yþ
11:4

Z200

dyþ

!2

|ﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ{zﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄﬄ}

dyþ

!2
yþ
11:4

dx
1
¼ lnjax þ bj þ constant
ax þ b a

Now

dyþ

"

dyþ


0:4yþ þ Sc1

C¼
Z

Z3

Now

Z200

dyþ
!3

rþ þbþ

dyþ


0:4yþ þ Sc1

The above integral is same as integral C with different initial
values.

dx
1
xþa
ln
þ constant
¼
x2  a2 2a x  a

Appendix B

wherex ¼ yþ and a ¼ 11:4ð0:049774  Sc1 Þ1=2

Following is a list of expressions used in the aerosol dynamic model.
Parameter

Equation

Cunningham slip-ﬂow correction (Cc )

la
Cc ¼ 1 þ Kni ½A þ BexpðCKn1
i Þwhere Knudsen number; Kni ¼ ri

(B1)

la is the mean free path of an air molecule
ri is radius of particle of size i
Particle relaxation time (tp )

Drag coefﬁcient (CD )

Settling velocity (vs )

tp ¼

CC rp d2p
18m where

and m is molecular dynamic viscosity of air (also h)
8
24
>
>
Re < 1
>
<
Rep
0
vd
where Reynold s number Rep ¼ sn p
CD ¼
>
>
> 24 ð1 þ 0:15Re2=3 Þ 1 < Re < 1000
:
p
Rep

Volume fraction (fi;j;k ),
Partitioned into bin k
fi;j;k

Thermal speed of a particle in air (vp;i )

(B3)

andnis molecular kinematic viscosity of air
0
11=2
vs ¼ Cc @43

Particle diffusion coefﬁcient (Dp;i )

(B2)

rp anddp are particle density and diameter

gdp ðrp rÞA
r
CD

(B4)

where r is density of air; g is gravitational acceleration


8
V kþ1  V i;j V
>
>
>
>
>
V kþ1  V k V
>
>
<
¼ 1  fi;j;k1 V k1
>
>
>
>1
>
>
>
:
0

k
i;j

V

k

V

i;j

<V

<V

i;j

< V k;

k>1

V k;

k ¼ NB

V

i;j

kþ1 ;

(B5)

k < NB
where V

i;j

¼V

i

þV

j

all other cases
0

Dp;i ¼ 6kpBrTi hCc where kB is Boltzmann s constant; T is Kevin temperature

(B6)
(B7)
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(continued )
Parameter

Equation
!1=2
8kB T
pmp;i

vp;i ¼

where mp;i is the massðgÞ of one particle of size i
(B8)

p;i
lpi ¼ 8D
pvp;i

Mean free path (lpi )
Brownian coagulation kernel

(bBi;j )

bBi;j

4pðri þrj ÞðDp;i þDp;j Þ

¼

ri þrj

ri þrj þðd2 þd2 Þ1=2
i
j

Coagulation kernel due to convective
Brownian diffusion enhancement
Coagulation kernel due to
GC

gravitational collection (bi;j )

DE
(bi;j )

bDE
i;j

Coagulation kernel due to
turbulent shear (bTS
i;j )

where di ¼

i;j

j

p;i

rj

ri

rj

r

(B9)

 2ri

(B10)
a
where Schmidt number Scp;i ¼ Dnp;i

2
bGC
i;j ¼ Ecoll;i;j pðri þ rj Þ Vf ;i  Vf ;j where Vf ;i is the terminal fall speedðvs ÞCollision efficiency;

where EV;i;j

turbulent inertial motion (bTI
i;j )

4ðDp;i þDp;j Þ

ðv2 þv2 Þ1=2 ðri þrj Þ
p;i p;j

8
< bB 0:45Re1=3 Sc1=3 Re  1;
j
i;j
j
p;i
¼
: bB 0:45Re1=2 Sc1=3 Rej > 1;

Ecoll;i;j

Coagulation kernel due to

þ

2

fð2ri þlpi Þ3 ð4ri2 þlpi Þ3=2 g
6ri lpi

60EV;i;j þ EA;i;j Rej
¼
rj
60 þ Rej

ri

#2
8"
>
< 1 þ 0:75 lnð2Sti;j Þ
Sti;j  1:214
¼
>
:
0

pε3=4

2
d
bTI
i;j ¼ gn1=4 ðri þ rj Þ Vf ;i  Vf ;j

(B11)

Sti;j > 1:214

EA;i;j ¼

2
Sti;j

ðSti;j þ0:5Þ2

and Sti;j ¼

Vf ;i jVf ;j Vf ;i j
rj
rj g

ri

Sti;j  1:214
(B12)

a

bTS
i;j ¼



8pεd
15na

1=2

ðri þ rj Þ3

Appendix C
We calculated and plotted the normalized number concentration with time, as shown in Fig. A1.

Fig. A1. Comparison between coagulation and coagulation with deposition for the case
of a) PGFON, b) CWFON and c) SPFON.

As we expected, the coagulation only results show depletion in
number concentration with time, however, after including deposition along with coagulation, rate of depletion becomes much
higher for all three cases. The difference in the depletion of number
concentration observed in the case of coagulation only is mainly
due to the difference in the initial total number concentration of
three experiments. However after adding surface dependent
deposition the difference between the three cases becomes more
due to the effect of different surfaces. So our model results show
that coagulation can signiﬁcantly change the number concentration
but with deposition it is heavily increased.

(B13)

To observed surface dependent deposition clearly in terms of
number concentration, we assume same input number concentration for all three cases (PGFON, CWFON, and SPFON). The model
results are shown below.

Fig. A2. Comparison between coagulation and coagulation with deposition for the
case of a) PGFON, b) CWFON and c) SPFON.

The results show surface dependent deposition plays important
role to change the number concentration with time. Fig. A2 above
clearly shows that coagulation dependent number concentration
depletion is same for all three cases, and signiﬁcant difference
comes from adding deposition on various surfaces. Both Fig. A1 and
Fig. A2 above show similar results for the case of surface dependent
deposition, so it is indicating that the small difference in the initial
number concentration does not contribute much to the ﬁnal
number concentration.
We tested our coagulation model with and without fan for same
initial number concentration. The results are shown in Fig. A3.
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Fig. A3. Coagulation results of PGFOFF and PGFON case.

As we mentioned earlier in the manuscript, results of both cases
are same. Major reason is that in our experiments most of particles
are less than 1 mm size, at this size range Brownian dependent
coagulation is much more higher than all other coagulation (Turbulent shear, Turbulent inertia, Gravitational settling etc.) as
mentioned in the “Jacobson, Mark Z. Fundamentals of atmospheric
modelling. Cambridge University press, 2005.” Also the fan speed is
not large enough for creating enough turbulence shear force that
can overcome the effect of Brownian coagulation which is present
in both cases with and without fan. It only helps in creating a homogenous condition and increases the deposition rate inside the
chamber which we have already discussed in detail in the
manuscript.
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