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ABSTRACT

The removal of airborne particles was investigated using a trickle granular bed. This filtration process maintains
a constant pressure drop during particles loading, which makes it an interesting alternative for aerosol filtration.
In order to establish mathematical models for the design of the process, a modelling approach that takes into
account the changes of the bed characteristics due to the liquid hold up is undertaken. This approach allows
predicting the pressure drop and the filtration efficiency of the trickle granular bed, based on the assumption
that the bed porosity decreases and the collectors diameter increases with increasing the liquid flow rate. The
model predictions are in agreement with experimental data. For particles with diameters around 100 nm the
collection efficiency presents a minimum. For smaller particles the collection efficiency increases as the
dominating collection mechanism is Brownian diffusion. In the micronic range the collection is governed by

inertial and interception mechanisms and consequently increases with increasing the particle size.
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INTRODUCTION

Airborne particles, generated by several processes like
combustion, thermal spraying, grinding and others,
present serious health hazards and potential negative
impact on the environment. Dust filtration can be
achieved by cyclones, wet separators, electrostatic
precipitators or filters. The most effective separation
processes are fibrous media but the main issue
encountered is the filter rapid clogging and the
increase of the pressure drop. Moreover, unclogging
operations are not fully efficient and might cause the
deterioration of the filter structure leading to a
decrease in its performances [1]. In the case of metallic
nanoparticles the clogging can be irreversible,
inducing a regular replacement of the filter and higher
operational costs [2]. For these reasons research for
alternative separation processes is gaining more and
more attention. Among them is the granular bed
which offers interesting advantages, such as operating
at high temperatures, chemical resistance, low cost
and the possibility to regenerate the bed. Several
investigations showed that the granular bed could be
a promising technique for the removal of ultrafine
particles [3,4,5]. In this perspective, the trickle
granular bed represents an innovative solution to
avoid clogging and thus having a continuous process
with a constant pressure drop. Indeed, the trickling

liquid flows in the form of films over the collectors
surface which allows a continuous entrainment of the
particles collected. As high efficiency of a trickle bed
towards micronic particles has been proved in an
earlier work [6], the aim of this study is to evaluate its
performances for nanoparticles filtration and to
establish mathematical models for the scale up of this
equipment. The modelling of the process
performances is done by assuming that the liquid
accumulation in the bed, also known as the liquid hold
up, would alter the bed characteristics. This liquid
accumulation would decrease the bed porosity and
increase the collectors diameter, consequently modify
the pressure drop and the collection efficiency of the
trickle granular bed. Therefore it is important to
estimate the liquid hold up as it is related to these
changes. The hydrodynamics of trickle beds have been
well studied in the course of the past years, and one
could find numerous correlations for predicting the
liquid hold up [7], however these correlations are
restricted to the operating conditions considered by
their authors and are sensitive to the flow regime. For
dust filtration applications, the trickle granular bed
was designed to operate only in the trickling regime,
i.e. at low liquid and gas flow rates. The trickle flow
regime is generally achieved for a liquid superficial
velocity smaller than 0.01 m.s® and a gas velocity
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lower than 0.8 m.s™ [8]. In this hydrodynamic regime,
the liquid forms a film over the solid collectors and can
continuously remove captured particles from the
collectors surface while maintaining a limited pressure
drop.

I- MODELLING

The modelling of the pressure drop and the collection
efficiency of the trickle bed is based on the variation of
the bed porosity and the collectors diameter due to
the liquid hold up. The latter hypothesis is valid in the
trickling regime because the liquid flows in the form of
films over the collectors. This approach is undertaken
for spherical collectors. The liquid hold up, noted h,
represents the amount of liquid held in the bed per
unit bed volume:

V,
h=—"
Vbed

(1)

where V| is the total liquid volume retained in the bed
and Vieq is the bed volume.

For non-porous packings, the total liquid hold up is the
sum of two contributions. On the one hand, the static
liquid hold up represents the stagnant liquid, i.e. the
liquid retained between and around the contact points
of the collectors after draining the bed. On the other
hand, the dynamic liquid hold up, which represents the
free flowing fraction of the liquid that drains from the
bed when the liquid inlet is shut off.

h= hs + hdyn (2)

where hs is the static liquid hold up and hgyn the
dynamic liquid hold up.

The liquid hold up would decrease the bed porosity as
the water will occupy a fraction of the void volume.
The wet porosity ew can be calculated as follows:

gw=¢—h (3)

where ¢ is the dry bed porosity.

The determination of the wet collector diameter is
done by assuming that the liquid is homogeneously
distributed over the bed and that all the collectors are
perfectly wetted. The volume of liquid around a single

where V¢ is the single collector volume. This means
that:

h =«
T-e6 % ©

with dc is the collector diameter. Another way to
express the volume of liquid around a single collector
can be defined as follows:

Vic =

Zd 7)

T 3
Vic :gdcw_6

where dcw represents the wet collector diameter.
By combining equations 6 and 7, the final wet collector
diameter expression is:

W[

dew = dc (1 + (8)

=5)

1.1. Pressure drop

In order to estimate the pressure drop through the
trickle bed, the Ergun [9] equation was used taking into
account the changes of the bed porosity and the
collectors diameter due to the liquid hold up. For this,
the wet porosity and the wet collector diameter
expressions are used under the assumption that the
liquid is homogeneously distributed over the bed. For
the constant k; of the Ergun equation (cf. Equation 9),
generally correlated to the bed porosity, the
Ingmanson and Andrew [10] expression (cf. Equation
10), which is valid for a porosity between 0.4 and 0.9,
has been used. Still these correlations have been
developed for dry beds. In the presence of liquid the
bed porosity decreases to values between 0.2 and 0.3
and the retained liquid would create obstacles for the
gas flow, inducing an increase of the tortuosity. So, it
was important to establish a relation between the
constant k, and the changing bed characteristics with
the liquid hold up. Using experimental measurements
of the pressure drop the constant k; was correlated to
the wet collector diameter and the wet porosity (cf.
Equation 11). Specchia and Baldi [11] also reported a
variation of the constants k; and k; after measuring the
pressure drop of wet beds. They attributed the
difference compared to dry beds to the fact that
wetting would change the packing shape. The model
given by equation 9 would allow to describe the
pressure drop for various liquid and air flow rates.

collector Vi is calculated as follows: AP (1—gy)’ U
R, Mol
V. h Vi tw=w (9)
Vie = - = (4) L loew
Nc Nc TR g3 Pe Ug
cw Ew
where V_is the total liquid volume retained in the bed 35 3
and Nc is the number of collectors in the bed, which is k, = 36;""05 [1+57(1 —ey)?] (10)
calculated using the following relation: (1 —ew)*
Voeq (1 — ) dew)® ¢
N¢ = eV— (5) k,=7 (ﬂ) —Wz (11)
C de / (1 —¢&y)
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1.2. Trickle bed collection efficiency

The expressions used for the calculation of the
collection efficiency of dry granular beds are modified
for the trickle granular bed using the wet porosity and
the wet collector diameter. The trickle bed filtration
efficiency Erg is given by equation 12 [12]:

3(1-— H
3d-ewH m) (12)

Erg=1- -

TB exp ( )

Another expression could be used based on the
isolated sphere model [13,14], obtained by multiplying
the collector diameter in equation 12 by the porosity.

dew

where H is the bed thickness and nr the overall
efficiency of a single collector, expressed as follows:

nr = 1—1_[(1—rh) (13)

where n; is the efficiency of each mechanism. For
nanoparticles the dominating mechanism is diffusion.
Whereas in the micronic range, the collection
mechanisms involved are: interception, inertial
impaction and sedimentation. The models used for the
different collection mechanisms are resumed in table
1.

Tablel: Collection efficiency models by the different mechanisms.

Mechanism Parameter Model Validity domain
Ugd _ .
e = % Nbiffusion 1=094 g(sw) Pe 2/3 with R 10
Diffusion diff en) = 22 e<
usie D - XsTCu Blew) =74, 0.35<£<0.7
diff = 377 G d, [15]
I].Interception =15 g(sw)3 R2 Re <10
with  gley) = ? for 0.35<€<0.7
W
nanostructured particles [12]
dp
. R=—— Re
Interception dew 2= —3
I].Interception =16 R (R81/3+1) -5 -3
d 10°<R<210
with Re = pGUuﬂ for micronic
G
particles [16]
__ Sterr ;
Ninertial = 0.014+ Stgff with
_ 1.75 Re ey
Inertial _Cup,dj Ug Stegr = St (1 + s (l—sw)) and Sterr < 0.02
impaction 9 Ug dCW Re = pc Ug dcw
T ug
[16]
Gr
2 .
Sedimentation Gr = Cu (pp ~ Pc) d5 8  Nsedimentation = iror Theoretical model

18 pg Ug [17]

Il- MATERIALS AND METHODS

The experimental setup shown in figure 1 is composed
of a glass column with a 0.2-m diameter and a 2.5-m
height, packed with spherical glass collectors with a
porosity close to 0.4. The air is sucked into the room
with a ventilator (2BH7510, Gardner Denver®) and the
flow rate is controlled by a diaphragm (Eletta®). The
water is pumped (Alpha2 L, Grundfos®) from a tank
and homogeneously distributed over the bed cross

section from a trough type distributor placed at the
top of the column. The liquid flow rate is set by a float
flowmeter (Cole Parmer®).

A hydrodynamic study was first performed to
determine the liquid hold up and the pressure drop of
the trickle bed. The pressure drop was measured with
pressure sensors (Keller®). The liquid hold up was
determined by a drainage method [18]. Once a steady
state is achieved, after 30 min, the liquid inlet and
outlet valves (N°4 and N°2, respectively) are shutoff
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simultaneously. The liquid that drains after opening
the outlet valve N°1 represents the dynamic hold up,
the remaining stagnant liquid is the static hold up. The
dynamic liquid hold up was measured using three
different collector diameters (2, 5and 10 mm), with an
air flow rate (G) that ranged between 10 and 25 m3.h-
1 and a water flow rate (L) between 0 and 20 L.min™.
For each collector diameter, the experiments were
performed with three packing thicknesses (10, 30 and
50 cm).

The static liquid hold up was measured at room
temperature and atmospheric pressure using another
column having a diameter and a height of 78 and 380
mm respectively. The ratio of the column diameter to
the collector diameter is close to the one obtained
using the previous column. Initially the column was
filled with a known water mass. After immerging the
collectors the outlet valve was opened and the drained
liqguid was recovered and weighed. The difference
between the two liquid masses allowed determining
the static hold up, while the volumes occupied by the
packing and the liquid were used to calculate the
porosity. The experiences were performed using
collectors of 0.5, 0.8, 1, 1.6, 2, 3, 4.76, 5, 6.35 and 10

generator (DNP 2000, PALAS®). The number
concentrations upstream and downstream of the
trickle bed were measured with an electrostatic
classifier (Model 3082, TSI®) coupled with a
condensation particle counter (Model 3776, TSI®). The
particle size distribution presents a median mobility
equivalent diameter close to 40 nm and the upstream
number concentration varied with the air flow rate as
a result of dilution (cf. figure 2). The filtration
experiments were performed using 5-mm diameter
glass collectors and the bed thickness was set at 30 cm.
The filtration efficiency is determined with the
following equation:

C out

E=1-
Cin

(14)
where Cout and Cin are the concentrations downstream
and upstream of the trickle bed.

To only take into account the granular bed efficiency,
the single column (without collectors) contribution
was quantified, and the bed efficiency (E) was
calculated using the following relation:

) ) _ EColumn with collectors — EColumn without collectors
mm diameters. Each experiment was repeated at least E= 1- E
6 times. Column without collectors
An aerosol composed of graphite nanostructured
particles was generated with an electric spark
}‘ \ S/
/—'—\ 6 Filter
> {><} 5 X Aerosol Generator
4 A PALAS DNP 2000
‘
Scanning Mobility
Particle Sizer
™ () |
’ 7 X
1 =
r > %
—

Water tank

3
Pump < ?

F Filter
1

Ventilator

Fig. 1. Experimental pilot.
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Fig. 2. Number particle size distribution of graphite particles generated.

lll- RESULTS AND DISCUSSION

3.1. Liquid hold up

The variation of the static liquid hold up is usually
described as a function of the modified E6tvés number
EQ" (equation 16) that takes into account the collector
diameter, the bed porosity, the liquid surface tension
and density.

2 2 o2

por = LL8dee (26)

o, (1 —¢)?
The experimental results (fig. 3) show that when the
E6tvos number is superior to 0.1 (corresponds to a
collector diameter superior to 1 mm) the static hold up
is constant. For lower values the static hold up
increases significantly. The results are compared to
correlations proposed in the literature (Table 2), these
correlations are strictly empirical.

Table 2. Correlations of the static liquid hold up

Reference Correlation
[19] b= 1
S 20+ 0.9 Eo*
[20] _ 0.11
S 1+ Eo*

The predicted values do not agree with the
experimental measurements. Since it is crucial for the
modelling approach to have an accurate estimation of
the static liquid hold up, a correlation derived from
data fitting is proposed, given by:

hg = 0.1023 exp(—13.02 E6*) + 0.0322 (17)
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Fig. 3. Results of the static hold up.

0.01

As shown by other authors [11,21,22], the measured
dynamic liquid hold up is not influenced by the gas
flow rate in the studied range (0.08 < Ug< 0.2 m.s*and
0.002 < Uy < 0.01 m.s?t). As a consequence, it is
described by the power product of the Re. (Re=
plUidc/w), Gar (Ga= p? g dé/w?) and the bed
characteristics. The obtained model is given by
equation 18, which shows that, in this studied flow
regime the dynamic liquid hold up is only function of
the liquid flow rate and the bed characteristics.
Although the correlation is valid in a very narrow
range, 4< Re, < 106 and 7.85 10* < Ga, < 9.81 10°, but
this range includes the operating conditions of the
trickle granular bed for dust filtration. Figure 4 gives
the comparison between the calculated dynamic liquid
hold up and the experimental measurements.

hdyn =1.234 Reg.4746 Gaf0'314 (as dc)0.1613 (18)
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Fig. 4. Parity diagram of the dynamic liquid hold up.

The correlations developed in this study for the
prediction of the static and the dynamic liquid hold up
give an acceptable error of 10% which is in the same
order of magnitude than the measurements
uncertainties. For this reason they will be used directly
to calculate the wet porosity and the wet collector
diameter. Table 3 resumes the main results as a
function of the liquid flow rate:

Table 3. Main results of the variation of the bed characteristics as a function of the liquid flow rate

Liquid flow rate dc=2mm dc=5mm dc= 10 mm
(L-min-l) Ew dcw (Mmm) Ew dcw (Mmm) Ew dcw (Mmm)
4 0.2525 2.13 0.2905 5.23 0.3063 10.38
8 0.2182 2.16 0.2681 5.28 0.2902 10.46
12 0.1923 2.14 0.2512 5.32 0.2780 10.52
16 0.1706 2.20 0.2371 5.36 0.2677 10.57
20 / / 0.2248 5.39 0.2588 10.61

3.2. Pressure drop

The results of the predicted pressure drop by Ergun [9]
equation are compared to experimental values
obtained with different collectors (2, 5 and 10 mm)
and for different liquid and air flow rates (fig. 5). The
air superficial velocity ranged between 0.08 and 0.32
m.s? and the wet porosity between 0.31 to 0.17
(which corresponds to a liquid Reynolds number
between 4 and 106). The model gives estimation with

50

Liquid flow rate + 25%
45 (L/min) 4
4 8 12
55 2| ® O
R R - o
= 2EE S| WM O
S35 | 887 )
£ 100 4 A e ;
o -25%
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o o ©
5 25
a
@a B
< / -
5 20 o .~"10
3 o ® o
3T 15 = ® &
. e
3 e 5
210 S
-
> 0
0 5 10
0
0 10 20 30 40 50

Experimental pressure drop (mbar)

a 25% error. When the liquid flow rate exceeds 12
L.min"t the error becomes too important, this suggests
that we are operating at the boundary of the trickling
regime. Under such operating conditions the liquid is
no longer homogeneously distributed through the
bed. This could lead to the creation of enriched liquid
zones or to liquid accumulation on the grid, which may
explain the important increase of the experimental
pressure drop.

50

Liquid flow rate
45 (L/min)
16 20
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3
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Experimental pressure drop (mbar)

Fig. 5. Calculated values of the pressure drop with Ergun (1952) equation versus experimental values.
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3.3. Collection efficiency
3.3.1. Nanoparticles collection efficiency

In order to analyse the influence of the liquid flow
rate, the air flow rate is kept constant. In these
operating conditions, the wet porosity varied
between 0.21 and 0.28, which corresponds to a
liquid Reynolds number between 10 and 53. For
particles with diameters between 25 and 100 nm,
results (fig. 6) show that the efficiency of the dry
bed is better than that of the trickle bed, and that
experimental results are by far greater than those
predicted by the theoretical model. This could be
explained by the existence of electrostatic effects.
Indeed, in a dry bed, electrostatic effects can be
significant for particles in the range of 20 and 100
nm [23], while they can be counteracted by the
presence of liquid at the collector surface. No
significant influence of the liquid flow rate is
observed under these conditions. Indeed, the
increase of the liquid flow rate, and consequently of
the liquid hold up, induces a porosity decrease
responsible for a better particle collection. Another
consequence is an interstitial velocity increase. As
for nanoparticles the predominant collection
mechanism is Brownian diffusion, a decrease of the
residence time causes a lower collection efficiency.
The values predicted by the model developed in this
study are in agreement with the experimental
values with a 10% error, which validates the
approach adopted. The same tendencies are
observed for other air flow rates.

The collection efficiency of the trickle granular bed
was determined for three air flow rates (G =12, 15
and 20 m3.h) and for four water flow rates (L = 4,
8, 12 and 20 L.min™). Figure 7 gives the influence of
the air flow rate with a constant liquid flow rate of
20 L.min%, the same trend is observed with all the
other liquid flow rates. It can be noticed that the
collection efficiency curves present a minimum for
particles with diameters around 100 nm,
approaching by that what is known as the “Most
Penetrating Particle Size” (MPPS). In this range, the
particle size is too important to be collected by the
diffusion mechanism and too small to be
intercepted by the collectors. The results
demonstrate that lower air flow rates result in
higher collection efficiencies. As the dominating
collection mechanism in this range is diffusion,
increasing the residence time results in a better
particle collection.

3.3.2. Modelling the collection efficiency of
micronic particles

The validity of the modelling approach was tested
using experimental data obtained in a previous
work [6] on the removal of Al,0; micronic particles
(with a mean aerodynamic diameter of 1.8 um) by a
trickle granular bed with different collector
diameters (2, 5 and 10 mm) and a bed thickness of
50 cm. These measurements were conducted on
the same experimental pilot presented by figure 1.
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The model predictions are in good agreement with
the experimental results (fig. 8, 9 and 10), taking
into consideration the measurements uncertainties
(10% error). Results show that the collection
efficiency increases with increasing the particle
diameter, due to the predominance of inertial and
interception mechanisms in this size range. Using
smaller collectors allows improving the collection
efficiency which is in agreement with theoretical
predictions and experimental observations [4].
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Increasing the water flow rate results in an increase
of the collection efficiency. This is mainly due to the
decrease of the bed porosity, that will also cause an
increase of the interstitial velocity, enhancing the
particle collection by the inertial mechanism. In
figure 10, the experimental collection efficiency of
the dry bed is lower than that predicted by the
model. This might be due to the increase of the
collector diameter causing a decrease of the ratio
between the column diameter and the collector
diameter. Low ratios result in a wall effect that
creates preferential passages. In the presence of
liquid this effect will disappear because of the liquid
hold up.
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CONCLUSION

This study allows to evaluate the performances of
the trickle granular bed for particles filtration and to
establish mathematical models for the design of the
process. An approach based on the variation of the
bed characteristics due to the liquid hold up turned
out to be sufficient to predict the filtration
efficiency and the pressure drop. This approach is
only valid in the trickling regime, i.e. at low liquid
and gas flow rates, as the liquid flows in the form of
films over the collectors. The ability to estimate the
liquid hold up is of importance as it is related to the
changes of the bed characteristics. Despite a
collection efficiency similar to the one of a dry
granular bed for nanoparticles, it should be kept in
mind that the trickle granular bed can maintain a
constant pressure drop during particles loading.
Moreover, performances could be optimised by
increasing the bed thickness and/or using smaller
collectors. This separator also presented higher
efficiency for micronic particles in comparison with
a dry granular bed. Increasing the liquid flow rate
leads to improving the collection efficiency which is
mainly linked to the decreasing bed porosity.
Regarding its advantages, the trickle granular bed
may be an interesting alternative for dust filtration
where a limited pressure drop is required.

Fig. 9. Experimental and modelled collection NOMENCLATURE
efficiencies obtained with 5 mm diameter collectors a. Bed specific surface area (m?/m?) =
and an air flow rate of 20 m3.h2. 6 (1-€)/dc
Cin Dust concentration upstream the
trickle bed (particles/cm?3)
Cout Dust concentration downstream the
trickle bed (particles/cm?3)
Cu Cunningham coefficient (-)
dc Collector diameter (m)
dew Wet collector diameter (m)
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Difs Brownian diffusion coefficient (m/s)

dp Dust particle diameter (m)

E Bed filtration efficiency (-)

E®” Modified Eétvdés number = p? g
dc2e?/oy(1-€)?

Ets Trickle bed filtration efficiency (-)

G Air flow rate (m3/s)

g Gravity acceleration (m/s?)

g(e) Hydrodynamic factor (-)

Ga, Dimensionless liquid Galileo number
=p’g d/w’

Gr Sedimentation parameter (-)

H Bed thickness (m)

h Total liquid hold up (m3of liquid/ m3
bed volume)

hayn Dynamic liquid hold up (m3of liquid/
m3bed volume)

hs Static liquid hold up (m3of liquid/ m?
bed volume)

k1 Ergun constant (-)

ks Ergun constant (-)

ks Boltzmann constant (J/K)

L Liquid flow rate (m3/s)

Nc Number of collectors in the bed (-)

Pe Peclet number (-)

R Interception parameter (-)

Re Reynolds number = p U dc/p

ReL Dimensionless  liquid  Reynolds
number = p Uidc/ WL

St Stokes number (-)

T Temperature (K)

Ug Gas superficial velocity (m/s)

U, Liquid superficial velocity (m/s)

Vied Bed volume (m3)

Vc Single collector volume (m3)

A Liquid volume (m?3)

Vic Liquid volume over a single collector
(m?)

Greek letters

M Gas viscosity (Pa.s)

AP Pressure drop (Pa)

€ Granular bed porosity (-)

Ew Wet porosity (-)

Npiffusion Unit  collection efficiency by
Brownian diffusion (-)

Ninertial Unit collection efficiency by inertial
impaction (-)

Ninterception Unit  collection efficiency by
interception (-)

Nsedimentation ~ UNit  collection  efficiency by
sedimentation (-)
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