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Abstract

Collection characteristics of mist aerosol particles by a medium-performance fibrous filter was 
studied by analyzing the effect of filtration velocity, numbers of filter, types of liquid with different 
physical properties (palm oil and propylene glycol) during the initial filtration period and the 
saturation behavior. The results show that the pressure drop evolutions during clogging increases 
when the filtration velocity increases because at high filtration velocity, the aerosol particles deposit 
on the collecting surface rapidly. Furthermore, the change in pressure drop increases with increasing 
numbers of filter. Particle size, concentration, viscosity and surface tension of the liquids have an 
influence on clogging. The deposition of palm oil aerosol particles is only made up of droplets 
deposited around the fibers while in the case of propylene glycol the droplets deposited around the 
fiber join to form bridges and liquid films on the surface of the filter so that the fibrous filter that is 
exposed to propylene glycol aerosol has a higher pressure drop. The result of saturation behavior 
study shows that the saturation pressure drop from the lower initial velocity is greater than that from 
the higher initial velocity. The retained mass on the filter sheet saturated with palm oil after the 
pressure drop is constant is higher than in the case of propylene glycol. Palm oil is more viscous than 
propylene glycol so that palm oil cannot re-entrain easily. 
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INTRODUCTION

Mist aerosol particles can be generated in 
several industrial production processes 
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including chemical production, mechanical 
atomization, evaporation-condensation, 
entrainment by the gas flow in liquid-gas 
contactors, and other processes (Frising et al.,
2005). People exposed to fine aerosol particles 
can have their skin contaminated and inhale 
them to cause damage to their lungs. 
Therefore for safety and health reasons it is 
necessary to remove these mist aerosol 
particles. Filtration is the most common 
method for removing aerosols as it is simple, 
versatile and economical (Hinds, 1999). At 
present, fibrous filtration is the most common 
means used to separate liquid aerosol particles 
from both industrial and household gas 
streams. 

Fibrous filters are economically the most 
interesting filtration technology since they are 
both effective and simple to use. Some 
attempts have been conducted to investigate 
the behavior of various filter materials used to 
remove liquid aerosols. In general, during use 
the collection efficiency of the filter declines 
while the pressure drop increases (Letts et al.,
2003). The behavior of fibrous filters with 
liquid particle loading is largely different from 
that with solid particle loading. When loaded 
with solid aerosols, dendrites are formed, and 
when loaded with liquid aerosols, bridges are 
formed (Walsh et al., 1996). 

The effects of the time of filtration were 
studied by Walsh et al. (1996) and Contal et al.
(2004). At the beginning of the filtration of 
liquid aerosols, the pressure drop and the 
penetration increased because the droplets 
were deposited around the fibers and the beads 
then became bigger and joined together to 

form bridges at the intersections of the fibers. 
This then caused a reduction of the collection 
surface of the filters. Subsequently all 
interstices were bridged and these bridges 
combined to form a liquid film on the surface 
of the filter. This effect generated the increase 
of pressure drop and the decrease of 
penetration. At the end of this clogging, an 
equilibrium was reached between the clogging, 
draining and re-entrainment phenomena. The 
pressure drop and penetration no longer 
changed because liquid film was formed 
throughout the thickness of the filter. 

The influences of velocity were investigated 
by Contal et al. (2004) and Frising et al.
(2005). As might be expected, at high 
filtration velocity, the liquid aerosol particles 
were rapidly deposited on the collecting 
surface causing an increase of the pressure 
drop. Initially, the penetration increased 
identically for each increase of filtration 
velocity until it reached a maximum value. 
Then the penetration decreased due to 
rearrangement of the liquid in the filter such as 
the forming of liquid bridges between fibers 
and at the fiber intersections. Furthermore, 
Contal et al. (2004) investigated the effects of 
filter properties and the physicochemical 
characteristics of the liquid on the change in 
pressure drop. During clogging by di-octyl 
phthalate (DOP) aerosol, the Whatman-type 
glass fiber medium had the highest change in 
the pressure drop because this filter was 
composed of fine fibers. The influence of the 
surface tension of aerosols generated from 
three liquids: decamethylcyclopentasiloxane 
(DMP), di-octyl phthalate (DOP) and glycerol, 
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was examined and it was found that the filter 
that was exposed to the glycerol aerosol had 
the highest pressure drop. This is because 
glycerol has a higher surface tension (92 
mN/m) than DOP (35 mN/m) and DMP (19 
mN/m). 

Although there have been some 
investigations of the collection characteristics 
of liquid aerosol by fibrous filters, this 
knowledge is limited. The aims of this 
research work are to investigate the collection 
characteristics of mist aerosol particles by 
fibrous filter using various basic operating 
parameters such as filtration velocity, numbers 
of filter and any relationships with the 
physicochemical properties of the liquids and 
to investigate the saturation characteristics of a 
medium-performance fibrous filter. 

Pressure Drop Modeling 
The pressure drop in a fibrous filter is the 

resistance to airflow across it. A consideration 
of the pressure drop across the filter medium 
is essential in choosing the best filter type for 
a particular application. The pressure drop is 
easily measured and can be used as a check on 
the flow fields on which collection 
mechanisms are based. More importantly, the 
measurement of the pressure drop across the 
filter medium plays a central role in the 
practical estimation of the collection 
efficiency. Ideally, filters that exhibit a high 
collection efficiency and a low pressure drop 
are most desirable. 

Davies (1952) characterized the pressure 
drop across a dry fibrous filter, 0p , as 
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where u  is the face velocity of the gas, g  is 
the gas viscosity, Z  is the filter thickness, f

is the filter solidity or the filter packing 
density, and fd  is the fiber diameter. This 
shows that the pressure drop is directly 
proportional to Z  and inversely proportional 
to 2

fd . It is also directly proportional to the gas 
velocity at the filter face, as expected for 
laminar flow inside the filter. 

Even though the pressure drop has been 
extensively studied experimentally, very few 
modeling studies have been published to date 
that investigated the change in the pressure 
drop across a fibrous filter during a filtration. 

Davies (1973) presented a modification of 
his own pressure drop model 

1.5 3

2

64 (1 56 )f f

f Davies wet

p u Z
d

                     (2) 

where  is the liquid viscosity, and the wet 
fiber diameter wetDaviesfd  is defined as 
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Here lm  is the collected liquid mass,  is 
filtration surface area, l  is liquid density, 
and Daviesfd  can be calculated from 
(Penicot et al., 1999) 

3/ 2 316 (1 56 )
2 f f

f Davies

Z
d

K
           (4) 



Tekasakul et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 348-365, 2008 

351

where K  is the slope of the straight line 
between p  and u .

Frising et al. (2005) showed that the 
pressure drop evolution occurred in four 
filtration stages. In the first stage, the liquid is 
only deposited on the surface of a fiber. No 
drainage or migration of liquid from one layer 
to the next is observed. The pressure drop is 
calculated by an adapted version of Davies’ 
equation (1973): 

wetDaviesf

lflf

d
udZp 2
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where l  is liquid packing density, and dZ  is 
the filter layer thickness which can be written 
as

ZdZ
np

                                                  (6) 

Here np  is the number of layers. 
In the second stage, the liquid bridges 

between fibers and liquid films at the 
intersections of fibers are formed. Some of the 
collected liquid particles migrate to the next 
layer downstream. In this stage, the collection 
surface decreases due to the formation of 
liquid bridges and films. The flow will be 
largely disturbed by the liquid bridges and 
films. So the pressure drop expression has to 
take the modified filtration velocity into 
account:
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where tube  is the liquid packing density at the 
end of the first stage. 

In the third stage, all the collected liquid 
particles are supposed to migrate to the 
downstream layer due to capillary (wetting) or 
flow (migration) forces. The pressure drop is 
constant in this stage: 
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where film  is the maximum liquid packing 
density.

The fourth stage, is when all the layers are 
saturated by the collected liquid. All layers 
have a liquid packing density of film , the 
collected liquid drains out of the filter. 

This research focuses on studying the 
collection characteristics and performance of a 
fibrous filter as it collects mist aerosol 
particles. The evolution of the pressure drop of 
a fibrous filter was investigated only in the 
first filtration stage because at the beginning 
of filtration the deposit is made up of droplets 
deposited around the fibers and no drainage or 
migration of liquid from one layer to the next 
is observed. 
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EXPERIMENTAL SETUP 

The mist aerosols used in this study were 
generated from the Laskin nozzle. The size 
distribution and concentration of generated 
aerosols were determined to study their 
characteristics and stability. The liquids used 
for aerosol generation were propylene glycol 
and palm oil because their physical properties 
are different. An 8-stage Andersen sampler 
(Dylec, AN 200) with the cut sizes of 11.0, 7.0, 
4.7, 3.3, 2.1, 1.1, 0.65 and 0.43 micron was 
used to determine the aerosol concentration 
and the size distribution of the generated 
aerosol.

Performance of a single virgin filter was 
evaluated by determining the filtration 
efficiency (or penetration) and pressure drop 
using the propylene glycol liquid aerosol. The 
test filter is a medium-performance glass fiber 
filter. The thickness, the fiber diameter and the 
packing density are 0.56 mm, 3.65 m and 
0.061, respectively. The test filter was first 
weighed and then placed in the filter holder 
and the pressure drop was measured at 
different filtration velocities. Filter loading 
was monitored by measuring the pressure drop. 
After 30 min, particle concentrations of the 
liquid aerosol were sampled upstream and 
downstream of the filter simultaneously using 
a laser particle counter (Royco, Portable 
330B). The filtration velocities used were 5, 7, 
10, 14, 21 and 28 cm/s.  

To evaluate the collection characteristics of 
the mist aerosol particles by the fibrous filter, 
the relationship between pressure drop and 

collected mass at various conditions including 
numbers of filter sheets, filtration velocity, 
and physical properties of liquids were 
investigated. A schematic diagram of the 
experimental set-up for studying mist aerosol 
collection characteristics of a fibrous filter is 
shown in Fig. 1. Compressed air at a pressure 
of 1.4 bar was used to generate the mist 
aerosol. The flow rate of the compressed air 
introduced through the Laskin nozzle was 3.0 
L/min. Only 1.0 L/min of generated aerosol 
was introduced to the system and diluted with 
the clean air. Excessive liquid aerosol was 
removed by passing through a buffer chamber 
using a vacuum pump. The glass fiber filters 
were treated in the desiccator using silica gel 
at room temperature (25°C) and 50% relative 
humidity for at least 24 h. They were then 
weighed using a five-digit readability 
analytical balance (Sartorius, CP225D). The 
change in the pressure drop across a single 
filter and five filter sheets were investigated at 
four different filtration velocities: 7, 14, 21 
and 28 cm/s, by adjusting the flow rate using a 
rotameter. 

A single-filter was first weighed and then 
placed in the filter holder. Then the pressure 
drop was measured at different filtration 
velocities. Filter loading was monitored by 
measuring the pressure drop. The weight of 
the collected liquid particles on the filter was 
measured every 10 min until the pressure drop 
reached three times that of the initial value. 

To highlight experimentally any possible 
redistribution of the liquid particles within the 
medium, five-filter experiments were 
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Fig. 1. The schematic representation of the experimental set-up for studying the collection 
characteristics of mist aerosol particles. 

conducted. Each filter was first weighed and 
then placed in the filter holder in a series side 
by side. The weight of the collected liquid 
particles on each filter was measured every 10 
min until the pressure drop reached three times 
that of the initial value. 

The influence of the physical properties of 
the aerosol particles was investigated by using 
liquids with different physical properties. 
Propylene glycol and palm oil were chosen. 
The pressure drop across the single filter and 
five filters were measured at a filtration 
velocity of 14 cm/s. 

The saturation characteristics of a medium-
performance fibrous filter (glass fiber filter) 
exposed to liquids (water, propylene glycol 
and palm oil) were studied by measuring the 
pressure drop. The filter was first weighed and 
immersed in a liquid (water, propylene glycol 
or palm oil) until it was saturated and then 

placed in the filter holder. Clean air passing 
through an absolute filter was introduced to 
the filter until the pressure drop was constant. 
The pressure drop was measured by a U-tube 
manometer. The retained liquid particles on a 
glass fiber filter were weighed using the same 
balance. Then the filtration velocity was 
reduced from the initial velocity to the 
minimum velocity of 1 cm/s. The constant 
pressure drop was recorded at each step of the 
reduced velocity. 

RESULTS AND DISCUSSION 

The characteristics of the aerosol to be used 
were first studied. Size distributions of 
propylene glycol and palm oil aerosol are 
shown in log-probability form in Figs. 2 (a) 
and (b), respectively. The distributions show 
lognormal behavior for both aerosol particles. 
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Fig. 2. Size distribution of oil mist generated from the Laskin nozzle shown in Log-probability plots 
for (a) propylene glycol aerosol, and (b) palm oil aerosol. 

(a)

(b)
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Average mass median aerodynamic diameter 
(MMAD) and geometric standard deviation 
(GSD) of propylene glycol aerosol are about 
2.30 m and 2.37 m, respectively, while 
average MMAD and GSD of palm oil aerosol 
are 1.42 m and 2.10 m, respectively. 
Results show a larger variation of 
concentration and collected mass of the 
propylene glycol aerosol than the palm oil 
aerosol, as seen in Fig. 3. The average aerosol 
concentrations of propylene glycol are 0.523 
g/m3 while the average aerosol concentrations 
of palm oil are 0.303 g/m3. For identical 
operating conditions, the average 
concentration of propylene glycol is higher 
than that of palm oil because propylene glycol 
is less viscous than palm oil and is easier to be 
atomized by the Laskin nozzle. 

Effects of particle size on the collection 
efficiency of a virgin filter using propylene 
glycol aerosol particles are shown in Fig. 4. 
The results indicate that the efficiency of a 
virgin filter slightly increases when the 
particle size increases for all filtration 
velocities. Moreover, the efficiency is nearly 
independent of particle sizes for filtration 
velocity of 5-21 cm/s. At the highest velocity 
of 28 cm/s, the difference in efficiency is 
significant for all particle sizes. However, at 
the same filtration velocity (28 cm/s) the filter 
shows a better collection efficiency for larger 
particles than smaller particles. The generated 
propylene glycol aerosol has a rather large 
particle size at MMAD of 2.30 m. Then the 
impaction mechanism plays an important role 
in collection of particles at this high velocity. 
The importance of the inertial impaction 

increases with increasing particle size and 
increasing flow velocity. The collection 
efficiencies are about 97%, 89%, 76% and 
26% for the particle size of 1.0, 0.7, 0.5 and 
0.3 m, respectively, at a filtration velocity of 
28 cm/s. In addition, at the same particle size, 
particularly for small particles, the collection 
efficiency was higher at a lower filtration 
velocity. Brownian motion of small particles 
is believed to play an important role in this 
regime. Influence of Brownian motion is 
increased when particle size and flow velocity 
are decreased (Hinds, 1999). 

The pressure drop across a filter is a 
parameter used to determine the collection 
performance in this study. The pressure drop 
is the resistance to the air flowing through the 
fibrous filter. The liquid used for mist 
generation in this experiment was propylene 
glycol. The pressure drop across the virgin 
filter after filtration for 30 min at different 
velocities is shown in Fig. 5. The results show 
that the pressure drop of the fibrous filter 
increases with increasing filtration velocity. 
This is commonly known however the 
increase is not linear. 

Different clogging tests were conducted by 
varying the operating conditions, including 
filtration velocity, number of filter sheets and 
aerosol particles with different physical 
properties. The influence of each parameter is 
studied by eliminating the effect of other 
factors.

Fig. 6 represents the pressure drop 
evolutions of a single filter as a function of 
collected mass during clogging by propylene 
glycol aerosol with different filtration 



Tekasakul et al., Aerosol and Air Quality Research, Vol. 8, No. 3, pp. 348-365, 2008 

356

Fig. 3. Concentration of oil mist generated from the Laskin nozzle as a function of the collected mass. 

Fig. 4. Effect of particle size on the efficiency of a filter using propylene glycol particles after 
filtration for 30 min at different velocities. 
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Fig. 5. Pressure drop across a filter where the oil mist is propylene glycol and after filtration for 30 
min at different velocities. 

Fig. 6. Pressure drop evolutions of a single filter as a function of collected mass during clogging by 
propylene glycol aerosol with different filtration velocities. 
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velocities: 7, 14, 21 and 28 cm/s. For the same 
filtration time, the mass collected (M) on the 
filter at high filtration velocity is greater than 
that at low filtration velocity since the liquid 
aerosol particles deposit rapidly on the 
collecting surface. This effect causes the 
pressure drop of a single filter to increase as 
the collected mass increases, which is similar 
to the result of Contal et al. (2004). 

The pressure drop evolutions for 1 and 5 
filters at filtration velocities of 14 and 28 cm/s 
as a function of collected mass are shown in 
Figs. 7 (a) and (b), respectively. The generated 
aerosol was propylene glycol. Results show 
that the change in pressure drop increases with 
the increasing number of filter sheets for all 
velocities. In the initial period, the pressure 
drop of five filters is five times higher than 
expected. From Fig. 7 (b), after some time the 
pressure drop of a single filter intersected with 
that of five filters. This is because at a higher 
filtration velocity, the filter was rapidly 
saturated with liquid aerosol particles and 
these liquid aerosol particles were mostly 
collected on the first filter sheet so that the 
first filter sheet has a dominant effect on the 
pressure drop evolutions over all other filter 
sheets. For five filters, while the liquid aerosol 
particles were collected on the surface of the 
filter, these aerosol particles can partially 
penetrate through the thickness of the medium. 
When the number of filter sheets increases, the 
change in the pressure drop increases since the 
pressure drop is directly proportional to the 
thickness of the filter. 

Comparison of the pressure drop across a 
single filter for different aerosols is shown in 

Fig. 8 when the glass fiber filters are exposed 
to liquid aerosol particles of propylene glycol 
and palm oil at a filtration velocity of 14 cm/s. 
It was found that, the pressure drop curves can 
be divided into two periods. In the initial 
period, the pressure drop is linearly related to 
the collected mass. The clogging of the filter 
by the palm oil aerosol is higher than that by 
the propylene glycol aerosol. This is because 
of the particle size effect. Palm oil mist has a 
smaller particle size and a larger surface area 
than that of the propylene glycol. Thus the 
amount of collected palm oil aerosol on the 
surface of the filter medium is greater than for 
the propylene glycol aerosol as shown in Figs. 
9 (a) and (b). After some time, the pressure 
drop increases at a higher rate. The fibrous 
filter that is exposed to the propylene glycol 
aerosol has a higher pressure drop. This is 
because propylene glycol is less viscous (64.6 
cP) than palm oil (94.6 cP) and therefore 
easier to be atomized by the Laskin nozzle, so 
the concentration of propylene glycol is higher 
than that of palm oil and the large propylene 
glycol droplets deposited on the fibrous filter 
join to form bridges at the intersection of 
fibers. Subsequently all interstices are bridged 
and these bridges combine to form a liquid 
film on the surface of the filter medium as 
shown in Figs. 10 (a) and (b). However, since 
palm oil is not only more viscous but also has 
a slightly less surface tension (42.2 mN/m) 
than propylene glycol (47.6 mN/m), the palm 
oil aerosol deposit is only made up of droplets 
collected around the fibers [Fig. 10 (b)]. 

Fig. 11 represents the comparison between 
the experimental values of the pressure drop
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Figs. 7. Effect of the number of filter sheets on the pressure drop evolutions as a function of collected 
mass at filtration velocities of (a) 14 cm/s and (b) 28 cm/s.

(a)

(b)
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Fig. 8. The change in pressure drop across a single filter as a function of collected mass at 14 cm/s. 

Fig. 9. Optical microscope photographs of a single filter exposed to (a) propylene glycol and (b) palm 
oil aerosol for 20 min (100 ).

and those calculated from the Davies’ 
equation (5) for the pressure drop evolutions 
of a single filter as a function of the collected 
mass during clogging by the propylene glycol 
aerosol with different filtration velocities of 7, 

14, 21 and 28 cm/s during the first filtration 
stage. From the result, it can be seen that the 
modeled pressure drop evolutions 
overestimated the experimental results for 
almost all filtration velocities. The

(a) (b)
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Figs. 10. Optical microscope photographs of a single filter exposed to (a) propylene glycol and (b) 
palm oil aerosol for 80 min (100 ).

Fig. 11. Comparison between the experimental and modeling values of the pressure drop evolutions of 
a single filter as a function of collected mass during clogging by propylene glycol aerosol with 
different filtration velocities during the first filtration stage. 

discrepancies are however low, at high 
velocity. This may be because at the beginning 
of filtration the deposition of the propylene 
glycol aerosol particles is made up of droplets 

deposited around the fibers and form liquid 
films on the surface of the filter medium but 
the fibers were not perfectly wetted with liquid 
while an adapted version of Davies’ (1973) 

(b)(a)
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pressure drop model gives, however, quite 
satisfactory results for the first filtration stage 
(Frising et al., 2005) when the liquid wets the 
fibers perfectly and is uniformly distributed 
throughout the fibrous filter. 

The saturation behavior of the filter when 
using propylene glycol and palm oil is shown 
in Figs. 12 and 13, respectively. Air at initial 
velocities of 7, 14, 21 and 28 cm/s was passed 
through the soaked filters until their weights 
were constant. This represents the saturation 
state of the filter at each velocity. Then the 
velocity was gradually reduced. It was found 
that the saturation pressure drop from the 
initial velocity of 7 cm/s is greater than that 

from the initial velocities of 14, 21 and 28 
cm/s, respectively for both types of aerosol. 
The retained mass on the filter sheet saturated 
with propylene glycol and palm oil, after the 
pressure drop is constant, decreases when the 
velocity is increased as shown in Fig. 14. This 
is because at the higher initial velocity, re-
entrainment of liquid hold-up is greater. The 
mass that remains on the filter sheet saturated 
with palm oil, after the pressure drop is 
constant, is higher than that saturated with 
propylene glycol. This result possibly occurs 
as a result of the viscosity effect. Palm oil is 
more viscous than propylene glycol so that 
palm oil cannot re-entrain easily. 

Fig. 12. Saturation pressure drop across the filter sheet saturated with propylene glycol as a function 
of velocity. 
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Fig. 13. Saturation pressure drop across the filter sheet saturated with palm oil as a function of 
velocity.

Fig. 14. Retained mass on the filter sheet saturated with propylene glycol and palm oil after the 
pressure drop is constant as a function of velocity. 
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CONCLUSIONS

The average concentration of propylene 
glycol is higher than that of palm oil for 
identical operating condition because 
propylene glycol is less viscous than palm oil 
and, hence, easier to be atomized by the 
Laskin nozzle. 

At a low velocity, the efficiency of a virgin 
filter is very high for all particle sizes due to 
the influence of the Brownian motion of 
smaller particles. However, since the particle 
size range is 0.3-1.0 micron, Brownian motion 
should have high influence for the whole 
range of the particles. That’s why the 
collection efficiency is high at low velocity for 
all particle sizes. At the highest velocity, the 
collection efficiency of larger particles is 
higher for virgin filters than that of small 
particles due to the influence of the impaction 
mechanism. The change in pressure drop 
during clogging increases when the filtration 
velocity and the number of filter sheets 
increase. For five filters, while liquid aerosol 
particles were collected on the surface of the 
filter, these particles can partially penetrate 
through the thickness of the medium. 

In an initial period, the clogging of the filter 
by palm oil aerosol is higher than that by 
propylene glycol aerosol due to the particle 
size effect. After some period the fibrous filter 
that is exposed to propylene glycol aerosol has 
a higher pressure drop because the large 
propylene glycol droplets deposited on the 
fibrous filter join to form bridges and liquid 
films on the surface of the filter.  

The saturation pressure drop from the initial 
velocity of 7 cm/s is greater than that from the 
initial velocities of 14, 21 and 28 cm/s, 
respectively for both types of liquid. The 
retained mass on the filter sheet saturated with 
propylene glycol and palm oil after the 
pressure drop is constant, is less when the 
velocity is increased. This is because at the 
higher initial velocity, re-entrainment of liquid 
hold-up is greater. 
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