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Abstract

Agranovski and Braddock [AIChE J. 4 (1998) 2784] investigated a process of filtration of ultra small liquid particles on wettable fibrous
filters. They found that liquid droplets captured by a wettable filter spread along the fibres and create a thin liquid film covering each fibre.
These films of liquid establish a self-draining, tapered equilibrium flow down the filter. The thickness of the liquid film is an important
parameter altering the physical characteristics and performance of the filter. The properties of the film depend on the density, viscosity
and amount of liquid present, the physical parameters, wettability and dimensions of the filter and also on the orientation and angle of
inclination of the filter. The thickness of the liquid film can be increased by increasing the angle of inclination of the filter and by selecting
the orientation. It leads to the possibility of increasing the efficiency of wet filtration without any increase in the amount of irrigating liquid
involved. It is especially important for industries where, due to some technological or economical reasons, the amount of fresh irrigating
liquid available for the process, is limited. In the current paper, the results of theoretical and experimental analysis of inclined wettable
filtration systems are presented and further steps towards industrial design are discussed.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction could cause significant alternations to the purification and
aerodynamic properties of the filter. Also, filtration of lig-
The rapid development of industrial processes has givenuid particles, unless viscous and sticky liquids are involved,
rise to a need for highly efficient air quality control equip- does not require any filter regeneration techniques due to a
ment. A variety of techniques, from low efficiency settling self-cleaning nature of the procel$§.
chambers to moderately efficient cyclones, wet methods and  Agranovski and Braddodl] showed that liquid particles
highly efficient filters, is available to meet local particulate collected by wettable fibrous filters spread along the fibres
emission requirements. However, there is now an alternativeand, after steady-state conditions have been established,
to the employment of filters where there is need for efficient create a thin film covering each fibre. This essentially in-
removal (better than 99%) of particles in the 0.0%r size creases the fibre diameter and the packing density of the
range from any substantial flow of di]. filter. Usually the thickness of the film depends on the prop-
Filtration of solid particles from gas streams is usually erties and amount of the liquid supplied, the dimensions and
associated with the build up of solid porous deposits on the arrangement of the filter, and the characteristics of the filter
surface of a filter. These deposits are continuously (shakingfibre. These thin films form drainage paths down the filter
of the filter) or periodically (reversed air jet) removed from and provide a self-cleaning mechanism. Note, that these
the filter to keep the resistance of the device within design films can be enhanced, or artificially created, by spraying
limits. However, besides the negative effects associated withirrigating liquid through nozzles onto the filter, to enhance
elevated resistance and ultimately blockage, the deposits bethe capture of aerosols, either liquid or solid.
come an additional filtering media and increase the filtering  On the other hand, nonwettable fibrous filters can be
efficiency of the devicg2]. best described as liquid-repellent filtdj. The wetting/
Filtration of liquid aerosols is a significantly different nonwetting material property depends on both the liquid
process. Deposits of liquid, created as the result of the and the material in the fibres. The main aspect in the non-
capture of droplets, are not penetrable by gas streams andvettable filtration process is that the captured liquid par-
ticles remain as spheres attached to the filter and grow as
* Corresponding author. Tel+61-73875-7923: fax:-61-73875-7459.  the result of coalescence with new incoming droplets. Once
E-mail address: i.agranovski@mailbox.gu.edu.au (I.E. Agranovski). the attached sphere becomes large, the gravitational force
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exceeds the force of adhesion and the drop simply falls from 2. Theoretical background
the filter.

Obviously, for most applications, water will be used as  Liquid particles captured by wettable filters spread along
the liquid for artificial film generation. It can be supplied fibres and generate thin films. The thickness and drainage
through a set of nozzles strategically arranged to ensure avelocity of the film covering a vertical wettable fibre can be
required distribution along the filter. The filtered contam- estimated by the equations derived by Agranovski and Brad-
inants are then removed from the fibres by a continuous dock[4]. These equations involve physical parameters such
influx of fresh water, thus preventing blockages in the fil- as viscosity, density and the rate of supply of liquid and were
ter. To prevent blockages of the filter and nozzles, it is derived for vertically oriented filters. Now consider the ex-
strongly recommended that fresh or at least filtered wa- perimental apparatus as showrFiig. 1, where the filter box
ter be used as the make up fluid. Sometimes the irrigat- is oriented at anglé to the horizontal. The airflow in the ex-
ing fluid will be selected so as to have desirable chemical periments was always directed from left to right (as shown
properties with respect to the aerosol being collected. Forin Fig. 1) and was normal to the filter. For clarity, we take
technological or economical reasons, the amount of freshas positive for a counterclockwise rotation of the filter box,
irrigating liquid available for filter irrigation is sometimes andd as negative for a clockwise rotation. The details of the
limited and below the design requirements. It can cause experimental apparatus will be described shortly. For the in-
drying and possibly blocking of certain areas of the filter. clined case, the effective component of gravity down the fil-
To avoid this situation, some other mechanisms for keep- ter, is g co®, whereg is the gravitational acceleration. The
ing the film thickness within the design limits have to be x-axis points down the filter surface and has its origin at the
identified. top of the filter. The other assumptions in the derivation by

Traditionally filters have been mounted in a vertical plane. Agranovski and Braddocd], including that the film’s sur-
The purpose of the paper is to study the effect of orientation face is parallel to the surface of the fibre, flow is steady-state
of the filter at other angles, and the influence of inclination and laminar, and flow parameters do not depend on the size
on the penetration of droplets, and the resistance of the filter. of the fibre (curvature has not been taken into consideration),
This paper uses experiments and theory to investigate theare still valid. Then the equation for the film thickness is:
performance of inclined wettable filters and discusses some
possibilities for utilisation of the technology for different 5= 03 3Gt (x)v
applications. V p2g COSH
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wherev is the viscosity angb is the density of the liquid. ~ wheren is a single-fibre efficiency the equivalent packing
Gt (X) is the mass of liquid captured by the liquid film density,H the thickness of the filter, an® is the radius
on the lengthx of the fibre above the point, an@; (X) is of the wetted fibre[9]. The theoretical penetratiol®, is
linearly related to the total amount of flui@_ applied to estimated as
the filter. Note, that because of the symmetry of thedcos P_1_E 3)
function,Eq. (1)does not distinguish the direction of rotation o
orinclination. As discussed in Agranovski and Braddptk
the theoretical results calculated by thqg. (1) have been
fully verified by the results of the experimental runs for the
vertically arranged wettable filter. On this basis the simple . .
. ; Experiments were conducted using the apparatus shown
theoretical approach described above has been accepted as _. . ) . ) )
. : : . In Fig. L To visualise the process, a filter box with di-
an appropriate tool for the theoretical evaluation of the film .
. : ; mensions 400 mnx 300 mmx 100 mm was made out of
thickness covering wettable fibre.

Agranovski and Braddoc}d] found that the tapering ef- trapsparent pla.St'C'. The box was.also mpunted on a p!ane,
) e . which could be inclined to the horizontal, in both clockwise
fect in the fluid film is small. However, to avoid any poten-

. . and counterclockwise directions. The filter was fixed in the
tial problems related to taper, the experimental set-up was
: ._flange and located 200 mm from the entrance to the box. An
made as short as possible and equal to 180 mm. For this : ) - -
. . : ) ultrasonic nebulizer was utilised to generate distilled water
height, the difference between the thickness of the film at . . . .
particles in a range of sizes. Make up fluid could also be

the top and bottom of the filter is negligibly small and the supplied through the nozzles, to ensure that the films were
theoretical and measured efficiencies of the filter are almost> PP 9 ; . L
the samd3] fully developed on the fllte_r fibres. The |rr|gat|on_ rate was

) estimated as the total weight of droplets supplied by the

The value of the packing density of the wetted filter is . .
different from that for the dry regime; called “the dry packing nebqhzer and nozzle.s,_an(_:l transported _by the air stream to
’ the filter. The actual irrigation rate used in all of the exper-

density”. Fibres covered by liquid are th|.cker than dry Ones, iments was 0.08 kg/h. A wettable filter made out of glass

gfibres with a diameter of gm, dry packing density 3% and
thickness 5mm was involved in the investigation. The di-
mensions of the filter window were 180 mm vertically and
70 mm horizontally. A centrifugal fan, capable of supplying
up to 450 I/min of air was used in the experiments. A float
rotameter with adjusting valve was employed to monitor
and control the airflow rate. A HEPA filter was located at
the inlet point to remove all additives from the air to avoid
their interference with the process. Standard upstream and
downstream number concentration monitoring was per-

3. Experiments

density of the filter. The term “equivalent packing density”
will be used to describe the packing density of the wetted
filter.

The equivalent packing density is calculated from the
geometry of filter assuming the filter to be a system of
parallel vertical cylinders in a regular hexagonal packing
arrangemen{6]. The thickness of the film for particular
parameters of the process is calculatedHuny (1) and the
equivalent packing density is then calculated. There are few

rgcently developed more s_ophlsncated models .descnbmgformed using an Aerodynamic Particle Sizer (TSI). To avoid
filter structure[7,8] also available. However, the difference . L . :
the influence of local air disturbances, geometrically iden-

between results obtained from these models compared to_ ;
tical sampling probes were located at least 100 mm from
the regular hexagonal model, does not exceed &%

. . ) _ the air inlet to the plant (inlet sampling probe) and 100 mm
The capture of particles can arise due to interception, iner- ' ;
o . : e . from the back filter surface (outlet sampling probe). Same
tia, diffusion, settling, thermophoresis and diffusiophoresis

= o . ; length (minimum possible) and diameter pipes were em-
processes. The efficiency of the filter is estimated by using a . T
. . . . 2 ployed to connect probes with the monitoring instrument to
single-fibre efficiency conceft]. The theoretical efficiency

. ' : . ; eliminate any differences in results due to possible settle-
of the single fibre for each process is readily estimated ONCe 1t of aerosol alona the inner surfaces of the pines. The
the equivalent diameter of the fibres is knoy@2¥,6]. The 9 PIPES.

. . experimental penetration was calculated as
removal processes are considered to be mutually exclusive

and usually combined by arithmetic sii&9]. In estimating . downstream number concentration 0
the overall single-fibre collection efficiency, it is necessary penetration= upstream number concentration 100%
to include an interaction term, to account for enhanced (4)

collection due to interception of the diffusing particl€g.
Appropriate formulae for all removal mechanisms are given

in Hinds [9]. Once the single-fibre efficiency is known, The set-up also included instruments to monitor tempera-
the theoretical total filter efficiencyg, can be estimated ture and humidity of the air stream and pressure drop across
using the filter assembly. Pressure drop across the filter was mea-

sured as the difference between upstream and downstream

2ncH static pressures by a 1Pa resolution manometer. A noz-
E=1—exp|—— (2 ; i

TR Zle, capable of generating water droplets with sizes around
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Fig. 2. Equivalent diameter of the wet fibre as function of inclination, for a range of total flow Gates

60m provided an initial wetting or additional irrigation of As is seen from the graphs (séég. 2), the effective
the filter on request. The nozzle was located at the entranceequilibrium diameter of the fibre is slowly increasing with
to the box and directed parallel to and in the same direction 8 from 0 to 60 and then increases more rapidly within the
as the air stream. range from 60 to 82 For some irrigation rates, the equiva-
To investigate the performances of different arrangements, lent diameter a# = 89 is as much as 2.5 times the equiva-
the experiments were conducted for angkes: 0° (verti- lent diameter af = 0°. For lower irrigation rates from 0.02
cal), 6 = +15 and+30° (counterclockwise), and = —15 to 0.1 kg/h, the increase in the effective equivalent diameter
and —30° (clockwise). Some 15 runs were made for each from the vertical arrangemen# (= 0°) to the maximum

angle. inclination @ = 89°) varies from 7 to 28%. For the highest
irrigation rate of 1.0kg/h, the increase in the equivalent
diameter fromp = 0 to 89, is almost twice the increase in
4. Results diameter obtained for the low flow rates; 0.02-0.1 kg/h.

The theoretical equivalent packing density has been cal-
culated from the corresponding data on the equivalent di-
ameters of the fibre and the results are showhign 3. For
inclination angles of less than 6@nd low irrigation rates,
the packing density is increasing much more slowly than for
inclinations above 60 For most of the irrigation rates and
angles, the equivalent packing density is less than 1, how-
ever for the highest irrigation rate of 1kg/h the equivalent
packing density is 1 fofc ~ 87.5°. Note that for large,
the component of gravity normal to the fibres, is much larger
than the gravity component along the fibres which signifi-

4.1. Equivalent thickness of the film and packing density

The theoretical equivalent thickness of the film, and the
theoretical packing density were calculated usigy (1)
for a range of inclinations, & 6 < 90°, and for theoretical
irrigation rates of M2 < G| < 1.0kg/h (sedrigs. 2 and 3
Note the singularity ab = +90°, where the gravitational
component along the fibre is zero.

0 15 30 45 60 75 85 89

Inclination angle, degrees

Fig. 3. Equivalent packing density of the wet fibre filter as function of

inclination for a range of total flow rates.

1 / cantly decreases the rate of drainage of liquid from the filter.
_ 09 / For6 = 6c, the situation arises where all neighbouring films
% 08 / coalesce and water occupies the whole space between the fi-
3 07 / /' ~+-0.02kg/hour bres of the filter (equivalent packing density is 1). Different
2 o6 - 0.04kg/hour physical processes need to be considered in these situations.
< / / ||+ o0.08kg/hour
2 05 9
a 0'4 // - 0.1kg/hour
s / ,./ % || 0-4kg/our 4.2. Pressure drop across the filter
g 03 // #—| |-~ 1kg/hour
T 02t o —o—e - , : o
SIS __H_,/% The pressure drop across the filter as a function of time is

shown inFig. 4. The experiment started from a previously
wet filter run, but with time starting from the switch to a dif-
ferent airflow value. The results shownhig. 4 were taken

for the vertically arranged filter, the airflow rate of 100 I/min
and the water flow rate of 0.08 kg/h, and show the average
of 15 experimental runs. The error bars show the variability
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Fig. 4. Average pressure drop across the vertically arranged filter, as a function of time. Error bars represent STD of 15 experimental runs.

of the measurements. The results show some initial fluctua- Both the theoretical and the average of the experimen-
tions in the pressure drop in the transition region, followed tal (after 15 min stabilisation) results for the pressure drop
by stabilisation at the steady-state operating level. Generallyacross the filter are presented fig. 5 The theoretical
the transition was accomplished in about 11 min on aver- results were calculated using the following equafi®h
age. In the data collection experiments, at least 15 min had 4414CUH

been allowed for stabilisation of the process before the ac- AP = 5
. P R2[c — 3/4— (nc)/2 — 2/4] ®)
tual measurement of the resistance was taken.
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Fig. 5. Stabilised pressure drop across the filter as a function of the air flow rate, showing theoretical and measured values: (a) dry filter, (b) wet filte
at6 = 0°, (c) wet filter at6d = +15°, (d) wet filter at6 = +30°.
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Fig. 6. Average size distribution of particles used in experiments. Error bars show experimental variation across 15 runs.

wherepug is the gas viscosity and is the gas face velocity.  exceed 3%, however, the difference grows with an increase
The theoretical model does not distinguish between posi- of angle.

tive and negative arrangements of the filter, and the theoret-

ical results are presented for wet filterspat= 0, +15 and 4.3. Efficiency of filtration

+30°. The experimental results are presented for a dry fil-

ter, and for a wet filter arranged at= 0, +15 and+30°. Due to a very high stability of particle generation by the
Airflow rates of 100, 200, 300 and 400 I/min correspond to nebulizer and high accuracy of the Aerodynamic Particle
face velocities of 16, 32, 48 and 64 cm/s. All experimental Sizer, the reproducibility of the results was excellent and the
graphs show a linear relation between airflow rate and the discrepancy between two similar runs never exceeded 1%.
stabilised pressure drop across the filter. The resistance of The average size distribution of particles produced by
the wet filter is on average 1.7 times higher than the resis-the nebulizer for 15 experimental runs is showrFig. 6.
tance of the dry filter. The difference is slightly increasing The majority of particles have diameters within the range
with an increase of airflow rate and reaches a maximum for from 0.56 to Jum. However, measurable numbers of bigger
the airflow rate of 4001/min. The difference in results for particles (diameter up to 1.24m) are also generated by the
negative and positive inclinations at the same angle does notdevice.
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Fig. 7. Theoretical and experimental penetrations of dry filter as a function of aerosol particle size.
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Fig. 8. Theoretical and experimental penetrations of wet vertical filter, as a function of aerosol particle size.

To obtain reliable data, the efficiency of filtration was Fig. 7 shows the penetration results for dry filtration.
also measured after stabilisation, after initiating a new flow The experimental results were taken just after starting the
regime. Measurements were made of the numbers of parti-process and when the filter was still dry. Obviously, for dry
cles upstream and downstream of the filter, and the penetrafiltration 6 does not make any difference, so the results were
tion estimated usingq. (4) Note that this calculation uses taken for the vertical arrangement only. The largest penetra-
“before” and “after” information, and is independent of any tion was measured for the smallest particles for all air flow
fluctuations in the output from the nebulizer. The theoretical rates. The penetration is decreasing with increase in parti-
equivalent packing densities were calculated using the es-cle size and reached a minimum for the biggest particles
tablished procedure of Agranovski and Braddptlkand the with a diameter of 1.24m. The experimental estimates
theoretical penetration calculated usiag. (4) The results of the penetration are larger than the theoretical estimates
of the theoretical calculations and the experimental mea- for all flow rates and for the smaller particle sizes. The
surements of the penetration of particles through the filtering situation is reversed for the larger, up to 1,16, diameter
system are presented figs. 7-12 for G| = 0.08 kg/h. particles where the theoretical penetration is larger than the
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—&— 2001/min Experiment
——3001/min Experiment
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0 : : : : : ; ; ; ;
0.65 070 0.75 081 087 093 100 1.07 1.16 124
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Fig. 9. Theoretical and experimental penetrations of wet filter as a function of aerosol particle sizes ff°.
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Fig. 10. Theoretical and experimental penetrations of wet filter as a function of aerosol particle size; fot5°.

experimental values. However, theoretical and experimen- The performance characteristics for four arrangements of
tal values are very similar for the largest diameter of the filter, i.e.6 = +15, —15,+30 and—30° are presented
1.24pm. in Figs. 9-12 As discussed before, the theoretical model
Fig. 8 shows the percentage of penetration of particles does not distinguish betweeh values off, and hence the
through the vertically arranged wet filter. The results show a theoretical curves ofrigs. 9 and 1060 = +15°) are the
major decrease of penetration compared to the dry filtration same. The theoretical values Bigs. 11 and 120 = +30°)
process. The highest penetration is also occurring for theare also the same. Generally, the penetration is larger for
smallest particles for all air flow rates. However it is almost negatived values than for corresponding positive ones; as
50% lower than for the case of dry filtration. The three is easily seen by comparirfgigs. 9 and 10dor 6 = +15°
lower flow rates show that the theory underestimates the andFigs. 11 and 1Zor § = +30°. The largest difference
penetration for the smaller particle sizes. With increase in in values of experimental penetration for positive and nega-
particle size, the theory overestimates the penetration fortive inclinations were obtained for small diameter particles,
all flow rates. Again, the results of theory and experiment but the differences become small for the larger particles, re-

converge for the largest diameter of 1;2dh. gardless of penetration.
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Fig. 11. Theoretical and experimental penetrations of wet filter as a function of aerosol particle size; 8F.



I.E. Agranovski et al./Chemical Engineering Journal 89 (2002) 229-238 237

40
35 -\
30 |2

N

xx —@— 1001/min Experiment

~ ~ —&—2001/min Experiment

—— 300/min Experiment
—&—4001/min Experiment
= K= -1001/min Theory
= =+=-2001/min Theory
= ==—-300l/min Theory
= X=-4001/min Theory

Penetration, %

0 : : : : : : : : :
0.65 070 0.75 0.81 0.87 093 1.00 1.07 1.16 1.24
Particle size, um

Fig. 12. Theoretical and experimental penetrations of wet filter as a function of aerosol particle size; fo80°.

The experimentally measured penetrations also decreasenay also enhance coalescence of films between fibres, thus
by 2-6% fromd = 0 to +30°. For the negative inclinations, increasing liquid hold up and increasing the resistance.
the experimental penetration results show fewer trends, with The penetration results show good agreement between
some increasing and some decreasing. For negative values ahe theoretical and experimental figures, for< 0. For
0, the theoretical values of the penetration generally follow 6 > 0, the measured penetrations are lower, particularly for
each other. For positive values@fthe theoretical values of  the smaller particles. The differences are small for larger
the penetration are generally larger than the observed valuesparticles. These differences may be due to accumulation of
liquid in the filter, due to two factors. The first is that the
bottom part of the filter is not freely located in, for example,
5. Discussion a receiver but is fixed in the flange which introduces some
problems for free drainage of liquid from the bottom of the
Filtration of liquid particles on wettable fibrous filters is filter.
associated with the presence of liquid films covering each of The second and more important issue is that the model
the fibres. Tilting of the filter box can enhance the thickness does not distinguish betweén> 0 andd < 0 arrangements
and position of the film. Even for a relatively low irrigation  of the filter. However, the nature of the flow of captured lig-
rate of 0.08kg/h, theoretically, the equivalent diameter of uid inside the filter for these two cases is different. Liquid
the fibre can be increased almost two times by inclining the captured by the filter is drained under the action of the com-
filter by 85°. It corresponds to an increase in the packing ponent of gravitational force acting along the filter surface.
density by a factor of 4. However, due to significant in- The other component of the gravitational force, acting 90
crease of the pressure drop across the filter, this inclinationto the surface of the filter, is directed parallel to and in the
is not practical and was not covered by the experimental direction of the air stream for thé < O orientation. For
program. The theoretical equations were fully verified by 6 > 0, the gravitational component opposes the direction of
the experiments for up to 3dnclinations in both positive  airflow. Foré < 0, the normal to the filter gravitational com-
and negative directions. ponent and the drag of the air stream on the liquid films are
The theoretical and experimental results for the resistanceacting in the same direction, and serve to push liquid deeper
of the filter are in excellent agreement. The development of into the filter and even through it. A thicker film is associated
the film is usually quick, of the order of 10 min (sEg. 4), with enhanced drainage down the fibres and as a result, the
and the steady-state operation is relatively stable. Obvi- average thickness of the film across the filter is decreased.
ously, the resistance of the device for wet filtration is higher ~ The opposite situation occurs fér> 0 when the normal
than for the dry one. For the vertical orientation, the theo- component of gravitational force is opposed to the direction
retical pressure drop is slightly larger than the experimental of airflow. In this case, the liquid tends to accumulate more
pressure drop. The situation is reversed for the angled filter. at the front of the filter but is pushed across the filter by the
These differences may arise from the assumptions about thedrag created by the air stream. The combination of oppo-
structure of the filter not being fully valid. Tilting the filter ~ sitely acting forces redistributes liquid inside the filter more
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uniformly and as a result, the average thickness of the film
is bigger comparing té < 0.

The efficiency of the device fa# > 0 is always higher
compared to9 < O but for the same size angle. It can
be explained by the variation in the thickness of the film
and variations of the effective packing density which are
dependent on the orientation. The> 0 arrangement min-
imises the possibility of destroying the thick film located
on the filter fibres at the rear of the filter, and minimises
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to control the emissions from galvanising plants. They rec-
ommend that for exhaust streams heavily polluted by sticky
liquid or solid particle aerosols, a low porosity filter be used
in conjunction with the highest possible irrigation rates. It
will provide films of maximum thickness and drainage, and
will minimise blockage.
The tilting of the filter to retain fluid on the front face

of the filter is of particular importance for industries where
valuable irrigating liquids have to be used for the filtration

the possible removal of droplets generated as the result ofprocess. It is also important for sites which have some lim-

the destruction. Fof < 0, there is an increased possibil-
ity of destruction of the film on the fibre because of the
greater drag acting on the film when air moves through the
relatively low porosity rear of the filter with elevated veloc-
ity. The efficiency of the device is also increasing with an
increase of the size of the angle of inclination.

6. Conclusion

Filtration of sticky particles, particularly by dry filters,
can generate rapid build up of deposits on the filter and
present major problems with cleaning and maintenance of
the equipment. Where the aerosol is viscous, it may not be
able to spread over the surface of the fibres and may not
create the liquid film needed for enhanced filtration. Some-
times the aerosol is so dilute in the carrier gas, that it, by
itself, is not able to form the required films on the fibres.

In such cases, sprays of other liquids such as water can be

itations on the fresh liquid consumption. The possibility of
utilising a smaller amount of fresh liquid utilised by the
process also decreases costs.
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