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SUHMARY

This thesis is concerned with the removal of particulate
zaterial from gases using fibrous filters, The work is

described under three headings:=

(a) The Collision Efficiency : The particle fibre collision
efficiency is calculated by computing trajectorieslin the
Davies and Kuwabara flow fields. Electrostatic_and
gravitational field forces are taken into account, The
influence of fibre Knudsen number and Reynolds number on
irertial interception is predicted.

A model is described which takes into %ccount a log normal
distribution of fibre spacing in a filter. It is used to
Predict the pressure drop across a random fibre mat and its
mean efficiency of inertial interception both of which are a
factor of two or three less than predicted by the simple
Kuwabara model,

(b) Particle Retention Mechanisms : It is shown that bounce
is the only significant mechanism responsible for particle
non-adhesion in fibrous filters. An equilibrium model is
used to predict the critical particle size above which adhesion
failis,

The behaviour of filters in the low adhesion region is

examined by measuring the collection efficiency of model

filters using narrow sized fractions of dust, The efficiency




is a decreasing function of particle size and velocity,
trends which agree with the equilibrium nodel,

(e) Non-stationary Filtration : The behaviour of filtérs under
load is examined experimentally, The efficiency may either
incréase or decrease initially with loading, the character-
istics depending on the same factors which influence the

single fibre efficiency.

Finally recommendations are made for future work in the
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INTRODUCTION

Fibrous filtration is one of several techniques fér
removing fine particles (solid or liguid) from a gas stream in
which they are suspended. Among the most important applications

ra
of the technique are the removal of particles in the respijfory size

range (d;l - E/Mm diameter) using face masks and gas masks, and in
the maintenance of clean rooms, Larger particles ( > 2-3/um)
must be removed from engine intazkes because they can cause mechanical
damage., i

The capture of such particles by fibrous filters ﬁas been
the subject of a large number of theoretical and experimental studies
which have been well reviewed by Davies (1l). It is normal to con-
sider the behaviour of particles with resﬁect to a singlg ideal
fibre i.e. infinite cylinder normal to flow, within the depth of a

filter and to relate this to the overall behaviour of the filter

'using an expression such as that developed by Wong and Johnstone (2):

/B exp(-—‘-’r—_("_‘:‘)';&’is

where ? represents the particle retention efficiency of the filter.
73 is the single fibre efficiency which is the ratio of the volume
of air cleaned 5y the fibre to the fibre swept volume.

There are.four principal mechanisms which cause particles
to collide with fibres of which the first fwo are self explanatory.
These are Brownian diffusion, electrostatic attraction, interception
or inertia. Interception occurs when a massléss particlé touches
a fibre, which is placed normal to the direction of flow, purely
because of itgs size. The inertia of a particle may cause it to cut
across the fluid streamlines and impinge on a fibre,

In the vast émount of work in the field it has generally

been assumed that once a particle touches a fibre it will adhere




to its surface. Whilst this is undoubtedly true in the case of
particles which have been collected by one of the first two .
mechanisms mentioned above it is certainly not always the case
.with particles which have been collected by one of the second two

mechanisnms, Thus a better way of expressing filter efficiency

would bhe

-

% = M-

where QS is the single fibre efficiency, ?c is the collision
efficiency and ?A. is the retention efficiency. The

h I} » . ’

c aracterl.stlcs of V?c 3 le and hence QS are

shown diagramatically below.

Us
dy —

Chapter 1 of this thesis is concerned with the collision
_ efficiency ( Q¢)' A cellular model of the flow field is applied
to describe theoretically the efficiency due to a number of
mechanisms both indvidually and in combination. A theoretical
medel which takes filter structure into account is described,

In Chapter 2 the mechanisms which control the retention
efficiency are demcribed, a model is developed which is based on
these mechéanisms and experiments on the low adhesion regime are

described.



The behaviour of filters under load is described in Chapter
3. The behaviour of filters in the low adhesion regime is
explored experimentally, The results are shown and discussed.

Chapter 4 contains recommendations for future work,
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NOMENCLATURE

Constant in flow equations

Constant (equation 1.8)

Total area of contact m
Hamaker van der Vaals constaﬁt J

Face area of filter associated with packing

density | m2
Total face area of filter m2
Constant in flow equations
Constant (equation 1.8)
Constant in flow equations
Particle drag coefficient
Cunningham slip correction factor
Constant in flow equations

. . . 2_-1
Diffusion coefficient nms
Young's modulus of elasticity Nm'?
Energy of adhesion between undeformed particle :

and half space J
Additional adhesion energy due to deformation J
Adhesion energy bhetween deformed partlcle and

half space } J
Kinetic energy of pvarticle at impact J
Attraction force N
Force of adhesion between undeformed particle and

half space N
Dimensionless drag (equation 1. )
Force of adhesion between deformed particle

and half space N
Radial. or planar field force N

Coefficient, shadow effect (equatior 1.39)




H(t)

M

Hardness
Parameter (egquation 1,26)

Parameter in flow equations

Bessel function

Filter depth

Lift force

Dimensionless 1ift force, table 1.4
Ratio of cell to fibre diameters
Knudsen number, >7% \
Sedimentation parameter , de»gé&‘uo
Peclet number, UBd@ig

Intérception paranmeter, %%

Fibre Reynolds number, _Ebfk

2
Stokes number or inertia paraﬁeter, Gg&éé?
Filter penetration (i -9) /*df
Filter penetration at zero dust load
Attraction force per unit adhesion area
Nymber of grids in a model filter
Charge on fibre per unit length
Particle rédius of curvature at contact
Filtration time
Contact potential

Dimensionless velocity, UUQg

Velocity of filtration (interstitial velocity)

Relative velocity between particle and fluid

Filter volume

Dimensionless velocity, %ylb

Volume distribution of packing densities>
Parameter (equation 1.35), xb%“

Dimensionless x co-ordinate, x/g_

Coulomb m

Nm

1

m

S
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lieasured resistivity of filter {(equation 1.32)
Predicted resistivity of filter

For uniform packing density

-Dimensionless y co-ordinate, J#ﬁ@

?arameter, equation 1.31, Ai/AO
Effective area of unit deposit, equatien 3.1 7 m_l
Aerosol concentration
Initial azerosol concentration
Coefficient, equation 3,2
Relative cancentrationg equation l.l9,°/c0
Cell diameter (Happel-XKuwabara flow model) m
Fibre diameter - Y | . m
Particle diameter . m
Mass median particle diameter ) m
Equivalent fibre diameter ‘ m
Critical particle diameter above which adhesion
fails o

Distance between fibres in model filter m
Coefficient of restitution
Electronic charge, esn (1.602 x 10_\9C)
Parameter, equation 2.23
Maximum normal stress on coﬂtact Nm_2
Planar field force ' N
Dimensionless planar fieid force
Radial field force N
Dimensionless field force

-2

: -2
Gravitational acceleration (9.81 ms™ 7) ms

Coefficient, equation 2.2

9]
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At

Separation distance

Constants or coefficients in various equations

Coefficients, equations 3.7 and 3.8
Distance between charge centres

Distance between particle and substrate

Mass of particle

Number of basic charges

Gas pressure

Pressure drop across filter

Initial pressure droﬁ across filter

Particle charge

Cylindrical polar co-ordinate

Dimensionless radial position, ¥/,

Radius of curvature of meniscus

Radius of contact area
Time

Time of contaét

Gas velocity (x resolute)

Particle terminal velocity

Particle impact velocity

Particle velocity

Particle impact velocity normal

“bf/uo
ur},\
( Uo Y= ©
(%)
Uo (.?2):0.5
e
Particle impact velocity

Ui
b’ik

(ﬁ)(&:)w.g

%

to fibre surface

m

ms

ms



Gas velocity {y resolute) ms
Gas velocity (polar co-ordinates) ms

Weipght fraction of the i th component in
a muliicomponent filter

x; correction for "shadow'" effect

Yl co-ordinate of trajectory starting poinf

Coefficient, equation 2.2

Filter packing density (volume fibres/volume
total filter)

Clogging parameter, eguatiecn }.5

Parameter, equation 1.36

Eule. consfant

Particle collection efficiency, equation 3.1
Clogging paraneter, equation %.5

Dirac delta function

-2

Thickness of space charge layer i}
Adhesion energy per unit contact area “Jm
Permittivity of free space (8.85xlo"12) Farrags n~t

Dielectric constant of particle
Dielectric constant of fibre
Packing functions in flow equations
Overall filter efficiency

Single fibre adhesion efficiency
Sinpgle fibre collision efficiency

Sinpgle fibre collision efficiency, diffusion
mechanism

Sinple fibre collision efficiency, inertia
mechanisn,

Single fibre collision efficiency, sedimentation
mechanism

Single fibre collision efficiency, interception
'mechanism
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Single fibre colliision efficiency, electrostatic
mechanism .

Yhere @ is the particle charge and q is the fibre
charge.

Single fibre collision efficiency, combired
mechanisms

Single fibre efficiency ( Ne: QA }

Single fibre efficiency at zero loading -
determined by extrapolation

Parameter, eguation 1,30

Average single fibre efficiency (eguation 1.51)
Cylindrical polar co-ordinate

Velocity gradient

Mean free ﬁath of gas molecules

Volume collection efficiency for a filter,
equation 3.2

Lensity of gas ’

Density of particle

Surface tension

Geometric standard deviation of cell, or pore sizes

Particle deposite within a filter (volume particles/
volume filter)

Critical deposite within the filter at maximum load
Constanté, eguation 3.10
Dimensionless tine,

Dimensionless time interval used in trajectory
calculations

Velocity potential
Vorticity
Stream function

lifschitz van der Waals constant

Kgm m-
Kgm‘m-

Jm
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The Collision Efficiency

1. Literature review
1.1 Flow field
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1.1.2 ’ Fibre interference
1.2 Collision mechanisms
S 1.2.1 Brownian diffusion
1.2,2 Electrostatic attraction
1,2.3 Inertial interception
1,2.4 : Seéimentation
1.2,.5 Filtration in rarefied systems
1.2.6 Combination of mechani'sms
1.3 Filter configuration
Summary
2. Application of cell model
2.1 Trajectory calculations
2.2 Inertial interception
2.3 Radial field forces
2.4 : Planar field forces
2.5 Fibre Knudsen number
2.6 Generalisation
2.7 Distribution of fibre spacing
2.8 Filter resistance‘
2.9 Discussion and conclusions

D




CHAPTER 1

THE COLLISION EFFICIENCY

The literature on this subject has been very well
reviewed by Pich (3), Harrop (4) and Davies (1) so it will only
be briefly described here, The present work which is concerned
with the theoretical predictions of collision efficiencies using
the cellular model of the flow field is described in section 2, -
A medel in which the distribution of fibre spacing is taken into

account is also described.

1.1 . Literature Review
1.1.1 Flow Field

A pre-regquisite of any particle-fibre collision theory
ié a description of the fluid flow field within a filter, The
problem is to describe the flow field in the proxinity of a
‘circular fibre which is placed normal.to the direction of flow.

The true flow field within a filter is extremely complex due to
random orientation of the fibres and defies analytical description.
Corsequently a mathematical model must be used. The simplest
model is that of an isolated cylinder in an infinite medium,

Using this type'of model the influence of fibre Reynolds number
can be taken into account but the effect of neighbouring fibres is

ignored, The model has application in the case of relatively




open filters which are operated with high face velocities and
in which the fibre Reynolds number may reach 10 or higher.
With compact filters which are operated with a low
face ve%ocity and low Reynolds number (inértial interception-may
be the main capture mechanism with a fibre Reynolds number as
low as 0,01) the effect of fibre interference in the filter is
@more significant than that of fibre Reynolds number.. Models
of the field have been developed which describe the effect of
filter packing density (ratio of fibre to filter volume) under
conditions of zero. fluid inertia, Unfortunately no model ﬁﬁs
been published which describes the combined effect of racking

density and Reynolds number.

Isolated Cylinder

The fluid behaviour Qill satisfy the Navier-Stokes

equation and the equation of continuity,

2
u.Vu = —Ybh + »Vu 1.1
Vu = o 1.2
Oseen (5) apprbximated the non-linear term by:-
2
Uy. Vu u 1.3

ll
|
e
+
v
4
c

If we put k = U°/2.:D

equations 1.2 and 1,3 are satisfied by
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Q/

u:—-éﬁ+ __’5-——3(

A
9 X 2k 2x

V=".3;f+._l_

1%

oy 2k l.b-5
Provided that
2 p,) ' _
(V - Z.k-_s—x)k = O 1.6
and 2
Vv 99 = © 1.7

where )L and 9 are the vorticity and velocity potential,

General solutions in.cylindrical polar co-ordinates to

equations 1,6 and 1,7 are

_ pkx D Kolkr) .- | _ Y lnr
X =€ B, %" 7 An 3T
s

where A and B are constants and Ko is a Bessel function of the
second kind,

The boundary conditions are those of undisturbed fluid
at infinity and zero slip at the cylinder surface. The
accuracy of the solution will depend on the number of terms taken
in 1,8,

Lamb (6) in 1932 obtained a solution by using an
approximation for the first term in X and the first two terms in
9. After further simplification the field normally used and

referred to as that of Lamb is obtained, Unfortunately this

solution is only valid close to the c¢ylinder surface.
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Tomotika and Aoi (7) used the first term completely
in X and the first three terms in ? . Davies (8) used again
the Ifirst ternm in )( and the first 5 terms in Q . Claiming
that Davies' solution was incompatable, Natanson (9) used the
first two terms in )( and the firét three terms in C?.

Because of the limitations imposed by using the Oseen
approximation any solution to eguations 1.2 and 1,3 will become
less valid as the cylinder Reynolds number is increased. 0.5
is generally taken as the.maximum value at which such theories
can be used.

To examine the fields proposed by the various authors,
the velocity resolutes along the x and y'axis (taking the cylinder
centre as the origin) perpendicular and normal to the direction
of flow, were computed. The results for the lamb field, and
those pf Davies and Natanson are shown in figs 1.1 and 1.2.

It will be seen that in front of the cylinder the Davies and
Hatanson fields are almost identical‘(in fact tney differ only
in the fourth decimal place at a Reynolds number of 0.2) whilst
the approximate field of Lamb is widely in error, the velocity
tending to infinity with distance upstrean, It can be seen that
the velocity profile predicted by Davies becomes somewhat eratic

at large distances downstream,

- Computation of the velocity profile close to the cylinder

shows that the Davies and Natanson fields are again indistinguish-

able at low Reynolds number, but a slight discrepency begins to

D
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show itself at higher values of NRe‘ An interesting feature
"is that both theories predict a wake behind the cylinder at
relatively low values of NRe' certainly those encountered in
fibrous.filtration.

The scolutions of Davies and ﬁatanson are probably as
accurate as can be obtained to equations 1.2 and 1.3, Any
further improvement must come, by taking the non-linear terms
in the Navier-Stokes equation into account at higher Reynolds
nunbers, The Qseen equation is a good approximation to the flow
at distances from the cylinder whe?e u is close to UO and at low
values of NRe where the ingrtia terms are not too iaportant,
'However, as NRe is increased the Oseen approximation becomes less
accurate ciose to the cylinder, where a Stokes solution would be
more appropriate.

The technique of matched asymptotic expansions (10) in
which both an "inner" and Youter' solution to the flow equations
"is obtained, allows the non-linear terms in the Navier-étokes
equations to be taken into account. Kaplun (11) has applied the
method to the present problem to obtain a solution which is valid
at higher Reynolds numbers than those described above, His
"solution is not, however, so readily amenable to calculation.

Thom (12) obtained a numerical solution for the flow

round a c¢ylinder with a2 Reynolds number of 10,

1.2 - Fibre Interference

Five different approaches have been made to bring_the
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influence of fibre interference inbo account,

(a) Kovasznay (13) considered the flow close behind a two
dimensional grid., Although his model prédicts the effect of
filter packing density on wake formation and‘the laws of decay of
individual wakes it is of limited use in filtration and can only

be used to obtain an estimate of the packing effect.

(b) Tamada and Fujikawa (14) and Miyagi (15) considered the
Oseen flow past an infinite row ¢f cylinders. They predicted the
drag directly proportional to the velocity of flow as is found

in practice, The isolated cylinder the;ries do not predict this
dependence because of the discrepency in boundary conditions.

The solutions to this model take the form of expansion series and

are consequently cumbersome and difficult to apply.

(¢) Happel (16) and Kuwabara (17) published a céllular

‘model to describe the flow through banks of parallel cylinders.

A filter may be considered to consist of a number of cells, each
cell comprising a single fibre surrounded by a concentric envelope
of fluid, The diameter of the cell is determined by the proximity
of neighbouring fibres and is thus related to the  filter packing
density. The flow pattern within the cell is related to the cell
diameter. Thus a model may be set up which in its fundamental
concept takes account of the effect of neighbouring fibres.

However, each cell may be considered as an independent entity and

9
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the field inside may be considered in isolation from the rest
of the filter,

The physical basis for the model as suggested by
Kuwabara is to consider an assemblage of cylinders moving from
right to left in a fluid; the fluid will be displaced above and
below the ¢ylinder as shown in Fig.l.3., Due to tke opposite
directions of peighbouring zones of fluid displacenrnent the
boundaries indicated will approximate to conditions of zero shear
stress.

From this physical model both Happel and Kuwabara
postulated the mathematical model showa in Fig.l.h, The c¢ylinder,
moving from right to left, is surrounded by a concentric cell of
fluid, such that the ratio of fluid to solid in the cell is the
same as the relative wvolume in the whole asserblage of cylinders.

Thus the cell diameter is a measure of the packing in the systen,
Happel-Kuwaharg flcw rat :

' <" -—@—-—-—w Boundary of ' :
4 \ ‘:’/m:o shear A R . : : -
‘ E: \ <5_4> sess \ cal Cyfder

Y

or
fibee

g -k / - N
i \ / <T’*7 \ .
: \\ ; \ . » d
\
!

Cellular flow net. Mathematical médel

Fig.1.3 : Fig. 1.4

L general solution of the creeping motion equation in

. ' . R o
cylindrical polar co-ordinates (r, 8 ) is given by both Happel and :



18

Kuwabara as

w __._(f_\_ + Br +Crlnr+J)r3)5i.n6
-

1.10
where the polar velocities ( Uy,WUg) are:
= + 9 - —
W = — 2 Uy = Y 1.11
¥ 99 . or

As the inértia forces in the fluid are assumed negligible
and omitted from thelNavier-Stokes equation to obtain the creeping -
notion equation, the model suffers from the disadvantage that it
is only applicable at low Reynolds numbers,

To solve the general soclution for the constants A, B,

C and D, Kuwabara postulated four boundary conditions in a
reference system in which the ¢ylinders are at rest and the cell

moving from left to right with mainstream velocity Uo.

Uy = U = O -fnr r =z d;/z

Uy = Upgeos®  for r = dc/;_

l.12
zero vorticity -For r = dC/)_
The boundary conditions suggested by Happel are
e = — U_ cos © .
v o = 5 % .fof‘ Y = d{/@L
Wo = \)° S\ n 1.13

Uy = O | for Y=dc/2

: zero shear stress 'fo" ro= d‘/Z.‘
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In this case the cell is stationary and the cylinder
is moving across its diameter from right to left with the
mainstream‘velocity_Uo.

- Using the Happel boundary conditions the resolutes
of velocity in the x and y directions ére found when thé cylinder
is moving. The fluid velocity resolutes, with the cylinder
stationary, are obtained by superimposing the main stream velocity
on the resolutes calculated.

Expressions for A4, B, C, D, u and v are given in
Table 1.1,

The ratio of cell to cylinderJ radius (N} is related to
¢4 the volume.fraction of fibres, or packing density, of the
filter mat, As & is increased N decreases and the extent to
which the streamlines diverge is accentuated this effectAbeing
similar to that caused by an increase in Reynolds number, For
a real filter the }elationship between & and N is complex but
for an array of equidistant parallel ¢ylinders the packing density

. 1is given by:

X = ’t\‘/4 N . 1k
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Flow Field Solutions .

. Happel A Kuwabara
A =N Uglad , !
- B ={[1=2n(d,/2) = N*(1+2In{d}/2))] Uald} — U, w=4(i- +3+c(§+:n,)+or=(3§+ |

C=[2(N+1)] U :
D =—4UJId,* , v= (x—))(%‘_ €= ZD")

’1
where /= 14 2In N —N*{1-2in N} Where r* = x*+ ¥

AL 2 2 W A= (12Nl
. u=;(l-——"; +B+C(‘r;+lnr)+Dr=(%;—+l)+U¢ B=(4N’|nr,i2N’—2)UJJ
-.A ) C=—4NWiJJ
=V : D= U Jr,
v=(Z)(F-c-27) } . o Jr?

J= 1NT+INT—4—4NTIn N,
\'vhere r= x’j—y_’ ~ '

.Solutions for the cellular flow field,

Tﬁe flow lines of the two models practically coincide
but the resistance predicted by the Xuwabara model is:@reater than
that of Happel due to energy dissipation at the outer fluid
envelope., Kirsch and Fuches (18) shoﬁed that the Xuwabara model
was the more realistic of the two in predicting the flow through |
a regular array of cylinders in an hydraulic analogue. In their
vwork & was defined as"/N-"' and not ‘“'/_4 N" as akove, It is
likely that '/N* will be closer to the truth with real filters of
random array or with ¢losely ﬁacked banks of cylinders, but 7ﬂﬂ4yql
& better approximation for model grid filters, which are widely
spaced grids (see fig. 2.39).

, The céllular model has bee'n éxtended by Masliyah and
ﬁpstein (19) to a study of the behaviour of banks of elliptical

¢ylinders.

(a) . Brinkman {(20) proposed that Darcy's law be incorporated

in the equation of creeping motion to describe the flow field in

[§S
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a sedimenting system:

Yo - -¥p 4+ 3 Viu
k, P

where k, is related to the concentration (it is in
face the permeabilitf). This equation was recently solved by
Spielman and Goren {(21) to describe the influence of racking
density in a filter. The essence of the model is that a body
damping force which is.froportional to the velocity and related
to the permeability is introduced. Hence the packing effect is
introduced without the often embarassiné presence of an outer
cell bourdary, For the same value of & the flow lines are
less tortuous and the resistance is less thaﬂ in the cell model.

The general solution for the field is

}0‘ = U, 5me[/f£:r + %" + CK,(k'."‘r)}

. =%
Uer;[. o 2Kk r) ]
where A | /*kl k.-l,,_ K (E’"‘r:,,)

B -kt//qu
¢ /R ()

where K0 and KI are Bessel functions of zero and first

order,

(e) Hasimoto (22) considered the Stokes flow through a

D




square array of cylinders, He used a point force technique
so that his solution is applicable only in very dilute systenms.

He obtained a periodic scolution to the following expression

FZ Z;S(hm < T+ >V

where 8 is the Dirac delta function.

Simplified expressions which are valid close to the
fibre surface are available for a number of flow fields. These

may be summarised by:-

e i R A NI

Some expressions for .g are given in table 1l.2. The similarity

between the influence of Np, and & in these solutions is worthy

of note.
TABLE 1.2
Expressions for .g in equation 21,18
Field f g £or very low of
Lamb . 2 - \I‘\ Nh
o2
Happel - lnk - v L n -z
1 Z T aci+at) iin 2
1
Kuwabara _,L Ine —% .;.og-..% ...-_:g_ {n oL —3{4

Spielman and Goren Ko(kl?'rﬂ/kl?'q Klfku"- T.;) -In (_;,. l(:if.'f) - 0.5772

The slip flow boundary condition has been applied to

.
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most of the models descridbed above (3,21) to extend their use

to low Knudsen number systems.

1.1.2 Collision Mechanisms

Brownian Diffusion

Molecular bomﬁardment caugses random movement of small
particles in a gas stream, If the stream is brought iﬂto close
proximity of a solid surface a fraction of the particles will be
deposited. Clearly the efficiency of deposition by this
mechanism will be inc}eased by an increase in the degree of
Brownian motion (e.g. by a reduction in particle size) and by
an incrg?se in gas residence time close to the solid surface.

The behaviour of a diffusing aerosol is described in

dimensionless form by

2
2T - Np

I o/
N
.I..

I
<]
n\

I

1.19

n

c . +t U
where C’ = — 3 'C = —
Co &1

ds Uo :
N - :s-———- Peclet NO.:
Pe P .
B
The diffusion coefficient,]ﬁb s+ c¢an be found from the
Einstein .(23) or langmuir (24) equations, To determine the
efficiency of diffusional deposition (QB ) it is necessary to
solve 1.19 in conjunction with one of the flow fields, Obviously

7) will be str?ngly related to[qee.
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Several methods of solution have been used, Langmuir
(24) calculated the amount of deposition from a stagnant gas in
time t: he then compared this‘with the residence time of gas
close to the cylinder using the Lamb flow field, A nore
rigorou§ approach was applied by Natanson‘(ZS) using the samne
field, This technique has now been abplied using the cellular

model (26) and the Spielman and Goren field (21).  The last

three expressions are summarised by

"1/3 ._1/5
Q)' = 29 i NP&. 1,20

The form of this expression is in agreement with
experimental data (21,26); the accuracy of the data is not,
however, sufficiently high to confirm accurately the value of the

constant or the form of ? .

Electrostatic attraction

Four cases exist where electfostatic attraction may be

important in fibrous filtration:-

(a) particle charged; fibre neutral - a charge is
induced in the fibre which causes a rolarization
force,

(b) particle neutral; fibre charged.

(¢) particie charged; fibre charged.

(d) externally induced electric field - polarization
by the field causes the fibres to act as line
dipoles,

The last case has been dealt with recently hoth
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theoretically and experimentally (27,29); the results show

that the technique is extremely promising-as a high efficiency -
low resistance methed of filtration. However, since it is not
relevant to the present work it will not be discussed further.

The R.M.S8, charge value of natufally occuring aerosol

-

LY

clouds is low (30), Normally the charge on fibres is also low
(31}, However, artificially produced aerosols suph as spray
droplets - (32) and dusts produced by dry drilling (29) may be
highly charged and filters may be produced, such as the resin
impregndted wool filter; in which the fibre charge is extremely
high,

The particle fibre collision efficiency due to the
mechanism is normally obtained by calculgting rarticle trajectories
in the neighbourhood of a fibre. The trajectory eguations are
obtained by equating the Stokes drag to the elecfro;tatic

attraction force:-

3rmdy Uy + RO o

L 1.21

where Eid is the relative velocity between the particle and the
gas and Eﬁg)is the electrostatic field force. Oné of the flow
fields described in section 1.1 is used to describe the fluid
velocity in equation 1,2 1. Expressions for the electrostatic
force for cases a, b and ¢ are given by Kraemer and Johnstone (33)
and Natanson (34), The expressions are summarised in Table 1.3

where they are shown in dimensionless form and in terms of

dimensionless force parameters,



TAELE 1.3
Kind of force Coulombic Induced Image
electrostatic/fibre charged ‘ charged - neutral
conditién /particle n neutral . charged
ez "oy "os

¢ 2

_ Q £,~! g_é? £a-! q( -

S, 65,
N,

o N .
A.0) %o _Ilog,
{' r! (r)? (r'~ | Yy
where Bl =3 ™ Uo d# T r' = _r-
Pl 5=t

Sumnmary of electrostatic forces and parameters.

Theoretical expressions based on the above method are
shown in Table 1.10. Experimental work has been confined to a

study of case®, Lundgren (31) obtained the empirical expression

9.% *
'2 = - I'SN l.2 2
e

4,
but Yoshioka et al (34) using almost identical conditions concluded
that the constant should be 2.3. The results were not sufficiently
accurate to investigate the effect of Reynolds number or packing

density. Good agreement can, however, be c¢laimed between

experiment -and the theoretical work of Natanson,
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Inertial intercepfion

The inertial mechanism occurs when particles, because
of their inertia, cross the fluid streamlines and impinge on the
targef. Irnterception occurs when a massless particle collides
with the target purely because of its size, The inertial
and int;rception mechanisms occur together so they are normally

considered as a single mechanism, The interception mechanism

alone is often calculated because it is a limiting case.

Theory.

The theories of inertial interception are obtained by
computing particle trajectories in one of the flow fields. The
trajectory equations which are described in detail in section

1.2.1 are given below in dimensionless form:-

N X X v - o 4
FyT ol 1.23

N Y v 0

’r 3:("_, T ——L, ' .
N = puU i S A
¢ — P 7°7F 94—’md{/* AJ{ “l—’g_l\n

Equation 1.2 3 results from equating the particle

where

inertia force to the Stoles drag based on its relative velocity.
The inertia parameter or Stokes number Ngy is the particle stop
distance divided by the fibre radius. Other definitions of the
inertia parameter have frequently been used including the ratio
of the stop distance to the fibre diameter and ( Ns,,y" . In

this work hkr‘will be employed, There is some confusion con¢erning

..
o"‘-

D
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the value of the velocity which should be used in P*sf, several
. O .

authors preferring the filter fewce velocity ( U,), some the

mean interstitial velocity (Vs /(““0) while Clarenburg and Van

der Wal (36) advocate the use of an average velocity which is

considerably modified due to the fibre arrangement within the

filter ( I'S U°/C\"°’~5).

Many theoretical predictions have been obtained by
computing the critical particle trajectory i.e. that trajectory
on which the particle just grazes the fibre. The efficiency is

function of the follcwing variables:-
n
Do =; Nsr, NK;NRJM“) 1.25

where NR is the interception parameter (d[; /d.f de
Since the results are dictated by the influence of the

flow field the influence of NRe and & must be considered separately.

(a) Isolated fibre

Figure 1,5 shows the calculated effect of N on the
single fibre efficiency as determined by a number of authors at
different Reynolds numbers, The most useful and widely quoted
of these curves is that due to Davies & Peetz (37) who employed
the Davies solution of the Oseen equations - tﬁey performed the
calculations for a fibre Reynolds number of 0.2, A more recent
single fibre theory is that of Yoshioka et al (38). -They used
the Lamb sclution and predicted a lower efficiency than £hat of
Bavies and Peetz, Recourse to fig. 1.1 will illustrate the danger
of using the Lamb field. The particle trajectory starting point

must be carefully chosen; at the same time'the lower streamline
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curvature of this field, which is less accurate than that of
Davies, will result in the computation of a lower efficiency, It
is interesting to noteé that Yoshioka predicts that the influence
of Reynolds number on the efficiency is much more pronounced at
low values ofI@S* than at higher values. It is logical that the
influence of the fluid streamlines should' become greater as a
partici;'s ability to cross them is reduced.

Davies and Peeéz used the Thom (12) model of the flow
field to calculate the efficiency at a Reynolds number of 10.
Loffler (39) has recently used boundary layer flow theory to
obtain the efficiency characteristic at NRe = 50,

Several expressions have been obtained by curve fitting,

for the efficiency of intertial interception (3).

(b) Influence of filter -packing density

The influence of filter pécking density has been taken
‘intd account empirically by using an "apparent fibre diameter"
which was determined using pressure drop ﬁeasurements (40).
Empirical expressions have been given by Chen (41) and Dorman (42)
and Davies (43) has presented a semi-empirical approach.

Harrop and Stenﬁouse (4, 44, 45) used the Happel cellular
field to investigate the influence of & on the efficiency of
inertial interception., S . - 3 B
g ~.. They compared the results obtained using the model with
'some obtained using the Kuwabara field and the simplified cellular
field given in equation 1.18, They found only a slight wvariation
between the results with the exception of those of the approximate
Kuwabara field at high values of o . The Spielman and Goren

field has been used by Dawson (46). His results are similar in

form teo those of Harrop and Stenhouse but predict lower efficiencies
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(see fig. 1.5) over the entire range of variables considered.
. There are three reasons for the discrepancy in results;-
(a) The cellular field is more tortuous than the Spielman
and Goren field, hence a higher efficiency is
predicted by Harrop and Stenhouse,
(b) The trajectory starting conéitions in the work on
the cellular model are iikely to cause a higher
efficiency prediction than those used by Dawson.
The startirg condition using the cell model was that
of the main stream velocity at the outer boundary,
Dawgon was able to start his trajectories much further
upstrean,
(¢) The relationship between of and the fields calculated
is different for the two models.
The trajectdry starting condition is importgnt. Although
it is theoretically correct to start a trajectory calculation for
the case of an isolated cylinder at a position sufficiently far
upstream (i.e. several hundred fibre diameters) for there to be no
significant interference, it is not possible for this to occur in
practice within a filter. In fact the fibre interference will not
extend much upstream beyond what is accepted as[a cell boundary:
similarly it will not extend muéh further downstream than the
boundary. Hence particles crossing a cell boundary are more likely
to do so at the average flow conditions within the cell than in.any
other preconditioned state. The trajectory start conditiongs used
with the cellular model are thus more realistic than a starting
point much further upstream as is used by Dawson, Althowgh -
inavility to match neighbouring outer cell boundaries is a disadvantage

the model is easily visualised,
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Stechkina, Kirsch and Fuchs (47) derived an analytical
expressiog for the efficiency of inertial interception for

Ngy €K 1.0 using the Kuwabara model:

71&( NR.,NS*) = Wk T ‘57%'2- Nsy
where I = (29.6 - 28 &9+62) N _ 29,5 x, 2.8
Equation 1.26 was obtained by substituting a firét order
approximation fof Q%E' in terms of U' and NSr in equation
1,23 and solving for the total number of particles passing between

the cylinder and (I +T*R) along the y axis:-
-l'ﬁ‘Nk '

o e '
Ya = (s Co )e=’-§_dr 127 7
| ‘ .

At low values of Nsr where 1.26 should be valid it

predicts efficiencies which are much higher than those of Harrop

and Stenhouse or Dawson. o e T
L Woc . i N The reason for the discrepancy is not clear but

probably lies in the approximations made in deriving 1.26.
Expe:imeptal confirmation

_The efficiency of inertial intercevtion has been
measured by several workers. The most reliable data, where
monosized fibres and monosized pérticles have been used, is
presented by Kumura and Iinoya (48) Wong et al (2) and Harrop (4);
Gallily (49,50) and Harrop (4) have presented data on model filter
systems, Dawson (46) carried out a thorough comparison of his
work with that given in references 2, 48 and 49, He concluded
thatthe general trend of the comparison was that collection was
qften significantly under-predicted, but never significantly over=-

predicted without a particularly telling explanation",
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Harrop compared his results using the cellular nmodel
with his own e;perimental data. He measured the filtration
efficiency of 1,2 =~ 3.4/&m monosized particles of sodium chloride
using model and real filters, The model filters consisted of a
series of grids of 50fmﬁ‘paralle1 stainless steel fibres, "Real®
filters were constructed from monosized gléss fibres, Packing
densities in the range 0.01 - 0,11 werelused a;d flame photometry
was used as the method of concentratiqn detection, He found that
the‘Cellular model significantly overestimated the experimental
results.

A comparisoﬁ be§Ween Dawson's theory and Harrop's
experimental data is given in figure 1,6. Dawson's tﬁeory predicts
a closer fit to the experimental results Put still overestimates
the efficiencies. Clearly the experimental data of Harrop is in
conflict with tha£ given in references 2, 48 and 49, the earlier
workers obtaining much higher efficiencies, The cellular model
gives closer agreement with the data in references 2, 48 and 49,
whilst the Dawson model is in better agreement with Harrop's dafa.

No obvious reason can bé found for the differences in
experimental data. It is concluded, therefore, that further
practical work 1s necessary before we can decide which of the two
models of the flow field is most suitable. . Both theories suffer
from the assumptions of zero Reynolds Number and uniform filter
pa;king density (which will have a cancelling effect - but will

probably lead to an overestimate of efficiency),

The limiting case of interception only has been studied by

LY

numerous authors, The theory consists of solving equation 1,27
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for one of the flow fields, Such solutions have beep obtained for
the cellular field (47) and that of Spielman and Goren {21).

Sedimentation

Stechkina et al (47) have shown that the contribution to
.the single fibre efficiency due to sedimentation during gas

downflo; and upflow is:-
"?P = (1 + NR) NP ' 1,27

for sméll vaiues of Np » which is the ratio of the sedimentation

velocity (uZ,) to Uo (positive for downflow and negative for upflow).
Thomas, Rimberg and Miller (51) compared upflow aﬁd

downfloﬁ efficiencies experimentally. They showed that gravity is

a contributory mechanism, the penetration ( P ) ratio being:-

n (Rater ) o Ny 128

downflew
For the filters tested by them K had the value 0.71 -
0.85. It is not possible to extract the single fibre efficiencies
from their data (they used a wide distribution of fibre sizes) to
compare this with 1.27. . However, they showed that if 1,27 is

valid then

M 4

I { Pagflon o (1+ Ng) Ny 1.29
?dav-lh-flﬂ"" . | -

Since other mechanisms, such as interception, must have

contributed to capture it is not surprising that K is less than 1.0.
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Filtration in rarefied systems.

The intreduction of ultra-thin fibres in the manufacture
of high efficiency filters and the necessity of filtering particulate
material at high altitude, particularly radioactive dusts, makes
the study of the effect of fibre Knudsen number Nkn= %f on the
filtration efficiency one of practical. importance. .

The subject has been well reviewed by Pich (3). The
Lamb (52) cellular (47) and Spielman and Goren (21) fields have
been extended to the low pressure ( blkh<().25) region using the
slip flow boundary condition., The Lamb model was extended by
Velichko and Radushkévich (53) using free molecular theory within
one mean free path of the cylinder and continuous theory outside
this to apply tointermediate values of Ny,.

The first three solutions to the flow field have been
used to derive expressions for efficieney of diffusional caﬁture-
and interception, The Velichko theory has been used to find the
interception efficiency., By including the Nk“effect in 'g (see
table 1,2) its influence on filter resistance is obtained, and
Stechkina et al (47) have used g(ﬂa‘to find its effect on N, st
very low v%iues of N¢,. Pich (54) has recently reviewed both
theoretical and experimental work on filter resistance over a wide
range of Mk“values. |

Stern, Zeller and Schekman (55) showed experimentally
that the diffusional efficiency increased with r‘kﬁ This in
accordance with theory but the magnitude of the effect was much

less than predicted.

Combination of Mechanisms,

In the region of minimum efficiency several mechanisms are

T
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significant simultaneously. Although it is frequently assumed

so (46) the contributions are not additive and the computation of

the efficiency due to the combined mechanisms presents a formidable

rathematical problem. The only SCJN;‘ theoretical approach is
that due to Stechkina et al (47) who considered the efficiency due

to the gombinafion of diffusion, intercepfion, inertia and gravity:-

£
Toep = Y ™ MW+ N ¥ 7

—d

where 9y = .2'7§%NP¢ + 0.62 N:
e = (@8]0 ReY- (enig
R +z.(|+NR](|+)_NK“)ln(I+NQ]
N, = 124% "N N2

1.30

1

- _ 1 3 ‘ d - L
§ = - ilh €« ~3z + 2. quh -'1ln & 3 )
71 and_?baxe given by equations'1l.26 and 1.27 respectively

which are valid only for low lﬂSf‘ The Kuwabara field was used

to find 1,30,

Davies (43) and Torgeson (56) and Dorman (57) have
produced expressions for Qva: . Davies applied a theoretical
approach assuming the efficiencies to be additive but the second

two authors used semi-empirical methods,

1.1.3 ) .. _ Filter Configuration

This section is concerned with the way the configuration

of fibres within a filter effect its performance, There are three

levels of examining these effects, namely:

(a) the bulk effect of packing density

{b)} the influence of fibre distribution in filters
constructed of monosized fidbres.
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(¢) the effect of mixing two or more fibre sizes in
the filter.

The influence of & on filter behaviour has been reviewed
well in reference (&), -There are several empirical correlations,
notably by Chen (41) and Dorman (42) and Davies (43) has produced 2

semi-empirical expression, The flow field descriptions which have

been used to take o into account are designed to be used with
regular systems of uniform packing density.
| Dawson (46) has attempted a completely theoretical
description of the influence of fibre distribution effects (mono
sized syséems) and Clarenburg and his co-workers (36,58-62) have
introduced semi-empirical methods to déscribe the behaviocur of
filters consisting of different sized fibres,
i) Monosized fibres.

Dawson used a parallel flow model in which a filter

consists of deep zones each of a uniform but different packing

depsity.
— A - By using relatively large zones
—> o Ay — of different packing density
- - instead of individual fibre
- i A == G AL spacings, the problem of matching
ii £oundary conditions is avoided.

He defines the distribution of packing densities as:-

o« = ZE: y& &g

1,31
wheve Y, = A‘.'/A-r.ta\

and a resistivity ( XT) of the filter where

1 - Uofi L
Ay i Op 1,32
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Using the Darcy equation to describe the flow through

the system the total resistivity is obtained in accordance with

Lo L%

By considering a filter of two packing densities he shows

Ohm's law as

how the resistivity is loger than that of a filter with the same
mean but uhiform packing density,

The average penetration of such a filter was obtained
by assuming an exponential decay in aerosol concentration through
each channel as is normal, and summing the efflux from the whole

filter:-

._‘_.=l--rz = Xp YQXP Wd;)

where'xbis the measured resistivity of the filter (theoretically
the same as XT) and Q;the single fibre efficiency in channel i.
Hence he was able to calculate the reduction in pressure drop
ard filtration efficiency due to non-uniformity.

A description of non-uniformity even for a medel with
two packing densities requires the use of two parameters, This
was reduced to one by including the constraint that the difference
in the two packiﬁg densities should be a minimum, The following

ratio then defines the uniformity of a filter:-

w = I

' 1.35
Aw
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Dawson calculated the reduction in the efficiency
of inertial interception in terms of W and filter depth.
Clarenburg and Van der Wa:.l (36) used a parallel capillary model
to obtain a value for the volume average velocity., They included
é log normal distribution of pore sizes, Using a.ogof about 2.0
they showed that the volume average velocity is approximately 50%
‘greater’than the average interstitial velocity. This velocity

was used to calculate the inertia parameter in Davié”g>(43)

equation to obtain the efficiency,

o>

T 1.36

~ln? = Y

Al

wnere Y = 13.9 dy [; + (°'7$/I\i&+ 1.1) N, - 0.23¢ N;]

A large value of as'will increase ¥ and hence the calcu-
lated efficiency. This is in conflict with Dawson's work which
predicts a reduétion in efficiency. The methed takes into account
the increase in.Q:or § in lightly packed sections of a filter due
to the increased_velocity; this effect-may, however, be more

than compensated for by the reduction in number of targets in such

2
a2 zone = i.e, the variation in . from.place to place in 1,36

(1 ~o)
should be taken into account. It is concluded, therefore, that 1.36
is invalid,
ii) Multisized fibres.,

Clarenburg (60) described an empirical equation for the

pressure drop across a filter consisting of multisized fibres:-

i

[n Ab X In AP" 1.37

where ]éwrefers to corrected fractional composition.
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The contributions of individual fibres to the pressure drop
and efficiency are not additive, This is due to the configuration
effect which is described as the combination of two separate effects,
namely those of structure and shadow.

The structure effect leads to a reduction in resistance
and efficiency. Presence of large fibres in a filter cause a
widening in the pore size distribution of the fine fibres. The
effect increases with increasing ratio of fibre sizes.

TheAshadow effect is a screening of coarse fibres by
fiﬁe. The flow p;ttern imposed by the coarse fibres causes an
ircrease in Nz of the fine fibres the efficiency of which are higher
-in any case. This results in an overall increase in efficiency
and resistance, -

The shadow effect is normally étronger than that due to
structure, The influence of both effects on resistance is given
by equation 1.37 which is purely empirical but in which the
structure effect may be considered to be included in the logarithmic
'summation.. The shadow effect is included in 'X?where

)Cf X, + (l - x\.) H 1.33

"

where H is a correction factor due to shadow.
By analogy with equation 1,37 the penetration (P) for a

filter consisting of multisized fibres was eXpressed ag:=-

(-~ 1P) = ) x n(~-h?) 139

Clarenbﬁrg's work explains his experimental findings
that a quantity of fines in a filter greatly enhance its collection

efficiency.,



L2

Summary

A1l the mechanisms of filtration have been described
theoretically but quantitatively that description depends on the
flow field used, The most satisfactory fields to date are those
of Kuwabara and Spielman and Goren which take the influence of
neighboUring fibres into account. Both fields have been applied
to a study of the major mechanisms and both result from idealistic
models, Experimental results are not sufficiently accurate to
ascertain which model provides the best fit of practical data,
There are obvious comparative advantages in determining
the efficiency due to all mechanisms and combinations of mechanisms
using one model of the flow field, This requires an extension of
the theories using one of the existing fields. Of the two methods,
tﬁe Kuwabara is considered more useful than that of Spielman and
Goren because it is easier to visualise and simpler to use.
Work on the influence of filter configuration is at an

early stage; it is worthy of extension.

1.2 Application of Cell Model

The theoretical efficiency of particle fibre collision
(vzc) in the cellular field is described in this section. The
problem is solved by computing particle trajectories in the field.
Both radial ana planar field forces are incorporated to describe
the combined mechanisms of electrostatic attraction and inertial
interception of fibre Knudsen number and the distribution of p&re

-sizes in a filter are also described.
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2.1

[o]

Trajectory calculations.

A force balance on a particle in a fluid results in

the following equation:-

™m i{_g_:_b = vals"‘é{‘(‘é-!ﬂ d;P ‘*"fP"’f;"'.'.: 1.50

s

where -f planar, radial, field forces
r
?

lift forces

F o
H

The particle is'considered as a peint mass in the fluid
ﬁhich does, not interfere with the flow field,  The influence of
the finite size of the particle is taken into account iﬂ determining
the drag and lift forces and the particle cylinder c¢ollision
conditions,

If the particle is moving in the'linear Stokes regime
equation 1,40 can be resolved as follows:-

1
m Bx_l_B_Ef_.

— - - —f -Le.e =0
Bwamdy MY 2t b Th%

1.41
2
om0y LW v -f —f —Ly=0
By 9t 3% by /6y
where u and v are the fluid velocity x and y resolutes. £

Equations 1.4l may be reduced to their dimensionless form using the

conversions shown in table 1.4, Ngp is the particle stop distance

divided by the target radius, Hence equations 1.41 become

1 ] ! '
Nst_ X + P98 - U _J(,x,— {r'x- L'x. = 0

ATt 9T 1,42
BY oW v g ¢ U =0
Nsn— e S v fl’»j ALY J

3T T
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There are three kinéds of 1lift force to consider:-

(1) Lift due to the particle moving relative to a liquid
which is under shear. Saffman (6%) predicts that this 1lift

will act in such a way that particles will tend to move towards
the cylinder surface, enhancing the collision efficiency. The

-

1lift force in a simple shearing field is given by:-

Lq = 1. G\fsft ch! db “L
- P 1,43

Where yrel particle velocity relative to fluid

L ¥

ragnitude of velocity gradient

(ii) The particle will experience a lift due to the presence
of the solid boundary which will tend to reduce the efficiency.
This 1ift has been studied theoretically by Evans (6%) who showed

that:-

La

61?}4 Uu\ db f“(uvc\ll)

3 .D'l -~ L.b4k -

where UNI= relative velocity of sphere

L

J
-fn(u_'fl.]:) = 59; - 0.37973 (U%!-]‘) +046003(U"‘”'§
3 2 v 4
>/

|

distance between sphere and wall

>

It is due to second order terms in the Navier-Stokes

equation so it is significant in systems of high fluid inertia,
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(iidi) The particle will experience & drag in a direction

‘'which is parallel to the wall (65),

Ly = 3nduy, ( gigp) s

In the absence of information to the contrary it is
assumed that each of these forces can be simply resolved and that
they are additive, Iy L, and L3 are considered only in the c¢lose
proximity of the cylinder. |

| Examination of forces Ly and L, shows that they are most
significant in high shearing fields and in high particle inertia
systems, The forces are in fact import;nt in such systems, where
potential theory can be applied to desc¢ribe the flow field.
However, a computer study using the Kuwabara field has shown that
they have no effect beyond the second significant figure on the
single fibre efficiency computed over a range of Stokes numbers
up to 5.0 (N, = 0.05).

Equations 1,39 must be sclved using an iterative
prﬁcedure. In the present work they were simply expressed in

finite difference form using a Taylor expansion to yield:-

[7- U’(Q'D]z +4 NgX; = &Ny~ At)xo}

X2 = (TNg+ot)

1.46
' '(at} + 4 — (2Ng, = AT)Y,
y = ——— Jav'ied +4 Ny, - GNg-aT)Y,
2 (21 +4AT)
‘where XO’ 1, 2 and YO, 1, 2 represent respective positions on the
trajectory. AT is the time between each computed position, These

expressions were solved using a digital computér,
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A flow diagram of the computer program used is shown in
fig., 1.7, Successive trajectories were calculated until the
critical trajectory was obtained. Normally about 250 points
wefe éalculated on each trajectory, tests on the time interval
used showed that thé accuracy was within the second significant
figure. The results agreed with those of Harrop (4) when the

Happel’model was used and with those of Davies (37) when his
equation 25 in reference 8 (Davies flow field) was employed at
values of NS} above ;.O. The latter calculation is inAagreement
with that of Dawson (46).

The influence of field and 1lift forces was included by
‘adding their x and y'resolutes in dimensionless form-to U’and V'
in equation 1l.46., 1In the case of 1lift forces which are velocity
dependent it was assumed that a linear résolution was adequate for
“the order of magnitude calculations which were made; when it was
found that they were not important these terms were dropped from

the calculations.

l.2.2. Efficiency of inertial interception o

Furfher results using the Kuwabara field were obtained
and are shown in table.l.5. In all the calculations described below
the trajectory starting‘point was taken as the main stream velocity
at the cell: boundary, However, at the outside surface of the cell
the y velocity resolute is not zero. The effect of using the
theoretical outer.boﬁndary velécity instead of the main stream velocity
as the trajectory starting condition is shown in table 1.5, With
a packing density of 0,03 the effect is not severe for values of
Ng below 5.0, At Ng= 5.0 and & =0.03 the effect is to reduce

Yea from 0,67 to 0.53; this may be compared with 0,41 which is the
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efficiency predicted by Dawson for the same conditions (but using
the Spielman and Goren field), Since a filter consists of a
random array of fibres and not a regular'array as is visualised
as the concept of the cellular model the entry condition of the
particle in the present work is taken as the average velocity (UL)
and not that of the fluid at ﬁhe edge of the cell,

’ At high Reynolds numbers the influence of the fibre wake
on the particle trajectories is interesting. Collision
efficiencies were determined in the Davies field under a range of
Reynolds numbers and inertia levéls. The starting point for the
trajectories was 100 dianeters upstream and approximately 5000
points on each were calculated, Some typical trajectqries are
shown in figs. 1.8 and 1.9 where it is shown that the efficiency
is considerably enhanced.by particles being captured in the fibre
wake and colliding with the rear of the fibre, In some cases the
particle went as far as 5 diameters downstream before being réturned
in the wake. These calculations are, of course, highly dépendent
on the accuracy of the flow field used, ana this must be suspect
especially at the reaf of the fibre, however, they do show that the
mechanism of wake capture may be significant.
| The predicted effect of Reynolds number and inertia is
shown in fig. 1,10 and table 1.6. The influence of Reynolds number
alone is shown in fig, 1.1l1. The results coincide exactly with
those of Davies (see fig. 1.5) above an inertia parameter of 5, but
at lower values of Ny, wake cépture is important. This phenomenon
was not reported by Davies.

Wake capture has not been confirmed experimentally, The
light particle deposites at the rear of fibres obseryed by microscope
by the author and by Gillespie (75) could have resulted from either

diffusional or electrostatic deposition. 7Neighbouring,fibfes-wili
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Particle trajectories in Davies field,
. Fig. 1.8 :

Particle trajectories in Davies field.
Fig. 1.9 :
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TABLE 1,5
oL
Np N 0.01 0.03 0.06 0.11 0.15 o.of*
0.05 50 0.97 1.00 1.01' 1.01 1,02
10 0.75 0.83 0.88 0.91 0:93
5 0.55 0.67 0.75 0.81 0.83 0.53
2.5 0.277 0.450 «553 642 .687 10.38
1.25 0.,0104 0,142 .291 416 L4669 10.12
.63 .0029 0066 0182  ,125 .219 | 0.0062
0,31 0.0019 .0033 .0056 0115 ,0204 | 0.0032
0.16 -0,0017  .0027 ,00%0 ,0064  ,0092 | 0.0026
0.08 .0016  ,0024  ,0036 ,0054 . ,0072 | 0.0024
0.04 .0016 .0024 .0035 .0053 ,0069 | 0.0024
0.02 .0016 L0024 .0036  ,005% ,0070 | 0.0024
0.02 50 0.95 0.97 0,98 0.98 . 0.99
10 0.73 0.81 0.85 0.88 ~ 0.90
5 0.53 0.65 0.72 0.77 0.80
0.10 . 50 1.02 1,04 1.06 1.06 1,07
10 0.79 0.87 0.92 0.95 0.98
5 0.58 0.71 0.79 0.84 0.88

® particle entry condition is

Values of single fibre efficiency
conputed using the Kuwabara field

gas velocity at outer cell boundary.
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TABLE 1.5¢,
et NR N _
0.01 0.1 0.5 1 2 5 10 20

6.01 0,01] .0000 .00OO ,0001 ,0002 .1500 ,5200 .7200 .8400
0,03 .0001 ,0001 ,0002 ,0016 .3300 L6400 .8000 .8900
0.06 .0001 .0001 ,0004 ,1500 4500 .7100 .8B4OO ,9200
0.10 .0002 ,0002 ,0013 ,2700 ,5200 ,7600 ,8700 .,9300
0.15 .0002 ,0003 ,0350 ,3600 ,5800 ,7900 .8900 .9400
0.01 0,05} .0016 ,001l6 ,0024k ,0055 .1700 .5500 .7500 .8800
0.03 L0025 .0025 L0048 .0340 ,3600 .6700 ,8300 .9300
0.06 - .0035 .0036 .0100 ,1800 ,4700 ,7400 ,8700 .$500
0.10 .0050 ,0051 ,0280 .3000 ,5500 ,7900 ,9000 .9700
0.15 .0070 ,0075 ,1200 ,3%900 L6200 ,8300 ,9300 ,9800
0,01 0,10 0063 L0064 L0090 ,0190 ,1900 ,5800 .7900 .9200
0,03 .0090 ,0090 ,0170 ,0850 ..,3900 ,7100 ,8700 ,9700
0.06 .0130 L0140 ,0350 .2200 L5100 .7900 .9200 1.0000
0.10 .0190 ,0190 ,08s50 ,3400 .6000 ,L,8400 ,9500 1,0200
0.15 .0270 .,0280 .1800 .,4400 ,6700 L8800 - .9800 1.0300
0.01 0.20 L0240 L0240 L0320 ,0620 .2500 L6400 L8600 1.0100
0.03 .0360 ,0360 .0600 ,1600 L4500 ,7900 .9600 1.0700
0.06 y0520: 0520 L1100 L3100 ,5900 L3700 1.,0100 1.1000
0.10 L0720 L0730 .1900 L4400 ,6900 L9300 1.0500 1.1200
0.15 .1000 L1000 ,3100 L5500 L7700 L,9800 1.0800 1.1300
0.01 0.,320| .0510 L0510 L0660 L1100 ,3100 .7100 L9400 1.1000
0.03 L0770 L0780 ,1100 L2400 .5300 .8700 1.0500 1.1600
0.06 .1100 ,1100 L1900 ,&000 L6700 .9700 1.,1100 1.2000
0.10 .1500 ,1500 .3100 L5400 ,7900 1.,04%00 1.1500 1.2200
0.15 .2100 ,2100 4400 L6700 L8900 1.0900 1.1800 1.24%00
0.01 0.,50| .1200 ,1300 L1500 .2200 L4400 .8500 1.1100 1.,2800
0.03 .1900 ,1900 .2600 4100 L6900 21,0400 1.2300 1.3500
0.06 .2700 L2700 .3900 L6000 L8700 1,1600 1,3100 1.3900
0.10 ; .3800 ,3700 ,5600 ,7800 1,0100 1,2500 1.3600 1.4200
0.15 . .5200 L5000 ,7500 ,9600 1,1500 1.3300 1.4000 1,4500

Values of single fibre ef

pa

ficiency comput

ed in Kuwabara field

particle entry condition is that of main streanm #elocity,lJo'f‘

" parallel to x axis at entrance to cell surface.



TABLE 1.6,

Npo 0,01 0.05 0.10 . 0,20 0.30
= -

Yor

125 0066 975 ! 081 o90 -93
37.5 A3 «57 .65 . .75 .80
10 .11 .23 .32 Lk .52
5 .01 07 .13 e23 W32
3.8 .0038 LOh .07 17 .26
3.0 .0035 .029 LOU6 .15 023
1,0 .0026 .020 LOL6 .10 .15
0.6 .0026 .020 046 | .10 .15
0.01 .0026 .020 LOké .10 .15

NR = 0005

Davies flow field (eqn. 25 ref. 8)

L
?:Q = 0.7 NRe at N5r= 0,01

Values of single fibre efficiency computed
using Davies field (wake effects taken into
account).
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probably dampen wake formation within a filter so the effect will
have less practical significance than the above results suggest.
For comparison the efficiencies without wake capture (i.e..tra-
jectorg calculation stopped at x = o) have been'computed and are

shown in table 1.6a.

1.2.3 Radial Field Forces

-

No work could be found.in the literature on the combined
mecnanisms of electrostatics and inertial intercepticon, ;lthough
this is important in practice. Neither could work be found on the
influence of packing density on the electrostatic mechanisms alone.

The influence of radial field forces i.e. electrostatics
was calculated from expression 1,42, The three cases a - ¢ desw
cribed in section 1.2 were examined. Expressions for the dimen-
sionless force used -in 1.42 and for:- the electrostatic fornce
parameters are given in table 1.3.

The Kuwabara flow field was used to include the effect of
backing density oh the flow pattern. The influence of packing
density on the electrostatic field must alsq be included. Appli-
cation of Gauss' theorem to a regular system of.parallel cylinders
shows that the contribution of neighbouriﬁg cylinders to the field
inside the cell is zero. The field inside the cell is, therefore,
the same as that of an iéolated cylindér but will not extend beyond
the cell boundary. Consequently, the influence of filter packing
density on the electrostatic force is included if the equations 1,42
are solved in the normal manner, taking the trajectory starting
poeint as the outside surface of the cell.

The influence of electrostatics and NSr on the efficiency
for a packing density of 0.03 and interception parameter of 0.05 is
shown in tables 1.7 and 1,8 and figs. 1l.12-14%, Table 1.9 shows

the effect of filter packing density and the electrostatic



TABLE 1.60, ‘
N N

Bt R NRe
.05 .20 .30 .50 1,0
125 0.01 .750Q 860 .890 +910 .9l
37.5 «5700 . 740 .780 820 .88
11.3 .2500 480 « 530 .620 .73
3.4 .0270 140 .210 .310 . 49
1.0 .0100 .056 . .089 150 31
« 303 0077 L0b2 L0867 .120 .26
.091 .0071 .038 061 .110 24
1.5 .05 .780 .900 .920 . 950 .98
37.5 .590 770 .810 .860 .91
11,3 260 1480 550 +670 76
3.4 .032 150 .220 . 330 «51
1,0 012 .059 .090 .160 .32
+ 303 .009 .O4s5 .071 .120 .26
.091 . 009 LOU1 .065 .110 .25
.027 .009 .040 .064 .110 20
125 .10 320 .940 « 970 «990 1.02
37.5 .620 .800 .850 »900 .96
11.3 270 . 500 .580 « 670 .79
1.0 .016 .066 .100 . 170 .33
«303 012 .050 077 130 .27
071 012 LOL6 ,O7L « 120 .26
.027 .012 olIYS .070 .120 .25
125 0.20 .390 1,030 1.050 1.090 1,12
37.5 670 .880 930  .980 1.04
11.3 + 300 .550 .630 740 87
3.4 .056 .190 . 260 « 390 .60
1.0 .025 082 120 190 37
.303 .021 064 090" .150 "« 30
.091 .020 060 087 <140 .28
027 .020 .059 .086 140 .28
125 0, 50 1.120 1.290 1.320 1.360 1.40
37.5 .850 1.100 1.160 1.231 | 1.31
11.3 400 700 .810 940 1.10
3.b .120 .280 .380 «530 .77
1.0 067 L140 200 290 .51
.303 .059 .120 160 240 L2
.091 .058 .110 .150 .220 L0
.027 .057 .110 .150 220 .39

Davies flow field (eqn 25 reference 8)

Influence of fibre Reynolds number

not taken into account),

on QIR.(wake effects
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TABLE 1.7

P*Qq 0 0.0001 0.001 0,01 0.05 0,10 0.50 1.0

= Ng -
0.01 5 +55 +55 +55 «59 1,03
2.5 | .27 27 .29 A2 1.52
1.25| .010 .017 ,,069 «30 1.94
0.63 | .0028 .0053 " ,034 .27 2.29
0.31| .0019 .0038 ,029 27 2.53
0.16 | .0017 ) .0035 ,029 «29 2.67

0.01 | .0016 L0034 030 .30 2.79

0.03 5 .67 .67 o7 - .88 .69 .70 .82 0.95
2.5 | .45 .45 .45 45 48 .51 .82 1,21
1.251| .14 o1 J1h A7 0 .27 W36 .91 1.54
0.63} .0065 ,0069 ,0090 .,O43 ,15 ,27 1,03 1.89
0.31] .0033 ,035 ..0052 ,030 .13 .26 1,17 2.20
0.16| .0026 .0038 ,o043 ,028 .14 ,27 1,28 2.39
0.01| .0024% ,0026 ,00k2 ,030 .15 .30 1.4k0 2.57

ria'z 0.05; Kuwabara field

Particle and Fibre charged

- Influence of electrostatics on inertial interception.




TABLE 1.8

0. 0.001 0.001 0.05 0.1 .50 1.0
.67 .67 .67 .68 J0 .72 .77
W45 45 45 L6 b7 61 W7k
’.14 o1h L1k .23 .28 .51 .68
. 0066 0068 .0090 .10 .16 o bl .65
.0033 L0034 L0049 .086 Wb A3 .67
.0026 .0027 Nelel5} . 084 oLlh 45 .71
.0024 .0025 0039 .090 .15 L9 L7k
0. 0.001  0.001 .01 .10 .50 1.0
67 .67 .68 .72 .38 1.12 1.29
45 .45 U7 55 75 1.05 1,26
.14 .17 .23 3k 60 97 1.23
0065  ,035 .089 .21 .50 .93 1.24
.0033 .021 .062 .17 W47 1,00 1.30
.0026 .019 .057 .16 A48 1.02 1.36
. 0024 .019 .059 .17 .51 1.05

NR = 0,053 X = 0.03; Kuwabara field,

Inf%uence of electrostatics on inertial interception,

7y




TABLE 1,9

N@.% 0 0.001 0.01 0.1 1.0
O" .
.01 .0016 L0034 .031 «30 2.79
.03 L0024 L0042 .030 .30 2.57
.06 .0035 .0053 .030 «30 2.38
.10 .0050 0066 .030 .29 2.20
.15 L0071 0086 .029 .28 2.01
Yqo 0 0.001 0.01 0.1 1.0
« .
.01 .0016 .0031 .022 o1k .67
.03 L0024 .0039 .023 .15 77
.06 .0035 .0050 024 .16 .86
.10 .0050 . 0064 .02 .17 =T
.15 .0071 L0084 .024 .18 1.01
Naw 0 0.0001 0.001 0.05 0.50
Lo
Nell L0016 .015 . 048 «30 .86
.03 .002k .019 .059 .37 1,05
.06 .0035 023 071 45 1.27
>10 .0050 .027 LOB84 .53 -
.15 .0071 .032 .090 .62 -

Ng= 0.01; N 0.05

Kuwabara flow field

R =

Efficiency of electrostatic attraction.

59



Ng Single Fibre Elficency

- -~ . Al
100}~ : '
- 100 =
NgO= 10
1-6L .
10
. Nog = 10
o1
= 010
. wi
LSl 5 . ! § o1 b .
0001 - i
00001 '
"
o0t y , ootk
00 QCo0t
00
2 A o
N
000 001 0-10 .10 100 - Mmoin . —(;1—* 1"0 1‘0_0
. Stokes F\lumbur) Nsy. ) Stokes MNuwber | Ny
Efficiency of intertial interception and electrostatics, Efficiency of inertial interception and electrostatics%\
Fig. 1.13" Fig, 1.12

D



10F

N Singe Fibre Efficiency

©01

| L1

0001

00 ot : 10
ertia Parnwstur

N .
Inertig& interception and planar

field forces.
Fig. 1.15

100

Ng +001
a 1002 ;

001 NR 003
x Particle Charge - Fibre Neutral
o w  Newrat-  Charged
e «  Charge—  Charged
000K L 4 mal '
0.0001 0.001 0.01 0. 1.0

Efficiency of

Neleetrostatis
collision due to electrostatics.

Fig. 1,14

19



62

parameter for zero inertia particles, At low levels of
:électrostatic attraction an increase in packing density will
: inc£easé the filter efficiency due to the interception mechanisms.
At higher levels of electrostatic attraction the tendency will be
for the efficiency to be reduced in tightly packed filters. This
is because the range of influence of the field force is reduced,
The effect will, of course, be most significant where the attractive
force is most long ranging, i.e, in the case where both the particle
and fibre are -charged.

It is interesting to compare the results obtained at
zero inertia (see fig.l.%&) with those obtained by other methods.
The curves for a packing density of 0.03 are closely approximated
by the_expressions shown in table 1,10 where it can be seen that
they agree ¢losely with previously publi%hed data, both experimental
aﬁd theoretical, in every case except where the fibre only is
charged. In'that case the exponent is found to be 0,75 and npt

1.0 as predicted by Natanson. Even then, however, the absolute

values do not differ by more than 50% over the entire rénge.

1.2.4, Planar Field

Planar (i.e. gravitational) field forces maybe jmpoitz:
dnf'espe.ctﬁliif at low levels of particle inertia. The system was
analysed in accordance with equation l.42 and the results are shown

.
in ‘table 1.11 and fig. 1.15 - 1.17. In these calculations the
value of the velocity used in Ng, is that of the gas but the boundary
condition approach velocity of the particle to the Kuwabara cell is
takes as the actual particle approach velocity. The case of

downward flow (’qb'+ ve) is simple to analyse, the capture efficiency

being enhanced by the field force, In upward flow, hbwever, the
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TABLE 1.10.

. R Particle Cha}ged Neutral Chargea
Electrestatic condition Fibre Neutral Charged Charged
Comment
o 3w O

Kraemer & Johnstone (33)’“&0‘3 Z 'V0q, v NQq,

Natanson (34)- ‘ﬂ‘\eo'rj o ‘

- : . (. NR . ™ NO% -

Lundgren & Waitby (3()-ewgl, jNO}

Yoshioka (35)- exph.

? 2.3 N°¢ _ _
Qo :
Present work ( & = 0.03) - NO-‘S
1.5 <31“}T* 2.3 Pq

Single fibre efficiency due to electrostatics.
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TABLE 1.11
Ne N Ny
R Sti-.05 . .01 =.005 -.00: © +.00] +.005 +.01 +.0§5
0.05 5.0 [0.67 .67 .67 .67 .67 .67 .67 .67 .67
2,5 0.7 45 45 45 45 45 45 Juh b2
l.25 | .2+ ,17 .15 .15 .1k 4 .12 .10 0.157
0.63 | .11 .035 .021 .,0090 ,0066 0.063 0,092 0.107 0.274
0.31} .074 .020 .011 ,0050 ..0033 0,063 0.093 0.107 0.276
0.16 | .062 ,015 .0090 .,0039 ,0026 0.063 0.094% 0.107 0.276
0.08 | .057 .01% ,0084 .0036 0024 0,064 0.094 0.107 0.276
0.01 1 .050 .013 .0078 .0035 ,0024 0.065 0.09% 0,107 0.276
0.20 5.0 .79 .79 .79 79
2.5 «55 .55 . S5h .52
1.25 27 .25 .2h .12
0.63 .090 .077 .054 0.274
0.31 .060 .0k5 .030
0.16 .051 .038 .025
0.08 048 .037 028
0,01 .048 . 036 024
oL = 0,03; Kuwabara field; negative figures refer to fluidisation

Influence of gravity on inertial interception.
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particle may reach an equilibrium position from which it cannot'
theoretically escape. The capture efficieney of such prarticles

" is theoretically zero. The fluidisation position is also in
table 1,11. In practice wake capture, enhanced by sedimentation,
will be an important mechanism in such systems.

The increése in q for downward flow is much greater than
would Sé pPredicted by using the éctual particle velocity in the
inertia parameter rather than the gas velocity. This is because
the relative magnitudes of the particle and gas velocities is much
higher near the fibre where the gas velocity is greatly reduced,.

The collection efficiency for downward flow in the
absence of imertia is shown in fig.1.17. Subtracting the
efficiency due to interception a value of ?? was found for the
contribution due to the fieid force. The values obtained are
compared with those predicted by equation 1.27 in table 1.11.

The agreement is almost exact.,

1.2.5, Fibre Knudsen Number

Using the slip flow boundary condition Pich (3) obtained
a solution to the Kuwabara flow field applicable for P4Kh‘( 0.25.
Particlé trajectories were calculated in this field to find the
influence of fibre Knudsen number on the efficiency of inertial
interception. The resul?s.are shown in_tables 1.12 and 1,13 and
figures 1.18 and 1.19, It can be seen that Nk“is important only
at low levels of inertia.,

The collision efficiency due to pure interception is
easily found aﬁalytically using the same technique as Stechkina et.
al (47), The stream function at its central ﬁlain of the fiﬁre ig
equated to that at some distance upstreaml-‘in this case the cell

boundary.  The expression (eqn 1.30) for qniwas'obtained by




TABLE 1.12

Influence of fibre Knudsen number on ’25’

’ ot
N, 0.01 .03 .06 .12 .15
0.01 5 .554 .679 . 750 .809 838
2.5 .260 452 . 556 LOlh 607
1.25 | 014 149 .296 419 482
63| .0039 .0090 L0245 .135 .225
.31 | 0027 0046 .0077 .015 027
.16 { .0023 0036 0054 .009 012
- Ok ) L0023 | L0034 .0049 .007 .009
.01} .0023 L0034 L0049 . ,007 .010
0.10 5 . 567 .690 .761 .819 848
2.5 . 303 469 522 .660 .705
1.25 | 044 .188 322 Jal2 .505
.63 ] .0108 L0244 064 .,183 263
.31} ,0072 .0121 .020 . 038 .063
16 | L0064 .0097 014 .022 030
0L | L0065 .0085 .013 .019 L024
.01 | 0067 .0095 LOLhY .020 .025
0.25 5 .580 . 701 .770 .528 .856
2.5 | .325 187 .587 .673 .718
1.25) .077 .220 6 463 52k
.63 ,018 L0k .100 .216 .291
314 011 .019 " .031 .058 .093
.16} .010 .015 .C21 .032 L0h3
LOh ] 011 .015 .020 027 LO3L
.01] .011 .015 .021 .030 .036
NR 0.05; Kuwabara field
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TABLE 1,13

. Computer

cl NKH Egn.1l.47 Eqn.1.30 Solution
Nsy= 0,01

0.01 0.00 0.001434L 0.001690 .00164%
0.01, 0.01 0.001989 0.002343 0.00228
0.01 0.10 0.005962 0.006966 .00672
0.01 0.25 0.010088 0.011692 L0111
0.03 0,00 0.,002002 0.002742 .00250
0.03 0,01 0,003909 0.003785 ,00345
0.03% 0.10 0.008569 0.010929 .00993
0.03 0.25 0.014247 0.017814 .0160
0,06 0.00 0.002937 0.004516 00359 -
0.06 0.10 0.004053 0.006188 L0040k
0.06 0.10 0.011714 0.017045 .01380
0.06 0.25 0.019109 0.026602 .0217
0.11 0.00 0.004377 0.0103%94 ,00546
0.11 0.01 0.006017 0.013918 00747
0.11 0.10 0.016900 0.033383 - .0200
0.11 0.25 0.026846 0.046781 .0303
0.15 0.00 0.005718 0.031118 .00715
0.15 0.0 N,007832 0.038562 .00975
0.15 0.10 0.021511 0.065516 0252
0.15 0.25 0.033488 0.076460

Comparison between computer solution
and egquations 1.30 and 1l.47.
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Stechkina (47)., This expression is, however, a simplification;

I "
a more exact solution is obtained by replacing E by % where

?” = [—[I*I-" - { + Z(l'l'?.Nk_) \nN] 1,47

A comparison between équatioﬁs 1.30, 1.47 and the
computer solution for NStz 0.01 is shown in table 1.13. At high
values NKn and & the discrepency between equation 1.30 and the
other two methods is severe, Although this is partly due to
the use of { W/ 4 ;‘-‘for N in the computer solution and equation
1,47 and ('Ax;ﬁin equation 1,30 the main reason is the simplificat-
ions made in deriving %'.

It is clear that the influence of NKn is net strong for
N ¢t values above O.l; However, in a rarefied system the particle
Xnudsen number will be significant, This influence is taken

into account in the inertia parameter which includes the Cunningham

correction.

1.2.6, ' Generalisation

This section has been concerned primarily with the
combined mechanisms of ineftial interception and field forces.
The procedure which has been adopted by many authors (46) to describe
the effect of these combined mechanisms is to assume that the

contributions due to the individual mechanisms are additive, so:that

T 5 e ” % | -




71

This assumption was tested by determining the value of

K in the equation

lz .= 711& + KQF | | 1.50

as a function of Iﬂs*. The results are shown in fig.:
l1.20-. The scatter is large, but K is constant up to a value of
IqSF of about 0,53 therefater it reduces to zerc approaching
that value when NSF is about 8,0. Obviously as the particle
inertia is increased this mechanism becomes sufficlently strong
to override any other, It is obvious then that the mechanisms are

not additive and that the single fibre efficiency will be more

correctly represented by equation 1l.49 where K has the value shown

in fig. 1.20.
Where there are no. field forces the computed data shown

in table 1.5 are well fitted by the following expression:~

= + (\+ Ng=m)4y -~ J
’?IF- '?R ( RT TR i 0. 45 + 1.9 +C|.3+0.Slglg()N;

‘for 045 +L4w+ (13+0.5 ‘°j\€‘)N5r>/ 1.0
1.50
e ™ 7=
]Cor 0.45 414X + (I.'S-c-o.slosmok) Ngi <L 1.0

where ?R.is given by equation 1l.47.

It is convenient to use the Happel-Kuwabara flow field
in this study since expressions for the collection efficiency due
~to each of the collision mechanisms and for combined mechanisms can
now be expressed using the same field. These expressions are

summarised,

1e2.7 Distribution of Fibre Spacing

The flow model used hitherto is that of a cell which is



equation 1,50

Importance of field force, K,

1 ]
3 -
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Stokes nqmber, NSt
Influence..of field forces on inertial interception,

Fig, 1,20
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taken to represent the average pProperties of the filter so that:-

1.51

6 = {h (R, Go)

for the cell,

In fact there will be a wide.distribution of fibre
spacing which will cause the true efficiency normally to be less
than that calculated. The model described below is designed to
take this into account by introducing a distribution of cell

sizes,

Assumptions:-

(1) Each cell can be treated as a single entity in all
aspects except that the velocity through the cell
is effected by the distribution of cell sizes,

The zero shear stress boundary condition still
applies, This is an oversimplification and high-
lights one of the basic faults of cell models,
(i1) The pressure gradient through each cell is constant.
(iii) The filter can be represented in depth as a series
of thin filter zones interspersed by mixing zones

as shown below.

aL v V3

~NX XA AV dl.is the volume of filter
oo (unit cross sectional ‘area)
XX WA VA VL '
o containing length of fibre |

I F S A

fig.1l.21

(iv) The fibres are monosized,




e

(v) The volume distribution of packing densities,
V(e ), in the filter is log normal.
This model will not predict the influence of pore size
distribution on the behaviour of a filter with depth.
Consider a uniform filter in which the average efficiency,

critical trajectory start point, interstitial velocity and packing

density are-r-?,;o, U, and ot , Then the length of fibre, { ,

in a filter of volume dLis dL
™ -
Hence volume of air filtered, d¢ = ?.y Uo{ = 21?————:“‘
- “'.i
Volume air passing throuph filter (since U = ——)by definition)
(-
Uo(l - &)

o'« Fraction of particles removed

= -de o 25V.xdL 272 dL
c ﬂr;oo(‘__a) Yy (v-%)

This expression may be used as a definition of the
average efficiency, i} .

Consider now a distribution of packing densities, { ()
along the length of the fibre. The fraction of length having
a2 density between o and &k+dais {(d.\chl, consequently the volume

of air filtered with density between o andecediis 2y (w) U, () €. €62 ds

and e - 2:,@‘) U, () 4) & dL de 153
'n- Ly
° {
Hemee | 4e _ 23 dL 0 (&) Up() {0} det 1,54
c ™ 0, (1-%) :

Cornparing 1.52 and L1594 :~-
'

= -0':- () Ug(«) {(x) de - .55

~31
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A volume distribution of packing densities, V(cﬂ .

in a filter is now defined such that the fraction of volume of

the filter having a packing density between & oand d4deis V() G{CL .
Since the length of fibre contained in the volume Y(¥;) of filter

is 4 o VC"Q/H d; it follows that for a filter containing

single sized fibres

-

1.56

The average packing density, :6, used in the above and
‘in the. description of filter properties is the volume average

densiﬁ.y so it is more convenient to express 1,55 in terms of V(bL)

rather than lf(o():-

)
'r} = '__ o 7(00. Uy (). V(&) do

1.57
= U

o
o

An alternative derivation of 1.57 is given in appendix I.
To obtain a solution of equation 1,57 rz(qﬁ, UO(-O and V(d.) must

be'expressed in terms of the mean values and some distribution

function of o,

' (a) Single fibre efficiency, n ()
{

n
Ecuation 1,50 is used to describe rl = f (_Hs‘_, Np,, "‘-)
where N.Sl' is given by :

Sk ' 1.58
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(v) Velocify, U,

It is now assumed that the flow rate through a cell is
such that the pressure gradient in the main direction of flow is
the same for each cell. This aséumption is equivalent to using
a parallel, flow model like that of Dawson (see section 1.1.3)
between“each mixing stage. Hence for each cell, or zone of
uniform packing density, the drag force per unit cell volume is

constant or

tt———

Pressure gradient o [ o Uo) - ("_f-_‘_‘,j") - (f__l.)“
% $ 5

v

The flow rate,Q, is given by

Q = LAG-R) = UYED = {(1-)Uydd =L [y, (1-=)V. Ve dt

dL A ALO I.éo D
) | o
Joo U= - k) Up V(R) d =(uuo) b o) 8 V() do
(1= § /0-%) x 161
©
A (!-';o'd? . ¢ (2,05 N
Yo S G-V ) da %
X o

The value of % for the Kuwabara field is used,

(¢) Packing density distribution, V (OL)

For the purpose of this calculation it is assumed that

the distribution of V@) is log rormal:=-
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V(oq dd =

exp {~(lnx s bhd o5 oy J lde
2 lna‘é 2 Iwtaoy o
1.6%

since by (§7), the geometric mean, ;(3 s, 1is related to

" the arithmetic mean, oL , by

1,64

I g = 6.§ ln"og ~ In o

Theoretical work on the structure of random fibrous beds
by Piekaar and Clarenburg (62) and Corte (68) indicates that the
‘distribution of fibre spacing (fibres per unit volume, which is
proportional to &« ), V(oq, and of the hydraulic radius of the
pores, V(p), is log normal. It was further shown ( §8) that the
geometric standard deviation of the pore size, Oé'p s 15 independent
of the mean, If the packing density is small, thea it can be
.related to the pore size, Pl, by o = const/ﬁ" and it can be
shown that if V(k) is log normal, then VG!) is log normal,

Shirato et al (69) determined the pore size distribution
of paper using nmercury porosimetry. Log probability plots of the
volume fraction oversize against pore size using their data show
a linear relationship above 20%; below this the log normal function
underestimated-the fraction of small pores, Since the flow through
the smallest pores is only an extremely small -fraction of thetotal
the deviation is unimportant. -Hence the use of a log normal function
for V@!) is in agreement with their experimental data as well as
existing theoretical work.

The photographs in fig 1.22 illustrate the randomness
of the structure of a real filter. A packed bed of black fibres

(1 mm diameter and 4 cm long) was constructed by throwing them at



Photographs of sections of filter,

Figure 1,22
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random into a 10 cm diameter container, The bed was compressed
using a top plate and impregnated with hot Araldite to which had
been added TiO2 pigment, Aftér coding the bed was disected and
the sections polished and photographed, A convenient method of
measuring the uniformity of packing from section photogranhs is
to measure the area density (1- area porbéity) as a function of
the sample size. The area density and distribution of area
densities measured using this technique will be the same as the
packing density,el, and V(oﬂ if the fibres are randomly ari‘anged
in the horizontal plain, The area densities were measured using
a2 line scanning analyser (the Quantinet 740). The average area

packing density of each sample is shown in fig. 1.22. The O of

3

the packing densities is shown in table 1l.14 below as a function of

the area sample size.

TABLE 1,14
O§ of area densities 1.0 1.45 1.77 2.05 2.15
No. of sub areas 1.0 24 48 96 -

Mo, of fibres per sub

area (average) 125 5.2 2.6 1.3 1.0

Measure of structure uniformity - sample l.

A 0§ of 2.15 is obtained for a sample area which .is
large enough on average to contain one fibre, Analysis of the
work of Shirato et al (69) suggests that 03 is in the range 1.6 - 2.3.
Defining the hydraulic radius as the ratio of the surface area and

the perimeter of a polygon in a theoretically simulated random filter

_Piekaar and Clarenburg (61} used a O of 1.9 in their work which is
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equivalent to a aé’of 3.3.

To obtain a useful measure of 03 as a function of &,
using the above technique the lengthto diametér ratio of the fibres,
fibre strength, position in the bed and other variables should be
;taken into account, A large number of samples would have to be
prepareg to obfain statistically significént results, The
photographs in fig, 1.22 are typical eiamples; they show clearly
the shortcomings of using a celluiar model, even with a distribution
of cell sizes, in a description of the system. However, there

is no better method at Present available.

Results

The above expressions were integrated numerically to
obtain an estimate of the effect of 0§ on the efficiency of
inertial interception in a filter, The results for an interception
parameter of 0,05 are given in-table 1.15 and in figures 1l.23 and
1.24, Figﬁre 1.24 shows the effect of 03 on the efficiency for
three values of Nst‘
At high ( > 10.) and low { £ 0.5) values of Ng¢s Where
the efficiency is not sensitive to changes in velocity, the
efficiency must be reduced by increasing 03. This is because most
of the flow passes through zones of low packing density in the
filter and the number of fibres effectively exposed to aerosol
flowﬁ%educed. At intermediate values of Ng¢ it is possible for ;i
to increase with Cg as is shown in fig. 1.24, Here, when a low
density zone of the filter is exposed to a higher than average gas
- velocity, the filtration efficiency may be greatly.increased due to
an increaée in Stokes number, This increase may be sufficient to
outweigh any decrease due to a reduction in number of fibres exposed

to the flow. An example of this behaviour is shown in fig; 1.24,




TABLE 1.15

Nsy
G o 0.1 0.5 1.0 2,5 5.0 10.0  50.0
1.0 0.01 }.0014 ,o0014 .0014 .1867 .5164 L,7h75 9822
1,1 .0014 ,0014 ,001&% ,1807 .5042 ,7312 .,9622
1.2 L0014 ,0014 ,0014 .1557 L4759 ,7033 ,9370
1.5 .0011 ,0011 .,0011 .0657 .3295 .s5440 ,7771
2.0 .0007 ,0007 .0007 .0007 ,OBL7? ,[2hkb4s @ L4750
2.5 - | .0004 ,0004 ,0004 .0004 ,0004 ,0LL46 @ ,2063
5.0 .0002 ,0002 ,0002 ,0002 .0002 .0002 .0342
1.0 0.03|.0021 ,0021 .0333 .4801 .72i1 .8718 1.0118
1.1 0021 ,0012 ,0375 4696 7084 ,8583 ,9979
1.2 .0020 .,0020 ,0455 4427 L6758 L8234 ,9621
1.5 0016 ,0016 .O456 ,3215 .5237 .6586 .7913
2.0 .0010 ,0010 ,0151 L1498 .2828 .3870 .5024
2.5 .0006 ,0006 .,0006 o464 L1274 L2023 .2984
5.0 .0001 ,0001 ,0001 .0001 °~,0001 ,003%0 .0310
1.0 0.06 |.0029 ,0029 .1940 ,5861 .7869 .S090 1,0201
1.1 ' 0029 L0029 ,1877 .5737 .7724% .8937 1,0045
1,2 L0028 .o0046 ,1733 ,5422 ,7354 8546 .9645
1.5 .0022 .0145 ,1285 L4028 ,5672 L6741 7781
2.0 .0013 .0103 ,0648 ,2075 ,3149 .3937 4798
2.5 .0007 ,0010 .023% .0993 .1658 .2206 .2877
5.0 .0001 .0001 .0009 L0001 ,0010 ,0030  ,0287
1.0 .10 | .o041 ,0041 ,2976 6462 .B222 .,9283 11,0242
1,1 L0040 L0177 .2897 L6318 .8054 .9107 1.006%
1.2 .0038 .0308 ,2700 ,5954% .7632 .8863 .961l
1.5 .0029 L0435 ,1928 L4399 .5782 .6682 .7566
2.0 L0016 ,0280 .0967 ,2291 .3178 .3808 .4502
2.5 .0009 ,0113 ,0445 ,b1159 ,1706 ,2137 .2654
5.0 0001 ,0001 .0001 ,0001 L0038 ,0115 ,0262
1.0 .15 1}.0057 .l042 .3755 .6874 L8453 ,3406 1,0268
1.1 L0056 ,1016 .3658 .6705 .8258 ,9201 1.0061
1.2 .0052 L0978 ,3419 6284 7970 .8688 ,9537
1.5 .0038 0819 242k 4562 ,5733 ,6504 @ ,7277
2.0 0022 .0450 ,1179 .2358 ,3081 ,3590 L4160
2.5 L0011 ,0207 .0S62 ,1203 ,1657 .1998  .2406
5.0 0001 ,.0001 L0001 ,0Ol4 L0065 ,0128 ,0237

Influence of distribution of fibre spacing on average single

fibre efficienCy,izm

(NR=

6.05)
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The numerical value of qa which should be used is
difficult to determine directly, It will be a function of the
physical properties of the fibres constituting the filter {(i.e.
.length, flexibility etc) as well as the manner in which the filter
.is constructed, The experimental determinations described above
indicate a value in the region of 1.6 - 2.3.  An indirect, but

-~

simple method of measuring Qg is to measure the filter pressure

drop .
The pressure drop across a filter relative to that with.

a uniform packing density is given by the ratio

8by = <
Ny ¢ (

&l

»75)
1)

Computed values of this ratio are shown in table 1.16

1,65

a1

and figure 1.25, It can be seen that the pressure drop ratio
falls off with q; at approximately the same rate as the efficiency

ratio, These results will be discussed further in section 1.2.8.

In the above theory it is assumed that all the fibres have
their axes normal to the direction of flow but, of course, in
practice this is not the case. fhese fibres which are in line with
the flow will contribute less than those normal to the flow to the
Pressure drop and will not contribute at all to the efficiency of
collection in the inertia region. Hence in the worst possible case,

that of an isotropic structure, the efficiency will be reduced to

*
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TABLE 1,16

ot
03 « O} .03 -06 10 15
1.1 .9911 +9847 .9823 «97931 »9753
1.2 952k o454 L9372 9269 9135
1.5 .7871 .7609 «7315 6968 6548
2,0 "~ .5059 L624 L2020 L2753 $3272
2.5 .2756 .2689 .2358 .2008 .1663
5.0 .1210 0457 .0270 .0182 .0127

" Influence of filter uniformity on pressure drop, Apa-é /Ah .

e

4%

Relative pressure drop,

=

b

0 . } [ {
1,0 1.5 2,0 2,5 3.0

Geometric standard deviation,q;

Influence of distribution of fibre
spacing on pressure drop,
Fig, 1,25
.
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two thirds of that described above.

Unlike Dawson's theory which is based on the idea that
channels of constant packing density extend through the depth of
the filter, it is assumed above that there is perfect mixing of
the gas stream after it has passed through eachrof a series of
thin stfips. Ciearly these two models répresenf limiting cases
and the truth will lie between them, ~Nevertheless it is considered
that the present model is the more realistic because constant
density channels are not common in a filter, as is supported by
fhe photographs in fig.l.22, and the present model retains the
concept of a single fibre efficiency which does not vary with depth.
This concept is extremely useful and is in agreement with experimental
findings.

The only experimental work on £he effect of filter
uniformity on efficiency is that of Harrop (4 ) who showed (see
fig. 1.6) that lack of uniformity reduces the efficiency in the
~inertial region by a factor of about 2.0, Comparing this result
with the above theory (see fig., 1.24) it suggests a 03 of about

1.8-~2.0 for Harrops "real" filters.

1.2.8 Filter Pressure Drop

The pressure drop across a filter is easy to determine and
provides an excellent measure of the applicability of a flow field,
The results of many measurements of the influence of packing density
and Reynolds number are available.

A suitable method of comparing results of low Reynolds

number systems is to use the dimensionless drag for unit fibre

length, Ff defined by Fuchs and Kirsch (70):-
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Fa = _é_E = Ah ) ¢ d_g - ‘?_‘E
| Ug/.ll 4 Un/“ggl_ § 1.66

where | is the length of fibre and L the filter depth. Experiment
and theory are compared in terms of filter packing density in

table 1.17 helow. The ratio of drag ﬁo that predicted from the
Kuwabara model is used. The experimental values used are those

of Harrop (4 ) who used monosized gl&ss“fibres‘(20/uudiameter)

(the results were extrapolated to zero Reynolds number), and those
of Kimura et al (71) who also used filte;s of very narrow fibre

size distribution. The table shows that not only does theory
overestimate the drag by a factor of 2-3, but it overestimates the

. effect of o on the resultis.

In fig. 1.26 the Kuwabara prediciions ‘corrected for cell
size distribution effects are compared with experimental resultis.
The results are consistent with‘a 05 of about 2,0 which is in
agreement with other observaticns, More significantly, the
" behaviour with respect to packing density is in agreement with

experiment.

TABLE 1,17

Filter Resistance (F¥® /F* Xuwabara)

Filter packing density (&) : 0.0% .06 .08 .11 .15
Happel 82 .79 .78 .76, .75

: Theoretical :
Spielman and Goren (21)% _ S W7 .67 .73 75
Tomatiki and Aoi (7) ) .91 .85 .85 .81 -

. \ .
Harrop (4) ) .61 .46 45 .38 .31
) Experimental] -

Kimura et al (71) ) A3 .80 0,38 32 27
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Fig, 1.26
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The results of Werner and Clarenburg (62) have not been
used in the ﬁresent analysis; they found a 5 fold increase in
Pressure drop but used filters consisting of very wide distributions
of fibre size.

The influence of fibre Reynolds number on resistance
provides a guide to the range of conditions under which the
lamina; flow assumption is applicable. The results of Kimura
et a1 (71) ‘show a linear relationship between drag and velocity
up to a Reynolds number of at least 1,0. Harrop's (4) measureﬁents
of the resistance of real and_m&del filters confirms that the
linear relationship gxists up to a Reynolds number of 1.5 for a 3%
packing density: the range is éxtended for higher packing densities

as would be expected,

1.2.9 Conclusions

The theory of fibrous filtration has been extended mainly
by the calculation of particle trajectories in the cellular flow
field, A model which takes into account the distribution of fibre
spacing within a filter has been described. The following conelus-—
ions arise from the. work:-

(i) The in}luence of fibre Reynolds number on inexrtial interceﬁtion
has been investigated using the Davies flow field.

(ii) Use of the cell model gives a convenient method of examining
the influence of packing density on ;;llision efficiency. However,
it introduces a dilemma as to which particle trajectory starting

condition to use (i.e. main stream or outer cell bourdary velocity).

The effect is not very important for systems where Nst is not large

(< 5).

'

(ii1i) The results for interception only.agree with the theory of
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Kirsch provided a modified value of -glis used in his equatien.
(iv) The collision efficiency due to electrostaticé is calculated
using the cell model. For the case of charged particle -

neutral fibre the résults agree with published experimental data.
No data isﬂavailable on the other cases studied, "An increase in
packing density may lead to a reduction in efficiency due to
electrostatics.

{v) The results agree with existing theories for the effect of
sedimentation and fibre Knudsen number on interception.

(vi) The efficiency due to the combined mechanisms ﬁf inertial
interception and electrostatics and inertial interception and
gravitation have been calculated, The effect of fibre Knudsen
number on inertial interception has been calculated, The
contributions due to the individual mech;nisms are not additive,
(vii) A theory which takes into account variations in local packing
density with a filter is presented, It predicts a reduction in
pressure drop due to filter non uniformity. It is shown that an
increase in the geometric standard deviation, 0§, of packing density
normally causes a reduction in filtration efficiency although in

some cases (intermediate values of Nat) an increase can result,
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CHAPTER 2

PARTICLE RETENTION EFFICIENCY

-

For a fibrous filter'to be effective the particles
which touch the fibres must adhere subsequently, The efficiency
of particle adhesion decreases with increasing particle size and
velocity and falls with reduction in.fibre size, The object of the
study‘reported in chapter 2 is to investigate the efficiency of
particle retention iﬁ clean filters i.e. in the regime in which
the proBability of particle adhesion is low. The mechanisms of
particle removal and adhesion are reviewed, The energies of
removal and adhesion for the predominant mechanismé‘are then equated
to obtain theoretical values for the-critical conditions under
which adhesion will fail, These reéu&ﬂs are used to interpret
experimental data obtained by operating filters in the low adhesion
regine, o

The decrease in filtration efficiency at high particle
inertia has been observed by many authors, Becker (72), Whitby
(40) and Loffler (73) noted this with particles above 2 gtm and

velocities above 2 ms—l. Harrop (4 ) observed the phenomenon with

3 pqm particles and velocities of 1 ms L. Davies (74) has stated
that adhesion is not certain with particles above 0.5/um.

Using a simple microscope technique, Gillespie (75)
investigated the 'influence of filtration velocity (0.05 - 0.26 ms™L)
on the efficiency of collection of 2.2/um and 3.6/Jm rarticles of

stearic acid and paraffin wax. He defined a sliﬁspage coefficient
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which is (1 -Ny) and claimed that a minimum in the overall
efficiency was due to lack of adhesion, the slippage coefficieht
going through a maximum. His results could equally be interpreted
in terms of a minimum in the collision efficiency, Since the
inertia parameter of the system is in the range 0,05 - 0,25 this
is posgible.

Recently Stenhouse (76) and Freshwater and étenhouse (77)
“described the important mechanisms in the "low adhesion" region
and reported some preliminary experiments on the influence of the
main parameters on filter performance. Walkenhorst (115) showed
experimentally that 1}Am particles of coal dust failed to adhere
to BOOf;m steel fibre at a velocity of & ms~ L. Loffler (78) has
attributed the removal mechanism to bounce and Dahneke (79) and
Loffler (39) have equated the adhesion and bounce energies to obtain

a particle size at which bounce first takes place.

2.1 Removal Forces
2.1.1 Mechdrisms

Removal forces are as follows:-
(i) Forces applied during impact = normal rebound force

~ tangential impulse force

(ii) Continuously applied forces vibration
- drag
- aerodynamic 1ift

- particle impact

= gravity
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Gillespie (75) and Jordan (80) considered two mechanisms
of particle removal from filters, namely normal bounce off due to
the recovery of normal elastic energy and peel off due to aerody-
namic drag. Larsen (81) studied the effect .of vibration and found
it to be a minor force. Vidal (82) considered that aerodynamic

1lift was important. The lift force used was

2
Le =037 pYsqrry 2.1
y R

Corn (83) contends that particles are retained on filters
in aerodynamically séable positions.

Both Larsen (81) and‘Lofflef (73) report that the velocity
of air required to remove :deposited particles from a fibre i% at
least an order of magnitude higher than used in practice, where
it is known that particles fail to adhere on first contact,

Impact theory has been well reviewed by Goldsmith (84).
The dynamics of normal impact was first analysed for elastic
bodies by Hertz (85) who showed that for a sphefe colliding with

a flat surface,

1]

rcz R Zo

—
N
n

2:94 2o / Wpr 2.

|s
2o ' = B ™ 9 R Upr

3! =(""'D|)/E' o+ (l"'))ﬂ/Ez

for quartz/steel systems, these expressions simplify to:
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Table 2.1

Particle Removal Forces (leo's) (quartz-steel)

Particle Size, dj (pm) 1 10 20
Impact angle, Ur/Ue 0 1 10 o) 1 10 0 1 10
Impa?t ! Force
velocity
-2 —2 -

0.1 m/s normal impulse 6x10 4.6x10 9.6x10 3 2,42 1.84 .385 7.5 5.7 1.2
tangential ™ ) 2.3x10°2 4.8x102 | o .92 1.92 ’ 2.85 5.95
drag ) 107° 1.4x10°° | o 107°  1.4x10" 2x10 2.8x10

1.0 m/s | normal impulse | .385 .30 .60 15.4 12.0 2.5 . 48 37 8
tangential " o] .15 .30 1o 6.0 12.0 0 19 57
drag 0 107° 1.4x10° | o 1007 1.4x10° 0 2x10 ©  2.8x10

10.0 m/s normal impulse | 2.4 2.0 Wa 96 80 39 300 250 52
tangential " e} 1.0 1.9 o 40 76 o 125 235

-4 —4 - - - -
drag 0 10 1,4x10 o} 10 2.3x10 0 2.10 6.2x10 °

76
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The obligue impact of macroscopic ellipsoidal particles
was studied theoretically by Matsumoto (86) by considering only
the overall mechanics of the system, The effect of angle of
impact and velocity on the angle of bounce of particles has been
determined experimentally by Muschelknautz (87) but no analysis
has been undertaken of the detailéd physical processes involved

-

in oblique impact or in its significance in particle adhesion or
removal,

A detailed theoretical analysis of the rhysical behaviour
of particles during impact is not feasible because the stress
distribution in a sphere during oblique impact is not known. Hence
only an estimate of the magnitude of the forces acting on particles
has been attempted, The resuilts are'shown in table 2.1,

In determining the tangentiai.impulse force, it was

assumed that all the tangential momentum of the particles was

- impact force Eo§-10% Nym?

adsorbed in the contact time

as calculated from the Hertsz

theory. This was in the

drog force

range 10'? to 108 secs,

during which time a particle

travelling at_the tangential

impact speed would travel

10'1 - 10'2 microns, 'In

each case the calculafed 1ift

10 102 i - force is negligible and the
— particle size/um ' i

drag is less.than the impulse
6

Forces acting between particles
and surfaces:.(87) : force by a factor of 10

Fig, 2,1 The gravitational force on a

micron particles is 5 x :Lo'5 dynes, These calculations confirm the
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estimates of Loffler (88) shown in fig, 2.1. It is feasible

that drag forces are important with extremely light particles,
Gillespie illustrated this by blowing all the deposited lydgpodium
spores from a fibre at 3 times the deposition speed, Hence it

is concluded that the only forces of any consequence with
partic%gs of normal density are these due‘to the kinetic energy

of the particles on impact.

2.2 Adhesion Forces

The three forces responsible for particle adhesion in
fibrous filters are van der Waals, electrostatic and capillaric
forces. The subject has been well reviewed by Corn (89) and
Zimon (90) so it will only be briefly digcussed below, Those
aspects of the subject which are especially relevant to filtration

will be discussed,:

2.2.1 London van der Waal forces

The London van der Waal dispersion forces are signi-
ficant adhesion forces in "dry" filters.

For an undeformed spherical particle adhering to a
flat smooth surface, Hamaker (91) and Bradley (92) showed ‘that

the adhesion force pressure and energy are:-

o -— [}
2 ’ 3 a
é h 6 hy 3h
where Ayis the Hamaker van der Waals constant and h is the %
18

separation distance. This constant lies in the range 10~ -
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Zl_o"‘10 J (A for quartz (&) = 2.2 x 10—19). Gregory (93) has
recently reviewed methods of calculating Ape In the derivation
of these expressions no account was taken of electromagnetic
lagging, or retardation, an omission which limits their use to
small values of h,  Lifshitz (94) extended the theory to allow
for this and his expressions tend to 2.3'as h is reducea. A

is then related to the Lifshitz van der Waal constant, huaby

AH = 3 hw 2.4

It has beén shown experimentally that 'non retardation”
theories are valid up to a separation of 100X (95). The Lifshitz
theory has been extended by Langbein (96) to include_the effect
of surface adsorbed layers.

Particle deformation causes an increase in the adhesion
force given by 2,3, For smooth particles which h#ve been
flattened by impact Gillespie (75) intengrated the London forces %

to shown that

, 1
Eadhﬂi.“h: é ﬂ‘ga}\R + WEN

LYY ]

F o= 61\-eak[l +3-'-'§h]

where

' 2.%
€& = Mfagnp

Krupp (97) allowed for local surface deformation, due to
creep caused by adhesion forces by adding the undeformed force and

the force acting over the contact area:-
2
F = F = 114 rﬂ. P 2.6

He introduced the Hertz theory and creep properties of
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the material to obtain an expression for the adhesion force as a

function of time. For small particles this reduces to

o -l - -
_ P 0.04 r 6
Fo= Fib = —l-\'(‘t) M %—0.035} P 10 2.7

for either elastic or non-elastic reoovery on particle removal,
For values of‘I§'< 1Qfm the last term is not important, The
hardness, H is a reducing function of time so the second term
looses its significance as the loading time is reduced. Measure-.
ments of H (98) indicate that creep is unimportant during the very
short period of contact during filtration.

Deryagin (é9) and Sperling (100) have described the
process thermodynamically and find that the force is proportional
to the radius of curvature. However, shortage of adequate data
on surface energies renders their theory of little immediate value.

The wvan der Waals force acts normal to the sufface;
Polke (101) measured the normal and tengential force reéuired to
remove particles and found that the tangential force was about

1/30th of the normal force.

2e2al : Electrostatics

Adhesion forces are caused by a difference in potential-
between the particle and substrate. The particles may already
posses é charge before impact or they may acquire a charge on

contact,

Adhesion of charged particles

Although an aerosol cloud is neutral individual

particles may be quite highly charged. If a particle carries n

*
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electron units, then the adhesion force will be

[+ 2. -9 . $z )
F - n & x 10 = L 2 2.8

1* ' 4N €,

where { is the distance between charge centres.

Kunkel (30) measured the charge distribution on
artificially dispersed mica and.showed that the rms charge may be
as high as 600 esu on a 10 pm particle, Jordan (80) showed that
for the electrostatic adhesion force on such a particle to be
the same as the calculated van der Waals force the charge would
have to be concentrated within 0,01 /.un of the contact, A nunber
of particles in a cloud may have extremely high charges, in the
order of several thousand e.s.u; 1in such cases electrostatic
adhesion may be important. In normal filtration, however, these

forces will not be significant.

»

Contact charging

Two surfaces which are placed together will undergo
contact charging which may cause large electric double layer forces.

Such forces have been studied by Krupp (97) who showed that

$1. Ih (} + S|/h)
16 E,r;.S.{K. +3 ln(%_\'r)}qx, + -;-_ In (;\2—%)}

mo
1

2.9

where §;ranges between O for a conductor to "1-/um for an
insulater, Krupp showed that in the case of very high {(although
realistic) contact potentials the electrostatic force‘could be much
higher than the van der Waals force for particles with surface

asperities, The adhesion energy for conducting systems is

w
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E. = 2T Eor‘,Ul [X + %.'“ (";t_{?)] 2,10

where U is the contact potential, the difference in work functions
of the two materials. With a metal/metal contact a double layer
will b; set up almost instantly, but with a metal/semi-conductor
the time required for an electron flow to be set up may be very

long (102). VWith an insulator (such as silica) an electron flow

will not be set up.

2e2e3 Capillary Forces

Surface tension forces may be responsible for very large
adhesion forces in filters, particularly where the fibre is coated
with a light 0il or where there is a hiéh relative humidity.

In the case of a sphere touching a flat plate the adhesion

force is (103, 104),

. EZ = 4o R

2.11

where 0 is the surface tension, For two spheres, the

“ force isg <2 MO R . Experimentally the force is found to be only

slightly lower than this (90). The energy of adhesion is simply

given by:

mo

. = o~
gaknuh A‘ 2.12

where A is the total area of contact., This reduces to

1

. 2.1
Dhagien = AT O R R 2

where r, and R are the radii of curvature of the meniscus

and particle,



In the case of a particle which is flattened on contact,
simple geonetrical reasoning shows that the contact area will be

given by

Ar. = T\'l’:' +4""rl(R_ r:/‘!R) 2.14 .

s

where Y is the radius of coniact in the absence of
liguid,

Capillary condensation is not instantaneous; hence
in this case the adhesion force is time dependent (90) it requiring
about 30 minutes for equilibrium to be attained. It is
significant at relative humidities in excess of 65% but Zimon (90)
is of the o¢pinion that at lower humidities capillary condensation
plays no part in adhesion.

Zimon (90) has studied the influence of depth of oil
coating on the adhesion force.- He identified three zones; the
force initially increases rapidly with depth, the depth has no
effect and finally when the depth is of the same order as the
particle radius, there is a slight reduction in force.,. For thiq
layers on fibres, the influence was studied theoretically by
Larsen (81) who confirmed his results experimentally for spherical

particles of size greater than 100 /Am.

- F = 4wkorn
L tg o+ 1/ 'a] 2/ 42 |
where k. = [kd/(kg"'kd)t /(k‘-.- l) [ kd I
K _ liguid contact diameter
S sphere diameter 2.1%
k. = fibre diameter
d ~, Gphere diameter

Zimon studied the influence of impact velocity on the adhesion
force with a thick (lolum) layer of oil. He used a wide particle

size distribution so his results are of little value except that

D
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they show that the force varies with velocity to a power less than

one fifth,

2.2.4% +  Relative magnitude of adhesion forces

It is pertinent at this stage to consider the magnitude of
adhesion forces arising from the various mechanisms, Theoretical

1

values of the forces for quartz particles'and a steel plate are
shown ;g a function of particle size in Table 2,2. These
calculatlons are in general agreement with the estimates of Loffler
(73} (see fig. 2.1), It can be seen that capillary forces are
most significant and will outweigh all others when the surface is
coated or at hiéh relative humidities, In dry systems van der Waal
forces will generally be much more significant than electrostatic
forces which are only important in the following cases:-

(a) Very large difference in work functions between the

solids - this will not normally occur.

(v) Very high individuai particle charges - the charges
assumed to obtain the values in table 2.2 are much

higher than those normally obtained in practice.

{(¢) The particles have surface asperities - the van der Vaals
forces are short range compared with electrostatic forces.

Van der Waals forces will, therefore, be highly dependent

on the radius of curvature at the contact, whilst the

electrostatic forces will remain dependeht on the particle
size.

In his work on adhesion in fibrous filters, Loffler (73)
concluded that van der Waals forces were responsible for the adhesion
between quartz particles and polyester fibres. Larsen (81) and
Gillespie (75) also concluded that molecular forces wére predominant

in their experiments, However, in the work reported by Kordecki

and Orr (105) it is obvious that electrostatic forces are highly
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significant.
TABLE 2.2
THEORETICAL ADHESION FORCEsquE TO
VARIOUS MECHARISMS ( Nx107)

Force Lpam _ 10pam | 20um
Van der Waals

R = r; 0.021 0.21 0.42
R = Oulym .002 ’ .002 .002
Electrostatic

(1) Coulomb. Force (charge
density of 1 -esu on
a 1 um particle) il

]
i

N -7 -5
12 =2 1 7x10 7%10 3.8x 10
42 = nr, 1.2x2078 521073 | - 1.9x1072
(i1) Contact charging 103 102 o%10~2
maximum
quartz-steel - negligible -
Capillaric forces 2 -1 . -1
water R = & . L,6x10" b,6x10 ©9,2x10
R = 0,1pum 9.2x10™2 0.2x10™> 9.2x107>

Ia ideal systems i.e. spherical-particles and smooth
surfaces, the calculation of the magnitude of adhesion forces is
comvlex and frequently impossible due to lack of physical data,
the presence of adsorbed layers etc. The calculation of the
nagnitude of the force in a real system where particles have complex
shapes probably micro asperities and £he "flat" surface is in fact
rough, is obviocusly out qf the guestion, There will be & wide
range of adhesion forces for each particle size, Once the

particular adhesion mechanism has been ascertained, however, the
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theories may be applied to estimate the effect of a number of

variables on the mean force or energy of adhesion.

TABLE 2.3

| PARTICLE - FIBRE ADHESION FORCES

Experimentally measured adhesion forces (73 (Nx1O

%

for quartz particles and 50/;m polyester fibres,

Collection

veloiity particle size (dp) ( um)
(ms™=) 5 10 15
4] 8 5 20
0.28 8 14 30
0.42 10 24 58
0.63 12 35 100
0.8% 14 b2 -

For any given condition, particularly in the case of real

systems, there will be a wide range of adhesion forces,

The

number distribution”of-adhesion forces measured by Loffler is log-

normal, 68% of the particles lying within a range of about 1.5

orders of magnitude (the figures referred to in table 2.3 are

the median values),.

2.2.5 Influence of process variables on adhesion forces

Particle size

The dependence of the force on particle size for zero

impact velocity is shown in Table 2.4,

The molecular and capillaric forces are dependent on

particle size only in as much as this influences the radius of

curvature at the contact point; hence for smooth spheres R-:f}.

Obviously the force is so dependant on the nature of the surface
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that no conclusions can be drawn on the effect of size, In the

case of quartz particles Krupp (97) states that surface asperities

in the order of 0.2 /.\m are observed on ground quartz (figures

2,21-24 confirm this with AC dust) and with irregular quartz

particles adhering to a hard metal surface the force was approximately
proportional to q9'5. Krupp concluded = "Hence the adhesion is

very s;nsitive to surface aspérities whose effect can only be

estimated more or less crudely".
TABLE 2.4

DEPEWDENCE QF ADHESION FORCE ON PARTICLE SIZE

. Contact . .
Force Molecular Coulombic Potential Capillaric
Dependence 02 - 1/,
on size R ) l/rl’ . . T R

Impact velocity

The velocity of impact affects the contact area and
separation at the moment of maximum stress. Since molecular and
Coulombic forces are instantaneous éhis will influence the adhesion
force and energy in these cases.

Capillary forces are time dependent and although these
may be partially effective during impact it is impossible to say
to what extent., One of the main effects of a coating is undoubtedly
to cause dissipation of kinetic energy during impac¢t through
viscous shear.

Gillespie (75) incorporated the Hertz theory to describe
the efiect of normal impact veldcity on the van der Waals force.

Substituting equation 2.1 into 2.5 yields
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E

208 08
6weE hR + 1T€o.k"p'1R° Mir 2.16

-3
where k = 2.07 =10 for quartz-
steel

After Bowden and Taber's obéervations (106) on the
behaviour of "large" static systems Gillespie postulates that
the real contact area is the product of the "apparent" area and
maximum normal force, (Although Bowden and Taber's results
actually indicate that the real area is proportional to the applied
force to the power 1,3). Gillespie thus concludes that the real
contact area varies with R4 and u%; . However, with smaller
particles where the surface roughness is not so important it is
likely th;t the real area of contact is better approximated by

the apparent area; this has been used in evaluating expression 2.16.

Relative humidity

Zimon (90) observed that adhesion increased with relative
humidity(fig.2.2) and that a plateau existed between 30 and 60% RH

approximately, A similar

characteristic has been obser-
ved with the shearing stress of
powders by Topper (107). The

strength of pellets is high at ~

zero hunidity but falls to a
o o/ RH 11-1-4
. o ! .
. Fig 2.2 steady value as the relative
humidity is increased beyond 1-2% RH. Kordecki and Orr (105)
observed a fall in adhesion force in the range 25-75% R.H. loffler

(73) observed an increase in this range and Harrop observed an
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increase in filtration efficiency in the range 8-90% R.E. using
particles of sodium chloride; he also obtained a plateau similar
to that of Zimon.

These observations may be explained by recourse to the
mechanisms of adhesion as follows:=- -
(a) Van der Waals force : The presence of water molecules on a
surfac; causes a masking of the molecular forces ~ hence the rapid
fall in pellet strength with % R.H, at low values. The presence
of moisture may influence surface micro-hardness or cause swelling,
leadiné to a larger contact area. According to Krupp (97) this is
even significént on glass surfaces. Both Loffler and Harrop
attribute their resglts to this phenomenon,
(b) Electrostatics : Electrostatic adhesion forces will be reduced
by the presence of moisture which Qill increase the rate of charge
neutralization - this explains the results of Kordecki and Orr.
(¢) Capillary adhesion : Above 65% R.H, the adhesion force rises
due to capillary adhesion (90, 109) withhydrophillic surfaces, but
only attains that given by equation 2.} at 100% R.H. in a static
systen. Only-an extremely fine layer of moisture in the region of
100 molecules thick is required to provide a normal surface tension
(109). With hydrofhillic surfaces the depth of moisture increases
rapidly above about 70% R.H, .This phenomenon probably explains
the rapid rise in adhesion strengihs above 65% R,H, observed by

Zimon and rise in filtration efficiency observed by Harrop.

Condition of.Substrate

The condition of the fibre surface is obviously of major
importance, it may be dry, coated with grease, oil or particles.
The influence of a coating of o0il or grease has already been dealt

with, Zinon (90) describes briefly;the ‘Ainfluence of surface

o
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roughness on the adhesion force. The presence of a coating of
particles will change the impact angle, the adhesion force and the
number of point contacts also pﬂysical blocking may occur. In
studying this region of filtration, therefore, it is important to
investigate the influence of dust loading, particularly in the

initial stages.

-

2.3 - Equilibrium Theory.

A particle will be retained by a filter if the energy
of adhesion exceeds the energy of removal. The conditions
effecting the particle size (dyp_4) at which adhesion fails in
filters have been studied by Gillespie (?75), Jordan (80) and
Harrop (4) briefly and in more detailﬁyvnmn&a(?9)-and Loffler .- -
. (39). The theories are applicable to normal -impact and are
based on a simple energy balance.

It is necessary to distinguish two particle adhesion
energies ﬁamely that of the incident undeformed particle as seen
by the surface just before impact, EQ , and the additional
adhesion energy duriﬁg contact due to deformation, E.‘ . The
bounce, or removal energy will then be

E = e (E, + E.)

ramoval

where Euis the normal particle kinetic energy at impact unaffected
by adhesion attraction forces. The total adhesion energy
is

1]

o + E
Enal\es'lon - E'G- ad 2.18

The removal and adhesion energies will be equal at the

critical particle size, so
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g g 2 g "
Ee * Baa = €, + & E 2.19
Hence
2 ) =4
.%_.mUa = By = %[Ea(l-e‘) + Eoq 2.20

Two extreme cases of 2,20 have been considered, Jordan
and Dahneke assumed that E‘Ais negligihle, This assumption is
not valid but Dahneke's results are useful in that they illustrate
the importance of the coefficient of restitution, €, He examined
the influence which the various components of energy dissipation
have on €,, He sho%ed that the coefficient of restitution of
small particles colliding on a iarge surface (polystyrene spheres)
is about 0,99, However, flexural work reduces the value of € when
a particle collides with a thin body with a thickness of the same
order of magnitude as the particle. He pPresented a theory to take
this into account and used equation 2.20, ignoring E,gand particle
retardation due to air drag as it ;pproaches the fibre, to
calculate dl,““ as a function of VU, and d.‘. As would be expected
his values were much too low. The effect of dfon.e was, however,
such that a minimum appeared on a plot of dhu“against Uo. The
effect is only.apparent when d;‘-dy

Loffler (39) assumed that the first term in brackets
in 2.20 was negligiblé‘and used Krupp's theory of adhesion to find
E o4 - This was achieved by integrating the second term in
expressién 2.7;

o3

E =- _E__. dh 2.21
o Bt

-./-v|

.
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A value of 3 x 10 N n° was taken for H (¥ ) for a

quartz-polyamide system, Hence Loffler included the effect of
creep on particle deformation but like Dahneke he ignored particle
retardation due to air drag on approaching the fibre. Values of
dbcrﬂ were calculated using this theory but again the predictions
are -extremely low,

" In each of the above theories no account was taken of
viscous dissipation due to air drag. Particle deformation due to
impact and its influence on Eadhas been ignored., Creep will play
only a very minor part during the very short period of contact
( = I67secs Y. |

The above'theories are applicable to normal impact and
are intended to give a measure of the value of dbu@r and influence
of the major parameters. However, particles greater than dpc,“
do adhere to fibres during filtration and some smaller particles
fail to adhere for the following reasons:-

(a) Particle impact normal to the fibre occurs only at the
stagnation point, Particles on trajectories beyond the centre line
will collide at an angle and have a lower probability of capture.
The tangential igpulse force is now significant and the contact area
is reduce?.

(b) The anéle of impact of an irregularly shaped particle

will affect its probability of adhesion, .This is also affected by
the nature of surface at the contact point - radius of curvature

of proturberences, number of proturberances and hardness of the

micro surface.

An equilibrium theory is presented below which takes

into account some of the shortcomings of existing theories. The
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impact and adhesion energies are described separately before using

them in 2,20, "

(a) Impact energy: The following section refers to the total

particle impact energy rather than the normal component of that

N

‘energy.

Fig. 2.3a Fig, 2.3b
infinite inertia finite inertia
system system

With infinite inertia systems (fig.2.3a) all particles
which collide with a fibre will have an impact energy of im an.
However, the impact velocity of particles in the intermediate region
(fig. 2.3b) will be only a fraction of that of the maiﬁ stream,

The energy“is a function of the initial starting point and the
inertial properties of the system, Hence it is necessary to
obtain the dimensionless velocity of impact as a function of the

starting point (takes as a fraction of the single fibre efficiency)

as follows:=-

. A T '
b P ]

- ] 2422

These values were determined using the technique
described 4in Chapter I. Typical results are shown in figs. 2.%
and 2.5. The influence of the main parameters on the median value

~of the dimensionless impact velocity'is summarised in figs 2.6 and




TABLE 2.%

Dimensionless impact velocity of particle trajectory

normal to fibre (04.) (Kuwabara field).

»
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N .
Ng - 5t
0.0l 0.1 0.5 - 1.0 5.0 10.0
0.02 .01 .0003 .0003 .0003 .00027 «5230 . 7400
.03 . 0004 . 000k . 000k L0004 - 6860 .8370
.06 .0005 .0005 . 0006 . 1030 «7790 8870
.10 . 0008 . 0008 .0009 .2780 L8340 .9170
.15 L0012 .0012 .0194 L4310 «8760 . 9380
0.05 .07 .0016 L0016 .0016 .0018 .5270 + 7550
.03 L0024 L0024 .0025 . .0029 .6950 8400
.06 .0035 .0035 .0038 1350 L7840 .8900
.10 .0051 .0051 ,0056  ,3100 - - 8400 9210
.15 .0072 0072 - L0756 4810 .8820° 9410
0.10 .07 .0058 .0059  ,0061 = ,0068 ' #5370 ¢ .7500
.03 | .0089 - ,0090 . .0098 U ,0318 "« 7040 8450
.06 .0128 0131 SL,0152 C.,1781 .. .,7950 +8930
.10 L0182 .0189 .0380" #3490 - «8510° .9230
.15 .0263 .0276 1610 . ,5070 8940 L9440
0.20 .01 .0201 .0205 .0220 .0286 . 5590 «7590
.03 .0308 031k L0370 1041 .7230 3560
.06 .Olhs L0458 L0660 . 2690 .8100 . 9040
.10 .0620 0660 .1530 L4450 8680 « 9330
.15 .0900 .0970 «3190 .5890 .9110 « 9530
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27 As would be expected these figures are almost identical to
those of the single fibre efficiency. The existence of a minimum
is caused by alteration of the position of the critical trajectory
and not the change in impact velocitir at any given position on the
¢ylinder. VUsing the Spielman and Goren field, Dawson (46) cal-

culated relative grazing speeds; he obtained a diagram which is

-

similar in form to fig.2.6.

1 2
The correct energy of impact is thus .';..muo u',-, which

may be expressed as

3
i

)

%, , 1.— L,y
£ (sl = s (L) (4

-f’dp | 2.23

u

-5 1 2
13.8 IO‘ (_'_q_fl'\ (b\'}i\

Ng
for quartz in
air at N,T,.P.

where f’

l -fl for quartz in air is shown as a function of NSy and
NR in fig. 2.7. The sudden increase in the median value of f',
f‘;o‘ - hence impact (or removal) energy is most obvious, In the
range 1.0 < Mg, € 10.0 the impsct energy is most sensitive to
variation in operating conditions.

From the data shown above it is possible to calculate
the energy of impact in a filter. An example of this is shown in
figs. 2.8 and 2,9 for particles at 0.2 and 1.0 mrs-1
colliding with a 50}4. m fibre but with particle sizes ranging from
1l to l‘OlAm. _Here the total impact energy is shown as a function

of the relative starting point.

Where d{>d‘, @ is close to unity so the removal energy

"
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can be equated to the impact energy.

(b) Adhesion energy : The undeformed and the additional adhesion

‘ enérgy due to flattening on impact are given by the first and second
terms in equatioﬂ 2,16 for a quartz-steel system, The velocity

of impact normal to the fibre surface was calculated as a function
of NS\' K NR and o using the Kuwabara model as described above.

In each case it was found that good approximation to lkbfis given

: "
ub.r T U° s l‘- (};?c) : 2.2

- : .
where values of IAPO , the dimensionless impact velocity are given

by

in table 2.5.

Values of the energy spec£ra ( E“only) for particles in
the size range 1-10 }pm impinging on & 50)um stainless steel fibre
are given in figs. 2.8-9 for main stream velocities of 0,20 and
i.O ms-l._ In this model M was assumed to be 4% and the particles
were taken to be round (R = f} Yo

Construction of ?A characteristic

There is a distribution of adhesion and removal energies
for the same size of particles because of the different trajectory
starting points for any given condition as shown in fig. 2.11.

Recourse to figs 2.8 and 2.9 shows how the diagram can
be constructed from theory. 'For a main stream velocity of 0.20
ns~L and 1.0 ms~> the particles size at which adhesion'_ fails is
about L-5 g and 1-2}um respective}y.. 'The particle size for
adhesion failure is in the right order thus providing confirmation
of the mechanisms assumed, | An extremely rapid.fall.off in._
efficiency is however predicted; - The:di%tgiﬁption'Qf?remoyal
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energies may be easily estimated

but our knowledge of adhesion

is such that an estimate of the

distribution of adhesion energies
—::::5‘; is out of the question. The
adhesion energies in figs 2.8

and 2.9 are based on the

Ewnergy P

Al assumption that each impact
0 0.9 1.0

condition provides a specific

Relative particle
starting point
(here ?A= 0.9) fig. 2,11

adhesion energy; however, there
will be a wide distribution for
any given impact condition., = This -will increase with the width

of the adhesion energy spectra cauéing a more gradual fall off in
efficiency with particle size as is found in practice.

From a knowledge of the mechanisms concerned it is possible
to predict qualitatively the influenée of almost all operating and
design parameters on fig. 2.11, However, the quantitative behaviour
of the system can only be determined experimentally.

Value of dt,““.

Since the fall of in 1, with dy is very rapid it is
convenient to examine the influence of a number of parameters on
the values of the criticél particle size. This was done using

equation 2,20 in which the following were applied,

— , ¥
.1 o.e ok
Ea= ™weEk r,. R W, 2.5
= 2. O7xlo-31l' €, V';z RO" o8

Wby
e = 1.6 for U.",,. f-cne'__dr."n 2.24

-
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!
The computed values of u’hand “h are well approximated
: 1.} .

for the Kuwabara field, where o = 0,03, by:-
7 |
Wp, = 0.7 HR + (I -0.7 NR)( I = 6.9 NSI-)

. v - 3 N
Upig, = 952 Ng + (1- 052 N“)(‘ /Ns!-) 2.26

- ‘ for Ng. v 1.0
' ? 2
wp = 07 Ng A Wy = 0.52 Ng

. Se

for N, < 1.0
By including equation 2,24 with the above all the
particle impact velocities required to solve 2.20, for particles
whose relative trajectory start point is either O or ( Yo /7‘ )
= 0.5; are available, Hence it is possible to calculate the
critical particle size at which adhesion ceases, dbcr'\\' s for the
conditions (yafq‘ } = 0 angd (76/1)‘) = 0.5 over a wide range of
conditions, Using this simple theory the influence of fibre size,
approach velocity and radius of curvature at the point of contact
have been investigated. The- results are shown in table 2,6 and
figs. 2.12 and 2.13. The computations are all for the quartz-
stainless steel system. Each of the sub-tables consists of a 10
x 10 matrix of values of dl,““_ . In each column the fibre size
is increased from io}un to 1000 pm (10, 25, 50, 100, 150, 200, 300,
500, 750 and 1000 y.m). and each row represents an increase in
approach velocity from 0.1 to 10.0 ms-l (0.1, 0.25, 0.5, 1.0, 1,5,
2.0, 3.0, 5.0, 7.5 and 10.0 ms™%),

The resulis for perfectly elastic spheres in the

Kuwabara field for the (Yo/q,,) = 0,5 condition are shown in table

2,6.1 and figure 2.12. The (JQ/QQ) = 0.5 condition was used

because it most closely represents the behaviour of the average
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particle, The influence of. fibre size and approach yelocity
are as expected, the bounce energy increasing with velocity and
the dissipation of kinetic energy increasing with fibre size.

Table 2.6.2 shows the results of an "asperity' model
in whichk the radius of curvature at contact was taken to be a cons-
tant, That particles have a large number of asperities or surface
pretuﬂérances in the order of O.Efam.in gize is in accordance with
the evidence of Krupp (97) and Fuchs (110) together with photo-
graphic evidence described below, The radius of the asperity,
or point of contact, R, was taken as O.lram in the construction
of table 2,6,2, The difference between tables 2,6,1 and 2.6,2
is extremely small ;s is shown grgphically in fig., 2.13. A
small reduction in the coefficient of restitution is also of little
significance as is shown in table 2.6.3.

Table 2.6.4 shows that use of the collision conditions
of particles on the (Y,/h‘) = 0 trajectory has a negligible effect
on the results.

Measurements of filter resistance show that the assumption
of laminar flow is a close approximation up to & fibre Reynolds
number of 1,0, However, in the non adhesion region the Reynolds
number is often in excess of this, Thom (12) used a relaxation
technique to analyse the flow round an isolated cylinder with a
Reynolds! number of 10, This field was later used by Davies (37)
¥o calculate the efficiency of inertial interception. The data
shown in Davies'™ paper has been analysed to obtain an expression
for \JPQ in the Thom field:-

1 1] -
uP°

i

'/[(0.53 +0.34 N,J(N_Qn.ﬂ +1.o4N,o] 2,29

The lowest possible value of Uéb was taken to be 0.6 NR
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the impact velocity in a- zero inertia system. Values of tf;;$°
could not be obtained so it was necessary to use tﬁbinstead

in the expression for (equation 2.25). The éffect of
making this assumption using the Kuwabara field was marginal
(table 2.6.4). Results using the Thom field are given in table -
2.6.5. Again results do not differ substantially from those
using the Kuwabara model, The theoretiéal efficiency character-
istics obtained using the two fields ére very close (fig. 1.5)
suggesting that the impact conditions are similar, so it is to

be expected that the values of chfJ‘ should be close,

That particle retardation prior to impact‘is important
is shown in table 2.6,6, In calculating these values it was
assumed that the impact velocity -was the same as the main stream
velocity. The substantial reduction in _dbGJJ' is also shown
in fig. 2.13, .

In the derivation of equation 2.20 it was assumed that
the "undeformed" adhesion energy is converted to kinetic energy
which is almost completely recoverable as bounce energy at impact.
If the particle inertia is such that this is not so the total
adhesion energy will be greater than assumed. To test the
numerical importance of this a series of values of dp‘“‘- were
calculated in which the tofal adhesion energy shown in equation
2.9 was equated to the impact energy of equation 2.23,. The
resultant values of dbcﬁf are shown in table 2.6.7 and fig.
2.13, dP‘T“. is higher but under the cond itions examined

it is not significantly so.

The'predictions of Dahneke and Loffler are shown in
fig. 2.13 for comparison. There is a dearth of experimental
information on the actu'dl_yalues of dbcfﬁ' but those values

which have been published suggest that the theory repbrted here




is realistic.

The region of filtration beyond d?cﬁf has been
studied by Loffler (78) and the author (76, 77). Loffler (78)
determined the retention efficiency by counting those particles

which adhere on collision using high speed cine photography.,
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He examined the influence of velocity on the retention efficiency

of B}Am and 10)Am quartz particles colliding on 19,4m_and SOfAm
fibres (fig. 2.15)s Those factors which effect dl’cv"i' would
be expected to influence filtration in the same way in this
region, The experimental results in references 76 and 77 are

described and extended in section 2.4 below.



Table 2.6.1

3,08
L,60
6.29
8.66
10.48
12.01
14,57
18.62
22.66
26,06

Table

2.58
L, oh
5.69
8,02
9,81
11,32
13,86
17.88
21.89
25.27

Table

3.54
5.06
6-75
9.13
10.95
12,48
15.05
19.12
23,17
26,58

Table

O
. »

W)
OOV

8.53
10.28
11,76
14,25
18,22
22.20

25.56

1.80
2.74
_3.80
5.29
6, 4l
7.40
9.01
11.57
“1k,12
16,26

2.6.2

1.63
2,55
- 3.59
5.07
6.20
7.16
8.76
11,30
13. 8}+
15,98

20603

Kuwabara field; (eqn,2.26 for Ug) Np =0; o =0,03

- - L ]
=30 G\ OO0

o\ WP
L ]
WK R oveen

Kuwabara field

L] L] L ] - L d L]
W HROWWO\ o
VOO O

~ W AW

9.78
11,30

Kuwabara field

1.29
1.95
2.70
3.76
4,57
5425

6.39 .

8.20
10,00
11,52

Kuwabara field

1,42
2.02
2.72
373
4,52
5.19
6.31
8,09
9.88
11.38

TABLE 2.6

0.84
1.31
1.83
2.57
3.1h
3,62
boL3
5.70
6.97
8.05

o EFWWNE O
« & & & » »
OO VNN PSR

. .
oMW Oo~] OW ~

. . s o .
S\J-PO\HG\OO\NOO

FNONoo -]

QI F NN PO
L]

(=4
DO

0.97
1.40
1.20
2.62
3.18
3.65
4,bs
5.71
6.97
8.0k

R =<dhﬁ e =1

0.68 0,58 0,47 0.36 0.29 0.25
1.06 0.91 0.74 0,57 0.46 0.40
1,49 1,28 1,04 0,80 0.65 0.56
2,09 1,81 1.47 1,13 0.92 0.80
2.56 2.21 1.80 1.39 1.13 0.98
2.95 2.55 2.07 1.60 1,31 1,13
3,60 3,12, 2,54 1,96 1,60 1,38
L,65 L,02 3,27 2.53 2,06 1.79
5.68 4,91 4,01 3,10 2.53 2.19
6.56 5.67 4,62 3,58 2.92 2.53
(eqn,2.26 for Wsp); Np =0; & =0.03;
R = Cel pam; e = 1. °
0.66 0.57 . 0,46 0,36 0.29 0.25
1,04 0,90 0,73 0,56 0.46 0,40
“L.46 1,26 1,05 0,80 0,65 0,56
2,06 1,79 1.46 1,13 0,92 0.80
2.53 2.19 1.78 1,38 1,13  0.97
2.92 2,52 2,06 1.59 1,30 1,13
3,57 3,09 2.52 1,95 1,59 1.38
L,61 3,99 3,26 2,52 2,06 1.78
5.65 4,89 3,99 3,09 2,52 2,18
6.52 5.6 4,61 3,57 2,91 2,52
(eqn.2.26 forWyy); N, =0; ol =0.03;

. R = dp/l . e = O.,75°¢
0.70 0,59 0,48 0,36 0,29 0.25
1.08 0.93 0.75 0.57 0.46 0,40
1,51 1.30 1.05 0,81 0.66 0.57
2,11 1.82 1.48 1,14 0.93 0.80
2.58 2.23 1.81 1.39 1.13 0.98
2.97 2.56. 2,09 1,61 1,31 1,13
3,63 3,13 2,55 1.97 1.60 1,39
Lh,67 L.,04 3,29 2,54 2,07 1.79
5.71 4,93 4,02 3,11 2,53 2,19
6,58 5,69 4,64 3,58 2,92 2,53
(eqn.2.26 forWep); N, =0; & =0.03
R ::dbfz; e = 1,0 Re
0.78 0.67 0.53 041 . 0.33 0.28
1.13 0.97 0,79 0.60 0.49 0,42
i.,54 1,33 - 1.08 0.83 0.67 0.58
2,13 1,84 1,50 1,15 0.9% 0.81
2.59 2.24 1,82 1.41 1.14% 0.99
2.97 2.57 2.09 1l.62 1,32 1,14
3,62 © 3,13 2,55 1.97 1.61 1,39
L,65 L,03 3,28 2,54 2,07 1.79
5,69 4,92 4,01 3,11 2.53 2.19
6.56 5.67 4,63 2,92 2.53

3.58
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o
Table 2.6.5  Thom field (eqn.2.27); Np =10; ot =0; R =B e=1.0
3.21 1.59 1.28 0.79 0.71 0.61 .0.4 0.35 0.29 0.25
3.99 2,52 1,78 " 1.26 1,11 0.89 0.92 0.60 O.L4& 0.39
6.5 4,00 2,52 1.78 l.45  1.26 1,10 0.79 0.65 0.56
7.98  5.04 3.57 2,52 2.06 1.78 1,45 1.12 0.92 0.79
9.77 6.18 4,37 3,09 2,52 2,18 1.78 1.38 1.12 0.97
12,62 7.14 s5.04 3,57 2,91 2.52 2.06 1.59 1.30 1.12
13.82 8,74 6,18 4,37 3,57 3.09 2,52 1,95 1.59 1,38
17.85 12.18 7,98 6.01 4.60 3.99, 3.25 2,52 2.06 1.78
21,86 132,82 9.77 6.91 5,64 4,88 3.99 3,09 2,52 2.18
25.2% "15.96 12.0% 7.98 6.51 5,64 k60 3,57 2.91 2.52
Table 2.6.6 Wiz u’,,’: 1.0 ‘Np, = 0; «=0.03; R =dp; @ = 1.0

0.92 0.30 0.13
0.92 0.30 0.13
0.92 0.30 0,13
0.92 0.30 0.13
0.92 0.30 0.13.
0.92 0.30 0.13
0.92 0.30 0.13
0.92 0.30 0.13
0.92 0.30 0,13
0.92 0.30 0.13

0.03 C.02 0.01
0.03 0.02 0.01
0.03 0.02 0.01
0.03 0.02 0.01
0.03 0,02 0.01
0,03 0.02 0.01
0.03 0,02 0.01
0.03 0.02 0.01
0,03 0,02 0,01
0.03 0.02 0.01

sNoNoRoRoleNoNoNeRo
-
OO0 00O0O00OCO

(R ARG AR, RURG RV RN

Table 2.6.,7 Kuwabara field (eqn.2.27 for W®gg); N o =03 o€ =0.03;
R =dhh ;) e = 1.0; eqn.2.5 useg for adhesion force

5.23 2,59 1,60 1,02 0.79 0.67 0.53 .0.39 0,31 0.27
6.55 3.47 2.23 1,48 1,17 0.99 0,79 0,60 0.48 0.41
8.11 4.,hb9 2,96 2,00 1.59 1,36 1,10. 0.8% 0,67 0,58
10.37 5.95 4,00 2,73 2,20 1.89 1,52 1.17 0.94% 0,81
12,13 7.08 4,80 3.30 2,66 2,29 1,85 1.42 1.15 0.99
13,63 8.03 5.48 3.78 3,05 2,62 2,13 1,63 1,33 1.14
16,14 9,63 6,61 4,58 3,21 3,19 2.59 1.99 1,62 1.40
20.15 12.17 8.4,1 5,85 4,75 4,09 3.32 2.56 2.08 1,80
2,15 14,71 10,21 . 7.12 5.78 4,99 4,06 3,13 2,55 2.20
27.53 16,85 11,72 8,19 6.66 5.75 4,67 3,61 2.94 2.54
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2.4 Experimental

The object of this work is to examine the behaviour of
fibrous filters in the non adhesion region to elucidate the mechanisms
involved, To obtain a qualitative picture of the system, a
photographic study was made, This was followed by an exploratory

quantitative analysis.

2.4,1 Photographic Analysis

Three methods of photographic analysis were employed.
Firstly a static study was made of particles which had been deposited
on a fibre. This was followed by a-64.f.p.s. cine analysis of
particle build up and finally by a high speed cine study of the
collision mechanism,

Static analysis

Particles of AC test dust in the size range 5-10/um were
captured on a 50}um diameter stainless steel fibre, The dust was
dispersed in a shearing field as described in BS 1701 and the tests
were performed under normal atmospheric conditions. The air velocity
used was 2.5 ms~L. At the end of the test the fibres were
photograpﬂed using a scanning electron microscope.

Some typical S.E.M. photographs are shown in figs, 2.16 -
2.35, They illustrate the following aspects:-

(1) Orientation and surface coverage - Figs., 2,16 - 2.20 show
the general arrangement of particles on a fibre. The contact area
may be quite §mail (fig,2.20) or it maybe extremely large as is

shown in figs 2.21 and 2.22, Clearly the surface coverage is

relatively small when direct particle - fibre impact becomes a
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virtual impeossibility.

(ii) Surface protuburences - Figs. 2.18, 2.20, 2.21 and 2,22
clearly shbw the presence of small protuberences, in the order of
0.1-0.2};m in size on the éurface of the parficles; fig.2.28
suggests that these are in fact fine particles of dust. - They will
cause the contact area to be extremely smdll and perhaps oan
seconda;y nature, the ultra fine particles acting as an adhesion
intermediary. It is possible, therefore, that the presence of such
protuberances will be of major importance in filtration,

Washing the dust in water containing a dispersant apparently
reduced the number of protubereances fig.2.22 and 2.23 and a fraction
of these are likely to be surface asperities (such a surface has
been rehﬁrted on silica dust), TFiltration tests showed that
prior washing of the dust had only a negligibly small effect on the
efficiency, showing that the presence of the fines on the particles
is in fact of liftle importance.

(iidi) Presence of soot - to examine further the influence of
added fines on filtration, a quantity of soot was added to the test
dust (fig.2.24 and 2.27.- Soot was chosen because it is added to AC
test dust in a widely used standard test procedure, The soot acts
as a 'landing pad' for the coarser dust particles. Tests (fig.2.48)
show that this is not a significant mechanism in the initial stages
of filtration. However, once a coating of soot has been established
within a filter, a substantial increase in efficiency will result,
(iv) Presence of an oil coating - two fibres, one coated with

a fine layer of oil and the other washed in c;rbon tetrachloride

to clean the surfacg were placed side by side (0.5 cm appart) in a
stream of 5)4m particles.. The influence of the o0il is obvious
(figs.2.28 and 3:29) and supported by efficiency tests.

(v) ‘Effect of loading - particles were allowed to build up on
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a lightly coated fiﬁre. Theresults are shown in figs, 2.30 -
2.3, That particles may act efficiently as impact targets is
shown in fig,2.30 where the presence of '"trees" is illustrated.

The small contact area required for efficient adhesion is again
showﬁ. Figs, 2.33 and 2,34 show multilayer packing, Obviously
the filtration efficiency will changé as %he surface condition is
changed,

(vi) Behaviour of thick o0il coating - A fibre was coated with
a thick layer of silicon oil {(used because of its extremely low
vapour pressure). Fig.2.35 was taken 30 minutes after impact,

The fluid has crept round the particle, completely coating it.

In such situations the influence of the oil must extend Qell’beyond
the first layer of particles,

Cine analysis (normal speed)

A 10 pm fraction ,of. A.C. test dust was fed to a 200 pm
stainless steel fibre. A Bolex 16 m,m, cine camera with a microscope
attachment was used to photograph particle build up, The fibre
was suspedd;d in a perspex tube, - The air velocity was 0,5 ms-lo

The'film (P.8.T7.I.8. no, 10) clearly showed particle
capture on the leading edge of the fibre (see also fig.2.36). On
coating the fibre with adhesion assisting o0il, o0il c¢reep round
retained particles was visible and was complete in less than é
second, This phenomenon continued even with é layer several
particles deep.

It has been reported (83) that particle re-entrainment
is severe on increasing the air velocity after.deposition. To

1

-examine this particles were deposited at 0,5 ms™~ and the air rate

immediately doubied. However, there was no visible re~entrainment {3
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2.4,2 Quantitative Analysis

Two types of filter were tested, a woven wire filter
and model filters, In each case the filters employed were 3.8
cm diameter, The dﬁsf consisted of fractions of either AC test
or limestone, Thg efficiency of collection of AC dust was deter-

mined gravimetricallyand that of limestone titrametrically.

Gravimetric analysis

The gravimetric method was used because it is a
convenient method for examining the effect of particle loading,

a realistic test dust can be employud and-the dust properties may
be varied at will,

A diagram of the apparatus is shown in fig.2.37. A
preweighed sample of dust was dispersed in a shearing field. The
dispersal unit is a reduced version (fig.2.38) of th;t‘described
in ES,1707. Following collection of particles on a coated
microscope slide the degree of dispérsion was considered satis-~
factory. Tests showed that over 99%.of the dust fed t§ the unit
reached the filter, Experimentally the reproducibility of
efficiency measurements was found to be within % 1%

Two test filters were employed:-

(a) A tightly packed section of woven stainless steel wire

in a 14 inch Qiaqefgr perspex tube with an antistatic coating was
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Fig.2.16 Fig.2.17

5-10um particles of A.C. dust on 50um Close up of 5-10pm particles
stainless steel fibre

Fig.2.18 Fig.2.19

5-10pm particles of A.C., dust on 50pum Close up of 5-10um particles
stainless steel fibre
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Fig. 2.20

10um particles on a stainless steel fibre




Fig.2.22 Fig.2.23

Test dust washed to remove fines

Fig.2.24 Fig.2.25
10ym particle on fibre Effect of adding soot to test dust
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Fig.2.26 Fig.

Effect of feeding AC dust and soot simultaneously to a filter

Fig.2.28 Fig.2.29

Influence of coating on collection of S5um particles
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Fig.2.30 Close up of partially loaded fibre

Fig.2.,31 Fig.2.32

Tree formation
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Fig.2.33 Fig.2.34

Fig.2.35
5um particle adhering to fibre
coated with a thick layer of oil
(siliconefluid)
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Fig, 2.36 Series of frames from cine film of 1Oum
particles accumulating on a 200 pm fibre
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Figure 2,38 Dust dispersal unit,

Figure 2,39, Knitmesh filter unit,
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.

used, The properties of this filter together with the experimental
conditions are summarised in table 2,6, A photograph of the

filter unit is shown in fig;2.39- The filter is e;sy to use, can
be cleaned and replaced without its structure changing and has

monosized fibrese.

TABLE 2.6

Experimental conditions

Velocity range (ms L) _ o 0.4 - 6.0
Particle size range (Iun) e 560 _
Particle density (Kgm.m-:B) _‘ o T 2.61 x 103
Relative humidity (%) ‘ I‘ . b0 - 55~

Woven wire filter , o | _ |
Fibre diameter ()un) T - 145
Filter depth (m) . : 0,10
Packing density 0.10

Model filters ' |
Fibre diameter (}.m\) 50, 100
Filter depth (no of grid plates) 20
Packing density 0.03

(b) Model filters as described in references (4) and(111)

were used. Theoretical analysis of filter behaviour must be in
terms of the single fibre efficiency, rl_-,' . The overall efficiency,
. 7 s which is obtained experimentally should, therefore, be related
"to r?s in some way which is reliable. Wong and Johnstone (2)
derived fwo expressions.

Consideration of the efficiency of an increment of a fibre

mat and integrating over the whole mat gavet

- - -4« L '
? —. ! QXP[ (l...a.)'n‘d* qs-l ; - 2428
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Considering a fibre mat as a series of grids and

considering one grid gave:

BN
Vo= [l B 1?5(%-)'] - 2.29

-3
"

It can be shown that when I?'§> d, equations (2.9) and
2.10 give similar results, In their derivation the following
assumptions were made:- |

(a) Perfect uniformity of the filter.

(b) Mixing of the aerosol behind each fibre or grid,

(¢) Fibres all perpendicular to the flow.

(d) TFibres ends have negligible effects,

(e) The configuration effects are negligible.

These conditions are not fulfilled in ordinary fibrous
filters, However, theories of particle collection can be tested
in a multiple fibre filter by constructing an idealised array of
fibres or a model filter,

Model filters are constructed such that their.packing,
configuration and other effects are a;curately definable, Work on
such filters is limited, but has been carried out by Gallily (50)
Fuchs and Stechkina (112), Radushkevich (113), Botterill and Aynsley
(114) and by Harrop (4)., Gallily (50) investigated filters made
fromISOFm diameter wire, with a_monodispersed d.o,p. aerosol,
Radushkevich used a polydispersed aerosol of polystyrene, to investi-
gate models made from methacrylate resin. Botterill and Awnsley
investigated the effect of grids in causing particle aggregation,

Model filters offer the following advantages:-
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(1) The wires in each grid are parallel to each other and
normal to the direction of flow, emabling the flow through the
filter to be described mathematically.

(ii) As the wire spacing is accurately known, the filter
packing may be determined from the fibre geometry with confidence,

The packing may be expressed as follows:-,

-

£ = (‘“’/4) [d'f/( d; + A;)Iz 2.30

(iii) The grids are known to be a finite distance apart, and
mixing between each grid can be determined, consequently the relation-
ship between single fibre efficiency and filter efficiency can be

accurately determined from the filter geometry,

Py .
(1~ ?) = [I - N (d;/('d; *da))] T 20

A plate of a grid type model filter, used in this work,
is shown diagrammatically in fig.2.40. The filter consists of a
series of 2 inch plates separated by paper gaskets and bolted
rigidly in a box., The "filter plates" are constructed of thin
brass plates with a 3.8 cm hole stamped in the centre, The stainless
" steel wires are attached by mounting the plates on a boss and using
a winding machine. Araldite was applied to fix the wire in the
correct position. The wires were earthed, Details are given iﬁ
table 2.6. .
Two techniques.of filter testing were used depending on
the specific measurements to be made.
(i) The filter unit was simply weighed before and afte?
filtration to ascertain the quantity of dust collected.

(i) A master filter, consisting of a perspex tube tightlj

packed with glass wool was weighed before and after filtration.

. . ’ f .
e
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Figure 2,40 -Filter plate and gasket,
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This method was used to ob£ain increased sensitivity when a small
quantity of dust was fed.

In these tests both narrow and wide fractions of AC test
dust were used, The fractions were obtained using a Zig-Zag
classifier and analysed by gravity' sedimentation (Microscal
technique), .Itnkas fqund that each fraction closely fitted a log-~
normal distribution (for an example see fig, 2.41 in which the
distributions of 0-25 and O-Sb/um material are shown). The
median values and geometric standard deviations of all the dust
used in this work are shown in téble 2.7

Before application of the technicue it was necessary to
tgst it and the influence of a number of ancillary parameters.

The results of these tests are described below:-

(a) Velocity Profile : The velocity profile immeéiately
upstream of‘the filter was measured by performing a ritot traverse,
The profile is shown in fig. 2.42 together with a profile measured
behind a filter. The maximum velocity is approximately 20% greater
;than the average for an unimpeded pipe and 10-15% greater than

the average behind a filter. It is considered that this is
sufficiently close to plug flow for wall effects to be inesignificant
in the filtration tests. This was confirmed by microscope
examination of the surface of filter elements which shqwed no
detectable variation of deposition with positioq.

‘(b) Vibration : A microphone, inserted in the unit, detected a
high frequency sonic vibration (30 ks/s) which was produced‘by

the dust dispersion unit. To determine the relative importance

of this phenomenon the entire filter unit was artificially subject-
ed to an ultrasonic vibration of similar frequency but much higher

intensity, This extreme measure did not produce. a-‘meas:zrable

reduction in'éfficieﬁby. It is concluded, therefore, that vibrat-
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ional effects of this nature do not have a significant influence
on the results of tests made using this technique.

(¢) Feed rate : Experiments showed that the feed rate did-mct
affect the results significantly provfded it was less than about

1l gm per minute, Consequently all experiments were conducted
with a constant feed rate of 0,2 gn per minute.

(d) Reiative humidity : Tests were performed usingls-lO,Lm and
10-15/4m fractions of AC dust to determine the influence of
relative humidity. The results are shown in fig, 2.43, The
effect on a dry fibre is identical to that observed by Zimon (90)
and Harrop (4) as described above, Henceforth all tests were
performed at 40-55% R.By S

(e) Dust loading : The efficiency is sensitive to this parameter,
especially at low loadings. The results described immediately
below were obtained on the addition of 1 gm 6f dust to the unit,
The quantity of dust finally collected inm the filter is equivalent
to a uniforamly distributed layer of dust approximately one part-
icle diaméter in depth where woven wire filters are used, Where
model filters are used the final'dust layer is deeper.

Titrametric Analysis

The apparatus described above was used to filter class-
ified fractions of limestqne. The quantity of dust collected on a
cotton wool absolute filter was determined titrametrically, The
limestone was removed from the cotton wool using ,02N HCl which
' wag spbsequently back titrated with .oosﬁ Na2003. The accuracy
of the method was found by determining the quantity of material
retained in the absolute filter and a test filter and comparing
this with the weight of limestone added; when a sample of 0,05

grams was added the error amounted to 4%, This compares with an

error of 1-2% for a 0,25 gram feed and 6-8% for a 0.l gram feed

i : .
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when an absolute filter was used to measure the efficiency of
collection of AC dust gravimetrically.  Three test runs were
performed, each measu;ing the efficiency at a series of different
filter loadings, to illustrate the reproducibility of the method

(see fig.2.44),

2.5 . ' Results and_Discussion

Upon conducting tests with narrow sized fractiona of
dust it became apparent that the efficiency of filtration was
sensitive to lgading in the initial stages. This effect, due
to the rapidly changing nature of the fibre surface, is complex
and will be aifferent for different particle sizes. With a dust
of wide size distribution, the effects with different particle
sizes tend to cancel each other and the influence of loading on
efficiency is not so pronounced, By using such wide distributions
the overall effect of some of the main parameters may be observed,
Some tests described below merely show trends and are not intended
to give definite qualitative data which would be nmisleading.

(a) Velocity : One gram of AC test dust was fed to model and

woven wire filters. The efficiency is clearly shown as & decreas-
ing function of velocity in fig. 2.45.

(b) Particle size : Classified fractions of AC test dust were fed
to the filters with the results shown in figs. 2.,46<47, Again

as expected the efficiency is a decreasing function of particle
size. The sinéle fibre efficiency was obtained from the results
of tests usiﬁg model filters and applying equation 2. The single
fibre efficiencies shown in figs. 2.47 are low (the collision
efficiency is close to 1.,0) but these values were confirmed by

counting particle concentration, under an optical microscope, on
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fibres of the model filter. Every third grid in the filter was
adhesion coated with vaseline; the concentration on coated grids
could then be compared with that on dry grids (see table 2.8).

The results contained in this section confirm that the
efficiency in the low adhesion regime is a decreasing function of
both the particle size and velocity, In all cases considered the
critical particle size ié below S microns, probably in the region
1-4 microns, Once the critical particle size is reached the
single fibre efficiency decreases very rapidly as predicted in
section 2.3. Since the efficiency in this region depends almost
exclusively on the particle shape and orientation as well as the
method of collision with surface irregularities, it is virtually
impossible to concieve a theoretical description of this part of
the characteristic, However, it shoulé be possible to develop
a semi-empirical extension of section 2.3. In section 2.3 only
the mean adhesion energy of particles was considered; it is
obvious, however, that any species of particle will have a distri-
bution of adhesion energies on impact. A realistic model would,
therefore, incorporate an energy distribution function into the
theory and so describe the system behaviour in the region beyond
dpcrit' )

Such a theory, the concept of which is supported by
'the above results, would incorporate the important Physical
properties of the system and, more significant ffom a-practical
point of view, be used to predicf those prqpe;tieslof fibres which

are most c¢onducive to strong adhesion,
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Size analyses of dusts.
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Material Mass median eize g:ggeg:igazzig-
AC dust 3.8 . 2.04
AC dust ' b9 1.29
AC dust 8.0 : 1.45
AC dust 10,0 ' 1.1%
AC dust . 11.4 ' 1.23
AC dust 19.0 1.15
AC dust 20,7 " 1,23
AC gust : 28.0 ) 1,17
AC dust 40,7 b 1,26
AC dust (0-25,"\0 8.0 2.05
AC dust (0-69pn0 17.0 ] : 2.15
Limestone 4,0 . 2.00

" 12,0 1.28
" 26,0 ' 1.34
AC Fine '
AC Coarse

in

*

Note: All size analyses were obtained by sedimentation.

TABLE 2.8

Particle Counts on Mgdel Filters.

Grid Plate No, 10 11 12 13 1% 15 16 18

L}
Number of particleslo¥ 122 1032® 74 58 800® 50 706

Relative efficiency 0.078 : 0.067

Random particle counts on a total of 400 1length of fibres
a model filter. Velocity 1 ms~L, particle size 10pm.

gridsadhesion coated

iB)
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CHAPTER 3

Non Stationary Filtration

3 This chapter is concerned with the behaviour of fibrous
filters under load. The deposition of particles within a filter
alters its collection efficiency so that the efficiency of an
individual fibre varies both with position and age. Thus .the
behaviour of filters in a loaded condition is much more conmplex
than that of '"clean" filtersj; the subject has received comparatively
little attention despite its oBvious practical imﬁortance. In
the following sections the literature on systems in which particle
adhesion is complete is reviewed and som; exploratory experimental
work on the behaviour of filters in which adhesion is nét complete
are described and discussed.

3.1 . High Adhesion Systems

Radushkevich (16) described the secondary processes
of filtration qualitatively in four catagories:- |
(i) Co-precipitation : As particles build up in a filter they
act on efficient collision targets for further cﬁllection - trees
of pgrticles are formed. Eventually the front of the filter
becomes clogged and seifing becomes the predominent collection
mechanism leading to cake formation. A relatively low increase
in resistance is followed by a rapid increase due—to clogging.
(ii) Capillary phenomena : Capture of liquid droplets causes
wetting of the filter material a change in its structure and

reduction in efficiency.
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(iii) Destruction of filter : Swelling due to moisture and
chemical decay, particularly at high temperatures, may cause
severe sgructural damage of a filter mat.
(iv) Loss of electric charge : Electrostatic filters loose
their collection properties due to charge leakage and chemical
decomposition of the resin layer., '

Of these secondary processes the first is of most
Practical importance and is the only one to receive any research
attention,

Radushkevich (116) considered that the rate of accumu—

lation of particles in a filter is due both to collection on the

¢lean filter and c¢ollection on deposited particles:-

¢ —

do; _  Ln,Wecx 4 Ka' Uycog

3t ™ % : | 3.1
?L .= s&ingle fibre efficiency
3; = particle collection efficiency
1 of = concentration of air blown particles
o = deposite within the filter
Gf = effective area of unit deposite

By combining this with the continuity equation and solving he

obtained an eﬁpression for the influence of depth and time on the

overall efficiency:

i
= 1= c =V - t L 3.2
where :-
U, C Qfa . - LN %
= Yo Cpa 0, =
c-'l (‘ ..u) lo (l-—«-)'“'?
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Experimental results (119 in the diffusion region
suggest that a’¥, is about the same order of magnitude_as‘the
cross sectional area of the particles, Equation 3.2 is
applicable only in the early stages of filtration, By
assuming that the single fibre efficiency, ?S s increases -

!

linearly with 0z Yoshioka and Sato (118) derived the same

expression but using

a‘xz - 'Zizd k'l

Ty
where k, was found empirically to be 5.0, They confirmed +he
expression  experimentally using particles in the inertia region.

Equation 3.1 can be simplified to

=W o3 |\ (A, %) c

Uo ("“"-\ bt - ol 343
where the simple function
l = lb( 1 + k\ or ) 3.4
ig used.
lo is a unit or volume collection efficiency for the
clean filter which is given by 27& . Expressions for k,
(Rl 3141)
are given in table 3.1
TABLE 3,1

Values of k, suggested for equation 3.4

"y
Radushkevich (general)(116) 5;;,_%2 17“{-
(]
A% 735
3 "'rr‘gh U,
Radushkevich (diffusional region)i9) D& Y

169, &

Yoshioka et al (inertial region)n8) 5.0
}

Kimura et al (imertial regionX2é)  ‘=5M _ _ (E)""

Radushkevich attempted. a theoretical description of k,
o
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by considering the kinetics of coprecipitation in the early stages
of filtration. He showed the dependence of "k, on db, U, and :DB
by considering the collection efficiency of single particles in
a filter in the diffusion region (W?); the influence of agglo-
merates on the course of filtration has not yet been determined.,
Kimura et al (129) applied dimensional analysis to previously
publisﬂed results (11,)2Y) to obtain k,.in the inertial region,
Davies (i2%) applied a different approach to the study of
clogging filters. The resistance, R, to gas flow through a
filter is related to the total aerosol penetration P, It was
& -1)

P = B,

' 3.5
and A éj; = &, . .

R dt

o and 3,the clogging parameters, are related to the single fibre

found experimentally that

efficiencies by

2n.0t L
§, = eatowe = oMt

% = 2 In(_'?_s) = 2 In (_l_)
t {8 t 7\0

Expressions were derived to enable the mean efficiency
and the quantity of deposite in a filter over a period of use to
be calculated from the clogging parameters.

Several attempts have been made to obtain an expression
for the increase in resistancé due to dust loading., Yoshioka (124)
derived a complex expression based on the Kozeny Carmen equation
and the increase in surface area due to the presence of particies.

A\

The expression contains two constants which must be determined

experimentally, Juda ef al (125) used & model based on the
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cellular flow field, As particles accumulate within the filter
they build up to form a new equivalent fibre diameter; their
presence is thereby taken into account in predicting‘the drag.
The model is simpler and more elegant than that of Yoshioka but
still requires the experimental determination of two constants.
It is difficult to envisage how the density of particle packing
on the fibre and the overall shape of the deposit could be

determined other than empirically,

3.2 Low Adhesion Systems
3.,2.1 - Literature

Virtually nothing is published on ihe behaviour of low
adhesion systems under load, Whereas ;ith high adhesion systems
dust buil&s up on the fibres until clogging occurs with low
adhesion systems the dust builds up until a stage is reached where
agglomerates break off. When this happens the unit will act as
an agglomerator and eventually become completely ineffective as
a filter. The critical conditions which cause a filter to behave
in one way or the other are not known.

The primary mechanism of agglomerate removal have not
yet been elucidated; it may be due to either air drag or particle
bombardment or any of the othér meéhanisms mentioned in Chapter 2.
Particle removal experiments by Corn (83) led him to conclude that
air drag was responsible for non adhesion, - However, Loffler {(78)
was able to show a non-compatability in Corn's reasoning. He'
showed that the blow off speed for both mono~layers of particles
and "heaps" is well abbve that commonly used in practice and above’
which such mono-layers and heaps fail to form. He reported a

factor of 10 for single particles and a factor of 4=5 for "heaps".
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Just as bounce has heen shown to be the main reason for

; non-adhesion of single particles it is obvious that bounce, or
bombardment of agglomerates, is an extremely important force in
the present case. On the other hand the blow off factor is
feduced from 10 to 4-5 showing that blow off is becoming increas-
ingly important as the size of agglomerate increases. This is
obvious since the bombardment force ddes not change but the drag
force increases with agglomerate size. As, therefore, the
agglomerate size for disglodgement increases, air drag will become
more important and particle bombardment less important,

A critical size of agglomerate will occur when further
particle impact together with the exist{ng air drag are sufficient
to cause removal,

The rate of increase in colleétion efficiency with
loading will be effected by the voidage of material collected.
Lapple et al (126) showed that the velocity of particle collection
had a strong influence on this, the particle voidage varying from
95-99% at 0.3 - 3 ms~t to 60-80% for 10-30 ms™* with 1.4/.sm
particles, Their experiments were conducted in the inertial
regime in which the predominant mechanism was collision (élthough
at the higher velocities there was evidence of non-adhesion) and
their results support the validity of equation 3.4,

In complete adhesion systems as described in Radusghkevich's
firet clagsification the efficiency of filtration increases with
loading. However, in systems in which adhesion is not complete
the filter behaviour may be much more complex. A number of
phenomena can occur depending on the conditions prevailing; these
may be calssified as follows:=-

(i) The adhesion conditions between a particle and fibre surface

are different from those between a particle and a surface coated

s I
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with particles. This will be affected by the increase in surface
roughness, impact angles and particle and fibre adhesion strengths.
Consequently the clean single fibre efficiency will change, either
increasing or decreasing, to that of a fibre coated with a
monolayer of particles, This will occur early in the filtration
pProcess. . . '

(ii) if the layer of particle’s is cohesive material will
accumulate on the fibre, Due to the increase in apparent cross
sectional area of the fibre the efficiency will increase with
loading until clogging occurs.

(iii) If the layer of particles is not cohesive agglomerates will
be removed from the filter by increased drag and bombardment, The
efficiency of removal will be continuously reduced to zero when

the filter reaches maximum loading and acts only as an agglomerater,
Depending on the cohesiveness of the particles adhering to the
filter this may occur later in the life of the filter so that a
maximum can occur.

Published quantitative experimental work on filtration
efficiency in this regime is sparse. ' Kimura et al (129 examined.
urethane foam filters ( which have ﬁon—circular fibres) using dust
of average mass median size 3-5.5 pm, at 0.5-5.0 ms L to show that
the cumulative collection efficiency goes through a maximum with
loading. They gave the critical dust locad at maximum efficiency

for their systems as:

z = oﬂb_ga(&"l_' s
¢ f?\J: d;

Their results show that the degree of adhesion was very

‘high in almost all of their experiments. It is difficult to
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reconcile equation 3.6, with their grapged data (particularly with
regard to the influence of fibre size) and to get a true measure
of the effect of filter depth. Because of the very specific
nature of the filter it would Se wrong to apply their results to
any other system, Qualitatively they are valuablé showing that
the critical load, before re-entrainment commences, is a reducing
function of velocity.
The only other work that has been reported on the
. behaviour of large particles ()-5/*m) is on their removal from
filters (81) and on the pressure drop across loaded filters.
In their work on Pressure drop Botterill and Aynsley (114) studied
the factors which influence particle agglomeration but the guantity
of dust fetained on the filters was not measured in their experiments,
In view of the absence of expérimental data on the loading
behaviour of filtgrs in the low adhesion region a series of explor-
atory experiments was performed, These are described below.

2424 ' Experimental

The experimental methods usea to determine the influence

of loading on the behaviour of low adhesion systems are those
described in section 2.%.2, Where a high loading (dust retained
in filter » 0.5gm or G > 0.02 approx) of AC dust was used lthe fil-
ter under test was carefully removed from the system, weighed and
replaced before the next run; this was continued until a high load was
obtained. With low{dust retained < 0,5 gms or 034£0.02 approximately)
dust loads the quantity of dust retained in the master filter was
-ascertained periodicélly. The rate of dust feed and other con-
:ditions were constant throughout each'test. The range of

experimental conditions emploved is shown in table 3.2. These
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experiments were designed to examine the influence of the major
physical parameters on both the filtration efficiency and pressure
drop. The parameters investigated were particle size, size.

distribution, face velocity and fibfe size and filter depth.

) TABLE 3.2
Particle type ) AC dust and Limestone
Particle sizes See Table 2.7
Fibre type Stainless steel
Fibre sizes 50 mand 100 nm
Filter packing density 0.03 (model filters)
Particle density 2.6 x 10'? Kgm m™>
Range of loadings 0.05 gm - 10 gm
Range of specific loadings 0.0003 - 0.5 .
Face velocity .0;4 - 7.9 ns ™1
Reynolds number ' 2 =20
Pressure drop 7.5 x 950 N ——

(A series of experiments using a mixture of AC coarse
dust and soot was performed using a woven wire filter,

The conditions of this experiment are described below).

Description of Experimental Conditions

The results are given in tables 3.3, 3.6, 3.8, 3.10,
3,12, 3.14% and 3.15 in which the pressure drop and overall efficiency

are exXpressed in terms of the total dust fed to the filter, The
incfemental efficiency is the collection efficiency for each
individual test during a run (i.e. in the case of the second test
reported in table 3.3 for 5 grids, the efficiency of collection
of the second quantity of dust added (0.05 gms) is 0.35), Figs.
3.3 - 3.8 show the results graphically in terms of dust actually
retained in the filter, The pressure drop recorded is that at

the end of each individual test.
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The influence of relative humidity and reprodueibility
on the loading experiments when using limestone is shown in table
3.3 and fig. 3.1l. The results of experiments performed at 35%
and 45% relative humidity show Ao significant difference, All
subsequent tests with limestone were performed within this range;
some tesis with AC dust were performed at: conditions upkto 55%
R.H, siﬁce this was previously shown to be acceptable for that
material, |

In ah attempt to obtain some measure of the change in
efficiency and pressure drop with loading the factors shown in

the following expressions were calculated:

)\0 )} ?si ‘

%lh?. = | * _];&O;" ' 3.8

The value of kl thus obtained is not the same as kq in
eduatioh 3.4, but is the closest experimental determination of it.

Values of of ,AP/APoand Mg are shown in tables 3.4, ?.5
3+74 3.9, 3.11 and 3,13, The average values of‘kland‘iz for
each run are shown. E‘ was obtained by plotting Qs as a
function of gz « . The slope of the resulting plot whiéh'wés.taken

as linear was divided by its intercept, 52;"

Influence of Filter Depth

The single fibre’efficiency is a'function of ioading
and therefore dépth. Hence it is necessary to exanmine the
relationship between efficiency, depth<and lqading first. The
initial loading region was.studied using limestone dust and the

high loading region using AC dust.
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The results of a titrametric test on linmestone dust are

shown in tables 3.3-3,5 and figures 3.1 and 3.2. 12 }Lm

limestone was fed to model filters of 4 depths. The efficiency

was measured for dust feed loads between 0,001 and 0.22 gms (in

a filter containing 5 grids with a particle voidage of 0.5, 0.0l gms

is equivalent to a single layer of particles). Fig. 3.1 shows

-~

the influence of loading on the overall efficiency for each depth

of filter, The 10 and 20 grid results, each at two different

humidities, show that the relative humidity was maintained within

sufficiently narrow iimits not to influence the results. Figure

3.2 shows log (

penetration) against depth. The single fibre

efficiency is proportional to the slope of the curves. Even at

the lowest loadings the efficiency decreases rapidly over the first

5 grids; thereafter it becomes reasonably constant. The reasons

for this may be as follows:i~

(1)

The dust is not monosized and the particles which

. are most easily captured will be c¢ollected by the

(i1)

(iidi)

initial layers (i.e. kaaries).

The efficiency of particle retention may vary
substantiallylbetween particles which have the same
Stokes diameter., This may be due to the availability
of active adhesion on sites {particle shape will
influence this).

The relatively large loading at the front of the
filter (although it is only a monolayer of dust) méy

cause an increase in efficiency,

It is likely that each of these contributes towards the

high efficiency in the initial layers. The polydispersity is not

sufficient for (i) to be soully responsible and the results at

higher loadings which show little evidence of an increased effic-
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iency of the last 30 grids indicates that (iii) is rot entirely
responsible for the effect., Hence it is considered that (ii) is
significant.

Tests performed with‘a wider size distribution using AC
dust and with a much highef loading permitted the determination
of the weight of dust deposited on each grid of a filter. The
results of such tests for 3‘;icadings are shown in fig. 3.3, In
fig. 3.3 the logorithm of each grid loading is plotted against depth.
A linear relationship indicates a single fibre efficiency which -
ﬁoes: not vary with depth. With loading the concavity should
increase but as the @aximum loading is approached {as described in
section 3.2.1) the curve will flatten out and become concave upwards
until the maximum loading is achieved, Despite the wide scatter
in the results it is obvious that the f{lter is approaching'its
maximum load.: In the case of the highest load in which a high
deposi#e was found on the first grid, clogging occurred,

These ¥esults confirm the reasoning in section 3.2.1
and show that accurate'experimental quantitative data cannot be
obtained by testing a filter of one fixed depth., This is shown in
table 3.5 in which the values of F% -IZ,., i » k, and the pack
efficiencies are given. The pack efficiency is the single fibre
efficiency based on the behaviour of the last section of the filter.
However, it is possible to obtain information of a qualitative
nature using a fixed depth filfter, The results of such tests are

described in the next two sections.

_General Characteristics.

Initial Loadipg
The influence of particle size, velocity and fibre size

on the initial loading characteristics of limestone are shown in

tables3.6~3.9 and figs. 3.4 and 3.5. The effect of velocity on
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the behaviour of 12 pm particles (fig. 3.4) clearly shows that
non-adhesion is the predominant mechanism, the efficiency reducing
with gas velocity.
It was shown in the previous sections that the concept
of the single fibre efficiency is of dubious value when attempting
an accurate description of filter behaviour in this region.
However: its application still provides the most fundamental
measurement of capture efficiency. It has been used, in conjunction
Qith equation 3.7 to give a comparative measﬁre of the efficiency
and the way in which it is effected by the main operating parameters.
A value fo? the initial single fibre efficiency, Ng: s
was obtained from these results by extrapolating a graph of Qs
versus O3 to zero loading. This procedure introduces inaccur-
acies but facilitates an estimate of qs"which can be compared with
the theoretical collision efficiency to give a value for DA -
The values of QA thus obtained ar;ashown in tables 3.7 and 3.9;
they show the same trend.
The effect of increasing the fibre size from 50 pm to-
1ool/;m is shown in tables 3.8 and 3.9 and in fig. 3.5, Although
the effect is not large an increase in overall efficiency with
fibre size is shown for the 12/;m and 28jum dust. However, the
trend is reversed for the hjum dust, The overall inertial
interception collision efficiencies of 4f4m dust calculated from
the theoretical values in the Kuwabara field and equation 2.40 are
0.93 and 0.88 for BOfam and IOOjum fibres respectively. These
figures are in reasonably close agreement with the experimental
results in all but the lowest loading test, It is 1likely, therefore,
that the adhesion efficiency of the qum dust is high and that the

process is controlled ifp-this case by the collision efficiency.

The calculated values of the initial retention efficiency (table
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3.9). The effect of this velocity change on efficiency was not

- large enough to provide conclusive evidence because of the

- confidence limits of the results. However, the results are in
agreement with the above and suggest that 4,Lm is the critical
particle size with a velocity between 1.15 and 1.5 ma-l and 100}Am
fibres in the present system. !

The results show that an increase in particle size and
' )
velocity cause a reduction in the rate of increase of efficiency

(k,) ®ith loading.
Intermediate Loading

These tests were conducted with narrow and wide fractions

of AC dust using model filters. The influence of particle size
and velocify was investigated, The results are shown in tables
3+10-3.13 and figs. 3.6 and 3.7,

| The results with classified fractions are summarised in
fig. 3.6. The collection efficiency of the 28/um naterial is
greatly reduced by increasing the velocity showing as expected that
it is entirely dependent on the adhesion efficiency. As was found
with the low loading tests with limestone the trend is reversed
with smaller particle sizes, in this case 8,.un dust, However,
inclusion of the theoretical collision efficiencies to calculate
QA (see table 3.11) does not suppeort the argument that the
system is tontrolled by the collision efficiency in this case.
An explanation for this discrepancy is that the theory overestimates
the collision efficiency at high levels of particle inertia, It
was shown in section 1.2.2 that the theoretical efficiency is
sensitive to the conditions used for particle entry to the Kuwabara
cell at high levels of particle inertia. The efficiency of collect-

ion of a model filter, in which the particles approach from a
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large distance upstream and have the Y component of dfag force
acting on them for a long time, will be less than thét‘predicted.
This conclusion does not conflict with the reasoning given in the
caseof limestone,

When particle adhesion is high (%pm) the efficiency is
an increasing function of loading and where it is low (28/4m)
is a deéfeasing function, In the transition (iO}Am at 1.0 ms™t
and 28}Am at 0.4 ms™t) a maximum is observed. It is likely that
at a critical loading the size of agglomerates adhering to the
fibres is such that they are easily removed. The.197um“results
are difficult to explain showing a minimum and extremely complex

1 and 2.0 ms'l):béhaviouf;‘ “In

although reproducable'(at 1,0 ms"
the transition region several mechanisms will be effective.

The polydispersed material was fed at higher face
velocities; the results clearly show that the filter behaviour is
controlled by particle adhesion.

Both figures 3.6 and 3.7 show that the form of loading
characteristic is dependent on the same factors which control
the initial efficiency. It is reaéonable, therefore, to expresg

the loading characteristics in terms of the initial efficiency

(as in equation 3.7).

High Loadingé
At the relatively high velocity of 3.5 me™* and high
loadings (table 3.14) a maximum is clearly shown in fig. 3.8.
-As expected, the loading at maximum efficiency 'is reduced with
particle size; with 40)um dust a maximum could not be detected.
Expressions 3.7 and 3.8 were found to fit the results
reagonable well for low loadings (0] < 6.10) for all but the

initial tests with 4,Am dust; even for this material the relation-

. -3
ships apply in the range 5 x 10 07 < 0.1, Msis kl and k;
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are shown in tables 3.7, 3.9, 3.1l and 3.13,

The initial single fibre efficiencies are shown as a
fuﬁction of face velocityin fig. 3.9 These values are the same
as those shown in the tables except for those of the 4/Am limestone,
In this case a very rapid increase of efficiency with & was
observed at low values of o3 . The values were obtained by
extrapélating the early section of the curves to zero, rather than
the linear sections as was used to obtain the tabulated values,
Fig. 3.9 shows the same characteristics as describe? in Chapter 2.
Fig. 3.10 shows the influence of particle size, again in agreement
with the discussion in Chapter 2. It was not possible for these
tests to distinguisﬁ between the adhesion efficiency of limestone
and AC dust. The influence of fibre size is shown more clearly in
fig. 3.5.

The influence of face velocity'on -L. is similar to its

effect on N (fig. 3.11). In general Kk, is decreased with dp h

but the results show a wide scatter.

Pressure drop,
The influence of fibre size, particle size and face

velociﬁyuonlilare shown in figs. 3.12 and 3.13, Within the limits

of the experiments, .i; is proportional to df (fig.‘3.12) showing,

as exbected, that the increase in pressure drop is simply proportional
to the total dust load., -E; is a decreasing function of dp and
U° . Clearly the density of particle packing on the fibres is
increased with both particle size and velocity. The influence of
‘material type is shown in fig. 3:13 where AC dust is seen to cause
" more drag than limestone. Only the more tightly packed marticles

will be retained when the less cohesive AC dust is used, hence again,

where a low efficiency is expected the rate of increase of pressure

drop is less, Similarly high polydispersity increases . kz' as



174

shown in fig. 3.11. Although the trends are similar no general

correlation between kt and Qs‘ was found, An approximate

empirical relationship is

- ~ly -
kz ec d-F db Yo

Soot addition

It is common filter testing practice to add a quantity
of soot to the test dust (13e), This is claimed to simulate more
closely actual conditions. It is known that the presence of
soot increages filter dust holding capacity and it was shown in
Chapter 2 that it iﬁcreases collection efficiency,

Woven wire filters were used to examine the influence of
soot content in AC coarse test dust. The filters were removed
and weighed periodically to test the efficiency. The results,
test conditions and filter properties are shown in table 3.15,

Filter clogging occurred during these tgsts, the more
cohesive the material (i.e., the higher the goot content) the greater
the tendency to c¢logg. This is illustrated in fig, 3.14 which
shows the additional pressure drop due to deposited dust as a
function of filter load for a range of compositions and for two
face velocities, The sharp increase in pressure drop is obviously

. caused by clogging.

The variation of efficiency with filter load is shown in

fig. 3.15, Clearly two mechanisms are in operation:-

(a) ‘A decreasing efficiency characteristic

(v) Clogging, or bridging between fibres.

The controlling process changes from (&) to {(b) as
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clogging increases. The distribution of fibre spacing will
strongly influence the rate of c¢logging.

The minimum in fig, 3.15 may be taken as a criterion
‘of clogging to show the influence of soot content and face velocity,
Such a omparison. is shown in fig, 3,16 where the influence of
so0t content is seen to be large below 20%. The face velocity
has co;paratively little effect. The efficiency is a reducing
functian of velocity showing that the system is adhesion controlled,
The factors which influence the first mechanism have already been
discussed. Those which effect clogging are cohesiveﬁess ang
impact conditions (which control particle paéking density)‘ﬁnd

fibre spacing.

3.3 . Discussion of Results

The influence of loading on the efficiency of filtration
in the low adhesion region was the main purposé‘of the study |
reported in this Chapter. However, the results_confirm those of
Chapter 2 and lead to some interesting conclusions with respect to
the single fibre efficiency.

(i) Single fibre efficiency

A quantitative description of the filtration efficiency
in terms of the commonly accepted single fibre efficiency is of
dubious v%lue even in the case of a clean filter in the low adhesion
region. Experiments on the effect of filter depth iﬁdicate that
theAretentiOn efficiency of particles experiencing their first
bounce is higher than that during subsequent impact, This suggests
apparently equal particles have a distribution of "adhesive

strengths', A complete description of the process, therefore,

would require an estimate of this distribution function.
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?

Fraction with
greater adhesion
strength

adhesion strength —p=

This type of function is alréady measured in adhesion
experiments, The retio of adhesion to removal forces acting
on the deposite will fall as build up proceeds, When the ratio
is less than unity the deposite will be removed, If the gap
between fibres is bridged before this point is reached then

'
clogging will occur, Clearly filter packihg density and density
uniformity will have an important influepce on whethef a maximum
or glogping will occur. A standardised single fibre efficiency
for a giveg depth of filtef may, however, be used comparatively
to examine the_influence of such parameters as dp,Ugand dy on
the filter behaviour, These have been examined and the results
found to be compatible with the reasoning on the methanisms given

earlier in the thesis.

ii) General Characteristics

The mechanisms of filtration that haveée been postulated
have been illustratea_experimentally. Initially the efficiency may
be either an increasing or a decreasing function of loading. At
higher loads either reduction in efficiency when the filter reaches

its maximum load or c¢logging may occur.

iii) Initial Loading Characteristics.
Application of equation 3.7 in conuunction with 3.3 apd

the continuity equation to describe the overall behaviour of a

D
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filter is only valid if -QS is not a function of depth, Such

a condition can only be fulfilled for monosized particles.whe}e
adhesion is complete. Where there is a distribution of particle.
sizes or adhesion strengths then a series of equations such as

3.7 would be required, Nevertheless, a linear relationship between
Q§ and 9; provides a reasonable fit of 'the results suggesting

-~

that 3.7 is an adequate though approximate description of the
process. The wvalues of Qs;, F: E, and .11 quoted here are
average values over the first 20 grids so they can only be used to
show the qualitative effect of the main parameters. |

The change in pressure drop with loading is desdribed by

equation 3.8 in which ' k, varies as follows:

T‘I. ol d{, d;"" U:‘

iv) High Loading Characteristics

At high loadings equation 3.7 is not adequate, An

expression of the form

= 3.9
Ao U
would be more appropriate, Herzig et al (%8) in a review on the

theory of deep bed filtration describes such a function but express

it in the form

Ao (1-1-?5)(]-2’5’.) . 3,10
Ao % T

where OF and O3 are constants. The solution of fhis in
conjunction with 3.3 and the continuity equation is considered and
a partial solution is given. qsing tﬁis technioue a complete

' description of a filter with respect %o depth and age is possible

"provided qg is independent of depth.

e
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This is a semi-empirical approach to the subject but
the two parameters required, a and b, toéether with )\o or Qs.'
could be determined by using relatively simple experiments and
the entire filtration behaviour calculated.

A more fundamental approach to estimate the values of, a
and b, could be attempted using the cellular model of a filter (the
influence of packing density and distribution of fibre spacing

could thus be taken into account in predicting the rate of clogging

for example),

3.2.4 .’ Conclusions

1. The mechanisms of filtration which have been postualted
are confirmed by the experimental results,
2. The results indicate that in the low adhesion region the
. 8ingle fibre efficiency decreases with depth.
3. Equations 3.7 and 3.8 can be used as approximate deseri-

ptions of filter behaviour at low o5 ( < 0,10},

4. M. and k; decrease with increase in db and U,
1]
5. The rate of change of pressure drop across a filter with

loadlng can be expressed in terms of equation 3. 8 using

L]
koCd;clb
over the range of experimental conditions studiegd.

6. At high loading equation 3.7 is inadequate,




TABLE 3,3

Influence of Depth and Relative Humidity on Filtration of

Limestone with Model FPilters.
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No,of grids 5 10 20 46
% pomaaity 35 35 30 35
el Y- R S RS S
0.0 | 7.5 .25 13.5 .32 25.7 .46  52.5 .57
0.06 7.5 W35 L5 A2 2.2 49 53.7 .65
0.11 8.0 .39  15.5 W45 25.5 .50  54.7 .72
0.16 8.2 .37  16.2 W42 26,5 .53 56,2 .73
0.22 8.7 .37 17.0 b2 28.0 55 57.5 .76
1.22 78.2 .9
mk B 3
wnidity
feed Feed
wy AP D Bp
0.050 13.5 Jub 0.050 25.0 «H2
0.100 .5 i3 0.103 26.2 .52
0.151  15.5 WAk 0,155  27.2 .52
0.201 17.0 oAde 0.209 28.0 57
dp =12um & = 0,03
d = 50mm’ Uo =1lms™t




TABLE 3.4

Influence of depth on Filtration of Limestone
with Model Filters - processed data,
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No., of grids
5- 10 20 L6
axio %;o N, |gx10° %%o N, | ogx1d %Eo 0 | o510 %%o "
6.8 1.0 .26 | 0,5 1.0 .20]| 0.43 1.0 .16} 0.30 1,0 .10
5.7 1.0. .36 | 3.7 1,08 .27| 2.25 1.05 .,17{ 1.3 1,03 .12
1.4 1.07 W&l 7.7 1.5 .30 | 4.3 1,08 L8| 2.4 1.0y L4
17.0 1,10, .38 | 11.3 1.20 ,27 | 6.2 1,12 19| 3.4  1.07 .4
23,0 1,16 .38 | 1.9 1,26 ,27| 8.4 1,18 20| 5.0 1,10 .16

2.2 1.45 .26
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TABLE 3,5

Effect of Filter depth.

No. of x P T ' Pack
grids F ks (& k, efficiency
5 22,1 6.0 24 50 o2l
20 17.3 18,0 «15 L3 .12
46 16.6 18.0 .10 85 G
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TABIE 3,6

Influence of Velocity on Initial Loading Characteristics.

Velocity

(ms=1) 0.7 1.0 1.6 _2-9

Feed load '

(gs) ~ | 8p 0 B n  Bp n  bp P
O. 15.5 . 23.7 I.r?.O 80.5

0.014 | 15.5 Sl 23,7 L6 47.0 L0 80.5 .26
0.065 | 16.2 T 242 49 48,0 .42 80.5 40
0.12 17.2 .75 25.5 .50 49,0 A3 81.0 .37
0.17 18.7 .78 26,5 .53 50,2 W45 81.5 .30
0.22 20,2 .85 28,0 .55 51.5 .43 82,5 .38

Relative humidity = 35-3&% oK = 0,03
c'l.f =.50f‘““ - No,of grids = 20

- Nominal particle _ J‘Z./um Type of  _ Limestone
size dust :



TABIE 3,7
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- Influence of Velocity on Filtration of Limestone with Model Filters.

Face velocity (ms—l); Pibre Reynolds No.
07 ; 2,07 1.0 ; 2.95 W6 ; L.70 2.9 ; 8.50
5 Ap &p 4p 4p
G0 Fp M 05 x10° A, 0;x10° B, i 0y x10° 2,
0,52 1.0 .18 | 0.43 1.0 .16 } 0.41 1.0 3 | 0,29 1.0 .08
3,08 1.05 '.31 2,25 1.03 .17 ] 1.96 1.02 L, | 1.77 1.0 .13
5.90 1,13 .35 | &.13 1,08 ,18 1} 3,58 1,04 .14 | 3.10 1,01 .12
8,90 1.21 .38 | 6,20 1.12 .19} 5.35 1.07 .15 | 420 1.01  .OR
12,20 1.31 .43 | 8.40 1.18 .201{ 7.05 1.10 & | 5.70  1.03 .12
'|'<,. 20 | 18 13 5
Ry 0.28 0.15 0.13 0.10
K, W6 .38 . 19 11
|
e 1.07 1.1k 1,18 1.22
A 0.26 0.13 0,11 0.08




TABLE 3.8

Influence on Particle and Fibre Size on Filtration of Limestone with Model Filters.

Particle Size {um) &b 4 12 26
Feed load Fibre size Face Velocity )
(gs)  (pum)  (ms-1) . S T
50 1.0 23.7 23.7 23.7
o 100 1,0 12.5 12.5 12.5
: 100 1.15 14.9 14.9 14.9
100 1.50 20,9
50 1.0 23.7 .79 23.7 N 23,7 A1
0.012 100 1.0 12,7 .80 12.5 .51 12,5 L7
. 100 1.15 14.9 .82 14.9 A5 14.9 36
100 1.50 20,9 .71
50 1.0 25.4 <93 24.2 .49 24.1
100 1.0 13.5 .87 12.9 .56 12,9 o3
0.065 100 1.15 16.7 907 15.4 .61 15.2 0
100 1.50 22,4 S84
50 1.0 29.4 .95 25.5 .50 24.6 «39
100 1.0 14.7 .87 -13.7 .61 13.2 2
0.120 100 1.15 18,2 92 16,2 53 15. «39
* 100 1.50 23.L .89 -
50 1.0 31.9 9k 26.5 53 25.h .38
0.170 100 1.0 15.7 .88 14.7 57 13.7 40
: 100 1.15 19.2 .92 16.9 55 16.2 .38
100 1.50 244 .89
50 1.0 35.1 .96 28.0 55 26.1 il
0.990 100 - 1.0 16,7 .88 15.4 62 14,2 A1
y 100 - 1,15 20,4 9L 17.7 55 16.7 A45
. 100 1.50 25.4 .87
No. of grids = 20 & = 0,03 Relative humidity = 35-40%

18T



TABLE 3.9

Influence of Particle & Fibre Size on Filtration
of Limestone with Model Filters,
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Nominal Particle Size (/.m) 4 12 23

Fibre size Fibre Rey-| 3 _A4p &b 3 4p

( pum) nolds No. |%%Y Ay, s [95x10 7Ap N|%E*0 Ap %
50 2.95 0.60 1,00 .39{ ° 0.48 1,00 .13
100 - 549 0.30 1.02 .010.25 1,00 ,18 ] 0.22 1.00 .16
100 6.8 0.36 1,00 .42']0.17 1.00 .15 | 0.18 1.0 .11
100 8.8 0.32 1,00 ,31
50 2.95 3,56 1,00 <5k 2.11 1.02 .1k
10 5.9 1.92 1,08 .50 [1.27 1.04 .20 | 1,11 1.0% ,17
100 6.8 2,02 1.12 .56 [1.34% 1.03 .24 | 0.90 1.02 .13
100 8.8 1.93 1.07 .45
50 2.95 7.50 1.25 .71 3.57 1l.04 .12
100 5.9 | 3.55 1.18 .50 |2.36 1,10 .24 | 1.90 1.06 .14
100 6.8 3,72 1.22 .61 |2.44% 1.09 .19 | 1.62 1.05 .12
100 8.8 3.67 1.12 .5k
50 2.95 10.90 1.35 .68 5.05 1.08 .12
100 5.9 5.20 1.26 .54 {3.45 1.18 .21 { 2.62 1.10 .13
100 6.8 5.50 1.28 .61 {3.48 1.13 .20} 2.33 1.08 .12
oo 8.8 5.40 1.17 .54
50 2,95 {lh.6 149 75 6.85 1.11 .14
100 5.9 6.95 1.34 .54 |4.63 1.2% .25 | 3.44 1.4 .13
100 6.8 7.40 1.37 .68 |4.55 1.18 .20 | 3.16 1,12 .15
100 8.8 7.1 1.22 .50

Naminal Particle Size 94"\1 4 12 26

Fibre size Fibre Rey-| 1 1 1 T |1 Y
( /.m) nolds No. k’- ?51' ?A \" k"‘ ?si QA k' k'- s A 1"z
50 2.95 33 .60 ,8518 20 ,15 .13 32 15 .14 ,09X
100 5.9 50 .48 ,9819 49 ,19 9 60| 38 ,16 .1339
100 6.8 50 .54 1,0032 37 .17 47 59 37 .12 1033
100 8.8 T 31




Influence of Particle Size and Velocity on Filtration of AC Dust

TABIE 3.10

with Model Filters,

Face Velocity (ms’l) 0 1.0

mggﬁa%},ﬁ?ﬂic’le ool 8 5 478 (28 5 woR| 05 uzm [10; wsnf19 5 wop |28 5 sex

Feed Feed Feed Feed Peed Feed
(o) U |l 7 |y V| Gom Tl 7 |Gee 7
0,09 .77|0.11 .65 [0.11 ,& | .09 .66]0.11 .55 [0.10 .21
0.20 .82{0.,2; .65]0.23 .92 | .19 .75|0.21 .39 }o.24 .21
0.4 .88]10,53 .72 ]0.52 .94 L9 .8010.56 W43 | 0.57 .20
0.69 .92]1.05 .55 1,02 .98 .99 J74 11,08 .39 1,07 .16
1.95 .95[2.06 .46 |2,02 ,998[1.98 .74}2.10 .49 }2.08 .21
3.0 .96|3.08 .4 {3.05 .997{2.99 .7813.11 .50 |3.09 .12
5.0 .9015.03 .37 [5.03 .996|4.99 .73|5.11 .54 }5.06 .15
7.0 31 16,02 9941 7.00 .65 7.08 .14
12,10 .09

No. of grids = 20 Pibre &iameter = 50um o = 0,03

98T



T4BIE 3.11

Influence of Particle Size & Velocity on
Filtration of AC Dust with Model Filters.

187

] Face Velocity (ms-l)_
0.4 ms™1; | 1.0ms™t

Bum ; 475 [L8um ;49% |Bum ; 425 110 pmm 455 §19um ; LOB128pm ;380

z!--8 oj? 5.1 .26 6.5 046 ll-.j .27 ’-I-35 0202 1.5 0060

11.4 42 ] 11,5 .26 15 .61 9.3 .35 7.5 W24 34 L060
30.8 52| 26.6 .34 33.6 .68 26.5 JLO | 17.3 142 8.3 .056

63 61 ] L7.3 .20 69 290 53 Sh ] 32,2 W12 | 13.9 Q45

133 21 76 L1556 |10 1,00 | 106 Shii 75 70| 29.4 060
205 . .751108 .45 (212 1,00 { 162 38 |11 .175 | 38.4  .033
347 .91 | 160 .115 | 355 1,00 | 266 .33 | 190 195 | 60 042
205 #O9L | 495 1.00 | 359 .26 81 . OLO

113 024
. —

0 .33 .28 40 .25 .18 .06

]

PA -39 20 ‘4 24 4 04




TLBIE 3.12

Influence of velocity on Filtration of Wide Fractions of
AC dust with Model Filters,

188

[Particle Size

range (pm) 0-25
Face Velocgfy 2.5 3.2 4.3 5.6 7.0
(ms_l) - - - [} ‘
Peed 1dad
(ems) Ay m 8y Ay 9| & pld v
100 130 220 360 560
0.5 140 7% | 180 .7 | 260 .70 | 420 .60 | 610 .50
1.0 180 .80 230 .76 {320 .70 }500 .52 |640 .50
2.0 310 .89 [320 .83 {lo .78 |59 .56 | 700 .39
3.0 500 .8 |450 .90 | 480 .71 | 630 .63 | 740 .50
6.0 950 ,99 |830 .87 |8&o .80 |80 .52 |s70o .6
Particle Size
range ()JW\) 0-60
F?;:_‘ﬁl“ity 2.0 2,75 3.7 5.1
Feed load
(gns) Ap p |8 p i A m| Db Y
.0 80 110 170 300
0.5 : 120 .50 | 130 .38 {210 .25 | 320 @ .18
2.0 150  J4 | 270 .26 | 270 .18 | 360 .12
3.0 180 .34 | 190 .20 370 .06
5.0 230 .38 | 220 .20 }320 .12 | 390 .06
No. of grids = 30 oL = 0,03
d‘f = 50,»\ Rc_elative humid- = 50% _

ity

-
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Face Velocity (ms'l) ; Fibre Reynolds No,
2.5 ; Tk 3.2 5 9.5 L3 5 12,7 5.6 ; 16,5 | 7.0 ; 20.7
2k Ap ap 4p
Sl gﬁ o sk Ay s il S |00 monE mo %
17 1.0 .221 14 1.39 .22( 16 1.18 .20 | 14 1.127 .25 | 12 1.09 .12
78 3,10 37| 7% 2.46 ,30| 69 1.87 .26 | 54 1.64 14| 42 1.25 .08
058 9,50 .73 (238 6.40 34215 %.83 .27 (158 2,22 .12 |127 1.55 .10
k, 28,0 23,0 12.4 10.9 5.8
Rsi .185 195 .190 A5 .120
ki 1.5 1.7 1.4 o. -1.5
Particle size range = O.-QB/um
F‘ace.a. Velocity (ms'l) Fibre Reynolds No,
2.1 H 5.9 2075 ) 8.1 ’ 3.7 ; 10.9 5.1 H 15.1
a5 A T 3 '
T7%10 dp, s a;xré Zt!;n D, |%xt0 3_'?,“ D, [Ozri0 E_%n s
12 1.38 116 | 8.6 1.18 .080] 5.7 1.23 .050 | 3.8 1.07 .O3%
56 2,25 L,070 | 36 1.7  .038 U 1,23 .01l0
91 2.87 .082 | 53 2,00 0.38| 3%  1.87 .o22 | 18 1.30 .00
k, 25 .1, 20.3 28.2 17.0
?5; . -1O6 -097 0055 0016-5
-];‘ -3‘9 —11'7 ""8 -5 —4’6-7

D P LR R B - VY o o T
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TABLE 3.14

Influence of Particle Size on Filtration of
AC Dust using Model Filters at High Load.

Nominal Particle Size E/gno.
3.8 : 11,1 L0.7
Feed load Feed ILoad Feed load
(gms) | 1 (ms) | 0 | (ame) | T
113 | .68 | 0.95 | .11 [ 0.90 .16
2.25 .70 1.82 .28 1.87 12
3.26 .76 2.83 .20 2.9 11
427 .78 3.50 .26 3.92 12
5.23 g 4.50 13 '4..93 R
6.23 .86 5.50 .13 7.40 .10
7.20 .78 6.50 .09 14,10 .10
8.20 77 19.20 | - .09
9.16 .78 24,40 .10
10.10 .75
12,25 67
15.53 57
No., of grids = 20; Fibre size = 50/.”“

Relative humidity = 50% Face velocity = 3.5 m.t.:-l
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TABLE 3.15

Influence of Soot Content on Loading Characteristics.

Feed U, = 2.25 ms—l Feed VU = b,75 ms-l
load Abx10 load 33 *lo* ‘
{gnms) P ? (gus) P 7
75% soot 5.0 .
0.5 5.4 .68
1 6.4 .68
2 604 +79
55% soot 340 17.7
0.5 5.2 .62 0.5 18.5 .54
1 5.6 .60 1.0 20.1 L6
1.5 6.4 .56 2.0 48,7 » 50
2.5 64.8 .78 2.7 102,7 .60
25% soot 5.0 , 17.7
0.5 5.2 o6 05 18.% 28’
1 Selt - 50 1 19,1. 238
2 . 5.8 k46 2 20,5 - 32
3 ~ 7.0 46 3 25.9 o3
4'5 53-8 -70 . 1"05 " 11‘209 '-38
5 51.8 .7k 5 76.5 «50
6 .56
7 .5k
10% soot 5.0 . - - 17.7
0.5 5.0 . - b2 0.5 17.7 o3l
1 5.2 +39 1 ' . 17.9 «30
2 5.4 <39 2 - . 18.1 .25
3 5.6 o 37 3 : 18,7 .20
4 6.0 .39 L - 19,1 - .23
5 6.4 .39 6 : 20,1 .22
7 8.0 L2 8 - 21,5 .21
9 19,6 L2 10 . 22.9 .22
11 Ly 6 .39 12 25.3 .23
13 60.9 .58 14 29,3 - .21
17 91.2 .79 18 Lb,7 e 26
22 89.3 .26
24 118, .27
28 149,7 .30
32 176.2 «30
4o 237.7 .39
52 272.7 NS
5% soot 5.0 17.7
0-5 5-2 .14-2 0.5 1709 030
1 5.2 +36 1 17.9 32
2 S.h «39 2 18.1 24
3 5-1'4' 035 3 - 1803 '22
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Feed = -1 Feed V. = 4.75 ms™}
load o . 2:25 ms load ° 14 5
(gms) Apx 10 " (gms) Dpx1o Vi
b 5.6 39 A 18.5 .19
6 6.0 «39 -6 18.9 .18
8 6.0 o34 8 19.3 .18
10 6ol .36 10 19.3 16
14 6.8 . ik 20.3 .16
18 7.6 .32 18 .15
22 ° 8.8 «30 20 21.5 .14
26 10.8 .32 24 22.3 b
30 15.8 <30 28 23.3 .16
34 21,4 e 33 32 2k.5 .16
38 26,2 «36 36 26.3 .18
42 314 36 Lo 27.9 .15
Lg 52.6 e 37 Lt 30.5 .17
48 36,1 .15
52 39.3 .16
60 46,9 .15
0% soot
100% AC dust
- 5'0 - - 1707 -
0.5 5.2 .28 0.5 17.7 .18
1 S.h .28 1 17.9 1k
2 Soh .29 2 18.1 .18
3 5.5 .25 3 18.3 .15
4 5.5 .26 L 18.3 .15
6 5.6 .25 5 18. 14
7 Seb .22
10 5.8 2
15 6.0 .26
25 6.8 .20
50 8.2 .22
Filter diameter = 0.,038m
Filter depth = Culm
Filter weight =  34%ams
Fibre diameter = 145.um

Fibre properties

woven stainless steel

=D
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- * s 5 37
Py o 0 s
| | 10 44
o 20 34 7
e 20 15
i " 46 33
| ! ] ] | ] ! | | | l ;
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Initial single fibre efficlency ( q%i)
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CHAPTER 4

CONCLUSIONS AND RECOMMENDATIONS FOR' FUTURE WORK

-~

The conclusions to Chapters 1, 2 and 3 have already been
recorded so they will only be briefly summarised here in as much
as they affect the recommendations for fu£ure work.. Although a
vast amount of work has been done on the subject of fibrous
filtration this has almost exclusively been confined to the
classical regions of determining the collision efficiency, normally
for an isolated fibre, Many aspects of the subject, some of
important practical interest, have received very little attention.
Outlined beiow are some of the topics which in the author's

opinion merit further study.

b,y Collision Efficiency

41,1 Filter geometry

The outétanding thecretical p;oblem of ‘fibrous filtration
is to describe realistically the fluid filow through the filter.
Before this can be accomplished the geometry of the filter must.be
described, : An accurate and realistie deScription of such a random
system and.particularly of the flow of a fluid through it has not

yet been accomplished. Models such as those of Happel, Kuwabara

or Brinkman are idealistic and have severe limitations. However,
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they are at present the best descriptions available and the
;incorporation of a cell size distribution into‘the theory, although
it ignores boundary value probgflms, allows us tg take a step
further in synthesizing the flow through a real filter, A
significant improvement will be found if both the influence of
packing’density and fibre Reynolds number.can be incorporated

in the one model. The similarity of the approximate Lamb and
Kuwabara/Happel solutions for the stream functions suggests that
this is possible. The external surface boundary conditions in

the cellular model are not compatible with the inclusion of a
Reynolds number effect but it may be feasible that the inertia terms
can be taken into account in an equation of motion similar to that
employed by Brinkman, The use of an infinite boundary condition
would then allow both factors to be considered.

The method of taking the distribution of fibre spacing
into account as Aescribed in section 1.8 could be extended to
include a study of the behaviour of filters containing a distribut-
ion of fibrelsizes. The predominant effect of large fibres on
the behaviour of fine fibres, within a filter, can be estimated
by employing the fine fibre efficlencies within the velocity
distribution of the large fibre systemn. The determination of a.
value of qg presents a méﬁor problemn. Experimental
studies such as that used to obtain the photographs shown in fig.
1.22 provide a useful comparision between the filters., They are
capable of showing whether fibres are evenly packed or otherwise
and whether the overall density of packing influences the apparent
"distribution, These photographs serve to remind us of the
inadequacy of the present methods of describing a filter, and of

the need for a more realistic technique.
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L,1,2 1ift Forces

The influence of hydrodynamic 1ift forces between the
bParticle and fibre reduires further investigation, The forces
described recently by Goren (129 should be included in the
trajectory calculations. It is likely, hgwever, that the results
will, as in the c¢ase of the lift forceé_described in Chapter 1,
be of marginal importance, The most significant factor in the
description of efficiency of inertial interception is the

tortuosity of the flow field.

4,1,3 Electrostatics

The possibility of providing a'highly efficient, low
resistance filter is one which is extremeiy'attractive to
industry, Filters constructed of metal fibres which are
artificially chafged to attract and retain particles have been
investigated with most encouraging results. This line of inquiry

deserves further investigation.

4,2 Retention Efficiency

b,2.1 Critical particle size

- The critical particle size at which adhesion fails should
be determined experimentally, This could be pefformed'using a
sodium flame detection systeﬂnsuch as that deseribed in reference
Lk but the use of salt particles wouldlimit thervalpe of the results,

A more fundamental approach would be to drop particles (monosized

ﬂsee Appendix II |
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glass spheres could be used for this purpose) onto flat surfaces
and obscrve their behaviour photographically using stroboscopice
illumination. Particle impact velocity could be controlled by
altering the pressure of operatign and hence the particle

terminal velocity. Oblique impact could also be studied using

the technique, : '

-

L,2,2 Low adhesion characterisitics

A more detailed and extensive ‘experimental study of
fhe influence of the main operating and design parameters in
the low adhesion region is required, This, together with
theoretical values of collision energies, may permit the develop~
ment of a theory for the retengion efficiency based on the differ-
ence between bounce and adhesion energies, and the distribution of
adhesion energies, for any given particle size or spécies.
Unfortunately our lack of know}edge of the behaviour of particles
during bounce and of the influence of such factors as velocity and
impact angle on adhesion forces will severely limit such approaches.
A study such as that described in 4.2.1 above would be extremely
useful., There is_a practical need to remove particles greater
than lqu\from i.e. engine intakes using unccoated fibrous filters.
Before such filters can be designed effectively further information
is required on the - infiuence of fibre propertieé’on the béhaviour._
It is hoped that a theoretical approach similar to thaf described
in Chapter 2 will be of use in predicting the influence of fibre
. physical properties. The influence of sogic'and mechanical

-

vibration should also be studied.

L,2.3 ' Self cleaning
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In the use of uncoated fibrous filters, mechanical
automatic cleaning is often necessary. There is room for much

experimental work on dust rermoval from fibres.

4,2.4 _ Fibre oiling

- Virtually nothing has been published on the behaviour of
coated filters., Work is required to determine whether the
increased efficiency is due to viscous dissipation of impact

energy or capillary adhesion forces or both,

4,3 : Loading.
4,3,1 High adhesion systems

The influence of operatiug parameters such as particle
size, shape, distribution and face velocity on the increase in
both resistance and efficiency with loading requirg further
experimentél investigation, TFilter packing density, and
distributiog of pore size and fibre sizes must have an important
effect on clogging. A11 these factors require experimental
investigation, Theoretically the use of the cellular model should

provide an estimate of the influence of filter parameters.

4.3;2. Low Adhesion systems

A cellular model of a filter could be developed which
includes the "cohesiveness" of the dust and fibre surfaces,
Using such a model (provided the theories of 4.2.2 were available)

6verall filter performance could be predicted. If this were
. ‘ .
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successful a series of simplified tests could be designed to
characterise any dust with regard to its filterability (i.e.
size analysis and cohesiveness).

| This appoach is perhaps at the present idealistic.
jFurther information regarding the mechanisms of particle agglomerate
dislodg?ment and behaviour of the agglomefates in their subsequeﬁt
passage through the filter is first required. This may be
accomplished with the use of high speed photographf and model

filters,

bob ) Experimental Techniques

The advantages of using model filters have already
been described and it is logical to use them in situations such
as those described above where it is éssential to study filter
behaviour with depth, However, the infuence of filter structure,
fibre size distribution etc. can only be studied using narrow
pads of randomly arranged fibres.

The parameters of depth, loading and size distribution are
' added to those which are normally studied in filtration research.
The method of testing musf, therefore, be extremely rapid to
obtain the very large number of results necessary; a method
using polydispersed test dust would be desirable; sampling should
be avoided. There are two methods which can be developed to

satisfy these conditions:-

(1) The test rig described above suffers from two main
]
disadvantages namely that a sufficiently narrow sized
fraction could not be obtained below 7;8/um.and that it

wag limited in the lower size of feed sample which could
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be analysed, The latter restriction was imposed by

using model filters, Both of these faulis could be
obviated by extracting the grids from the model filter

and performing a "Coulter count" of the material thus
collected. The count thus obtained would then be com-
pared with that on an absolute filter, The sanple size
required for a conventional_Coulter count is much too
~high But.tﬁe system could be converted to count all the
paréicles contained in a large sample of fluid (say 250
ccs) instead of the standard 0.5-2 ccs. The method is
extremely rapid and reliable with particle sizes down to
about 2/.1&1.

By comparing the particle counts obtained inua knitmesh
filter and a cellulose diacetate fibre filter which was
used as a master, a grade efficiency curve has been obtained
(fig.4.1). 0.1 gms AC dust was fed to the unit and the
dust rémoved from each filter. The dust was dispersed in
. saline with the help of a dispersant and ultrasongﬁs in -
the case of the knitmesh filter, The master filter was
completely dissolved in acetone to leave only dust; this
was then rendered electrically conducting by adding
ammonium thiocyanate, The system was not satisfactory
for analysing dust below about 10/am due to evaporation of
acetone in the Coulter orifice. This has been rectified
by using a recently developed membrane filter as an abso- .
lute filter, The dust is easily removed from the surface
of such a filter by washing with saline., The method is
applicable down to particlce sizes of about 2};m. Some
preliminary results obtaiﬂed using the technique are

shown in appendix II,
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(ii) Iight scattering has frequently been applied-to filter
testing. However, the normal procedure is to remove a
sample before and after filtration, usually of a closely
sized aerosol such as D.0.P, Continuous particle count-
ing and siming in-situ before, after, and within the depth
of a filter could be achieved uging the method illustrated
in fig. 4.2, The prineiple of light scattering for the
in-situ analysis of filter behaviour has already been
iliustrated by Loffler (78),

A nmore détailed,diagram of the proposed measuring system
is shown in Fig.4.2. A very thin beam, or slice, of
light will pass into the tube through which the aerosol is
passing. The total' flux of light scattered in.the forward
mode is a definitive function ;f particle size, As at an
angle of 40° the effect of variations in refréctive index
of the particles disappears (131), the intensity of light
scattered in a narrow annular cone of 40° should be
measured, The use of allight guide and series of stops
as shown in fig. 4.3 will ensure that only light from such
an annular cone will be detected by a photomultiplier tube. ’
The height of the resulting puise can be measured and the
data stored in one of twenty channels in a commercially
avallable pulse height analyser. | As subseguent particles
enter the sensing zone they will be similarly. sized and
‘counted. In this way a histogram showing the number of
particles in each of 20 size ranges will rapidly be built

.up. A series of such instruments could be operated
simultaneously at different depths in the‘}ilter as shown
in Fig.hk.2

Coincidence probleims can be minimised by using an
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extremely thin beam of light (fig.l4.4) less than lOO}Am
in depth the observed area of which can be altered by
adjusting the light stops. The area of the sensing zone
used is dependent on the concentration of aerosol and
should be adjusted to give a satisfactory count rate
‘commensurate with a low coincidence error.
The proposed sizing and counting technique offers many
- advantages over previous methods using the same principle,
The recent development of very low noise photomultiplier
assemblies enables the analyses of the 40° forward narrow
cone of scattered light rather than the total flux as is
the currené practice. The use of a narrow beam of light
rather than a focused roint as at present, will minimise
edge effects. The method works in-situ, a polydispersed
dust can be used and it is not restricted to a single

aerosol material, It is very rapid being capable

electroncially of counting and sizing at least 104 Particles

per second. . Agglomerates are not broken up, but are

analysed as they pass through the filter. It should be

possible to use the system over the size range 0.2 - 100);m.

Such a unit is being designed and constructed by the
author (see fig.4.5) and will be used by him in the next

stage of the work on fibrous filtration.

G
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APPENDIX I

Alternative derivation of Equation 1.57

The'average volumetric efficiency, XS ¢ the fraction

of particles removed per unit volume of filter, can be related

to the averape single fibre efficiency, i& y using eguation

l1.52 as follows:=~

"de o ZpEdb 4L

g (1 -R)
'S0, -v}s = “’t‘('-a)?s; "?s = Enl-=)Ag W
2% 200

r

Considering a volume V of filter and inlet dust

concentration, € » then the particles collected in unit time

is given by:-
Ae (1-w) Uy dV
v

The total particles available for collection in volume

V of the filter is

c U‘,V (1—o)

Hence

i .
- f(l—:&))\c Ug dV f(...uqc.uov.v(&) &t
l = PA'] = /y

Gi)y

CGOV(I-Q)' c.U,,V(\-‘*).

It follows from (i) and (ii) that

, |
5, = —|anuverde 57
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APPERDIX T1

Determination of Filtration Efficiency using

Coulter and Scdium Flame Techniques

The Coulter technigque described in section 4.4 was used
to determine fhe grade efficiency of a knﬁtmesh filter (dy = 145j4m) o
over a range of velocities. About 0;2 gm AC dust was fed
to the filter in eaéh case. The particle size range studied was
3 = l?,+m diameter, To obtain a sufficiently reproducible
Coulter count it was necessary to perform the analysis in a Faraday
cage. The high reproducability of the method is shown in fig.

(i) where two individual runs, each performed at a velocity of
L2ms~1l, are compared. The results are shown in fig, (ii)..

The knitmesh filter was thoroughly washed in carbon
tetrachloride to remove traces of oil or grease from the fibre
surface before use, The grade‘efficiency curves of "dry" knitmesh
filters shown in references 76 and 77 show maxima at much higher
particle sizes than ;hown here. These filters were not washed
in carbon tetrachloride and new knitmesh was used for each test -
the presence of a small amount of grease on the surface caused -
an increase in the adhesion forces.

The sodium flame technique as described in references
4L and 111 was used to measure the efficiency of model filters over
2 range of particle sizes and velocities, A diagram of the rig
is shown in fig.(iii). A nmono dispérsed aerosol of sodium chloride
particles (geometric standard deviation=1,15) is prodﬁced us;ng
2 spinning top genaratér and the efficiency of removal of these
particles determined using flame photometry, The stability.of the

galvanometer was increased by including a large capacitance in
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the circuit. This enables the range of variables to be increased
to 1.4 ms~i velocity and S.Sf;m particle diameter. To ensure that
a maximum was obgerved grids constructed of small (25/Um diameter)
stainless stéel fibres were used in the model filter. Each of

the 9 grids had a packing density of 0.03 and was cleaned with
carbon tetrachloride frequently. The relative humidity was in the
range 55-40%. The results of tests with 3 particle sizes are
shown in figure iwv ., | A maximum in the efficiency curve was not

observed when larger fibres (BO/Um and lO?}ﬁm) were used in the

i)

test. 'The positions of the maxima found in figure (iv) are
compared with other values in figure (v).

The values of d ¢ shown in fig, (v) are much higher

peri
than any theoretical predictions. The order of magnitude of the
results is in'agreement with the findings of Harrep and Loffler,
however, the results reported here for sodium chlaride particles
indicate higher values of dpcfit than repérted by Harrop., A
maximum could not be found in curves obtalned using BO[Lm and
lOO/Am fibre model filters., The reason for this discrepancy is
Inot known,

Several factors may be.responsible for the discrep@ncy

between theoretical and experimental values of d The N

perit®

calculation of conﬁabt area during oblique impact may be widely

in error, the adhesion force may be significantly increased due to
surface moisture, impact will be much more complex than that

imagined using the simple model (rolling may occur or multiple

contact'getween the particle and already deposited particles).

The experimental results agree with the predicted

relationship bet.ween'dpcrit and U,.

L)



Overall filtration efficiency (%)

100
l l | | | | | I
90 = S
80 |- . =
© *
o o
70 {_ o o _
X x
o x £ X 4
©
60 |- Filtration velocity = 1.2.ms_1 il
50 |- — )
40 |— ]
30— ' —
25 | | 1 | 1 [ | 1
2 4 "6 8 10 12 14 - 16

Particle size (dp) (um)

Fig, (1) Filtration of AC dust by knitmesh filter (df = 145 pm) - reproducibility test,

922



Overall filtration efficiency (%)

100

90

80

60

50

40

30

[ S | I I T A, o

Do

|
0.6 js™!

ey T 7 B °

i [ ] | | | | I |
2 .4 6 8 10 12 14 16 18

Particle size (dp) (um)
Figure (ii) Filiration of AC dust by knitmesh filter (df=145mum) - influence of filtration velocity.

b

Lze



228

Galvanometer
1000 volis
Temperature ~ =7 5. —ve DC
indicator [P Fitter box . : ! ong
o wel o
' dry thermomaters
A Thermometer
Hydrogen {3
flame L
Photomultiplier
l tube \
Hydrogen Orifice plote
supply . by-pass
Sedium flama ' Buffer
photometer volume
Bleed
Thermomater
Heating Stairmand
section baffle
-
Pum - .
4P Drying Filter Serosal Evaparation \
thamber generation section .
Rotometer chamber ’
Bleed

Fia.\ Experimental apparatus, '




Overall filtration efficiency (%)

60

50

40

30

20

10

- Q
. /e
o -
X
n 4
A
: 4
-4 = 0,03
no, of grids = 9
1 | [ | S 1
0.2 0.4 0,6 0.8 1,0 1.2 1.4

Filtration velocity {(ms™1)
Figure (iv) Efficiency of collection of monosized salt particles on
model filters,

6c2



230

x Harrop (4) dg = 50 pam

o Leffler (34) dg = 50opum
© AC dusk-stee]l d¢f = 145 jum
@

_salt - skee] df. c 2.5/.am

w)
Q
0
[

! cipcrif.(;/‘

)

Crifical Po.'ff;cle Sise

o

%\heke AN
' A N

0.1 1.0 \0.0
V?.!oc..l]tj ) Yo Cw\s")

Figure (V) Critical particle size

comparison of theory and experiment







