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ABSTRACT 

The effect of media arrangement within fibrous filter units on 

aerosol and dust loading characteristics has been studied. The 

behaviour of the media alone was measured. This was then compared 

with the performance of two units in which the media geometrical 

arrangement differed substantially. The effects which can be 

attributed specifically to media arrangement were thus isolated. An 

"ideal" model of a pleat type filter unit in which the dust 

distribution is uniform is proposed. 

The model gives a reasonable description of the behaviour of a 

typical deep pleat type of design although ancillary mechanisms of 

. enhanced deposition at the channel entrance and on horizontal spacers 

were identified experimentally. Theoretical .. andysis confirmed 

inertial migration and gravity sedimentation as reponsible for this. 

The ideal model is significantly in error when applied to the 

mini pleat type of design. The system was studied experimentally and 

theoretically and the relevant ancillary mechanisms isolated. It is 

postulated that inertial migration determines the deposition pattern 

within the channels. Additionally, as loading proceeds, considerable 

deposition is seen on the panel surface and the upstream channel 

expands at the expense of that downstream. These effects have been 

incorporated into a more general model 

characteristics of the mini pleat type 

which describes the 

of design. Further 

developments are proposed which will enable these models to be used 

in optimising media arrangement within HEPA filter units. 

(vi) 



NOMENCLATURE 

The following table describes the symbols used in the text, 

Dimensions are given for all but constants specifically defined within 

the text, The symbols used are: 

L - length 

T - time 

M - mass 

K - temperature 

C - charge 

- number only (no dimensions) 

* - refer to text for specific definition 

Symbol • Description 

A Cl) Defined constant 

(2) Area of filter media 

Af Face area of a filer unit 

A '1 aval. Fil ter media area available for fil trat ion 

A Cross-sectional area of a channel x 

A Hamakers constant 
fI 

B Defined constant 

B' Darcy's permeability constant 

C Cl) Defined constant 

(2) Particle concentration 

C' Initial particle concentration 

(vii J 

Dimensions 

L2 

L2 

L2 

L2 

M L2T- 2 

L -2 

-3 -3 L or ML 

-3 -3 
L or ML 



C. 
1 

-3 -3 
Initial particle concentraton into a channel L or ML 

section 

Particle concentration leaving a channel section 

C av Average part ic1e concentration in a channel 

section 

Concentration of particles lost from fil trat ion 

Concentration of particles lost by sedimentation 

Concentration of particles lost from the 

interaction of filtration and sedimentation 

CD Drag coefficient 

COo Drag coefficient at the original fibre diameter 

COrn Drag coefficient with increasing load 

CDa Drag coefficient at fibre packing a 

Cp Pressure coefficent 

C Accommodation coefficient 
m 

D (1) Defined constant 

(2) Depth of a filter unit 

Ef Overall filter efficiency 

Overall fibrous filter efficiency (in 

comb inat ion) 

Eg Overall granular bed efficiency (in combination) 

EL Overall efficiency, loaded filter 

Eo Coulombic force due to an external field 

F Height dust sett'les in time t 

Drag force 

Ga Gallileos number 

L 

L 

L 

L 

L 

L 

H Channel height/total height of channels in a L 

filter unit 

Hf Total free space height of a filter panel 

(viii) 

-3 -3 
or ML 

-3 -3 
or ML 

-3 -3 or ML 

-3 -3 
or ML 

-3 or ML -3 



H 
s Height available for dust settling 

I Inertial factor 

J Defined constant 

K Hydrodynamic factor 

K' Defined constant 

K" Geometrical factor in Kozeny-Carman equation 

Kl,2,3,~Regression coefficients 

KI Characterisation parameter, inertia 

~ Characterisation parameter, diffusion 

~ Characterisation parameter, interception 

Kg Correction factor 

Kg' Hydrodynamic factor, sphere 

Kg Secondary hydrodynamic correction factor, sphere 

Kf Hydrodynamic factor, fan model 

K' f Secondary hydrodynamic correcdon factor, fan 

model 

KL Hydrodynamic factor, cell model 

Kn Knudsen number 

L 
s 

Fibre Knudsen number 

(1) Depth of filter mediajbed 

(2) Channel/duct length 

Filter service life 

M Molecular weight 

N Ratio of cell to cylinder radius 

Number charged particles per unit volume 

Charge parameter 

Npl Number of pleats 

NS Number of seams 

N Number of channels c 

L 

L 

L 

T 

-3 
L 



P Pressure 

p* Penetration 

P * Initial penetration o 

Pe Pec1et number 

~P Pressure drop 

~Pexpt Experimentally measured pressure drop 

Pressure drop along a channel 

Pressure drop through a media/dust layer 

Pressure drop from channel entrance effects 

Total pressure drop of a filter unit 

M L-1T- Z 

M L-1T-Z 

ML-1T- Z 

ML-1T- Z 

~Pm Maximum acceptable pressure drop of a filter unit M L-1T- Z 

~Po Pressure drop of a clean European minip1eat M L -IT- Z 

fi1 ter 

Q (1) Total gas flow rate 

(Z) Fibre charge/unit length in an electrostatic CL- l 

field 

R (1) Interception parameter 

(Z) Radius of neutral collector in an e1ec. field L 

RI Res is tance 
I 

R 
0 

Initial resistance 

Re Reyno1ds number 

Ref Fibre Reynolds number 

Re p Particle Reynolds number 

St Stokes number 

T Absolute temperature 

U Velocity (general) 

U 
0 Filter face velocity 

U 
O(l Average filter face velocity 

U
l Z , Filter face velocities as defined 



U 
r,o 

u x,y 

u 
c 

u 
g 

u 
p 

v 

V av 

V. 
1 

v 
o 

Voo 

v x,y 

V 
r 

v c 

Polar coordinates of a defined velocity 

Cartesian coordinates of a defined velocity 

Gas velocity round a cylinder - 1st component 

L T
-l 

Gas velocity to a porous cylinder - 1st component 

Particle settling velocity 

Gas velocity 

Particle velocity 

Gas velocity through a channel/parallel plates 

Average gas velocity through a channel 

Channel entrance velocity 

Channel outlet velocity 

Gas velocity approaching a filter unit 

Cartesian coordinates of a defined velocity 

Radial component of a velocity 

Transverse component of a velocity 

Relative velocity gas to particle 

velocity round a cylinder - 2nd component 

Velocity to a porous cylinder - 2nd component 

L T- l 

L T- l 

L T- l 

L T- l 

L T- l 

L T- l 

L T- l 

L T- I 

L T- l 

L T- l 

L T- I 

L T- l 

L T- l 

L T- l 

I L T- l 
V Gas velocity (resolved) towards a porous cylinder 

;to 
V 

w 

Capture limit velocity 

Total width of channels L 

Z Hal f separation distance between minipleat panels L s 

a. 
I 

Q. 

b 

c 

c 

Acceleration force 

Effective area of unit deposit 

Length of a side of an equalateral triangle L 

Channel pitch 

r.m.s. gas molecule velocity 

Defined constants 

Fibre diameter L 

(xi) 



dg Granule diameter L 

dp Particle diameter L 

Effective fibre diameter L 

Fibre surface average diameter L 

Fibre diameter with increasing deposit L 

e coefficient of resitution 

F Adhesion factor 

F f Friction factor 

g Acceleration due to gravity 

g(£) Influence function (granular bed theory) 

h Channel height L 

Effective channel height with inreasing load L 

i,j Defined number (in summation etc.) 

k (1) Bo1tzmann constant 

(2) Defined constant 

k Defined constant o 

m Defined constant 

Particle mass M 

Media thickness L 

n Defined number (in summation etc.) 

q Particle charge C 

r (1) Polar coordinate L 

(2) Distance between particle and collector L 

centres 

r f Fibre radius L 

r Fluid cell radius around a cylinder L c 

r particle radius L p 

r Granule radius L g 

r Radius of a porous cylinder L 
0 

(xii) 



s 

t 

t 
s 

w 

I w 

x 

x 
o 

~x 

y 

z w 

z 
o 

Perimeter length 

Time 

Seam thickness 

Channel width 

Channel width with increasing load 

Cartesian coordinate 

Initial value of x 

Channel elemental length 

Cartesian coordinate 

Defined channel dimension 

Initial value of y 

Cartesian coordinate 

Define channel ~imension 

(1) Initial value of 

(2) Separation distance of two surfaces 

(1) Defined constant 

(2) Packing density 

Clogging parameter 

a Defined constant 

a1 ,2 Empirical constants 

(1) Defined constant 

(2) Particle collection efficiency 

~ L Clogging parameter 

(1) Defined constant 

(2) Diffusion boundary layer thickness 

8 Media porosity 

8 1 2 Empirical constant , 
8 Influence constant o 

8 Configuration factor, cell model c 

(xiii) 

L 

T 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

L 

-1 T 



e f Configuration factor, fan model 

</J Angle 

Darcy constant 

Defined constant 

Defined constant 

Stream function 

e (1) Angle 

(2) Polar coordinate 

e Critical angle 

A 0,1,2 

Mean free path of gas 

Parameters defining filter deposit 

Permeabili ty 

A Defined constant c 

A I Empirical constant 

\l Gas viscosity 

~ Single collector efficiency 

~o Initial single collector efficiency 

"l T Single collector efficiency including 

electrostatics 

~s Single collector efficiency accounting 

for adhes ion 

Single collector efficiency, fan model 

Single collector efficiency due to diffusion 

Single collector efficiency due to interception 

Single collector efficiency due to inertia 

Single collector efficiency due to sedimentation 

Single collector efficiency due to electostatics 

Single collector efficiency of adhesion 

, . \ 

L 

-1 
L 

-2 
L 



'Y) DR Single collector efficiency from interaction of 

diffusion and interception 

a 

» 

Gas density 

Particle density 

Fibre density 

Dust bulk density 

Dust load deposited 

Specific dust load 

Dust layer height 

Permeability coefficient 

Defined constant 

Kinematic viscosity 

t Defined parameter 

(xv) 

M L- 3 

M L-3 

M L-3 

M L- 3 

M 

M L-2 

L 

L -2 



INTRODUCTION 

The aim of this work is to investigate the effect which media 

arrangement within a HEPA filter unit has on its performance. An 

increase in the surface area of the media offers potential advantages 

in life expectancy or system space. However, the influence of 

geometry has received very little attention and almost nothing is 

known about gas and particle distribution within the filter and the 

effect of channel size, shape and orientation etc. on this. Before an 

opt imum cos t effect ive des ign can be produced the factors which I imi t 

the area of media and govern performance of these units must be 

established. 

In this work the behaviour of samples of media as loading 

progressed were studied first. This information was then used to 

construct a model of an entire filter unit which allows the prediction 

of the pressure drop characteristics. Experimental work was carried 

out on two very different but typical designs of media arrangement. 

The effect of arrangement on dust deposition and air distribution 

within the filter has been studied and the results incorporated in the 

theoretical model. 

The first chapter of the thesis is a literature review on the 

subject of fibrous filtration. The conclusions from this, which are 

reported at the end of the chapter, add further justification for the 

work. The following chapters are on theoretical model development, 

experimental testing of fibrous media and the experimental testing of 

filter units. These divisions have been made for convenience and 

should not be regarded as mutually exclusive. Where appropriate 

references are made to other sections of the work showing the overall 

development of the research. The main conclusions and areas of further 

study to extend the developed models are summarised in chapter S. 

Appendices are used to supply supplementary information. 

(xv j) 



CHAPTER 1 

Literature Review 

1. Introduction 

The realisation of the need and importance of fibrous filtration 

research first arose before and during the First World War (1914-18) 

with the development of chemical warfare. Early respirators were 

relatively crude relying on charcoal for gas absorption and natural 

fib res such as wool, cotton, animal hair and even feathers were used 

as particulate filters. Experimental observations, later supported by 

theory, showed that fine fibres were necessary and this lead to the 

use of asbestos, particularly blue asbestos, in the 1930's. 

The im pe tus for further research was provided during the Second 

World War (1939-45). However the development of fibrous filters for 

absolute filtration began in the 1950's with the use of the then new 

man-made fibres. The usefulness of glass fibre ~as soon apparent with 

its very high retentive properties for a relatively low pressure 

drop. Since the 1950' s, serious research has been carried out into 

attempting to understand fibrous filtration and hence maximise its 

effectiveness •. Different industries. obviously have different 

·requirements but all essentially want maximum efficiency with minimum 

pressure drop for as long a period of time as possible. This time 

factor is especially important in the nuclear industry where there is 

a storage and disposal problem with contaminated waste. Hence filter 

unit design has become essential. 

The medical aspect has also been influential. According to a 

relatively recent report by Heyder (64) the particle sizes most 

dangerous to the human respiratory system are those between 0.1 and 

2 ~m diameter. This has particularly significant consequences in the 

nuclear industry. Contaminated dusts of this size range or indeed 

radioactive aerosol (0.3 fm diameter mean Plutonium aerosols can exist 

in a stable form) must not be allowed to escape into the atmosphere. 

Therefore research by this industry has been extensive and contributed 

much to the present knowledge of high efficiency filtration. 



Typical figures for media currently used in the nuclear industry 

are .002;t penetration at 25mm water gauge pressure drop when clean, 

falling to ot penetration at125 mm water gauge pressure drop when the 

filter is removed. However the need for absolute filtration has 

developed in other industries, notably the health service and 

electronics industry. These often require even higher specifications 

than that quoted above and consequently improvements are continually 

being sought in filter characteristics. Therefore the understanding 

and prediction of fibrous filter behaviour is still very much an 

advancing science. 

Similarly work has developed in other fields of air pollution. 

Particularly related to fibrous filtration in terms of mechanisms, 

influence etc. are fabric filtration and granular bed filtration. 

Absolute filtration along with the relevant aspects of fabric and 

granular bed filtration will be reviewed in this survey. Initially a 

summary of the measurement techniques for media p.enetration tests 

commonly used on laboratory and industrial scale is given. 

1.1. Common techniaues for penetration measurement 

The need to measure the amount of penetration of an aerosol 

typical of a type the filter is likely to be challenged with is 

obvious. To enable penetration to be adequately quantifle.cl· in the 

critical size range various aerosols have been developed of a 

polydisperse nature. Typical particle sizes are in the order .01 -2 

?'" diameter and mass mean sizes around 0.2 - 0.5 p.m. The way these 

aerosols are used in full unit tests and in the laboratory is 

described below. 

1.1.1. Standard tests on full size units 

The standard aerosol employed varies from country to country. In 

the States Dioctylphthalate (D.O.P.) is used, the French prefer 

uranine dye, and the Germans paraffin oil. The British originally 

tested with.methylene blue (to BS 2831) but now sodium chloride (to BS 

3928) is more common. Dorman et al (35) reviewed all these methods and 

favoured the sodium chloride flame test as the better overall method 

2 



with good sensitivity. This was not entirely surprising due to an 

earlier paper by Dorman et al (34) where they favoured the salt test 

and also later in a general revie'" of HEPA filtration (,36) he restates 

this opinion for the testing of full size units. Table 1 overleaf, 

taken from Dorman et al (35) summarises the various tests methods and 

their effect iveness. It does show some cons iderable advantages for 

sodium chloride particularly with regard to sensitivity, time and 

operable temperature. These properties have resulted in the burning 

of salt sticks as the most common industrial testing technique. This 

gives a high concentration of particles overall and removes humidity 

and drying problems (e.g. Dorman et al (34), Webb and Poyntrig (166». 

1.1.2. Standard tests on filter media 

These usually take the form of challenging a sample of filter 

media, in a filter holder, with an appropriate aerosol. Aerosols used 

on testing ~ range ,from such as atmospheric, polydisperse salt, 

D.D.P etc. to monosize latex particles - the later being particularly 

use ful for examination of a monosized particle behaviour as by Davies 

(30). Commonly air is drawn through the media by a fan or vacuum pump 

but pressurised tests have been carried out, 

atmospheric aerosol by John and Resich (69). 

generation are well reviewed by Kerker r.74). 

for example with 

The methods of 

Salt aerosol is 

particularly popular due to its ease of generation and availabilit,Y. 

Kerker considers the Collision generator especially consistent in 

producing a particle size from .009 -.65 pm diameter. Liu (, Pui ('95) 

confirmed this. Usually salt is generated from solution (generally 

lot concentration by weight). 

1.1.3. Penetration Measurement 

Some method of 'determining upstream and downstream concentrations, 

with respect to the filter, is needed if the penetration' of media is 

to be quantified. In full size operation it is often by a measure of 

mass generated compared to mass collected after the filter. The latter 

is found either by a master filter for total collection or by taking a 

3 
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known sample from the main flow. With D.O.P; the concentration is 

measured upstream and downstream by a light scattering device, usually 

acting on a sample from the main flow. With salt aerosol, emission 

flame photometry is the common t'echnique used to measure sodium 

aerosol concentration. These last two methods have the advantage of an 

immediate result. In the laboratory (although now also common for in 

situ tests in industrial work) a further extension of these methods is 

sometimes e"ployed using specialist equipment not only to give 

concentration upstream and downstream but size distribution curves as 

well. Instruments such as' optical particle counters (including white 

light and laser devices), electrostatic mobility analysers and 

condensation nuclei counters are used in this work. Section 1.1.4. 

discusses instrumentation in more detail. 

A further external influence on instrument performance which can 

have serious effects is sampling. The three major factors that effect 

sampling efficiency are: 

(i) Radial dispersion in the duct prior to sampling 

(ii) The efficiency of aspiration into the sampling tube 

(iii) Deposition in the sampling line 

Th e e f fec t iveness of rad ial dispers ion should always be verified 

by experiments but empirical guidelines are given in BS 2831. The 

subject was also recently reviewed by Cunningham and Green (25 ) who 

give further information. The efficiency of aspiration should ideally 

approach 100% for good sampling. This implies that isokinetic 

sampling is a general requirement although Stenhouse and Lloyd (145) 

have shown that anisokinetic sampling is acceptable for low stokes 

numbers. Deposition in sampling lines should be measured 

experimentally. As a general guideline lines should be short and free 

of bends. This problem has been examined bY.Landahl and Herrman (86), 

Thiagorajon (150}and Crane and Evans (24) amongst others. 
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1.1.4. Particle sizing equipment in hi~h efficiency filtration 

Originally particle sizing was by microscope grids but now 

sophisticated electronic equipment for sizing and counting dominates 

the scene. The main types for fine aerosol analysis fall into two 

catagories:- optical light scattering devices (white 1 ight or las er 

the latter of which have began to dominate in the last 3 years) for 

particles greater than 0.1 pm and electrostatic mobility analysers 

for finer particles, less than 1 micron. An accurate device used with 

monodispersed aerosols less than 1 micron diameter is the condensation 

nuclei counter e.g. Liu and Pui (95). More recently this has been 

successfully this has hee" seeeess{ally combined with electrostatic 

mobility classification to give a highly sensitive instrument for 

measuring particle sizes below 1 P.M diameter. The equipment used for 

experimental work within the following chapters is a Royco instrument 

using white light 'along with a TSI electrostatic mobility analyser, as 

designed by Knutson & .Whithy (78). This review will concentrate on 

these. 

Lieberman (92) in his review of Royco optical particle counters, 

explains how the operating principle depends on passing single 

particles through a narrow slit of light. The light scatter produced 

depends on particle size and is detectedusing a pho tomul tip 1 ier 

tube. The output voltage from the photomultiplier tube is then 

referred to a pulse height analyser. Obviously there needs to bea 

calibration between the pulse voltage and particle size. This is 

usually achieved using monodispersed polystyrene latex particles of 

known size. 

The limitation of optical counters such as the Royco is dependant 

on the noise from the photomultiplier tube in relationship to the 

particle size which coincides with this. Generally this limit is 

between 0.1 - 0.5 /,1<1 depending on the clarity of the tube and type of 

1 ight used. One further note of caution is with regard to inflexions 

which appear in the calibration curve (particle size vs. voltage) for 

particles between 0.6 and 1.2 fm diameter. However, inspite of these 

6 



problems the Royco optical particle counter has been shown to be a 

suitable particle sizing and counting device for in situ filter 

testing, Lieberman (94). It is also successful in continuous 

monitoring or even with adaption to liquid filtration testing as 

detailed by Lieberman (9:3). 

Obviously with optical devices being limited at best to 0.1 jlm 

diameter particles, an instrument capable of size analysis below this 

is necessary_ The development of such an instrument, that was 

relatively simple in operation, was by Knutson and Whitby (78). They 

determined a method of aerosol classification by electric mobility 

which consists of intrOducing a high charge onto the aerosol so all 

aerosol particles are charged to saturation point. The aerosol is 

passed down a column which has a central electrode at a voltage which 

will effectively force the collection of aerosol particles above a 

certain size. 

the ir charge 

. -. # 

Remaining particles reach a master fl.lter, dissipate 

and consequently produce a current relative to the number 

of particles above the threshold size. Hence by starting with the 

smallest size it is possible~change the voltage in predetermined 

steps, after the required time intervals to reach stability, to find 

particle counts in various size ranges. Knutson and Whitby calculated 

theroetically the requirements in terms of time, voltage and 

consequential multiplication factors to enable evaluation of particle 

concentration. Pui and Lui (125) have also worked on the calibration 

for the TSI 3030 electrostatic mobility analyser. Their factors for 

calculating particle counts are those used in the experiments of this 

research. The main problem with using this instrument, for high 

e fHc iency tes t ing, is that insuffic ient quantity 0 f aerosol 

penetrates the filter to give a consistent determinable reading. This 

severely limits the instrument's applicability. Thus alternative 

methods or adaptationoLthe technique is required for analysis of 

perietration in ultrahigh efficiency filters. 
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1.2. Clean Filter Media 

Work, both theoretically and experimentally, has significantly 

progressed since Lamb (85 ) and Langmuir (87 ). However the areas 

studied have still generally been those originally suggested by 

Langmuir namely flow field derivations, capture mechanisms and 

pressure drop. 

1.2.1. Flow Field model within fibrous media 

The first attempt at modelling the flow of a fluid around a fibre 

was by Lamb ( 85). Davies (28), and Natanson (104) extended Lamb's 

analysis, to apply at higher Reynold's numbers « 0.5). All these are 

"isolated fibre" models in that they are solutions to the problem of 

flow round an single cylinder in an infinite medium. The effect of 

Reynolds number on streamline tortuosity is t·ake-n into account. 

However, rn a typical HEPA filter the fibre Reynolds number is very 

low and the proximity of neighbouring fibres has a more significant 

effect on the field. Fibre interference models are hence more 

applicable to modern theories of fibrous filtration. 

The cellular models published by Happel (60) and' Kuwabara (81) 

describe the flow through. banks of parallel cylinders. A filter mat 

is considered to consist of a number of cells, each cell comprising a 

single fibre surrounded by an annular 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 the model in its 

fundamental concept takes into account the effect of neighbouring 

fibres. However, each cell may be considered as an independent entity 

and the field inside is considered in isolation from the rest of the 

fil ter. 

The physical basis for the model is an assemblage of cylinders 

moving from right to left in a fluid; the fluid will be displaced 

above and below the cylinder as shown in figure 1. Due to the 

opposite directions of neighbouring zones of fluid displacement the 

boundaries indicated approximate to conditions of zero shear stress. 

8 



From this physical model both Rappel and Kuwabara postulated the 

mathematical model shown in figure la. The cylinder, moving frQm 

right to left, is surrounded by a concentric cell of fluid, such that 

the ratio of fluid to sol id in the cell is the same as the relative 

volume in the whole assemblage of cylinders. 

A general solution of the creeping motion equation in cylindrical 

polar co-orindates (r, e) is given by both Rappel and Kuwabara as: 

FIGURE 1: lines of zero vorticity in the 
Kuwabara flow field mode! 
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'" = (A+ Br + er Qnr + Dr
3

.i) sin e 
r 

where the polar velocities (U r , U e) are: 

U = 1 a",_ 
r 

r a El 

U = 
El 

(1-1) 

As the inertia forces in the fluid are assumed negligible and 

omitted from the Navier-Stokes equation to obtain the creeping motion 

equation, the model suffers from the disadvantage that it is only 

applicable at low Reynolds numbers. 

Both Rappel and Kuwabara applied boundary conditions to solve 

equation 1-1. 

Expressions for A, B, C, D, u and v are given the table below: 

Hannel «(,0) 
.~ 

A =N 4dt " UII/41 

8 - ([ I - 21nf d,/2) - N'( 1+ 2In(d,12)] U,/JI- U, 

C = [2(N'+ I) J U,/J 

o --4U,/Jd,' 

!"hereJ-I+2InN-N':1-2InN) 

·u -~( I ~ 2~:) +B+C(~+ Inr) +Dr(~2 ... t) + Uo 

where": -. :cl + .or 

Kuwabara (3\) 

-!J 'v'\ (V' ) ('V,·) lA. - M 1--,.-, + 8+c ';!+ Inr +Or' 0,. ... I 

Where r _ .rZ + yS 

A ~{I-Z.'V1'r,2(J(JIJ 
B -(4N'Inr,+2N I -2)U,JJ 
C =-4N'U,/J 
0- U,/Jr,' 
J - I/N'+ 3N' -4 -4N'ln N. 

Solutions for the cellular flow field. 
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The ratio of cell to cylinder radius (N) is related to 0<, the 

volume fraction of fibres, or packing density, of the filter mat. 

As Cl is increased N decreases and the extent to which the streamlines 

diverge is accentuated, this effect being similar to that caused by an 

increase in Reyno1ds number. For a real filter the relationship 

between Cl and N is complex but for an array of equidistant parallel 

cylinders the packing density is given by: 

Cl = (1-2 ) 

These models by Happel and Kuwabara are often referred to as unit 

cell models and have been used extensively. Stenhouse and Harrop (143) 

tested the validity of the theory with model filters and found 

reasonable agreement. In comparison with real filters, however, there 

was pres~ure drop va~iation in the real filters not present in the 

model filters or predicted by Happel or Kuwabara. They concluded this 

was due to the amount of filter homogenity which was considerably less 

in real filters than model filters. Similarly they surmised that this 

was the reason for the discrepancy between model filters and theory. 

Fuchs and Stechkina (50) stated that the cellular model lead to 

better agreement with experimental values for efficiency and 

resistance than the isolated cylinder models. However, there were 

still significant discrepencies which were attributed to random fibre 

orientation, filter inhomogeneity and errors in the measurement of 

poros ity. 

In much later work Kirsh and Stechkina (76) developed the 

parallel cylinder idea to the fan model. This is shown in figures 2,3,4. 

Using this.model. they could get much closer to real filter results. 

Figure 5 shows how they determined the influence of each mechanism in 

terms of velocity versus particle size. This is discussed further in 

section 1.2.2.1. 
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Figure 2 (a) A micrograpb of • real nIter. (b) PholOgrapb of. lan model ftIter. 

Figure 3. Photogra.phs showing flow rield in an array of cylinders of dfUfcrcnt radii 

t1"'OM. \'(\;"s\...~") 

12 



o 

(al 

• • • • • • 

00 
o 0 o o 0 ... -o o o 

(b) 

Agu .. 4 Flow field in the array 01 parallel C)'UDders with (0) a-o.oS and (b) a-O':O: 
curves: theory; points: experiment: . 

P'o ",," \<.;" \. ('! ~ ) 

13 



E 
::1... 

0·1 

0·01 
01 

FIGURE 5: Domains of filtration mechanisms - I<,'r,\" \I~I 

DD Diffusion 

13 . Int ercept ion 

El Inertia 

- - - r- ~///////////////////LL - - r- ~//////////////////// - t- - - - - - - - - -
I-r- "'<..Z/ / / / / / / / / / / / / / / / / / I- - - - - I- - -r-: ~ /// ////// // //// / - - - t- - I- 1- - - 1-

i""1?1'7' .L / / / / / / / / / / / / 

"'" 
j 17 I/' ;.,.(/ / / / LL / / / 

../ / / ////// 1- - 1- -
f'< IL V IL IZ b'V/L - - t-t- - 1- - - - 1- L IL 

I- " k' V 1/ 1/ 1/ V 1.-" lL 12' 
k: 1/ 1/ 1/ V IL [,I" IL 

I-I- I- I"< IL IL IL IL IL IL - -
I- l-t-- I'< 1/ V 1/ V 1<" 

t- 1"< 1/ [/ 1/ IL 
r- l- t-- 1'< / 1/ 1/ 

r-" -- 1'< 'L IL --- ~ IL 
I- -- I'<. 

r- -F - r-
r- r- r-I< 

lO 
Uo !cm/sec! 

10 100 



Ts"iang and Tien (.162) have a preference for the parallel fibre 

concept in recent work. They consider that it has advantages over the 

unit cell model because there is no ambiguity with initial conditions 

for trajectory calculations. However, it over simplifies the real 

filter considerably and doesn't account for fibre interaction in an 

axial direction. This is clearly demonstrated by discrepencies with 

experimental work. Nevertheless Tsiang et al (163) decided to use 

this model as the basis for computer simulation work. The simulation 

incorporated the original ideas of Miya~i (101) for an infinite array 

of parallel fibres, to calculate particle trajectories. These are in 

the usual fonn except they assume, due to low Stokes number, the 

particles will follow streamlines and hence they,use fluid veloc ity as 

an approximation to the particle velocity. The model proceeds to 

-develop a dendritic build up approach and its consequences will be 

discussed further in sections 1.2.2.1. and 1.3.3. 

Finally the most rec"ent work on fibrous filter flow fields has 

extended some of the ideas of pre"ious work particularly with respect 

to fibre interference. Brown (5) has preliminarily developed a model 

to describe flow through a fihrous filter incorporating the idea of 

the variational principle. This means he has modelled the flow field 

allowing for the interference of other fibres dependent on their 

distance from each other. However, as yet, only one dimension has 

been accounted for i.e the fibres are treated as flat in the direction 

of flow. Also calculations are at zero Reynolds number. This 

approach will need to be developed further before the results can be 

suitably compared. 

1.2.2. Efficiency of clean fibre media 

1.2.2.1"." "The normal collection mechanisms 

The collection efficiency of a fibrous mat, E, is related to that 

of a single fibre within it, 1[' by : 
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E = 1 - exp 
0-3 ) 

'1 is the single fibre efficiency which is the volume of gas 

cleaned divided by the fibre swept volume. Particles are removed from 

the gas by a number of mechanisms, the most important of which are 

diffusion, inertia and interception. 

Up to the 1950' s, the main work on efficiency of fibrous 

filtration had been done by Langmuir (87 ). However, new ideas were 

beginning to develop around 1950, such as those of Landahl and Herrman 

(86), Ramskill and Wendell (132) and Davies (28), with regard to 

inertia, or Johnstone and Roberts (70) and Stairmand (13~ with regard 

to diffusion. A review by Chen (20) in 1955 gave a very effective 

summary of the state of the science at that time:" 

The next major work was by Natanson (103). He cons idered 

diffusional collection for a cylinder in potential flow conditions. 

He found:-

(1-4) 

under conditions that Pe-~ < 1 and R Pe ~ < 1. 

, 
Friedlander (43) also considered efficiency by diffusion. He 

looked at the rate of mass and heat transfer to single spheres and 

cylinders for low Reynolds numbers. He used boundary layer theory and 

velocity distributions derived from the Navier Stokes equation to 

evaluate the effect of Peclet and Reynolds numbers on the Nusselt 

number. From these results he estimated single fibre efficiency due 

to diffusion and interception showing the dependence of diffusional 

collection on Peclet number to the negative two thirds for the first 

time. Further work, Friedlander (49) and Pasceri and Friedlander 

(113) results in a simplified equation for use in design calculations. 

This involved the Schmidt number and is given as: 



(1-S) 

Stechkina and Fuchs (140) used a parallel cyl inder system to 

consider the diffusion boundary layer (0) and its relationship to 

diffusional deposition of particles. They found : 

2 k l'Jn = + (1-6) 

where, 

k = hydrodynamic factor = 2 - £'n Re (Lamb (85 » 
= -1> in a-O.S (Happel (60» 

= -1> ~n a-0.7S (Kuwabara (81» 

They added this to the interceptive effect as defined by Langmuir 

(87) and included an interactive effect to result in: 

"(1-7) , 

The" concept of the fan model by Fuchs, Stechkina and Kirsh has 

given some of the most significant advances in the study of the effect 

of filter non-uniformity on filter efficiency. Kirsh, Stechkina and 

Fuchs (/S"), Kirsh and Stechkina (7&") and Kirsh and Stechkina in Shaw's 

book (138) consider the fan model. An experimental model filter was 

built consisting of a number of grids, each of parallel wires which 

were placed closelY in series so the fibres had a random orientation 

to each "other. This simulates an ideal filter with regard to fibre 

orientation although it is still too uniform with regard to spacing. 

They showed experimentally the packing effect to be described by the 

hydrodynamic factor. 
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0- 8) 

A correction factor, E. f which can be used to compare the real 

and fan filters, is obtained from measurement of pressure drop in a 

real filter giving: 

0-9 ) 

E
f 

is usually in the range 1.13 - 2.25 and the single fibre 

efficiency calculated using the fan model ~. is converted to the real 

efficiency by 

(1-10) 

The value for the single fibre efficiency of the fan model comeS from 

the sum of the contributions: 

(1-11) 
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where, 

"'1'\ -73 
1= 2.7Pe (1 + 0.39 
o 

(1-13) 

( 1-14) 

This does not take the effect of inertial interception into 

account. Stechkina et a1 (141) calculated this for low Stokes numbers 

(less than 0.2) where: 

(1-15 ) 

and 

(1-16) 

I<t: 
However the factorAvaries slightly to that used in equation (1-8 ) and 

(1-12~4And so the inertial efficiency should only be taken as an 

es timate. 

Other models to evaluate diffusiona1 and interceptive collection 

are available and well reviewed by Davies (28) and more recently Shaw 

(138) • The effect of inertial collection has been studied by several 

authors using numerical computation of particle trajectories. 
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Harrop andStenhouse (62) numerically solved the basic particle 

trajectory equations in the Happel-Kuwabara flow fields. They found 

for inertial interception a constant value was approached for Stokes 

numbers greater than 2-3. This steeply reduced for values bet 'ween 2 

and 0.5 (although less significantly below Stokes numbers of 1). They 

also considered the relationship of efficiency with packing density 

and found efficiency decreasing as packing density reduced. However 

these results were with zero Reynolds number calculations which will 

under estimate the efficiency especially with low levels of inertia. 

This approach of using trajectory equations was continued by 

Griffin and Meisen (56) when they looked at inertial and interceptive 

impaction at moderate Reynolds numbers. Particles were considered to 

be suspended in a fluid moving steadily through a random array of 

parallel cylinders, with the flow field solution subject to Kuwabara's 
.. 

zero vortocity boundary condition. Efficiencies were then found as 

functions of Reynolds number (0.2 < Re < 40) , particle inertial 

parameter (0 < St. < 1000), interception parameter (.001 < R < 1) and 

packing density (10-4 < ~ < .111). Results are expressed graphically 

in figures 6, 7 and 8. 

Emi et al (39) carried out some similar work, their results 

showing the considerable difference (particularly at low Reynolds 

numbers) between isolated fibre and neighbouring fibre effects. With 

the latter included (accounting for packing density) the predicted 

efficLencLes were much higher. Hayashi and Uchiyama (63), although 

working with trajectories in a magnetic field, also found the 

importance of one fibre being in front of another fibre and its 

influence on the trajectory of a particle. 

Emi et al (40) and (41) continued to work on flow field influence 

and applied Kuwabara's model to the convective diffusion equation. 
4 

They solved this for a range of Peclet numbers from 1 - 10 and 

extrapolated to cover higher Peclet numbers. The results gave 

diffusional collection efficiencies over a wide range of Reynolds 

numbers comparing with analytical solutions for creeping flow (Re < 

0.1) by Stechkina and Fuchs (140) and potential flow (Re ~oo) by 
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FIGURE 6: Efficiency as a function of Stokes number 
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Natanson (103)at the extremes. Besides finding efficiency decreasing 

with Peclet number, they also showed that packing was an important 

influence on diffusional efficiency for low Peclet numbers whereas the 

Reynolds number. effect was more significant at large Peclet numbers. 

Ingham(68) carried out a more complex evaluation of diffusional 

deposition by taking the flow field around a cylindrical fibre but 

with a boundary layer for diffusion around the fibre. He determined 

diffusion at both the front and back of a fibre and obtained 

(1-17) 

for Pe > 1, Re < lOO, Pe> Re 

and where ~ and ~ are f (Re) and have to be numerically determined 

:i:l account for streamlines passing the fibre where'as ~ accounts for 

eddies behind the fibre. 

Lee and Liu (90), (91) were interested in flow field effects 

particularly with interference from neighbouring fibres. They showed: 

where 

and 

\Y ''10= 2.6( 1 ~ Cl. 1 1 

k = -lz inCl. - 3 + Cl. -Cl. 
2 

4 4 

(y) 

Pe -~ (1-18) 

(hydrodynamic factor) 

(1-19) 

Correlating with experimental results, where they had earlier 

shown the dependence of filter efficiency on particle size, velocity 

and filter solidity: 

'1 = 1 + 1 = 
II It (1-20) 

This holds well around the minimum efficiency point for Bl = 1.6 and B2 

= 0.6. 
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The most penetrating size, has been examined by other workers. Dorman 

(33) in his review thought the most penetrating size to be between 

.05 and 0.3 \lm with 0.1 \lm diameter particles for standard HEPA 

filtration conditions. Kapoor et al (2) found 0.1 - 0.15 \lm 

(average 0.13 \lm ) as the most penetrating size under normal 

filtration conditions. Kirsh et al (7]) also showed the probl em of 

theoretical predictions. They made predictions using the fan model 
. 1 d· h h· f . . d· f f· dthe!r- . l.ne U 109 t e mec an18ms 0 lnterceptlon, 1. USlon. an 1\ l.nteractl.on. 

This gave a larger most penetrating size than experiment showed. One 

possibility could be that some of these problems are due to not 

accounting for inertia in the model. atteuptiag ta prediet the mast. It 

is often regarded as unimportant for these small particles sizes. 

Magee and Jonas (98) developed an empirical fit including 

inertia, from work of Dorman. This began with ·the relationship. 

~n p* 0-21) 

where, 

p* = Z penetration 

and 

L 

u o 

= filter thickness 

= face velocity 

KI,KD, KR = characterisation parameters for inertia, diffusion, 

interception respectively. 

x and y = numbers theroetically determined or data fitted. 

Generally accepted 1 < x < 2,0.5 < Y < 0.6 

To find U· for the maximum penetration a plot of in P*vs U was o 0 

used but this was indeterminat .. and so an alternative technique was 

tried. They let U x = (u -y fX/y which by substitution and 
o 0 

d Qn P* 

d U -y 
o 

= x 

y 

L 
(1-22) 
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. and 

U x+y 
c 

(1-23) 

d ~n P* x+y 
By linear regression of dU -Y on Uo they obtained KI from the 

1 d h · 0 • s ope an U at t e lntercept. Hence the fl1ter could be 
c 

characterised providing some experimental data was available. 

Another important empirical model was that derived by Nguyen and 

Beeckmanns (106).It expressed the overall efficiency as 

and takes' the single ftbre efficiency '1 to be equal to 

0-25 ) 

Determination of ~t was based on Landah1 and Herrmann IS (\l6 ~) work 

where they expressed this as : 

St
3 

11 = 
St3 + 0.77St

2 
+ 0.58 

0-26) 

From this it has been normal to modify ~T by multiplying by a 

power series of packing density ( Cl ). This can give inertial 

efficiencies greater than unity so the authors chose the alternative 

of multiplying Stokes number by a function of packing density. 

f (IX) (1-27) 

They also multiplied the second term of the numerator by 

F (Re) = 1 + K3 + 
(1-28) 

--" 2 Re Re 
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'1. = F(Re,St,c<) = 

Having reviewed other work they also correlated 

'1 R 

"\ R 

= 
= 

R < 0.62 

R > 0.62 

(1-29) 

(1-30) 

The exact forms of equations 1 - 30 is not essential as 1 R « If)r 

for most cases. 

Therefore by comparing equation 1-30 with experimental works on 

real and model filters it is possible to obtain the regression 

coefficients Kl to K 4 and hence complete the correlation. 

Besides the fairly conventional approaches mentioned so far other 

suggestions and methods to calculate and account for filtration 

efficiency have been suggested. Bragg and Pearson (11) developed an 

analytical model assuming helical tubes to represent the flow passages 

in a filter. The model predicts efficiency due to diffusion and 

inert ia and appears reasonable when compared to experiment for 

porosities between 0.7 and 0.994 and with fibre diameters greater 

than 5 ~m. However doubt must be expressed in the model due to its 

improbable flowfield. 

Radushkevich (131) also had a theory that ul tra thin fibres 

present in multi component filters performed intensive Brownian 

vibrations due to which aerosol particles should be additionally 

captured from the gas flow. His calculations showed that for a single 

.05 ~m diameter fibre fixed at one point the number of particles 

depositing within one second would increase 10 - 20 times compared 

with it being motionless. He attempted to confirm this hypothesis by 

showing that in experimental work ultra thin fibres gave higher than 

normal efficiencies. Sufficiently thin fibres of adequate length and 

with high porosity gave the best effect. 



Cavanagh (19) strongly disagreed with Radushkevich's hypothesis 

and carried out several experiments to disprove it. He set up a 

system under the observation of a scanning electron microscope and 

took long exposure photographs to look for blurring. The only 

vibrations he encountered could be traced to electrostatic charges. He 

considers the whole idea of Brownian motion of a fibre a doubtful 

concept and that any vibrations of a fibre in a filter are far more 

likely to originate in normal mechanical ways. 

This concludes the review of the general mechanisms found in 

fibrous filtration. However other factors have been found important 

such as electrostatics, material properties and the adhesive 

probability of a particle on a fibre. These influences will be 

discussed in the following two subsections. 

1.2.2.2. Physical effects on collection efficiency 

The effects of specific operating and filter media design 

parameters on performance is reviewed in this section. Also the 

actual physical conditions, temperature and pressure in particular, 

and the presence of electrostatics will affect the collection 

efficiency. 

In his 1976 review Dorman (33) cited Chen's equation for the 

packing density influence obtained experimentally 

'1 = 1, (l + K' <X) (1-31) 

where, K':: 4.5 

Stenhouse et al (142), (149) found no evidence for packing 

density affecting single fibre efficiency while filtration was in the 

diffusive regime but as expected the overall collection efficiency 

would increase with increasing fibre concentration. In the inertial 

regime the effect on ~ is much more important. 



The effect of fibre diameter has been examined by several 

authors. Radushkevich and Velichko (127) and Radushke"ich and Kolganor 

(130) working with ultra thin fibres found little influence on 

efficiency. However, using coarser fibres Goldfield and Gandhi 

(53) showed mats of 1.4 pm fibres at velocities between 1 -18 m/s gave 

much lower penetration figures than larger fibres of 4.4 I'm and in 

turn these fibres gave a much better performance than 7.8 pm fibres. 

Masl iyah (99 ) was particularly interested in elliptic fibres 

and compared these with normal circular fibres. He examined both 

diffusional and interceptive collection mechanisms and based his work 

on the Kuwabara cell model. 

He found circular fibres were more effective in the diffusive regime 

but elliptical fibres had an advantage within the interceptive region. 

Dorma·n (33) rliscussed temperature and pressure effects on the 

filtration efficiency. With regard to temperature he agreed with pich 

assuming the only variable would be viscosity such that an increase in 

temperature would enhance diffusional capture but reduce inertial 

effects. He gives experimental evidence to this conclusion. 

Ste:-n et al (152) we:-e interested in ope:-ating at reduced 

pressures and from their work drew several significant conclusions. 

a) A minimun efficiency exists for each particle size at ambient 

and reduced pressures. 

b) A unique velocity exists where collection 

approximately the same for all particle sizes. 

shifts to lower values with reducing pressure. 

efficienc y is 

This velocity 

c) For a given particle size and velocity, efficiency increases 

with pressure reduction. 

d) In the inertial regime efficiency increases with particle 

size. 
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e) In the diffusional regime efficiency decreases with particle 

size. 

f) For extremely low pressures 100,t efficiency is feasible for 

submicron particles by either diffusion or impaction 

g) In the diffusion regime alone no particle size of maximum 

penetration was found to exist. 

The actual material used to make fibrous or fabric filters has 

also been shown to be important in its influence on particle 

collection. Subrahmaniam and Rao (153) showed that glass fibre is 

superior for normal use and in high temperature or acid conditions. 

Alkali conditions would probably require a synthetic fibre. In fabric 

work synthetic fibres are much more common. Turn.er .(164) found that 

with bag. filters nylqn was very effective. Donovan et al <:;1) 

considered that addition of an expanded PTFE laminate, Goretex, to the 

top layer of a fabric filter greatly improved its overall performance. 

Mohammed and Afify (102) came to a similar conclusion using a Cerex 

scrimp on needle punched filters. Material and fibre geometry have 

also been shown to be significant. 

Electrostatics is considered by many to be an important mechanism 

however the more important work has concentrated on fibre charging 

especially in the field of fabric filtration. Frederick (47), 

Koscianowski and Koscianowski (79) as well as Airman and Tang (2) and 

Ariman (5) have done some work looking at this. I'1Iportant work has 

come from Lamb and Costanza (82), (83) and ( 94) and Miller, Lamb, 

Costanza et al (100) with regard to the role of fibre structure and 

electrostatics in fabric filtration. They found crimping fibres or 

using trilobal' ~ihres increased the electrostatic effect to give lower 

penetration figures. They proved this by elimination of local 

differences in electrical potential by gold coating the fibres. The 

penetration improvement was reversed when they retested. 
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Ho and Wang (66) found that the single fibre efficiency of an 8.5 

fLm fibre with a flow.velocity of 27 cm/s for 1-2 pm particles, could 

be increased an order of magnitude by introducing a 5 - 10 kV/cm 

electric field. Reid (133), in experimental work charged both 

particles and fibres equally and observed: 

a) Deposition of a negatively charged particle on a negatively 

charged fibre is dependent on the magnitude of the ratio of the 

mat charge to that of an individual fibre. 

b) Velocity decreased efficiency almost linearly as it increased. 

c) Particle resistivity showed no trend on efficiency except some 

degradation of efficiency may be expected at lower resistivities. 

d) Particle size' influence on efficiency was greatest at 

particle sizes from 2 - 3 pm but negligible below 1 pm. 

e) It was found the fibre electrical resistivity should maintain 

a high value to be effective in submicron range. 

f) Both bed thickness and fibre volume density had dramatic 

effects on efficiency - increasing bed thickness with high 

velocity was especially effective. 

g) The actual dust concentration had no direct effect on bed 

efficiency, although near saturation charge on the particles was 

required for'the electrostatic chargi~g to be most effective. 

Loffler (96) and (97) tried to quantify the electrostatic 

influence. 

He compared results from experiments with and without 

electrostatics and found: 

(1-32) 

single fibre efficiency with electrostatics present) 
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~,,= 1.22(2 - R.nRe). NQq 
(>, St Re -¥) 1. 5 + 1 

0-33 ) 

NOq is the charge parameter 

(1-34) 

where, 

o 
e 

o = 
= fibre charge per unit length, q = particle charge 

influence constant = 8.86 x 1012 

Recently Shapiro et al (137) carried out a study to find the 

relative effect of various electrical forces on aerosol filtration in 

fibrous and granular filters. They covered the" e"ngiiieering practical 

range of" electrical field intensity and dust particle sizes. They 

found the coulombic force, was the most powerful force in most 

situations. However, the space charge effect and the image force can 

dominate some parts of the diffusional region while the 

dielectrophoris effect may be important for sufficiently large 

particles. Definitions of these particle forces are given below while 

their quantification is in table 2. Figures 9 and 10 give a good 

graphical representation of the various regimes of influence of these 

forces for spherical and cylindrical collectors respectively. 

De~initions of the forces as applying to table 2 are: 

a) Coulombic force due to collector charge 

This is the attraction or repulsion between a collector charged 

by an electrostatic charge (0) and a dust particle charged by a 

charge (q) when separated by a distance (r) between the centres 

of collector and particle. 

b) Image Force 

This is an interaction between a charged particle radius r and a 
p 

neutral collector of radius R. 
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FIGURE g: Diagram of relative influence of the electrostatic fCJrces for 
a spherical collector If 
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FIGURE 10: Diagram of relative influence of the electrostatic forces for 
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c) Space charge effect 

This is when an uncharged sphere is in a cloud of charged 

particles of density Np and a particle from the cloud experiences 

a net repulsion due to an uneven space charge distribution. 

d) Coulombic force due to external field E 
o 

The force experienced by a charged particle in the vicinity of an 

uncharged collector due to charge polarisation induced by an 

external field. 

e) The dielectrophoretic force 

Present whenever there is inhomogenity in an electric field. An 

uncharged polarised particle experiences forces of different 

magnitude at its poles resulting in a net force. This force may 

exist due to an inhomogenity in the external field or one induced 

by collector charg~. 

1.2.2.3. The adhesion effect and its probabilitv 

So far the theoretical analyses given have implied a particle 

remains on the fibre after collision. Gillespie (-52) in 1955 made 

one of the earliest suggestions that particles may not automatically 

stick to a fibre after colliding with it. However the concept of 

particle adhesion probability was not seriously considered for another 

fifteen years. Stenhouse et al (142) used wire grids coated with oil 

for some experimental work. The oil was to improve adhesion as they 

suspected many particles may bounce off the grids after collision. 

This they thought was particularly prevalent at higher velocities. 

Donnan (32) has similarly suggested precoating of fabric filters to 

improve collection efficiency. 

From these initial observations several authors including Dahneke 

(26), Arziev et al (6), Stenhouse et al (144), (146), (147), (148), 

( 1511, Broom et al (13), (14) made a more thorough study. 

Significantly in his thesis Broom concludes: 
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(a) Adhesion probability decreased with increasing particle size 

and velocity. This was in accordance with theoretical reasoning, 

with impact velocity having an especially severe effect. 

(b) The tangential component of the velocity was the most 

significant one with results indicatin~ the adhesion mechanism 

could be considered on a scalar basis using this component. 

(c) Adhesion probability for polymeric surfaces is lower than 

metallic surfaces due to a lower value of Hamaker constant and 

higher coefficient of restitution. 

(d) Particle adhesion was virtually solely due to Van der Waals 

forces. 

(e) The observed l'alue for the coefficient of restitution with 

glass particles and a metallic surface was 0.5 whereas a value of 

0.6 was seen with polymeric surfaces. 

Loffler ('96), (97) and Hiller & Loffler (65) showed in more 

recent work. 

(a) For each filtration operation a 100% adhesion range exists 

but the particle size limits depend on the conditions. 

(b) Particles will rebound even at very low velocity of only a 

few cm/s. 

(c) Particle adhesion probability, when at constant flow, will 

increase with decreasing particle size, hardnes s or increas ing 

fibre diameter. 

(d) The rate of decrease of adhesion probability becomes smaller 

with increasing flow velocity. 

Tashpolotov et a1 (158) further examined the role of Van der Waals 

force. Figure 11 shows the result of their theoretical analysis of 

the interaction energy of a sphere and an infinitely long fibre. This 

leads them to conclude that the range of action of intermolecular 

forces is significant in aerosol capture beyond the immediate surface 

of the particle and cylinder. 
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FIGURE 11: Energy of the molecular interaction 
of spherical particles with an 
infinitely long cylindrical fibre. 
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It is obvious from the above work of these various authors that 

particle adhesion should be virtually 100% in normal HEPA filtration 

conditions. Therefore further details of particle adhesion are not 

included in this review. 

1.2.3. The Pressure Drop effect for Clean Media 

Chen (20) was the first to include a review of this subject in 

his 1955 publication. He reports two approaches which had been 

considered to this time. First is the channel theory as used by 

Langmuir (87) which involves adapting the Kozeny-Carman equation to 

give: 

where K" 

U 
0 

~ , 

f:,P = 16k")Je<~'UoL 

d 2 
f 

= a numerical geometry factor 

= s upe rfic i al gas velocity 

l-ine< + 2e< -~e< 
2 -~ 1-1 

= 

(1-35 ) 

Similarly Davies (28) worked empirically basing the results on 

Darcy's law to obtain. 

where 

f:,P = )J Uo L f (e<) 

d 2 
f 

(1-36 ) 

The al ternat ive approach of Chen is drag theory where the media 

is very porous (e > 75%) when the equations (l - 35), (l - 36) 

appear weak. This lead to the equation 

LIP = 4 CDe< Ree<)JU L 
0 (1-37) 

2 'IT (I-e<) df s 
where, 
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surface average fibre diameter 

The drag coefficient for an average size fibre in a 

fil ter of fibre volume fract ion a. 

Note that in experimental correlations the factor (C DaRe/2) is 

usually used. 

The next developments from Happel (59) and (60) 

drag on a solid cylinder to be 

= 

where 

~D = -2 Uo 

tn r + rf 4 1 c 
r f r f

4 + rc4 2 

rf:cylinder radius 

r :fluid cell radius (around cylinder) 
c 

Also from the Darcy equation 

FD = dP = -llU 
0 

2 dx ~c 1Tr c 
So the Darcy constant becomes 

\ 

~c 
2 

tn rc - ~ (rc
4 = r - r f c 

4 2 4 r f r + r f c 

-. 

4 

)J 4 

evaluated the 

(1-38 ) 

(1-39) 

(1-40) 

In his 1966 review Dorman (32) discusses the above equations and 

also includes a development by Fuchs and Stechkina (50) as a 

progression of Happel • s work. This was 

!::.P = 4 ex ]J L Uo 
2 1 - l tn (ex ~ A) 1 ( 1-41) r f 2. 
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where A.cis a constant and for a value of A.c = 0.5 there is good 

agreement with Langmuir. 

pich (123)considered pressure characteristics of fibrous filters 

over a wide range of Knudson numbers and concluded there were four 

different regimes and consquently four different pressure drop 

correlations. 

(a) Free molecule region Kn > 10 

!;P = 2.91 S (Il L Uo) 0-42 ) 
r f c 

where, 

S = 1 
~p 

2 
3" c 

-2 
C 8kT = 

lIm 

(b) The transition region 10 < Kn < 0.25 

No known equation or derived equation to describe this region 

( c) Slip flow re!lion 0.75 > Kn > 10-3 

Providing a: « 1 then: 

!;P = 4 \lIlUO L 
2 H; -~ inll + 0.998Kn) r£ 

0-43) 

(d) Continutn11 re!lion Kn < 10-3 

!;P = 4 \lIlUO L 0-44) 

From analysis of these equations he determined that pressure drop 

is dependant on the gas properties (including actual pressure, 

temperature etc), the filter porosity and the flow character (as 

expressed by the hydrodynamic factor from the flow field). 
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Much of the fabric fit tration work for clean fit ters 

principles of fibrous filters. For 

appears to 

example the correspond to the 

equation from Afify and Mohammed (1) is very similar to Davies work. 

2 
4 /::. P r

f 

11 Uo L 
= (1-45 ) 

The effect of physical conditions has also been examined in the 

fabric filtration field. Ariman and Helfritch (4) found increasing 

the relative humidity while loading reduced the rate of pressure drop 

rise. Aref'ev et al (3) tested fabric under vacuum conditions and 

found the permeability as an empirical fit to the equation: 

(1-46 ) 

where P was the absolu'te pressure. However as the constant A »B/P 

then for pressures greater then atmosphericAk= A. Work on viscosity 

was carried out by Rudnick and Ellenbecker (135) showing the 

resistance (/::,P/Uo) varied proportionately with absolute viscosity -

not kinematic viscosity as often reported. 

1.3. Loaded filter media 

Once aerosol or dusts begin to be captured by a filter then its 

characteristics change. It would be expected that both efficiency and 

pressure drop will increase and this is discussed below. Also as a 

consequence of particles sticking to a fibre the flow field will 

change and part icles will not only be captured by fibres but also' by 

the already captured particles on these fibres. This concept is often 

referred to as dendritic build up and is discussed in section 1.3.3. 

1.3.1. The effect of load on filter efficiency 

Apart from the general assumptions that efficiency will improve 

with load, little work, excepting dendritic simulations, has been 

carried out experimentally or theroetically in attempting to quantify 
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'the effect. The main reason for this is probably that the critical 

parameter for filter design is minimum efficiency. If a filter becomes 

more efficient as it is loaded this can only be of benefit from the 

users point of view. 

Raduskevich (128) studied the effect of load on efficiency. He 

assumed that the rate of accummulation of particles in a filter is due 

to both collection on the clean filter and on already deposited 

particles. He described the building of deposit with time in a fit ter 

a8:-

where: 

+ 'if a I U ca 
o 

~ = single fibre efficiency 

'if = particle collection efficiency 

c = concentration of air blown particles 

.0 = deposit within the filter 

a ' = effective area of unit deposit 

( 1-47) 

He combined this with the continuity equation and solved these to 

obtain an expression for the influence of depth and time on the 

overall efficiency. 

E = 1 - C 

C' 

= 1 -

(1-48) 
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where, 

C' a' (f Cl = U 
~o ____ _ 

A = o 

(1-a) 

Experimental results in the diffusion regime by Raduskevich (129) 

suggested that a' ~ is about the same order of magnitude as the 

cross-sectional area of the particles. 

Davies (29 .) took a different approach to the clogging of 

filters. The resistance, R', to gas flow through a filter is related 

to the total aerosol penetration P. It was found experimentally that: 

and 

1 

R' 

dR' = a 
~ 

dt 

(1-49) 

(1-50) 

a and "If are clogging parameters and are related to the single fibre 
L L 

efficiencies by: 
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6'L = e 

"L = 2 

t 

where: 

L = filter depth 

t = filtration time 

Al = "Ao 0+ K"a) 

AoL 

2n Al 

A 
0 

where a is the deposit at time t. The factor K" was found 

experimentally be about 5. 

Expressions were derived to enable the mean efficiency and the 

quantity of deposit in a filter, over a period of use, to be 

calculated from the clogging parameters. 

Stenhouse and Broom (150) carried out some work in the high 

inertia regime for feldspar dust of 2-22 Fm, velocity 1 m/s and 

stainless steel fibres 1451"'" diameter, packed at a volume fraction 

of .081 and 3 cm deep. They concluded that the efficiency did not vary 

significant;y until a coating equivalent 

covered the leading edge of the fibres. 

increased until maximum loading was reached. 

to a monolayer of dust 

The efficiency then 

They also found that the 

actual improvement in efficiency was due to the collection to fine 

rather than coarse particles with the position of the grade efficiency 

curve highly dependent on the test dust size distribution. Under some 

conditions the addition of a small quantity fines can have a 

disproportionate effect. 
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1.3.2. The Effect of Load on Pressure DroD 

Again with respect to fibrous filtration, with the exceptions of 

advances in dendritic theory, little has been done. Dorman (33) 
reports that initially pressure drop will rise linearly with load 

before a rapid exponential rise as loading moves towards completion. 

Davies ( 29 ) also experimentally studied clogging effects on filters 

as reported in section 1.3.1. 

More work has been carried out in the fabric filtration field 

howe'ler due to the nature of this type of filtration Le.the dust cake 

formed being periodically removed by pUlsing; the work cannot be 

directly applied to fibrous filters. Hence for the purposes of this 

survey a detailed review is not included. 

1.3.3. The dendritic model accroach 

In 1976 Franklin and Knutson (46) found that filtering with 

uranine dye aerosol gave a very steep rise in pressure drop. However 

after filtration was stopped and humid air passed through the filter 

this pressure drop suddenly fell almost to that of a clean filter. 

This did not happen with dry air. They hypothesised that this was due 

to dendrite bridges giving the high pressure drop and then being 

hroken down by the water in the air due to the hygroscopic nature of 

uranine. The particles then redistributed themselves throughout the 

whole filter so virtually returning the filter to its original state. 

Payatakes for a long time has been a major contributor to this 

type of work although never actually achieving a workable solution. 

His initial development with Tien, -(11,0) was a model to predict a 

chain-like build up of particles on fibres with the intention of 

predicting the effect on filter pressure drop and efficiency. This 

resul t ed in a complex mathemat ic al analys is requiring comput er 



simulation due to probability factors, time and age dependency. This 

is further complicated by the different collection mechanisms and this 

early model only considered interception. Furthermore as particles 

deposit the dynamics of the situation change and there is an influence 

on the flow field and collection area. Payatakes (111) and (11~ 

considers particle-particle build up but results are still very 

unreliable especially with no consideration of other mechanisms such 

as dendrite collapse or re-entrainment through bounce etc. Later 

Payatakes and Bhutra (113) examined monodisperse aerosol particle 

deposition on a single fibre experimentally under conditions where 

inertial impaction as well as interception was important. Formation of 

dendrites on the fibre was observed and recorded photographically. A 

model known as the third approximation model was developed. This was 

also used by Payatakes and Graddon (115). Payatakes (11'4=) discusses 

his results of these observations as showing that deposition on the 

actual fibre covers the whole front face of a fibre .. for interception 

alone ( "!A < 9 < 3'l"y.J., However, when inertia is included there is a 

limiting angle for deposition. This angle ~ is greater than TT/2 

and so the region of deposition is between B , 9 ~ (2TT - ~). This 

idea lead to Payatakes concluding that particles skid 0 ff the fibre 

due to viscous interaction. Dahneke and Padilya' (25 1) disagree 

suggesting bounce is the factor affecting particle distribution • This 

does see", more likely, although Payatakes defends himself, (116) with 

hydrodynamic theory. However e'len in his later work, (117) although 

introducing correction functions to efficiency and pressure drop 

dependent on deposited material, he does not appear to have solved the 

modelling of dendritic build up. Even these correction functions have 

to be evaluated from experimental work. An attempt is made from 

earlier work to extend it to ·calculating the correction functions for 

the initial period of dendritic deposition. He also tries to include 

Brownian diffusion. However these various works have not yet resolved 

the theoretical approach to dendritic deposition. 

Bardet, Tien and Wang (8) studied the effects of air velocity 

and particle size on the structure of deposits on a fibre and capture 

efficiency experimentally •. With approximately 1300 to 17000 

particles crossing a fibre the largest dendrite observed consisted of 

eight part.ic1es but with noticeably few consisting of more than two 

'./. 



particles. Only with further 

size gradually form. They also 

filtration do more dendrites of larger 

observed an increase in 

collection with the increase in the number of particles 

effic iency 

collected. 

of 

Kanaoka, Emi and Ohta (71) attempted to predict change of 

effic iency and pressure 

They used Kuwabara's 

drop 
(81) 

with load by simulating dendrite growth. 

flow field to calculate particle 

trajectories although no allowance was made for change due to dendrite 

build up. Their simulation showed a linear dependence for increase in 

efficiency with load but the value of the slope, A, varies with 

filtration conditions: 

EL = E (1 + A'a ) (1-51) 

where I 

EL is efficiency with load 
E is clean filter efficiency 
a is load 
A' is slope 

This variation in the value of the slope disagrees with work by 

Yoshioka et al (168) who found the slope was constant with a value of 

5 ml/kg Kanaoka et al found the value of A' very high for low Stokes 

numbers (56.1 at St : 0) and very low at high Stokes numbers (.0769 at 

St ~OO). These figures are from the simulation with an interception 
• parameter of .05. As the interception parameter increasesA-decreases 

e.g. for a value of R: 2,A': 3.09 at St : 0 and A': .0482 at St+ 00. 

The overall effect of the simulation showed collect.ion efficiency 

increased rapidly with dust load particularly in the low numbered 

Stokes region. This was verified by experiments on thin filters for 

light loads, although there was a slight underprediction at higher 

loads, probably due to the lack of correction of the flow field. 

They also used drag theory to predict the effect on pressure 

drop. The equation used was of the form 
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and, 

t,p = 4a. 
--2 

7rd
f 

FD = the drag force of .a fibre per unit length X. 

0. U 2 
,-~ 0 

2 

(1-52) 

(1-53) 

where Cc,is the drag coefficient. The only other varying parameter is 

the fibre diameter (d fm ) which changes as particle loading is 

accounted for. These were correlated experimentally to show: 

C = CD (t + .064 Cl) 
Dm. 

where, 

24.8 
Re f 

Fibre Reynolds number 

(1-54) 

0-55) 

By using these correlations in the pressure drop equation (1-52) 

a reasonable agreement with experimental observation was found. 

A separate dynamic simulation model, already discussed in section 

1.2.1. and 1.2.2.1., was developed by Tsiang, Wang and Tien (163). 

This works with parallel fibre arrays and treats particle build up in 

three stages. 

(a) Individual deposits 

(b) Dendrite growth 

(c) Filter cake formation as dendrite bridges form. 

They observed this progression by taking micrographs at various 

stages. At low flow rates the comparison was good with high efficiency 

and cake formation stages rapidly reached. With higher velocities the 

increase in efficiency is more moderate and the maximum efficiency 



reduces with increasing velocity, possibly due to re-entrainment. The 

comparison of this with the simulation was qual itat ively reasonable 

but not quantitatively.In determining pressure drop the model is 

initially reasonable but at higher values considerably underpredicts. 

The model's bas is was Miyagi' s (01) flow field for an infinite 

array of parallel fibres. This was used to calculate particle 

trajectories which are of the usual form except it is assumed, due to 

low Stokes numbers, particles follow streamlines and hence the 

fluid velocity can be equated with the particle velocity. Also 

neglected are the effects of deposited particles on the flowfield and 

collection by Brownian diffusion or gravity. Determination of 

whether a particle is captured is by considering the capture 

limit velocity - a particle being deposited if the velocity of a 

particle is slower than the limit calculated. The capture limit 

velocity is defined as 

v* = 

AH = Hamaker's constant = 10-
12 

erg 

Z = separation between surfaces = 4 A 
o 

0-56) 

e = coefficient of restitution = .88 - .99 in general. 

dp,~p = particle diameter and density respectively. 

The pressure drop effect was estimated by the contribution to the 

drag force given by: 

= (1-57) 

Assuming only the two closest deposited particles have any 

interaction effect on this drag factor then the correction for the ith 

particle with neighbours jth and kth particlesgives: 

= L.FD F(r
L
·, r.) F (r., r) 

J L k 
0-58) 
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where, 
F (r., r.) = 

1 J 

F (r. r K) = 
1, 

where, 

2 
Cos ~ 

1+ l(r It:.) 
'2. p 1J 

2 
Cos ~ 

1+ l.(r 11.k) :z. P 1 

+ Sin2~ 
1+:J; (r 11 .. ) + ~ (r 1/ .. )2 

P 1J P . LJ 

+ Sin2~ 
1+:J; (rp/Jik) + ~ (rp/~ik) 

2 

1· . ~;k 1J or t. = distance between centres of particles i and j (or k) 

angle .Rij (or lik) makes with the normal flow direction. 

This leads to an overall expression for pressure drop of 
i=n 

!:,p - !:'Po = __ 1_ I !:'F D,i 
!:'Po F 

D,o i=l 
(1-59) 

From these various works it is obvious that the dendritic model 

approach is very ambitious and fraught with dif{iculties in obtaining 

good agr~ement with experimental data. However, the more recent 

developments of authors such as Kanaoka et al (71) and Tsiang et al 

(163) show far more promise of an eventual solution than Payatake's 

pioneering work. It is reasonable to conclude that the dendritic 
and 

approach is a worthy oneAas a workable model will be useful for 

general application. 
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1.4. Packed and Granular Beds 

The concept of a packed granular bed building up on a filter 

has already been mentioned. This completes the filtration process 

with the stages being. 

(a) clean filter media 

(b) penetration into the media 

(c) build upof a cake on the media 

To attempt to understand the effects of flow, efficiency and 

pressure drop in a complete filtration process this final stage is 

reviewed. 

1.4.1. Flow Field Models 

Originally a unit cell type mooe1 based on Kuwabara's (81) work 

was employed.' However Payatakes et al (109) considered this 

unsatisfactory for granular type models and proposed the constricted 

tube model which is more realistic. This consists of unft cells 

having parabolic walls within a tube as in Figure 12. 

Figure 12 Constricted tube model 



Neale and Nader (105) developed a geometric model, based on the 

pore size of a unit cell, to study hydrodynamic trans port processes. 

Although operating over the entire porosity range when the porosity 

is in excess of 0.7 there is good agreement with Happel's (60) free 

surface model. The actual mathematical solution is complex but 

consists mainly of an influence function which gives the deviation 

from Stokes law. 

Tardos, Gutfinger and Abuaf (154) and (155) and Gutfinger, Tardos 

and Abuaf (58) use the approach. 

For a general bed Tardos et al (155) gave a considerably simplified 

form of the influence functon as: 

where 

g( E) = k 
E 

c-

ke = 1.1 to 1.5 although 1.1 is generally used. 

(1-60 ) 

Obviously some measure of porosity (E) is also required. This is 

commonly achieved by Fisher sub-sizer as detailed by Wasan and Wnek 

(165). In practice the empirical equation of Gebhart (51), 

Balasubramanian (7) and Thambimuthu (159) for diffusional collection 

is most suitable. 

-~ -1 = 4.36 Pe _E ( 1-61) 

Using the cell model of Happel (60) Tardos et al (155) derived 

"'1 D = g ( E) Pe (1-62 ) 
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.but "with g (E,) generally greater than 4.36/£ .Conversely using 

Payatakes (l09) constricted tube model Chiang and Tien (21) have shown 

g (€.) much closer to 4.36/c hence showing the constricted tube model 

to be more realistic in this case. Chiang and Tien and also pendse 

and Tien (121) examined the constricted tube model with parabolic, 

sinusoidal and hyperbolic tube wall geometries. The former gave the 

most acceptable results. 

Paretsky (108)and Tardos et al (155) both attempted to use the cell 

model for evaluating the single grain efficiency due to inertia but 

neither found good agreement with experiment. Pendse and Tien (121) 

with Tien's (161) addition, however did develop a reasonable result 

with the constricted tube model giving: 

7)r -x -'1 = (1 + .04Re)St.1T 1 (0. 750-£) (1-63 ) 

Even so, the dependance on Stokes number is still too weak. 

1.4.2. Efficiency mechanisms in granular beds 

This, as with fibrous filtration, is a field which has been 

studied by many authors. The table in appendix 1.4 gives an overall 

review of the equations for each major mechanism - these being 

inertia, interception, gravity, diffusion and interaction between 

these. Developments in the effects of electrostatics have not been 

given but details of this can be found by reference to Coury (23) or 

work by Shapiro (137). 

These equations have been reviewed by such as Kennard and Meisen 

(73). Pfeffer (122) and Clift (22). From these reviews and by 

considering the works given in appendix 1.4 certain equations are 

preferred due to their acceptable agreement with exper iment 

these equations which are used in the work of 2.1. 
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As the main emphasis of this review does not lie in 
considering packed bed efficiency the series of equations 
used in 2.1 are given below. 

Lee and Cie.ke ( 89): 

Where; 

~ 
'l ~J - 1. 0<. 

1.. 
=. --"" 40( 

S S 

ftI = I ... 2.< 
3- 3,00. 

Alternatively the following equations' have been 
recommended 

Wilson and Ceankopii. (167) 

NI .: ~ p ... _l~ 
ID ( 1_0<.) 

Tardo. et 01 (156 ) and Pfeffer (122) 

( 1 ,. :tn. +a.l. 

Tardos et al (156 ) 

-_1- ) 
1+1\ 

.s. .... Go.. t 1 4 5b. e;.,. }-' 

Where Ca = Gall,ieo's no. 

Thambimuthu (159 ) 

( 1-(,4-) 

(I -:).0) 

Usin~ either Lee and Gieske's equations, or the second 
series of equations qiven,"the single QrRin efficiency can 
be found by summation of the individual mechanisms. The 
overall bed efficiency is then found by the same equation 
(1-)) os for fibrous filtration. 
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1..4.3. Pressure drop analysis for granular beds 

Gebhart et al (51) experimentally determined the pressure drop 

relationship using glass bead media. 

Hagan-Poiseuille law for viscous flow where, 

They confirmed the 

(1-71) 

Rudnick and First (134) measured specific resistance of cakes of 

A.C. fine test dust in the velocity range 7 - 56 mm/s where all other 

factors were constant. They found that the normally used Kozeny 

Carman equation underestimated resistance, probably due to its 

assumption that the dust cake could be treated as a series of 

capillaries. The free surface model of Happel (60) ,!,as more suitable 

after pa,ticle size, ~hape and gas slip corrections had been taken 

into account. 

On a similar approach, only for the low Knudsen number regime, 

Lee et al (88) developed a solution from the Kuwabara field:-

where, 

!;P = 9 il )J Uo L (1+2Cm\/ro) 
2 

2 rq (Kg + 3CmKg' l./ro ) 
J • 

= mean free path of gas 

A is the Knudsen number 
r~ 

(1-72) 

Cm is the dimensionless momentum accommodation coefficient 

of gas-material combination. 

kg = 1 - 9 il ~J + Il - 1 Cl 2 

5 5 

kg' = 
, 

1 - 6 Cl" + 1 Cl 2 
"5 "5 
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·,This solution shows that a substantial decrease in pressure drop 

is realised as Knudson number is increased. 

Simpler correlations have been given by Schmidt and Gieske (136) 

and Kennard and Meisen (73)which can be used for general work, 

(1) Schmidt and Gieske 

Re > 40 

(1-73) 
Re < 40 

The Kennard and Meisen (73) equation takes porosity into 

account:-

2 1. 73 1-E 
2 

liP = 316 (l-d )lUO + e.Q£... .. 
L 

-3- 2 E3 dg (1-74) e: dg. 

Tien (161)still prefers to use a form of the Kozeny-Carman 

equation in his modelling work i.e. 

2 ap = -150 )lUO (1-e:l (1-75) 
dg2 3 aL e: 

However, he does develop some correction for this and uses Payatakes 

constricted tube model in his analysis. 

Finally a point must be made, as observed by Tardos and Pfeffer 

(157), that these equations will fail if electrostatic forces are 

introduced, unless measurements of porosity etc. are taken with 

electrostatics present. Electrostatics tend to increase porosity aad 

hence reduce pressure drop. 

1.4.4. Loaded granular beds 

Very little information is available on this. Pendse and Tien 

(119) and (120) have made an attempt with their dendritic build up 

model, being particularly interested in secondary (particle-particle) 

collection. However this still requires development. 
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1.5. Fibrous Filter Units 

The units which are of interest to this work are HEPA filters. 

Burchsted (16) gives the fairly rigid specification of these filters 

as 

(a) For 0.3 jJ."" diameter particles a minimum collection 

efficiency of 99.97~ 

(b) When new at rated airflow capacity a maximum pressure drop 

of 25 .... RI W.G. 

(c) A maximum superficial velocity of 2.5 cm/s at rated airflow 

capacity. 

Burchsted in fact points out that many so called HEPA filters do 

not acheive these requirements and quality assurance by man~facturing 

companies is not always what it should be. 

The design and use of these filters is described below. 

1.5.1. Filtration unit research and design 

Two main filter designs are currently in service although there 

are variations. Until a few years ago virtually only the American 

deep pleat filters were used having triangular channels of 30 cm long 

by 10 cm wide and 5 mm high. Filtration takes place through the 

channel base which consists of the appropriate media. The other 

surfaces are non-permeable and connnonly formed by a aluminium spacer 

corrigated to the appropriated dimensions. The total area of media 

in one unit box of dimensions 600 x 600 x 300 mm, is typically 19 m
2

• 

This contrasts to the more modern European design known as the 

minipleat filter which consists of several panels arranged in 

successive V's. Each panel contains pleats of a rectangular nature 

only 1 mm high and about 25 mm deep. All surfaces are filter media. 

The surfaces are spaced by string prebonded to the sheets of filter 

media before folding and asse~bly. These lengths of string are at 25 

mm intervals and so this becomes the channel wid th once the med ia is 



pleated. This allows about twice the area of media into the same 

volume as the deep pleat filter unit. There does however appear to be 

some discrepancies as to 

filtration and enables 

whether more media actually improves the 

the filter to achieve the same dust 

holdingcapacity. To consider this, the review will concentrate on the 

work which has been carried out both on these filters and on designs, 

theoretical and experimental, attempting to quantify the best 

filtration characteristics. 

1.5.1.1. Clean Unhs 

Gunn and Eaton (51) were interested in the effects on full size 

units and attempted: to determine:-

(a) HEPA filter structure after exposure to abnormal conditions 

(b) HEPA service life 

(c) Particle size penetration 

They concluded that separator type filters are stronger than the 

filters which have no spacers. The overall performance of filters 

appeared to be significantly improved by maximising the filter medium 

area and using smaller height separators. This tends to indica.te that 

the mini-pleat arrangement should be successful. They also found that 

the particle collection efficiency for glass fibre HEPA medium dropped 

significantly when the velocity exceeded 2.5 cm/so The most 

penetrating size at 2.5 cm/s was 0.16 fAm.. 

Work on subjecting filters to sudden flow changes has been 

carried out by Gregory (54) and (55) He examined filters under two 

types of pressure transient, Le. shock pulse or tornado transient 

(which is much more progressive). He found the former did more damage 

when using the same maximum pressure but he made some other 

interesting observations. At high flowrates it was apparent that air 

passes only through the open ends of a filter and that the mat fibres 

may even open up to allow the air through closing after the passage of 

the transient to show no damage. Consequently the efficiency of the 
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filter is greatly degraded under these conditions. Also small amounts 

of particulate matter already collected were released, though nothing 

like the amount released with a reverse flow transient. This shows 

the danger in HEPA filter units being subjected to freak pressure 

build ups such as explosion conditions. 

At standard conditions Belmont and Carpenter (9) developed a 

model for rectangular pleated filters of a HEPA nature. The model 

predicts a flow profile through the filter in two dimensions with 

analytical solutions. Figures 13 and 14 show the arrangement with the 

following equations as the solution. 

or 

v = V. 
o 1 

V. = 7 
1 9 

-3 (ZV. -1) o + 3 (ZV. -1) oZ 
2" 1 1 

+ Cl {C -
Z tan (0.9 crkl)} 

{Cl + Cz tan (0.9 crk 1 )} 

U = 0.9hcr
k
c1 [+ Cz + tan (o.9crk1») 0 

L 1 + Cz tan (O.9crk1) 

small CTk(as HEPA filters) 

u 
o 

= h 
L 

(1 + £L c 100 
(81 ~ Z -36 1 -Z9)J 

where, 

<5 

y 

1 
x -
Vo 

V. 

U, 

V 
00 

IJ 
k 

= 
= 
= 
= 
= 
= 
= 

= 
= 

y/h 

normal coordinate, h = duct half height 

x/L 
streamwise coordinate, L = duct length 

outlet duct velocity, Vo = Vo/V 
. 00 

inlet duct velocity, VL = V, /Voo 

velocity through medium, Uo = Uo/Voo 

velocity approaching filter 

permeabilty coefficient = ? K Voo L 

h I' 
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FIGURE 13: Simplified model geometry for Q pair 

of filter ducts 

FIGURE 14 : Schematic sketch of filter duct 
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Ak = permeability of filter meduim 

= 

Also, 

Cl = 

C2 = 

J.I V = ro 
.LP 

: C2 
9 

B' in Darcy's law 

L 

- 9 +t8l + 56 tan2 (0.90k )} ~ 
14 tan (0.90k ) 

From this model and profile, an estimation of the pressure drop 

using Darcy's law is given using a pressure coefficient: 

2\1 
o 

-1 Cp = LlP = 

(1-80) 

The model breaks down as 0k->O as V 0 will be 1 but the profile across 

the channel will be zero. Also for larger ok the assumption of 

parallel streamlines is invalid so the model fails. However this is 

not the case with fibrous filters and this model certainly gives a 

novel approach to deter.nining fluid flow patterns within fibrous 

filter units. 

Raber (126) attempted to optimise the number of pleats in a deep 

pleat filter with respect to pressure drop and dust capacity. Simple 

one dimensional flow distribution theory, as widely applied to inlet 

and outlet manifolds of heat exchangers, was used. The pleat was 

considered to be triangular with angles between 0-90· but of real 

interest was data for angles less than 15· as these would be typical. 

Infact with usable designs only exhibiting angles between 1.1· and 

4.4~ data for O· angle was used in analysis, hence idealising the 

situation. Figures 15 a and 15 b show the pleat arrangement and 

dimensions. He used a momentum balance to evaluate pressure loss (due 

to flow change) and flow uniformity. Friction losses were ignored but 

pressure drop due to media, inlet and outlet manifolds and dust build 
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FIGURE 15a: Design envelope 

Flow 

3-22rrrlh~ 610mm 

FIGURE 15b: Typical half-pleat analysed 

Upstream pleat 

Section of ;;-half-space 
pleated media.,-;:>_+--+-_.....-_-.-_-,-, 
(assume to 
be supPCJrtedJ 

\. Downstream pleat 
half-space 
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up were determined experimentally for different pleat angles and 

included in analysis. He found lower pleat angles gave lower pressure 

drop build up rates. 

Raber's results in optimising the number of pleats with respect 

to the various parameters are: 

(a) Considering the best arrangenent for low initial 

pressure drop gave an optimum of 17 pleats 

(b) Flow uniformity increased with the number of pleats 

(c) In terms of dust capacity an optimum of 22 pleats was found 

but in terms of specific load this varied between 18-22 p18a-;;s. 

Some experimental tests he carried out with 16 pleated arrangenents 

showed pressure drop to be under predicted from the ~bove theoretical 

analysis by 15,2'. Howe,{er, it must be noted that these results for 

Raber are unique and have not been substantiated by other work. It 

would also appear to disagree with other results in high capacity HEPA 

filtration where it is generally seen that the more filtration media 

exists the higher the dust capacity achieved upto certain, as yet 

undetermined, limits. Results (a) and (c) seem to contradict this 

su~gesting a much lower area of media for an optimum arrangement -even 

22 pleats would only be approximately 4 m2 of filter media compared 

with typically 20 m
2 

for traditional deep pleat and 35 m2 for mini 

pleat. Hence Raber's work should be treated with some scepticism as 

to its actual practical use but the approach deserves consideration. 

l,ork recently published by Burkha:rdt and Sharma (17), although largely 

. irrelevant to HEPA filters due to the high face velocities used, did 

make an interesting conclusion. Generally Reynolds numbers used in 

media calculations are based on fibre diameter in the media. However 

they found it much more meaningful to base Reynolds number on the mesh 

(or pore) size. This conclusion came after observations of the non 

uniformity of local velocities after passing through a filter due to 

the filter's inhomogenity in pore size. 
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1.5.1.2. Loaded fibrous filter units 

It is obvious that the rate of build'up in pressure drop is the 

governing factor in the lifetime of a filter unit. The critical 

pressure drop used in the majority of industrial uses of the HEPA 

filters is 125 mm water gauge, at which point the filter is replaced. 

Of particular importance to the nuclear industry is being able to 

replace filters as infrequently as possible due to a waste filter 

storage problem as discussed in 1.5.2. This, therefore, in recent 

years has lead to the study of fibrous HEPA filter units under loaded 

conditions. 

Hoppit (67) made measurements on various Vokes filters using 

carbon black as the charging dust, taken to represent particles after 

a prefilter. Before loading, D.O.P. and salt aeros.ol .tests were made on 

the filtet: and repeated, when a final pressure drop of 150 mm w.g. was 

reached. D.O.P. tests were also carried out during loading to find 

penetration variation with load. Three grades of filter media wet:e 

used with initial D.O.P. efficiencies of 977., 99.9% and 99.996%. At 

the final analysis the D.O.P. reductions in penetration were 99.5;( for 

the low grade filter, 70.9% for medium grade and 50,4' for the higher 

grade paper. However the continuous testing showed this was not a 

linear dec=ease. infact: with the two lower grades a minimum 

penetration point is observed. This is illustrated in figures 16, 17 

and 18. Neither was a consistent pattern shown by comparison with 

salt aerosol penetration tests, probably due to the different size 

distributions of the two aerosols. The pressure drop versus load 

tests showed that the pressure drop initially rose exponentially 

followed by a steady linear increase, as has been observed when 

loading individual samples of media. The results are given in figure 

19. 

This latter result does not show agreement with First or Pratt's 

results in work on pressure drop-load characteristics of the last few 

years. Both do observe a sudden exponential increase, possibly to be 

followed by a more linear increase. However this is only after a 
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period of fairly steady slow linear 

respect to load,upto about 60 - 70X 

discussed below. 

increase in pressure drop with 

of the final load. This is 

First and Rudnick (43) began a long term experimental programme 

at the end of 1977. They set out with the objective of comparing 

American deep pleat designed filters with the European Luwa mini pleat 

filter. The American filter was run at 1700 m
3
/h its rated flow, 

whereas the European filter was run at its rated flow of 3000 m3jh and 

also a downrated flow of 1700 m3/h. A rough theoretical estimate 

suggested the Luwa filter should last about three times longer than 

the deep pleat filter when run at its downrated flow - 1.8 times the 

amount of paper at SSX of the flow. Infact running the filters to 125 

mm water gauge they found only a 1.6 times improvement in lifetime of 

a down rated filter with about the same dust loading in kg/m~ The 

normally rated minipleat design lasted approximately as long as the 

deep pleat. filter. The .final specific dust loadings were: 

Deep pleat 

Mini pleat 
11 n 

at 1700 m
3
/h 

at 3000 m3jh 
11 1700 m3/h 

gave a dus t load 
tt tI • • 
11 n 11 11 

2 of 0.038 kg/m 

0.033 kg/m
2 

2 0.036 kg/m 

It can therefore be seen that the minipleat design also collected 

about 1.6 - 1. 7 times more dust. 

The pressure drop/load relationship showed that, after an initial 

linear relationship, once a certain dust mass is reached the cur-le 

becomes non linear at an almost exponential rate. This suggests that 

the filtration on the media approaches cake filtration with a great er 

than linear pressure drop rise for increasing load and also that 

there may be bridging of filter pleats reducing the area of 

filtration. They also observed that the deposit in the deep pleat was 

very even, whereas a gradient could be seen with increasing deposit 

towards the back of the triangular prism shaped entrance plenums of 

the filter minipleat. 

After these initial results First and Rudnick (44) continued 

their experiments. A more accurate quantification for expected 

improvement in filter life was developed giving the equation. 
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L = a 2 (w ~P - ~P ) 
s r r m 0 

0-81) 
w ~P - a ~P r m r 0 

where, 

L 
s 

gives the service life of an underated European design 

filter relative to the American design when at its rated flow rate. 

<Xr is ratio of fil ter paper area (Euro/Arner) 

W, is ratio rated air flow (Euro/Arner) 

b,.Pm is maximum acceptable pressure drop 

b,.P 0 is b,.P of European des ign at its rated airflow 

This equation assumes the pressure drop/load build up is linear. 

Allowing a maximum pressure drop of 125 milli~etr'~s water gauge and 

standard filters this ';quation predicts a 3.6 times longer service 

life for the downrated European filter. 

The results for First's tests between 1977 and 1980 are given in 

table 6. A typical graph for pressure drop increase with load in 

figure 20 shows that the pressure drop build up was infact more 

exponential than linear particularly towards the end of the filter 

life when very rapid pressure drop rise was seen. Using this 

performance curve instead of assuming a linear relationship an 

extension to the service life by a factor of two was predicted. This 

was closer to the experimental value determined to be 1.6. First 

believes the reason the factor of 2 was not achieved was due to dus t 

bridges forming between the pleats in the mini pleat design so 

effectively cutting off filtering area before full capacity is 

achieved. To counter this problem he suggests the use of prefilters 

to remove larger fibres and dust particles which he suspects are 

responsible for this clogging. Infact in his later paper with Price, 

First and Price (45) carrying out the same work but using prefilters 

no evidence was found to support this hypothesis • This leaves some 

doubt as to the actual cause of the bridging and loss of predicted 

service life. 
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TABLE 6: Summary of First's results 1977-1980 [ """ '" F .. ,,< <).4')} 

Airflow Initial 
HEPA {cfm) Pressure Time to Dust Weight (lb) 

Filter Rated Test Scartup Drop 3 in.w. g. Z in. J in. 4 in. 5 in. 6 in. 
Brand ~~ Rate Date (in.w.g.) ~months ) ~.1t:.. ~ 2.:...a.:. ~ ~ 

American 
Design3 1000 1090 12/29/77 1.10 9.63 1.16 1. 70 1.77 1.81 b 

Luwa 1770 1000 12/29/77 0.49 16.3 2.87 2.95 3.02 3.19 b 

Luwa 1770 1800 12/29/77 0.82 9.20 2.36 2.69 2.74 2.77 b 

American 
Designa •e 1000 1090 11/17/78 1.10 9.07 1.72 2.14 2.23 b b 

Luwac 1770 1800 11/17/78 0.92 10.6 3.63 4.03 4.25 4.33 b 

Poelman 1770 1830 1/10/79 • 0.77 7.39 2.37 3.00 3.45 3.74 3.93 

AAF 2000 2030 4/11/79 0.84 8.57 3.80 3.86 4.01 b b 

MSA 2000 1890 8/20/79 1.15 10.3 3.31 4.19 4.22 4.25 b 

a(with Luwa-type paper) 
.bnot available' 

creplicated test 

FIGURE 20: Performance curve for Luwa filter at 1000cfm 
t Fro ~ I' Lr. \. (1,.4')1 
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A graphical summary of all the tests First carried out in terms 

of life, with a summary of the local total suspended particulate 

matter at anyone time, is given· in figure 2 1. 

Pratt (124) carried out tests on full size HEPA filters using BS 

2831 No. 2. Alumina test dust and ASHRAE (carbon black) test dust for 

pressure drop against load of full and downrated flows. The results 

showed (see table 7) the downrated high capacity designs holding more 

dust due to their larger filter area. This enhancement was very 

aerosol dependant and with the finer ASHRAE test dust the increase in 

capacity at a given pressure drop is considerably less than would be 

expected by theory when used at the downrated flow. When a comparison 

was made between the deep pleat design and minLple.at design, both at 

their rated flow, there. was suprisingly little difference with the 

amount of either test dust collected inspite of the area available for 

filtration being about double. 

Figures 23 - 26 show the above results in terms of pressure drop 

with respect to load for the different filter types under the various 

filtration conditions. The characteristic exponential increase noted 

in First's work is seen although the initial proportional period found 

by First is not apparent. Study of these results leads to a 

conclusion that the aerosol type used is highly critical in its effect 

on filter performance. With the B.S. 2831 No.2. dust Pratt's 

experiments indicate that a minipleat design used at a downrated flow 

would significantly in·crease ser-lice life. 

ASHRAE dust this improvement is very marginal. 

However, with the fine 

Surprisingly with the 

minipleat designs operating at their rated flow Pratt has found only a 

very slight improvement in the total amount of dust collected over 

the deep pleat design, inspite of their greater area. Furthermore of 

the two types of minipleat filter used by Pratt the Luwa (as used by 

First) consistently gav·e a better-performance. This was not expected 

on the basis of the physical parameters of the two designs and suggests 

that design can be optimised to increase dust holding capacity. 
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Table 7: Results of dust loading vs. pressure drop tests - 1' ... 0 .... 'i'ro.U. ('24) 

Dust LoadlWf - k.l5' 

FUtcr Type Sorlltn. Vokes Lu .. Voke!il 501'11 t. ..... Lu~. Suflltru Luwa 

Flow .3/h 1700 1700 1700 1700 31100 3-\(JO 3·1 .. .1 J4u() 

Test. Oust as No. 2 SS Nu. 2 ASIIitAE ASIIRA£ us No. 2 ss No. 2 A5URAE ASllRAE 

Pressure drop 
with zero dust. 
loading lUll IIZO 11.5 23.5 12 24 .. 5 27.S 28.S 2. ,..5 

Pressure oroo ImI II~ 

25 8 0.5 .75 

SO 15 4.S 1.65 0.6 7.2 6.0 0.75 0.7 

75 20 6.5 2.2 I. I 9.6 10.2 1.2 1.3 

100 24 8.S 2.55 1.5 10.8 13.0 1.4 1.8 

125 "26.S 9.B 2.85 1.9 11.4 15.0 1.5 2.25 

ISO 27.8 11.2 S.I 2.25 11.1 16.5 1.6 2.G 

160 28.Z 11.8 S.2 Z.lS 11. !J 11.2 I.G 2.7 

2UO S.G Z.7S 
250 S.6 3.2 

SUO 4.15 l.SS 
S50 4.S S.8 
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1.5.2. Areas considered in Fibrous filter unit desi~n 

There have been virtually no analytical suggestions for filter 

unit design apart from the basic principle of trying to increase the 

amount of filter media available for filtration and even this has not 

been seriously developed from a theoretical basis. Elliot and Horsley 

(37) and G8 ) did review alternative approaches for medium and long 

term improvement of filter units in the mid 1970's but this was more a 

series of suggestions. They state an idea of increasing the flowrate 

capacity for the same service life which is the governing principle of 

the mini pleat design developed around this time. They also 

suggested, as First and Rudnick (.44), the reconsideration of the early 

practice of using pre-filters. However when tried by First and Price 

(45), as reported earlier, this did not appear to improve the 

situation. Significantly with regard to the nuclear industry they 

discuss the storage problem of used filters' and waste disposal 

difficulties. Beside's redesign of pleat arrangement to improve 

service life, so reducing filter turn over, Elliot and Horsley feel 

more emphasis is needed on containment case design. They suggest a 

case which allowed removal of the media and then reuse of the case 

after decontamination is a feasible consideration. This could reduce 

the bulk for disposal giving the possibility of crushing' down and 

baling the medium and dust alone. With media, dust and support 

arrange.'nents intrinsic in the filter only ac tually occupying 25:.' 0 f 

the filter unit volume a four fold reduction in waste volume is 

possible by this approach. It is surprising that little or no work 

appears to have been carried out on this theme. 
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1.6 Summarv and analysis of subjects for further work 

From this review it is apparent the field of fibrous filtration, 

both theoretically and experimentally, is well documented with regard 

to clean media. Similarly work on collection mechanisms involved in 

granular bed filtration has been researched in some detail. Many 

authors also give pressure drop predictions for fibrous or granular 

bed filters. 

Work on loaded filters, and their subsequent behaviour, is less 

thorough with regard to efficiency and pressure drop effects. Most 

work of this nature, with few exceptions, has concentrated on the 

field of fabric filtration or on the dendritic approach. However there 

is debate as to whether drawing parallels between fabric and fibrous 

filtration is valid and as yet the're has been no successful conclusion 

to the development of the dendritic approach. An alternative concept 

considering a filter heavily load with dust as a combination of a 

fibrous filter and a packed bed is yet to be validated and even then 

could only in principle apply to coarse dusts. 

In terms of filter design, apart from standard test procedures 

for HEPA filters, very little has been 

even commercially. The main types 

done either theoretically or 

of HEPA filter available are 

fundamentally deep pleat or a mini pleat arrangements ..mich have been 

arrived at through convenience rather than development of research 

material. Even with these two designs there has been little attempt 

to study ways to improve performance. Those that have tested these 

filters disagree to some extent over the techniques of comparison 

employed and subsequently consistent results between workers have yet 

to be achieved. 

It therefore appears that there is scope for further research 

into design of HEPA filter units and the arrangement of the media 

within these units from both theoretical and experimental aspects. If 

performance is to be improved then' it is also impo~tant to understand 

the behaviour of loaded filter media. This indicates that a parallel 

study of loaded filter media performance, so the effects of this are 

predictable to a greater extent than at present, would be benefical. 

Such information should asssist in determining possible arrangements 

of media within HEPA filters. 
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CHAPTER 2 

2. Theoretical model development 

The theoretical approach to modelling and understanding the major 

influences on dust deposition and pressure drop within HEPA filters 

had three major facets; 

(i) By using current knowledge of fibrous media and granular bed 

efficiency and pressure drop characteristics, a model predicting 

behaviour of these filters in combination is developed. 

(ii) The movement of particles in channels with filtration through a 

side wall is considered so indicating the influ~nces and effects on 

dust deposition. 

(iii) A model is developed to describe the pressure drop 

characteristics of both mini and deep pleat type filter designs 

accepting the individual media/dust pressure drop is known along with 

the dust distribution within the filter. 

2.1. The loaded fibrous media model 

The objective of this work is to predict the· aerosol collection 

efficiency and pressure drop of a fibrous filter covered with a dust 

layer. The particles of the dust layer are assumed to have a mean 

diameter at least several times greater than the filter mean pore 

size. Hence the media and dust layers are considered to give separate 

efficiency and pressure drop contributions in series. This assumption 

is validated by visual observation of typical HEPA media loaded with a 

test dust such as BS 2831 No.2. (chapters 3 and 4). The mean media 

pore size is typically 1.5 flm and so this dust is virtually all 

removed by surface sieving. 
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';'The equations throughout this analysis are selected from work of 

other authors and have been referred to in the literature review. 

Alternative models or derivations are given where considered 

appropriate. 

2.1.1. Filter media efficiency 

Two models were considered as alternative methods for deriving 

the clean media efficiency. 

(i) The fan model by 

described in Shaw's book 

Kirsch, Stechkina and Fuchs (75)(77) and 

(138)., The single fibre efficiency for the 

diffusive and interceptive mechanisms is: 

+ 2.86Kn
f 

(2+R)R(1+R) 

The interactive tenn is given as: 

n - 1. 24 Kf-~ Pe -~ R lr~ '.i 

(2-1) 

-l
J (2-2) 

(2-3) 

All nomenclature is as defined in Chapter 1 for the fan model. 

Stechkina et al (141) also suggested the following equation for 

estimating the inertial contribution to collection efficiency for low 

Stokes numbers: 



.... 1 I 
(2 -4) 

where nomenclature is as in Chapter 1. For conditions other than 

Stokes numbers> 0.2 the inertial term is neglected. 

From these separate contributions the single fibre efficiency is 

assumed to be, 

Y) = (2-5 ) 

where Of is a correction factor for non-uniformity and lies between 

1.13 and 2.25. Ideally this value should be calculated from measuring 

the pressure drop and back calculating using the theoretical pressure 

drop given in equation (2 - 24). In the absence of pressure drop data 

the value of 2 can be used as an estimate. 

The overall efficiency can then be found using 

. E = 1 - p* = 1 - exp I 
(2-6) 

were p *is the filter penetration 

(ii) As an alternative to the fan model the plain cellular model 

proposed by Stenhouse (144:\:an be used. This assumes the Kuwabara flow 

field applies throughout and gives the fOllowing: 
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-~l -1./3 
1')0 = 2.9 K Pe (2-7) 

'1 = (2k)-1 t (l+R)-l -(l+R) + 2 (l+R) tn (l+R) 2 
. 't ~ 

(2-8) 

and for A ~ 1 

(2-9) 

A <: 1 

(2-10) 

where, 

A = 0.45 + 1.4a + (1.3 + 0.5 log10a)St 

K = the hydrodynamic factor 

= -3 -1 2na a ~.02 
ii 2" 

=. -;> -1 10'" ... oi. _ cI."l. 
~? .Ol 

4 2. Lt-

In this case the single fibre efficiency is simply. 

(2.11) 
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Where E.:. is a configuration factor which is slightly larger than El'. 

The overall efficiency can then be calculated from (2 - 6). 

A correction for the adhesion effect is also facilitated. 

Stenhouse (144) redefined the single fibre efficiency as: 

(2-12) 

11 is found from'the empirical expression 
La. 

1",= .003 (f.St)-lO + .36 exp i- 1.7U
o 

(£.St)-·43j 

For most systems the adhesion factor, f, is unity. 

lies between .004 and 1. However its value 

(2-13) 

The value of rz~ 

only deviates 

significantly from unity when the Stokes number exceeds 1.0 for mos t 

systems. 

2.1.2. Granular bed efficiency 

Two alternative methods for calculating the efficiency are 

proposed. The first is a method developed by Lee and Gieske (89) 

based on the Kuwabara flow field. Expressions are as given in 

Chapter 1 for single grain efficiency contributions by diffusion, 

interception and gravity. 
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1j = 3 (i-a) 
R 

2 kg 

-lo Pe J (I-a) ---
kg 

where nomenclature is as defined in chapter 1. 

contributions can be summed for the single grain "eff,iciency 

'1= "1D ;. ~R 

and equation (2-6) is used. 

(2-14) 

(2-15) 

(2-16) 

Hence the 

(2-17) 

The second series of equations suggested for use in calculating 

granular bed efficiency are based on recommendations by several 

authors as predictions which give reasonable correlation with 

experimental data. Again details are given in the review of chapter 

1. Generally accepted for the calculatio'n of the single grain 

efficiency due to diffusion is the equation of Wilson and Geankoplis 
(167) . 

'1= o 

-1 -'2; 
4.36 (I-a) Pe 3 

(2-18) 
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Tardos et al (156) in agreement with Pfeffer (l22)use the adaptable 

equation given below to calculate single grain efficiency from 

interception 

1"'1 -3 iR= 3.37 (I-a) R St <.02 (2-19) 

(2-20) 

St ~ .02 

For collection efficiency due to gravity Tardos et al (156) also 

der ived. 

11 -1 I = St G:o.(1 + St. G-a) 

'" 
(2-21) 

Thambimuthu's (159)expression for single grain efficiency by inertia 

is preferred by Clift amongst others. 

"r[:t tSt / (St + .062 (I-a)) 33 

(2-22) 
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Once again the respective contributions are summed to give a 

single grain efficiency:. 

'1(=11 
ID 

(2-23) 

and equation (2 - 6) is used to find the overall granular bed 

efficiency. 

2.1.3. Pressure drop through the fibrous media 

Three alternatives were proposed for calculating the pressure 

drop. The first to be used in conjunction 'with the fan model, the 

second with the cellular model and the other an empirical correlation 

of Davies for comparison. 

(i) From the fan model 

toP = 16 Uo II a L (2-24) 

Kf ' d/ Ef 

where all notation is as before except 

= 0.5ina -0.52 + 0.64a 

A1 



(ii) From the cellular model 

where, 

LIP = 16UollaL 

K d 2E. 
c f c 

K = 
c 

-1 ina -3 +a 
2 4 

2 -a 
4" 

(iii) From Davies's (29 ) empirical correlation: 

LIP = 6411La 1.5Uo (1+56al . 5) 
d

fe 

Where 0.006 <a < 0.3 

(2-25) 

(2 -26) 

dfe is the effective fibre diameter and is usually greater than that 

measured by microscope. 
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2.1.4. Pressure drop through the granular bed 

Three equations were suggested for comparison. These were:the 

well known Kozeny-Cannan equation (18) i Lee et aI's (88) derivation 

for pressure drop in a Kuwabara flow field assuming low Knudsen 

numbers; the other equation was a semi-empirical correlation derived 

by Kennard and Meisen (3) based on the Ergun equation (42) as an 

alternative to the Kozeny-Cannan equation. 

(i) Kozeny-Cannan equation 

t.P = 180 J.lUO 

dg
2 

2 ex 

(ii) Lee et aI's derivation 

L 

t.P = 18exuUoL (1+4CmA/dg) 
2 ' dg (Kg + 6Cm Kg A/dg) 

where nomenclature is as defined in chapter 1. 

(iii) Kennard and Meisen's correlation 

t.P = 316 J.lUo L 

dl 
+ 

2 
1.73~ 

dg 

ex L 
--3 
(I-ex ) 

(2-27) 

(2-28) 

(2-29) 



· 2 .1. 5. Ca1cu1at ion of overall efficiency and pressure drop 

The med ia efficiency was computed for either the fan or cellular 

model. Similarly the granular bed efficiency was computed from either 

Lee and Gieske's model or the general series of equations. The 

overall efficiency of the combination was then found as 

where 

E = Eg + (l-Eg) Ef 

E overall granular bed efficiency 
g 

E f overall fibrous media efficiency 

(2-30) 

The pressure drops are assumed additive. To calculate the pressure 

drop, the equation corresponding to the model used to calculate 

efficiency was employed. Davies's empirical correlation was 

incorporated to give a comparison. Similarly for granular bed 

calculations consistency was kept by either using Lee' and Gieskes' 

equations through. out or the series of recommended equations with 

Kennard and Meisen's semi-empirical derivation. The Kozeny-Carman 

equation was used as a comparative solution. 

2.1.6. Conclusions from the models used 

The models were written into a computer programme. Results are 

in appendix 2-1. The model demonstrates' that with the parameters 

expected for a high efficiency fibrous filter with a packed bed of 

mean size similar to BS 2831 No.2. dust, then very little can be 

expected to penetrate. Even the most penetrative aerosol sizes 

between .05 and .3 jJm diameter would be effect ively removed by either 

the media or bed alone. This confirms that filtration efficiency will 

improve with load whether this be depth or surface loading. The model 

also suggests that aerosols with a high concentration of particles 
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between .05 and .5 pm diameter will be needed in filter test work if 

effective efficiency results are to be obtained. 

The calculated efficiencies are reasonably consistent as are 

computed media pressure drops. However the Kozeny-Carman equation 

predicts substantially lower granular bed pressure drops than the 

alternatives. Clearly the high voidage systems with such dust beds 

are outside the range of applicability of Kozeny-Carman equation. 

Brinkman (12) and Davies (27) made similar observations. 

2.2. Analysis of particle trajectories within a deep pleat filter 

arrangment 

2.2.1. Analysis of the concentration change in a· channel by mass 

balance 

This was an initial estimation of the change in dust 

concentration with progression along a channel. 

concentration of the dust will be reduced in two ways. 

1. Fil trat ion 

2. Sedimentation 

It assumes the 

Inertia or any other flow effects are not accounted for. The 

evaluation was made with filtration assumed to be taking place through 

one of the side walls of a rectangular channel as shown by figure 2-1. 

Taking an element t,x at the entrance of a channel of length L 

the concentration lost due to_filtration through the element is 

=. c. 
1 

t,x 
L 

where C. is the concentration into the element. 
1 
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FIGURE 2.1 Rectangular filter channel with side wall filtration 



. The reduc t ion in concent rat ion due to sedimentation is: 

C C· Distance dust settles . ~ = ~ X =. Ci Ll, \0 
Distance available for settling H 

(2-32) 

Obviously . the settling velocity of a dust particle is size 

dependent. Ac cording to Stokes law the settling velocity is: 

(2-33) 

where 

dp= particle diameter, I?p = particle density, \l = gas 

viscosity, g = gravitational constant. 

Time t can be evaluated by assuming a uniform fall off velocity 

of the gas along the channel length. Hence 

v = v. (l-x) 
l 

L 

V. =.. inlet velocity 
l 

x = distance along the channel 

Also, 

V. 
l 

= Uo L 
W 

Uo= filtration velocity 

W = channel width 

87 

(2-34) 

(2-35) 



'Considering the first element of the channel the average velocity 

can be found from 

And so 

So, 

v = V. 
av 1. 

t = llx 
V 

av 

= 2 L llx 

(1- llx) 
2L 

V. (2L-llx) 
1. 

C = 2C.U L llx 
S __ ~1.~s ____ _ 

H V. (2L-llx) 
1. 

(2-36) 

(2-37) 

(2-38) 

There will also be some interaction as some dust will be removed 

by filtration before having the opportunity to settle out' by 

sedimentation within the element. This can be expressed as 

'C = llx h b Cav 
I 

L H W 
where. 

h = 
b = 

Cav = 
= 

dust settling distance = Ust 

dust filtration distance = U t o 
average dust concentration in element llx 

C.-(C.-C) 
1. 1. 0 

2 
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So using (2-37) and transposing (2-36) 

2 (~. + C) U ~x3 
.. 1. 0 S 

= 

(2-40) 

Now for the initial element ~x 

(2-41) 

In the general case the height available for settling will be 

H = H-F s . (2 -42) 

where F is the height the dust will have settled by distance x along 

the channel and can be found from the time to this point. 

Further the average gas velocity can be generally defined as: 

v = 
av 

V. 
1 

~ 1- (2n+l) ~x 1 
2L (2-43) 

wheren is the number of elements previously considered. If the 

original concentration of the dust entering the channel is C' and 

equal elements AX are taken for the full length of the channel then 

C = 
o 

C -.-l
1-C' ~x-

i CL L. 

2 U L~x 
s 

---~------- + 
(H-F)V.(2L-(2n+l)~x) 

1 
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As expected in the absence of sedimentation this equation 

predicts a linear fall off in concentration with distance. As 

sedimentation increases the deviation from linearity increases. 

Computation shows that it becomes significant for aluminium oxide 

particles above about 5 J-lm diameter. The model is limited because of 

some of the assumptions made in its development. However the 

importance of sedimentation is clearly illustrated. With typical deep 

pleat filters the channels are separated by spacers Which approximate 

to a triangular cross-section. Therefore it is essential to interpret 

the effect of these on sedimentation and so overall filter 

performance. 

cons idered. 

Furthermore particle inertial effects were not 

Therefore the following, more rigorous, model was 

developed to calculate particle trajectories in a deep pleat channel 

and so predict the overall dust distribution within the filter. 

2.2.2. Particle trajectories in a triangular channel with side wall 

filtration 

Figure 2.2 shows the geometry considered 

dz = U @ z=o, ~ = ~ 
dz 0 --g 0 

= 
-g 7 1I

dt 
dt 

@ z = z w' y=y 
w y 

r k z 

'1.: 2. 

1 
, 

'1~' , 

-------- _GL _ z=o, y = 0 
"2...., 

J; W :> 
EIGURE 2.2 Tri llI1eular cillll1nlll gsom<!t:::r 
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The general equation (neglecting electrostatic forces) for 

particle motion is 

.mere, 

m = p 
Ug = 
Up = 

a = 

2 
mpd x = 3~~dp (Ug - Up) + ~p~ 

2 
·dt 

particle mass 

gas velocity 

3 
=~!( for 

6 P 

particle velocity 

any external acceleration 

spherical 

force 

particles 

In order to solve this to yield a particle trajectory the 

following assumpt ions are made. 

(i) Flow is assumed laminar and stokes law applies. 

This is reasonable as low Reynolds numbers exist for typical 

channel dimensions and flow rates. 

(H) Any particle hitting a surface will be. retained on the surface. 

This is also reasonable as reentrainment and bounce would not be 

anticipated under normal operating conditions. 

(Hi) Particle motion is in the linear Stokes regime. The resultant 

coordinates considered are: 

x direction = channel length 

y direct ion = channel height 

z direction = channel width 
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(iv) The y resolute of gas velocity is zero 

(v) The particle settles in the y direction at its terminal velocity. 

(vi) The z component of gas velocity is zero at the spacer surface 

from where it is taken to have a uniform acceleration to the filter 

surface. This results in a triangular profile in the y plane. This is 

clearly an over simplification. In reality an even velocity profile 

would be expected at the media sur face in order to maintain a constant 

pressure drop at all points across it. However, this would involve a 

changing velocity and acceleration profile in both y and z directions. 

To obtain an estimation of the predominant mechanisms controlling 

filtration it was not considered necessary to include this additional 

severe complication. 

(vii) The gas flux in the x direction is assumed to fall linearly 

with distance from the entrance. 

The model described progresses logically from the above 

assumptions. Resolving in the y direction and including assumption(v). 

3 lIdp 0 --'p 
6 

3 
~ 

6 
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wh ii:h can be s impli fied to: 

2 
a~ + ~ + ag = 0 (2-47) 

dt
2 

dt 

where, 

a = 

This is solved using Laplace transfonns (appendix 2.2:1) taking 

the initial conditions, as 

y (0) = ':}. 
o 

dy(o) = -ag 

dt 

The sol ution is 

y(t) = y - agt 
o 

(2-48) 

In the z direction the triangular profile of the face velocity in 

assumption 6 can be expressed as: 

U = 2 ,J2' Uoa y 
o 

H 

where Uoa = average face velocity 
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,';'The origin is at the bottom apex of the channel such that the 

centre line is at y = Hand 
"2 

U
Q 

= 2.f2 Uoa (H-y) I Y > H 

H 

/ 

y=o 
~z=o 

From Figure 2.3: 

tanG;: H = 'lYwl 

2W lZw j 

and gas velocity at any Z 

dz = Uo (\z 1 + z) 
--.-! w 

dt Iz I ,w 

Using (2-49) - (2-51) in (2.52) 

dz = k(l+~z) 
-g 
dt 

2 

(2-50) 

FIGURE 2.3 

(2-51) 

(2-52) 

(2-53) 



"wher"e 

~ = H 

K = 2 12 Uoa (H-y) 

H 

2Wy 

= 

for y <. H 
~ 

2 

H for y > H 
--"-

2W(H-y) 2 

Combining equations (2-45 and (2-53) then: 

(2 -54) 

Solution (as in appendix 2.2.1) by Laplace transforms can be reached 

using the initial conditions. 

The solution is 

z(t) = 

y (0) 

z(o) 

dz(o) 
cIo." 

-" 7l< V -Jo 0'00 

= le< 
o 

(1+ ~ z ) 
o 0 

qC; 

(\( + k <l z 
o 000 

-t/<:I. ~ + aK¥ - K)(l-e ) j 

(2-55) 



By continuity and using assumption(vii)the gas velocity resolute in 

the x direction is: 

dx = 2 Y (L-x) 
g 

dt W 

where V = K ( 1 + 't z) 

Therefore using (2-45) (2-56) becomes 

where 

a d
2

x + dx + Sx - SL = 0 

dt2 dt 

S = 2v 
W 

(2-56) 

(2-57) 

Again the solution (as in appendix 2.2.1) can be found by Laplace 

transforms from the initial conditions 

y(o) = Yo ~ Ko, '60 

z(o) = z 
0 -7"VQ 

x(o) = x 
0 

dx(o) = 2 Y (L - x ) 
o 0 

dt W 
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The solution is: 

x(t) = x 
o + 2 Y (L+et) t 

W 

-t J _-lrL--Y-X -V .. )(1-e let) 
o 0 

(2 - 58) 

Equations (2.48), (2.53) and (2.58) were solved by computer to 

yield the particle trajectories. Results are given in appendix 2.2.2. 

The model provides only an approximate representation of the flow 

field in the channels of real deep pleat filters. However, because of 

the complex interactions of the mechanisms in· the system the above 

analysis is necessary •. Although the results are approximate they 

illustrate the relative importance of the contributing factors such 

that a number of conclusions can be drawn, 

(i) Particle inertia has a negligible effect for aluminium oxide 

particles less than about 25 pm diameter. 

(ii) Sedimentation effects are apparent for aluminium oxide particles 

greater than about 5 }lm diameter. 

(iii) The spacers provide an additional surface for dust collection by 

sedimentation. This effect diminishes with distance from the 

entrance. As the particles travel along the channel they move towards 

the filter face increasing the height through which they must settle. 

(iv) The increase in the number of spacers by reduction of channel 

height would increase this sedimentation surface such that a higher 

proportion of particles would settle out. However there would be a 

consequential increase in the pressure drop. Mechanical constraints 

in construction and loss of area where spacers touch the media are 

important. 
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(v)"' The density of dust deposition on the filter face will decrease 

with distance due to sedimentation losses in the vertical plane. The 

deposition will be lowest on the top face of the media furthest from 

the entrance. 

(vi) The major influence on filtration is the air velocity 

distribution. Sedimentation and inertial effects are minor compared 

with this and are indeed insignificant below the stated limits. 

(vii) The model is limited by the use of the assumed simple velocity 

profile. It nevertheless provides an 
in 

and inertia mechanismskthe sedimentation 

estimate of the limits of the 

channel. 

(viii) The model is only applicable to a clean filter. Once deposits 

accumulate the air distribution will change to maintain an even 

resistance throughout the filter. This transient behaviour is not 

accounted for. 

2.3. Theoretical analysis of pressure drop characteristics of a panel 

filter 

The pressure drop resulting from the air flow through a panel 

filter can be considered to be due to the following factors:-

1. The media and dust collected on that media. This can be 

evaluated from empirical equations derived from experimental work. 

2. Th~ preisure drop due to air passing along a filter channel. 

With coarse dust (such as"B.S. No.2.) being collected there will be a 

gradual restriction of available channel space as the dust layer 

grows. Hence- the pressure drop will vary with load and this has to be 

accounted for. 

3. The permanent head loss due to air accelerating into the channel 

entrance. 

4. The permanent head loss due to the inlet and outlet effects of 

the filter casing. This is independent of the media arrangement. 
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'The contribution to the total pressure drop under heading 1 is 

dealt with in chapter 3 and that under heading 4 is not relevant to 

the present argument. The contributions under headings 2 and 3 are 

dealt with below. 

2.3.1. Flow through a channel between pleats 

In the fOllowing analysis the air flow is considered to be 

between two parallel filtering surfaces ""ich then form a channel. 

a) a mass balance is used to establish an expression for the average 

velocity in the channel, Le. as a function of the distance from the 

entrance. For two infinitely wide parallel plates of total length L 

from the entrance, a differential mass balance yields 

where 

A.dV = - Uos dx 

A> = cross sec t iona1 

LI" = face velocity 

s = perimeter 

On integration this 

v = Uos (L-x) 
A x 

length 

gives 

area 

(2-59) 

b) The channel pressure drop for the above system is now calculated. 

Since the channel Reyno1ds number is in range 0 - 200 for a 

conventional type of deep pleat filter operated under normal 

conditions it is considered that it is most appropriate to apply viscous 

,flow theory to the.prob1em. _ The_equation of creeping motion, 

2 + "))17 V = 0 (2-60) 

99 



reduc.es to, 

a2v = 1 ap 

al ).1 ox 

for steady flow between two infinite parallel plates integration 

yields 

v = 1 
2).1 

Applying. appropriat~ 

+ C 
2 

boundary conditions at the centre 

and at the wall (V = 0), this reduces to 

av=Q 
ay 

v = 

y = distance from centre 

o = half the plate separation 

By integrat ing the flow between the plates, the average velocity, V 
is found to be 

(2-61) 

Comparing- equation (2-59) and (2-61) the pressure drop across a 

differential element is 
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dP = (x-L) dx (2-62) 

Integrating across the length of the channel and expressing the 

channel width (Le. wall separation) as w (''I = 2:; ) then the pressure 

drop is given by 

loP = 12 "UoL 
3 

w 

c) Channel pressure drop in a loading filter. 

(2-63) 

Equation (2-63) gives the pressure drop for a channel width w. 

However in a loading filter VI is a variable as the dust layer 

thickness increases. By allowing a dust layer height Cl"H on each 

filtering wall, equation (2-63) is corrected for 'a loading channel to 

give: 

loP = 2 
12uUoL 

(w - ja
H

)3 (2-64) 

where j is the number of filtering surfaces involved in restricting 

the channel width. The dust layer height O"H is obviously a function 

of the amount loaded and dust packing. 

The filter arrangement involves both upstream and downstream 

channels. As loading proceeds the overall channel pressure drop will 

depend on the interaction between the separate upstream and downstream 

1 ()1 



. con·tributions. This interactive 

depending on the past history of the 

relationship will be complex 

loading and the effect of the 

media and collected dust resistance. Obviously as the load increases 

the upstream channel becomes more resistant to flow along its length 

and so the gas will show a preference for filtering to the clean side 

towards the channel entrance. This 

counteractive effects by increasing both 

will, however, have two 

dust load and velocity which 

detennine the contribution to pressure drop by the media and dust. 

Hence it would be expected that the gas flow will revert to filtering 

further down the channel where the overall resistance is lower. This 

is clearly a complicated progressive filtration model. 

However, the experiments of chapter 4.1 show that the dust 

deposition is relatively unifonn throughout the channel length except 

at the very beginning of the upstream channel. Furthermore, in 

numerical tenns the clean channel pressure drop for practical filter 

designs ·is insignificant in comparison to the media resistance. 

Therefore for calculation purposes it is postulated that a sensible 

approximation is obtained by taking the dust layer height to be 

unifonn thro·ughout the channel and calculating the dOOlinant upstream 

channel pressure drop on the basis of average flow through the 

channel. A small correction for the influence of the downstream 

channel under average flow conditions can then be included. This 

simplified analys is gives realistic predictions of the overall channel 

pressure drop for practical designs of filter systems. 

d) Defining channel width in terms of fixed parameters. It is 

necessary, for purposes of optimisation, to be able to define 

variables such as the channel width in terms of more obviously fixed 

parameters - although in optimisation these may themselves be allowed 

to vary. The channel width is certainly dependent on the amount of 

. ··filter media within a filter unit. The area of filter medium in a 

concertina shaped section is: 

A = H (2BL + CB) 

C 

10~ 

(2-65) 



where L : depth of channel (thickness of concertina section) 

B = width of section 

H = length of concertina section 

This leads to a solution for the channel pitch as: 

C = 2BHL 

(A - HB) (2-66) 

The face area of a concertina section is 

(2-67) 

Allowirig the media thickness in the filter to be m,then the pleat 

pitch size can be defined as: 

(2-68) 

and hence using (2-67) and (2-68) in (2-66) the channel width is: 

(2-69) 
W = AfL - M.r 

(A=-A
f
) 

It is now a relatively straight forward exercise to calculate the 

channel pressure drop in a filter at a given load. 

e) Calculation of channel pressure drop in a deep-pleat filter. 

Within a deep-pleat arrangement the length of a channel is equivalent 

to the depth of the filter unit i.e. L = D. Af is the face area of 

the panel (BH) as below: 
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FIGURE 2.4a Sketch of deep pleat filter arrangement 

Using (2-64) and (2-69): 

hP = 
'f AfD - M.r - j"H J 3 

A -A
f 

(2-70) 

where j = 2 for this derivation which has assumed filtration through 

both parallel surfaces. It can be seen that the pres~ure drop is 

defined in terms of basic filter unit dimp.nsions, constants (media 

thickness and air viscosity), the area of media packed into the filter 

unit, air velocity through the media and dust layer thickness. For 

the purpose of internal layout optimisation on standard units, these 

last three would be the expected variables. DU,st layer thickness can 

be determined by considering the weight of dust, area it covers and 

bulk density. Due to, the presence of spacers giving a triangular 

cross-section to the filter channels, a correction is necessary when 

calculating the dust layer height. Thus for a deep pleat filter: 

where, 

A = 

" = s 

~b = 
h = 

= h 
2w 

"swl"?b 

specific load 

bulk density 

channel height 

(2-71) 

= 2w/tan8 
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where {} is the angle between the media and spacer in radians. 

In calculating the specific load it is important to introduce a 

correction for the area lost due to contact between the media and 

spacers. This is found from first calculating the number of channels 

and pleats. 

Nchannels 

Npleats = 
Int ~H/(2mT+h)r 
Int [B/(m T + w) J (2-72) 

Hence the area available for filtration after, accounting for 

spacer/media contacts is: 

Aavail = (2-73) 

assuming the spacer/media contact width is the same as the media 

thickness. 

The face velocity is then corrected to: 

A x U 'f" d Aavail ospeC1 1e (2-74) 

However for the purposes of calculating the channel width C the 

total media area, A, must still be used. 

f. Calculation of channel pressure drop in a mini pleat filter 

--,!L!-
: :. 

AIR !LOW 

1 -T 
0 

1 
S' 

2.4b ... 1 -2<:,-
• B • 

Sketch of mini pleat filter arrangement - plan view, n = 7 
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Panels (or concertina sections) of thickness;(Le. the channel 

length) are arranged in 'V's covering the full' depth of the filter 

unit. Assuming there are n filter panels within the filter units it 

is possible to define Af and L as follows - other variables and 

constants can be treated as before. Allowing the separation distance 

between two panels to be equivalent to 2Zs ,as in the sketch above, 

then L is given by:-

L=B -nZ 
s 

n (2-75) 

The panel length will have also changed. This can be redefined as B' 

and be derived from considering a right angle triangle. 

B JD2 
1 = 

Therefore: 

= 

+ Z 2 
s 

(2-76) 

For the minipleat design the calculation of dust layer thickness 

is simplified due to the rectangular shaped channels. Hence: 

= 
(2-77) 
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The area available for filtration is governed by the area 

occupied by the stitching se'8rns. The' number of seams is found by: 

where, 

N = (D2 + Z 2) \ 
seams s 

h + t 
s 

h is the channel width 

ts is the seam thickness 

From this the area is found as: 

Aavail = A (1 - N t (D2 + Z 2) -~) 
s s s (2-78) 

To simplify the programming aspects in calculating the channel 

pressure drop, the available channel height for air to pass through is 

determined. Note due to the different orientation of the mini pleat 

filter this channel height is equivalent to the channel width, w_, 
quoted for the deep pleat arrangement. Initially the total free 

height unoccupied by media is found as: 

Hf = Af (B - nZs ) - AMT 

n (B - nZ ) (D2 + Z 2) \ 
s s 

By calculating the occupied height from this the number of 

channels are found and the initial channel height simply given as; 

(2-79) 
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The pressure drop due to the channel is now calculated. 

2.3.2. Pressure drop contributed from air accelerating into the 

channels 

This is an irrecoverable head loss due to the energy dissipated 

when air accelerates from the main volume into the individual 

channels. This is expressed as a pressure loss. 

where, 

2 

v.= channel entrance velocity 
1 

= Q 

(::l = air density 

O"H - -) 
W 

FI= a loss factor, typically 0.4 
Q = flowrate 

Therefore, 

= 0.4 
A 2 

f (~ -

2.3.3. Total pressure drop 

(2-80) 

(2-81) 

As previously stated this is defined as the Sum of the individual 

pressure drops. 
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= (2 -82) 

where 

tlPch channel pressure drop - section 2.3.1-
tlP

J entrance loss - section 2.3.2. 

tlPmd media and dust pressure drop 

with increasing load - section 3.4. 

Figure 2.4 shows the results of initial calculations made with 

this theory using a deep pleat filter but without the discussed 

correct ions for area and dust layer height. Loading .. was assumed to be 

with BS 2831 No.2. dust. Different areas of media and gas flowrates 

were used in calculating the load at 100 mm water gauge. The 

expression load ratio is used so that data can be eas ily compared to 

that of the standard filter design with 20 m2 of media and 1700 m3/hr. 

rated flow. This is a load ratio of 1. The dotted line is where 

experimental data has been extrapolated beyond the.measured range 

quotedin section 3.4. 

This graph indicates that there is an optimum area of media for 

the standard type of design. However further interpretation is not 

justified without experimental validation. This leads to the 

experimental programme of 4.2 in which the pressure drop 

characteristics of deep pleat and mini pleat filters were measured. 

Figures A2.3 - 1 to 6 in appendix 2.3 show the comparison of the above 

theoretical model with experiment. The corrections to area and dust 

layer height were included in these computations. Figures 2.5 and 2.6 

give a summary of this for an assumed bulk density of 700 kg/m3 as 

suggested by the measurements of bulk density of dust collected in a 

deep pleat filter (section 3.5). Equations for the pressure drop 

characteristics of BS 2831 No.2 dust were used in the computations but 

alternative equations for other dust could be used if their pressure 

drop response to load was known. 
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F1G:2 ·4c : Variation of load of 8.S. NO.2 with area 
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The deep pleat arrangement gives reasonable agreement considering 

the number of assumptions made. However the minipleat response is 

unsatisfactory suggesting further influences are present. Using 

experimental evidence from section 4.2. the theory has been developed 

for both filter design. to account for observed effects. 

2.4. Modifications to deep-pleat theory 

The result s of experiments from 4.2 lead to the following 

improvements in the theory described in section 2.3. 

(1) Considering the flow through a triangular channel rather than the 

parallel plate situation previously used. 

(2) Considering the ,entrance effect on particle trajectories and 

subsequent dust deposition on the filter face and within the entrance. 

2.4.1. Flow through a triangular channel 

Rappel and Brenner ( 61) derived an equation for flow through a 

triangular cross-section using a similar approach to that in 2.3. The 

solution is for an equalateral triangle of side length b and involves 

the summation of a complex series. Manipulating the result, as in 

2.3, to yield an equation assuming side wall filtration at a mean face 

velocity V, gives: 

liP = 320\1UoL2 

f3' b
3 (2-83) 

However in a real situation the cross-section of the channel will 

usually be non-equalateral, although always an isoceles triangle. In 

practice this triangle is sufficiently close to equalateral for the 

equivalent area dimensions to be used. Therefore b is estimated from: 
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(2-84) 

The channel width and height will vary with the dust layer 

thickness. Equation 2.72 gives the dust layer height for channel 

width ~ (i.e. pleat spacing) and height h (i.e. pitch of spacer 

folds). Hence channel width at any instant is: 

I 
W = 

where erH is the dust layer thickness. 

(2-85) 

As the angle of the spacer to media, (1, is known-, ehannel height any 

any instant is: 

hi = 2w J /tan6 (2-86) 

assuming the dust layer is flat. 

Using (2-86) in (2-84) gives 

(2 -87) 

~he 
Substituting into (2-83) gives{general equation 

I1P = 320 11 Uo L2 

(2-88) 
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2.4.2. Particle trajectories and conseauential dust deposition at the 

channel entrance 

In this section inertial migration of particles close to the 

front folds of the media is considered. Firstly the flow field is 

evaluated. 

For a deep pleat filter the approach velocity, VL , is typically 

1.4 m/so The following sketch shows how the folds of media of the 

filter face are considered to be porous cylinders of radius re The 

spacing from centre to centre is taken as 4r. and with infinitely thin 

media this will give a channel width of 21"0 

~. 
L 

( -j-

In a typical deep pleat filter design the cylinder Reynolds number is 

about 450. Hence a potential flow field analysis is applicable. 

The flow has two major el~ents to be considered: 

a) Flow normal to the cylinder surface 

b) Flow round the cylinders 

a) Flow normal to a porous cvlinder surface 
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Consider a line source at the centre of the cylinder. This will 

result in a radially inward velocity, Ut" , which has the value of u., 
the filter face velocity, at the cylinder surface. So, 

U = U r 
r 0 0 

r 

In Cartesian coordinates this gives 

= U x 
r 

r 

r 

= U r x 
o 0 ---

= U r y o 0 

2 
r 

b) Flow round the cylinder 

(2-89) 

(2-90) 

This can be described by the two resolute., Bird, Stewart and 

Lightfoot (10 ) 

U = V' 
c 

2 
(1 + r 

o 

r2 
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where 

v = Vi (-2r 2xy) 
c __ ~o,-_ 

4 
r 

Vi = v. -"U 
1 "2 0 

(2-92) 

The term Vi therefore accounts for the flow into the cylinder. If 

the cyl inder was non-porous then V' 

spacing of the cylinders has been assumed 

the spacing was nr then the" term would 

= V. Note the centre 

o 2 

1 

at 4r as stated before. If 
o 

become 2" 
n 

Hence the overall flow field can be defined as 

where, 

Vi 

U r x + V' 
2 

(1+r 
2 2 

- 2x r ) 
o o 0 

2 
r 

= U r y 
o 0 

= V.-1TU 
1 "2 0 

-----2 
r 

o 
-2-
r 

- Vi (2r 2XY ) 
o 

4 

4 
r (2-93) 

(2 -94) 

Now in the non linear regime (where Stokes Law is no longer 

applicable) the trajectory equations are 
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where 

Now, 

M dU = 3~~dpff (V
x 

- U ) 
p~ x 

dt 

M dU = 3~~dpff (V - U ) 
P dt;""Y Y Y 

Ux'Uy = particle velocity resolutes 

V ,v = gas velocity re solutes x y 

M 
P 

ff= friction factor 

dp ~ p 

= 

(2 -95) 

(2-96) 

(2 -97) 

where Co is the drag coefficient which is a function of the particle 

Reynolds number based on the resultant velocity:-

(2 -98) 

CD is evaluated using Kurten et al's ( 80 ) empirical equations 

which give a maximum error of ± 4%. 

Re <0.1 
p 

CD = 24 
Re 

p 
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0.1 < Re < 4000 
P 

CD = 24 + 6 + 0.28 

Re Re 0.5 (2-100) 
p p 

where, 

Re = ~.I\ell dp 
p 

\l 

Now equations(2-9S) and (2-96) can be integrated once with respect to 

time to give 

-u 
x 

= V 
x 

o 
- (V, 

x 
o 

(2-101) 

Uy = Vy - (Vy - Uy) exp { - 1: t,t 1 
o 0 0 l. j 

(2-102) 

Ux, .Uy are particle velocities to be calculated atanew 

position 

UXo ' UYo 

VXo ' VYo 

are present particle velocities 

are gas velocities calculated from flow field equations 

with present position coordinates x
o ' Yo 

Particle trajectories were calculated from the above equations 

using finite difference analysis and results are presented in appendix 

2.4.1. These clearly demonstrate that some dust will be collected on 

the front folds of media which agrees with experimental observation. 
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Furthermore many dust particles will be deflected such that a 

concentration profile of dust will exist at the channel inlet. This 

profile shows a high concentration of dust close to the filter surface 

and consequently it is anticipated more dust will deposit towards the 

beginning of the channel again as observed in practice. There will be 

some compensatory effect as the build up of dust towards the entrance 

will create a higher resistance for gas flow through the dust/media 

layer. Hence a higher proportion of the gas flow, with the suspended 

particles, will tend to filter further along the channel. It can also 

be seen from the results that the particle size effect is important. 

This, together with the continuous change of r" as the dust layer 

height grows, further complicates the prediction of the overall dus t 

deposition within the channel due to entrance effects. 

The entrance effect will also be interactive with the complex 

flow variations due to pressure drop differences in a- loading upstream 

channel ccimpared with i'ts corresponding clean downstream channel. 

This was discussed in 2.3.1 (c). Then a simple approximation was 

postulated and a similar approach would appear justifiable to account 

for the above. 

It is postulated that the channel is divided into three equal 

sections. The first of these is taken as the initial third of the 

complete channel, the second is the centre section and the third the 

end of the channel. Using experimental data obtained in section 4.2 

the average proportion of the total amount of dust depositing in each 

section was calculated. The flowrate through the media of each 

section is then found by successive iteration. This is based on the 

pressure drop through each section being equal and the sum of "the 

individual flowrates through the media being equal to the overall 

flow. The media/dust contribution to pressure drop is based on the 

velocity through the particular section of media whereas the channel 

contribution is taken to be based on the total flow through the 

section. This is the overall flowrate from the inlet to outlet of the 

channel. It is assumed that the dust layer is evenly deposited over 

the area of the particular section being considered. Hence the 

o-~erall pressure drop (i.e. any section pressure drop) is evaluated 

for a three stage non-uniform dust deposition within a channel. 
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2.4.3. Conclusion from deep-pleat theorv model incorporating 

modifications 

The results shown in appendix 
and figure 2.1 

2.4.2f\account for the described 

effects. The results can be seen to be in close agreement with 

experimental results for B.S. 2831 No.2. dust. The error present is 

easily accounted for by experimental error in flowrate measurement of 

~ 5%. All curves fall into this error band. 

It is concluded that the theoretical model gives good predictions 

of deep pleat filter pressure drop behaviour. Unfortunately there is 

a dependence on empirical equations when considering the dust/media 

pressure drop, dust bulk density and dust deposition distribution. 

Chapter 5 includes suggestions for further work to eliminate this 

empiricism using theoretical approaches. 

2.5. Modifications to the mini pleat filter theory 

Experimental results showed that the theory developed to model 

dust deposition in a mini pleat filter arrangement required further 

additions or corrections. The improvements considered are discussed in 

this section. 

2.5.1. Flow throu~h a rectangular channel 

The derivation of equation 2 - 64 was based on flow between 

infinitely wide parallel plates. Mini pleat channels are actually 

rectangular. Flow for rectangular channel is described by Rappel & 

Brenner ( 61 ) as: 
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FIGURE2·7 :Comparing .theory and experiment for a 
deep plecit filter with 8S2831 No.2 dust 
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00 

Q = - 'MP '\ -,,::-=1=--:- 5 X 
!TSjJL ~1 (2n-1) (2-103) 

where Q = U wL 
0 

U = face velocity, 
0 

h = channel width 

w = channel spacing" 

L = channel length 

This" equation is now incorporated to describe the pressure drop due to 

flow through the channel. The summation is made for the first five 

terms, beyond which errors are negligible. 

2.5.2. Deposition on the filter face 

With the mini pleat design a significant area for filtration is 

actually on the filter face. Furthermore considering the entrance 

effects described in 2.4:2, it follows that a dust deposit would be 

expected on the filter face. This is observed in practice, 4.2· It 

would also be expected that as the channel clogs across its width,dust 

will build up on the front face by depositing on the dust blocking the 

channel due to both filtration and impaction. 

In attempting to model this deposition it was simply assumed that 

the quantity of dust depositing on the dust face would be sufficient 

to maintain an equal pressure drop with that of the main filtration 

within the channel. The area this dust was 

considered to increase in proportion to the dust 

depositing over was 

layer build up within 

the channel. Hence when the channel is blocked filtration is still 

occuring through the filter face. 
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2.5.3. The development and effect of holes within the deposited dust 

It was clearly observed in the experiments of 4.2, that holes 

formed within the channel where no dust deposited. For the purposes 

of including this effect within the context of the developed theory 

the model is adapted to include a permanent clear hole inside the 

channel. 

The gas is considered to take three routes through the filter as 

shown in the sketch. These comprise of: 

i) Filtration through the end folds of the pleats. 

ii) Passage through the rectangular channel which progressively fills 

wi th dust. 

iii) Passage through a central hole which remains clean. 

The pressure drop through each passage is the same and as the 

filter becomes loaded the flow through each will alter. If in general, 

then 

llP = Q 

f 
j=i 

~ 
Fj (Qj) 

I 
Q = Lqj 

~dust layer 

iiS~ 
media plant 

iii 

(2-104) 

Fi(Qi) is the empirical expression for the pressure drop through 

loaded media as described in 2.5.2. Fii(Qii) is as given in 2.5.1 

for a loaded porous rectangular channel.F iii (QiiO:s for a clean square 

rectangular channel also under 2.5.1. Equation 2-104 was solved by 

successive approximation. 

It is feasible that inertial classification and hence dust 

removal occurs as the dust laden gas enters the observed holes. The 
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co;;cJpt is supported by the observation of "Beehive" shaped deposits 

round the edges of the holes. The object of this section is to 

explore the phenomenon theoretically. particle trajectories are 

computed for a simple flow field representing that upstream of the 

hole entrance. 

The potential field,generated by considering a point source in a 

planar transverse flow, is used. The velocity re solutes along the 
of 

centre line of the hole in the direction~flow are:-

where r = 
V = r 
Vt = 

v = V +Vx 
X t r

r 

V = V Y Y r 
r 

radial distance 

radial velocity 

from 

into 

point 

point 

transverse flow velocity 

source 

source 

(2-105) 

(2-106) 

Taking into account a flow balance and the physical dimensions of 

a mini pleat arrangement as shown in the sketch, 

, 
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then, 

where 

v = 2LhU i n + x 0 _ c. si 

v = 2LhU Y 
Y 0 

3 
21lr 

C = the channel pitch 

_x_1 
21lr3 J 

(2-107) 

(2-108) 

The trajectories in this field were computed using the techniques 

described in 2.4.2 above. Applying typical dimensions and operational 

conditions, deposition on the surface due to inertial classification is 

predicted. Some results, shown in tenus of trajectory start and end 

points for different sizes, are shown in appendix 2.5.1. The 

trajectories shown in figure A2.5-1 illustrate the mechanism more 

graphically and confinu the mechanism of "beehive" fonuation. 

Individual "beehives" were removed and analyzed by Coulter 

Counter. The results shown in appendix 4.2.2 clearly show this to be 

coarser than the dust collected within the channels. This gives 

further confinuation of the mechanism. 

125 

I 



2;5.4·. The channel expansion effect 

It was observed that during use the upstream channel expanded. 

This was measured experimentally for a fully loaded filter as about 

207.. The measurement procedure is given in appendix 4.2.2. However 

an exact value of the expansion is difficult to determine as it will 

vary with load and flowrate. Unfortunately the expansion When air is 

flowing through the filter cannot be quantified by the present 

experimental technique. Therefore, although it is expected that this 

will enhance the expansion effect, no real value can be given. It 

would be realistic to expect that this expansion is achieved gradually 

as the dust load,and consequently pressure drop, increases. However, 

the effect is most important as clogging approaches the point Where 

the channel pressure drop becomes most significant. This is inversely 

proportional to the cube of the channel separation so a similar cubic 

relationship was assumed for channel expansion: 

W = (2-109) 

where, W = the channel spacing of the media 

"H = the dust layer thickness 

W 
0 = W @ " = 0 H 

By accounting for the dust layer thickness and allowing\Je to be 

the final channel expansion as a fraction of the original channel 

separation, then the spacing for flow at any instant is: 

8We 
(2-110) 



This expression is used in the -final model to calculate the 

channel pressure drop. A further 50% increase in expansion was 

allowed over the experimental value in the general calculations. This 

was to allow for the extra expansion anticipated when air is flowing 

through the filter. When the effect of varying the channel expansion 

between 20 - 40% is examined (as illustrated in appendix 2.5.2) it is 

seen to have only a minor influence on the overall pressure drop-load 

response. Hence the figure used for the expansion is considered within 

acceptable limits. 

2.5.5. The bulk density effect 

The bulk density within a mini pleat arrangement could not be 

measured experimentally. An estimate, given in appendix 4.2.2, shows 

a figure of about 800 kg/m3 but an error of upto 25% could exist in 

this val ue. 

The bulk density will probably vary with load and also the high 

local velocities created within the channel causing the hole formation 

and inertial classification. The effect of variations of the bulk 

density, ~b' on the overall computed pressure drop is shown as most 

significant in appendix 2.5.2. It is reasonable that the bed 

compact ion should increase with pressure drop during loading. This is 

easily illustrated by computation. 

The model was adapted to allow variation of the bUlk density 

linearly from an initial to a final value such that: 

(2-111) 
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This is an entirely speculative equation but the term 

reflects the effect of pressure drop without introducing the need for 

a further interactive calculation for such a basic approximation. 

Results were calculated assuming values in the range below: 

Face velocity (cm/s) 
U. 

1.25 

2.5 

4.0 

Bulk Density (kg/m3) 

Initial (1(0) 

700 

700 

850 

900 

1000 

1000 

These figures gave acceptable responses for the pressure 

drop-load characteristics suggesting that the basic approach is 

suitable. However, further understanding of the evaluation of the 

bulk density variation is desirable in future studies to remove this 

approximation. 

2.5.6. Conclusions from the mini-pleat theory model incorporating the 

modifications 

Appendix 2.5.2 shows the results of the complete programme 

containing the modifications. Figure 2.8 shows the much closer match 

between theory and experiment than previously obtained. The channel 

pressure drop is still extremely influential in the final analysis 

causing a slight but now acceptable under-prediction of the dust 

holding capacity of the filter. This could be reduced by increasing 

the bulk density effect but this was felt unacceptable without 

experimental evidence. Other empirical approximations, particularly 

that of the holes formed in the channel and the expansion effect, also 

justify further. investigation. Furthermore it is suspected a swirling 

effect exists within the channels such that dust is deposited due to 

centrifugal motion as well as filtration. However absolute 

confirmation of this has not yet been achieved. 
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Cons ideration of the above effects may lead to further 

improvement in the theoretical prediction. This is discussed in 

chapter S. 
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CHAPTER 3 

3. Experimental testin~ of fibrous filter media 

The objective was to measure the aerosol penetration and pressure 

drop characteristics of both clean filter media and media loaded with 

dust. The experimental apparatus, procedure, test programme and 

results are described in this chapter. 

3.1. Apparatus and experimental procedure 

The rig was designed and constructed as shown in Figure 3".1. It 

was necessary for the design to comply with following requirements: 

(i) In order to measure filter efficiency a fine aerosol capable of 

penetrating the media is necessary. 

(ii) To determine pressure drop a fine, but concentrated, dust 

dispersion is needed to load the media. 

Figures 3.2. - 3.4. detail the design of the dispersion section, 

filtration section and radioactive source container. The source 

(Krypton 85 ~) was used to eliminate any electrostatics which may be 

present. A photograph of the completed rig is shown as figure 3.5. 

The design meets both the specified requirements. The appropriate 

operation of the rig for measurement of filter efficiency or pressure 

drop characteristics is described below. 

3.1.1. Efficiency testin~ of fibrous media 

To measure penetration through the media a suitable aerosol has 

to be generated. The design, as shown by figure 3.1, allows for a 

polydisperse salt aerosol to be generated using a Collision generator, 

as spec ified by as 3928, operat ing on 4.4 bar compressed air. 

Alternatively a monosized aerosol of latex particles can be produced 

using a Wright nebulLser operating on 2 bar compressed air. In each 
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case a fine spray is produced and the superflurous water evaporated in 

the air stream. Conditions were maintained such that following 

complete evaporation, the relative humidity of the suspending air did 

not exceed 50-". Two residence time vessels, arranged in series to 

avoid bypassing, are included to provide a time for water evaporation 

which is well in excess of that specified by BS 3928. These vessels 

also have a flow stablising effect and hence the aerosol which is 

drawn off can be expected to be consistent. 

The concentration of aerosol may be varied by the addition of 

dilution air before the residence time vessels. With the Collision 

generator this air is also used for the primary drying tube. The air 

is dried and fil tered before contacting the aerosol in order not to 

contaminate, or effect the drying time, of the aerosol. 

The amount of aerosol required for filtration is drawn by vacuum 

pump into the stainless steel pipe. The excess passes to atmosphere 

via a three way valve and exhaust hood which covers all the apparatus. 

The aerosol enters the 1200 mm internal diameter stainless steel pipe 

via a manifold designed to give an even air distribution, figure 3.2. 

The pipe was drawn for smooth walls and is about one meter long to 

ensure good radial mixing of particulates before the filter. The 

particulates in the air stream are exposed to an earthed Krypton 85 p 
source of ionising radia~ion immediately upstream of the filter, 

figure 3.4. This should effectively neutralise the aerosol. 

Sharp smooth sampling probes are located centrally upstream and 

downstream of the test filter. Samples of aerosol can be taken 

directly to either a ROYco 225/512 size analyser or a TSl 3030 

electrostatic mobility analyser. Alternatively the sample may pass 

through the dilution system which enables high concentrations of 

aerosol to be measured. Dilutions of up to 500:1 are possible and 

tests showed losses within the system were negl igible for particles 

less than 3 ~~ • This is greater than the largest particle size 

produced by either generator. The Royco 225/512 sizes and counts 

particles greater than 0.3)Am while the TSl 3030 is used to measure 

the concentration of particles in size ranges between 0.01 JAr., and 1.0 

~~. The operation of this equipment is described in section 1.1.4. 
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The Royco was fitted with a new photomultiplier tube. A 

calibration was then carried out us ing monos i zed Dow 1 at ex spite re s. 

This tube gave a very low background voltage enabling the calibration 

to go down to spheres of 0.235 pM diameter. The output voltage of the 

Royco was measured for each separate size of particle tested and 

recorded on a storage oscilloscope. The resultant calibration curve 

is shown as figure 3.6. This curve illustrates the expected inflexion 

for particles sized between 0.55 }J'" and 1.1 f'M. diameter. This 

restricts the size ranges available for analysis. 

After removal of a sample the remaining aerosol in the stainless 

steel pipe is drawn into the filtration section. Here it passes 

through a circular disc of filter media of which an area of 36.3 cm2 

is exposed to the flow. The disc is fixed to a Millipore support 

plate and clamped and sealed into' place as shown by figure 3.3. A 

mixing baffle is positioned downstream of the filter. This allows a 

representative sample of the filtered aerosol to be taken for 

analysis. Penetration as a function of particle size is determined by 

comparing before and after filtration samples. 

The remaining gas flow passes through a rotameter enabl ing the 

face velocity to be determined by back calculation. The aerosol is 

,dispersed into the atmosphere via the vacuum pump and exhaust hood. 

3.1.2. Determinins pressure drop characteristics of loaded media 

A scaled down version of the BS 1701 dust dispersion unit was 

fitted into the top of the stainless steel pipe (Figure 3.2). Any 

excess air requirements,needed to produce the correct filter face 

velocity, could be provided by drawing air into the pipe via the 

manifold. Similarly the manifold acts as an escape for excess dusty 

air when operating under low flowrate conditions such that the air 

volume required, to generate the dust dispersion is greater than that 

used in the filtering. This excess dusty air passes to the exhaust 

hood via the three way valve. The main flow is filtered after 

exposure to the ionising radiation to remove electrostatic effects. 

Tests showed a good dispersion on the filter indicating sufficient 

radial mixing in the pipe length available. 
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FIGURE 3·6: Calibration curve for Royco analyser 225 
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Small amounts of a dust were incrementally loaded onto the filter 

at a chosen face velocity. After each load the filter was removed, 

weighed and, with the filter back in position, the pressure drop 

measured for the velocity under examination. 

It is possible to monitor efficiency changes with increasing 

load. The design further permits the loading of salt aerosol onto the 

media by using the Collision generator for long periods. It should 

therefore be possible to monitor efficiency and pressure drop with 

increasing load of a fine aerosol. 

3.2. Efficiency testing of clean media 

Tests were carried out on a range of media, obtained from Evans 

Adlard company, using the technique described in 3.1.1. Analyses 

characterising these samples are given in appendix "3.2.1. Early work 

showed measurement of very highly efficient media samples was 

inaccurate due to the low downstream concentrations obtained. These 

were such that even with very high concentrations of salt before the 

filter there was insufficient penetration to operate the TSI 3030 

analyser and downstream results obtained from the Royco 225/512 were 

unsatisfactory in terms of statistical error. 

Coarser samples of media were obtained with "the objective of 

examining experimentally the general penetration behaviour of fibrous 

filter media. Results from this were used "to verify the model 

described in section 2.1. Some sampling tests were made to examine 

the performance of the sampling system under different conditions. 

This is reported in appendix 3.2.2. 

Scanning electron microscope photographs of a media sample are 

shown in figure 3.7. 

summarised in table 3.1. 

The characteristics of this media are 

The size penetration curve for each media sample is given in 

figure 3.13. Media F38Z is omitted as parti~le counts were too low to 

be statistically acceptable. Downstream analysis was only possible 

with the TSI 3030 for the coarsest media. In this case a maximum 
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TABLE 3. I : Characteristics of Evans Adlard filter media from typical t est data 

MEDIA TYPE 
',.-

MEDIA PROPERTY F38Z F41Z F43Z F44z F45Y F47W 
UNITS 

Min. Efficiency by t 99.999 99.9 98.5 96.0 94.0 75.0 
Sodium Flame 
Sodium chloride aerosol 
penetration at 1. 5 m/min. 

(2.5 cm/s) I 0.0002 0.025 0.45 1.5 3.0 15 
DOP aerosol penetration at 
3.2 m/minI (5.3 cm/s) I 0.0015 0.11 1.5 4.3 8.0 31 

Pressure drop at N/m2 210 127 77 58 47 27.5 
1.5 m/min 

N/m2 Pressure drop at 448 271 164 124 100 59 
3.2 m/min 

, 
Grammage 2 

g/m 95 95 95 95 95 95 
Thickness om 0.70 0.64 0.65 0.66 0.69 0.74 

Mean fibre size at I'm 
507~ cumulative number 

1.18 1.24 1.34 1.60 2.13 2.45 

Specific area of paper 2 
m/kg 10.5 10.5 10.5 10.5 10.5 10.5 

Tensile ~m (ambient) KN/m 0.8 0.8 0.75 0.7 0.65 0.5 
Tensile ~ID (5SO oC) KN/m 0.45 0.45 0.1.5 0.45 0.4 0.35 
Ignition loss (5500 C) I 4.5 4.2 4. I 4.2 4.1 4.1 

Binder Type Acrylic Acrylic Acrylic Acrylic Acrylic Acrylic 



FIGURE 3-7: Evans Adlard F38Z filter media 
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FIGURE 313: PENETRATION WITH PARTICLE SIZE 
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penetration with 0.2 lAw.. particles is clearly demonstrated. The other 

media shows the expected trend in fall off of penetration with 

particle size. 

3.3. Efficiency variation with aerosol load 

Using the coarsest sample of media only and monitoring with the 

ROYco analyser, penetration was measured with increasing load. 

Figures 3.14 - 3.16 show the results in terms of percentage 

penetration as a function of time. However, the aerosol concentration 

can be assumed constant the maximum fluctuation about the mean was 

six percent. 

proportional 

the effect on 

Therefore the specific load can be taken as directly 

to time. Thus figures 3.14 - 3.16 can be interpreted as 

penetration with increasing specific load. 

It is clear that the penetration falls off in an exponential 

manner with increasing load. It is also obvious that the penetration 

falls with increasing particle size over 0 •. 1. f'-M. diameter. This 

simply confirms it is the clean efficiency that is important in HEPA 

filter specification and that an aerosol with a high concentration of 

particles between 0.1 and 0.5 P.M diameter is essential for testing 

purposes. The results also show that, because of the rapid initial 

reduction of penetration with load, care must be taken to measure 

filter penetration immediately the filter is challenged by the 

aerosol. 

3.4. Pressure drop characteristics of the filter media with different 

loading and face velocity conditions 

It is important to assess the influence of both velocity and dust 

size on the pressure drop - load characteristics of HEPA media. A 

range of dust fractions were used. Precut fine fractions of BS 2831 

No. 2. dust and a dust sized at 1200 grid were supplied by AERE 

(Harwe11). X-ray analysis confirmed these to be aluminium oxide. The 

size distribution of these dusts by cumulative weight percent, using 

Coulter analysis, is given in figure 3.17 showing mass mean particle 

diameters to be about 4.8 1"'" for the BS 2831 No.2. dust and 4.1 p.(rI. 

for the 1200 grid size dust. These size distributions have been 
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verified by both Andreasen pipette sedimentation and the Micrometrics 

sedigraph 5000 ET. These size analy~es are in appendix 3.5.1 which 

includes the size distribution analyses of all the dusts used 

throughout this work. 

Coarser fractions of alumina dust were obtained by air 

classification using an Alpine zig-zag classifier. However, due to 

excessive wear on the rotor blade of the Alpine, fractions could not 

be produced for sizes less than 20 f<rn diameter. The size analyses of 

the fractions of this dust used for the experimental tests are also 

shown in figure 3.17. 

Before continuing with the major programme,samples of clean HEPA 

filter e"amiaea were examined for their pressure drop-velocity 

response. The average of these results is shown in figure 3.18 with 

error bands indicated. The response can 'be seen to be virtually 

linear over the range of 0 - 10 cm/s face velocity. Some 

preliminary test work was also made using BS 2831 No.2. dust to 

establish an experimental procedure. This is described below. 

3.4.1. Initial tests with B.S. 2831 No.2. dust 

The effect of dust .load increment size on the pressure - drop 

load response was examined. Pressure drop was monitored as loading 

progressed at a fixed face velocity. For each run different load 

increments were used. The response was identical whatever the load 

increment. An example is given in Figure 3.19. 

The electrostatic effect was considered. Test runs were carried 

out with an earthed radioactive source exposed to the dust stream in 

order to neutralise any electrostatic charge on the part icles. Runs 

were made with and without the source and the results compared. Under 

the experimental conditions of this work no effect on pressure drop 

with load was observed (Figure 3.20). 

Tests were made using dust which had been heated, to eliminate 

any possible moisture content. This was compared with normal ambient 

temperature dust loading results. Again no difference was observed in 

the result (Figure 3.21). 

147 



~ 
co 

FIG.3·1B : Pressure drop variation with face velocity 
far 0 clean filler 

50 

so 

'0 

0: 
Cl 

'0 
~ 

E 
~ 30 
a. 
0 
L 
'C 

" L 
~ 
~ 
~ 

" tt 20 

10 

O~--~2----'~---5----~e--~10~--~12~ 

Fnr.~ vplnr.ifv'rmfc:1 

FIG. 3·19 : Effect of using different load increments 
on presure drop-load relationship 

"0 
Veloci!y 5·' cm/s 

• Smalt Incmen!s , 
'20 Q large Increments 

tl 

i Ba 
'0 
3 
E 
E 

e60 
'C 

" L 
~ 
~ .. 
" L 

n.1IJ 

• 

20 

OI~--~O~I--~O~2---0~3~'~0~'~~0~S~--O~6--~0~1--~oe 
Sop(':ifir Innrt I kn/m21 



FIG. 3.20 : Comparison of load tests mode with and without 

the dissopation of electrostatic charges 
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A hysterysis effect was obser~ed as the velocity was increased 

and decreased. Dust was loaded at a relatively low velocity and the 

pressure drop measured. The face velocity was then temporarily 

increased to a higher value before returning to the original operating 

velocity and remeasuring the pressure drop. This second pressure drop 

showed a permanent increase over the original figure, the extent of 

this increase being dependent on the percentage surge of velocity as 

compared to the operating velocity. The results are in Figure 3.22. 

This demonstrated the need for good flow control within the rig. 

The effect of rapping was examined. The filter holder was gently 

tapped, after loading, so vibrating the filter. A permanent increase 

in pressure drop was observed. The magnitude depended on how hard or 

how many times the filter holder was knocked and a two to three 

hundred percentage increase in pressure drop was easily obtained. An 

example of this test is shown in Figure 3.23. It stresses the need 

for careful handling of the filter and the need to avoid vibrat ion 0 f 

the apparatus. 

From the results of these tests the following experimental 

procedure was developed: 

1. Fix filter media sampl.e to the filter support by means of silicon 

rubber adhesion to prevent its movement during testing. 

2. Weigh filter and support. 

3. Place filter and support in filter holder and secure to stainless 

steel pipe base. 

4. Set face velocity and measure clean pressure drop. 

5. Place radioactive source in the exposed position. 

6. Load required quantity of dust. 

7. Pull back radioactive source to safe position. 

8. Remove and weigh filter and support. 

9. Replace filter and support, resecure holder check face velocity 

reading and measure pressure drop of loaded filter. 

10. Repeat from 5 until maximum load or pressure drop is reached. 
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3.4.2 Pressure drOD with load experiments 

Tests were conducted for pressure drop variation with specific 

load for the four dusts chosen. Standard HEPA filter media was used 

throughout. Several runs were carried out for each dust at each 

velocity to verify reproducibility. Face velocity was varied between 2 

and 10 cm/s taking 3 to 5 velocities in this range for each dust. 

The results for B.S 2831 No.2. dust are shown graphically in 

figure 3.2.4. Best fit equations, for all the data, were determined 

by a computer curve fitting routine. Results from the experimental 

data,and fitted by this routine, are given in appendix 3.4.1. The 

equations for each dust giving the result in terms pressure drop for 

any velocity and specific load within the stated range, are given in 

table 3.2. 

These results show a strong dependance on dust size and face 

velocity. The latter of these was accounted for in the curve fitting 

but the results from this are only applicable to each dust 

independently. The relationship produced by the pre,fsure drop 

response to increas ing load clearly splits .into two regimes. The 

initial portion, or primary regime shows the pressure drop to be 

exponentially increasing followed by a secondary regime where the 

relationship is one of proportionality. The extent of the .primary 

regime depends on dust size such that it is less significant with 

increasing size. 

The secondary portion of the curve (or total response in the case 

of larger dusts) is in line with the theoretical predictions of 2.1. 

However, the initial exponential responses of the smaller sized dusts 

requires further study. As the dust particles are greater than the 

pore sizes of the filter then penetration into the media would not 

appear a valid explanation. Observation through a microscope of the 

cross-section of a loaded filter, cut by a razor blade, equally 

demonstrates this and verifies the model of section 2.1. This 

observation also showed that the filter media was of varying 

thickness. Furthermore electron microscope photographs of the media 

had shown large variations in fibre sizes and pore sizes. 
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FIG: 3-24 : Relationship between specific load and pressure 

drop - face velocity ratio for different velocities 
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TABLE 3'2 Relationships evaluated between pressure drop, 

load and face velocity for the various test 

dusts. 

Cut Point 

Test Dust PO/V 
(mm water/c:n/s) 

1200 Grid < 13.7 

> = 13.7 

B.S.No.2 < 13.4 

> = 13.4 

20 - 30 pm < 5.9 

> = 5.9 

50 - 70 I'm > = o 

PO = Pressure drop (mm water) 

V = Face velocity (cm/s) 

L = Specific load (kg/m2 ) 

Evaluated Relationship 

PO = V x (4.959 + .056 V) 

x E;{P CL x (2.089 + .704 V - .049 v2 )1 
PO = vx C (4.484 - 1.236 V) 

+ Lx(7.093 + 16.376V - .929 V2 ) J 

PO = V x (5. 154 + .0274 V) 

XEXP [Lx(1.390 + .308 V - .015 V2 )] 

PO = V x [( 0 • 0 1 2 .+ L ( 1 7. 758 + 4. 81 0 V 

- .199 v2 rJ 

PO = V x (5.050 + 0.25 V) 

·x EXP [L x (.465 + .062 V - 8.096 V2 )] 

PO = V x C (4.510 + .067 V) 

+ LX (5.349 - .132 V + .015 V2 ) '] 

PO = V xC (5.050 + .054 V) 

+ Lx (1.508 + .0420 V - .004 V2 ) J 
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Cons,:quenely ie is reasonable eo assume ehae inieially local 

~elo~ieies, and so loadings, vary across the media in order to 

maintain an equal pressure drop at all points. In appendix 3.4.2 the 

above is assumed and the effect of having an une'len load on the filter 

calculated. 

The derivation in appendix 3.4.2 accepts there will be an initial 

period of unsteady state filtration until such time thae sufficiene 

loading has taken place to equalise local velocities. Loading will 

then continue uniformly under steady state conditions and so obey 

Darcy's law. However, applying Darcy's law to the uneven loading, 

produced by the assumed initial period of unsteady state filtration, 

predicts a non-linear relationship between load and pressure drop. 

Furthermore the resulting rise of pressure drop with the load will be 

smaller than that of the purely linear response predicted by Darcy's 

law - the effect being more pronounced the greater the uneveness of 

load. Hence as the loading progresses the resp~nse' becomes closer to 

Darcy's law until in th'e limit, when uniform loading conditions are 

reached, it will be obeyed. 

A feasible explanation for the particle size effect on the 

significance of the primary section or the curve is that the less 

adhesive larger particles may be arranged more uniformly on the media 

surface in the initial stages. Further, the depth of irregularities 

on the clean media surface will be less important relative to t~e 

larger particle sizes. Another possible contributory mechanism may be 

the greater tendency of small particles to follow local velocity 

perturbations. 

3.5. Measurement of dust bulk densities 

- The dust packing density, defined -as the ratio of bulk density to 

particle density, affects the pressure drop per unit load and the 

volume occupied by unit load. Both of these are critical in 

determining the characteristics of panel filters. Clearly the packing 

density is affected by the relative importaneeof particle adhesion and 

mechanical forces during bed formation. These forces are in turn 

dependent on partiCle size, impact velocity and surface propereies. Ie 
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yas necessary to obtain data on the effect of the major operating 

variables on packing density. The series of tests outlined belay, 

measuring the accessible parameter of bulk density, yere undertaken to 

achieve this. 

A simple test alloying dust to floy freely into a measuring 

cylinder yas carried out. The yeight per unit volume yas calculated. 

The dust yas further consolidated by continually vibrating the 

cylinder until no change in bed height yas observed. Again the bulk 

density yas calculated. This figure has been treated as a maximum 

consolidation value. Results for these tests are given in table 3.3. 

and shoYn in figure 3.25. 

Tests were also conducted using the small scale rig. Dust was 

dispersed and loaded onto the media with a face velocity of 2.5 cm/so 

Measurements yere made at velocities upto 5 cm/s but no significant 

differences were noticed. Similarly tests with and without the 

presence ,of the radioactive source did not show variance beyond 

expected experimental error. Once the dust had been loaded, the media 

and dust layer were cut with a razor blade to give a cross-sectionhed 

view of the dust cake. This was examined using a travelling 

microscope with the height of the layer being measured at suitable 

inte!"Vals to give an overall average. From its average height and 

weight the bulk density of the bed was calculated. The results are 

given in table 3.4. and figure 3.25. An example with electrostatic 

forces neutralised is included in table 3.4. The mean of the dust size 

distribution is quoted and used in figure 3.25. The actual dust size 

distributions are given in appendix 3.5.1. The analysis by Coulter 

Counter is used. 

re is obvious from figure 3.25 that there is a strong 

relationship between dust size and bulk density. The loading tests 

'conduc ted at the r'ea:listic face velocity of 2.5 cm/s give the lowest 

figures for bulk. density. In terms of channel clogging within HEPA 

filters it is obviously the minimum value of bulk density which will 

give the limiting worst case. Therefore it 'was assumed that the 

loading tests approached this lower limit and the relationship between 

dust size and bulk density was determined so the minimum bulk density 

of aluminium oxide test dusts could be predicted. 

156 



Table 3.3 Bulk density measurements of duminilml oxide dust - free flow and consolidated 

"Dust Weight Cg) Initial
3 

Volume Fina1
3

'1olume Free Flow bul~ Cons 01 idated 
(cm) (cm) density (kg/m ) bulk density (ko/ml) 

lpm 3.3 4 •• 2.5 757 1332 

B .S. 2831 N'Z 4.09 4.4 Z.4 930 1704 

ZO-30..., 8.32 5.2 4.1 1600 2029 

15-.:.0\1= 6.78 4.5 l.4 1507 1994 

28-!OpD 7.87 4.7 l.8 1675 2071 

50-iOp= 8.00 4.6 3.9 1719 2051 

63-163..., 8.22 4.3 l.9 1911 2108 

table 3.4 Bulk densities of aluminhm oxide dust eol1ected on a Media dhe 

OUST MEAN SUE WEIGHT SPECIFIC2LOAD AVE RACE DUST stD. DEVIATION AVERAGE BULK 
LOADED C~.) LOADED (kg/m) LAYER HEIGHT DEVIATION OF DUST DENSITY OF 

( g) C6 READ!NliS) LAYER DENSITY HT. ruST 1 
Cum ) ("") (k./m ) 

Abralox P3 3.2 1.78 0.42 0.39 0.16 478 

Abr.alox. PS 4.0 1.92 0.46 0.B7 0.13 526 

1200 Cdd 4.1 I.B3 0.44 0.B6 0.16 514 
(Bateh 1) 

1100 Crid* 4.1 1.:30 0.31 0.00 0.06 518* 
(Batch 1) 

BS 2831 !fa. 2 4.B 1.00 O.lB 0.S5 0.07 6Bl 
(Bateh 1) 

BS 2831 No. 2 5.1 1.58 0.38 0.54 0.04 699 
. (Bateh 5) 

Abralox. PIS 10.8 2.85 0.68 0.B2 0.15 828 

Zo-- 3O ra 22.8 4.53 1.08 0.78 0.04 1385 

I5-40',1m 23.5 2.04 0.5l 0.45 0.04 1085 

28-50..., 37.7 5.40 1.29 0.78 0.21 1651 

50-iO\l= t 52.3 7.12 1.70 0.89 0.26 1909 

*Eleetroatatie effectl removed. 
tPowder too fluid. for aceurate measurements of dust layer height. 
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FIGURE 3·25: Alumina dust bulk density with particle size 
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A curve fit was carried out beginning with a linear regression on 

a plot of 

in in [---=.1_} vs 
1- Y 

in X 

where, y= bulk density - minimum bulk density 

maximum bulk density - minimum bulk density 

X = mean particle size 

This gives the constants in the Rosin - Rambler equation which has the 

form 

where, 

~b 
~b max 

(?b min 
n 

dp 
a 

= 
= 
= 
= 
= 

bulk dens ity ,dp = particle 

maximum bulk density 

minimum bulk density 

slope of the above linear 

particle size where inin 

i. e. Y =0.6321 

+ ~\min 

size 

regress ion 

_1_ = 0 
1-Y 

Using this analysis the following relationship was found 

\ (d )1.45 9b = 1575 L 1 - e - \zn 1 + 475 
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This is the cur'le drawn in Fi&ure 3.25 and can be considered to 

give a good estimation of the bulk density of alumina dusts of a 

narrow size distribution within the limits of the data collected. 

The bulk densities of dust collected in deep pleat filters during 

actual tests were measured. Complete channels were taken from each of 

the filters and cut into five equal sections across their width. The 

height of the dust layer across the channel width of 15 mm was 

measured at 3 mm intervals. This was done for B.S. 2831 No.2. dust 

samples which had been loaded at 1.25, 2.5 and 3.5 cm/s and also for 

the 3.2 jJ-m. mean diameter dust (Abralox P3) loaded a 2.5 cm/so The 

results were in reasonable agreement with these obtained by the small 

scale work described above. Complete tables of the measurements that 

gi~e detai:s of the height profile of the dust layer with respect to 

both channel width and length, are given in appendix 3.5.2. From 

these results the figure of 700 Kg/m3 for the bulk density was 

considered reasonable to use in deep pleat theory calculations. 

It was not found possible to dissect the loaded mini-pleat 

filters for similar measurements without disturbing the dust. An 

estimate is also difficult because of the factors discussed in 4.2.3 

as contributing to non uniform loading of the filter. In particular 

any remaining air spaces resulting from the holes observed in the 

filter face could not be measured. Similarly problems due to the 

apparent channel expansion and the large amount of dust impacted on 

the filter face complicate measurements. Attempts at measuring the 

bulk density assuming the channel to be full of dust and using its 

standard dimensions gave figures between 700 and 1000 Kg/m3 • Figures 

in this range have been used for theoretical calculations and their 

choice is discussed in 2.5.4. 
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CHAPTER 4 

4. Filter unit test work 

The obj ect ives of this work were to find the limiting mechanisms 

controlling dust deposition within panel filter units. The 

observation and measurement of dust behaviour in a real system is an 

essential extension of the theoretical work described in chapter two. 

The experimental programme consisted of two phases. 

(i) To quantify the dust and air velocity distribution and dust 

classification within deep pleat filters. 

(ill To determine the pressure drop characteristics with increasing 

load for both mini-pleat and deep-pleat filter arran~ements. 

The experimental development, procedure, results and conclusions 

from these test programmes are described below. 

4.1. Dust and velocitv distribution within dee~-pleat filters 

4.1.1. Ex~erimental 

The theory given in sec:ion 2.2 was developed to predict particle 

trajectories within a deep-pleat filter. The following experimental 

programme was carried out to examine the air velocity and dust 

distribution and classification within a deep pleat filter. This 

would provide verification of some assumptions in the theoretical 

analys is. 
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A standard sized panel filter was divided into seven equal 

sections each for use in separate tests. Wooden slats covered six 

sections while the seventh was used. Inlet and outlet sections were 

built so they sealed tightly against the filter pleats and airflow 

could only pass through these inlet and outlet distributors. 

The whole arrangement was held in place by a framework of angled 

irons and metal bars secured by wing nuts tightened onto screw threaded 

bars. These passed through the framework at each corner and across 

the filter width to a similar framework on the opposite side. Figure 

4.1 shows the arrangement. Once a section has been used the 

distributors are moved across to one of the other sections and the 

wooden slats changed accordingly. 

Figure 4.2 (a) shows the schematic layout of the apparatus and 

figure 4.2 (b) is a photograph of the rig. This allows either dust or 

aerosol to be generated and dispersed into the filter. The filter can 

be clean or loaded when the aerosol is passed through. The objectives 

were to examine dust distribution and classification by taking samples 

from the loaded filter. Since the aerosol capture efficiency in the 

media is virtually 100 percent,the local filter face velocity can be 

found from a quantitative analysis of aerosol deposited samples at 

various locations within the filter. A sub-micron aerosol which 

follows the air streamlines was used. 

Initially methylene blue dye particles, produced by a Collision 

generator, were tried with the intention of extracting the dye and 

analysing it colourmetrically. However there were severe difficulties 

in successfully extracting all the dye from the media and dust and the 

subsequent results were too insensitive. Sodium chloride aerosol 

followed by extraction was used. Atomic spectroscollY was employed to 

measure the concentration of sodium ions in an extract solution made 

to a known volume. Unfortunately sodium ions leached from the media 

and any glassware used. This invalidated the results. 

Finally magnesium chloride aerosol was used which has the 

advantage that it can be measured at even lower concentrations than 

sodium chloride using atomic spectroscopy. Figure 'f.o3a shows the 

calibration graph used to analyse results. 
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FIGURE [,·1: Support structure of filter unit 
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FIG '·2 a: Design for Reconstnr.tion of large Scale Rig 
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Initially small scale experiments were made to verify magnesium 
chloride's suitability in terms of particle size distribution, rate of 

generation and ease of extraction. From these experiments the 

generation time necessary to load a sufficient amount of aerosol for 

an acceptable level of detection was calculated. A generation time of 

approximately 15 hours was necessary for the area of media exposed to 

filtration when using only one generator. To improve on this a bank of 

generators was obtained. After relative humidity tests a suitable 

number of generators, which permitted sufficient drying, was found to 

be five. This reduced the run time required to three hours. 

The experimental programme proceeded on the full size filter 

units as follows. A filter section was loaded with dust. When this 

was completed magnesium chloride was generated and fil tered. After 

comple.tion of both. loading stages the filter was dismantled. Analysis 

was carried out on a c~plete sheet taken from a central pleat of the 

loaded section being examined (Le. half of one complete fold of the 

filter media which was the height and depth of the filter unit in the 

deep pleat arrangement). Samples were taken from areas of the filter 

sheet and coded as shown in Figure 4.3'0. Each s amp 1 e was 3 channel s 

wide and one third of the channel length. In the particular design 

examined this was an area of 27 cm2 (3 x9 =) 

The following procedure was used for analysis of the samples. 

1. Place sample in 100 cm3 of distilled water. 

2. Heat and boil for 15 minutes. 

3. All ow lr. hour minimum coo 1 ing time. 

4. Filter using a 0.8 f''''' millipore filter of known weight. 

5. Make the filtered solution upto 100 cm3 and retain for analysis 

of its magnesium ion content. 

6. Dry filter and weigh to obtain dust loading. 

7. Use dust from the filter for a Coulter Counter analysis. 
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~hotographs of some of the loaded filter sheets are presented in 

appen·dix 4.2.2. Coulter analysis of samples at different distances 

along the channel was also performed on the dust found on the 

corrigated aluminium spacer sheet of the filter. Photographs of these 

spacers are included with those of the filter sheets. 

4.1.2. Results 

A quantitative a.nd qualative analysis was carried out on the 

experiments. This included early experiments performed with three 

different si.zed dust fractions and methylene blue dye aerosol as well 

as the tests with B.S. 2831 No.2 dust and magnesium chloride aerosol. 

A full set of results for each are presented in appendices 4.1.1. and 

4.1.2 respectively. A summary describing the significant findings of 

all tests is presented below. Analysis and discussion of these 

results follows in section 4.1.2.2. 

4.1.2.1. Summarv of results 

The results of earlier tests, given in appendix 4.1.1, showed a 

gravity effect present within the channel. Dust was found to be 

settling on the lower surface of the spacer, figure 4.6. Figure 

4.5 clearly shows the resulting ridge of dust formed at the 

media/spacer joint at the bottom of the channel as further evidence. 

A methylene blue dye test on a clean filter indicated that the 

overall air distribution was uniform, figure 4.4. However, dust 

loading results were not so uniform. Figures 4.7 (a) and 4.7 (b) give 

the analysis of the dust weight collected with respect to channel 

. length showing that in general more dust was collected towards the 

beginning of the channel. However a series of size analyses tests of 

dust in different areas of the channel proved inconclusive. similar 

dust size distributions were found in all areas of the filter •. 
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Plots of overall averages of % distance vs. % weight 

FIG.f.· 70: All Samples 
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The magnesium chloride tests were more comprehensive. The range . 
of specific loads examined is shown in table 4.1. 

Sheet Load (kg/m2) 

A 0 

B .036 

C .058 

D .084 

E* .104 

Table 4.1. Overall dust loading for each filter sheet. 

With sheet E some problems were encountered when carrying out the 

dust weighings. The membrane filters, on to wh ich the dust had been 

filtered and dried, became electrostatically charged and in some cases 

dust was unavoidably lost. For this reason the figure presen,ted in 

table 4.1 for sheet E is from a second sheet of this particular 

loading. However all other results presented .;efer to the original 

sheet. Table 4.2 presents the results from the atomic absorption 

tests, giving the concentration of magnesium ions, and also the dust 

loadings for each sample taken. 

To obtain a clearer picture of dust deposition with distance from 

the channel inlet a further series of tests were carried out. Long 

strips 3 cm wide across the full height of a filter sheet were taken. 

Dust was removed and weighed in the usual manner. Strips were taken at 

distances of (1) 0 - 3 cm, (2) 8 - 11 cm, (3) 16 19 cm, (4) 24 - 27 

cm down the channel from the entrance. The figures given in table 4.3 

are for a lightly loaded (L) filter and a heavily loaded (H) filter. 

A typical result for the Coulter analysis, carried out on the 

samples taken from sheets A - E, is given in figure 4.8. The full set 

of results, all of a similar nature, are in appendix 4.1.2. Further 

Coulter analysis was carried out on dust collected from a heavily 
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I:!ble 4 .• Result. frOlll Atomic Absorption Tect. 

~ H~2" (PP"') r of II.v. DUllt load (kt:/1II2) 

Ai·/l I •• 'B 

A/B/' 1.5 9' 
. Ai·/3 1.5 9' 

AiM/l 1.6 100 

A/M/' 1.6 100 

A/M/3 1.8 llZ 

A/T/I 1.6 100 

A/T/' 1.7 lOO 

A/T/3 1.7 ID. 

Av :: 1.60 

././1 I.B .3 ,036 

a/./, 1.9·· 9' .033 

'/./3 '.0 103 .oll 

>/M/I '.1 lOB .048 

>/M/' '.0 103 .036 

B/M/3 '.1 lOB .036 

8/T/1 I.' .B .031 

8/T/' 1.8 93 .032 

8/T/3 1.9 .8 ,031 

Ay :: 1.94 

C/./I 1.9 .9 .t)64· 

C/./, I.B •• .051· 

C/./3 1.9 9' .044* 

C/M/l '.1 10. .067 

C/M/' '.0 ID' .063-

C/M/3 '.1 109 ,061 

C/TII I.B 94 .051 

C/T/' I.B •• .057 

C/T/3 1.9 99 .054 

Av ::I 1.91 

_/./1 1.6 B7 ,087 

D/./' I.' B7 .069 

D/B/3 1.7 93 .061 

D/M/I 1.9 10. .092-

D/M/' I.B .B .096-

D/M/3 1.9 ID' .093-

. D/T/I '.0 10. .082* 

D/T/I I.' 10' ,ORR-

D/T/3 ,.1 115 .t)84* 

Av :: 1.83 

E/B/I I.B 105 .076 
, 

E/./' ,.0 117 .021 
, 

E/./3 '.0 117 .t)21 ? 

E/M/I 1.7 99 .141 

E/M/' 1.6 9. .122 

E/M/3 1.5 BB .110-

E/T/I 1.0 •• .077 

E/T/' 1.0 •• .086 

E/T/3 1.' •• ,098 

Av = Ion 



Samole Dust weight ( g) Dus t load (kg/m') 

Ll .50316 .0349 

L2 .56620 .0392 

L3 .46291 .0321 

L4 .46023 .0320 

HI 1.30689 .09011 

H2 1.15177 .0800 

H3 0.94984 .0660 

H4 1.15431 .0802 

Table 4.3 {Just loadings from long strips 
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loaded spacer. Dust was collected ~rom the spacer at distances of 0 -

2 cm, 5 - 10 cm, 12 - 18 cm and 20 - 25 cm from the channel entrance. 

These all gave similar size distributions but they were different from 

those of the media samples. Figure 4.9 shows the comparison of the 

typical dust found on the spacer to that found on the filter media. A 

photograph of a relatively heavily loaded filter sheet is presented in 

figure 4.10. Similarly a photograph of a spacer taken from this 

filter section is given in figure 4.11. 

4.1.2.2. Analysis of the results 

The dust loading effect shows a general trend of relatively high 

loading in .the early section of the channel. This increase in load at 

the entrance could be upto 30t greater than the rest of the filter, 

although more commonly 10 - 1St increases were observed. It was also 

noted that the further the loading progresses the more pronounced the 

effect becomes. In fact with heavy loads some evidence of channel 

blockage was observed. The centre and end sections of the channel are 

more evenly loaded. Fluctuations in the specific load of dust beyond 

the entrance section appear random and are in the order of 5 - lot 

which indicates uniform loading. 

The atomic absorption tests on a clean filter indicated generally 

uniform air distribution. 

Clearly as zones of the filter become preferentially loaded then 

the air face velocity in these zones will be reduced. Table 4.2 

confirms this. If particle deposition on the media is a result of 

filtration alone then the zones of media with a deeper dust layer, and 

thus lower face velocity, will accumulate a lighter deposit. Therefore 

it would be expected that the overall deposit will even out with time. 

Since this is not the case at the channel entrance then obviously 

additional mechanisms must be the cause of the extra deposition in 

this region. 
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FIGURE 4~O: Loaded deep pleat filter sheet 

FIGURE 4~1: Loaded deep pleat filter spacer 



."; Coulter analysis showed that the size distribution of dust was 

similar at all points in the filter. 

collected from the spacer with the 

However, comparing the 

from the med ia shows 

dust 

that 

significantly fewer fine particles are present on the spacer. 

Typically the cumulative weight for upto 4 fA'" particles off the 

filter sheet was 42:t as opposed to 31;.' for the spacer. This agrees 

with the concept of gravity sedimentation but shows little evidence 

for inertial effects. 

The photographs of filter sheets show indisputable ridges of dust 

formed where the lower edge of the spacer joins the filter sheet. 

This further strongly supports the idea of gravity settling. Also 

observed on the top surface of the dust is a loose deposit of 

agglomerated dust which decreases uniformly with distance from the 

channel entrance. Similarly the deposit found on the spacer decreases 

with distance. This can be explained by considering the loose deposit 

to be the result of particles forming a layer on the spacer and then 

breaking off as agglomerates and being reentrained temporarily into 

the air stream be fore filtration. 

Support to the hypothesis of an entrance effect is given by the 

photographs. A high dust deposit at the immediate entrance of the 

channel both on the filter shee~ and on the spacer is clearly seen. 

4.1.3. Conclusions 

The overall results can be summarised as: 

i) The dust distribution is generally uniform in size and load 

throughout the channel except at the entrance. Here an increase of 

dust load of upto 30;.' but more commonly IS;.' is observed. 

ii) The air velocity distribution, as indicated by the magnesium 

chloride test, suggests that the airflow is uniform except at the 

entrance. The results indicate more dust is present at the 

entrance by a lower than average magnesium ion concentration 
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.< being found for these samples. The reduction is in the order of 

10-15,4'. 

iii) Gravity settling is shown by the evidence of ridges of dust 

where spacer edge meets the filter media. Furthermore the lower 

spacer surface is coated with dust. It is significant that this 

dust contains larger particles than that dust from the filter 

sheet. 

These results demonstrate that inertia has little effect on dust 

deposition for particles less than l0l'-m diameter. However gravity 

sedimentation is seen to have an important influence for particles 

over 5 I'-m, but this does not appear to be detrimental to the 

filtration. It is shown that the general design of the filter is 

successful in obtaining a uniform load distribution with the exception 

of the channel entrance. The significant increase in load at the 

entrance. could lead to, premature channel blockage. This suggests that 

difficulties may be encountered if channel height is significantly 

reduced. 

It is concluded that the theory of section 2.2 reasonably 

predicts particle trajectories once within the channel to give unifor.4 

loading on the media with some deposition on the spacer ,with 

progression along the channel,also indicated. This was borne out in 

practice. The entrance effect, however, had not been quantified and 

obviously needs to be accounted for. 

develops this aspect. 

The theory of section 2.4 

As a final important observation it was noted that the spacers 

themselves reduced the area of filter media available for filtration. 

This was where the triangular fold contacted the media. Also many 

spacers were misaligned with each other on opposite sides of the 

media. This accounts for upto a 10,4 loss in media area available and 

must be regarded as a significant feature in the design. It would 

become particularly important if, for example, the channel width was 

narrowed so introducing more spacer/media contacts. 
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4.2. Measurement of the pressure drop response of filter units 

4.2.1. Experimental apparatus and procedure 

The apparatus described in 4.1 was modified. Figure 4.12 gives 

the flow scheme and a photograph of the completed rig is presented in 

Figure 4.13. Sections of deep pleat filters can be tested or, by the 

insertion of a special support framework, panels of the mini pleat type 

arrangement are studied. Figures 4.14 and 4.15, show the filter unit 

with and wit.hout the framework respect ively. It can be seen that a 

port hole was cut into the side of the filter box so that the filter 

could be observed and photographed after each stage of loading. A 

second port hole was cut downstream of the filter to verify no dust 

was by passing the seals. 

Loading was generally with B.S. 2831 No.2. dust but experiments 

at 2.5. cm/s were also carried out with the finer Abralox P3, a 3 jJ.1". 

mean particle diameter dust. A test was made to verify the dispersion 

of this dust. A me.'llbrane filter in a specially cut away holder was 

used as a sampling head on the end of a sampling probe. A sample of 

dispersed dust was taken isokinet ically and examined under a 

microscope after clarification of the membrane with immersion oil. 

Figure 4.16 shows that the particles are discrete and so the 

dispersion can be assumed satisfactory. The test dust was heated to 

remove absorbed moisture and facilitate dispersion. 

In order to examine the behaviour with even finer dusts an 

optional cyclone section was included. The objective was to take the 

fine fraction from a coarse dust while it was still in dispersion. A 

cyclcnemth a 50,t cut point of about 1.5 fA-tiI. was used. 

Tests were carried out with a range of different face velocities, 

replicate tests being made as necessary to confirm reproducability. 

Dust was normally loaded until a pressure drop of 127 mm (5 inches) 

water gauge was achieved, the pressure drop being measured after each 
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FIGURE 1.·11.: Position of mini pleat filter and 
support frame 

FIGURE 1.·15: Filter box with deep pleat filter 
suport frame 



FIGURE 4·16: Dispersed 3}..Jm dust isokinetical I Y 
sampled onto a membrane filter 



increment upto this stage. All increments were equal so that the 

amou;t actually loaded onto the filter could be back calculated by 

measuring the total weight of dust collected. Photographs were taken 

of the various stages of loading in the minipleat design. After the 

loading was 'completed photographs were also taken of the whole filter 

for both mini and deep pleat designs. This included close ups of 

channels to show the filtration mechanisms. Samples from various 

sections of the filter were also taken for Coulter analysis. 

4.2.2. Results 

A full set of tabulated results for each response is given in 

appendix 4.2.1. Figure 4.17 shows the resulting relationship for each 

dust graphically. The notation used is as follows 

S = 
F -' 
C = 
1.25 

2.5 

3.5 

4.0 

D = 
M = 

B.S. 2831 No.2 dust 

Abralox P3" 3}lm mean dust 

Alumina 1200 grid after cycloning 

Face velocity of filtration (cm/s) 

Deep-pleat type arrangement 

Mini-pleat type arrangement 

Therefore S2.5 M would represent a mini-pleat filter operating at a 

face velocity of 2.5 cm/s with B.S. 2831 No.2 dust being filtered. 

Figure 4.18 shows the same curves with the pressure drop ratioed 

to the velocity term in an attempt to normalise the results with 

respect to velocity. Figure 4.19 gives a further plot which 

highlights the 'difference between the mini-pleat and deep-pleat 

arrangements. This considers the'slope taken from the t:.p/~vs. 

specific load graph and plotted against specific load. 'It may be 

noted from the resul ts that two loadings were not taken to completion. 

These were the cycloned dust at 2.5 cm/s and the B.S. No.2. dust at 

1.25 cm/s in a deep-pleat filter. This was due to the large amount of 
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FIGURE!.·17: Filters tested for pressure drop response 
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FIGUREL..18:Comparison of filter tests ellmmatlng the 
face velocity effect 
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FIGURE 4·19: Specific load vs. slope of filter test plot 
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dust:"that was going to be required to reach the limiting pressure drop 

Only approximately 10,1;' of dust particularly with 

fed was reach ing 

the cyc10ned 

the filter. 

dust. 

The filtration was stopped when it was 

felt a reasonable trend could be observed. 

In appendix 4.2.2 photographs of the various stages of.loading of 

the mini pleat arrangement are given as well as photographs taken of 

comoleted filters, for both mini pleat and deep pleat designs with all 

dusts. Selected photographs are included in the following text to 

illustrate the major mechanisms observed. Figure 4.20 (a) (L) show 

the progressive loading of a mini pleat filter at 2.5. =/s with B.S. 

2831 No.2 dust. Figure 4. 21 (a) - (c) shows the overall and close up 

views of this filter after loading was completed. Similarly figure 

4.22 (a) - (c) shows overall and close up vie'''s of a deep pleat filter 

after completion of loading with B.S. 2831 No.2. Also figure 4.23 

shows, close up', the cross-sectional vie'" of··channels from a fully 

loaded panel of a mini .pleat filter. 

Some random measurements of channel width in a loaded. mini pleat 

filter are given in appendix 4.2.2. Furthermore, for the mini pleat 

desi~n, analyses of the size distribution on the inside of the channel 

is compared with that collected on the filter face. Figure 4.24 

illustrates this for 1l.S. 2831 No.2. at 2.5 cm/so Dust size 

distributions measured with respect to position for a deep pleat 

filter showed no statistically significant variations. Tables are 

given in appendix 4.2.2. Analysis was also carried out on the dust 

weight with respect to position in a deep-pleat filter. The actual 

weights are given in appendix 4.2.2 and figure 4.25 illustrates the 

overall trends for each experiment. 
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FIGURE42Q Mini pleat filter showing progressive loading 

- face velocity 2 ·Scm/s 
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FIGUREL.·20: Continued 
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FIGURE4·21: Complete loading of mini pleat filter 

- face velocity 2·5 cm/s 

< airflow 

(a) Overall vIew 

(b) +(c) Close up of filter surface 



FIGURE 4·21: Cont inued 
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FIGURE 422: Deep pleat filter loaded at 2·5cm/s 
( BS 2831 No.2 dust) 
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FIGURE 1.23: Cross-section view of loaded 
mini pleat channels 



FIGURE 1. ·21.: Comparison of dust sizes found 
inside and outside 'a mini pleat 
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4.2.3. Discussion and conclusions 

The pressure dro~ response to loading did not agree exactly with 

the initial theoretical prediction (see figures 2.5 and 2.6 and 

appendix 2.3). The deep pleat response. is reasonably close to theory 

suggesting it will need only minor modifications. From the deep pleat 

photographs and dust weight distributions two major effects sho~ld be 

included in the theoretical derivation. 

(i) The entrance effect, particularly with regard to build up on the 

outside of the entrance and the much higher dust loading found in 

channel entrance. 

(ii) The effect of triangular channel flow in a real filter as opposed 

to the simple parallel plate model which had been used to 

calculate the channel pressure drop theoretically. 

The deep pleat arrangement does filter uniformly as assumed in 

theory. The gravity effect,a1though observed,does not appear to have 

a large detrimental influence on this. 

The minip1eat design, however, did not show good agreement with 

theory. The actual prediction was very dependent on dust packing 

density but using a bulk density figure obtained from small scale 

work, and similar to that measured from a deep-pleat filter, the 

response was very different to experiment. Not only was the final 

load under predicted but the response itself showed a far more rap id 

asymptotic rise in pressure drop from a gradual start rather than the 

steadily increasing exponential type curve observed in practice. 

Considering the photographic and dust analysis evidence the dust 

deposition is clearly non-uniform; Several factors are apparent: 

(i) ·Dust is collected On the folds of media on the filter face as 

well as within the channel. 
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(ii) Dust shows preferential accumulation at the far edges of each 

channel where the stitching seams maintain the channel spacing. 

As the loading progresses this deposition is increased eventually 

resulting in holes being formed towards the near edge of the channel. 

The tests were carried out with the channels in a horizontal 

orientation as is common practice. In a test with the mini pleat 

channels arranged vertically these holes were shown to be central. 

The channels are rectangular sections bounded by the stitching 

seams which clearly produce end wall effects. It is postulated that 

circulating secondary flows are set up which cause centrifugal 

separation. When in the horizontal orientation the deposit will form 

preferentially on the far edge of the section due to the induced 

inertial behaviour of the gas entering the channel from the main flow. 

The channel will fill from both edges inwards and as the channel 

closes a hole will form close to the near edge. When in the vertical 

orientation the gas entry to the section will be symmetrical so the 

secondary flows will set up at each edge and the hole will form 

centrally. 

An estimation of the feasibility of this hypothesis of 

centrifugal separation was made by comparing the channel section with 

a typical sampling cyclone. The important parameter governing a 

cyclone's performance is its Stokes number. A 4 cm diameter sampling 

cyclone could be considered to have a 50;! cut size at 1.5 JWf1 for unit 

density particles at inlet velocities of about 20 m/so The channel 

section can be viewed as a 2 cm diameter C)c.\one. with an inlet 

velocity in the order of 1 m/s (for 2·, ci/s filter face velocity). For 

aluminium oxide particles a comparison of the Stokes numbers of these 

hypothetical cyclones gives a cut size in the order of 2 - 2.5fJ.ID for 

the channel section. This indicates the possibility of centrifugal 

effects. 

The channel inlet area progressively reduces with load and hence 

the inlet velocity will increase so reducing the particle cut size for 

inertial classification. The hole will behave as a sampler in a cross 
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wind. In practice this entrance hole appears to diminish in size 

until preclassification occurs on the lip and almost clean gas enters 

the filter channel. 

(iii) Deposition continues on the outside of the channels with the 

deposition around the holes being particularly prevalent. The 

holes continue to exist with a dust wall gradually forming round 

them and eventually this begins to cover the top surface while 

maintaining a side entrance to each hole. 

(iv) It was experimentally found (appendix 4.2.2) that the dust on 

the outside of the channel was coarser than that inside, 

agreeing with the above. 

(v) The above effects were observed to be velocity dependent. 

In~reasing the velocity emphasised the deposition effect on the 

far side wall of the channel whereas at lower velocities the 

holes formed tended to be more central. 

(vi) The pressure drop response was more rapid with finer dusts. This 

is expected because of the reduced permeability of a bed of 

finer particulates. 

(vii) Noticeable at the lowest velocity of 1.25 cm/s was a deviation 

from the normal trend of the responses. After the onset of 

channel clogging the pressure drop rose relatively quickly. 

This could be due to a packing effectj the lower the velocity 

the more loosely packed the dust appears visually. However when 

tests were car.ried out experiment~lly measuring bulk density 

variation with velocities upto about 5 cm/s no significant 

difference was observed - section 3.5. It is possible that dust 

packing is affected by the velocity entering the channel as well 

as the face velocity through tl.~ media. In the case of the mini 

pleat configuration, inertial impaction of particles during 

formation of the dust layer may enhance packing. This effect 

was not covered by the experiments described in section 3.5 and 

will in any case be a complex function of loading - as entry 

velocity increases the influence of the mech",nisms will 
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increase. Unfortunately it was not possible to dissect the mini 

pleat filter without signific~ntly disturbing the dust layer so 

the voidage could not be measured and the dust packing 

determined accurately. 

(viii)It was observed that the upstream channels full of dust expanded 

at the expense of those downstream. Therefore they were loaded 

with more dust than was anticipated from their original 

dimensions. This effect is difficult to quantify other than 

visually and will depend strongly on the load of dust, inertial 

level of filtration and mechanical properties of the filter. A 

sample was measured using a travelling microscope and expansion 

estimated at about 201 of the original channel volume (appendix 

4.2.2). 

From these observations the theoretical modelling of the deep and 

mini pleat filters can be improved. For the deep pleat filter an 

estimation of the entrance effects and using flow down a triangular 

channel are attempted. With the mini pleat design,deposition on the 

media folds on the filter face is taken into account. Also pressure 

drop due to flow through a rectangular channel of finite width is 

incorporated into the mini pleat analysis. An attempt to quantify the 

apparent inertial deposition due to centrifugal forces was considered 

feasible. However an empirical basis is used in the model presented 

due to the complex computing procedures required to develop a 

universal application of the effect. 

The effects (vii) and (viii) are more difficult to include 

rigorously as they are dependant on the loading's past history. 

Consequently semi-empirical correction factors for the packing density 

and the extra load achieved in the channel, by expansion over its 

normal dimensions, are incorporated • 
.. '. 

These conclusions therefore lead to the theoretical derivations 

of 2.4 and 2.5 and the resulting improvement in prediction of 

behaviour of deep and mini pleat design filters. It is these models 

which are referred to in chapter 5. 
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CHAPTER 5 

5. Conclusions and recommendations for further work 

The objective of this work was to determine the effects of media 

arrangement on the behaviour· of HEPA filters. It is convenient to 

summarise the major conclusions of the work under a series of headings 

corresponding to the earlier chapters in the report. 

5.1. Conclusions 

5.1.1. Literature review 

Use of the "mini plea.t" concept of media arrangement in HEPA 

filter units allows a greater filtration surface area to be 

accommodated within the filter case. Published experimental evidence 

on the effectiveness of these designs was contradictory but strongly 

suggested that the benefit with respect to life expectancy is much 

less than would be predicted from a consideration of area enhancement 

alone. This relatively poor behaviour suggests that an optimum 

design may exist,the appli7ation of which could result in considerable 

financial savings. It is necessary, however, to establish the factors 

and mechanisms related to media arrangement which influence behaviour 

before any progress can be made towards this objective. 

5.1.2. Loadin~ characteristics of media 

As dust accumulates on the surface of samples of media a linear 

relationship exists between load and pressure drop. Initially the 

relationship is exponential as the dust bed is established. The 

extent of this region depends on dust size and diminishes with 

increasing size. The effect of dust size and face velocity on the 

loading characteristics was measured and correlated. The density of 

the dust bed was also measured. 
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5.1.3~ Behaviour of filter units 

5.1.3.1. Dust distribution in deep pleat filter 

Theoretical predictions for particle trajectories in a 

channel, of dimensions simifar to that of a deep pleat channel, showed 

that:-

(i) Particle inertia is negligible for aluminium oxide 

particles smaller than 25 microns diameter 

(ii) Particle sedimentation is evident for particles 

greater than 5 microns. 

(iii) The spacers which are present in deep pleat filters provide 

additional surface for filtration due to sedimentation 

effects alone. This sedimentation will reduce with respect 

to distance along a channel as particles will be drawn 

-towards the 'filtration surface and hence the settling 

distance required to reach the spacer will increase (due to 

the triangular shape of the spacers). This sedimentation 

loss will similarly reduce the density of dust deposit 

collected on the media surface with respect. to distance 

along the channel. However it could be anticipated that 
to 

this effect will be self corrective duekincreased resistance 

at points of higher dust deposit. 

(iv) The major overall influence on dust deposition is the air 

velocity distribution. All other effects are relatively 

insignificant by comparison. 

Thus the theoretical prediction of dust deposition was a uniform 

deposit of similar size distribution with minor sedimentation effects 

apparent on the spacers. Infact experimental work on deep pleat 

filters, 4.1., generally confirmed this. The dust deposit was uniform 

in density and size distribution with one discrepancy. An increase in 

dust density was observed at the channel entrance. The magnesium 

chloride aerosol test verified the dust deposition was following the 

air flow distribution. This entrance effect is considered 

theoretically in 2.4 and discussed later. 
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the gravity effect was shown to exist in practice with dust 

collection observed on the spacers and at the joint between the 

spacers and media where ridges of dust were formed. That collected on 

the spacer was slightly coarser than on the media. 

5.1.3.2. Pressure drop effects with increasing load for HEPA 

fi1 t erg 

Theory was developed to predict pressure drop build up in a HEPA 

filter assuming a uniform dust deposit on the filter media at all 

points, whether this be a deep pleat or minip1eat design. In order to 

predict the pressure drop rise due to the media and dust deposit the 

experimental data on dust loading HEPA filter media samples (chapter 

3) was used. Pressure drop lost due to air entering and flowing down a 

channel was also accounted for. This theory does indicate that there 

is an optimum area and arrangement of filter media which will minimise 

the rate of pressure drop build up for a given f10wrate and aerosol 

challenge. 

To verify the accuracy of the theoretical predictions experiments 

were carried out (section 4.2) in loading dust onto both deep pleat 

and minip1eat designs of HEPA filters. Pressure drop was monitored 

with increasing load and observations (given as photographs in chapter 

4) made during and after loading. Different test dusts and face 

velocities were used to examine dust size and velocity effects. 

The results for the deep pleat design showed reasonable agreement 

with the theoretical prediction. The bulk density of the dust 

collected on the media surface was accurately measured enabling 

detailed prediction of the restriction in channel width as the dust 

layer built up. 

There is an entrance effect. A build up of dust was seen outside 

the entrance and a higher deposit was found for the initial length of 

the channel. A theoretical trajectory analysis confirmed inertial 

impaction on the front edge of the pleat and a higher concentration of 

particles near the media surface at the channel entrance. 
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The results of the tests on the minipleat design of filter showed 

poor agreement with the initial theoretical predictions. Whereas it 

is reasonable to assume uniform dust deposition for a deep pleat 

filter the experiments on a minipleat filter clearly demonstrated this 

assumption does not hold. Several factors are apparent, as detailed 

in 4.2.3. 

(i) Excessive quantities of dust collected on the front folds of 

the media. 

(ii) Dust showed centrifugal action in entering the minipleat 

channels resulting in preferential dust deposition towards 

the far edge of the channel. This causes' a premature 

blockage of the far side of the channel and the formation of 

holes towards the near edge. Eventually the dust forms a cap 

over the hole at the near side while .. maintaining a side 

entrance for .air flow and deposition continues around this. 

At this point only very fine particles are entering the 

channel via the hole while the dust is inertially classified 

and deposited around the hole. This effect was also seen to 

increase with velocity. 

(ili) Dust packing and so dust size and bulk density appear 

critical in the mini pleat design in terms of determining 

the rate of channel blockage and so pressure drop rise. 

(iv) Expansion of channels on the dust loaded side of the filter 

occurs at the expense of those downstream. 

The theory was modified to include the above effects. The 

pressure drop loss due to flow down a channel was calculated on the 

basis of a rectangular channel. It was assumed that filtration could 

take place through the front face of the filter as observed and as 

would be expected from the predictions of trajectory analyses carried 

out for particles entering a deep pleat filter channel. Inertial 

deposition was confirmed theoretically as the mechanism responsible 

for the phenomena reported under (ii) above. A model of dust build up 

is proposed in which a permanent clear hole remains in the channel in 

which no dust is deposited whereas deposition continues uniformly on 



the r'emainder of the channel's filtration area. Empirical corrections 

are also made for the observed channel expansion and the bulk density 

effect. It is shown in chapter 2 that after these modifications the 

minipleat theory model predicts, with reasonable accuracy, the pressure 

drop characteristics with increasing surface dust load. 

The significant factors in determining filter performance have 

been shown as:-

(i) The media/dust layer pressure drop 

(ii) The pressure drop due to flow along a channel 

( ii1) 

(iv) 

(v) 

The entrance effect on dust deposition: 

a) due to flow effects directly into the channel 

b) due to induced centrifugal flow (mini pleat design). 

the packing of the dust layer 

Pressure effects which may change channel dimensions (only 

observed in the mini pleat design). 

Overall a model has been developed which accounts for these 

factors and will allow the study of different geometrical arrangements 

of filter media for either deep pleat or mini pleat configurations. 

However, the model has used experimental correlations and therefore 

recommendations for further work to eliminate or refine these have been 

proposed in 5.2. 

It must be emphasised that the effects described vary 

with surface filtration. If depth filtration only was anticipated 

then the model could be used to predict the clean pressure drop of an 

arrangement. Beyond this all indications are that the filtration 

would continue with reasonable uniformity, whatever the media 

arrangement, and pressure drop would increase as predicted by tests 

on media samples under the same conditions of filtration. Hence the 

filter life could be maximised from its clean pressure drop alone. 
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5.2. 'Recommendat ions for further work 

The application of this work and models developed would benefit 

from further research into the areas given below: 

(i) A model which can predict the pressure drop increase as 

filter media of a given fibre size distribution is loaded 

with an aerosol of given size distribution. This will 

el iminate the need for the empirical correlations developed 

in chapter 3 which are dust and media dependent. 

(ii) Detailed knowledge of the size distribution of the aerosol 

likely to challenge the HEPA filter. In the nuclear industry 

in particular this knowledge is needed. Once this aerosol 

size is established then the arguements for depth or surface 

filtration will be known and appropriate media arrangement 

nesigns could be examined. 

(iii) Accurate knowledge of the relationship between dust bulk 

density, dust size distribution and face velocity is needed. 

(iv) More detailed examination of the observed channel expansion 

effect in minipleat filters should be made. It would be 

particularly useful if it was known how the channel expanded 

with respect to loading. 

(v) Tapered spaces may improve the deep pleat filter as this 

would allow an increase in channel entrance spacing and so 

compensate for preferential deposition near the inlet. It 

is suggested that a method be developed to cater for this 

adaptation in the deep pleat model. 

(vi) As a general design point, it would be possible to increase 

the area available for filtration if the area covered by 

media/spacer contacts is reduced. Particularly in deep 

pleat designs up to 10% of the area may be lost due to 

misalignment of the spacers on the upstream and downstream 

sides of the filter channels. 



':(vii) The volume of channel downstream from the media remains dust 

free. Designs developed should attempt to minimise this 

volume. 

(viii) The theoretical model should be developed further and design 

optimisation studies carried out to investigate the possible 

advantages to be gained. The cost effectiveness of 

developing custom made optimum designs could then be 

quant ified. 

(ix) The analyses carried out on rectangular pleated units should 

be extended to include circular filter units. 
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APPENDIX 1.4.: Eauations for the prediction of single granule 

collection efficiencv. 

Collection Reference Single granule collection 

Mechanisms No. Authors efficiency equation 

INERTIA Langmuir I. 1+0.75 In(2St)-2/(~t-1.214) 

ONLY Blodgett KB SI; 2/(St+0.05)2 

103 Landahl H. St2/(St3+0.77 St2+0.22) 

Hermann K. 

140 Paretsky LC 2St!.13 

12 Behie SW 0 

Beeckmans JM 3.6x10-3-O.232St+2.42St2 

- 2. 303St3 

St 2/(St+0.05)2 

"S" K",,-~I:.':'l P :!>·=16 >.\0-1 _ 0· ... 6l,.o.l:: .... 'l.l,."l ~ 1 

Beeckmans JM -u:. ·2<",1,3 

[Stl (SuO. 62 
l 

204 Thambimuthu KV el1 
et al 

153 Pendse H. (1+.04Re)St~-1/3(0.75(1-e» 

Tien C. 

INTERCEPTION 

ONLY 102 Lamb H. 2R 

1.5 R2 

135 Natanson GL R2(2-In Re) 

60 Friedlander SK ~Re.~P..l.. 
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Remarks 

Creeping flow 

90 """\;;;,,,\ Ho",", 

(St > 0.02) 

Re - 10 

St<4.4x10-2 

St<0.083 

0.083<St<0.6 

St>0.6 

0·04-11. 4 Se LO·3 

Accounts for 

interference 

from other 

granules 

" 

St -+ <>0 

St -+ Q 



DIFFUSION 

ONLY 

106 Lee KW 

Gieske JA 

71 Guefinger C. 

200 Tardos GI 

86 

ee al 

Langmuir I. 

Blodgeee KB 

Johnson lIT 

Roberes MH 

181 Stai~and CJ 

135 Naeanson GL 

214 liil.on EJ 

Geankopli. CJ 

198 Tardo. GI 

ee al 

1. 5 (l - <X) R2 

k 

3.37 &-3 R 

1 (1+2R+R2 - 1 ) 
t \ ... 12. 

2.83Pe-1/ 2 

2.92 Pe-2/ 3/(2-InRe)1f3 

9.54 Pe-2f3 

Accoun1:ing for 

interference 

and using 

Kuwabara flow 

field. 

Correction 

funceion for 

int:erfgrence 

from oeher 

granule. 

Creeping flow 

Poeeneial flow 

Re<7.39, 

Developed from 

Langmuir (104) 

Analogy wieh 

heae and mass 

transfer 

Potential flow 

Pe» 1, 

Creeping flow. 

From liquid 

mass transfer 

work. Accounrs 

for other 

granules. 

Other authors 

agree e:<p. 

Creeping flow 



• 
171 Gut:finger C. 4 g (e) Pe-2/3 Correction 

Tardos G. I. funct:ion for 

interference 

from ot:her 

granules 

106 Lee KW 3.5 (I ~ a11/3 Pe-2/3 Accounting 

Gieske JA for inter. 

and using 

Kuwabara 

flow field 

GRAVITY 

ONLY 140 Paret:sky LC 0.0375 (NG + 0.21NG 0.7S) NG~ Us/Uo 

200 Tardos GI St Ga/(St: Ga +1) 

et al 

108 Lee KW dp\gI1S!,Uo 

INTERCEPTION 

+ DIFFUSION 60 Friedland SK 6 Rel/6pe-2/3+3R2Rel/2 

INTERIA + 

INTERCEPTION 31 Davies CN 0.16~R+(0.5~0.8R)St-O.105RSt:21 Re • 0.2 

INTERIA + 

INTERCEPTION 

+ DIFFUSION 31 Davies CN 0.16lR+( 0.5+0. SR) (Pe-l+St) 

- 0.105 R(Pe-1 + St)2l 

INERTIA + 

. GRAVITY Doganoglu Y. 2.89St+6. 87NO dg=110 

5.S3xlO-2ReSt+l.42NG dg-600 

INERTIA + 175 Schmidt: FW 3.97St+(SPe-l+2.3Rel/Spe-5/8) 

INTERCEPTION Gieske JA +1.45R+NG 

DIFFUSION 

+ GRAVITY 89 Kennard ML 2.29St+9.64Pe-2/ 3+3.61NG Semi 

Meisen A +0.00157 StO•2 PeOJRe- 1•15 empirical 

regression 

equation 
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Aooendix 2.1 

The following appendix presents the resul ts of the theory 

described in 2.1. Tables are given showing the variation of 

penetration with certain parameters for each model. These are followed 

by graphical presentation of the pressure drop effects. 

TABLE A 2.1-1: Penetration with particle size 

Filtration conditions 

Filter Face velocity 2.5 cm/s 

Fibrous fit ter 

a) fibre diameter 0.5 pm 

b) p~cking density. 4% 

c) de?th of filter 500 pm 

Granular bed filter 

a) granule diameter 5 tm 

b) packing density 25% 

c) specific loading 0.5 kg/m2 

Particle Fibre Fil ter Granular Bed 

size (d\· ... ~ . % penetrat lon pent ration Z 
pm fan cell recommended 

.01 .0001 

.05 .0045 .0001 .0101 

.1 .0502 .0001 .0029 

.15 .0538 .0001 .0002 

.2 .0212 .0001 

.25 .0043 .0001 

.3 .0006 

.5 .0001 

1.0 
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Combined 

penetrat ion % 
Lee 

.0001 

.0001 

.0002 .0001 

.0011 

.0031 

.0053 

.0031 



TABLE A 2.1-2: Penetration with face velocitv 

Filter conditions 

Challenge particle size a15 pm 
Fibrous fil t er 

a) fibre diameter 0.5 pm 
b) packing density 4% 

c) depth of filter 500 pm 
Granular bed filter 

a) granule diameter 5 pm 
b) packing density 25% 

c) specific loading 0.5 kg/m2 

Face Fibre Fil ter Granular Bed 

velocity pene trat ion % pent ration Z 
c'll/s fan cell recommended Lee 

2 .0241 .0001 .0002 .0001 

2.5 .0538 .0001 .0002 .0002 

4 .1978 .0001 .0005 .0051 

6 .4246 .0001 .0008 .0430 

8 .6114 .0003 .0009 .1701 

10 .7364 .0005 .0010 .3885 

TABLE A 2.1-3: Penetration with increasing load 

Filter conditions 

Face velocity 2.5 c'll/s 

Challenge particle size 0.15 pm 
Fibrous fil ter 

a) fibre diameter 0.5 pm 
b) packing density 4% 

c) depth of filter 500 pm 
Granular bed filter 

a) granule diameter 5 pm 
b) packing density 25% 
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Combined 

penetration Z 
fan + recommended 

.0001 

.0001 

.0001 

.0001 

.0001 



Specific Fibre Fil ter Granular Bed Combined 

load penetration Z pentration ;t penetration Z 
kg/m2 fan cell recommended Lee fan + recommended 

0 .0538 .0001 0 0 .0538 

0.25 .0538 .0001 .1534 .1233 .0001 

0.5 .0538 .0001 .0002 .0002 .0001 

0.75 .0538 .0001 .0001 .0001 

1.00 .0538 .0001 

1.25 .0538 .0001 
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FIGURE A2·1-1.: Pred ict ion of pressure drop response 
with face velocity_ 
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FIGURE A2·1-2: Prediction of pressure drop response 
with load for a bed of 5}Jm particles, 
packing density 0·25, at different face 

velocities. 
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FIGURE A2·1-3: Prediction of pressure drop response 
with load) at 2·5 cm/s face velocity) for 

12~ 

~ 100 
Q) -~ 
~ 75 -

o 

different particle sized beds. 
(Pacl<ing density 0·25 ) 

3J.lm 

10)..lm 

025 0·5 0·75 1-0 1-25 

Specific load (kg! m ) 
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FIGURE A2·1 - "': Prediction of pressure drop response 
with load, at 2·5cm/s face velocity, for 
different pecking densities. 

( 5)Jm particles assumed) 
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Aopendix 2.2.1. 

A typical Laplace transform solution as used in section 2.2 is given 

below:-

Different ial equation is: 

d\j 2 ." 
vi.. --t- C<3 0 (Az;1..-\ 

-t-
, 

cl t."Z. dt 

Initial conditions 

Taking Laplace transforms of A2.2.1 gives 

<:>( [S'-'/es) - S~CCJ - ~/CC~ 
+ [s 'l(s") - ycc')J + - G 

which gives I 

YeS) ,J' s2. I.r 
"" .J ,,, T 

s1. 
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Separating by partial fractions 

A ~ c. 
yeS) - - + ;- c()( S +-J) s<- S 

A CctS + ,,) + R s C<:::<.s+ ,'J -+ cs,. 

s1.. (0('::;; ...;.. \") 

So, 

se ~ A - ~3 

s; => .B <:;i..A ::fe.'-' 
,"1.. 

7" - c<,.j 

S'l.. -=b I)(. ~ "T C - 'j 0::.<.. <::. 

C - a • £. - ':jc::. J 

Hence, 

-~S " '(CS) -+ ~e. - - -s;"- ..s 

Inversing the transform results in 

...... 
j - Ye. - 0( ~ \, 

Check, 

t= C ~ ~ .::. je:. 

and, 

C\j 
- -<..~ 

c\t 
Se -l::. a => c:\~ = 

c:\i 
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Aopendix 2.2.2. 

Two typical print outs from the computer programme for 

determining particle trajectories in a triangular channel using the 

equations of 2.2. are given below: 

237 



A,PAFTICLE'S TRAJECTOR~ IN A TRIANGULAR CHANNEL WITH SIDE WALL FILTRATIOI 

LENGTH OF CHANNEL IS 2~ CM 
HEIGHT OF CHANNEL IS 1 CM 
WIDTH OF CHANNEL IS .5 CM 
AVERAGE FACE VELOCITY IS ~.5 CM/S 

THE PARTICLE HAS: 
DIAMETER OF 10 MICRONS 
SPEClFIC GRAVITY OF 4 
S:::TTLING \/ELOCI T'T' OF 1.21111111 01.···5 

PARTICLE'S INITIAL POSITION IS ( 0 •• 5 .3) 

TH1E ;.:: 'T .::. 

~Z, .. ~3~:'~ (1. (H] · 5~:t · :30 

· ~i 1~3 1 · '=,'=, · 49 · 27 

· "J2~' 3 · 4~ · 4::: · 24 

· O::::~] ~ 
~, . :3::- · 46 · 2~3 · (14~) .. · 44 · 45 · 1~ · (15~:' :? · 60 · 44 · 14 

· ~:j05~:1 1 1 · :::7' · 4~: · 12 

· OT":' 1"; · 24 · 42 · ~:1:? · 0:=;(1 16 · 6::- · 4(' · ~~'':' · (1::00 1::- · '''':'-'':-..... ..1 · :39 · (i:;:; · l~"O ~'1 
~- · '='4 · :;:8 ~1. O~:1 

· 1 ':' 1 22 • .-. .-, .;;..,:. · :3:::: '3. 1.30 

PARTICLE'S FINAL POSITION IS (22.22 .3~. B ) AT TIME .1014 SECS --------
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A FARTICLE"S TRAJECTORY IN A TRIANGULAR CHANNEL WITH SIDE WALL FILTPATIC 

LENGTH OF CHANNEL IS 27 CM 
HE I GHT OF CHA~1NEL 1'3 1 Ct'1 
WIDTH OF CHANNEL IS .5 CM 
AVERHGE FACE 'lELOCIT'T' IS' 2.5 Ct'1.·· .. 9 

THE FARTICLE HAS: 
DIAMETER OF le MICPONS 
SPECIFIC GRAVITY OF 4 
SETTLING VELOCITY OF 1.21111111 CM/S 

FRRTICLE"S INITIAL POSITION IS ( 9 .25 .24 > -------

TINE :~: " = 
~~1 • ~~1(10 j.J. ~~iL:i -,~ 24 · ,;,..._' · (11 (~ 10 24 .-,.-. · · · · .:;...;.. 

• (12l2s · ;;::1 · 23 · 21 

· ('.~:~J · ';'4 · 2! · 2~:1 · 04t:~ · ,~ -., · 2 lZi · H:: 
• 05~) · 61 · L? · 17 

· (t6~~~ · 74 · 15 · 16 

· (17~l · :::6 · 17 · 15 

· ~:1S(1 · :;6 · 15 · 14 

· 0~~3 1 · 04 · 14 · 1'~' '.' 

· 1€1(1 1 · ~:19 · 1'~' '.' · 12 

· 1 10 1 · 1 1 · 1 ", 
~ · 1 1 

· 1 14 1 · 1 1 · 1 1 · 1 1 

. F'AF.:TICLE "':' FUIAL RO,3IT Im'l I';S 0: 1.1·_ .11 .11 ) AT TIME .1138 SECS 
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Appendix 2.3 

The following appendix gives an example print out for the 

computation of the pressure drop against specific load for each of the 

deep pleat and mini pleat arrangements. Graphical representations of 

a full range of results at different bulk densities and velocities is 

given for each type of filter. 
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ALL V A."1IABIi;;:S TIT S. I. UNITS 

FACE VZLOCITY .0125 
LOAD TITC]EHEIlTS 1 
AREA OF HED IA' 18 
HEDLl. THICKNESS 5E-04 
GAS VISCOSITY 1.85E-05 
GAS DEHSITY 1.1 
PO'IIll:::R :SULK DElTSITY 625 

Dll'lEllSIOHS OF FILTER UNIT 
!BIGHT .58 
wrD'ffi .58 
DEPTH .25 

A.l'fGLE OF SPACER TO NEDIA (RADS) .5236 

SPC LOAD 
KG/H~2 

.000 

.059 

.117 

.176 

.234 

.293 

.351 

.410 

.468 

.527 

.585 

.644 

.702 

.761 

.819 

.878 

.936 

.995 
1.053 
1.112 
1.170 
1.229 
1.287 
1.346 
1.404 
1.463 

PRESS DROP 
I'm \VATER 

7.4 
8.2 
9.0 

10.0 
11.0 
12.1 
13.4 
14.9 
16.4 
18.2 
19.2 
21.1 
23.0 
24.9 
26.9 
28.9 
31.0 
33.1 
35.4 
37.8 
40.7 
44.4 
50.2 
62.7 

119.0 
*83.6 



--

· . .~ 

FIGURE A2-3 -1 : Comparison of theory with experiment 
for a deep pleat filter at 1-25 cm/s with 
SS 2831 ~10.2 dust_ 

Bulk density figures used in theory calculations 
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F[GURE A2·3-2 : Comparison of theory wiih experiment 
for a deep pleat filter at 2·5 cm/s with 
SS 2831 No.2 dust. 
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FfGURE A2·3-3 : Comparison of theory with experiment 
for a deep pleat filter at 3 ·5em/s with 
BS 2831 No.2 dust. 

125 

-. cu 100 -·0 
3: 
E 
E 75 -
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/ 
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/ x Experimental 
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ALL VARIABLES TIT S, I. UNITS 

FACE VELOCITY .0125 
LOA]) TITCREBENTS 2 
AREA OF I1EDIA 38 
HEDIA T:UCKNESS 3. 3E-04 
GAS VISCOSITY 1.85E-05 
GAS DENSITY 1.1 
pownLR BULK DEtJSITY 700 
DIIillTSImTS OF FILTER UNIT 

HEIGRT .58 
WIDTH .6 
DEPTH .25 

NUMBER OF PANELS 12 
DISTAlTCE BET',v"';.t!t{ PAl'TELS .05 

SPC LOAD 
KG/HA2 

.000 

.054 

.108 

.162 

.216 

.270 

PRESS DROP 
J.lN Iv ATER 

7.3 
8~3 

9.7 
13.1 
31.5 

*83.3 
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, 

FIGURE A2·3 -4': Comparison of theQry with experiment 
for a mini pleat filter at 1-25 cm/s with 
SS 2831 No.2 dust. 

-
0. 
o 
I.... 

125 

"'0 
50 

Q) 
I.... 
:J. 

~ 
Q) 
I.... 25 

0.. 

Bulk density figures used in theory calculations 

700 850 1350 2000 

..; 
/ 

/ 

/ 
/ 

/ 

/ 

" 
/ 

/ 

/ 

L~~::-::~Z~~~:----x Experimental 

o 0·25 0·5 

Specific load (kg/ml) 
0-75 



FIGURE A2·3-5 : Comparison of theory with experiment 
for a mini pleat filter at 4 cm/s with 
BS 2831 No.2 dust. 
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,FIGURE A2·3-6 : Comparison of theory with experiment 

for a mini pleat filter at 2·5cm/s with 
852831 No2 dust. 

Bulk density figures used in theory calculations 
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Aooendix 2.4.1 

The following appendix gives examples of particle trajectory end 

points entering a deep pleat filter panel with the channels 5 mm wide 

and the flow rate through the filter being that of a standard deep 

pleat panel filter. position and particle size effect is illustrated. 
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Ao"endix 2.4.2 

The following appendix gives print outs of the revised deep pleat 

theory model for the velocities used in figure 2.7. 
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APPENDIX 2.5.1. 

Particle deposition on face of mini pleat filter 

y, starting point, mm 

dp St 0.2 0.4 0.6 0.8 1.0 1.2 

(pm) 

1 0.16 .066 .030 .052 .095 .184 

2 0.63 .053 .006 .131 .250 .650 

3 1.41 .085 .127 .262 .616 

4 2.51 - .027 .154 .460 1.252 

6 5.65 .074 .371 1.111 3.111 

8 10.04 .109 .644 1.951 5.59 

10 15.69 .169 .953 3.000 8.243 

TABLE A2. 5.1. 

End point of particle trajectories - x coordinate with origin of 

point source transverse to planar field (mm). St based on velocity 

through 1 mm dia. holes . 

. ".. 

Figure A2.5-1. 

the fi I ter face 

far side of hole 

Trajectories of particles(p = 4000 kg/m3) along 
p 

and into 1 mm dia holes. Illustrates build up on 

-------- 1 vm dia. particles 
4 ~m dia. particles 
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Aopendix 2.5.2 

The following appendix gives figures demonstrating the channel 

expansion and bulk density influences within the minipleat filter 

model. Also included are typical print outs incorporating these 

effects.Figure 2.8 in chapter 2 illustrates the revised model. 
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FIG A 2·52-1: Comparison of channel expansion effect 
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FIGA2·5·2-2: Comparison of bulk density effect for 
mini pleat arrangement theory at a 

face velocity 6f 2·5 cm/s , channel 
expansion 33 % 
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Aopendi:< 3.2.1 

Filter media characterisation 

For the most part this was available from the manufacturer's 

data. However, insufficient information was available describing the 

fibre size distributions. These were measured using scanning electron 

microscopy and the results are presented below. 

TAllLE A3.2.1.-1 Fibre size distributions for various media 

Size (pm) 
C do,,,-. ) 

Cumulative Number % 

F38Z F41Z F43Z F44Z F45Y F4iW 

0 0 0 0 0 0 0 

0.8 36.5 32.3 29.1 20.2 10.6 4.1 

1.6 65.3 64.5 54.8 50.0 37.2 26.0 

2.4 78.8 79.1 71.5 64.5 56.4 49.3 

3.2 85.3 87.3 81.6 73.4 67.0 01.6 

4 91.8 92 .4 88.3 84.6 79.8 71.2 

6 96.5 97.4 96.1 94.3 91.5 83.6 

8 98.2 99.3 97.8 97.6 94.7 89.0 

10 99.4 100 98.9 99.2 97.9 93.1 

12 100 100 100 100 100 97.3 

>12 100 100 100 100 100 100 

Mean size 1.18 1.24 1.34 1.60 2.13 2.45 

)"" 50% cut 
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Appendix 3.2.2 

Influence of samole tube diameter and sample flowrate on sa,nolin$ 

2ffic iency 

A series of tests were made using a Royco 225/512 particle size 

analyser. The parpese was te-measare the signifieanae of Atmospheric 

aerosol was drawn through sampling-ineffieiensies. a short (20 mm) 

sampling tube (A), a rotameter with an integral valve and a 0.3 m long 

5 mm bore tube (B) into a Royco 225/512. A range .of sampling tubes of 

varying bore were used. The efficiency of aerosol. sample de 1 ivery to 

the sensing instrument was measured and the results are tabulated 

below. Some general observations are,-

(l) Lower flowrates reduced sampling efficiency for the same tube 

bore size. 

(il) For a constant flowrate increasing the tube bore size reduces 

sampling efficiency. 

(iii) At a constant velocity of gas reducing the tube bore size 

reduces the sampling efficiency 

particles. 

particularly of large 

(iv) The use of the rotameter for flow metering introduces very high 

particle losses for particles greater than lpm. A 261 loss was 

observed for particles greater than 1.8~m and 501 for those 

greater than 2.7pm when the Royco was operating at its nominal 

flowrate. However, losses for particles less than l~m were 

small. 

These obser,rations lead to the following conclusions which were 

taken into consideration when sampling during experimental work. 

(i) The smaller the tube bore diameter the less the deposition for 

the same flowrate. 

(ii) To correct the flowrate such that the same velocity exists in 

any tube results in more aerosol deposition in smaller bore 

sampl ing tubes. 
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(iii) The introduction of a flowmeter into the sampling line adversely 

effects the sampling efficiency of particles greater than Ipm. 

Tne results presented below are the sampling efficiency expressed 

as :-

At~osoheric count - count x 100% 

At~ospheric count 

where the atmospheric count is that obtained with no sample tube 

fitted. 

1. Svst~ parameters 

All figures are at 45.2 ccls sampling rate sampling tube absent 

Mean size .(pm) Tube B Tube B + rotamet.er 

rotameter alone 

0.35 7.4 \1.2, :!. . IS 

0.45 5". I 1~·1 7.6 
0.85 11.5 18.0 6.5 

1.80 21.0 47.4 26.4 

size :;. 2.4 29.2 87.5 58.3 

S.." oHn\! tas ts bore sizes refer to tube A. 

2. All 5 1II!!I bore size flow rate variation bv rota::J.ete-: 

Mean size (pm) 40 ccls 30 eels 10 ccls 

0.35 21.7 24.1 37.7 

0.45 35.1 41.3 63.1 

0.85 41. 9 58.4 81.3 

1.80 42.1 73.7 78.9 

Size , 2.4 100 100 100 

260 



3. Flowrate stable at 26 ccls (rotameter controlled), bore size 

variation 

Mean Size (pm) 

0.35 

0.45 

0.85 

1. 80 

Size') 2.4 

5mm 

54.6 

60.6 

64.9 

52.6 

100 

3rrnn 

44.2 

53.6 

59.3 

47.4 

100 

2mm 1 mm 

46.4 39.7 

53.0 31.0 

57.4 9.9 

36.8 0 

95.8 87.5 

4. Same ve1ocit·" 230 c"/s, different bore size - ve10citv maintained 

rotameter 

Mean Size (pm) 5 mm 3mm 2rrnn 1 mm 

0.35 11. 2 20.4 45.1 66.2 

0.45 12.7 47.2 66.1 80.4 

0.85 18.0 &'2.1 .Ra 90.1 

1.80 47.4 73.7 93.2 95 

Size" 2.4 8 7.5 100 100 100 

5. Same bore size. 1 rrnn, variation of flowrate bv rotameter 

Mean Size ()l!!l) 7 ccls 15 ccls 20 cels 

0.35 54.0 38.9 31.8 

0.45 70.0 49.4 43.1 

0.85 ~l.9 S4·3 SI. '2. 
1.80 . 94.7 76.8 74.2 

Size') 2.4 100 95.8 '1\.1 
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AI)!)endi:t 3.4.1 

Anal'lsis of data collected from experiments of 3.4 

The pressure drop response with specific load at various face 

velocities was measured for different dusts being collected on 

conventional HEPA filter media. These results are presented on the 

following pages and their analysis by a computer curve fitting routine 

is included. A number of empirical equations have been obtained for 

the pressure drop - loading characteristics of each dust tested. 

These are also presented below. 



~AXIMUM MUMBER OF DATA POINTS FOR ANY VELOCITY IS 

F I L TEr;: F!'1(:K IIIG CiI:J··IS'[ T'T' I':; 4 ~., 

T'IEI=ltl F H,:I,:E D r HT'IETEP I':: . 5 T'H C ," T'I1'[;:::; 
T'1EAI'I POFE '::; I ZE OF F I L TE[;: I':; 2 T'l I C ," T'lTF:'; 

THE MEAN PARTICLE SIZE IS 4.1 MICrMTRS 

~ 

'-' 
6 

REGIME DIVISION IS NHEFE PRESSURE DROP~VELOCI1'~= 13.7 

n 
~ 114 
.214 
• :3:37 
.. 449 
.. ~5 L~~ 



EQUATIONS FOR VELOCITY NO. 1 (I.E. 2 CM/S) ARE: 
(1) FOR P~O~~~~L ~ 13.7 

P.D.= 1~.U,·'~641r· +EXP( 3.4939388 +L) 

(2) FOR P.O./VEL >- 13.7 
P.D.- 6.02823112 + 71.0189705 *L 

PO-PRESSURE OROP.L-SPECIFIC LOAD 

EQUATIIJNS FOR VELOCITY NO. 2 (I.E. 3 CM/S) ARE: 

(1) FOR P.D.~VEL < 13.7 
P.D.= 15.1427773 *EXP( 3.50534095 *l_) 

(?) Fnp P.D./VEL )= 13.7 
·~~.D:~ .146539807 + 142.4~8027 *L 

PO-PRESSURE DROP.L-SPECIFIC LOAD 

EG!U,=tT [,.:rH'::; FOF.: ',/ELOCI T',' 1···10. 3 (I. E. 4 U·l,····::;) AF:E: 
(lj FOR P.O.~/EL < 13.7 

P.D.= 21.426956 *EXP( 4.06500453 *L) 

(2) FOR P.D./VEL >= 13.7 
P.D.=-3.85281172 + 241.139888 *L 

PO=PRESSURE OROP,L-SPECIFIC LOAD 

ErJU,=tT I Ut·"::; FOR '·/ELOC I T'T' tK'. 4 (I. E. 6 0·1.·· .. '::;:" AF:E: 
(1) FOR P.O./VEL < 13.7 

P.D.~ 31.379275 *EXP( 4.78313998 *L) 

(2) FOR P.D./VEL >- 13.7 
P.O.=-18.5565144 + 417.518398 *L 

PO-PRESSURE OROP,L=SPECIFIC LOAD 

EQUATIONS FOR VELOCITY NO. 5 (I.E. 8 CM/S) ARE: 
(1) FOR P.O./VEL < 13.7 

P.O.= 43.2131956 +EXP( 4.50490638 *L) 

(2) FOR P.O./VEL >= 13.7 
P.D.~-48.0188392 + 635.250727 *L 

PO=PRESSURE OROP,L=SPECIFIC LOAD 

[r[::T'~ I L OF L I 1:·1 CO'··':";T. TEf;:r'l ..... :::;. '·/EL. FIT (PO.····'· ... < 1:::: .. 7 ::. 

ORDER OF BEST POLYNOMIAL FOUND - 1 

rj'.Y!DNE:::::;:: OF FIT 
vi 
i :~: §i~t;It:fj~=~~:~ 

POL',T,UI'll HL rJr;:DEF.: = 1 
t·,·) • :~~ 'i. HI-,_ 
i :::: ..;:. 

._' · ~.:.1"~. 1 
.M., 

"3 ,= 1,:14:J 1 .::.. ._' · ::::: 4 !5 . _,1..::._.' 1 .. .':' •• M1 I 

<+ .:; ~ ,;::3 1 .~ · c:. :~~; I..:~ .:.~O2 1 ._' ._.' .. 

[,U:L.E 
-. ~):.:;: 
-. (t ?:.:: 

.:.~. ~~:~3 
--:~::E --0:3 



()FDl.r-:;: CiF E:E::;:T !=-(}L'll'··iOI·'1 I tiL r':'"C'UHD = :2 

Qf:l~~[:; r~ G~~{j;~.!JF;.'~S~" .l"Lf-LL'L_ 
~ 8~?8735489E-04 

1 ~:r~§~~~~~E~~4 

POLYNOMIAL ORDER = 2 

UO .... 6 1:. I.,H.!!... 

1 2 .-, '194 1 .:;. ... 
2 :.3 :::: .. 5~:15 1 
:3 4 4. !2i6~; 1 
4 '" -' 4. 7:;:.',3 1 
~ ._' :3 4. 5~::':J=j 1 

SUt'l OF ERPOF::::; SC!U!=tFED = .1.661:::::3494 

ORDER OF BEST POLYNOMIAL FOUND = 1 

OPDE,E:. 

J.] 
1 

OOODt·1E':;:::; OF FIT 

.01645028('4 
1 .. 15324::.:'52E--(t:3 

I;) I FF' 

.1.:35 
-oo 2r::;~:;':: 
- .. ~J6:3 

'":''":'-,' • .::..::... I 

-. J.:;:11::'::7 

CC'FF F le I EI'H:3 OF 8E'::;T FIT PUL','I'IOI'1 I FII o::,.-,r;:DER 1 ", 

f"OL','t',IC't''lIAL OF:DEF: = 1 

1·1 C' • 

1 
2 
:3 
4 
~, 

~.JT • 

1 
1 
1 
1 
1 

2.J.313 
...,.?-:~ 

• I I I 

-.459 
-'-;' .~.-::.. 

-5: 4ih 
SUM OF ERRORS SQUARED = 1.96541971 

UI':Ltf'::li: UF E't::sr f"uL','I'lot'II HL F UUHD .- 2 

OF'DEE. 

';1 
1 ,-, 
'" 

'T':= 7 .. C~~:::.f::::2:::(l45 
+ x ~ 16.3761044 
+ ~(·r 2 * -.928968448 

POLYNOMIHL ORDER = 2 

t!.<;!..... 
1 .... 2 

ttl .... 
1 
t 
1 
1 
l 

':~:J.!t·l '-:'1"':- [F'!;'I ·'F·· :::,··,1 tr·'-lI·:'Fn .. ~ ! :~- .. -::~:::~t·::::~: ,.;-':::, 
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(WHERE PO-PRESSURE DROP-MM WATEP;V-VELOCITY-CM/S.L-SPECIFIC LOAD-i 

FF E:::::::Uf."E OR-OF' 

130 

1.2 

:;PEC I FIe LOAD 
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6 

FILTER: PACKHIG DEH:3IT'r' 1:=; 4 ;.; 

MEAH FIBRE DIAMETER IS .5 MIC'MTRS 

t-1E"tl PCq;:E :3IZE OF FILTER 1:3 :;:: t-lIC't'1TP:3 

THE MEAN PARTICLE SIZE IS 4.9 MIC'MTRS 

REGIME DIVISION IS WHERE PRESSURE DROP/VELOCITY- 18.4 

PI': E ::::,,; U P Em;: 0 P 
0:.1.1-1 ~-l AT 1::1': :-

11).4 
15.2 

~~:~ 
:::~'? .. :::: 
4:3. 1 

1 IS 2 cr·1S .. ···?_ 

SPECIFII: LOI~D 
<1<o/r'12) 

:~ 
.~ ... . :::: 

VELOCITY ~~O. 2 IS 3.25 CMS/S 

'",'ELOC I T"r' t·~o. 

:3F'EC I I'" I C LOAD 
(!'(J}/t'12 ) 

:"PEC I FIe LOf'to 
_ .:: ~:::G"-"t'12::r 

"., --., 
.~ .-::. · .~ 
.4 
.6 · ::.: 

:3F'EC I FIe LOI=iO 
.:: 1<0, .. -'1"12) 

121 
.2 
• :3 
• 4 .6 

.;:. · '-' 

:::PEC I FIe LOI'10 
.:: KG.··'t'12 ::' 

~:I 
-,,: . . ~ .-.e' · .:.:. --' · -~ 

.. 6 .. ::;: 



EQUA1'lONS FOR VELOCITY NO. 1 (I.E. 2 CM~S) ARE: 
(1"· FOI:;' r' 0 "'E' - 1:::l~4 " ~.O.~ i~.~~~~~0t *EXP( 1.94036025 *L) 

(2) FOR P.O.~VEL >- 13.4 
P~O.= .316666722 + 5·3.4999999 *L 

PO-PRESSURE OROP,L-SPECIFIC LOAD 

EI;!UAT rot·I::; FOF.: ',:'ELOC I T 1'r1 t··IO.. ;;:,: (I .. E.. :3 .. 25 cr·1.·· .. S) AF.:E: 

(1) FOR P.O.~VEL < 13.4 
P~D .. = 17.2049388 *EXP( 2.21050604 *L) 

(2) FOR P.O.~VEL >- 13.4 
P .. D.= .292857125 + 99.6428572 *L 

PO-PRESSURE OROP,L-SPECIFIC LOAD 

EQUATIONS FOR VELOCITY NO. 3 (I.E. 5.1 CM~S) ARE: 
(1) FOR P.D./VEL < 1~ 4 

P.O.= 26.8502425 *~~~( 2 .. 6542449 WL) 

(2) FOR P.D~~~~~_>~ 13.1 ___ , 
P .. D .. = .~1~oooo~4i + 1~~.(5 ~L 

PD=PRESSURE OROP,L-SPECIFIC LOAD 

EC!UATION::' FOR "iELOCIT',' ~IO. 4 (I. E. :3 cr'1",":3) AR.E: 
(1) FOR P.O.~VEL < 1~ 4 
P~D.= 42.9056052 ~~~P( 2.8278834 *L) 

(2) ~OR ~.D~~~~~ ~= 1~.1 
P.U.=-~.46o~b~5~ + ~4~ *L 

PO-PRESSURE OROP,L-SPECIFIC LOAD 

EQUATIOt~S FOR VELOCITY NO. 5 <I.E. 10 Ct1r.'S) ARE: 
(1) FOR P.D./VEL < 1~ 4 

P.D .. = 54.3747763 ~~~~< 3.02828~ *L) 

(2) FOR P.O.~VEL >- 13.4 
P.o.= 1.1666668~ + 462.5 *L 

PO-PRESSURE OROP,L=SPECIFIC LOAD 

lHE BEST FIT RELATIO~SHIP PO VS b AT ANY VELOCITY 

(1) WHEN PU~VEL < 13.4 (MM WATER~CM!S) USE RELATIONSHIP: 

po=v*< 5.15375638 + .0273588857 *V>+EXPC( 1.39843889 + .30777544 * 
:+:"/'f':;;: >:'~L] 

(2) WHEN PO~VEL>- 13.4 (MM WArER~CM~S) USE RELATIONSHIP: 
PO=V*C( .0120089129 + 0 *V)+( 17~7584603 + 4.80976219 *V+-.1985825 

(WHERE PO-PRESSURE DROP-MM WATER;V-VELOCITY-CM~S,L-SPECIFIC LOAO-K 



F I 1._ n::F: 1"·HCI<.II·IU D!C::I'I::;; I T'T' I:::, 4:: 
r"IEI~!I"1 I'~ I 1:::1'::1::: U I r'il'IETEF: 1:3 • 5 i'l 1.1 .. ::'" 1'1 lk:::: 

r'IEHH F'IJFE S [::!::: Of' 1= I LTEf,: I:::' .'" i'l [C·" rn,,::::, 

ri-lE i·IEHI··1 I='I~FTICU:: :~:I::E I:::' ,22.:=: 1'Il.e·'r'HR::.) 

FEO I 1"1E Cl 1 ',,.. 1::,1 m··1 I :', ~',I',EF:E PI;:i:::::;::o:.,UF:E DF:I)F"·""il:::UX:.I. T'r'= :5. :,,," 

I,.,'ELOC I T,·t HU. -_ .. ' .. 

::'PEC I FIe LOI'l[, 
~13,<r"I;~L 

l-2! 
. 17 
.45 

,.: .. :~ 
i':'16 

::'PEe I I" I C LOAD 
(KO.···'t·12 ::. 

·-:. 
'-' 

I'!UFI::. OHT!, I'il :31·II"-I.LL LUFtL):::' FOI'" '· ... EI._.. 1'.[1.). .I. ~·.IUI..II.,O I1'IF·Piy· ... E r'iLCUPHC',' 
FIi:UURHI'1 ~., I LL ~:EFE,'1T FULLUI.·, 1 Ill] UHT!"! I~'O r 1'-1"1: T '_I CUI.l.T IIIUE :l.l. 4. • 19 

!'101?r:: DFtTI'! AT ::,i'IALL I_Ut'!U::' FOI": '·,IEL. HO. ~: I ... IOULL' HIFI=:O',,IE ACCUF:AC',' 
r"'h:UUPHI'1 IoU LL ,:EI·''l:.H T FOLUJI ... I n·lu ClHTI"1 PU un TU UJt··!THIUE 23. ~:: , . 1', 

MOFE'DFtTH Ftl' SMALL LOFtDS FUR VEL. HO. 3 WUULD IMPROVE ACCURACY 
PF.I~"_;":Hi'LJHLL EEPr.::ftT FQI._UJI,ll.I'·.I.G DHrr'l F'OHIT TO COt·ITII··lt~t~ se •• o:? 



EQURTIONS FOR VELOCI'fY NU. 1 <I.E. 2 Ct1/S) ARE: 

( 1;~ F:0F: F' D ·· .. ',,'EL .:.. 5. 5' 
~~D~= 1~.~· ~Exp2 .585398075 *1_) 

(.2::0 FOr~: F'. er ... ···', ... EL ).::: 5.:? 
P.D.= 9.88635201 + 18.2900199 *L 

PU=PRESSU~E DROP.L-SPECIFIC LOAD 

EQUATIONS FOR VELOCI1Y NO. 2 (I.E. 4 CM/S) ARE: 
(1) FOR P~D./VEL ( 5.9 

P.O.= 20.6000801 +E~<P< .699183508 *L) 

(2) F8R P.O./VEL >= 5.9 
P.D.= 19.654T106 + 20.2543473 *L 

PO=PRESSURE OROP,L-SPECIFIC LOAD 

'.2) ~OR P.D./VEL >= 5.9 
P.D.= 51.6451~13 + 55.5299539 *l_ 

PO=PRESSURE OROP,L=SPECIFIC LOAD 

THE E:f,::-:;T F I T F.:ELAT I ot·I:3H I F' F'D ',,I:;:: L AT AN'.,' ',,1ELOC I T'e' 

po=v*< 5.04999999 + .0250008086 *~!)*EXP[( .465135776 + .0617503665 
1 E -04 ,,",',,1'r';;::) ,,",L J 

(2;' r,JHEtl PD,··.",,1EL:>= 5.5' (t'1r'1 r,JI'1TEP,"'ct'l,.·'S) U':E F.:ELAT I Ot!'=H I P : 

PD=V*[( 4.51819062 + .0671201324 *V)+( 5.34871275 +-.132421313 *V~ 
V·t·2::' :f·L ] 

(WHERE PD=PRESSURE DROP-MM WATER:V=VELOCl1Y-CM/S~L=SPECIFIC LOAO-K 
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FILTER PACKING OENSlr~ IS 4' 

MEAN FIBRE DIAMETER IS .5 MIC'MTPS 

MEAN PORE SIZE OF FILTER IS 2 MIC'MTRS 

THE MEAN PARTICLE SIZE IS 52.3 MIC'MTPS 

4 

REGIME DIVISION IS WHERE PRESSURE DROP/VELOCITY- 0 

... ·'ELOC.1 T'r' t·:!l=' .. 

:::,FEe I FIe LOIIO 
.;: 1<.13.···"· .. '2) ----. 

,) 
.291 . ..,.-. .... .;;. 
1 • ~:':19 

:,,;PECIFIC LOAD 
(~<C; .. ··'t·12) 

'·/ELOC IT"r' t-to.. :3 

.:.'''';, .-::. 
,-,,::.. .. "-' 
:3f2" :~ 
4u. e, 
45 .. 2 

PFE'=;'"'IIFE o P''-' F' 
, <: Flfi . ~,jATEF; :; 

4'" 4 5fi: :=: 
55.1 
6~J .. 4 

SPECIFIC LOAD 
.:: I<O.·/t'12) 

::;PECIFIC V)f1D 
(KCi ... ··t·12) 

I·/ELOC I T"r' t·~n.. 5 

t'·IOF.E 

55 .. 4 
63.5 
6:::: .. 6 
76 .. 2 

DATI:~ AT 
!I"l::IJPF le lI=:HT 

t'IOFE OFITFI AT 
I l'l::;UFF I Cl I:J'I I" 

t'10FE Of'1l"f'I AT 
1.1··I::;UFI"! '~. lEl'lT 

f"IOf;'r~ OfiTI"I I'll' 
III':;UFf" ICH'Jlf 

t"OF,[, DH·rl~1 HT 
111::.1 IF j.; I (: .f! '.n I 

~;PECIF IC LOAD 
.:: /.{ I} / t'12 ::-

:::;t''II'::ILL U:WiO:::; FOP. \·'EL. 
DAlI''! FOP (ALCULATlIjH 

S;t'lf!l..L U)HU::; ["(JP \"EI_. 
Df~rH FOF.: O'ILCULAT I Otl 

:::I'ltiLl.. UJHD:'.::: FC'F' 1'.,'F.::l_ .. 
DHlH FOP CHL.C.UL.f'1 I"lelll 

:=,t'1f'ILL UJHC",,; FIJF' 1.,,1 F::: L • 
[)f'IU::1 FOF.: CfILCUL.AT .rUt-! 

':';I'WILI.. LOHU:; Fr"'f" ...·'F:I 
UH I I-I F ,)1" CHI.I :m 

tiC!. 1 [,.IUULD II'IPF.:O"iE 

1"10. .... 
,:::. [,.IUULD II'1PPO"iE 

IV) • ::: I,.IOULCI I l'Ir~'r;:U"iE 

1'10. 4 ['J(iI.!LD I t'Ir::'PO\'E 

t 11"1. ~::' . , !·IC"II 11 n t !'II·:'PO'·.'r::: 

ACCUF:I~C'T' 

Flccur~:f:1C'/ 

FiCCUF.'~::tC'r' 

flCCUr.::flC'r' 

f~'-:·I~.:Upnc'-r' 



EG!i..Il=1T I 01'··1::3 For;'. '·,'ELOC r T',' HO. 1 0:: I • E. :2 Ct·'I.···~=') ARE: 
... 1 '.' Fr,F' P D .. ··' .. 'EL .... .'1 
.. 1:'10 '~:'I~U: r~' Ei)I~II'iT rdt'l- DUE TO HI:3UFF ICI ElT DI''lTI, 

(2) FOI? P.D./VEL >= 0 
P.O.= 10.2211448 + 3.13675719 *L 

PD=PRESSURE DROP.L=SPECIFIC LOAD 

EQUATIONS FOR VELOCITY NO. :2 (I.E. 4 CM~S) ARE: 
(1) f~OR P.O~/VEL < 0 

t··IU '·,.'FIL I D EG'UHT IUI'l DUE TO I H:::I)FF I C I EHT DI"!TA 

(2) FOR P.D./VEL >= 0 
P.O.= 21.281:3798 + 6.52519817 *L 

PD=PRESSURE DROP.L=SPECIFIC LOAD 

EQUATIO~~S FOR VELOCITY NO. 3 (I.E. 6 CM~!S) ARE: 
... 1', F,-,['· P Cl ·· .. ' .. 'EL .,' >1 
.. ~O Q~Lr6-Ei)0~TldH-DUE TO IHSUFFICIEHT DATH 
(2) FOR P.D./VEL )= 0 

P.D.= 32.2353186 + 9.6?332556 *L 

PD-PRESSURE DROP.L=SPECIFIC LOAD 

EQUATIOHS FOR VELOCITY NO. 4 (I.E. 8 CM~S) ARE: 
( 1":t Fnr:;' F' Cl , .. 'I"tE' {- ~1 
. ~O Q~LI6-E~0A7I6N-DUE TO INSUFFICIENT DATA 

(2) FIJR P.D~/VEL >= 0 
P.D.= 43.9624292 + 12.6401356 !~L 

PD=PRESSURE DROP.L=SPECIFIC LOAD 

EQUATIONS FOR VELOCITY NO. 5 (I.E. 10 CM~S) ARE: 

(1) FOR P.D./VEL < 0 
t·lD '·,.'ALID EG!UATIOI·l DUE TO Hl:;::UFFICIEt-n DATI, 

(2) FOR P.D./VEL ~= 0 
P.D.= 55.5948154 + 15.4297007 *L 

(1) WHEN PO/VEL < 0 (MM WATER~CM/S) USE RELATIONSHIP: 

IHSUFICIENT DATA FUR. RELATIONSHIP 
(;2.:' 1··jHEI···1 PD ... ··'·iEL>= '1 0'11'1 t·jHTE[;' .. ····cr·I.····:;:'::O U:~:E f;:ELATI Ot·I:3H I P : 

po=v*C( 5"04981883 + .0536388501 *V)+( 1.50840993 + .0419795223 ~' 
::::J ;'I,;"/l:2) :~t:L] 

(WHERE PO=FRESSURE DROP-MM WATER;V=VELOCITY-CM/S.L=SPECIFIC LOAD-I 
------_.--_._ ...... 

272 



Aooendix 3.4.2 

The effect on the oressure droo response of uneven loading of t~e 

filter media 

The pressure drop at all points across the filter is taken as P. 

For a filter of area A, assume a small fraction of the area, 01.. A , 

covered by depth ~~~of dust. The remaining are~(I-<:i.)A is covered by a 

layer of dust depth ~~ 

>" > 



Assume Darcy's law applies and the volumetric flowrate Q is 

constant. Hence 

Also 

Now average depth O"IIo.0f the dust layer is 

~ C"\oI,Q,. - 6,.-J...) ~ o-~ -t- C>(, r-. ~O"H 

0"\01 :: O"''''~ / ( \ - .L -+ C<. \l- ') 
Similarly average face velocity 

U - Q -0", 

1\ 

Now from (A3-l) 

u, / ~ 

So in (A3-3) 

l\oa. 

Therefore overall substituting (A3-2) and (A3-4) i,,\'o 

Hence it can be shown that a p is always less than 1 for uneven load 

then the dencminator will always be ;> 1 and so the pressure drop will 

be lower than that predicted by Darcy's law. Furthermore the g",ea£eF 

the greater the denominator so the greater the effect on reducing 

pressure drop. 
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Aooendix 3.5.1. 

Below are typical size analyses for each of the dus!;s used in 

the experimental programme of chapters 3 and 4. In particular cases 

where the dust varied significantly between batches more than one 

example is quoted. All dusts were analysed by Coulter Countar and this 

size distribution has been used for all analytical and theoretical 

work. The results quoted are the average of ten identical 

experimental analyses. Errors are therefore reduced but statistical 

variations for individual measurements in the order of 5-20Z are 

common depending on particle size. Comparisons by alternative 

techniques were made on some dusts (Andreasen pipette and a Sedigraph 

ha·,e been used) but only for verification. This was acceptable and 

hence only the Coul ter results are reported. 

Abralox P3 

Particle dia. (um) 
) 

Cum. wt. t 

1.0 0 

1.25 2.9 

1.5 6.3 

1. 75 10.6 

2.0 15.9 

2.5 28.4 

3.0 42.5 

3.5 55.2 

4.0 67.5 

4.5 77 .8 

5.0 84.9 

6.0 94.5 

8.0 99.1 

10.0 99.8 

15.0 100 
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1200 'Grid A1umina Dust 

Part ic1 e dia. (pm) Cum. wc. 7. 

2.0 0 

2.51 4.3 

3.17 15.7 

4.0 43.0 

5.03 77.8 

6.34 95.3 

8.0 98.9 

10.07 99.5 

12.69 99.6 

16.0 100 

Abra10x PS 

Partic1 e dia ( llI1l) , Cum. wt. t 

1.0 0 

1.26 1.2 

1.58 3.4 

2.0 8.5 

2.52 17.8 

3.17 31.8 

4.0 48.2 

5.04 68.0 

6.35 84.6 

8.0 95.5 

10.08 99.3 

12.7 99.9 

16.0 100 
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BS 2831 No.2. Dust 

Particle dia. Cum. wt. t 
(r) Batch 1 Batch 2* Batch 5 

1.0 0 0 0 

1.26 0 0.7 0 

1.58 0 1.4 0.1 

2.0 0 2.8 0.3 

2.52 2.3 6.2 0.8 

3.17 8.5 16.4 2.6 

4.0 24.5 36.9 10.6 

5.04 50.6 63.7 44.7 

6.35 80.4 86.0 85.6 

8.0 95.9 96.8 97.9 

10.08 98.8 99.4 99.9 

12.7 99.1 99.7 100 

16.0 99.2 100 100 , 

20.16 99.5 100 100 

25.39 100 100 100 

*Figures given are from intrepolation as orginally different channel 

sizes were used to measure the cumulative weight percentage. 

Note 

Batches 3 and 4 fell within the range of batches 2 and 5. 

Abralox P15 

Particle dia. (J.UIl) Cum. wt. t , 

3.17 0 

4.0 0.8 

5.03 2.4 

6.34 6.7 

8.0 17.8 

10.07 41.8 

12.69 73.3 

16.0 94.1 

20.15 99.2 

25.39 99.5 

32 99.8 

40.31 100 
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15 - 40 F" Al umina dust 

Part icle dia. 

3.17 

4.0 

5.03 

6.34 

8.0 

10.07 

12.69 

16.0 

20.15 

25.39 

32.0 

40.31 

50.79 

Alumina 20 - 30 micron 

Particle dia. 

6.34 

8.0 

10.07 

12.69 

16.0 

20.15 

25.39 

32.0 

40.31 

( !!!!!) , 

dust 

(\1m) 
J 

Cum. wt. t 

o 
0.1: 

0.2 

0.5 

0.9 

1.4 

2.1 

3.9 

17.8 

68.0,' 

97.4 

99.0 

100 

Cum. wt. t 

0 

0.1 

0.2 

0.5 

0.9 

8.3 

79.3 

99.6 

100 
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Alumina 28 - 53 micron dust 

Particle dia. (Ilm) 
l 

8.0 

10.07 

12.69 

16.0 

20.15 

25.39 

32.0 

40.31 

50.79 

64.0 

80.6 

Alumina 28 - 50 micron dust 

Particle dia. (um) 
) 

10.07 

12.69 

16.0 

20.15 

25.39 

32 .0 

40.31 

50.79 

64.0 

Dusts of ~reater size 

Cum. wt. 1. 

0 

0.1 

0.2 

0.3 

0.7 

1.5 

11.7 

60.8 

93.5 

99.9 

100 

Cum. wt. ;( 

0 

0.1 

0.3 

0.6 

1.3 

9.5 

67.3 

98.6 

100 

For these dusts a combination of coulter counter and sieve analysis 

was used. Results are in table below. 



Particle Size Analyis - Sieve and Coulter 

-
Cum .. under size 9Y weight sample 

Size (l1m) 

50-'10 l1m 53-70 l1m 63-105 l1m 105-150 l1m 

* 150 100 

* 106 96.8 83.9 

* 90 43.4 17.1 

* 75 99.5 99.8 25.7 0.8 

* 63 82.1 86.5 12.0 
" 

* 53 49.9 43.5 6.4 

50.8 21.3 10.3 3.3 

40.8 3.1 1.1 1.7 

32.0 2.0 0.6 1.1 

25.4 1.0 0.4 0.8 
'" QJ 20.2 0.3 0.2 0.6 ., 
0:: 

" 16.0 0.1 0.1 0.4 0 
u 

'" 
12.7 0 0 0.3 

QJ ., 
10.1 0.2 ... 

" 0 8 0.1 u 

I 
* - Seive diameter 



Appendix 3.5.2. 

This appendix details analysis of the dust height profile across a 

channel and bulk density measurements found on samples taken from 

loaded deep pleat filters. The complete sample was of four complete 

channels from a sheet centre. The sample was further divided into 5 at 

5 cm intervals from the channel entrance. Each of these,isamp1es was 

also cut in half for measurement of the dust layer height across one 

of the four channels using a travelling microscope. Measurements were 

taken from left to right where left is zero height at the channels 

bottom edge where the spacer would meet the media. The following 

tables give the results for each test made. 

TABLE A3.5.2-1: SS 2821 No.2 dust at 1.25cm/s 

Total wt. 12.80 g 

Media wt. 1.79 g 

Dus t wt. 11.01 g 

Section No. 1 

position (cm) 0.5 

Section wt. 2.99 

Medium wt. 0.36 

2.63 

Section area 29 

Section Spec. 0.91 

Dust 

Section No. 1 

Dist. from edge 

(cm) 

0 0 

3 0.90 

6 2.19 

9 1.41 

12 0.88 

15 0.46 

total area 149 cm2 

Av. specific load 0.74 kg/m2 

2 3 4 

5.10 10.15 15.20 

3.16 2.59 2.04 

0.36 0.36 0.34 

2.80 2.23 1. 70 

30.5 30.5 30.5 

0.92 0.73 0.56 

Layer Height across a channel (mm) 

2 3 4 

0.06 0 0.04 

1.26 1.04 1. 79 

1.39 0.81 0.96 

1.02 0.99 0.85 

0.57 1.08 0.74 

0.08 0 0.12 
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5 

20.25 

1.95 

0.37 

1.58 

27.5 

0.57 

5 

0 

0.88 

0.88 

0.70 

0.57 

0.24 



Averages 

Ave. Dust 1.35 1.06 0.98 1.09 0.76 

layer ht. (mm) 

Ave. Dust 3.92 3.23 2.99 3.32 2.09 

volume (mm3) 

Ave. Dust 671 867 746 512 756 

bul k dens ity (kg/m3) 

This gives:-

(1 ) Overall dust layer height 1.05 mm 

(2) Overall bulk density 710 kg/m3 

TABLE A3.5.2-2: BS 2831 No.2 dust at 2.25cm/s 

Total wt. 17.04 g total area 143 cm2 

Media wt. 1.72 g 

Dust wt. 15.32 g Av. specific load 1.07 kg/m2 

Section No. 1 2 3 4 5 

position (cm) 0.5 5.10 10.15 15.20 20.25 

Section wt. (g) 3.77 3.97 3.27 2.82 3.21 

Medium wt. (g) 0.35 0.36 0.34 0.35 0.32 

Dust wt. (g) 3.42 3.61 2.93 2.47 2.89 

Section area (cm2)28 29.5 29 28 28.5 

Section Spec. 1.22 1.22 1.01 0.88 1.01 

load (kg/m2) 

Dust Layer Height across a channel (mm) 

Sect ion No. 1 2 3 4 5 

dist. from edge (cm) 

0 0 0.05 0 0.07 0 

3 2.35 2.57 1.95 0.90 1.19 

6 2.83 1. 70 1.00 1.03 0.94 

9 1.85 2.27 1.09 1.22 1.08 

12 0.66 0.95 0.98 1.04 0.96 

15 0.12 0 0 0.07 0.04 
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Averages 

Ave. Dust 1.92 1.87 1.26 

layer ht. (mm) 

Ave. Dust 5.38 5.52 3.64 

volume (mm3) 

Ave. Dust 636 654 805 

bulk dens ity (kg/m3) 

This gives:-

(1) Overall dust layer height 1.43 mm 

(2) Overall bulk density 782 kg/m3 

TABLE A3.5.2-3: BS 2831 No.2 dust at 3.5 cm/s 

Total wt. 10.35 g . total area 138 c:n2 

Media wt. 1.66 g 

1.05 

2.93 

843 

Dust wt. 8.72 g Av. specific load 0.63 kg/m2 

Section No. 1 2 3 4 

Pos it ion (=) 0.5 5.10 10.15 15.20 

Section wc. (g) 2.35 2.33 1.84 1. 74 

Medium wt. (g) 0.32 0.35 0.34 0.35 

Dust wc. (g) 2.03 1.98 1.50 1.39 

Section area (c::12)27 29 28 29 

Section Spec. 0.75 0.68 0.54 0.48 

load (kg/m2) 

Dust Layer Height across a channel (mm) 

Section No. 1 2 3 4 

Dist. from edge (cm) 

0 0 0.28 0 0.07 

3 1.19 1.25 1.09 1.02 

6 0.92 1.16 1.09 0.64 

9 1.72 0.82 0.67 0.53 

12 0.50 0.42 0.75 0.61 

15 0.17 0 0.21 0.03 

1.04 

2.97 

973 

5 

20.25 

2.12 

0.30 

1.82 

25 

0.73 

5 

0.28 

1.00 

0.89 

0.90 

0.59 

0.27 



Averages 

Ave. Dust 1.08 0.97 0.90 

layer ht. (mm) 

Ave. Dust 2.92 2.64 2.52 

volume (mm3) 

Ave. Dust 695 750 595 

bulk density 

(kg/m2) 

This gives:-

(1) Overall dust layer height 0.89 mm 

(2) Overall bulk density 716 kg/m3 

TABLE A3.5.2-4: BS 2831 No.2 dust at 2.5 c~/s 

total area 137 c~2 

0.70 

2.03 

685 

Total wt. 6.35 g 

Media wt. 1.60 g 

Dust wt. 4.95 g Av. specific load 0.36 kg/m2 

Section No. 1 2 3 4 

position (0) 0.5 5.10 10.15 15.20 

Section wt. (g) 2.10 1.27 1.16 1.04 

Medium wt. ( g) 0.33 0.32 0.32 0.33 

Dust wt. ( g) 1. 77 0.95 0.84 0.71 

Section area (c~2)28 28 28 28 

Sec cion Spec. 0.63 0.34 0.30 0.25 

load (kg/m2) 

Dust Laye" Height .across a channel (mm) 

Section No. 1 2 3 4 

Dist. from edge (cm) 

0 0 0.15 0 0 

3 1.56 1.06 1.06 0.47 

6 0.87 0.48 0.57 0.52 

9 1.46 0.76 0.55 0.56 

12 1.29 0.26 0.61 0.57 

IS 0 0 0.11 0 

0.85 

2.13 

854 

5 

20.25 

0.98 

0.30 

0.68 

25 

0.27 

5 

0 

0.63 

0.57 

0.58 

0.65 

0 



Averages 

Ave. Dust 1.30 0.64 0.70 

layer ht. (mm) 

Ave. Dust 3.63 1. 79 1.95 

volume (c:n3) 

Ave. Dust 488 531 431 

bulk density (kg/m3) 

This gives:-

(l) Overall dust layer height 0.76 mm 

(2) Overall bulk density 475 kg/m3 
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1.48 1.52 
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·Aooendix 4.1.1 

In the following appendix graphs of cumulative dust weight against 

position are shown for the original deep pleat dust distribution 

tests. A sample of the Coulter counter analysis carried out on these 

filter sheets is also given. Overall the results showed little 

variation of size distribution at any point in the filter. 
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FIG AL.·1-1-3: FILTER SHEET ·NO. 6 
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Plot of cumulat ive wei oht of dust vs. Dosfti on 

.' 

o Overall averc£e 
o .. 8cse secticn 21% tote I wt. 
x Centre •• 34% .. 

+ Top .. 45% .. 

9 18 2'" .' 
Distance travelled along filter pleat (cm) 

289 
.' 



100 

-
~ 60 --
-o 

'CU 
> -c 
S 
E 
::J 

U 

20 

FIGAL,·1-1-L.: FILTER SHEET NO.8 
(8.S. NO.2 ·025 Kg/M2) 

Plot of cu mulat ive wei aht of dust vs. Dositl on 

.' 

o Overal [ average 
Q "Sase section 18% total wt. 
x Centre .. 30% ., .. 

+ Top •• 52% .. .. 

ad-------------------------------------------------------------9 18 27 
Distance travelled along filter pleat (cm) 

?O" 



100 

-o 

a.r 
> -c 
"5 
E 
:J 

U 

20 

FIGAL.·l1-5:FILTER SHEET NO.10 
(8.S. NO.2 ·01 Kg/M2) 

Plot of cumulative weiaht of dust vs. posrtion 

.. 

cOverall avercge 
oBese section 22% total wt. 
:K Centre .. 32% .. 

+ Top .. 46% .. .. 

9 18 27 
Cistance travelled along filter p.eat (cml 

?ql 



, 

1 -
" 

9 

7 
6 
5 
4 
.-:. ._' 

:[ 

CHEI'l I CtiL EilG T t·lEER I t-lei DEF'f1fHl'IEIH 

F'flF.TICLE :::I::E Atlf'IL'T'::H~:: COUl..TER f:fIIIlHEF.· 

~.~[ 

.94-

.. ~~4 

.66 

.92 

1 • [11 
.::.c: ....... _. 

1.47 
1 .:.. , 

1 • :~:5 
1 • :,:., 

1 .. 52 
:2 .. o..l~:: 

F.EI_. LolT. 

• J f; 
.. 1 ~ 
• 1 1 
• 1 I:: 
.21 
.66 
1.97 
4.92 
11.1 

26. :;:. 
23.16 
9 .. :;: -, 

2.92 

I CllIOHE:CIF..O!.IGH IJt·~ t \·'E~'S I T'T' OF TECH~'~DLOC~'T' 

CHEt'l r CliL Ei·lG I t·lEER I HI} DEFAF:TI'IEIH 

F'ARTICI_E ~:r::E AI··I:=!L.'T'3I'3 COULTER' COlJtHER 

EEFESE"lCE :-1<. OL·JEI·l. 6.···t·j/2 

17' 
15 
1 :3 
12 
11 
1 ~3 
;. 
." ._. 
7 
6 
5 
4 
.-::. 
~. .-. 
'" 1 

.:?:? 

1 .. :::7 
-" . , 

.66 
'::. -..... ' 1::'. 

.. 74 

.. 6~:: 
1 • 14 

.: .. -:. ...... ,.: .. . ::. .. '.' 

1 .. :::~::: 

2.13 

292 

F:EL. lolT • 

.41 
.. 0:::: 
.05 
.. :2 

.24 

.. .. f 

• :,?: .. :3:3 

1 6 .. 5~::: 

1 1 .4:::: 

, . 

:'-~:'J .. 4::: 
9:::- .. :7::2' 

9:::: .. :;:: 

96 .. 17 
5' '! .. ;24 

~7: ~::I .. :1 ::: 
61 .. 5'? 
.-:.= .-:,.:. 
'-' '-' ... ,."-.' 
t~: .. 22 

99 .. 44 

'37 .. :?7 
9rS .. 61 

IS::;:: .. ~J1 
41.:21 

.-:. "7"::-

...... I '.' 



- . 

1.0IJnHECtF:OI.IGH 1...11-1 I ',/ERS I rT' OF TECHt-IOLCtG',-' 

CHEl-1 r CAL EHO r tlEER I HO DEFARH1EHT 

PART I CLE :3 I ZE AI-1AL 'r'S I~; COUL TEP COllt-lTEF.: 

F.:EFEF.Et-iCE :-F. OL,lE"l-i. 6/I'I/::=': 

17 
15 
1:3 

1 I 
10 
'::. .' 
,=. 
'-' 

4 
.-:. -.' 

~; r nI'lA/I-l 

(1 

II 
I 
1.22 
.7'3 

.. :32 

.95 
1. 12 
I . :~::::: 

1 .4S; 

I • :<:4 
.. :3::: 
1 • :=: 1 

293 

F:EL. l,n. 

1 • 01 
(I 

.. 1219 
--, 
.~ 

.21 

1 .. 6:3 
4.24 
:3. :::5" 
16.2 
25 .. ~::4 
25 .. 4::::: 
j 1.64 
::::.94 

" 

9:3 .. 68 
9::::.47 

97 .. :::6 
95.72 
91 .. 47 

66.41 
41 .. (17' 

15 .. 5:3 
:3 •. 94 
G 



Aooendix 4.1.2 

This appendix gives results from the deep pleat filter test work 

in section 4.1.2. which have not been presented in the main text. 

The following table gives the dust load distribution found on all the 

sheets examined. As dust size distribution showed little difference 

with respect to position either along the channel or within the filter 

just one complete example has been included to illustrate the dust 

size distribution effect. 
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* 

Table 2: Jusf loadlMg results 

SAMPLE CODE 

B/B/l 
B/B/2 
B/B/3 

B/M/l 
B/M/2 
B/M/3 

B/T/l 
B/':/2 
B/T/3 

C/B/l * 
C/B/2 * 
C/B/3 * 

C/M/l 
C/M/2 ** 
C/M/3 

C/T/1 
C/T/2 
C/T/3 

D/B/l 
D/B/2 
D/B/3 

D/M/1 * 
D/M/2 * 
D/M/3 * 

D/T/1 * 
D/':/2 * 
D/T/3 * 

E/B/1 (7) 
E/B/2 (7) 
E/B/3 (7) 

E/M/1 
E/M/2 
E/M/3 ** 

E/T/1 
E/T/2 
E/T/3 

) 
) 
) 
) 
) 
) ( I I ) 
) 
) 
) 
) 
) 

DUST WEIGHT 
(GRAMS) 

---------"--

.09862 

.09037 

.08781 

•. 12975 
.09687 
.09668 

.10075 

.08741 

.08607 

.17339 

.13785 

.12004 

.18232 

.16923 

.16547 

.15451 

.16023 

.14493 

.23461 

.18639 

.18018 

.24950 

.25870 

.25013 

.21914 

.23835 

.22666 

.20501 

.05543 

.05767 

.38494 

.32970 

.29852 

.20741 

.23206 

.26516 

DUST LOADING 
(KG/M2) 

.03653 

.03347 

.03252 

.04806 

.03588 

.03581 

.03732 

.03237 

.03188 

.06422 

.05106 

.04446 

.06753 

.06268 

.06129 

.05723 

.05934 

.05368 

.08689 

.06903 

.06673 

.09241 

.09581 

.09264 

.08116 

.08828 

.08395 

.07593 

.02052 

.02136 

.14257 

.12211 

.11056 

.07682 

.08595 

.09821 

These results must be treated with suspicion as small amounts 
of dust were lost due to electrostatic charges from the filter 
membrane container. Estimates of the loss were made. 

** These results are estimates only as large amounts of dust 
were lost during the weighing process. 

7 These results are probably unrepresentative. A channel block
age is the likely explanation. 

11 The results from sheet 'E' have probably been adversely affe
cted by the above and so cannot be reoarded as typical. 
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Appendix 4.2.1 

The following tables give the experimental average results found 

for the pressure drop response with increasing load for both the mini 

and deep pl eat fitter arrangements. 

velocities have been considered. 

Different dust and face 

TABLES A4.2.1 - 1 Minipleat filter results 

a) B.S. 2831 No. 2 Dust 

Specific load Pressure drop (mm H2 0) 

kg/m2 Face vel. (cm/s) 1.25 1.9 2.5 4.0 

0 7.5 10.8 15.1 27.0 

0.1 11.2 15.3 19.2 35.3 

0.2 17.6 22.5 26.7 48.1 

0.3 27.2 32.3 37.0 65.9 

0.4 43.1 44.7 49.8 88.2 

0.5 69.6 61.4 67.8 115.4 

0.6 100.8 84.7 93.6 134.7 

0.7 131.6 122.5 139.5 

b) 3 I"" dust at 2.5 cm/s face velocity 

Specific load Pressure drop 

kg/m2 mm H2O 

0 13.4 

.04 20.0 

.09 27.6 

.14 36.0 

.19 46.9 

.24 59.6 

.28 71.1 

.33 87.6 

.38 106.6 

.43 128.2 
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c) Cycloned dust at 2.5 cm/s face velocity 

Specific load Pressure drop 

kg/m2 mm H2O 

0 15.0 

.02 18.5 

.04 22.5 

.06 25.5 

.08 28.5 

TABLES A4.2 - 2 Deep pleat filter results 

a) BS 2831 No.2. dust at 1.25 cm/s face velocity 

Specific load Pressure drop 

kg/m2 mm H2O 

0 7.1 

0.10 10.9 

0.20 14.2 

0.30 17.2 

0.41 17.2 

0.51 20.5 

0.61 24.1 

0.71 26.4 

0.82 30.2 

0.92 33.5 

1.02 36.5 



b) BS 2831 No.2. dust at 2.25 cm/s face velocity 

Specific load Pressure drop 

kg/m2 mm H2O 

0 16.2 

0.12 21.S 

0.24 28.4 

0.36 36.0 

0.48 45.7 

0.60 5S.4 

0.72 71.1 

0.84 85.0 

0.96 96.5 

LOS 110.4 

1.20 125.7 

cl BS 2831 No.2. dust at 3.5 cm/s face velocity 

Specific load Pressure drop 

kg/m: mm H2O 

0 25.4 

0.07 31.7 

0.15 3S.6 

0.23 46.9 

0.31 55.3 

0.39 62.2 

0.47 72 .3 

0.55 83.S 

0.63 95.2 

0.70 104.1 

0.78 116.8 

0.86 130.S 



Od) BS 2831 No.2. dust at 2.5 cm/s face velocity 

Specific load Pressure drop 

kg/m2 mm H2O 

0 14.9 

0.05 21.3 

0.10 28.4 

0.15 36.0 

0.21 45.2 

0.26 56.6 

0.31 67.3 

0.36 79.2 

0.42 91.9 

0.47 104.1 

0.52 116.3 

0.57 129.5 



Aooendix 4.2.2 

Photographs are given of the various stages of loading of the mini 

pleat arrangement as well as photographs taken of completed filters 

for both mini and deep pleat designs. Also in this appendix are the 

series of random measurements of channel width taken from a fully 

loaded mini pleat filter. Furthermore the Coulter analyses taken to 

compare the dust size distribution inside and outside a minipleat 

filter channel are given. A sample size analysis of dust size found at 

the front and back of a deep pleat channel is al so incl uded. Onl y th e 

result for the 3.5 cm/s face velocity test is given but all other 

velocities gave similar results. However, for dust weight 

distribution in a deep pleat filter channel results at all velocities 

have been described. 

TABLE A4.2.2 - I Random measurements of channel width 

The below is for a mini pleat filter which has been loaded with BS 

2831 No.2 dust at a face velocity of 2.5 cm/s measurements were taken. 

a) On the main face at the channel center 

loaded channel clean channel comple~a channel pitch 

(mm) (mm) (mm) 

0.86 0.46 1.32 

loll 0.39 1.50 

0.87 0.41 1.28 

0.97 0.56 1.53 

0.97 0.58 1.55 

0.90 0.47 1.37 

0.92 0.49 1.41 

Mean 0.94 0.48 1.42 

Thus 66Z of channel pitch is occupied by the loaded channel 

b) Cross-section along the channel taken at the centre of the channel 

width 



.' 
'(i) At the front of the channel 

loaded channel (lIIID) clean channel (mm) 

Mean 

1.07 

0.94 

1.04 

1.02 

Gives 72,"( occupied by the loaded channel 

(ii) At the centre of the channel length 

0.40 

0.38 

0.39 

0.39 

loaded channel (mm) clean channel (mm) 

Mean 

0.87 

0.88 

0.94 

0.90 

G' 6"01 • d b h 1 . d h ' ~ves ~~ occuple y t e oaae c. anne. 

(iii) At the end of the channel length 

0.52 

0.49 

0.58 

0.53 

loaded channel (mm) clean channel (mm) 

Mean 

0.50 

0.57 

0.52 

0.53 

Gives 35Z occupied by the loaded channel 

0.97 

0.82 

1.06 

0.95 

c) Cross section along the channel taken at the stitching seam 



(i) At the front of the channel 

loaded channel (mm) clean channel (mm) 

Mean 

0.86 

0.76 

0.81 

Gives 541 occupied by the loaded channel 

(ii) At the centre of the channel length 

0.68 

0.70 

0.69 

loaded channel (mm) 'clean channel (mm) 

Mean 

0.96 

0.81 

0.89 

Gives 551 occupied by the loaded channel 

(iii) At the end of the channel length 

0.78 

0.69 

0.74 

loaded channel (mm) clean channel (mm) 

Mean 

1.02 

0.84 

0.93 

Gives 561 occupied by the loaded channel 

0.62 

0.83 

0.73 

From these measurements an approximate overall channel expansion 

can be calculated. It is assumed that there is no expans ion at the 

stitching seam but the expansion measured at the channel centre 

(w.r.t. width) is effective for 801 of the channel width. It is also 

as sumed tha t the expans ion wi th re spec t to channel 1 eng th is 

graduated. The figures from table b are used assuming a linear 

r~lationship to find the mean channel expansion with respect to 
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1 ength. By the assumption that only 807, of the channel 

width is affected then overall channel expansion in the loaded channel 

of 1.21 times was calculated. A further 107. was allowed on this 

figure to account for the enhancement effect when air would actually 

be passing through the filter. Hence an expansion figure of 1.33 

times the original channel volume for the loaded side was derived. 

TABLE A4.Z.2-2: Comparison of dust size distribution inside and 

outside a minipleat channel. 

Particle dia. Ins ide channel Outside channel 

um cum. wt. Z cum. wt. :t 

20.16 100 100 

16 100 100 

12.7 99.9 99.93 

10.08 99.67 99.52 

8 98.67 97.7 

6.35 92.94 89.46 

5.04 77.01 68.03 

4 50.8 38.34 

3.17 26.37 16.19 

2.52 11.21 5.62 

2 4.45 1.94 , 
1.58 1.53 0.65 

1.26 0.49 0.21 

1 0 0 

;06 



TABLE A4.2.2-3:Dust size distribution along a deep pleat filter 

channel where filter face velocity was 3.5 cm/so 

Particle dia. Ins ide channel Outside channel 

urn cum. wt. Z cum. wt. % 

12/7 100 100 

10.08 99.87 99.88 

8 99 98.94 

6.35 90.38 89.95 

5.04 53.57 51.42 

4 15.3 14.29 

3.17 4.32 3.93 

2.52 1.54 1.39 

2 0.66 0.58 

1.58 0.27 -0.23 

1.26 0.09 0.08 

1 0 0 

TASLE ,1.4.2.2-4: Dust weight distribution along a deep pleat filter 

channel. Figures given as a percentage of the total dust weight along 

the channel. Unless otherwise state the dust is BS 2831 No.2. 

position Face Velocity ( o/s) 

1.25 2.5 3.5 2.5 (3 urn dus t) 

Front 43 38 37 50 

Middle 29 32 34 24 

Back 28 30 29 26 



FI G. AL.22 -1 Mi n i pleat filter loaded at a face velocity 
of 1-25 cm/s 

(a) Overall view 

~ o --L-
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(b) Close up (top) (c) Close up (bottom) 



FIG. AL.·2·2-2: M inipleat filter loaded at a face veloci ty 
of 1·9 cmls 
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(b) Close up view 



FIG.AL.22-6: Close up views of complete load on a mini pleat filter 
- face velocity 4 cm/s 
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FIG. AL.-2-2-7: Minipleat filters loaded with fine dust 

(a) Overall view, 3 urn dus( full load 

(b) Overall view, cyc\oned dust, partial load 



FIG. A4·2·2-8: Progressive loading of a minipleot filter. 
with pleats arranged vertically. 
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FIG. AL.2·2-12: Deep pleat filter loaded at 3·5cm/s 
( SS 2831 No.2 dust) 
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(b) Overall vi ew - f i It er spacer 



FIG. A4·22-12: Continued 
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(c) Entrance 
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FIG. AL.·2-2-12: Continued 

(e) Close up-entrance 
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