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NOMENCLATURE

a particle radius (m)

A cross-sectional area of the LDV probe volume (m?)

Ar filter surface area (m’)

A* a constant

B* a constant

C a constant

G Cunningham slip correction factor

Cs a constant (°K)

C, charge constant (N-m*/Coulomb’)

dom particle minimum diarneter (m)

D diffusion coefficient of the particle (m*/s)

D¢ diameter of fiber (m)

D, diameter of particle (m)

D, dielectric constant of the fiber (at | MHz)

Ep capture coefficient for paricle deposition due to diffusion

Eprs capture coefficient for the simultaneous action of diffusion. interception,
and mert1a
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G,

G,

0

total capture coeffictent for the fiber

effective capture coefficient with an unknown dependence on
capture coefficient of a fiber in a filter due to an individual mechanism
kinetic energy of the particle (kJ)

capture coefficient of a fiber due to gravitation

layer efficiency (m”)

capture coefficient of the fiber due to London-van der Waals force
capture coefficient for electrostatic mechanism

smgle fiber efficiency

London van der Waals attraction force (N)

mteraction between the charge on an aerosol and its tmage on the fiber (N)
acceleration due to gravity (m/s’)

gravitational constant (kg-m/N-s’)

flux of particles mto the filter (particles/m’)

flux of particles from the filter (particles/m)

Boltzmann’s constant (107 J deg™)

hydrodynamic factor of Kuwabara flow

filter thickness (m)

distance between the particle and the fiber (m)

distance between the particle center and a plane (m)

mass of the particle (kg)

particle concentration (particies/m’)

measured local particle number deasity (particles/m*)
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Ng
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Qoowaozzle
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Qrsi
Qaow

Re

local number density of particles downstream of the filter (m™)
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particle count
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dimensionless parameter for diffusion mechanism (= Pe’')
dimensionless parameter for gravitational mechanism (Eq. 2.13)
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Reynolds number of the cylinder (fiber) (= — 0P

)

a

D,Uyp,

particle Reynolds Number (= )

Reynolds number of the cylinder (as calculated by this author) (= DyD,C,)
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4p pressure drop across the filter (mm of water)

n filter efficiency
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Chapter 1

INTRODUCTION

Filtration 1s both a process of major contemporary importance and one with its
beginnings rooted in antiquity. Hardly a modern industry exists without some dependence
on a filtering operation. The earhest Chmese writings describe a crude form of filtration,
as do Hebrew scrolls [Matteson, 1987). The furst patent on a fiter may be that issued by
the French government 1n 1789 to one Joseph Amy [Matteson, 1987]. A Bntish pateut of
1791 describes an operation identified as filtration by ascent, the invention here being a

vessel containing coarse gravel at the bottom followed by graded sand above.

The complete evaluation of an air filter or filtration installation involves more than
a single measurement of its efficiency in retaining particles of a standard test material.
although 1t 15 the particulate efficiency which is generally of prime importance and to
which most of this study and thesis 15 devoted. Other factors requuing attention are

[Matteson, 1987]:

1. Resistance to air flow.



2. Loading capacity before a resistance to arflow mcreases to too high a level for proper

functioning of the equipment.

3. Chemical and physical charactenstics; for example, mechanical strength, capability to

withstand acid mists.

4. Size, cost, ease of replacement.

1.1 Summary of the Present Research

Thus study mvolved the measurement of local filtration efficiency at 35 points over
the face of a panel filter. The measurements were carried out at different flow rates and
for different particle sizes. The tests were conducted in a housing related to the J1669
housing (Small Angle Diffuser (SAH) housing), the standard J726 housing (SAE bousing),
and a representative model of the actual filter bousing (referred to as the Simulated
Automotive Filter (SAF) housmg i the later chapters of this thesis) from a Chrysler
minivan. All of the tests were conducted on the Dayco-Purolator A13192 filters. The
results were then compared with those of Jadbabaei [1997] for experimental comparison

and Duran [1995] for theoretical comparison.

A Laser Doppler Velocimetry (LDV) system was used to make the measurements.
Before taking the efficiency measurements on the filters, several expenments were carried
out to measure the consistency of the equipment that was used during the measurements.
This was essential to ascertam the reliability and ihe repeatability of the measurements.

These included consistency measurements on the power of the laser, which has been

[ES]



shown to be significantly dependent on the room temperature [Anand, 1997; Jadbabaei.
1997], and on the atomizer which feeds particles at a particular rate during the course of
the experiment. To maintain the accuracy of the measurements and prevent any potential
factor for dascrepancy in the results, a new Small Angle Diffuser housing (SAH) was built,
since the old housing had several old glued joints and thus were potential places of leakage

in the housmg.

1.2 Thesis Layout

Chapter 2 of this thesis is devoted to the literature review on the subject and
discusses certain theoretical predictions based on models developed and results of
previous researchers on the project. The LDV system details are discussed in Chapter 3
of this thesis. Chapter 4 gives a brief description of the comnsistency measurements that
were made 1 order to venfy the accuracy and repeatability of the measurements. Some of
the filtration efficiency results are presented and discussed in Chapter 5. The conclusions
based on the results of this study, and certain suggestions about areas of future research
are discussed m Chapter 6. Additional results, grapbs, and equipment are listed in the
appendices. The data from the copsistency measurements has been tabulated in the

Appendix F.
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Chapter 2

LITERATURE REVIEW

2.1 Imtroduction

The process of separating dispersed particles from a dispersed fluid by means of
porous medtia i1s known as filtration. While the dispersmg media may be a gas or a liquid.
the medium can be either aerosols or lyosols [Pich, 1987]. As part of this literature
review, attention has been limited to aerosol filtration. In the case of a clean filter, the
pressure drop across a filter, Ap. 1s dependent on the properties of the fluid and the porous
filtration media only. As the filter gets dirty, the pressure drop is also dependent on the
properties of the particles on or in the fiter. For 2 mono-disperse system of particles, the
filter efficiency n is defined as

_G,-G,
=76

(2.1)

where G; is the flux of particles mto the filter and G, 1s the flux of particles exitmg from

the filter. The process of filtration involves three objects: the dispersed particles, the



dispersing medium and the porous filter medium. The characteristics of the dispersed
particles include the diameter of the particle (D), the mass and the demsity (p,) of the
particle, the electric charge, dielectric constant and the chemical composition. The fluid
flow 1s characterized by the velocity Us, density p,, temperature T, pressure p, dynamic
viscosity W, and humidity. The filter media 1s dependent on 1ts geometrical dimensions -
the filter surface area Ay, filter thickness L, distribution of the media in the filter, porosity,
electric charge, and dielectric constant. The pressure drop Ap and the filter efficiency n

are dependent on nearly all of the factors mentioned above [Pich, 1987].

Theoretically, there are two distinguished phases m the process of filtration {Pich.
1987]. The first phase, known as the' stationary phase, involves the deposition of the
particles on a clean filter of a certam structure. This deposition does not change the bastwc
structure of the filter and hence does not significantly affect the basic parameters of the
filter: the pressure drop Ap and the filter efficiency . Both Ap and n do not vary with
time durning this phase. This study involved the efficiency measurements during the
stationary phase of the filtration process. However in reality, once the filter is being used,
the particles get deposited on the filter, and it is not possible to maintain the stationary
phase of the filtration process. There was no appreciable change 1o the pressure drop
across the filter during the course of the experiments. It is therefore assumed that, during
these experiments the filter did not enter the second phase of the filtration process known
as the nomn-stationary filtration - which occurs, when the filter is partially plugged. Ths

chapter introduces the reader to the various aspects of filtration and previous theoretical



and expenmental studies i aerosol filration with fibrous filters in general and the work

done at Oklahoma State University n particular.

2.2 Mechanisms of Particle Deposition

Essentially, the deposition of particles from a flowing fluid onto bodies of simple
geometry mvolves an mterfacial mass transfer of small particles. In systems with a simple
geometry, the interfacial mass transfer between the gas suspension and a solid body (filter
fiber) is usually described by two quantities: a capture coefficient E; and a local capture

coefficient [Pich, 1987]. The capture coefficient of the body (fiber) is defined by
¢[ = EnU,D, (2.2)
Where ¢, 1s the number of particles captured by the fiber 1n a untt tume, no 1S the particle

conceptration, U, 15 the velocity of flud flow, Dy is the diameter of the fiber placed

perpendicular to the fluid flow.

The particle deposition on the filter medium takes place by several mechanisms:

the most tmportant of which are described below:

2.2.1 Diffusion Deposition

The trajectories of the small particles do not coincide with the streamlmes of the
flud {Fig. 2.1). This is because the Brownian motion mcreases with the decrease in

particle diameter causing a corresponding increase in the intensity of diffusion deposition.



The capture coefficient Ep for particle deposition due to diffusion is a function of the

Peclet number
DU
Pe = ;) : (2.3)
Peclet number is also defined as
Pe = Re Sc (2.4)

where Sc = v/D s the Schmidt Number and D is the diffusion coefficient of the particle.

= 2

=0 ch

Figure 2.1: Particle Capture Mechanisms: A, Particle Capture by Interception; B. Particle
Capture by Inertial Impaction; C, Parucle Capture by Diffusional Deposition
[Brown. 1993]



There are three regions for theoretical wvestigation. As shown in Pich [1987],
Stechkina [1964] derived the following equation for small Pe numbers (Pe << 1) and

viscous flow (Re < I)

3 2
" Pe(1.502~ tnPe)

E, (2.5)

For Pe >> | and Re < 1 (a condition usually satisfied in the case of fibrous filters),

Friedlander [1958] has the following relation for this mechanism

222
E, =2 _ph (2.6)

(2-InRe)?

Making use of the Kuwabara - Happel velocity field, Stechkma deduced the following

equation for Pe >> 1, Re >> |

29 -2

Ej=———-Pe ~’
(-c~mpy:

2.7)

where {8 1s the packing density of the filter and C = 0.75.

2.2.2 Direct Interception

This mechanism considers the finite size of the particles. This takes place as the
pax:ticle approaches the collecting surface (following a streamline) and reaches a distance
(from the fiber) equal to its tadius [Fig. 2.1]. A special case of this mechanism. called the
sieve effect, occurs when the distance between the fibers is less than the particle diameter

D,. The interception regime overlaps with the diffusion regime (0.1-0.5 pum) and the



impaction regime (= 0.5 pm), respectively. The efficiency due to this mechanism is

described by [Lee and Liu, 1982):

_[l“ﬁ\ Ry
L= —2 o

2.8
K J1+R, @8

Where Ry 1s the ratio of the particle diameter D, to the fiber diameter Dy; K is Kuwabara’s

hydrodynamic factor [: -%ln f~ % +p- -}4—,82]

2.2.3 TInertial Mechanism

In a flowmng fluid, the presence of a body results i a curvature of streamlines in
the neighborhood of the body [Fig. 2.1]. However the particles due to their inertia do not
follow the streamlines and instead are impinged on the body and are deposited there. The
particle deposttion due to this mechamsm increases with mcrease in the particle size and
flow velocity. At constant conditions, there is a Lmiting trajectory separating the
trajectories of particles that are captured, from the trajectories of particles that miss the
fiber and are not captured. The capture coefficient for particles of finite size due to their
nertia, Ex, is defined as the ratio of the number of captured particles to the number of
particles that would be captured if the particles moved only in a straight line {Pich. 1987].
This coefficient is dependent upon several parameters; the most important of which is the

Stokes number or the inertial parameter.



C.p,DU
5= P (2.9)
18u,D,

For instances where the velocity or particles sizes are so great that the particle drag cannot
be described Stokes’ law, another parameter (¢*) 1s used (¢* = 0 for particles obeymg the
Stokes® law) [Pich, 1987]

Re, 18P
St P,

¢ = Re (2.10)

é

where Re, is the Reynolds number of the cylinder (fiber) which, as calculated by this
author, 1s D¢(D,C,) (for Eq. 2.10 10 be true, Re, does not appear to be a true Reynolds
number), and Re;, 1s the particle Reynolds number and is given by

Re = DPUOP.E

e @.11)

There have been several experimental investigations of the inertial deposition of
particles. Pich [1987] reports that Landahl and Hermann [1949] expressed their results
for Re = 10 by the empirical relationship

AYM

= 212
S +0.7785¢ +022 (2.12)

T

2.2.4 Gravitational Mechanism

Particles can deposit from a flowing gas on collector surfaces under the influence

of gravity. This deposition of particles due to gravitational force i1s expected to be

10



considerable for large particles and small flow velocities. The importance of the
mechamsm is described by a dimensionless parameter N (as calculated by this author Ng
has dimensions of m''), which, for Stokes particles is given by [Pich, 1987)

T

= 2.13
lg#aUOg: ( )

G

The capture coefficient of a fiber Eg descnibing the rate of particle deposition due to

gravitational forces 1s a function of this parameter 1.e. Ec=Eg (No).

2.2.5 Electrostatic Mechanism

Aerosol particles and the fibers of a filter often carry electrostatic charges that may
wfluence the particle deposition. The electrostatic charge usually 1s unstable. Ths charge
decreases with time maioly due to fiber conductivity, passage of ionized gas, radioactive
radiation, deposition of charged particles and humidity. A charge on the particle or the
fiber alters the particle trajectory and the extent of particle adherence to the fiber and
hence affects the filtration process. The deviation of the filtration process vanes,
depending upon whether the particle, or the fiber, or both carry a charge. In the case of a
neutral fiber and charged particle, Pich [1987] reports that Gillespie [1955] gives the

interaction between the charge on an aerosol and its image on the fiber as follows

. q2 D, -1
FlL)= 2.14)
O ayoa ‘

11



where F is the force. D, is the dielectric constant of the fiber, q is the particle charge, R is
the fiber radius. L’ is the distance between the particle and the fiber. When both the
particle and the fiber carry a charge that is opposite to each other, then we have the

followmg relation [Gillespie, 1955 as reported by Pich, 1987]
F(r)= 22 (2.15)

where Q is the charge per unit length of the fiber. The electrostatic mechamism may be
described by a dimensionless parameter (Vy,) describing the magmtude of this mechanmsm.
The dimensionless parameter 1s described in terms of the ratio between the electrostatic
forces and the drag forces. The dimensionless parameter Ng, (valid only for Stokes
particles) describing the deposition due to the like forces in a system composed of neutral

fibers and charged particles [Pich, 1987] is

2
N, =C, = g ; b, -] (2.16)
3au,D,DU, D, +1
The capture coefficient Eoq for this system for a viscous flow 1s given by
2N (2.17)

E, =——2 N
" (2-lRey? *

2.2.6 Deposition due to London-van der Waals Forces

Molecular interaction between particles and 2 fiber may affect the deposition rate

when the distance between the fiber and the particle s very small. Like electrostatic



forces, these forces, besides influencing the process of particle deposition, may enable the
particle to stick continuously to the fiber. Pich [1987] mentions that the London van der

Waals attraction force between a plane and a sphere is given by [Hamaker, 1937)

3
02

(L..z_R_z)3 (2.18)

F=2
3

and that Natanson [1957] denved the dimensionless parameter Ny characterizing the
intensity of particle deposition due to these forces and described it as

2
Ny =28 (2.19)
Y SR U s,

where Ry is the fiber radius and Q, 1s Hamaker’s constant of mteraction and is typically of
the order of 10 to 10" J. Pich [1987) explains that the caprure coefficient of the fiber
Ewu. due to this force is a function of this dimensionless parameter for a viscous flow 1s as

described by Natanson [1957] below

377 1 174
5 |

E, = 7 Vid (2.20)
! (2-mRe)*s

For small particle sizes, diffusion is the dominant mechanism for particle collection
by the fiber as seen in Fig. 2.2. The unportance of this mechanism decreases for higher
particle sizes and for particles between sizes 0.1 - 0.5 pum the direct interception also
accounts for the particle collection phenomenon. Particle diameter 1s critical since large
particles, in effect, reach out to mtercept the fibers. Particles with diameter > 0.5 um have
high inertia and also have a Jarge Stokes drag exerted by the air, resulting m the ncreased

importance of the inertial impaction mechanism as a method of particle collection. The

—
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importance of different efficiency mechanisms for different particle sizes is shown in Fig.

2.2,

100r ,
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Figure 2.2 Schematic Diagram of the Collection Efficiencies of Different Particle Capture
Mechanisms [Liu et al.. 1985]

2.3 Cowmbined Filtration Mechanisms

During the actual filtration process, particles may be subjected to the simultaneous
effect of all the deposition mechanisms; with each oune of them playing different roles
ander different conditions. The most widespread approach toward finding the total
capture coefficient of a fiber E( is to assume that the individual capture coefficients E; (i

1, 2, ... n) corresponding to different mechanisms are additrve [Pich, 1987] 1.e.

E{zE)+Ez+E3 +...+En (221)
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Chen and Yu [1993] have proposed the following relation for the combmed effect of any
two mechanisms, where 1, and n, are the individual deposition efficiencies for the two

mechanisms,

e =\ + 0 =, ) (2.22)

Davies [1952] derived the following equation for the simultaneous action of diffusion,

interception, inertia for the simultaneous capture coefficient Epg

-~
pA

Epgy = 016Ny +(05+08NJ(Pe™ + 5t) - 0205N ( Pe™ + 1)’ (2.23)

where Ng = D,/Dy is the dimensionless parameter for direct interception mechanism.

2.4 Interference Effect

The capture coefficient of a fiber in a filter Ej differs from the capture coefficient
of an isolated fiber E; [j = D, R, [, G and corresponds to different collection mechanisms

(diffusion, interception, inertial, gravitational)] for two main reasons:
a) the velocity field around the individual fibers differs.

This is so because the filters embedded in a filter cannot be treated as being identical to
each other, further their environments will vary considerably in a filter due to the irregular

structure of the filter by itself.

b) the median gas velocity m the filter 1s higher than that corresponding to an

isolated fiber.
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In the case of an 1solated fiber, a limitmg trajectory can be defined in such a way that the
particles nearer to this trajectory will be captured by this fiber while the others will not.
However, in the case of fiber in the filter. this trajectory is not defined and the velocity of
the particle and the consequent particle capture phenomenon is affected by the presence of

other fibers in the filzer.

The resulting mfluence of neighboring fibers on the deposition process for any
selected fiber is called an interference effect. Pich [1987] explains that Davies [1952]
using experimental data, concluded that the effect on the fltration process due to a
particular mechanism (e.g. interception) due to the presence of other fibers 1s expressed as

follows
E,=E(016+1098 -178") (2.24)

He also proved that this relation for interference effect is true for different filtration
mechanisms considered mdividually. Chen [1955] corroborated the concept of the
interference effect on the fltration efficiency by proving that the presence of neighboring
filters led to an increase of filtration efficiency, the iacrease being a function of the filter

porosity (packing density).

The total capture coefficient of the individual fiber in the filter Eg (effective
capture coefficient with an unknown dependence on B) 1s related to the filter efficiency m

by the following relation [Pich, 1987]

L
D,

.4
n=1-¢e”* wherea=S'EfBandS=—(LJ

T\1-f

(2.25)



Here o is the coefficient of absorption of particles by the filter, S’ is the solidarity factor

[Whitby, 1965), and L is the filter thickness [Pich, 1987].

2.5 Charactenstics of Filters

As mentioned n Section 2.1 of this chapter, three factors take part in the filtration
process. These dependencies or characteristics can be divided mnto three groups. The first
group includes the particle properties. The second group includes the dependencies of Ap
and m on the fluid flow. The third group ncludes the dependencies of Ap and n on the

properties of the filter.

2.5.1 Selective Charactenstic

The selective characteristic of a fiber, or that of a filter, is defined as the
dependence of the filtration on the particle size. If only the mechanisms of diffusion.
interception, and inertial deposition are assumed to be domunant. thenm we bave the
dimensionless diffusion parameter Pe”' which decreases with increasing particle size, and
the interception parameter Ny and inertial deposition (dependent on Stokes number. St)
which increase with the particle size. These mechanisms act simultaneously, and hence the
respective capture coefficients increase with tbe increase  their parameters. [t is
therefore expected that the selective characteristic will exhibit a minimum efficiency. Pich
[1987] reports that this was shown theoretically by Langmuir {1942] and experimentally

determined by Fitzgerald and Detwiller [1957). Pich {1987] reports on one of his earlier
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works [Pich, 1966] wherem the position of the mnimum was given by the following

equation

0.85(kT) D3 226
T ) Uy o

where v is the kinematic viscosity of the fluid, and T is the absolute temperature. The
position of the selectivity d,» therefore depends both on the fiber diameter and flow
velocity. Therefore with increasing velocity, the position of d,, shifts towards small

particle sizes.

In most filtration theories, it has been assumed that the particles are spherical m
shape. However, according to Pich [1987], Benarie [1963] theoretically concluded that.
for particle Reynolds pumbers Re, < 2. acicular (pointed) particles reach the fibers
completely unonented and behave like spheres of the same mass having a diameter equal

to the particle length multiplied by 0.285.

2.5.2 Velocity

With increasing velocity, the value of Np (= Pe’') decreases and so does the
capture coefficient of diffusion deposition. The interception parameter is independent of
velocity, and parameter St increases with velocity. Therefore there is a velocrty
characteristic minimum (in efficiency) here too. Pich [1987] quotes an earher work [Pich,

1966] wherein he derived the value of the minimum velocity characteristic as follows:



_20kTy "D
" (au,y D

(2.27)

Hence, the position of the minimum is dependent on particle size and fiber diameter. Stern
et al. [1960] experimented on [PC (Institute of Paper Chemistry) fibrous filters of average
diameter 17 pm and monodisperse polystyrene particles with D, from 0.026 to 1.71 pm.
and found a distinct mmimuim for all investigated fibers. He. like Chen [1955]. reported a
umque velocity where filter efficiency was the same for all particle sizes. i.e., the existence
of an isoefficiency point at a velocity of about 0.178 m/s at ambient pressure and which
shifted to lower velocity values with a reduction in gas pressure. Pich [1987] reports that
Lindeken et al. [1963] measured the velocity charactenistics of Whatman No. 4] paper,
using monpodisperse polystyrene latex particles with particle diameters of D, = 0.088,
0.188, 0.264, 0.365, and 0.557 pm. He found a well-developed mimimum (in efficiency) in
the velocity characteristics in the velocity range of 0.102 to 0.152 m/s. These are the
effects of the particle size, fiber diameter and the filter porosity on the capture coefficient

E; or the filter efficiency 7.

2.5.3 Pressure and Temperature

The dependence of both basic parameters, Ap and n, on the pressure of the filtered
fluid 1s denoted as the pressure characteristic of the filter. The temperature characteristic
of a filter is defined as the efficiency dependence on the temperature of the filtered fluid
while the other conditions remain constant. This dependence was studied by Pich [1971]

(as mentioned by Pich [1987]) based upon the following assumptions:
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a) relatively dry air passes through the filter.

b) the particles are not subjected to evaporation or condensation,

c) there 1s no change in the structure of the filter on account of high temperature.

He concluded that the minimum (in fltration efficiency) of the temperature characteristics

is given by the following relationship

1
k

1, _CE,
PER2

1 1
T =—FE, +§C, + +ZC3 (2.28)

where £, =mU?* /2 is the kinetic energy of the particle with velocity U. and €. is a
constant. The position of the minimum is dependent on the particle size and on the flow
velocity. With increasing particle size and increasing velocity, the mummum is shifted
toward a higher temperature. The filter efficiency decreases with an increase in
temperature. but this decrease is not significant for the temperature (of the flow) range
from -20° to 200°C [Matteson. 1987). If charged filter media is used, the charge on the
media deteriorates, causing a significant reduction m efficiency as shown in Fig. 2.3. Jt is
seen that the decrease in efficiency, especially for small particles, is a result of the charge
deterioration. The uncharged filter media however has different efficiency characteristics
and thus responds differently to the temperature vanation [Ptak et al., 1994].

Humidity, another factor influencing the filtration, affects the density and viscosity
of the airr and hence the pressure drop and the filtration effictency. High humidity
influences the adhesive forces between the dust particles and the fibers besides affecting
the charge on the media. An increase in the relative humidity increases the adhesive forces

because of the capillary factors [Piak et al., 1994}
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Fagure 2.3: Influence of High Temperature Exposure on Charged Fitter Media Efficiency
[Ptak et al., 1994]

A strong adhesive force reduces the particle rebound and the re-entramnment,
thereby tncreasing the filtration efficiency. However a very high humidity reduces the
charge on the fiber and thus the efficiency. The effect of humidity as measured by Ptak et
al. [1994] is shown in Fig. 2.4, where it is seen that, for small particles, the efficiency

decreased slightly with an increase m humudity.

2.6 Experimental Analysis
The majority of the experimental evaluations may be classified under two headings:
1. Verification of theoretical models.

2. Evaluation of filter media.
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Figure 2.4: Influence of Humidity on Charged Filter Media Efficiency, with Initial
RH = 50% [Ptak et al., 1994].

2.6.1 Verification of Theoretical Models

Several experumental studies have beenm carried out using aerosols and dust
particles as the contaminant. In order to study the effect of the structure of the filter, the
method of single fiber efficiency is used. If a fiber in filter is oriented at right angles to the
flow, the area presented to the flow is equal to the product of the length and the diameter
of the fiber. A fiber that has an efficiency of unity removes from the air all of the particles
that would lie within the volume swept out by its area and the velocity vector of the air,
assurned to be flowing uniformly as tllustrated m Fig. 2.5. However a fiber does not
remove all of the particles. The single fiber efficiency 1s defmed as the quotient of the

pumber of particles actually removed to the pumber that would be removed by a 100%



efficient fiber [Browmn, 1993). Single fiber efficiency. E,. which 1s dimensionless. ts related

to the layer efficiency as follows

E D,
E = :;,91 (2.29)

where E, is the single fiber efficiency, E is the layer efficiency (m™') which is related to the
number of particles caprured by a layer of filter of thickness 6x, assuming that the filter is
made up of a large number of layers. Yeh [1972] and Lee [1977] used a condensation
aeroso] generator to seed DOP (Triphemi] Phosphate Dioctyl Phatalate) particles and

Dacron filters with different packing densities as the test filters.

Figure 2.5 Ilustration of the Concept of Stmgle Fiber Efficiency [Brown, 1993]

Using the single fiber efficiency, Lee compared the experimental results with the
theoretical results of Harrop [1969] 1n the inertial impaction region (Fig. 2.6). The results
were in good agreement with theory for Re = 0.94, and D, = 0.7 pm particles. Maus and

Umbauer [1996] made use of two optical particle counters 10 measure the particle flux



upstream and downstream simultaneously with different aerosols (latex spheres, bacteria
aerosol, and limestone dust) and then found the fractional efficiency for the EUROVENT
class of filters. They had neutralized the charge on the particles after geueration and
varied the relative humidity of the air from 10% to 90%. Though they make the efficiency
measurements by making the number density calculatiouns, they assume that the velocity
upstream and downstream of the filter was the same, whereas the results of the present

study and results of previous researchers on this project show that it is not.

The Society of Automotive Engineers (SAE) has defmed two types of dust
particles, SAE fine dust and SAE coarse dust. Several experiments were carried out by
Jaroszezyk {1987] using polyacrylonitrile fibers with an average diameter of 27 um and

different packing densities from 0.0188 to 0.0612.
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Figure 2.6 Comparison of Experimental Efficiency Measurements with the Theory of
Harrop [1969] in the Inertial Impaction Regime [Lee. 1977]
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He showed that the efficiency measurements usmg dust particles were higher than
those obtained by using aerosol particles of smaller diameters. He explamned that this may
be due to accumulation of the dust particles on the filter, thus forming a dust cake across

the filter and consequently creating a higher pressure drop across the filter.

The filter efficiency mcreases until the weight of the collected dust is less than the
dust holdmg capacity of the filter. When this is exceeded, the dust cake breaks, and there
is a drop in the efficiency. This is known as re-entramment. Jaroszczyk et al. [1994]
showed the effect of the type of dust [ASHRAE and SAE fine]l on the pressure drop
across the fiter. They also explained the mfluence of dust [SAE fine) loadmg on the

fractional efficiency of the charged media.

2.6.1.1 Research at OSU

Jadbabaei [1997] and Anand [1997] conducted measurements for finding the local
filtration efficiencies for the pleated and flat filters respectively using the same setup as in
the present study. They measured the pressure drop several times dunng the course of the
experiment. These were taken at the start of the experiment, at the end of downstream

measurements, and at the end of the expenment.

Jadbabae1 [1997] and Natarajan [1995] conducted experiments on the A13192
pleated filters. Natarajan took measurements on pleated filters, but his results suffered
from mconsistency. He had problems with repeatability of the results and the laser power

variation. He used the model of Duran {1995] to compare with his results and used an
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arbitrary value of 0.49 and 0.34S (as recommended by Duran) for the packing density.

His results are shown in Figs. 2.7 and 2.8.

Elemental Efficlency (%)

Figure 2.7: Elemental Efficiencies over A13192 Filter (Duran’s Model, Packing Density -
0.49) [Natarajan, 1995]

Natarajan used the actual flow velocity mside the bousmg to calculate the Stokes
number for different flow rates. The Stokes number obtained by dividing the flow rate by

the cross-sectional area of the opened (unfolded pleats) filter was about 5% of the value

obtained by Natarajan for the same flow rate [ Anand, 1997].

As was explained by Jadbabael and Anand, the laser power was affected by the
temperature vanation i the room, and laser power significantly affects the measured

number density by the LDV. Anand and Jadbabaei made certain irmprovements in the
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measurement setup and showed repeatability of ther results from experiments on the flat
and pleated filters, respectively. Anand compared his resuits with Lee [1977) as shown in
Fig. 2.9. He showed that the local filtration efficiency values near the center of the filter

were quite close to the actual values of the overall filtration values

Elemantal Efficiency (%)

Figure 2.8: Elemental Efficiencies over A13192 Filter (Duran’s Model, Packing Densrtty =
0.345) {Natarajan, 1995]

Jadbabaei [1997] conducted experiments on the pleated filter in the Small Angle
Diffuser housing with 0.966 pm particles. He compared his velocity profiles with those of
Liang [1997] who conducted his experiments on the SAE J726 housing, and showed that
the velocity profiles for the diffuser housing exhibited smaller local variation than those

measured mn the SAE J726 housing. Natarajan [1995] had shown similar results.

27



100
®  DataofLee, 1977 [Dacton B, = 0271) |
A Anand [1997) A i
|
¥ |
BO / A |
A
A
S 80 / !
5 60 |
;‘) *A -!
E i
: /
= ] N :
A A
20 ~ A i
A ‘
0 - : T
1 10 100 1000
Filow Veiccity {cn/s)

Figure 2.9: Overall Filter Efficiencies [Anaad, 1997] Compared to Lee [1977)

Jadbabaei had compared his expenmental results with the theoretical model of
Duran [1995] who had predicted the overall efficiency of the A13192 filter using a
packing density of 0.235 and for 0.966 um particles. The elemental efficiency as predicted
by Duran was 0.25% for a flow rate of 204 m*/hr. Even though the trend as predicted by
Duran was sunilar to the trend exhibited by the results of Jadbabaei, the actual values

(72.56%) werte different. The experimental values from Duran’s model for 2.5 pm particle
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size, packing densnty of 0.345 and fiber diameter of 51.75 um were close to the

experimental values of Jadbabaei for 0.966 um. This difference was unexplained.

Anand compared his results with the three point measurements (measurements at
points located to the Jeft and nght of the center of the filter, and located at the center; the
traverse moved along the X = 0.00 axis) of Jadbabaei, The comparison showed [Fig.

2.10] that the trend was simiar, provided that the pleated curve was shifted to the nght

approximately by a facior of 4.
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Figure 2.10: Comparison of Filter Efficiencies [Jadbabaei, 1997]
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Anand had studied the Stokes number calculation for the 204 m*/hr and the z;ctua.l
velocity measured imside the housing corresponding to this flow rate. He concluded that
peither of the two velocities actually represented the velocity to be used for the Stokes
number calculation. According to him, the correct velocity to be used for that purpose
was about 4 times the velocity calculated using the unfolded filter area, which was about

20% of the average duct velocity.

2.6.2 Evaluation of Filter Media

The SAE J726 procedure is used m North and South America to evaluate engme
air filters [Bugli, 1997]. Japan follows the JIS-D-1612, while the ISO-5011 test
procedure is followed i Europe [Bugli, 1997]. Though these test procedures are
essentially the same and yield comparable results, there 1s a need to have a common
standard. There 1s an ongoing effort to commonize the SAE J726 procedure with the ISO

standard.

Buglh [1997] compared the efficiencies of the three common filter media, Synthetic
/ Felt media, Treated Paper media, and Dry Paper media. The experimental results [Figure
2.11] show that the dust capacity measured usmg the SAE fine dust was about half the
dust capacity measured with SAE coarse dust for the dry and the treated paper media.
The synthetic media showed only a 20% reduction in dust capacity which is possibly due
1o the depth loading and the gradient density characteristics which are less sensitive to the
dust size distmbutions. In the case of the paper media, the loading capacity depends on the

formation of the dust cake which 1s affected by the face velocity and the dust size
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distribution {Bugli, 1997]). The initial Altration efficiency for the treated paper media is
better than that of dry and synthetic media with the SAE coarse dust as shown in Figure

2.12.
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Figure 2.11: Typical Dust Capacity Performance Levels of Arr Induction Filters (AIF)
(Bugli, 1997]
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Figure 2.12: Typical Inittal Efficiency Performance Levels of Air Induction Fiters (AIF)
[Bugli, 1997]



Typically filters are evaluated in the laboratory with manipulated (controlied)
conditions, however the actual conditions on the road are different [Gustavsson, 1996].
The SAE recommended test procedure does not take into account the actual driving
conditions. which are difficult to simulate in the laboratory. McDonald et al. {1997]
carried out several tests [Fig. 2.13] m order to determine the test method that best
sipulates actual environmental exposure. These tests were shown to discriminate between
various types of filter media that might be used in automobile cabin air filter applications.
According to these tests, it was concluded that exposure to liquid hydrocarbon aerosol

was the most discriminating of the tests explored (see Fig. 2.13).
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Figure 2.13: Ability of Tests to Discriminate Berween Filter Media [McDonald et
al,, 1997]



The capacity of the filter for dust holding is dependent upon the size distribution of
the particles. Several researchers, Whitby [1973], Wdson [1977) and Poon and Liu
[1997] bave demonstrated the bi-modal nature of the atmospheric aerosols. These are the
coarse particles [2.5 - 30 um)] generated due to grinding and re-suspension of particles and
the fine particles [0.1 - 2.5 um] generated directly or indirectly from the combustion
processes [Poon and Liu, 1997]. Since the relative proportion of these particles m the
atmosphere varies with location, 1t is necessary to evaluate a bi-modal test dust for a filter
housmg which will be more representative of the atmospheric acrosols. Making use of
different proportion of SAE fine and coarse test dusts, Poon and Liu [1997] showed [Figs.
2.14 and 2.15] that even a small percentage of fine particles could substantially mncrease

the pressure drop as compared to the 100% coarse dust.
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Figure 2.14: Pressure Drop of FA6005 with Dust Loading [Poon and Liu. 1997]
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Figure 2.15: Pressure Drop of KE1351 with Dust Loading [Poon and Liu, 1997]

2.7 Standard Testing Methods
2.7.1 SAE J726 Test Code

In order to provide a uniform testing method for different engine air cleaners. the
SAE J726 Test code [Society of Automotive Engineers, 1987}, was establisbed. This
enables a performance report, which permits direct comparison of the basic performance
charactenistics of these air filters: overall dust collection weight efficiency; dust capacity to
reach terminal pressure drop; airflow restriction characteristics; and structural integrity.
Thus code specifies uniform test procedures and test conditions, and standardized test dust

— Arizona Road Dust (SAE) (coarse and fine) with specified chemical analysis and particle
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size distributions. It allows the usage of either one of the two types of test road dusts for
the single stage air cleaner - depending on the application, while the SAE coarse test dust
1s used for the multistage air cleaner. The efficiency of an engine air cleaner is expressed
by the percentage of dust captured by the filter element. The dust holding capacity of an
engine air cleaner is the total amount of dust fed to the filter to reach a terminal pressure
drop (approximately 1 - 2.5 kPa) [Stinson et al., 1988] or airflow restriction. The test
code specifies a dust feed rate of 28 grams per 1000 cfm for a single stage filter and 56

grams per 1000 cfm for a multistage filter.

2.7.2 SAE J1669 Passenger Compartment Air Filtration Code

The objective of this test [SAE, 1993] was to maintain a uniform test method for
evaluating performance characteristics. like pressure drop. overall and fractional
efficiencies, and holding capacity, for arborne particles. This SAE recommended practice
descnibes the laboratory test methods. consistent test procedures, condmons, equipment.
and performance reports. This test recommends the usage of the SAE J726 procedure.
gravimetric efficiency, for measuring the filter resistance. This test recommends the use of
SAE ultrafine test dust. It recommends the conditioning of the filter before the test and

heating of the test dust in some cases.

A major difference between the two SAE recommended tests mentioned above,
which has been observed as a result of this study and that of Natarajan {1995] is that, that
the filter 1s placed mn a relatively uniform flow field m the SAE J1669 recommended

housing, but n a nop-uniform flow in the SAE J726 housing. Even though the housing in
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the present study (Small Angle Diffuser housing) is not exactly as per the recommended
specifications of J1669, it 1s similar to the intent of the SAE J1669 housing: and the results

can be compared to those of J1669.

2.8 Present Work

The present study measures the local filtration efficiency of an automotive air filter
(Dayco-Purolator A13192) for different particle sizes (0.497, 0.966. and 2.04 pm
particles), at different flow rates (17.1 to 342 m’/hr) and in different housings (Small
Angle Diffuser housing, standard J726 housing. and Simulated Automotive Filter
housing). The experimental work studied as a part of this Literature review mvariably has
centered around dust loaded filters and has relied on the overall efficiencies for their
respective cases. This study has tried to examine the process of filtration from a local
viewpoint, in the sense that it has measured the efficiencies at different pomts on the filter
to determine to what extent the different parts of the filter participate in the process. The
study has compared the local filtration efficiencies for different particle sizes m order to

determine the effect of particle size on the filtration process.
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Chapter 3

FLOW AND EXPERIMENTAL SETUP

3.1 Summary

Thus chapter explains the Laser Doppler Velocimeter (LDV) system [Aerometrics.
1992}. The construction of different types of housing used for taking the measurcments is
also explamed. The experimental setup is divided into three parts

1. laser setup;

2. data collection and processmg unit;

3. flow setup;

Previous researchers on this project have observed that the power of the laser was
inconsistent with trme. This variation of power affected the data collection and reliability
of the results, The varation of power was eventually traced to the variation m the room
temperature [Anand 1997; Jadbabae1 1997]. Several experiments were conducted to
understand how the temperature affects the measured laser power. These are explained in

this chapter.



3.2 Laser Setup

The laser setup includes a S watt Argon-Ion laser manufactured by Coherent. This
laser generates a multi-line, multi-wavelength beam of light at wavelengths between 457.9
nm and 514.5 nm  The laser 1s then guided via two steering mirrors into the fiber optic

drive as shown in Fig. 3.1.

Prism

Unshified beamn

- . Shifled beam

Figure 3.1 Schematic Diagram of the Fiber Drive

The single blue colored beam exating from the laser is split into two separate beams
by a dispersion prism m the fiber drive. Only the 488 nm (blue) and the 514.5 om (green)
beams are used for the two component LDV. These two beams are further spht by a
Bragg cell mto two beams - shifted and unshifted, both of them having the same color but
having a frequency shft of 40 MHz. This shift in frequency is used to detect the direction
of particle motion 1n the probe volume [Liang, 1997].

The four beams are then directed mto the optical couplers by means of mirrors. In

the couplers, the beams are focused into the fiber optical cables (each of 4 pm diameter)
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with the help of focusing lenses housed in the couplers. The beams travel through the fiber
optic cables to the transceiver head. The transmitted beams form a probe volume where
the signals are gewerated by the particles crossing the probe volume. This probe volume
concept makes use of the ‘swept volume technique’ (explamed m Appendix G of this
thesis), developed by Liang [1997]. These signals are reflected back to the transceiver.

The transceiver head is so named since it functions both as a transmitter of the four
beams and also as a receptor of the scattered signals generated by the particles. After the
reflected signals are processed. information about the average particle velocity (v;),
number of particles counted (N;) and the time taken () to count these particles 1s
obtamed. This information is used in calculating the particle concentration above or below
the filter. These measurements are taken at 35 pomts on a 7x5 matrix as shown m Fig.
3.2, upstream and downstream of the filter. The swept volumne technique gives the particle
concentration in units of particles/m’ by 1be following formula:

p =2 (3.1)
Vi

where A =3.257 x 10" m’ is the cross-sectional area of the probe volume [Liang, 1997].
The number density thus calculated gives the local filtration efficiency at that

particular grid location by the following expression:

7, =1~ Do (3.2)

nwp

NMigouwn a0d 1;,, ave the downstream and upstream number densities at that location.

The layout of the 35 grid pont locations 1s as follows.
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Figure 3.2: Layout of the 7 x 5 Measurement Grid on the Filter

At the pomt of mtersection of the shifted and the unshified beams of the same
color, mterference patterns m the form of dark and bnght fringes are observed. When a
seeding particle crosses the probe volume, 1t scatters the light in the form of bnght and
dark fringe patterns superimposed on a low frequency hugh amplitude pedestal as shown 1n
Figure 3.3.

The direction of the flow pattern is determined by virtue of the 40 MHz shift m the
frequency of the two beams - which results in the formation of a2 moving fringe pattern. A
movement by the particle o the direction of the frmge movement results in 2 smaller
frequency of the detected signals. On the other hand, 2 movement i the opposite
direction results i higher frequency signals. It is tmperative that the light intensity of the

probe volume is consistent during the course of the experiment. This is required since the
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edge of the probe volume has to be well defined in order to get good signals and keep the

rate of data collection constant throughout the duration of the experiment.

High Frequency Component

Pedestal

High Frequency Component Riding on the Pedestal

Figure 3.3: A Typtcal Laser Doppler Signal

A decrease 1n the power of the laser during the course of the expenmental results
in the gradual reduction of the probe volume and hence the rate of data collection [Anand.
1997]. A change o the intensity of the laser beam causes the number density to vary,
smce the probe volume changes and thus the sample rate at the upstream and the
downstream points of measurement changes. This variation does not provide a consistent
basis for comparison of the number densities at different locations on the grid. Also the
particles scatter less at lower power and more at higher power. Hence 1t is necessary to
maintain a consistent Jaser power during the course of the experiment.

Several experiments were carried out to determine the effects of various factors
causing a vanation in laser power. as measured at the transceiver head. Measurements

were taken at the exit of the Jaser head to find out whether the power of the generated
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laser beam varied with time. The power of the beam was measured afier the steering
murrors for studying the effects of any movement of the steering mirrors on the laser
power. The couplers were removed and measurements were taken to find out if the
alignment of the reflectmg murrors and the prism changed with temperature, and thus
caused the power to vary before the laser beam entered the fiber optic cable.

For these measurements, a special cylindrical mstrument was fabricated to hold
two pinholes separated at a distance so that a very narrow beam of laser light was visible
to the power meter. This mstrument was placed after the fiber drive so that the beam was
measured just before 1t entered into the optical cable. Any change 1n the power would be
attributed to the fact that the beam actually shifted in alignment and thus did not focus at

the same spot on the optical fiber at all tumes.

105 mmn

i

23mm

»le

B m -

\— 50 pm pahole apaature “pinhole

Figure 3.4: Cylindrical Instrument for Holding the Pinhole Aperture

With the variation of temperature, the alignment of the beam is affected and it does
not focus on the same spot on the optical fiber. The pmhole apertures used were of
diameters 200 pm and 50 pm. Any diameter smaller than 50 pm truncated the beam
substantially, resulting 1n a very small reading by the power meter. The measured changes
in the power were not significant to definitely find out the cause of the deterioration of

power with time. However, the results did help in explaining that how the alignment of



the beam was affected by the temperature fluctuations and thus disturbed the power
setting (Appendix F).

Small changes in the power settings can be controlled by three kmobs on the
coupler, which individually control the movement of the X, Y and Z axes [Aerometrics,
1992]. It was believed that the blower of the test stand produced strong air currents and
also caused vibrations, which affected the alignment. However afier performing the tests,
both when the blower was running and when it was not, the varation in power appeared
unaffected as is seen in Fig. 3.5, when the power remained constant whether the blower
was runnmg or not. [t was then concluded that the blower, with the vibration 1solation
around it and the cork sheet on the laser table, did not significantly affect the power
consistency i any way (also see Appendix F).

The laser, external mirrors and the optical fiber drive were mounted on an optical
breadboard as shown in Fig. 3.6. The breadboard, with a honeycomb strucrure. was
placed on a sheet of cork that helped isolate it from any vibration from the ground. The
cork was glued to the slate top of a heavy metal table base as illustrated in Figure 3.6. In
order to isolate the laser setup, a Plexiglas box was built. This box was helpful in 1solating
the laser setup thermally and from air currents, while also protecting the delicate optical
system from dust. The room layout is shown in Figure 3.7. In order to find out if air
currents adversely affected the power consistency, a fan was run near the beams. It was
observed that running the fan did not cause changes in the laser power [Appendix F]. All

of the collected data has been tabulated and plotted m Appendix F.
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Figure 3.5: Comparison of Laser Power Vanation [June 16 - June 22, 1997]
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Figure 3.6: Laser Setup
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Figure 3.7: Room Layout

When the blower was running, the room temperature rose by about 2-4 °C, due to
an inadequate air-conditioning system in the room.  An additional room amr-conditioner
was installed in the room, and a partition was installed so as to reduce the volume of the
room (Fig. 3.7) where the air-conditioner was required to maintain the temperature. This
proved to be very effective in maintaining the room temperature constant and helped in
checking the laser power variation. A thermometer (Appendix H) with a range of -20°C
to 80°C was used to monrtor the temperature in the Plexiglas box.

Several experiments were conducted wherein the room temperature was increased
and the effect on the beam intensities was noted. These experiments were carried on for
about 3-4 hours at a time - the time taken for an approximate run of an actual experiment.
The temperature increased gradually, and the corresponding plot for different beams
showed a drop in power. It was observed that the drop in power was not the same for all

of the four beams for the same variation 1o temperatures (Fig. 3.8).
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Figure 3.8: Vanation of Laser Power at the Transceiver for Uncontrolled Temperature
Inside the Plexiglas box [May 21 — June 10, 1997]

Two power meters with the capacity to measure power levels from 0.1 pW to 2W
[Newport Catalog, 1993) were used simultaneously on different beams, and thus, for the
same environmental conditions, the measurements were taken together. The power meters
were then interchanged but the same results were obtained (Fig. 3.9).

The power drop was evidently caused by the misalignment of the external steering
mirrors and couplers, since realigning the mirrors, and adjusting the knobs on the couplers
attained the origmal power. When only the steering mirrors were realigned, there was a

significant improvement in power; however the original power could not be restored.
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Figure 3.9: Variation of Laser Power at the Transceiver for Uncontrolled Temperature
Inside the Plexiglas box, with Sensors Interchanged [May 28 — May 29, 1997]
Several experiments were carried where the temperature was kept constant, both
when the blower was ruoning and when it was not. Jt was observed that the power was
almost constant during these times (Fig. 3.10). Sice it is very difficult to keep the room
temperature constant, these expen'ment-s were conducted for as long as the room
temperature could be kept constant. This time varied between 30 to 90 minutes.
These experiments were helpful in concluding that if the temperature in the room
and in the Plexiglas box was kept constant, then the variation m the laser power during the

course of the experiment would be minimal.
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Figure 3.10: Laser Power Variation at Constant Temperature [May 28 — May 29, 1997]

3.3 Data Collection and Processing Unit

The Digital Signal Analyzer (DSA) has two mam components, the hardware and
the software [Fig. 3.11]. The signals that are obtained when the particles cross the probe
volurne need to be processed. The back-scattered signals are picked up by the transceiver
and taken back to the Photo Multiplier Tube (PMT). The PMT converts the optical signal
into an electronic signal, which can be handled by the processing hardware present inside
the DSA hardware box [Fig. 3.11]. In order to moritor the signal processing and aid the
adjustment of processing parameters, the signal at various stages of processing 1s
displayed on an oscilloscope. The software has the process parameters settmgs which are
needed for controlling the hardware and thus developing the signals to get the requisite

information (Aerometrics, 1992].

48



s iooet oA inet el oo
PMT | Log o - Ou :P'I'Bum Sampling |
Lo T T
' : e ‘
Pr. : I.Amlog : » Sampler A e
< N . ' R e . L ‘
Amplifier Py : : : . Comroller €= Pursooal
p o o T : : ' 2 Computer :
e ) DSA HARDWARE ~ *- g------" 0 iDsa
) 1 I Software
......... e W a s 1
' Raw ‘ . Analog Bud Osallater [ e
L e S I R AT IR 'y |

Figure 3.11: Data Collection and Processmg Unit

The oscilloscope displays four different types of signals. These include the raw
unprocessed signal after the PMT and the amplifier. It displays on the same screen the
Doppler burst without the Gaussian pedestal. In order to increase the amplitude of the
signals caused by the particles, a logarithmic amplification of the signal is carmed out and
1s displayed on the screen of the oscilloscope. The burst detector serves to locate the
signa) and issue a signal 1o the controller, which then transfers the sampled signal to the
First In First Out (FIFO) buffer. The burst detector operates on the loganthmically
amplified signal after it is rectified and squared. Here, the power of the signal 1s used for
burst detection. The system uses a Fast Fourter Transform for processing the signal and
calculating the velocity of the corresponding particle. Anand {1997] demonstrated the

effects of various parameter settings on the data collection.

3.4 Flow System
A blower generated the required airflow. The housing was installed on the suction
side of the blower. The room air was taken in through a heater, which was also used to

evaporate the water droplets in the solution. The flow rate was controlled by a pneumatic
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flow control system. A six-jet atomizer was used to seed the particles. For the purpose of
this thesis, three different particle sizes were used. They were 2.04 um. 0.966 pm, and
0.497 pm. These particles, which are available m the form of a 10% concentrated solution
by volume, are further diluted by using distilled water. The typical dilution ratio used was

as follows:

e 204 um: 20 ml of particles and 980 ml of water for makmg 1000 ml of solution
e (.966 pm: 10 mi of particles and 980 ml of water for making 1000 m) of solution

e 0.497 pm: 5 ml of particles and 980 ml of water for making 1000 ml of solution

At different flow rates, the number density observed is different. For example, at
high flow when the filtration efficiency 1s high, the number denstty below the filter 1s very
low. Therefore, 1n order to get measurable data in a reasonable time period, depending on
the flow rate, these concentrations were varied in order to get a greater pumber of signals.
Compressed air at pressure of 40 psig was supplied to the atomizer. The air actually used
o the atomizer was at a pressure of 36 psig. The solution was atomized by passing
through the jet nozzles. Before the actual atomization process, it is possible to mix the
solutton with air and then atomize the mixture. This contro! in the atomizer can also be
used to control the rate at which the particles are seeded into the system

The solution then passed through a mixing chamber which was helpful in providing
a uniform flow for the Small Angle Diffuser Housing (Fig. 3.12). As a part of this thesis,
the experiments were carried out using three different housings, the construction of which

1s explained below.
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3.4.1 Small Angle Diffuser Housing

This housing, which has a small diffuser angle. has been built similar to the one
recommended in the SAE J1669 cabm air filtration code [SAE. 1993] (Fig. 3.12). Though
not built exactly 1o the specifications of the code, it has its largest cross-sectional area less
than 13.5% larger than the area of the filter being tested [agamst less than 10%, as
required by the code] and has diverging wall angles of 1° and 3° for each parr of diverging
walls [against less than 7°, as requmed by the code]. This small diffuser angle helps in
providing a uniform flow at the filter plane. Two pressure taps are mounted in the
housing 1n order to study the effect of the pressure drop across the filter on the efficiency
of the filter. One tap 1s m the upstream section while the other is on the downstream
section. These are then connected to a U-tube manometer to determine the pressure drop

across the filter at different times during the course of the experiment.

3.4.2 Standard J726 Housing

This housing has been specified under the SAE J726 code [SAE, 1987] for
automotive filter testing. The J726 housing (Fig. 3.13) provides a rapid expansion at the
inlet due to the presence of a large diffuser angle. This housing provides a vertical
entrance for the flow above the filter and a horzontal outlet below the filter. The
presence of a large diffuser angle causes a separation and a pon-umform highly
recirculating flow field as was documented by Sabnis [1993] and then by Natarajan

[1995].
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Figure 3.12: Small Angle Diffuser Housing

3.4.3 Smmulated Automotive Filter Housing

This housing has been designed by other researchers on this project for testing the
CFD models of the flow pattern over the filter [Al Sarkhi et al., 1997). This housing has a
Jong rectangular duct, which provides a horizontal entrance for the flow above the filter
(Fig. 3.14). This housing provides a cross velocity (Fig. 3.14) which is almost equal to or
more than the downward velocity above the filter. The lower half of the housing is the

same as that as used for the Small Angle Diffuser Housing.
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Figure 3.14: Sumnulated Automotive Filter Housmng
A flow bypass system was mstalled, as shown m Figs. 3.15 and 3.16, by Jadbabaei

[1997] for testing the efficiency at flow rates lower than 25 scfin, which is the lowest flow



rate, provided by the blower. This arrangement allows a lower flow rate from the filter by

adjustimg the bypass valves.
Ir111et
Test Housing
Main Flow R ‘
T e
Bvpass
Flow

Figure 3.15: Flow By-pass System.

The following table from Jadbabaei [1997]) gives the dimensions of the filter
supplied by Dayco-Purolator, which 1s used in the experiments. The packing density of

the filter and the average fiber density are from Duran [1995].

Table 3.1: A13192 Pleated Filter Dimensions

Overall dimensions 193 mm x 121 mm
Pleat pitch 3.125 mm
Pleat height 30 mm

Estimated average fiber diameter | 51.78 pum (Approxmatety)

Estimated packing density 0 345 (Approximately)

The experimental set up that was used during the course of the experiment is as

shown in Fig. 3.16. The solution of PSL particles was made v distilled water. The
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prepared solution was placed 1o the atomizer. Durmg the test, the solution after

atomization enters the flow system through a bypass above the atomizer as shown in Fig.

3.16.
Mixing Box |
Housing
" Heater and Fan
Laser Transceiver
Filter
Bypasses A

Opucal

To Blowe I | l TSI Flow Meter Table
ﬁ

Figure 3.16: Expenmental Setup

The heater evaporates the water droplets in order to remove all the water droplets
from the atomized solution. The atomized solution passes through the mixing box (only in
the case of the Small Angle Diffuser Housing) for proper mixing and then enters mto the
housing before crossmg the filter. The TSI Flow meter was installed downstream of the
housing. Anand [1997] and Jadbabae: [1997] calibrated the flow meter. After the test

filter, there are still same particles in the air, which need to be removed. An absolute filter
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[Fig. 5.17] 1s provided m the system, which prevents the release of the particles nto the

atmosphere.

r

I
]
i Absolute
i
To Atmosphere Fiter

From the Tes
Stand

Figure 3.17: Absolute Filter Used for Preventmg the Release of Particles into the
Atmosphere
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Chapter 4

CONSISTENCY MEASUREMENTS

Before any data is deemed to be correct, 1t 1s imperative that the data from the
experiments be repeatable and the results be consistent. In the past, though the results
obtained by earlier researchers Natarajan [1995] and Wihams [1996] on this project were
reflective of the expected trend, they had experienced considerable difficulty in providing
consistent results. In a typical case the measured efficiency varied from 28% to 79%
when the same flow rate was run twice.

Anand [1997] and Jadbabaer [1997] had performed several experiments on the
laser to find out the cause of vanation of the laser power during the course of the
experiment. This vanation of laser power had been shown by Williams [1996] to affect
the pumber density of the particles. Though he was unable to pomt to the cause of the
power variation, 1t was apparent that the fluctuation in the number density was caused by
the power vanation. Anand and Jadbabaei reasoned, after carrymg out several
experiments, that temperature vanation in the room was the cause for the deterioration of
the laser power. They made certain changes (as explained in Chapter 3) m the
experimental setup and the procedure of data collection by optimizing the parameter

settings on the DSA software. They camed out several experiments to check the
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consistency of the atomizer. As a result of these experiments, they were able to explain
the inconsistencies of the previous results. Though they were able to maintain the laser
power constant by holding the temperature constant, the power of the laser had worsened
copsiderably with the power of the blue beams bemg almost negligible as illustrated in
Chapter 5. Most of the experiments during this study were conducted during the second
half of 1997, and the laser system had been sent to the manufacturer (Aerometrics) for
mamtenance during February 1997. After the maintenance, the laser power improved
substantially. The power of the laser before and after the maintenance work, at
Aerometrics, 15 compared m Chapter 5.

The following expenments were carried out after the laser system was received
from Aerometrics’ mamntenance to ensure the consistency of the test data and the results:

1. laser power consistency (these experiments were carried out with author's

research pariner T. Gebreegziabher [1998])

2. particle seeding rate

4.1 Laser Power

Jadbabaei [1997] had suggested that the vibration from the test stand’s blower
(when the blower was running) may be affecting the laser power and hence had mstalled
vibration 1solators below tbe optical bread board as shown m Fig. 4.1. As part of the
present study, the pneumatic vibration isolators were removed and a cork sheet was used
instead as a vibration isolator as Uustraied in Fig 3.6. As part of the consistency
measurements, five experiments were carried out to deteromne the effect (if any) of

vibratjon on the laser power as measured at the transceiver head. Two of these
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experiments were performed with the blower shut-off {Fig. 4.2), and in three experiments,
the blower was operating [Fig. 4.3]. The temperature was controlled during all of these
experiments. On comparing Figs. 4.2 and 4.3, it appears that there was no appreciable
change 1o the laser power due to vibrations from the blower.

Next these experiments were carried out with no control over the temperature
[Figs. 4.4 and 4.5]. It was observed that the variation m the laser power was very simifar,

whether the blower was running or not.

Ll Asgon-Jon Laser L
- ~—Optical Breadboard
Slate —= &

| ~=<—1-beam
-~ Airmounts ————e=— ;

I | Table \ \

Figure 4.1: Setup for Isolation of Vibration from the Blower [Anand, 1997]

This showed that either the cork sheet that was bemg used for wibration isolation was
capable of stopping vibration (if any) from the blower, or that the vibration of the blower
did not appear to have any effect on the laser power. The actual data and the other plots

for the consistency measurements have been provided m Appendix F.
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Inside the Plexiglas Box, Test Stand’s Blower in Operation
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Figure 4.5: Variation of Laser Power at the Transceiver for Uncontrolled Temperature
Inside the Plexiglas Box. Test Stand’s Blower Shut Off
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In order to maintain a constant temperature in.the room, a room air conditioner
was mstalled as was described m Chapter 3 (Fig. 3.7). The purpose of the room air
conditioner was to aid in maintaining the room temperature constant. In addition it was
destred to lower the working room temperature. Anand and Jadbabaei had worked at
elevated room temperatures of approximately 29°C. Previously the room temperature
increased when the blower was runpning, and m order to arrest the fluctuation m the room
temperature, Anand [1997) had suggested working at relatively higher room temperature
(29 - 30°C). .Despite working at these temperatures, they had considerable difficulty in
maimntaining the room temperature constant, since they did not have any means of cooling
the room once the temperature started to increase.

As part of the present study, several experiments were conducted in order to
ensure that the laser power remained constant during the course of the experiment. It was
observed that the laser power varied by only about 3-5% when the temperature within the
Plexiglas box was kept within a variation of * 0.2 °C as indicated by the thermocouple
(response time 60 s Omega, [1997]). When no steps were taken to control the
temperature within the Plexiglas box, the laser power vanation was in some cases as high
as 30% as shown in Figs. 4.6 and 4.7. As mentioned earlier, Anand and Jadbabaei had
considerable difficulty in maintaming the room temperature constant; therefore a room
airconditioner was mstalled in the room in order to assist in maintaining the room
temperature counstant. Several experiments were conducted in order to ascertawn If the
presence of the air currents from the air conditioner affected the laser power copsistency.

It was found that that the arr currents did pot have any sigmificant effect on the laser
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power. All of the data and some other plots for these consistency measurements have

been provided in Appendix F.
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4.2 Atomizer Cousistency Tests
Measurements were taken on the spray leaving directly from the atomizer. These

measurements were taken directly in front of the atomizer. These tests were performed
because it was possible that the rate of the particle generation from the atomizer itself was
varying and thus providing mconsistent particle count to the system. These tests were
conducted 1n order to determine whether the atomizer was generating particles at a
constant rate or not. These tests were required to monitor the sampling rate, since the
Toneasurements were taken at a single point m front of the atomizer as shown in Fig. 4.8,

The number of samples determines the frequency and velocity resolution of the
mstrument (LDV). For the LDV the relationship between record length, samplmg rate
and the number of samples s given as [Anand, [997]

Number of Samples

(4.1)
Sampling Rate

Record Length =

Figure 4.8: Consistency Test Setup for the Atomizer

Almost all of the data taken was withm a range of + 5% as 1s ustrated for 0.966

pm size particles in Fig. 4.9. This 1s a fairly narrow bandwidth. Two sets of data each
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were taken for 0.497, 0.966 and 0.497 pm size particles. All of the experimental data
showed similar trends. All of the actual data and some other plots for these measurements

have been provided in Appendix F
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Figure 4.9: Atomizer Consistency Results for 0.966 um Particles

Jadbabaei [1997] showed that a + 5% error in the sampling results in a higher error in the
measwed efficriencies as explamned below. The local filtration efficiency is given by Eq.
(3.2).

n=1-R, 42)
The highest efficiency evaluated will be when the value of Dyous 13 lower by 5% and that of
Tapsoream 1S higher by 5%. Then the value of the efficiency will be

95
:1—0_?._}2

miLX 0 T

,=1-09R,, (4.3)
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Similarly the minimum efficiency is calculated When Duews 1S higher by 5% and Deress 1
lower by 5%.

1.05
=]—-— =1-1.1R 4.4
nmm 095Rnd nd ( )

where R, 1s the ratio of the number densities of particles upstream and downstream. The
actual error will therefore depend upon the ratio R,s. The sampling rates were normalized
with the mean of all the measurements in order that different sets of data could be

compared

4.3 Expenmental Procedure
The followmg procedure was followed for data collection for both consistency
tests (explaned in this chapter) and filtration efficiency tests (Chapter 5) as part of this

study [see Appendix H for list of equipment]:

1. The filter was changed (for every experiment a new filter was used), and the flow

setup was assembied.

2. The blower was started and the desired flow rate set and the mitial pressure drop
reading taken.
3. The beater was started.

4, After the temperature in the room had stabilized to about 23-25°C (depending on
the outside weather conditions), the laser and the LDV system were started and
the laser beams aligned at the fiber drive. The room temperature at the tume of

alignment was noted.
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The traverse was started and the probe volume was brought to the center position
of the fiiter.

The required solution was prepared and the atomizer was connected to the
compressed atr supply after filhing the atomizer with solution.

The DSA parameters were set. The readings were first taken downstream of the
filter and then upstream of the filter. This was done because, at the beginning of
the experiment, the filter is clean and the pressure drop is a mmimum. So when
the particle counts are first taken downstream of the filter, the effect of any change
in efficiency of the filter due to particle deposition on the filter is mimmized.
Dunng the course of the experiment, care was taken to mmimize the room
temperature fluctuation (= 0.1°C as indicated by the thermometer kept in the
Plexiglas cover for the laser system). After all of the readings (35 poumts)
dowmnstream of the filter were taken, the laser power was checked again and
adjustments made to restore the ongimal laser power. The power was restored 1o
the ongmal value, to the extent possible. However no record was kept as to the
extent of the adjustments made to achieve realignment. The drop in the power
was typically on the order of 5-10% (for example, the green shifted beam would
drop from about 65 mW to about 60 mW).

The pressure drop at the end of the experiment was noted.

During the expeniment, when the temperature (+0.1°C as indicated by the
thermocouple m the Plexiglas box) started to rise, the air conditioner was started.
Once the thermocouple (kept m the Plexiglas box) showed a deviation of -0.1°C

from the original value, the air conditioner was stopped. It took about 15-20
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11.

minutes for the thermometer device to show a temperature dewiation of + 0.1°C
from the origmal value (alignment temperature). So the air conditioner had to be
started or stoppex as the case may be.

All of the data was tabulated in an Excel spreadsheet on the 486 MHz computer in
the C:\ AUSERS \ NEWTEST \ <directory name>. The directory was named
depending on the particle size (0.497 or 2.04 pm particles) for expertments
conducted m the Small Angle Diffuser Housing. The directory was named as “05
micron” for the 0.497 um particles. The directory was named according to the
name of the housing for the other housmgs (standard SAE Housing and the
Simulated Automotive Fiter Housing). The directory was named as “SAE” for
the standard SAE Housing. The experiments on these two housings were
conducted oaly on 0.966 um; therefore they were not classified according to therr
particle size. All of these experiments have then been named according to the flow
rates and the test run for that particular flow rate. Some experiments were
repeated for comparison with the results of Jadbabael [1997] and were saved
under C:\ AUSERS \ NEWTEST \ REPEAT. SAH7S5 1 _1 is the name of the file
for the test Tun at 75 cfm (103.69 m’/hr), the first “1” stands for 0.966 pm
particles. and the second “l™ stands for the test rup at that flow rate. The
tabulated parameters (by experiment name and date) for each of these expenments

will be presented m Chapter 5.
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Chapter 5

RESULTS AND DISCUSSION

S.1 Summary of the Experiments

The expeniments on the Dayco-Purolator A13192 filters were conducted for
vanious flow rates on the standard SAE J726 usmg 0.966 um particles, Small Angle
Diffuser housmg usmg 0.497 pm, 0.966 pm and 2.04 pm particles. and Simulated
Automotive Filter housmng using 0.966 pm particles. The LDV parameter settings for
different test conditions were selected as recommended by Anand [1997). In order to be
assured of the accuracy and repeatability of the measurements, several consistency
measurements, (outlmed ir Chapter 4 of this thesis and detailed in Appendix F) were

cartied out.

The expernimental results of this study are aiso compared wrth those of Jadbabae:
[1997]) for 0.966 pm particles. However durmg the period when Jadbabae: and Anand
conducted their experiments, the power of the laser beam had deteriorated considerably;

and even though the laser power remained fairly constant during the course of a
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experiment, the power of the four beams was quite low [Table 5.1]. All the experiments
by Jadbabaei and Anand and those i the present study were conducted at a laser power
0.8 W. However the powers as measured exitmg the transceiver by Jadbabaei and Anand,

and that m the present study were quite different and are tabulated below for comparison.

Table 5.1: Comparison of Laser Power Exiting the Transceiver Before and After
Mamtenance (@ 0.8 W from the Laser)

Laser Power (mW)
Beam Jadbabaei and Anand [1997) | Present Study [1998]
Blue (Shifted) 1.78 31.82
Blue (Unshifted) 3.69 56.28
Green (Shifted) 19.55 64.10
Green (Unshifted) 16.7 80.28

As mentioned m Chapter 4, before the experiments were conducted on the Small
Angle Diffuser housing and the Simulated Automotive Filter housing, the laser system had
been sent to the manufacturer [Aerometrics] during February of 1997 for mamtenance.
Therefore I order to ensure that the present results could be compared to those of
previous researchers on this project, another purpose of this study was to find out if there
was any change in the filtration efficiencies as measured by Jadbabaei {1997] from those i
the present work. In order to do this verification, three different flow rates, that had been

run by Jadbabael, were also run by the author as part of this study.

The experiments were conducted at several different flow rates from 13.61 m’/hr
t0 314.73 m*/hr. These and other results of the experiments in the different housings are

discussed m Sections 5.2 - 5.4.
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5.2 Small Angle Diffuser Housing Measurements

For particle diameters of 2.04 pm and 0.497 pm, two runs were recorded at each
location [35 points as shown m Figure 3.2) omn the filter. During each of these ruas, 300-
1000 particles were counted (as described mm Section 3.2). This was varied depending
upon the flow rate and the particle size. At higher flow rates, when the number density
was low, the sample size number was 300, since every run took a long time
(approximately 150 seconds for 300 particles). The number densities were calculated

based on the mean of the particle velocities.

The Swept Volume Technique (Appendix H) was used to calculate the number
densities. At low flow ratés, the pressure drop was very low, and any small change m the
pressure drop was not discernible. At high flow rates, the mitial pressure drop was about
50 - 70 mm of water and the final pressure drop mcreased by about 5-7 mm of water. The
number density, velocity profile, and local filtration efficiency plots for all of the flow rates
[not presented m this chapter] are presented in Appendix B for 0.497 um and Appendix C
for 2.04 um. The overall results for the Small Angle Diffuser are summarized m Table
5.2. Flow rate given m Table 5.2 is the corrected flow rate based on the TSI calibration
[Anand, 1997 and Jadbabaet, 1997]. The expected upstream number density (ng) has been

calculated as follows

_ Number of Particles ConsumedinTime, t,,
t:on Sflow

g

71



The pressure drop was measured by the manometer at the start of the measurements and
at the end of the measurements is tabulated along with the number of samples taken and

the approximate LDV sampling time taken for each measurement.

The tests have alphanumeric designations, which specify the housing, flow rates,
particle size and the repeat number. SAH75_05_2 stands for the Small Angle Housmg
experiment for 75 cfin (cubic feet per mimute) with 0.497 um particles (rounded to 0.5)
and is the second experiment conducted for that flow rate. The Stokes number calculation
[Appendix A) has been based on the mean velocities of the particles as measured by the
LDV system (using housing cross-section, not unfolded filter area) [Jadbabaey, 1997] at
the 35 pomts. The velocities calculated from the flow rate are obtamed by uniformly
distributing the flow over the entwre pleated filter sheet (dimensions 114.30 mm x 184.15
mm). The average particle velocity (LDV measurements) is different from the velocity as
measured by the TSI flow meter, since the LDV measurements were taken on a grid that
covered only approximately 55% of the total area [Anand, 1957). The areas very close to
the housing wall were not considered (the velocities are lower in this region), and thus the
LDV measurements covered only the central region of the filter (veloctties are higher).
All local measurement results m this chapter are based on the corrected flow rates as per
the calibration of the TSI flow meter [Anand, 1997 and Jadbabaei, 1997]). The local
filtration efficiency, velocity of the particles, and the upstream and downstream number
densities of the particles were plotted and are illustrated m the figures m this chapter and

mn the Appendices as explained earlier.
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Table 5.2: Summary of Small Angle Diffuser Housing Resuits for 2.04 and 0.497 m Diameter Particles

Test Number |TestDate| Flow | Upstream |Samples| Time Pressure| Upstream | Stokes | Average | Average
Rate | No. Density | Taken | Taken for | Drop | Average | Number | Overall Overall
(m¥hr)| Expected Data Initiaf Particle |Based on| Efflclency | Efflclency
[TSI] (Actual) Collection | (Final) | Veloclty LDV 2.04 um | 0.497 um
(#/m*) (seconds) | (mm of | TSI [LDV] | Velocity
water) (m/s)
SAH10_05_1** | 11/05/97 | 1361 | 2.15(2.08) | 1000 25 2.54 0.218 0.0028 55.38
x10° (2.54) (0.17)
SAH10_05_2 11/05/97 | 13.61 | 2.15(1.84) | 1000 25 2.54 0.218 0.0043 58.18
x 10° (2.54) (0.19)
SAH12_2_1 11/28/97 | 16.78 | 1.97(2.00) | 1000 30 2.54 0.262 0.0802 63.63
x 10° (2.54) (0.33)
SAH12 2 2 12/07/97 | 18.78 | 1.97 (1.93) 500 30 2.54 0.262 0.1058 48 57
x 10° (2.54) (0.33)
SAR12_2_3 12/07/97 | 16.78 | 1.87 (1.40) 500 30 254 0.262 0.1155 56.68
x 10° (5.00) (0.36)
SAH15_05_1 11/02/67 | 21.55 | 9.54 (7.12) 500 25 2.54 0.320 0.0088 33.83
x 10° (2.54) (0.30)
SAH15_05_2 11/05/97 | 21.55 | 4.36 (3.3) 500 25 5.00 0.320 0.0054 56.84
x 10° (7.50) (0.24)
SAH15_2_1 00/21/97 | 21.55 | 1.08 (0.8908) | 500 30 2.54 0.320 0.1389 48.53
x 10° (2.54) (0.43)
SAH15_2 2 11/23/97 | 2t.55 | 1.08 (1.18) 500 30 5.00 0.320 0.1668 40.04
x 10° (5.00) (0.52)
SAH20_05_1*" | 11/02/97 | 28.48 | 7.15 (5.31) 500 25 7.50 0.436 0.0102 48.82
x 10 (10.2) (0.45)
SAH20_05_2 03/27/08 | 29.48 | 7.15 (9.05) 500 25 7.50 0.438 0.0087 54.5
x 10° (10.2) (0.43)
SAH20_2_1 08/16/97 | 29.48 | 3.87 (3.29) 500 30 7.50 0.436 0.2181 40.58
x 10° (10.2) (0.88)
SAH20_2_2 03/26/98 | 20.48 | 1.12 (1.12) 500 30 7.50 0.436 0.1924 37.87
x 10° (10.2) (0.80)
SAH25 05_1 10/03/97 | 37.42 | 7.15 (4.54) 500 30 7.50 0.545 0.0222 48.21
x 10° (10.2) (0.98)
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Table 5.2 (contd.): Summary of Small Angle Diffuser Housing Results for 2.04 and 0.497 um Diameter Particles

Test Number |TestDate| Flow | Upstream |Samples| Time |Pressure| Upstream | Stokes | Average | Average
Rate | No. Density | Taken | Taken for| Drop Average | Number | Overall Overall
(m*hr)| Expected Data inittal Particle |Based on| Efficlency | Efficlancy
(TS (Actual) Collection| (Final) | Veloclty LDV 2,04 pm | 0.497 um
(#/m®) (seconds)| (mm of | TSI[LDV] | Velocity
water) (m/s)

SAH25_05_2* 10/31/87 | 37.42 | 7.15 (4.34) §00 30 10.2 0.545 0.0120 44.34
x 10° (13.30) | (0.528)

SAH25_2_1 00/22/97 | 37.42 | 1.08 (1.06) 500 35 10.2 |0.545 (0.68)| 0.2181 46.04
x 10° (16.50)

SAH25_2 2 09/22/97 | 37.42 | 9.82 (4.88) 500 35 10,2 |0.545 (0.75) 0.2405 81.05
x 10° (13.30)

SAH30_05_1 10/02/87 | 45.35 | 5.96 (4.04) 500 30 10.2 0.654 0.0248 48.69
x 10° (16.50) | (1.095)

SAH30_05 2 03/25/08 | 45.35 | 5.96 (5.64) | 500 30 10.2 |0.854 (1.16)| 0.0263 37.48
x 10° (13.30)

SAH40_2 1 06/27/97 | 61.20 | 4.09 (4.28) 500 50 254 0.873 (0.78) 0.2438 66.15
x 10° (27.5)

SAH40_2 2 03/26/98 | 61.20 | 4.09 (3.34) 500 50 254 |0.873 (1.52)( 0.4875 53.08
x 10° (25.4)

SAHS50_05_1 10/04/97 | 77.07 | 3.58 (2.38) | 500 70 343 [1.09(2.30)| 0.0523 413
x 10° (38.1)

SAHS0_05_2 10/31/97 | 77.07 | 1.59 (1.11) 500 70 343 1.09 (2.98) [ 0.0523 43.8
x 10° (34.3)

SAH50_2 1 09/14/97 | 77.07 | 364 (3.72) | 500 50 343 |1.09(1.35) | 0.4342 74.06
x 10° (34.3)

SAHS50_2 2 00/19/67 | 77.07 | 3.27 (3.31) 500 50 343 1.09 (1.83) | 0.5228 70.14
x 10° (38.1)

SARH75_05_1 11/01/97 | 104.26| 3.05 (1.54) 500 90 42,6 1.84 (2.29) | 0.0518 41.29
x 10° (45.7)

SAH75_05_2 03/25/88 [ 104.26| 1.91 (2.92) 500 80 45.54 1.64 (3.10) | 0.0702 43.58
x10° (45.54)
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Table 5.2 (contd.): Summary of Small Angle Diffuser Housing Results for 2.04 and 0.497 um Diameter Particles

Test Number | Test Date| Flow |Upstream No.|Samples| Time Pressure | Upstream | Stokes | Average | Average
Rate Density Taken | Taken for| Drop Average | Number | Overall Overall
(m’fhr)|  Expected Data Inltial Particle |Based on| Efficlancy | Efficlency
[Tsh (Actual) Collection| (Flnal) | Veloclty LDV 204 um | 0.497 um
(#/m®) (seconds) | (mm of | TSI [LDV] | Velocity
water) (m/s)
SAH75_2_1 08/11/97 | 104.26| 2.18 (1.57) 300 70 436 |1.636(2.15) 0.6889 83.56
x 10° (45.7)
SAH75 2 2 09/25/97 |104.26| 2.55 (2.06) 300 70 53.3 1.636 (2.98)| 0.9558 80.48
x 10° (55.6)
SAH100_05_1 10/05/97 [146.36| 1.79 (1.11) 500 120 58.7 |[2.18(2.97)| 0.0672 43.8
x 10° (61.0)
SAH100_05_2 10/31/87 |1146.36| 1.59 (0.879) 500 150 58.7 2.18 (3.30) | 0.0747 37.25
x 10° (81.0)
SAH100_05_3" | 11/06/97 | 148.36| 1.43 (1.73) 500 150 '56.2 |2.18 (2.97)| 0.0672 33.64
x 10° (61.0)
SAH125_05_1 11/08/97 | 188.45| 1.11 (0.942) 300 120 60.8 273 (3.98) | 0.0907 48.81
x 108 (63.2)
SAH125_05_2 11/09/97 |188.45( 8.58 (3.764) 300 150 83.2 2.73 (4.00) | 0.0901 43.29
x 10 (65.4)
SAH125_2 1 08/12/97 |188.45( 1.09 (1.01) 300 150 61.1 273387 11T 86.48
x 108 (63.1)
SAH125_2 2*+ | 03/26/98 |188.45| 1.09 (.820 300 150 63.58 |2.73(5.09) | 1.16325 92.05
x 10° (87.5)
SAH150_05_1 | 11/01/97 [230.54| 1.43 (5.74) 300 150 68.5 [3.27 (4.71)| 0.1084 75.53
x 10° (71.28)
SAH150_05 2 | 11/08/97 |230.54| 1.43 (1.42) 300 150 68.5 |3.27 (4.79) | 0.1066 64.92
x 10° (73.25)

*¢ For these tests, the traverse had to be moved 0.] inch away from the edge, towards the center of the filter, because of negative velocities along that particular edge.




The upstream number density as shown m Fig.:S.l ‘is fairly uniform for the low
flow rates. The nmumber density at low flow rates (7.96 m’/hr) is high (~ 10’ particles/m)
and reduces to a low value (~ 107 particles/m®) for high flow rates (213.75 mzlhr); Very
low number densities led to an increase in the data collection time; and hence at these flow
rates, the sample size was reduced froﬁx 1000 to 300 samples for 2.04 um particles and to
500 samples for 0.497 um particles. The average number‘density for a flow rate was
calculated by taking the non-weighted average of the mumber densities at all of the 35

points upstream or downstream of the filter as the case may be.

A relatively tegular upstreamn number density profile i1s observed for the Small
Angle Diffuser Housing [Fig. 5.1]. After the flow passes through the filter, the flow gets

disturbed, and as a consequence, the number density profile downstream of the filter [Fig.

5.2) is relatively mregular.
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Figure 5.1: Upstream Number Density for Test SAHI0 05 _1 at 13.61 m’/hr
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Figure 5.2: Downstream Number Density for Test SAH10_05_1 at 13.61 m’/hr

The flow profile is regular upstream of the filter [Fig. 5.3]). This regular velocity
profile results in uniform number densities above the filter. The downstream nurober
densities are affected by the change m the velocity profile [compare Figs. 5.3 and 5.4)
after the filter. The housing wall is situated at locations approximately Y = + 95 mm, and
thus the velocities (and hence the local number denstties) around this location are affected
by the presence of the housing wall. Further there is some interference caused due to the
presence of the rubber beading of the filter on the lower side of the filter (this rubber
beading is provided for supporting the pleated filter and has an embedded wire mesh that
supports the filter). The downstream number density is therefore not as regular as the

upstream number density [compare Fig. 5.1 with Fig. 5.2].

77



0.4 T T T I ] I I
@
£ 03
> . ‘ X (mm)
§ Average Velocity: 0.17 m/s — 302
S 0.2
> e - 1651
§ & - 000
z 041 —¥— 1851
g- i Al <X+ 7)
0.0 | | | | | | |

80 60 40 20 0 20 40 60 80

Y (mm)

Figure 5.3: Upstream Velocity Profile for Test SAHIO 05_1 at 13.61 m’/hr

The velocity profile measured above the filter exhibits a very regular profile. In
some test runs, the velocities m certain instances, near the wall or edge rows downstream
of the filter were trregular. This was due to the presence of recirculation zones near the
edge of the filter as explained earlier and due to the housing walls, which affected the
velocity profile. When the recirculation zope was found to be strong at a particular
location, the position of the probe volume was shifted slightly away into the center of the
filter (never more than 5 mm). Smce this happened only at locations along the edge
downstream of the filter, the corresponding upstream position of the probe vohume was
also shifted. The measurements presented herem are therefore representative of the values
at that location. Recrrculation zones affected a total of about 8-10 measurements out of
all of the experiments conducted. Some of these experiments have been marked with “**”

m Table 5.2. Others have not been marked smce records were not kept for all cases.

78



0.8 , i i T | 1 |
'\"E? Average Velocity: 0.27 (nvs)
< 05
% X (mm)
% —— 302
< 03 —-— 1659
£ e
3 —o— 1651
% 02 4 3302
:
[=]
(@]

00 | | | | | | |

Figure 5.4: Downstream Velocity Profile for Test SAH10_05_1 at 13.61 m’/hr

The pressure drop was monttored durmng the course of the experiment. As part of
these experiments, for every test, a new filter was used, since small particles tend to clog
the filter quickly. The pressure drop was noted at the start of the test and after the end of
the test. After the end of the downstream data was taken, the pressure drop was observed
to find out if the fiter was getting clogged. This gave an indication of the restriction

caused by the particles. |

The filter efficiency variation over the surface of the filter or the local filtration

efficiency for the flow rate 13.61 m*/hr is shown in Fig. 5.5.
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Figure 5.5: Pleated Filter Efficiency for Test SAHIO 05 1 at 13.61 m’/hr

A set of similar data for number a flow rate of 77.07 m*/hr is shown from Figs 5.6
- 5.10. A comparison of the number densities upstream of the filter, for the two flow rates
shows that, as the flow rate mcreases, the number density profile becomes flatter. This is
probably because at low flow rates, even a small variation in the flow rate makes a large
change in the number densities. At low flow rates, 2 cbange of only 0.05 m/s m the
velocity of the particle [Fig. 5.3] is equal to a change of 25% in the velocity of the particle.
This velocity change causes a corresponding approximate change in the number density by
about 25%, thus causing a more vanable number density profile than in the case of a

higher flow rate [Fig. 5.7].
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Plots for local filtration efficiency measurements are given in Appendix B & C for
0.497 and 2.04 pm particles. A comparison of the number density profiles and the

velocity profiles for different flow rates further reaffirms the conchision drawn above.
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Figure 5.6: Upstrearn Number Density for Test SAHS0 05 1 at 77.07 m’/hr
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Figure 5.7: Downstrearn Number Density for Test SAHS0_05 1 at 77.07 w’*/hr
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Figure 5.10: Pleated Filter Efficiency for Test SAHS0 05 1 at 77.07 m*/hr

The trend i the efficiencies shows that the bandwidth for the local efficiency plot
is quite narrow for high flow rates while for low flow rates, the measured local efficiencies

are not n a very narrow band [compare Figs. 5.5 and 5.10 and Appendixes B & CJ.

Figure 5.11 shows the varation in the overall filtration efficiency with Stokes
number and Fig. 5.12 shows the varation m the filtration efficiency with the flow rate.
The Stokes number 1s a function of the particle diameter and velocity as given by Eq.
(2.9), and the overall efficiency s given by Eq. (2.12). In this study, both the particle size
and the velocity were changed. The Stokes number has been calculated using the average
particle velocity [Jadbabaei, 1997] from the LDV measurements. The Stokes number for
a particle diameter of 2.04 um is larger than that of a 0.966 pum particle by a factor of
about 4 for the same flow rate, since the Stokes number is proportional to the square of

the diameter.
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Theoretical studies (as given m Fig. 2.8) have shown that the curve for efficiency
versus Stokes number shows dip at lower values and a plateau at high Stokes number.
The efficiencies for 0.497 pm particles increase very fast after 104.26 m’/hr (St =
0.04466). This trend is not expected [Fig. 5.13). However small particles clog the filter
very quickly and at high flow rates, the effictencies increase. More particles are bemg
deposited on the filter, which causes a faster cloggmg of the filter. This is also been
demonstrated by the increase in the pressure drop by 9.75 mm of water [Table 5.2]. Some
of the passible reasons for this abnormality are discussed in the next chapter. The
variation m the measured filtration efficiencies for 2.04 um particles are consistent with
the theoretical predictions for flow rates between 29.48 w’/br and 18845 m’/br [Fig.
5.13]. However, for lower flow rates (lower than 16.78 m®/s), the efficiency increases
significantly. This may be due to the fact that, at low flow rates, the filtration process due
to diffusion can become important and this possibility needs to be considered and further

investigated.
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Figure 5.11: Vanation of Filtration Efficiency with Stokes Number
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Figure 5.12: Varnation of Filtration Efficiency with Flow Rate

Filtration efficiencies for different particle sizes have been plotited mdividually

agamnst Stokes number m Fig. 5.13.
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Table 5.3 compares the results of the experiments carried out on the Small Angle
Diffuser Housmg usmg 0.966 pm particles with those of Jadbabaei [1997). This
comparison was required because of the modifications the system had undergone, and that
the mcrease m the laser power might have affected the measured efficiencies. Only three
tests were conducted, smce the results from Jadbabaei were found to be m agreecment
within about 8% of the measured efficiencies with the results obtamed in the present
study. The local efficiency measurements (for the present study and Jadbabaet, 1997) for
the flow rate of 103.69 m’/hr have been plotted in Fig. 5.14 and those for 188.45 m’/hr in

Figs. 5.15 - 5.16. Other plots for these experiments are shown in Appendix G.
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Figure 5.14: Comparison of Local Filtration Efficiency Measurements in Small Angle
Diffuser Housing at 103.69 m’/hr with Jadbabaei [1997)
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Table 5.3: Summary of Small Angle Diffuser Housing Results for 0.966 um Diameter Particles for Comparison with Those

of Jadbabaet [1997]
Test Number |TestDate| Flow (Samples| Time |Pressure|Upstream| Stokes | Average | Average
Rate | Taken | Taken for | Drop | Average | Number | Efficlency | Efficlency
(m%hr) Data Inittal | Particle |Based on|(Jadbabaei| (Present
[TSI] Collaction| (Final) | Velocity LDV [1997)) Study)
(seconds) | (mm of | TSI[LDV]| Veloclty
water) (m/s)
F9 06/18/86 | 77.07 | 1000 25 N/A  |1.09 (1.38)| 0.0792 33.26
SAH50_1_1 10/05/97 | 77.07 | 1000 30 58.7 |1.08(1.84)| 0.1049 36.01
(61.0)
F19 07/05/26 | 103.69| 1000 35 N/A  |1.64 (2.39)| 0.1526 37.34
SAH75_1_1 10/31/97 | 103.69( 1000 35 58.7 -|1.64 (2.97)| 0.1533 323
(61.0)
F1 05/08/96 | 188.45| 1000 40 §6.2 |2.73(3.30)| 0.1995 44.1
(61.0)
SAH125_1_1 11/08/87 | 188.45| 1000 40 60.8 [2.73(3.98)| 0.2589 51.59

(63.2)




5.3 SAE Housing Measurements

Efficiency measurements were carried out on the SAE J726 Housing [Fig. 3.13].
Table 5.4 shows the flow rates and the efficiencies measured. The plots for SAE200 | 2

are presented in Figs. 5.17 — 5.21, and the remaining plots are presented im Appendix D.

Typical upstream and downstream number density profiles for the SAE housing
bave been shown m Figs. 5.17 and 5.18, respectively. The upstream and downstream
velocity profiles for the SAE housing shown in Figs. 5.19 and 5.20 portray a uregular flow
pattern over the filter surface i this housmg {Fig. 5.19]. Near the center of the filter, the
velocity is the highest, and the number density is the lowest in the respective rows across
the filter. As seen in Figure 5.19, the velocity near the edges above the filter is very high
and causes recirculation zones near the walls of the filter [Natarajan, 1995]. The effect of
the velocity op the number denstty at a pomt has a comrespondmng effect on the local
filtration efficiency value. A typical local filtration efficiency profile for the SAE J726
housmg is shown in Fig. 5.21. Though the number density profile is affected by the
velocity profile over the filter surface, it is seen from Fig. 5.21 that the local efficiency
profile is unlike the trend apparent in Figs. 5.17 and 5.19. This shows that the flow over
the filter surface is location dependent, even though the overall efficiency of the filter is
not substantially affected. There is a large unexplained difference in the velocrties at the
flow rate of 314.73 m’/hr. It is possible that this is due to the presence of recirculation
zones at that flow rate which affected the local velocities for some runs at that flow rate

and not for others at that flow rate.
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Table 5.4. Summary of SAE Housing Results for 0.966 pm Diameter Particles

Test Number Test Flow | Upstream | Samples Time Average | Average | Stakes Initial Final
Date Rate | Average | Taken | Taken for | Upstream | Efficiency | Number | Pressure | Pressure
TSI Particle Data Actual (%) Based Drop Drop
(m’/hr) | Velocity Collection | Number onLDV | (mmof | (mm of

TSI* (seconds) | Density Velocity | water) | water)
[LDV] (#/m’)
(m/s)

SAE]O 1 1 | 04/08/98 | 13.61 0.0388 1000 20 7.59x 10° 499 0.0293 2.54 2.54
[0.399]

SAE10 1 2 | 04/09/98 | 13.61 | [0.471] | 1000 20 529%x10° | 4195 | 00345 | 254 2.54

SAE25 1 | | 04/08/98 | 37.42 0.107 1000 25 1.50x 10° | 44.61 0.1020 254 2.54
[1.39]

SAE25 1 2 | 04/09/98 | 37.42 [1.45] 1000 25 1.46x10° | 38.73 0.1064 2.54 2.54

SAE40_1_1 | 09/03/96 | 61.20 0.174 1000 30 6.82 x 10° 324 0.1225 2.54 3.81
[1.67]

SAE40 1 2 | 11/08/96 | 61.20 | [1.63] 1'000 25 211x10°| 4522 0.1130 2.54 3.81

SAE120 1_1 | 11/09/96 | 180.03 0.342 500 30 497x10° | 6291 0.3081 38.10 45.72
(4.20]

SAE125 1 1 | 09/25/96 | 188.45 | 0.356 1000 30 3.99x10° | 46.17 0.3308 38.10 48.26
[4.51]

SAE125 1 2 | 04/08/98 | 188.45 [7.14] 500 30 3.73x10° |  75.55 0.5237 43.18 48.26

SAE200 1 1 | 09/24/96 | 314.73 0.570 1000 30 3.23 x 108 78.35 0.3851 68.58 75.8
[5.25)

SAE200 | 2 | 11/26/96 | 31473 | [6.48] 1000 30 391x10°| 8632 | 04753 | 76.20 80.2

SAE200 1 3 | 04/08/98 | 314.73 | [10.10} 1000 30 3.2 x 10° 88.68 0.7408 68.58 73.66

*TS1 velocily values are not repeated for test cases with the same flow rate.
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The results m the present study are plotted against the Stokes number m Fig. 5.22
and results from Natarajan [1995] are given in Fig. 5.23. The present results show a trend
similar to the expected “S” type curve. However the results of Natarajan do not exhibit
similar trend. Though the efficiencies mcrease wrth an increase with the flow rate,
Natarajan did not show a substantial increase m the efficiencies at higher flow rates.
Natarajan {1995] mentions that the filter was not changed for any of the experiments.
Contrary to that, as part of this study, a new filter was used for every experiment. This
was done to guarantee that the filtration process was not affected by the increase m
pressure drop across the filter. Further, the difference in the results may be explamed due
to the inconsistent laser power, which may have affected the data collection and hence the

measured efficiencies.
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5.4 Simulated Automotive Filter Housing Measurements

Co-researchers on this project [Al-Sarkhi et al., 1997] have designed this housing
[Fig. 3.14]. This housmg is used for studymg the flow patterns over the filter with a test
housing which is a close representation of an actual filter housing in an automobile. It
provides an opportunity to test the theoretical predictions m the actual test setup. It 18
seen m Fig. 5.24 that the number densities measured m this housmg tend to exhibit a slight
mcrease m the local number densities m the direction away from the entrance (Y = 60 mm)
of the housmg. The number density profile downstream [Fig. 5.25) of the filter 1s famrly
regular since the lower half of the Small Angle Diffuser housing is used as the bottom half

of this test setup.
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Figure 5.25: Downstream Number Density for Test SAF15_1_1 at 21.55 m’/hr

The entrance above the filter (Y = -95 mm) is horizontal, and therefore the

transverse component of the velocity is larger than the axial component. Figure 5.26
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shows the upstream velocity profile across the filter surface. At the pomt where the flow
enters the housmng, the veloctty is higher than that at the opposite end of the housmg.
Equation (H-1) shows the dependence of the local number density on the local velocity.
In the case of the SAF housing, the local velocity decreases substantially across the
surface of the filter; but there is not a very large change in the number densities across the
filter (unlike the change in the SAE housing as seen m Figs. 5.17 and 5.19). It is possible
that the higher transverse component of the velocity in the SAF housmg is causing this
different pumber density variation across the filter surface. The downstream velocity
profile [Fig. 5.27] is fairly regular. The local filtration efficiency profile is shown m Fig.

5.28. The plots for different flow rates in this housing are shown m Appendix E.

As was shown m Figs. 5.11 and 5.22, the overall filtration efficiency for the Small
Angle Diffuser housing and the SAE J726 housmg displays a typical “S” shaped curve.
However in the case of the Simulated Automotive Filter housing, the overall efficiency for
different flow rates does not appear to follow the expected trend (Figs. 5.29 and 5.30).
The overall efficiency contimues to be m a range of 20 - 60% over different flow rates
without exhibiting a definite trend (some additional tests need to be conducted around 140
o’/hr in order to be certain about this conclusion). As already mentioned, in the
Simulated Automotive Filter housing, the flow emters with a much larger transverse
velocity component than the axial component. It is possible that this typical flow pattern
is affecting the filtration process and hence causes an atypical variation m the filiration
efficiencies with an increase m flow rates. The velocities plotted mn Figs. 5.26 and 5.27 are
the resultant of both the axial and the transverse components of the velocity as measured

by the LDV system with its two chappels.
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The overall filtration measurements at different flow rates bave been tabulated in
Table 5.5. At all of the local measurement points, the resultant of the axial and transverse
component of the velocity (as measured by the LDV system) was used. The average of
this resultant velocity at all the 35 pomts was computed and then substituted into Eq. 2.9
for calculatimg the Stokes number. By this approach, it was ensured that both of the
velocity components were accounted for. Another approach in calculatmg the Stokes
number could have been the use of only the axial component of the velocity for calculating
the Stokes number, thereby neglecting the transverse component of the velocity. The
author however used the former method of calculating the average particle veloctty for all

three housmgs at different flow rates.

The TSI “Upstream Average Particle Velocity” in Table 5.5 was computed by

dividing the flow rate by the cross sectional area of the filter exposed to the flow, but the
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LDV “Upstream Average Particle Velocity” was computed usmg the resultant velocity
(both the axial and transverse velocity) from the LDV. Above a flow rate of 146.36 m'/s,
the flow above the filter is very turbulent, and the velocities are very high in the transverse
direction. Collection of data is very difficult for these flow rates and above, since the
particle rebound off the walls and the data collection may not be accurate because of the
possible double counting of the particles. Because of the large transverse component of
the velocity, the particles may not follow an exact vertical path of movement. Instead, the
particles after rebounding from the wall, may move to different positions above and below
the filter, causing a possible double counting of the particles, thereby affecting the number

density measurements and hence the fitration efficiency values.
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Figure 5.29: Variation of Filtration Efficiency with Stokes Number for Simulated
Automotive Filter (SAF) Housmg
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Table 5.5: Summary of Simulated Automotive Filter Housing Results for 0.966 pm Particles

Test Number Test Flow | Upstream | Upstream | Samples Time Expected | Average Stokes
Date Rate Average | Average | Taken Taken (Actual) Overall Number
TSI Particle Axial (seconds) | Number | Efficiency | Based on
(m*/ar) | Velocity | Particle Density (%) Resultant

TSI Velocity (#/m’) Velocity

[LDV] (m/s) [Axial]

(m/s)

SAF15 1 1 | 11/13/97 21.55 0.320 0.358 500 20 1.39(1.07) 41.65 0.0865
[1.18] x 10° [0.0264]

SAF1S 1 2 | 11/22/97 21.55 0.320 0.389 500 20 1.39(1.37) 31.61 0.0887
[1.21] x 10° 0.0286]

SAF20 1 1 | 11/20/97 | 29.48 0.436 0.681 500 25 8.91 (7.346) 53.31 0.1474
[2.01] x 10 [0.04%9]

SAF25 1 1 | 11/13/97 37.42 0.545 0.677 500 25 6.24 (4§71) 42.71 0.1636
[2.23] x 10 [0.0497]

SAF25 | 2 | 11721797 | 37.42 0.545 0.730 500 25 8.47(7.79) | 37.23 0.1562
[2.13] x 10° [0.535]

SAF45 1 1 | 11/14/97 | 70.07 0.925 1.255 500 25 1.66 (9.25) 33.19 0.3015
[4.12] x 10° [0.092]]

SAF60 1 1 | 11/14/97 | 79.00 1.37 1.97 500 30 4.62(3.67) | 48.49 0.4423
[6.03] x 10° [0.1445]

SAF60 1 2 | 11/15/97 79.00 1.37 1.80 500 30 3.25(2.54) 34.47 0.4405
[6.00] x 10° [0.1320]

SAF100_1 1| 11/21/97 | 146.36 2.18 3.32 500 30 2.14 (184) [ 37.55 0.6264
[8.54] x 10° [0.2435]
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Figure 5.30: Variation of Filtration Efficiency with Flow Rate for SAF Housing

5.5 Glass Beads

The PSL particles, which were used as the test contaminant, are expensive. For a
particle size of 2.04 um and above and at high flow rates (314.73 m’/hr), more of these
particles are needed for getting good signals. The author carried out a few experiments to
explore the possibiﬁty of using glass beads mstead of the PSL particles for the
experiments. These glass beads have a specific gravity of 2.5 (other characteristics m
App. J) and therefore tend to settle quickly with time. Efforts were therefore made to
ensure that the particles remained suspended in solution and a steady number density was
mamtained durmg the course of the experiments. The preliminary results were promising
since reasonable number densities and good quality signals were obtamed by using only
about 3 - 7 grams of the glass beads in 1000 ml. of water (which makes it very cost

effective). These results have been tabulated and plotted in Appendix F.
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Chapter 6

SUMMARY AND RECOMMENDATIONS

6.1 Summary

The results and the conclusions that can be drawn from the experiments are

summanzed below.

l. The upstream velocity profile for the Small Angle Diffuser Housing above the filter
1s reasonably regular. A regular velocity profile results in consistent number
densities above the filter. However at low flow rates (13.61 m’/hr) the bandwidth,
over which the number densities are distributed, 15 not very marrow, but this
bandwidth becomes fairly tight at intermediate (77.07 m’/hr) and at higher flow
rates (146.36 m*/hr).

2. Small variation in the velocities (say 0.05 m/s) at low flow rates (13.61 m*/hr) can
cause as much as a 25% variation in the number densities, thereby affecting the
measured efficiencies. As a result, the number densities and the measured filtration
efficiency profile at low flow rates are spread over a larger bandwidth than those at
higher flow rates. This accounts for the relatively large bandwidth of number

densities above the filter as mentioned in point #1 above.

105



The variation in the measured filtration efficiencies for 2.04 pm particles are
consistent with the theoretical predictions for flow rates between 29.48 m’/hr and
188.45 m’/hr. However, for lower flow rates (lower than 16.78 m‘/s), the
efficiency increases significantly. At lower flow rates, the phenomenon of diffusion
may become important. At these flow rates, the anomaly m the results may be
attributable to this additional mechanism of filtration, leading to an mcrease in the
measured efficiency.

The filter appears to get clogged faster by small particles. The filtration efficiency
increases with flow rate. At higher flow rates, more particles get deposited on the
filter and a stronger cake of (0.497 um particles) is formed on the filter, thereby
ray be clogging 1t and thus registering a sharp increase in the measured efficiency.
The measured efficiencies in the Small Angle Diffuser housing and the standard
J726 housing vary according to the typical “S” shaped theoretical curve with an -
increase i flow rate. The effictencies measured in the Simulated Automotive
Filter housing do not appear to vary considerably at different flow rates. The
overall efficiency continues to be mn a range of 20 - 60% over different flow rates
without exhibiting a defmite trend. It is possible that since in the Simulated
Automotive Filter housing, the flow enters with a much larger transverse velocity
component than the axial component the flow pattern is affecting the filtration
process and hence the atypical variation m the filtration efficiencies with mcrease in
flow rates. However as mentioned earlier, some more expermments need to be
conducted at and around the flow rate of 140 m’/hr in order to be convinced of

this conclusion (drawn on the basis of the present study).
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" Results show that the Small Angle Diffuser housing provided a regular flow across

the filter surface and hence a regular velocity profile above the filter. This regular
flow profile translated mto a fairly narrow bandwidth of local filtration efficiency
variation across the fifter surface. In the case of the standard SAE J726 housing,
the velocity profile was dependent on the location across the filter surface. As is
seen from Eq. (H-1), the measured local pumber density is dependent upon the
velocity at that point. At the points where the velocity is higher, there should be a
corresponding decrease m the measured number density. This variation in the
number densities consequently affects the measured local filration efficiency. In
the case of the simulated automotive filter housing, the flow entered the housing m
a horizontal direction. Therefore, the velocity near the entrance to the housmg
was higher than the velocity at the end of the housing. The upstream number
densities near the entrance of the filter appear to be lower than the oumber
densities at points away from the entrance to the housing. However the variation
in the number densities across the filter surface does not appear to be as
pronounced as it ts i the case of the SAE J726 housing. It is possible that
difference in the number density profiles across the filter for the two housings was
due to the vertical entrance of the flow m the SAE J726 housing (higher axial
component of the velocity) and horizontal entrance of the flow in the SAF housmg
(higher transverse component of the velocity). This variation m the upstream
number densities had a corresponding effect on the local filtration efficiencies

across the filter.
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6.2 Recommendations for Future Work

For the fwst time on this project, the efficiencies for different particle sizes were

measured. The results bave indicated further studies are needed in certain areas and these

have been outlmed below.

1.

In the SAH housing the sudden increase in the measured efficiency for 0.497 pm
particles at high flow rates has not been explamed properly. Since the small
particles tend to clog the filter faster, it is possible that the increase in the efficiency
1s attributable to increased pressure drop across the filter. However in the absence
of pressure measuring equipment with a least count small enough to display
changes m the pressure less than 3 mm of water, it is not possible to authoritatively
state the reason for this sudden jump in the measured efficiency. It is tmperative
therefore; that the pressure measurmg setup be more sensitive so that the
relationships of the efficiencies to the pressure drop across the filter can be studied
further. At Jower flow rates when the pressure across the filter is very small (less
than 3 mm of water), any change in the pressure is not discernable because of the
higher least count of the present manometer.

As part of the consistency measurements, it was shown that variation in the room
temperature caused the laser power to vary during the course of the experiment.
This variation of the laser power adversely affected the data collection. A system
for providing more effective room temperature control (as close to + 0.1 °C as
possible) should be mstalled.

In the SAH housing more experiments are required at lower flow rates (to about

5.68 m*/hr) for 2.04 um particles and at higher flow rates (above 104.26 m’/hr) for
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0.497 um particles to correctly identify the reasons for the unexpected deviatién m
T.he measured efficiencies. There was disparity between the expected and the
actual results at and above these flow rates for these particles. It is possible that
discrepancy was there due to the mfluence of increased pressure drop across the
filter during the course of the experiment. However test runs at higher flow rates
with 0.497 um and smaller particles will enable a definite analysis of the reason for
the deviation in the measured efficiencies.

From the literature review, 1t was found that the temperature and humidity of the
fluid under study have an effect on the efficiency of the filter. A change m these
two characteristics has an effect on the electrostatic charge associated with the
filter fibers and the particles bemg used for the measurement. This affects the
measured efficiencies of the filter. The effect of electrostatics on filtration needs to
be studied further. Simce, for larger particle diameter, the charge increases
[Chapter 2], it will have an effect on the measurements. Though humidity and
temperature variation for the fluid by itself do not affect the filtration efficiency
substantially [Chapter 2], the effect of relative humidity and temperature on
electrostatic charge peeds to be studied. The usage of an electrostatic charge
discharge system will help in measuring the efficiencies without the effect of
electrostatics on the filtration process.

Dust measurements need to be conducted. The present apparatus of feedmg dust
to the system is not suitable since the dust cake m the dust feeder cracks when the
dust feeder is in operation, resultmg in an irregular feed rate to the system. In

order to form a strong cake m this dust feeder, usage of a hydraulic or a pneumatic
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hammer is recommended for epablng the formation of a strong and compact dust
cake, which does not crack when the scraper removes the dust from the dust cake.

More tests need to carried out on the Small Angle Diffuser housing, standard SAE
J726 housing and the Simulated Automotive Filter housing for different particle
sizes (besides 0.497, 0.966 and 2.04 um diameter particles) for verifying the
results of this study and understanding the trends thoroughly. For different particle
sizes, it should however be noted that the measured number densities are of the
order of 10° at flow rates of 100-150 m’/hr. If the number densities are lower,
then longer time periods are needed for data collection; and longer test run time
may oot be suitable for running the experiment on a clean filter, since the filter may
start getting partially clogged.

PSL particles that are currently used as the contammant durmg the expenments are
very expensive (approximately $700 per (00 ml of particles m solution). For
larger particle sizes, a greater quantity of these particles (20 ml per 1000 ml of
solution) 1s needed m order to obtam sufficient signals. An alternative, in the form
of glass beads, is available from Powder Technologies Inc. (see Appendix J).
These glass beads are quite mexpensive (available for approximately 350 per 25
gm - an experiment requires about 3-5 gm per 1000 ml of solution), and are
available in specific size ranges. The normalized size distribution for these glass
beads is not as narrow as that of the PSL particles, but these can still be tried for
the purpose of local efficiency measurements. These glass beads have a specific
gravity (2.5) higher than that of water, so they tend to settle after some time. This

problem can however be alleviated by making use of a magnetic stirer, which will
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assist in keeping these particles in suspension and thus provide a constant feed rate
of the particles to the system.

For makmg measurements in the Simulated Automotive Filter housing, it is
moperative that due consideration also be given to the fact that the particles in the
flow have a significant component of transverse velocity. This component causes
the particles to move away from a vertical direction of motion across the filter,
This may result in double counting of the particles and hence mfluence the number
density measurements. It may be advisable to discuss and investigate the feasibility
of the concept of measuring only the axial velocity and using this for the pumber

density calculations.
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APPENDIX A
Stokes Number Calculation

An example of the Stokes number calculation using Eq. (2-9) is presented in this
appendix. The varables in Eq. (2-9) are:
o Density of the PSL particles (p,), which is within the range of 1000 to 1050 kg/m’.
o Cunningham slip corrections factor (C,), which is considered to be one for particle

diameter greater than I pm and is given by the following relation [Brown, 1993]

’ ’ B'D
C,,=l+2Al+2Qiexp- £
D D 24

r P

where A* = 1.246, Q* = 0.42, B* = (.87, A (mean free path of molecules at NTP) = 0.065

um.

e Air viscosity (jL.) which is 18.6 x 10* Pa-s at 30° Centigrade.

e Air velocity (U). As an example, the overall average velocity upstream the filter for
test SAHSO 05_1 (flow rate of 77.07 m’/hr, Fig. 5.8) was used (2.3 m/s).

e Fiber diameter. The exact value of the average fiber diameter 1s not known, but a
value of 38 microns was used (Natarajan, 1995).

From Eg. (2-9), the Stokes number 1s calculated as:
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_GDp, U
18 2, Dr

St (2-9)

Substitutmg m the above listed values, the Stokes number will be:

_ (D[(0.457)(10))* (1000)(2.3)
© 183(186)(10°)(38X107)

=0.0328
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APPENDIX B

RESULTS FOR 0.497 um DIAMETER PSL PARTICLES IN THE SMALL ANGLE
DIFFUSER HOUSING

Some of the test results for 0.497 pm diameter PSL spheres have been shown and
discussed in Chapter 5. The other test results are presented in this appendix. The results
presented here are the upstream and downstream local velocity measurements, the
upstream and downstream local number denstties, and the local efficiencies for each of the
addittonal tests.

The tests bave alpbanumeric designations, which specify the housing, flow rates,
particle size and the repeat number. SAH75 05 2 stands for the Small Angle Housmg
experiment for 75 cfm (104.26 m’/hr) with 0.497 pum particles (rounded to 0.5) and is the
second experiment conducted for that flow rate. The files have named as explaived in

Chapter 4.
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Figure B-6: Pleated Filter Efficiency for Test SAH25_05_1 at 37.42 m’/hr
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Figure B-14. Pleated Filter Efficiency for Test SAH100_05_2 at 146.36 m>hr




Lel

Upstream No. Density (#/m”)

Average No. Denstty (#/m*): 1.15x 10*

| |
80 -60 40 -20 0 20 40 60 80

Y (mm)

Average Velochty: 4.84 (imus)

4.0 / w
20

2.10a+8 1.40e+8
€
T
1.400+8 7 100es
Average No. Density (9/m%): 1.73x 10° g 7.000+7
7.008+7 ZO
3.500¢7
| | | | | | | E
0.00e+0 0.00e+0
80 50 40 -20 0 20 40 60 80
a
Y (mm)
108 I I I | | T 1 100 I
) )
é E 8.0
5 E‘ 8.0
g > A=
E
o 8
E 0.0 J
80 -80 -60
X (mm)
® Average Efficlency (%): 33.64 — 33.02
E 60 —& 1651
A .
I e i =T e
"(Tl'g' 20 - —¥— 16.51
.-..
L | | | | | | | 3302

-80

Y (mm)

Figure B-15: Pleated Filter Efficiency for Test SAH100_05_3 at 146.36 m*/hr




8¢l

Upstream No. Density (#/m>)

1.15e+8

9.20e+7

6.90e+7

4.60e+7

Average No. Density (#/mY: 9.42 x 10’

230e+7

| | I I I | |

0.00e+0
80

-60 -40 -20 0 20 40 60 80

Y {mm)

10.0

a0

6.0

4.0

20

00

Upstream Veloctity (mv/s)

-60 -40 -20 o 20 40 60 80

Y {mm)

g

Average £fficlency (%): 48.0%

=

tocal Efficiency (%)
o 8 & 8 &

&
[~

Y (mm)

Downstream No. Density (#/m°)

6.008+7

4.50e+7

3.008+7

Average No. Denslty (#/m*): 4.78 x 107

1.500+7

I | I | I

0.008+0

[ I
80 <60 40 -20 0 20 40 60

Y (mm)

100

8.0

6.0 y —

4.0

Average Veloclty: 6.45 (m/e)

20

00

Downstreamn Velocity (m/s)

X {mm)
—— .33.02
~—& .16.51
— - 0.00

~¥- 18,59
4 3302

-80 -60 -0 -20 0 20 40 80

Figure B-16. Pleated Filter Efficiency for Test SAH125_05_1 at 188.45 m>/hr




6¢l

Upstream No. Density (#/m”)

4.600+7
'E 1.00a+8 I T I I I I r
3.45e+7 £ 08.00e+7
. Average No. Density (#/m*): 2.06 x 10
6.008+7
2.30e+7 E
G 4.00a+7
1.15e47 z
, 2.008+7
| | | | | | |
0.00e+0 0.00e+0
80 60 40 20 0 20 4 60 80 80
o
Y (mm)
10.0 I | I T I I 10.0
@ 8.0 ™
£ £ 8.0
E« 6.0 = 6.0
> 40 .E 40
& oo | | | | | | { 00
60 60 40 20 0 20 40 60 80 8 80
Y (mm)
100
| { | [ ] i | X (mm)
- 80
Lo Average Efficlency (%): 43.29 —— 3302
E % —& _186.5%
. 0 Y
= 0.00
W —¥— 16.51
g 0 I I | | | | | & 3302
8 60 - 20 O 20 40 6 80

Y (mmy)
Figure B-17: Pleated Filter Efficiency for Test SAH125_05_2 at 188.45 m°/hr



ovl

Upstream No. Density (#/m*)

{.i5e+8

9.20e+7

6.90e+7

4,60e+7

2.30e+7

0.00e+0
-80

Y (mm)

80

10.0

8.0

Average Veloclty: 4.71 m/s

6.0

40

2.0

0.0

Upstream Vejocity (mvs)

Average Efficiency (%): 75.53

&
R

7 60
8 40
g

3 2
3 )

80

-60 -40 -20 0 20 40 60

Y (mm)

Figure B-18;

Downstream No. Density (#/m”)

4.500+7
Average No. Density (#/m*): 1.42x10’
3.00e+7 e F-. >
T R @ o
1.506+7 = =
—v—— = v
0.00e+0 ‘ ' ' ' !
-80 -60 -40 -20 0 20 40 60
Y (mm)
100 | . T T I
g 8.0 . A — A
E 60 IS Y - o
> 4.0
Average Veloclty: 7.67 (mJs)
20
0.0 | | | | | | |
80 -60 -40 -20 0 20 40 80
Y (mm)
X {mm)
—8— 3302
—& _16.51
—& - 0.00
—¥— 1851
-9 33.02

Pleated Filter Efficiency for Test SAH150_05_1 at 230.54 m*/hr




Upstream No. Density (#/m>)

84!

1.800+8
€ 1.00e+8 T T T I
1.356¢8 & 8.00e+7
'E ©6.00a+v7
9.000+7
T 40067
4.500+7 z
- & 20007 I rage No. Denafty (WmY): 484 10
80 60 -40 -20 0 20 40 €0 80 80 .80 -40 20 0 20 40 80
a
Y {mm) Y (mm)
150 I 15.0 T T T T 1
& 120 @ 12.0
E Average Velocity: 4.79 nvs E Average Velochy: 7.64 (mvs)
8.0 & 8.0 - -
§ g == P T
2 6.0 S 6.0
5 30 30
g 0.0 0.0 I | | | | 1 |
80 - 80 80 6 40 20 0 20 40 60
Y (mm)
100
X (mm)
- 80
R —0— .33.02
60 —&- .16.51
& X —4 - 0,00
Average Efficlency (%). 64.92
T o y (%) —¥— {651
o - 3302
S 0 | | | | | | |
-80 -60 -40 -20 0 20 40 60 80

Y (mm)

Figure B-19: Pleated Filter Efficiency for Test SAH150_05_2 at 230.54 m>/hr



APPENDIX C

RESULTS FOR 2.04 pm DIAMETER PSL PARTICLES IN THE SMALL ANGLE
DIFFUSER HOUSING

Some of the test results for 2.04 um diameter PSL spheres have been shown and
discussed in Chapter 5. The other test results are presented in this appendix. The results
presented here are the upstream and downstream local velocity measurements, the
upstream and downstream local number densities, and the local efficiencies for each of the
additional tests.

The tests have been alphanumenc designations, which specify the housing, flow
rates, particle size and the repeat number. SAH75_2 2 stands for Small Angle Housmg
experiment for 75 cfm (104.26 m’/hr) with 2.04 um particles (rounded to 2) and is the
second experiment conducted for that flow rate. Files have been named as explamed 1n

Chapter 4 of this thesis.
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Figure C-1. Pleated Filter Efficiency for Test SAH12 2 1 at 16.78 m>/hr
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Figure C-2: Pleated Filter Efficiency for Test SAH12_2 2 at 16.78 m>/hr
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Figure C-5: Pleated Filter Efficiency for Test SAH15_2_2 at 21.55 m*/hr
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Figure C-6: Pleated Filter Efficiency for Test SAH20_2_1 at 29.48 m*hr
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Figure C-7: Pleated Filter Efficiency for Test SAH20 2 2 at 29.48 m°/hr
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Figure C-9: Pleated Filter Efficiency for Test SAH25 2 2 at 37.42 m/hr
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Figure C-14: Pleated Filter Efficiency for Test SAH75_2_1 at 104.26 m*/hr
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Figure C-17: Pleated Filter Efficiency for Test SAH125_2_2 at 188.45 m°/hr



APPENDIX D

RESULTS FOR 0.966 um DIAMETER PSL PARTICLES IN THE SAE J726
HOUSING

Some of the test results for 0.966 pm diameter PSL spheres have been shown and
discussed m Chapter S. The other test results are presented in this appendix. The results
presented here are the upstream and downstream local velocity measurements, the
upstream and downstream local number densities, and the local efficiencies for each of the
additional tests.

The tests have alphanumeric designations, which specify the housing, flow rates,
particle size and the repeat mumber. SAE75_1 2 stauds for SAE J726 Housing
experiment for 75 cfm (104.26 m’/br) with 0.966 pm particles (rounded to 1) and is the
second experiment conducted for that flow rate. The files have been named as explained

in Chapter 4.
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Figure D-9: Pleated Filter Efficiency for Test SAE125_1_2 at 188.45 m’/hr
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Figure D-10: Pleated Filter Efficiency for Test SAE200_1_1 at 314.73 m°/hr
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APPENDIX E

RESULTS FOR 0.966 pm DIAMETER PSL PARTICLES IN THE SIMULATED
AUTOMOTIVE FILTER HOUSING

Some of the test results for 0.966 pm diameter PSL spheres have been shown and
discussed m Chapter 5. The other test results are presented in this appendix. The resnits
presented here are the upstream and downstream local velocity measurements, the
upstream and downstream local number densities, and the local efficiencies for each of the
additional tests.

The tests have alphanumeric designations, which specify the housing, flow rates,
particle size and the repeat number. SAF75_1 2 stands for Simnlated Automotive Filter
Housing experiment with 75 cfm (| 64.26 m'/hr) for 0.966 pm particles (rounded to 1) and
is the second expertment conducted for that flow rate. The files have been named as

explained in Chapter 4.
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APPENDIX F

CONSISTENCY MEASUREMENTS FOR THE LASER, THE ATOMIZER AND THE
GLASS BEADS

The data has been tabulated such that the response of individual beams to the
variatton in the teroperature of the Plexiglas box (which houses the laser) can be
compared. For this purpose, the individual responses have been plotted on the same
graph. The approximate dates on which the experiments were carried out are given along
with the tabulated data. The comnsistency experiments on the laser have been performed
jomtly with author’s research partner T. Gebreegziabher.

The consistency measurements for the glass beads were taken, in order to verify
the suitability of the glass beads for filtration efficiency measurements. The normalized
number denstties for the glass beads were plotted to ascertain the maximum error in the
number densities which gives an estimate of the error in the measured efficiencies (just due

to the glass bead size variation).
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Table TF-1a: Data for Figure F-1a (Date: May 28 - May 29, 1997)

TIME Green Blue Green Biue Temperature
(minutes)|(Unshifted)| (Shitted) (Shifted) | (Unshifted) (°C)
[mW] [mW] [mW]__ (mW]

5 103.91 41.45 88.53 77.66 249
10 103.89 40.6 98.09 77.47 24.9
15 103.12 40.38 98.53 77.01 24.9
20 102.89 40.38 98.4 76.75 24.9
25 102.31 40.52 8B8.26 76.15 25.0
30 101.65 40.86 96.16 75.96 25.0
35 101.48 41.05 96.67 75.3 24.8
40 101.53 41.24 96.1 75.17 24.9
45 101.58 41.58 96.62 74.88 24.9
50 101.06 42.57 84.65 7413 249
55 100.78 42.3 9428 74.41 25.0
60 - 100.92 42.38 95.64 74.48 25.0
65 100.61 42.58 94.99 74.78 24,9
70 100.42 42.66 95.09 74.1 24.8
75 100 42.89 95.03 74.5 24.8
80 100.89 43.16 95.33 74.6% 24.9
85 100.59 95.25 74 24.9
90 100.28 95.51 74.22 25.0
95 100.02 95.87 74.52 24.9

Table TF-1b: Data for Figure F-1b (Date: June 16 - June 22, 1997)

TIME Blue Blue Green Green Temperature
(minutes)| (Shifted) | {Unshifted) | (Unshifted) (Shifted) (°C)
[mW] Imw] [mw] [mW]
) 34.82 56.82 84.2 68.28 249
10 34.9 56.92 84.46 68.34 24.8
15 35 56.49 846 68.35 248
20 351 58.12 82.76 68.42 250
25 35.18 55.92 83.92 £68.44 25.0
30 3524 55.85 84.45 68.33 250
35 35.26 55.38 84.78 68.49 248
40 35.35 554 84.52 68.51 249
45 35.33 55.17 83.89 68.38 24.9
50 35.22 55.02 83.92 68.14 24.9
55 35.3 54.78 83.62 68.48 25.0
60 35.15 54.78 8565 68.49 250
65 35.27 54.7% 84.08 68 37 24.9
70 3522 54.56 83.79 68.56 248
75 35.23 54.51 B5.17 68.92 24.9
B0 35.15 54.53 8572 69.29 248
85 35.12 54.32 24.9
90 35 54.35 24.9
95 35.02 54,22 249




Table TF-1¢: Data for Figure F-1c (Date: Jume 23 - July 07, 1997)

TIME Blue Blue Green Green | Temperature
{minutes)| (Shifted) | (Unshifted) | (Unshifted) | (Shifted) (°C)
[mW] [mW] (mW] [mW]
5 36.45 51.48 78.35 75.78 25.0
10 36.41 51.13 75,28 75.1 25.0
15 36.38 51.27 75.98 75.18 250
20 36.29 51.97 76.71 75.75 250
25 36.22 51.13 772 75.85 25.0
30 36.27 51.11 7853 76.78 251
35 36.28 51,27 78.87 76.81 25.1
40 36.53 51.97 78.87 76.82 25.0
45 36.53 51.46 78.23 77.1 25.0
50 36.45 50.54 76.71 77.72 25.0
55 36.48 50.12 77.2 77.586 24.9
60 36.48 51.27 78.53 77.87 24.9
65 36.4 51.97 78.87 77 95 25.0
70 36.41 51.27 7823 77.85 25.0
75 36.33 51.97 76.71 77.85 25.0
80 36.45 51.27 77.2 77.86 25.0
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Table TF-2a: Data for Figure F-2a (Date: May 2) - May 23, 1997)

TIME Blue Blue (Unshifted) Green Creen (Shifted)| Temperature
(minutes) | (Shifted) [mW] (Unshifted) [mW] (°C)
[mW] [mMW]
10 40.64 48.68 94.85 76.4 246
20 40.35 48.51 93.22 75.81 247
30 39.68 48.06 93.05 75.58 249
40 39.2 47 .65 92.8 75.08 250
50 38.25 46.87 92.1 74.67 25.2
60 37.35 46.67 90.3 74.02 25.4
70 36.8 46.53 89.71 73.02 256
8o 35.95 46.0% 88.02 726 257
90 34.8 45.79 87.85 71.25 25.8
100 3392 4523 86.7 70.78 26.1
110 32.78 44.83 85.22 69.89 28.2
120 32.28 43.65 83.82 68.65 26.4
130 31.56 43.51 82.7 67.4 28.6
140 30.91 43.21 81.02 67 24 26.7
150 30.45 43.29 80 66.51 26.8
160 30.28 42.95 77.95 64.6 27.0
170 42.75 75.75 64,08 27.1
180 42.55 74.47 63.14 27.2
190 42.33 74.28 61.95 27.4
Table TF-2b: Data for Figure F-2b (Date: May 25 - May 27, 1997)
TIME Blue Blue Green Green Temperature
(minutes) {Shifted) (Unshifted) {Unshifted) (Shifted) (°C)
[mW] [mW] [mW] [mW]

10 37.65 47.28 101.4 78.85 25.8
20 37.58 47 23 99 01 78.04 25.9
30 36.6 47 05 87.72 77.36 25.9
40 36 4717 96.65 76.54 25.9
50 35.11 46.97 94.85 75.48 26.0
60 34.13 46.67 82.97 74.35 26.0
70 33.36 46.53 91.58 73.35 26.1
80 32.69 46.01 893 72 26.2
0 31.65 4579 87.55 70.6 26.3
100 3171 45.23 86.03 69.15 26.4
110 31.56 4483 85.65 67.75 26.5
120 30.9% 43.65 83.97 66.43 26.5
130 30.45 43.51 80.98 65.12 26.6
140 30.28 43.21 78.8 63.85 26.7
150 29.95 43.24 76.01 64.02 26.8
160 28.13 42.95 72.09 84 27.0
170 293 42.75 69.35 64,13 27 1
180 28.94 4255 67.63 64.98 27.2
190 28.69 42.33 65.91 63.9 27.3
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Table TF-2¢: Data for Figure F-2¢ (Date: June 06 - June 10, 1997)

TIME Blue Blue Green Temperature
(minutes) {Shitted) (Unshifted) (Unshifted) (°C)
[mW] [mW] [mW]
10 355 57.2 98.99 27.8
20 351 57.07 949.3 27.8
30 349 56.95 08.81 27.9
40 348 56.75 96.92 28.0
50 34.2 56.16 94.65 28.1
60 336 56.06 93.52 28.2
70 329 55.95 93.02 28.2
80 321 55.5 90.12 28.4
0 31.8 55.06 88.35 28.4
100 308 54.96 86.17 28.5
110 307 54.55 83.98 28.6
12C 304 54.41 81.5 28.6
130 30 53.58 79.78 28.7
140 29.7 53.2 76.75 28.8
150 297 52.562 73.64 28.8
160 29.2 52.05 71.54 289
170 291 51.68 68.35 29.0
180 28.8 51.05 67.05 28.1
190 28.3 50.5 64.05 29.2
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Table TF-3a: Data for Figure F-3a (Date: May 29 - June 01, 1997)

TIME Laser Power Laser Power Temperature
(minutes) | Measured after | Measured after (°C)
Steering Mifrors | Steering Mirrors
(x 0.1 W) (x 0.1 W)
10 1.9998 1.98486 24.9
20 1.9905 1.9813 24.9
30 1.9854 1.9788 248
40 1.9805 1.977 248
50 1.9768 1.9755 24.9
60 1.9724 1.974 248
70 1.9685 1.8728 24.9
80 1.9672 1.8714 24.9
90 1.9642 1.9703 24.9
100 1.9623 1.9699 249
110 1.9618 1.9686 24.8
120 1.9598 1.088 24.9
130 1.9555 1.9671 25.0
140 1.9547 1.8714 25.0
150 1.8519 1.8703 250
160 1.9485 - 1.9699 24.9
170 1.9487 1.9686 24.9
180 1.8476 1.968 250
190 1.9466 1.9671 25.1

Table TF-3b: Data for Figaure F-3b (Date: June 02 - June 03, 1997)

TIME Blue Blue Green Green Temperature

(minutes) | (Shifted) | (Unshifted) |(Unshifted)| (Shifted) (°C)

Measured | Measured | Measured | Measured

After the | After the After the After the

Couplers | Couplers Couplers Couplers

(mW) (mwW) (mW) (mW)

10 25.93 107.1 29.64 4694 25.6
20 2573 107.1 29.67 4675 258
30 25.66 106.85 28.87 4.683 257
40 25.54 106.9 28.67 4.662 257
50 25.48 106.87 28.67 4.683 257
60 25.35 106.69 28.65 4678 257
70 25.36 106.63 29.67 4,665 25.8
80 25.28 107.22 29.71 4.67 25.8
a0 25.27 107.04 29.71 4676 25.8
100 25.28 107.12 29.73 4.662 25.8
110 253 107.28 29.68 4,675 25.8
120 25.38 107 29.63 4.679 258
130 2541 107.35 29.73 4.664 259
140 25.44 107.55 29.75 4,667 25.9
150 256.53 107.55 29.6 4672 258
160 25.58 107.95 29.58 4.665 258
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Table TF-3c: Data for Figure F-3¢ (Date: Jwne 04 - uge 07, 1997)

TIME Blue Biue Green Green |Temperature

(minutes) | (Shifted) | (Unshifted) | (Unshifted)| (Shifted) (°C)

Measured | Measured | Measured | Measured

After the | Aflerthe | After the | After the

Couplers | Couplers | Couplers | Couplers

(mw) (mwW) (mW) (mW)

10 2478 142.68 26.22 3.914 228
20 24.72 142.5 26.17 3.913 227
30 24,868 142.62 26.16 3.92 229
40 2463 142.25 26.15 3.922 22.8
50 2463 142.53 26.08 3.925 228
60 24.68 142.58 26.15 3.925 229
70 2475 142.85 26.24 3.825 22.8
80 24.81 142.85 26.27 3.923 229
80 24.91 143.19 26.22 3.529 229
100 24 97 143.19 26.26 3.934 228
110 24.97 14345 26.3 3,937 22.8
120 24.96 143.8 26.45 3.839 22.8
130 24.89 143.98 26.63 3.959 22.8
140 24.81 144 08 26.72 3.963 22.8
150 24 .68 14511 26.89 3.965 228
160 2458 145.5 26.98 3.971 2.8
170 24.48 145,45 27.04 3.971 227
180 24.45 145.63 27.12 3.971 226
190 24.43 146.23 27.21 3.981 227
100 24.43 146.17 27.08 3.981 228
105 24.18 145.54 26.93 3.879 228
110 24.16 145.89 26.89 3.977 22.9
242 145.84 26.82 3.883 228
2427 145.2 26.8 3.984 227
24.27 145.23 26.83 3.986 27
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Table TF-42 Data for Figure F4a (Date: July 11 - July 12, 1997)

TIME Blue Blue Green Temperature
(minutes) | (Shifted) |(Unshifted)| (Shifted) (°C)
(mW) (mW) (mW)
10 33.46 51.48 61.78 25.0
20 33.63 51.13 61.55 252
30 33.77 51.27 60.92 25.0
40 33.94 51.97 61.39 25.0
50 33.79 51.13 59.85 25.0
60 33.87 51.11 59.98 251
70 336 51.27 58.5 25.1
80 33.75 51.97 58.54 25.0
90 33.92 51.46 57.92 25.0
100 33.72 50.54 57.06 25.0
110 33.78 50.12 56.85 24.9
120 33.53 51.27 56.45 24.9
130 33.2¢8 51.97 56,58 26.0
140 32.87 5127 56.43 26.0
150 32.86 51.97 55.84 25.0
160 32.67 51.27 56.92 25.0
170 32.44 51.97 55.33 25.0
180 32.15 51.13 54.52 25.1
190 32.87 51.27 54.14 25.2

Table TF4b: Data for Figure F4b (Date: July 14 - July 15,_1997)

TIME Blue Blue Temperature
(minutes) | (Shifted) | (Unshifted) (°C)
{mW) {mW)
10 34.95 5505 229
20 34.74 55.51 229
30 3474 55.26 22.8
40 34.64 55.08 22.7
50 34.84 54.62 22.8
60 34.34 54.92 229
70 34.43 54.81 22.9
80 34.08 54.05 22.9
90 34.21 53.37 23.0
100 3412 54.74 23.0
110 34.1 54 22 23.0
120 34.12 53.66 230
130 34.27 5322 22.9
140 34.43 534 22.9
150 34.42 53.12 22.9
160 34.55 53.08 226
170 34.52 52.05 22.9
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Table TF-4c: Data for Figure F-4¢ (Date; Juiv 17 - Jaly 18, 1997)

TIME Blue Green Green Temperature
(minutes) | (Shifted) [{Unshifted)| (Shifted) {°C)
(MW) (mW) (mW)
10 0.4644 0.4172 0.3042 23.1
20 0.464 0.4151 0.3042 23.1
30 0.4638 0.414 0.3039 23.1
40 0.4625 0.4046 0.3037 231
50 0.4642 0.4042 0.297 232
60 0.4652 0.396 0.2968 23.2
70 0.4656 0.3945 0.2858 231
80 0.4614 0.4017 0.3015 23.0
90 0.4559 0.4016 0.3007 23.0
100 0.456 0.4006 0.2937 23.0
110 0.4473 0.399 0.2912 23.1
120 0.4485 0.3982 0.2889 231
130 0.4506 0.3972 0.2879 231
140 0.4514 0.3965 0.2862 23.1
150 0.453 0.3961 0.2861 231
160 0.3955 0.2855 231
170 0.3954 0.2817 23.2
18D 0.3912 0.282 23.2
190 0.3872 0.2776 23.1
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Table TF-5a: Sampling Rate for 2,04 Micron Particles
(November 07, 1997 - March 28, 1998)
TIME |Sampling|Sampling
(minutes)| Rate @ | Rate @
253°C | 24.7°C
5 735.12 | 1687.33
10 712.79 | 1704.64
15 666.16 [ 1642.97
20 688.7 | 1680.53
25 684.18 [ 1675.08
30 700.79 | 1643.34
35 716.85 | 1630.23
40 724.31 | 1630.84
45 733.1 | 1699.55
50 726.26 | 1691.97
55 705.42 | 1568.65
80 686.84 | 1560.21
65 705.42 | 1587.66
70 686.84 | 1614.81
75 736.7 | 1666.37
80 742.8 | 1618.92
85 693.05 | 1629.87
20 684.42 | 1613.4
95 747.27 | 1718.81
100 678.16 | 1682.68
105 699.61 [ 1668.11
110 765.56 | 1661.81
115 744.01 | 1668.11
120 7895 |[1629.98
125 728.57 | 1594.07
130 702.51 | 1622.07
135 732.37 | 1649.67
140 708.84 | 1622.76
145 764.88 | 1647.37
155 686.38 | 1595.23
160 757.02 | 15693.86
165 675.85 | 1642.64
170 754.49 | 1634.06
175 728.81 | 16259.44
180 748.06 | 1612.1

195



Table TF-5b: Sampling Rate for 0.497 Micron Particles
(November 11, 1997 - March 28, 1998)

TIME |Sampling|Sampling
(minutes) | Rate @ | Rate @
254°C | 24.7°C

5 674.07 | 429.34
10 £695.51 [ 486.87
15 660.63 | 501.29
20 689.74 | 498.22
25 617.61 | 494.34
30 732.89 [ 479.39
35 664.93 | 486.61
40 668.95 | 470.17
45 740.01 | 491.44
50 742.87 | 501.39
55 732.87 | 474.06
60 693.88 | 472.15
65 646.27 | 504.39
70 639.91 | 487.78
75 617.61 | 4952

80 732.89 | 466.17
85 664.93 | 492.32
90 668.95 | 500.99
95 740.01 | 473.25
100 742.87 | 485.22
105 732.87 | 4955
110 693.88 | 485.99
115 725.92 | 520.21
120 644.44 | 466.48
125 631.8 | 507.82
130 678.39 | 478.98
135 694.82 | 481.18
140 840.83 | 484.67
145 649.57 | 498.22
155 615.78 | 494.34
160 685.59 | 479.39
165 654.64 | 486.61
170 616.22 | 470.17
175 645.39 | 491.44
180 667.77 | 501.39
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Table TF-5c: Sampling Rate for 0.966 Micron Particles
(November 26, 1997 - November 27, 1997)
TIME |Sampling|Sampling
(minutes)| Rate @ | Rate @
254°C | 256 °C
5 2102.83 | 2848.55
10 2100.12 | 2993
15 1975.78 | 2797.57
20 1996.39 | 2812.04
25 1918.33 | 2823.56
30 1873 |2812.46
35 1883.28 | 2918.72
40 1856.44 | 2717.65
45 1950.23 | 2834.55
50 1919.24 | 2744 .65
55 1919.24 | 2772.76
60 1965.17 | 2814.19
65 1947.95 | 2966.79
70 2019.86 | 2895.74
75 2036.06 | 2866.61
80 1957.14 | 2856.01
85 2023.31 | 2825.44
80 1981.45 | 2847.81
95 1956.2 | 2835.84
100 2018.81 | 2905.37
105 1918.33 | 2967.7
110 1873 |2917.03
115 1883.28 | 2875.49
120 1856.44 | 2774.57
125 1950.23 | 2788.91
130 191924 | 27753
135 2036.06 | 2768.32
140 1957.14 | 2803.25
145 2023.31 | 2762.41
155 1981.45 | 2662.85
160 1956.2 | 2708.91
165 1918.33 | 2751.54
170 1873 | 2841.43
175 1883.28 | 28992.46
180 1856.44 | 2982.63
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Table TF-6: Data for Figure F-6 for Glass Beads

Time Number Number Number Number Number
(minutes)| Density Density Density Density Density
(Particies/m") |(Particles/m®) |(Particles/m”) | (Particles/m’) | (Particles/m?)
Date Date Date Date Date
01/16/97 01/16/97 01/16/97 01/21/97 01/21/97
(a) (b) (c) (d) (e)

5 7.85E+08 8.12E+08 8.19E+08 5.76E+08B 4 89£+08
10 8 4E+08 8E+08 7.79E+08 5.65E+08 4. 8E+08
15 8.69E+408 7.84E+08 7.85E+08 5.79E+08 4. 71E+08
20 8.38E+08 8.42E+08 7.B4E+08 5.52E+08 4 7E+08
25 8.54E+08 8.11E+08 8.27E+08 5.52E+08 4,59E+08
30 8.12E+08 7.85E+08 8.26E+08 5.51E+08 4.59E+08
35 7.39E+08 7.61E+08 8.35E+08 5.18E+08 4. 8E+08
40 7.25E+08 8E+08 8.53E+08 5.06E+08 4.77E+08
45 7.35E+08 7.589E+08 8.43E+08 5.63E+08 4.68E+08
50 7.88E+08 7.21E+08 8.64E+08 5.67E+08 4 75E+08
55 8.11E+08 7.22E+08 8.61E+08 5.77E+08 4. 77E+08
80 8.556+08 7.44E+4D8 . 7.89E+08 5.37E+08 4 63E+08
65 8.18E+08 7.36E+08 7.9E+08 5.28E+08 4 7AE+08
70 8.3E+08 7.54E+08 8.67E+08 5.75E+08 4.98E+08
75 8.5E+08 7.77£+08 8.16E+08 5.35E+08 4,99E+08
80 8.64E408 7.22E+08 7.55E+08 5.22E+08 4 75E+08
85 8.2E+08 7.36E+08 7.48E+08 5.26E+08 4 89E+08
a0 7.29E+08 7.31E+08 8.12E+08 4.97E+08 4.91E+08
o5 7.38E+08 7.93E+08 8.53E+08 4 66E+08 4.97E+08

100 7.65E+08 7.63E+08 8.71E+08 4 73E+08 4.8E+D8

105 7.53E+08 8 45E+08 8.79E+08 4 74E+08 4. 7E+08

110 7.97£+D8 8.58E+08 9.02E+08 4.98E+08 5.07E+08
115 7.66E+08 8.58E+08 9.28E+08 5.06E+08 4.6E+08

120 7.56E+08 8.61E+08 8.7E+08 5.03E+08 4.75E+08
125 7.72E+08 8.07E+08 9.19E+08 4 9E+(Q8 4,93E+08
130 7.88E+08 8.58E+08 9.16E+08 5.09E+08 4. 78E+08
135 7.17E+08 7.71€+08 9.8E+08 5.04E+08 4.81£+08
140 7.65E+08 8.35E+08 8.25E+08 4.94E+08 4 47E+08
145 7.55€+08 8.14E+08 8.59E+08 SE+08 4.65E+08
155 7.84E+08 8.5e+08 8.47E+08 4. 93E+08 4 61E+08
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APPENDIX G

EXPERIMENTS CONDUCTED TO VERIFY THE REPEATABILITY OF THE
MEASUREMENTS

In order to ascertain the repeatability of the measurements after the laser system
bad been received from Aerometrics after maintenance, three different flow rates were run
in the Small Angle Diffuser housing; and the results were compared with those of
Jadbabaer [1997] as shown i Table 5.3. Further the fitration efficiencies for test
SAH75 05 1 aud SAH75_05_2 have been plotted on the same graph for comparison of
the local efficiencies. As can be seen, almost all of the local effici