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ABSTRACT

Ultra clean process gases containihg a very low level of
particulate contamination are required in many industrial
applications. This is particularly true in the Integrated Circuit
industry, where considéréble care is taken in the installation of
gas delivery systems to clean rooms. However, virtually no
quantitative information is available on the release of aerosol
particles from the components which comprise such systems. An
experimental programme was‘undertaken to assess the level of
particle shedding from tubes and valves.

The extent of particle release from new ‘as delivered® tubes
was determined first. This will be strongly related to the method
of cleaning prior to delivery and will not necessarily reflect
the behavicgur after purging. To assess longer term behaviour,
kndun quantities of fine particulates were intentionally
deposited on the internal tube surfaces. Clean gas was then
passed through and the contamination in the ocutlet measured. The
effect of internal surface on aerosol re-entrainment was thus
determined. The influence of tube fittings and bends was
examined. The quantitative effect of the major operating
variables including gas velocity and mechanical shock were
neasured. The mechanisms responsible for particle re-entrainment
are discussed.

I+ was determined that in the as delivered state that there
was less particulate entrainment from the electropolished tubing.
However, once particles had been deposited in the tubes there was

no detectable difference between the different types of tubing -
(i)




ABSTRACT

Ultra clean process gases containing a very low level of
particulate contamination are required in many industrial
applications. This is particularly true in the Integrated Circuit
industry, where considerable care is taken in the installation of
gas delivery systemns to ciean rooms. However, virtually no
quantitative information is available on the release of aeroscl
particles from the components which comprise such systems. An
experimental programme was undertaken to assess the level of
particle shedding from tubes and valves.

The extent of particle release from new 'as delivered’® tubes
was determined first. This will be strongly related to the method
of cleaning prior to delivery and will not necessarily reflect
the behaviour after purging. To assess longer term behaviour,
known quantities of fine particulates were intentionally
deposited on the internal tube surfaces. Clean gas was then
passed through and the contaminationr in the outlet measured., The
effect of internal surface on aerosol re-entrainment was thus
determined. The influence of tube fittings and bends was
exanined. The quantitative effect of the major operating
variables including gas velocity and mechanical shock uere
neasured. The mechanisms responsible for particle re—entrainment
are discussed.

A range of different types of valves, from different
manufacturers, was tested when they were fully or partly open.
Clean air was passed through them and the level of contamination

in the exhaust measured. This reflects the level of cleanliness
(i) :




this was confirmed by a long term nitrogen test.

A range of surface finished tubes up to a 50Minch RA were
examined. Roughness was shown to be a significant factor, sharply
increasing in the contamination released for the poorer surfaces
examined. Houwever, below a roughness of 1OMinch Ra the effectlis
not significant - the surface finishes used in th integrated
circuit industry are typically below this level.

A range of different types of valves, ffom different
manufacturers, was tested when they were fully or partly open.
Clgan air was passed through them and the level of contamination
in the exhaust measured. This reflects the level of cleanliness
of the valve in the *as delivered® state. The effect of
repeatedly opening and closing the valves was then determined.
The initial test on fully open or partly open valves was then
-repeated.

The results showed that there were significant differences
not only between the design types but also between those produced
by different manufacturers, reflecting individual variations in
design, cleaning and assembly procedures. Thus it can be
concluded that attention to manufacturing processes especially
cleaning and clean assembly leads to cleaner components. Also
consideration of particulate generation nechanisms during use,
such as wear, flexure and a reduction of area exposed to the
process gases, should lead to the design of more suiiable

components.

(11)




of the valve in the 'as delivered® state. The effect of
repeatedly opening and closing the valves was then determined.
The initial test on fully open or partly open valves was then
repeated. The collected results have been used to isolate the
mechanisms resposible for particulate contamination and fhus
clarify the design features which are conducive to clean

operation.
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CHAPTER ONE

INTRODUCTION

The particulate contamination of gases used in the
integrated circuit industry, and the control of contamination,
forms a very broad and complex topic., A research programme on the
entrainment of particulates from new components, the deposition
of aercsols into these components and their subsequent
re-entrainment was instigated as part of an overall CERCCON
programme. CERCCON is the Centre for Engineering Research into
Contamination Control and has three research programmes running
in parallel, It was set up to provide independent research
into how contamination within the semiconductor and biochemical
industries could be minimised. The research to be discussed in

this thesis concerns the gaseous programme.

1.1 AINS OF THE RESEARCH

Ultra clean process gases containing a very low level of
particulate contamination are required in many industrial
applications. This 1is particularly true in the the Integrated
Circuit industry, where considerable care is taken in the
installation of gas delivery systems to clean rooms. It is
generally considered that high quality components with smocothly
finished internal surfaces should be used to achieve this.
~However, limited quantitative information is available on
the effects of either the specific type of finish or the process

variables on the level of contamination produced. This thesis




CHAPTER ONE ‘

INTRODUCTION |

The particulate contamination of gases used in the
integrated circuit industry, and the control of contamination,
forms a very broad and complex topic. A research programme on the
gntrainment of particulates from new conponents, the deposition
of aerosols into these components and their subsequent
re—-entrainment was instigated as part of an overall CERCCON
programme. CERCCON is the Centre for Engineering Research into
Contamination Control ana has three research programmes running
in parallel. It was set up to provide independent research
into hou coentamination within the semiconductor and biochemical
industries could be minimised. The research to be discussed in

this thesis concerns the gaseocus programhe.

1.1 AIMS QF THE RESEARCH

Ultra clean process gases containing a very louw level of
particulate contamination are required in many industrial

applications. This is particularly true in the the Integrated

Circuit industry, where considerable care is taken in the
installation of gas delivery systems to clean rooms. It is
generally considered that high quality components with smoothly
finished internal surfaces should be used to achieve this.
However, virtuallj no quantitative information is available on
the effects of either the specific type of finish or the process

variables on the level of contamination produced. This thesis




describes the results of an experimental programme to assess the
influence of these variables and valve design on particle

shedding.

The research was undertaken in three main sections:
1) As an initial stage of this work a search of the literature
has been carried out. It is necessarily limited in its scope to
those aspects which are relevant to the project.
2} To assess the effect of internal finish of straight tubes on
the production of gas—borne particulate contamination.
Electropolished, as drawn and chemically cleaned systems have
been tested.
3) To assess the level of particle shedding from a range of

valves.

1.2 Experimental Research

1.2.1 Internal Finish of Straight Tubes

The extent of particle release from new ‘as delivered’ tubes
was determined first. The aim of this was to assess the level of
particulate contamination in process gases arising from the tubes
in their ‘'as delivered® state prior to installation. This will be
strongly related to the method of cleaning prior to delivery and
will not necessarily reflect the behaviour after purging.

.To‘assess the longer term behaviour, knouwn quantities of
fine particulates were intentionally deposited on the internal
tube surfaces. Clean gas was then passed through and the

contamipnation in the outlet measured. It was hoped thus to

isolate the effect of internal surface on aerosol pick-up




{re-entrainment).

0f necessity, the tests described above were of a short
duration. In an attempt to validate the findings and also to
simulate closely actual process conditions,‘ten tubes were
expgsed to a long term dry nitrogen purge. the tubes were tested
individually at monthly intervals for signs of particulate
release to determine whether or not the tube characteristics
change with time.

1.2.2 Valves

There have been few papers giving quantitative information
on the release of aerosol parﬁicles_from components other than
tubes which comprise gas delivery systems. An experimental
programme was thus undertaken to assess the level of particle
shedding from valves.

A range of different types of valves, from different
manufacturers, was testea uheﬁ they were fully or partly open.
Clean air was passed through them and the level of contamination
in the exﬁéust measured. This of course reflects the level of
cleanliness in the 5#3 delivered® state. The effect of repeatedly
opening aﬂd closing the valﬁés was then determined. The initial

test on fully open or partly open valves was repeated,

1.3 CONTENTS

A brief description of the foliowing chapters are included
tc allow an introductory overvieuw of this thesis.

Chapter 2 contains a review of the available literature. it

was necessarily limited in its scope to those aspects which are




(re—entrainment).

0f necessity, the tests described above uwere of a short
duration. In an attempt to validate the findings and also to
simulate closely actual process conditions, ten tubes were
exposed to a long term dry nitrogen purge. the tubes uere tested
individually at monthly intervals for signs of particulate
release to determine whether or not the tube characteristics
change with time.

1.2.2 Valves

There has been virtually no quantitative information on the
release of aerosol particles from components other than tubes
which comprise gas delivery systems. An expefimental progranne
was thus undertaken to assess the level of particle shedding from
valves.

A range of different types of valves, from different
manufacturers, was tested when they wvere fully or partly open.
Clean air was passed through them and the level of contamination
in the exhaust ﬁeasured. This of course reflects the level of
cleanliness in the ‘as delivered®’® state. the effect of repeatedly
opening and closing the valves vwas then determined. The initial

test on fully open or partly open valves was repeated.

1.3 CONTENTS

A brief description of the following chapters are included
to allow an introductory overview of this thesis.

Chapter 2 contains a review of the available literature. It

was necessarily limited in its scope to those aspects which are




relevant to the project. Sampling or aspiraiion of aerosols for
characterisation furposes is extremely important in any |
investigation so is reported first. Deposition in tubes, bends ‘
and obstructions and aerosol re-entrainment forms the main text ‘
of this Chapter.

Chapter 3 explains how the experimental rig and the
surrounding clean area were developed.

Chapter 4 includes the experimental details and results of
the work carried out on the straight tubes.

Chapter 5 includes the experimental details and results of
the work carried out on the valves.

Chapter 6 sets out the conclusions reached from the

experimental results on the straight tubing and valves.



CHAPTER TWO

LITERATURE SEARCH

2.1 INTRODUCTION

The par;iculate contamination of gases used in the
integrated circuit industry, and the control of contamination,
forms a very broad and complex topic. A research programme on the
deposition of aerosols in components and in their re-entrainment
was instigated as part of an overall programme. An initial stage
of this work involved a review of the literature. It was
necessarily limited in its scope to those aspects which are
relevant to the investigation. Sampling or aspiration of aerosols
for characterisation purposes is extremely important in any
investigation so this subject is reported first. Deposition in
tubes, bends and obstructions and aerosol re-entrainment forms

the main text of this Chapter which is in 4 sections.

2.2 AEROSOL SAMPLING

An aerosol is the name given to a suspension of solid or
liquid particles in a gas. The term aerosol includes both the
particles and the suspending gas, which is usually air. Particle

sizes range from 0.001 to over 100 Mm dianeter.

A primary aerosol has particles that are introduced directly
into the atmosphere whereas a secondary aercsol has particles
that are formed in the atmosphere by chemical reactions in

gaseous components. Monodisperse aerosols have particles that are



21! the same size, whereas polydisperse? zerosols have a range of

particle sizes.

Sampling probes and heads are used <o withdraw aerosol
samples for analysis. It is necessary t¢ ensure that these

samples are representative.

2.2.1 Sampling From A Moving Gas

Sampling is isckinetic when the inlet of the sampler is
aligned parallel to the gas streamlines and the gas velocity
entering the probe is identical to the free velocity approaching
the inlet. If sampling is isokinetic and the head walls are thin
there is no particle loss at the inlet regardless of particle
size or inertia (Hinds, 1982). However, creation of isckinetic
conditions for sampling the flou :s not a2 simple problen
{(Belyaev, 1974), because:-

a) The sampling nozzle walls have some thickness which is
responsible for changes of flow field immediately upstrean.

b) For technical reasons, it is very difficult to have exact
equality of the two velocities even at low frequency pulsations
of the flow.

c) The flow velocity fluctuates due to process variations and

turbulence.

Isokinetic sampling in no way ensures that there are no
losses betueen the inlet and the collecter, only that the

concentration and size distribution of the aerosol entering the

tube is the same as that in the flowing stream.




A failure to sample isokinetically (i.e. anisokinetic
sampling) may cause a distortion of the size distribution and a
misrepresentation of the concentration. The isokinetic condition

for a properly aligned probe is

U= Us (2.1)
where U = stream velocity

and Uo= velocity in probe.

When the probe is correctly aligned but the probe inlet
velocity exceeds the stream velocity, particles with a high
inertia originally in the sampled gas volume cannot follow the
converging streanlinges o enter the probe and are lost from the
sample - thus causing an underestimate of the coarse particles in
a sample. The reverse is true when the stream velocity exceeds
the inlet velocity and thus overestimates the concentration. The

maximum error for the above two cases is

C/Co = U/Ue for Stokes No.> B (2.2)
The Stokes number is the ratio of particle stop distance to
probe radius and describes the level of particle inertia in the

systen.

When sampling conditions are such that the Stokes number is
less than 0.01 the effect is negligible and C/C. = 1.
For 0.01 < Stokes No. < 6 then Durham and Lundgren (1880)

produced:

C/Co = 1 + [(U/U) - 12{1 - 1/01 + (2 + 0.82 U/U-)Stk1} (2.3)




When the sampling flowrate is isokinetic but the probe is
misaligned, the concentration will be underestimated and there is
an apparent change in the flow characteristics which is due to a

reduced projected nozzle diameter.

Belyaev {1974) proposed limitations to the application of
isokinetic conditions:
1) At low values of stream velocity, the sample volume can be too
small to determine accurately the number of particles in it, even
if the stream concentration is high.
2) At high values of the stream velocity, difficulties arise
associated with the provision of either an adequatse collection

efficiency or an adeguate air flourate,.

2.3 AEROSOL DEPOSITION

A number of workers have proposed theories for the
deposition of aeroscl particles in a tube, ontc a flat plate and
in a vessel of arbitrary shape. This section revieuws some of the

different theories and compares them with experimental work.

In the absence of thermal gradients, four mechanisms may
contribute to the transport of suspended particles to the wall of
a tube or duct: |
a) gravitation,

b) diffusion,

c) electrostatic forces and

d) inertia.




There are obviously a large number cf factors which
determine the relative significance of the contributing
mechanisms. Theoretical analysis is necessary to isolate the most

important parameters.

The theories are applicable for tuwo different flow reginmes:
1) laminar flow where Re < 2100 and

2) turbulent flou.

2.3.1 Diffusion Mechanisms

2.3.1.1 Brounian Diffusion

a) LAMINAR FLOW

A theoretical equation for the deposition of particles by
Brounian diffusion was proposed by Thomas {(1367).

The retention is proportionally greater as the particle
diameter becomes smaller, the tube diameter having no effect. The

particle diffusivity, D, is obtained from the Stokes - Einstein

equation:

D = KTCu / 61 a (2.4)
where Cy = slip correction factor
and K = Beltzmann constant

The above equation has been confirmed experimentally.

b) TURBULENT FLOW

Several theories exist which describe the deposition due to

molecular diffusion.



Levich's theory (1962) applies only o fine particles, less
than 1 sm in diameter, with a Schmidt number much greater than 1.
In his derivation he assumed that the turtulent eddies penetrated
the viscous sublayer and died out only at the wall surface. The

final equation for the dimensionless deposition velocity is:
U+ = 0.13337/(Sc)—=-4 (2.9)

2.3.1.2 Turbulent Diffusion

The behaviour of larger particles is related to their
inertia. Deposition by turbulent diffusion corresponds to an
inertial impact of particles projected towards the wall by

turbulent eddies.

This mechanisnm is the one most used to describe the
phenomenon of turbulent deposition. After complete radial mixing
in the turbulent core, the particles are projected by eddies into
the laminar sub-layer. If their stop distance is greater than the

thickness of the sub-layer then wall deposition results.

The subject has been very well reviewed by FPapervergos &
Hedley (1984). It is an important mechanism and a number of
theoretical models have been developed. The results of the more

notable of these are outlined below:-~

1) Friedlander and Johnstone (1957} were among the first to
develop a major theory on this subject. The free flight particle

velocity, Ure,uwas assumed to be equal to the root mean square

radial fluid velocity, and independent of the position at which a




turbulent core. It is proportional to the friction velocity:
Uee = 0.9U° (2.8)

The stopping distance of a particle is calculated by
rultiplying this free flight velocity by the particle relaxation
time. A range of impact velocities is calculated by relating the
stop distance to the stafting point in the universal velocity

profile.

2) Davies (1966) modified the above theory to combine the
mechanisms of eddy and molecular diffusion. He proposed that the
free flight velocity is equal to the local turbulent fluctuation
velocity. The theory consisted of three regimes, diffusive,
inertial and transitional, where both mechanisms are present.

i} Brownian diffusion through the viscous sub-layer for submicron
particles.

ii) Inertial deposition from turbulent flow for particles of

dp > 1Hm.

'4ii) Deposition in a turbulent flow where both eddy and molecular

diffusion are present.

3) Beal's approach (1970) to the theory is similar to that of
Davies, the basic difference being in the calculation of the stop
distance. According to Beal the free flight velocity was taken to

be half of the axial velocity, irrespective of the position of

particle was considered to begin its trajectory within the
\
|
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the particles }n relation to the wall. The theory reduces to:
Va = KV*/(K + V) (2,7}
where K = mass transfer coefficient

and V* = root mean square velocity

{both are defined in Appendix A).

Montgomery®s and Corn’s (1870) experimental work on the
turbulient flow regime suggests that the theories of Friedlander
and Johnstone, Davies and Beal underpredicted the deposition of
aerosol particles. Their results were best predicted by Beal’s
theory but even this does not adequately predict deposition when
the influencing parameter changes from particle ineértia to
particlie diffusion. However, Friedlander and Johnstone's theory
was found to be adequate uhen inertial effects were large..

From the above comparisons of theory with experimental
results for deposition in a tube, Beal’s theory gives the best
fit with experinental data. There are, however, many conflicting

theories and experimental results and there is a need for further

" work in this area. There is particular disagreenment among authors

regarding the mode of transport of particles to the wall in the

regime of turbulent inertial deposition which is important with

" the size of particles typically encountered and is of concern in

the integrated circuit industry.
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2.3.2 Sedimentation Under The Effect Of Gravity

a}LAMINAR FLOW

The sedimentation of particles, due to gravity, causes a
partial retention of these particles in a horizontal tube. If the
flow is laminar, the loss can be estimated by the Natanson

equation published by Fuchs (1864).
b) TURBULENT FLOW

Fuchs (1864) presented an expression for the efficiency of
deposition dué to the gravity mechanism. The gravity
sedimentation velocity is used in the above expression and
deposition takes place across the diameter instead of the total

perimeter of the tube:

F = 1 - exp(4VL/nUD) (2.8}
where V. = terminal settling velocity
:‘Tg
T = relaxation time

452 (@5 @a)/ 180

2.2.3 Electreostatic Precipitation

Particles in flow streams tend to acquire electrostatic
charge as do surfaces upon which they deposit, unless measures
are taken to minimise the occurrence of this effect. The rate of
particle deposition can be affected by the presence of electrical
charge (Montgomery and Corn 18970). This is due to either mutual
electrical repulsion between charged particles of the sane

polarity or by the effect of image forces.

13




2.3.4 Effect Of Bends On The Deposition Of Particles

-

Obstructions in a tuﬁe deflect the streamiine flow and may
cause circulation and turbulence resulting in extra deposition
due primarily to the inertial fdrces acting on a particle. The
inertia of a particle causes it to impact on to‘a surface when

the flow lines are altered.

Crane and Evans (1977) studied the problem of inertial
deposition on the outer wall of a tube bend, theoretically. they
calculated the particle trajectories in the bend to determine the

impaction efficiency as being a function of Stokes number.

E = Ste,/2 (2.9)
where E = impaction efficiency
8. = bend angle, radians
St = Stokes number
= (pdp®u/18 a
¢» = density of the particles
a = radius of the bend

Two simpler theories have benn presented by Stenhouse and ~
Broom (1979) for deposition in a 90° smooth bend, one for
negligible radial mixing (a) and one for Predominantly radial
mixing (b).

a) Where the centrifugal force in an outward radial direction is
equally opposed by Stokes drag, the impaction efficiency is
obtained by:

E = (n/4)8¢ (2.10)

Extending this to a three dimensional case by integration
gives:

E = St (2.11)

b) Where radial mixing of the aercsol occurs and particles are

14




removed by deposition in the walls of a round tube, a mass
balance gives:

E =1 - expl-4kL/UD] (2.12)
hoﬁever the area available for dust collection will be DL rather
than the total area of the tube, so

E =1 - expt-St) (2.13)
The two theories were confirmed by experimental results, but
discrepancies occur at high Stoke’s number due to particle

bounce.

2.3.5 Effect Of Rough Walls On Deposition

Considerable experimental work has been carried out in the
past on deposition of aerosols onto tube surfaces. However, this
work has been done mainly with smooth surfaces and the effect of
roughness almost ignored. From the work which has been done using
rough walled tubes, it is indicated that aerosol deposition

increases with roughness.

The theory of El-Shobokshy and Ismail (1980) was developed
in an attenpt to improve the approach presented by Broune (1974).
The effective particle diffusivity was proposed by Liu and Ilori
(1973) in which the particle inertia is considered. This removes
the deficiency in application of éddy diffusivity of gases for a

theory of deposition of solid particles.

It was assumed in Browne's theory that the particle
concentration has a maximum value at the centerline of the tube.

This theory , however, assumes that the average concentration in

15




boundary layer, y. = 30.

From experimental work carried out by El-Shobokshy (188B3) it
was shown that the above theory predicts the deposition velocity
with reasonable accuracy for a particle size range of 1 - Bun.
However, there is a need for experimental work on particles
larger than O.2Mm and smaller than irm. In an extension of this

work El1-Shobokshy included the effect of wall roughness.

2.4 ADHESION AND RE-ENTRAINMENT OF PARTICLES

Fine solid particles attach themselves to surfaces and the
forces of adhesion determine whether or not they remain. If the
adhesive forces are strong enough, then the particle will stay
attached to the surface. If they are not strong enough ¢hey‘may
fail to adhere on impact which results in particle bounce.
Alternatively a failure of adhesion at some subsequent time may

occur due to a change in conditions resulting in re-entrainment.

2.4.1 Adhesion Of Particles

‘The main adhesive forces are van der Waals force,
electrostatic force and the surface tension of adsorbed liquid
films. These forces are affected by the material, shape and =ize
of the particle, the material roughness and centamination of the
surface, relative humidity, temperature, duration of contact and

initial contact velocity.
Van der Waals forces decrease rapidly with separation

18

the bulk of the flow is maintained at the outer part of the




distance betuween surfaces; consequently their influence extends
only several molecular diameters away from a surface. The

magnitude of this force is given by:

Foan « dp/x= (2.14)
where Faan is the resulting force betueen the particle and a
surface of a given material,.
and ¥ is the separation distance of the surfaces.

The hardness of the materials involved controls the size of

ultimate area of contact and therefore +the strength of the

Most particles of O.1Mm diameter or larger carry some small
net charge, q, which exerts an attractive force in the presence

of an opposite induced charge:

F2 o g=/xq% {2.15)
where Fz = attractive force in the presence of an opposite
charge
q = net charge
and Xq = separation distance of opposite charges.

|
|
|
|
adhesive force.
|

This mechanisn may be significant in effecting initial
adhesion but the force will rapidly dissipate for other than very
high resistivity particles. The van der ¥aal force may then
become dominant. Capillary adhesion fecrces are normally high but

can only be important in the presence of rmoisture or some other

adhesion assisting ligquid.




2.4.2 Re-entrainment Of Particles

The force required to detach a particle fronm a surface can
be measured by subjecting particles to a centrifugal force normal
to the surface in a centrifuge and determining the rotational

speed required to detach the particle.

In general, adhesive forces are proportional to particle
diameter while renmoval forces are proportional to the cube of the
diameter for vibration and centrifugal fcrces or the square of
the diameter for air currents. This suggests that as the size of
particles decrease it becomes increasingly difficult to remove

them from surfaces.

Many measurements of resuspension in the environment
indicate that particle removal from a surface is not
instantaneous but persists over a period of time (Sehmel, 1980).
Several authors (Corn & Stein, 18965) have suggested that this
behaviour is evidence of a statistical origin of resuspension
intimately associated with the random motion of a fluid close to

the surface.

Direct observation of particles near the wall have been
reported as long ago as 1932 by Fage & Tcunsend. They have shoun
that the motion of individual particles is quite random and
unsteady and that the particles often roll along the surface and
then suddenly move, almost at right angles, away from the surface

into the mean flow. This type of motion has also been recorded by

other auwthors. It has been suggested that this sudden ejection of




a particle from the wall may be due to unsteady flow
fluctuations. In fact, the visual! observations of Kline et al
£1967) and Corino and Brodkey (1569) indicate that there are
sudden eruptions of fluid normal to the wall. These turbulent
bursts are three dimensional and carry away slower moving fluid
near the wall to the faster moving turbulent mean flow. Cleaver
and Yate's nrodel (1973) for resuspension related the frequency of
such events with the resuspension rate itself. This contains an
implicit assumption that the resuspension rate is controlled by
the frequency of occurrence of an aerodynanic lift force which

exceeds the force of adhesion.

In contrast to the above force balance model, the approach
of Reeks et al (1988) recognises the influence of turbulent
energy transferred to a particle from the resuspending flow. This
energy maintains the particle in motion on the surface with a
surface potential well. The particle is detached from the surface
when it has accumulated encugh vibrational energy to escape fron
the well. These considerations have led the authors to a formula
for the rate constant, p, for long term resuspension.

Estimates of p, based on van der Waals adhesive forces for a
particle on a surface, indicate that particles can be resuspended
more easily from a surface than anticipated on a balance of
adhesive and aercdynamic lift forces. The dependence of
resuspension on flow and particle size is the same as that
observed in practice. Also, resuspension rates from surfaces
where there is a spread in adhesive fecrces are shown to decay

almost inversely to the time of exposure to the flow. This has
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been observed experimentally by Wells e+ 3l (1984),

However, no experimental data on the re-entrainment of
particles in simulated practical systems such as tubes, valves
and fittings could be found. Published fundamental work on
idealised systems provides valuable information regarding
mechanisms and trends. However, reliable data on re-—-entrainment
of particles from systens found in practice and under practical
remoﬁal conditions such as vibration and air pulsation is

urgently needed.

2.5 CONCLUSIONS

The follouwing general conclusions can be reached as a

result of the literature review:

a) Isokinetic sampling is difficult to achieve but is not always
necessary. Houwever, the conditions of sampling must be checked

and an aspiration coefficient determined.

b) For deposition of aerosols in straight smooth tubes the theory
proposed by Beal gives the best fit with existing experimental

data.

¢) The deposition mechanisms are gravitational sedimentation,
electrostatic attraction, diffusional deposition and inertial
deposition. The mode of transport of particles to the wall in the

turbulent inertial deposition regime is in contention.

d) Deposition is increased by the presence of bends and




' T,

obstructgpns in svstens. Reliable experimental data on depositicn

A

Ta .
in valves and fittings used in Fractical systems cculd no+t Yte

found. .

e) El-Shobokshy 'and Ismail’s theory showed reasonable agreement
with El1-Shobokshy’s experimental work for a particle size range
of 1 - B8 HMn diameter. However, there is a need for experimental
uofk on particles larger than 0.2 Pm and smaller than 1 pn

diameter.

f) Re-entrainment of particles becomes more difficult as particle
size decreases. Also non-spherical particles re-entrain more
easily than spherical particles. Although some fundamental work
has been carried out on particle re-entrainment, experimental

work on the phenomenon as it effects practical systems is lacking

and is urgently needed.




CHAPTER THREE

EXPERIMENTAL DETAILS

The experimental system consists of a source of clean gas,
.an aerosol! generation systenm, a tesi circuit and a particle
nonitoring system. The entire experiment was carried out in a
class 1000 c¢lean laboratory.

A source of compressed air was passed through molecular
sieve material and activated carbon to nrinimise the presence of
water vapour and hydrocarbons. For particulate control {4 wag
passed in series through an ultra high efficiency fibrous filter,
a cartridge menbrane filter and two flat membranes {0.2Zvn)
retained between 0’ rings. The air could be connected either
directly to the units to be tested or to the aerosol generator.

A very fine mist was produced using a Wright nebuliser
containing a dilute agqueocus suspension of either nonedispersed
latex particles or fine ircn oxide pouwder. The mist thus produced
was pasSsed through a diffusion drier where the water evaporated
to leave a finely dispersed dry aerosol. The stream was mixXed
with dilution air and finally exposed to ionising radiation to
neutralise any electrostatic charges on the aerosol particles.
The test aerosol is in the size range 0.3 - 1.5 M¥m diameter.

Tuo basic types of tests were carried out, first deposition
tests and secondly contamination measurement. In the deposition
tests the aerosol was sarpled zlternately before and after
passing through the test sections. In the contamination tests

clean air was passed through the system and continuously sampled
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downstream. Sampling chambers wvers used <o ensure representative
sampling and particle analysis was by light scattering counters.

The details of the system are descriked below.

3.1 THE CLEAN ENVIRONMENT _ |

A clean environment was needed to carry out the experimental
work, thus a clean room facility was built in two stages. The
clean cabinet was constructed initially but this was found to be

dependent on contamination from the lakoratory. To overcome this

cabinet and thus protect it from external! contamination.

2.1.1 The Clean Bench Cabinet

\
|
|
problem a clean area was erected to enclose the clean hench
The clean bench cabinet consists of a2 laboratory wall bench
where the bench and surrounding walls have been covered with
chemically resistant formica. A metal framework surrounds this
bench from which I.C.I. Derby curtains hang. Two fans and
associated high efficiency particulate air (H.E.P.A.) filters are
attached to the top of the framework. These pass clean air into
the area above the bench thus creating a positive pressure |
\

inside the curtains at all times which helps to minimise external ‘

contamination.

3,.1.2 The Clean Arez

The clean area consists of partitioning and a false ceiling.

The dimensions of the clean area are shoun in Figure 3.1. The

walls of the partitioning are constructed of formica faced




wallboards and glass windows. The windouws are nainly for viewing
purposes but they also allow light out o2f the clean area intc the
main laboratory. The false ceiling is a suspended ceiling which
is made of formica faced plasterboard.

A filter and fan have been inserted into the partitioning to
allow clean make~up air to enter the clean area. The filter has a
penetration of 0.002% to BS2938. The fan has the ability to draw

in 3.5 n® per minute through the filter.

The entrance to the clean room iz via the changing area.
This room is used as a buffer zone between the laboratory and the
clean area; it is where clean roonm clothing (overalls, hat,
gloves etc.) may be put on. There is alsp a fire exit from the
clean area uhich.is kept leccked except in the event of an

energency.

A Royco 225 particle counter has been used to monitor the
particle count (>0.5wm diameter) in the clean area as well as in
the bench cabinet - the results are shown in Table 3.1. It can be
seen from these results that the bench cabinet is well within the
limits of a Class 10 environment while the outside clean area is

Class 1000.

3.2 THE CLEAN AIR SUPPLY

Absolutely clean air is essential for the initial purging
and also the re—-entrainment experiments - it can also be mixed

with the aeroso! for dilution purposes.

The comppressed air is dried by passing it through & bed of




aluminium oxide. It ic +hern pacsed through & 0.2Mn pore size
membrane cartridge filter - gxperimental evidence (Lui et al.,

198

11)

} ghous that the penetration of particles >0.09¢r diameter
will bhe extremely low and certainly within acceptable limits.
This stream of compressed air is taken 2t a controlled and
measured rate through a Domnick Hunter filter to remove any
hydrocarboen vapour and finally through tuc back-up membrane
filters (0.2¢m) to ensure ultra clean conditions. Each of these
consist of a flat section media supported on a porous plate and
retained by two ‘o’ rings. Stainless stee! high quality fittings
are used douns+ream of thié filter to ensure that minimum
contamination occurs, as even minor contazination is of vital
importance in the clean air system. The length of tubing used
after the final filter is nminimised also for this reason. The
clean zir is sampled feor 20 minutes at the beginning of each day
and analysed using a Royco 225 counter. Testing cnly proceeds if

a zero particle count is obtained.

3.3 AEROSOL GENERATION

It is possible that during operation sections of pipeline
could become contaminated from another part of the system. An
attempt to simulate this has been to depocsit a known aerosol into

the test section and then carrying out & re-enitrainment |
|

Compressed air, which has %een dried and filtered may be

passed through a *clean air’® line (descrited in fection 3.2.1 or

*agrosol’ line (Figure 2.2). The aerosol, which may be diluted to




the required concentration by +the clean <ry air is passed via a

hold-up vessel tc the test secticn.

i

The aercsel generation systenm consiz+s of the following major
items:—

Aerosol nebuliser: A Wright nebuliser iz used to generate a

fine polydispersed spray of droplets centaining salt or iron

oxide particles or monodispersed latex particles. The size
distribution of the droplets has been measured and the production

rate calibrated. Over the operating differential pressure range

of 2-20psi the flow increased from 4 +tc 11ll/min.

Aeroscl drying: The water is evaporated from the droplets by
prassing the aercsol through a T.S.1. &diffusion dryer. The
relative humidity of the aercsol stream leaving the dryer without
dilution with dry air was measured and found to be 20% - this is
in agreement with the manufacturers data. Subsequent dilution
with dry air further reduced the hunmidity. Adhesion forces will

therefore be by London van der Waals forces.

When a saline solution is used a fine pdlydispersed aercsol
of cubic sodium chloride particles results. The size distribution
of the aerosol uwas determined by electron microscopy for a
differential pressure of 20psi and a !% uw/w saline. Dried salt
aerosol was =sarpled onto an electron microscope grid using &
point to plane electrostatic sampling precipitator manufactured

according toc the Rochester design (Marcer, 1273). The size

distritution was close +to log normal with the mean =sizes and




deviations shewn in Tatle 2.2.

The hold-up vessel: This provides additicral recsidence time for

W

w

*

D
+3

evapcration. A minimum average held-up of zbeoust 20 socenisz

ig provided which is congiderably in excess of that reconmended

4

in B32928 for a similar purpose (] second). The vessel! also

provides a concentration smoothing facility.

Ionizing Source: & Krypton 8%  radiocactive source uwWas
installed to eliminate electrostatic charges on the aerosol uwhich
would ctherwise effect the deposition and re-entrainment results.
It is screwed into the base of a 0.05m internal diameter
cylindrical chamber and earthed. The aercsol enters through the
side and passes axially O.1lm through the vessel when it is
exposed +o the source. The vessel is censtructed from plastic to
prevent the possibility of secondary radiaticon and it is located
under the bench where radiation protecticn is provide by barijunm
brick and lead shielding. An exhaust system has been installed <o
pump any aerosol, which may pass through the ionizing vessel,

outszide the building as an additional safety precaution.

3.3.1 Characterisation of the Generator

Two main areas have been investigated. The dilution ratio
required to reduce the aercsol concentration to an acceptable
level has been assessed and seccendly the time required to purge

the system has been measured.



2.4 THE SAMPLING CHAMBERS

Aeroscl sampling chambers are located upstream and

4

douwnstream of the test section. These are zons+ruc+ed from

D

s+ainless steel with an elestreopolicshed in+ernal finicsh, The
aercsol stream enters the end of each 0.0%n diameter chamber
whickh has rounded corners +*¢ ninimise deprsition and hence remove
the possibility of re-entrainment. The sarmple for analysis is
renoved from a locaticn in line with and adjacent to the tapping
which leads to exhaust. This ensures that the sample prodbe is
exposed to the same aerosol as that entering or leaving the test
section. By reducing the face velocity in the sampling chambers
possible sampling errors due to anisokinetic effects are
minimised. Calculation shous that the Stokes number for
aspiraticon is very low under these experizental conditions and

that consequently the aspiration coefficient is wvery close o

unity.

When purging of the test sectioﬂ is carried out only the
outlet chamber is used. This is reasonadble as extensive tests
have been carried out on the clean air line and it is knouwn that
the number of particles can be e%fectively reduced to zero — the
level of contamination is so small that ue cannot detect it - so
sampling is irrelevant at this point. A reducing union is used to
connect the clean air line directly to the test section as a
purge gas. This method has been used to bypass the aeroscl systen

without having a t-piece permanently in the test line as this

could collect particles and affect the results.




A P .M. S, LAS-X light scattering par+icle ccocunter has been

n. The aercsol is

™
.
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used +o measure +the level of contan
foecused +hrough a laser illuminated =encsing zcne and +the light
ccattered from single particles :is measured ursing a solid stage
prhoto-detector (Figure 3.3). Since particles are measured
individually it is essential that low cencentrations are analysel
to obviate coincidence errors. Pulse height analysis and
comparison with a calibration curve allous complete particle

sizing and counting.

The LAS-X operates in four size ranges 0.08vm to >0.2n,
0.2vn to >0.50m, 0.5Hm teo >3Mrm and 0.08um to >3um. The latter
size range has been used for the tests. The sizes of the

individual channels are shouwn in Table 2.32.

ITnitially the maximum count rate feor the LAS-X was
naintained below one million total particles per minute on the
advice of the agents. As a precautionary measure it was decided
to investigate this figure by conmparing the particle count for a
range of known diluticns. The -total diluted aerosol flow was

constant.

Table 3.4 shous the ratio of indicated to true counts for a
number of particle sizes. This shouws that although the total
count is not affected significantly there is a considerable

distortion on an individual channel basis especially for the

larger particles. The effect of coincidence is that two snmall




particles appear as one large one, thus +he lower channel counz
will fall az the larger increases. Cn the basis of these tests

the total count level should be kept bhelouw akout 200,000.
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The reproducibility of aerosol analysis, whic!
indicates the generator stabvility, when low concentraions are

used are shoun in Table 2.5, TV
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submicron particles. The concentration of larger pa

insufficient to obtain a statistically representative sample.

To count relatively low concentrations of particulates as in
the penetration tests the P.M.S. LAS-X can be used confidently.
Houever, when very low concentraticns are being monitored as in
the entrainment and re—entrainment tests the nunmber of particles
actually counted by the LAS-X at a =ampling flowrate of 80cc/nmin

iz very lou. In an effort to overcen2 thic problem a Royco 2235

was used in order that a larger volume of air leaving the test
section could be sampled (3l/min) thus reducing censiderably the
errors associated with the statistics of sampling small numbers.
The Royco 225 is a light scattering photometer (Figure 32.4) which
has been calibrated down tc 0.2%5¢m. This will count the particles

sampled in each of five size increments between 0.2 and S¥m.

3.5.1 Comparison of the P .M.8, LAS-X with the Royco 225 Particle

Counting Instruments

In & recent publication {Gebhart 1986) it was shown that
aeroscl particle light scattering counters using white light have

a low counting efficiency for sizes less than approximately Sdnm

20




diameter. The Royco 22% used in the present work falls into +this
category. The LAS-X waz fcound to be 100% efficient over the sgize

carried out o

L]

range of interest. A progranme uwag therefor

ot

measure the counting efficiency of th o 225 by calibration

®
td
o

"

with the LAS-¥. Monodispersed latex particles ranging between 0.

and 1.09pm diameter uwere used,

W
-
-

As the name suggests, *the LAS-X uses laser light whereas

(4]

1J
mn

2% usges an incandescent lamyp &z the lizgh+t scurce. Both

Royco

«®

instruments use the principle of light =cattering to detect

particles in gaseous media.

The aeroscls were produced for each size range using the
aerosol generator and samples were taken simultaneously by the
+wo instruments. The counts taken by the LAS-X uere scaled up to
allow for the same sanpling flouw as the Royco 225. Figure 3.5
shous thelpercentage efficiency of the Royco 22% compared
with the LAS-X for the particle diameters used. I+ can be seen
that below 0.5Mm the particle counting efficiency of the Royco
225 is low., This reans that the entrainment and re—-entrainment

results obtained using the Roycoe 225 need to be scaled up

accordingly.

=
=



Takle 2,1

PARTICLE COUNTES IN THE CLEAN TNVIRONMENT

Environnent Ccunts/f+3 >0.Serm Class
Clean 7 10
Cabinet 0
4
8]
2
0
0
Clean 417 10000
Arez B0
490
280
Table 3.2

SIZE DISTRIBUTION OF A SALT AERQOSOL

Number Basis Weight Basis

[§)]

Mean Particle Size(pm) ¢c.11 0.5
{length of side)

1.70

RV
18]

Ceonetric Standard Deviation

Mean Droplet Sizef{pnm) 0.88 4.1
{diameter)
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Channel Cizelum)

LAS-X Size Ranges O and 4*(C.% - >3.0%¥m)

1 .50 - 0.87
> 0.67 - 0.84 \
2 C.84 - 1,01 |
4 1.01 - 1,18
= 1,18 - 1,25
e 1.25 - 1.52
7 1.E2 ~ 1.89
2 1.9 - 1.88
a 1,88 - 2,03
10 2.03 - 2.20
11 2.20 - 2.27
12 2.37 - 2.54
12 2.54 - 2,71
14 2.71 - 2.88
15 2.88 - 3.05
18 > 3.08
LAS-X Size Ranges ! and S*(0.20 - >0.5pm)
1 0.20 - 0.22
2 0.22 - 0.24
2 0.24 - 0.26
4 0.28 - 0.2
5 0.28 - 0.30
8 0.30 - 0.32
7 0.32 - 0.34
8 .34 - 0.38
9 0.36 - 0.38
10 .38 - 0.40
11 0.40 - 0.42
12 0.42 - 0.44
13 0.44 — 0.486
14 0.48 - 0.48
15 0.43 - 0.%0
1€ > 0.50

WCunulative Mode




Table 2,2.(cort’d)

Channel ize(dnm)

LAS-X Size Ranges 2 and 6(0.092 - >0.20Mm)

1 0.090 - 0.097
2 0.027 - 0.104
2 0.104 - 0. 111
4 0.111 - 0.118
5 0.118 - 0.125
= 0.125 - 0.132
7 0.132 - ¢.12¢
2 0.129 - 0.148
S 0. 148 - 0.183
10 0.152 - 0.180
1! .80 - 0O.1€82
12 0.188 - 0.178
12 0.178 - 0. 184
14 0.184 - 0.192
15 0,122 - 0.200
18 > 0.200

LAS~-¥X Size Ranges 2 and 7!(0.09 - >3.00Mm)

1 0.09 - 0.11
2 0.11 - 0.15
3 0.15% - 0.20
4 0.20 - 0.25
5 0.25 - 0.30
8 0.30 - 0.40
7 0.40 - 0.50
8 0.%0 - 0.65
g ©.65 - 0.80
10 0.80 - 1.00
11 1.00 - 1.2
12 1.25 - 1.5%0
13 1.50 - 2.00
14 2.00 - 2.50
15 2.50 - 3.00
18 > 3.00

iCumulative Mode
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TO INDICATED CQUNTS USTNG THE P.M.

1
-

n
|
«

Total Particle
Number Count

Particle Diameter
{Mm)

0.1
0.
.45
0.9

Total Particles
(all sizes)

Total Particle
Humber Count

Particle Diameter
{Fm)

0.1
0.22%
0.45%
0.9

Total Particles
{all sizes)

Dilution Ratic

0.5:18 - 1:18 1:13

231446 407728 820332

Tatio of True to Indicated Counts

1.09 1 1
1.04 : 1
0.e8 1 !
¢.28 ! 1
1,08 1 1

Dilution Ratio

1:12 1:9 1:8 1:2

-

323751 E86998 248171 1484256

Ratio of True to Indicated Counts

1 0.93 0.87 0.886
1 1.0€ 1.1 1.23
b 1.19 1.29 1.48
1 1.46 l1.6e8 1.5¢
! 1.0% 1.0 0.94

. 07

1J

)
(]

[
J



Takle 2.5

REPRODUVCIRILITY OF AERCSCL ANALYSIS

Particle Dianeter Number Count Standard Percentzgzs

(Hm) Mgan/Minute Deviation S.D.
0.1 _ 9988.8 6.7 0.57
0.13 12571.1 80.1 Q.48
0.22% : 2834.5 22.¢ 0.87
0.85 211.5 7.7 0.84
0.57% 5. 4 1.4% 1.62
0.

9 12,1 0.98 8.1 \
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CHAPTER FOUR

STRAIGHT TUBING, RESULTS AND DISCUSSION

4.1 INTRODUCTION

The objective of this part of the experimental programme was
to assess the effect of internal finish of straight tubes on the
production of gas-borne particulate contamination.
Electropolished, chemically cleaned and as drawn systems have

been tested. A detailed description of these terms is given in

Appendix I.

The extent of particle release from new ‘as delivered’® tubes
was determined first. The aim of this was to assess the level of
particulate contamination in process gases arising from the tubes
in their ‘as delivered® state prior to installation. This will be
strongly related to the method of cleaning prior to delivery and

Will not necessarily reflect the behaviour after purging.

To assess the longer term behaviour, known quantities of
fine particulates were intentionally deposited on the internal
tube surfaces. Clean gas was then passed through and the
contamination in the outlet measured. It was hoped thus to
isolate the effect of internal surface on aerosol pick up

{re—-entrainment).

Of necessity, the tests described above have been of a short

duration. In an attempt to validate the findings and also to

simulate closely actual process conditions, ten tubes were




exposed to a long term dry nitrogen purge. The tubes uwere tested
individually at monthly intervals for signs of particulate
release to determine whether or not the tube characteristics

change with time.

4.2 ENTRAINMENT

4.2.1 Experimental Programme

The entrainment experimental progranmme has involved the use
of eighteen test sections, all of B6.35mm (0.25 inches) outside

diameter, tested individually:

1) Four Sm lengths of stainless steel tudbing which have not been
cleaned.

2) Six 5m lengths of *as drawn® stainless steel tubing (cleaned
but not electropolished).

3) Four 4m lengths of *chemically cleaned’ stainless steel tubing
{cleaned but not electropolished).

4) Four 5Sm lengths of electropolished stainless steel tubing.

The entrainment experiments were carried out in two phases
by passing clean air (Section 3.2) through each test section and

taking samples via the sampling chambers (Section 3.4). The Royco

225 was used in order that a larger volume of air leaving the
test section could be sampled. The first phase involved a
standard test which was developed in the early part of the
experimental programme (described belou), while the second phase
extended this standard test to use much higher flowrates, flexing

the tubes and pulsing the flowu.
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In the standard test steady flowrates of 5, 20 and 40 litres
per minute were passed through three of the uncleaned tubes to
find the best purge rate. From these tests (Figures 4.1, 4.2 and
4.3) it could be seen that increasing the flourate (and thus the
pressure through the tubes) increased the number of particles
entrained from the tgbes. It was thus decided from these results
that the highest flourate should be used as the base of a

standard test (i.e. 40 l/min).

The standard test involved passing particle free air through
a test section at a steady flowrate of 40 l/min for over three
hours. During the period of the test, vibration was applied to
the tubes for one hour and a mechanical hammer was used to gently
tap the tubes. Vibration and tapping were used in an attempt to
dislodge particles. The vibrator uses mains excitation (a
frequency of S50Hz) and is in steady contact with the tube - the
tube is resting on the vibrator. The mechanical hammer used in
the standard test is a swing hammer which is raised to a standard
height (determined by a bar release mechanism) to which can be

attached different weights.

This standard test was extended in the second phase of the
test to involve:-
a) flexing of the tudbe at a flowrate of 40 1l/min,
b) increasing the flow tol80 l/min, flexing the tube and pulsing

the air to a flowrate of 70 1l/min - a solencid valve is used for

this purpose,




and c) increasing the flowrate to 90 l/min, flexing the tube and

pulsing the air to a flourate of 100 l/nmin.

The purpose of the extended test was to measure the effect
of a range of parameters on particle dislodgement which simulate
actual process conditions. The effects of step changes in
velocity (from 40 l/min to 60 l1/min to S80l/min).Tubes are
inevitably flexed during installation - in this test the centre
of each tube was repeatedly raised about 0.3m and dropped. The
flow through the tube was pulsed to simulate the effect of the
use of servo mechanisms -~ in this test the flou was repeatedly
stopped then immediately increased again at 15 second intervals

during a 10 minute period.

4,2.2 Results of Entrainment Tests on *As Delivered® Straight

Tubing .

The results of these tests on one uncleaned, three
electropolished, six *as drawn’® and four ’chemically clesaned’
tubes are shown in Figure 4.4 -"4.17 in terms of the total number
of particles entrained in ten minutes. Tables 4.1 - 4.3 show a
typical size distribution of particles entrained from each type
of cleaned tube. Results for the total contamination issuing from
each tube per cubic foot of air during these tests are summarised
in Table 4.4. The contamination relative to the electropolished

tubes is shown for comparative purposes (o).

It can be seen from these results that the electropolished

tubes are shown to be c¢leaner than the *as drawn’® or ‘chemically
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cleaned’ tubes in the 'as delivered’ state. The ’'as drawn’® and
*chemically cleaned’ tubes do not show a great deal of
consistency in their results in terms of cleanliness, there being

a large variation in the number of particles being entrained.

The effects of vibration at S0Hz, gentle tapping, flexing
the tubes, increasing the velocity and pulsing the flow are shoun
in Table 4.5. It can be seen from this Table that increasing the
flourate of air through the tubes greatly increases the number of
particles that are entrained. Figure 4.19.shous the general
effect of increasing the velocity in terms of the number of
particles entrained/cubic foot of air for each of the three types
of tube. This shows that there is a large increase when the
flourate is raised from 40 l/min to 60 1l/min and SO0 l/min., As
expected, pulsing the flow has a similar effect. An increase in
pressure in the clean air line is the result of closing the
solenoid valve - thus when t+he valve 13 opened, the pressure is

converted into a higher flourate.

Vibration, gentle tapping and flexing the tubes all have a
slight effect which differs with each type of tube, i.e. there is

not always an increase in entrainment.

4.3 PENETRATION

This part of the experimental programme was carried out in
two phases and involved the use of eleven test sections (all of
6.35 nm diameter):

1) One 5m length of electropolished tubing.
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2) One 4m length of ’chemically cleaned’ tubing.

3) One 5m length of ‘'as draun' tubing.

4) One T.F.E. lined flexible hose.

- 5) One S5m length of electropolished tube connected to one Snm
length of *as drawn® tube by a T.F.E. lined flexible hose.

6) As (5).

7) One Sm length of electropolished tube connected to one 4m
length of ‘chemically cleaned® tube by a T.F.E. lined flexible
hose.

8) One 4m length of ‘*chemically cleaned’® tube.

The penetration tests were carried out by passing aercsol
through the test sections and taking samples alternately from the
inlet and outlet sanpling chambers at one minute intervals using

the P.M.S. Las-%.

The first phase of‘this part of the experimental programne
was carried out on test sections (1) - (4), to determine
accurately the amount of aerosol deposited in each type of
surface finished tube. The aerosocl used consisted of moncsized
latex particles (0.369¥m and 0.728pm). The total time taken for
each penetration test was 30 minutes. The penetration was
determined for flowrates of 4 and 13.5 1/min, the experimental |

conditions are sunmmarised in Table 4.6.

Figures 4.20 and 4.21 show the results of the penetration
tests for all of the test sections for flowrates of 4 and
13.5 1/min respectively. Alsoc shown on the figures are the

theoretical predictions for a smooth bore tube (Thomas 1967, Beal
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19768). The experimental results shoun are the average values of
many tests (in Table 4.7 the 95% confidence kinetics are shown),
the penetration through the flexible hose having been taken into
account. As would be expected, the penetration is highest through
the flexible hose because of its short lengthi however there does
not seem to be any other trend in the results for the two
flourates. There is reasonably good agreement between these
results and the theoretical predictions for smooth walled tubes,
although there iz a tendency for the penetration to be lower than
expected - theory nearly always overpredicts the penetration when
quantified in terms of particles collected, this has most
significance at the smaller particle sizes, The effeét of surface
roughness on deposition in tubes has been calculated using the
El-Shobokshy and Ismail theory (1888) - Figure 4.22, It can be
seen that there is little effect of roughness over the range of
surfaces used, Oor generally considered for use, in the 1.C.
1ndustry; This agrees with the results for the first three test
sections, they are all within 2% of each other - thus for the
tubes feste& there iz no 31gn1f1cant difference hetueen the

surface finishes.
The - second phase of this part of the experimental programme

was carried out on tests sections (5) - (8) at flowrates of 4.5
and 11 l/min in order to prepare the tubes for subsequent
re-entrainment tests. The time taken to complete each penetration
test was varied depending on the number of particlies which were

required to deposit on to the tube walls.
Three penetration tests were carried out on test section (5)

- the ain of this was to increase the internal coverage of the
tube walls. The compressed air line was used to generate the
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aerosol for these three tests, the aerosols being {a) monosized
latex (1.09vm), (b} and (¢) polydispersed iron oxide (0.2 -
1.5um). The change in aerosol type was made in order to simulate
more closely practical conditions, where an iron oxide aerosol,
or similar material, is more likely to be encountered than the

artificial latex material.

Since the objective was to simulate the practical situation,
efforts were made for the remaining three test sections (6) =(8)
to exclude from the exXperimental system contaminants which would
not be present in practice. Since hydrocarbon vapour may
-contaminate the particle and tube surfaces and effect the
adhesion forces this possible contaminant was excluded by using

bottled, rather than compressed, air for test sections (8) -(8).

The aeroscl is generated by dispersing the particles in
water (methanol was used as a dispersing agent) and creating a
fine mist from the nebuliser. The water is then dried off in the
diffusion drier. The relative humidity of the aerosol stream
leaving the drier without dilution with dry air was found to be
20% - in agreement with the manufacturers data. Subsequent
dilution with dry air for test section (6) & (7) further reduced
the hunmidity to below the level at which pendular moisture will
form. Adhesion forces will therefore be by London van der Waal

nolecular forces.

In an attempt to remove this water, for test section (8),

the aerosol was cooled by passing it through a coiled tube
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surrounded by solid carbon dioxide; the aeroscl was then reheated
to the ambient temperature. This resulted in a relative humidity
of 2%. This very low relative humidity had no significant effect
on the results so it may be assumed that the presence of small
amounts of water vapour in these experiments is not important.
The experimental conditions and results for all of the test

sections are shown in Table 4.8.

The penetration was found to be about 98% for all of the
test sections — this is in good agreement with the thecoretical
predictions and the experimental results obtained in the first

phase of the experimental progranme.

4.4 RE-ENTRAINMENT

After a penetration test, particles suspended in the air
within the tubes have to be allowed time to diffuse/settle onto
the walls before a re-entrainment test can be carried out. Figure
4,23 shous the decrease in the apparent re-entrainment of
particles the longer they are left before starting the
re-entrainment test. These results are in fact caused by "sueep
out" of particles which were still suspended in the systen

following the penetration test.

When a particle is released in air, it quickly reaches its

terminal settling velocity, Vroe,
Vrs = (,dzgca 7/ 18 (4. 1)

Another mechanism which contributes to the depecsiticon of
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aerosol particles to the wall of the tube is Brownian diffusion.
The particle diffusivity, D, is obtained from the Stokes-Einstein

equation:
P = KTCo /_Sn a {4.2)

The terminal settling velocity of a particle has been
calculated using equation {4.1) and the time it takes for a
particle to settle is obtained from this. The diffusivity has
al=o been calculated and the time it takes for a particle to
diffuse to the wall has been determined (assuming 99% of the
particles diffuse)(PerrylSth Edition)., The time involved is in the
order of hours rather than minutes (Table 4.9); thus the tubes were
left overnight after a penetration test was carried out to ensure

that the particies were still not suspended in the air.

This part of the experimental programne involved the use of
four test sections {described in Section 4.3 as test sections (5)

- (8)2.

The experiments were carried out in two phases. The first
phase involved the standard test (as described fully for
entrainment in Section 4.2.1) - a steady flourate of 40 1/min with
vibration and mechanical tapping applied, While the second phase
extended this standard test to a higher flourate of 60 1/min
using bottled air, flexing the tube and pulsing the flow. The
flowrate of 60 1/min was chosen as this had been shoun to entrain
very few particles from the neu *as delivered’ tubes after a

flourate of 90 1/min had been used in the entrainment test. The
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tubes used were thus effectively purged for use up to 60 1l/mins
this was confirmed experimentally. This should ensure that any
particles which were removed from the tubes during a
re-entrainment test were particles that had been deposited during
a penetration test. The particles were counted using the Royco
228,

Table 4.10 and Figures 4.24 ~- 4,34 show the results of the
re-entrainment tests. They shou.that the amount of fe4éntrainment
from the internal surface of any of the tubes is very low. Three
electropolished, tuo ‘as dréun’ énd two ‘chenmically cleaned®
tubes have been tested and the resu1ts show that there is not a
detectable differehce between the different types of tubé. Four
additional exﬁeriméntalltests uere‘caffied out to further
validate the test proceduretand thus results:-

1) A very high concentration was put into the first test section
in order to impfbve the statistical significance of the number of
particles counted being re-entrained. The statisticall
significance of the results fs'increased by 1ncreasiﬁg the
quantity of depositioﬁ§

2) Bottled air was used to remove the effect of any hydrocarbon
that may have been present in the compressed air line (a Donmnick
Hunter filter was later introduced into the compressed air line
for this reason). The hydrocarbon may have been increaéing the
forces of adhesion betueen the particles and the sﬁfface of the
tube.

3) A drier aerosol was used to reduce the amounts of water wvapour

entering the tube. The aerosol was cooled By passing it through a
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coiled tube surrounded by solid carbon dioxide: the aerosol was
then reheated to ambient temperature. This resulted in a relative
humiditylof 2%. This was done to test whether the adhesion forces
between the particles and the tube wall are effected by the
presence of water. The results wWere negative suggesting it is not
important.

4) Heat was applied to the tube wall to examine the effect of
temperature (internal surface of about 60°C), and alsoc to dry the
aerosol already deposited in the tube. Neither drying the aerosol
in this way nor the addition of temperature to the tube were

found to effect the results.

Examination of Table 4.10 and comparison of Figures 4.24 -
4.34, show that the precautions in methods (1) -(3) have no
significant effect on the results of re-entrainment. It can
therefore be concluded that the test procedure normally used is

satisfactory.

4.5 MECHANISHS OF PARTICLE ADHESION AND RE-ENTRAINMENT

It is important to consider the mechanism of particle
adhesion and re-entrainment to obtain an understanding of the
observed phenonmena described in Section 4.2 & 4.4. This is the
purpose of the following discussion. A particle will be dislodged
from a surface if the removal forces are greater than the
adhesion forces. The adhesicon forces are summarised first and

this is follouwed by a brief analysis of the removal mechanisms.

The three important particle—-surface adhesion mechanisms are
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capillary adhesion, electrostatics and London van der Waals
adhesion. The magnitude of these is shown as a function of

particle size in Figure 4.35 (Bhattacharya and Mittal, 1978).

Capillary force is largest but this requires pendular
moisture between the particle and surface. In the case of
contamination with water vapour a monomolecular layer of adsorbed
water molecules uwill forﬁ only at about 30% relative humidity.
Much higher humidities are required to provide the pendular film
of moisture necessary for capiilary adhesion to take place.
Particle deposition was carried out with relative humidities in
the range 2 - 20% so in the present series of experiments this
mechanism can be discounted. Electrostatic forces can also be
discounted since any charge on the particles was neutralised and
the tubes were earthed. It is therefore concluded that the

adhesion force is the London van der Waal molecular force.

For smooth spheres on a flat surface the London force is
relatively very strong. For 1 pm diameter particles it is 1000
times greater than the gravity force; for 0.1 Mm particles it is
100,000 times greater. Since gentle tapping or vibration will
only cause a few g's acceleration of the surface, it is not
surprising that these actions have only a very small effect on
dislodgment. The magnitude of these forces has been calculated
assuming an ideal model of the system and as such gives average
values which have been confirmed experimentally. However, in real
systens there will be a spread of forces about the average of any

given particle size. Three factors responsible for the spread are
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worthy of further consideration:-—

a) The presence of molecular contamination: The force is due to
intermeclecular attraction and moleculaar contamination, such

as the presence of a water molecule close to the point of
contact, will interfere with the electromagnetic field. It will
change the adhesion fcrce,.but not by a large amount, and should

have little effect on system behaviour.

b) Particle shape: If a particle is non-spherical and has sharp
edges the areas of the particle and wall in close proximity

pay be greatly affected. If these areas uwere reduced as, for
example, in the case of a particle sitting on a sharp edge,

the attraction, or adhesion, forces will be greatly reduced.

c) Surface roughness: If the particle or wall surface is rough
then the area of close proximity must be affected and the
attraction forces reduced. This must be highly dependent on

the scale of roughness. If the tube wall roughness is of the
order of the particle size it may even cause an increase in
adhesion force because tuc points of contact become possible, If
a particle is deposited on the top of a protuberance on the wall
then the "sharpness" of that protuberance may be more important

than its "height".

There is therefore a spectrum of adhesion forces for any
given particle size, the lower end of which may be highly
significant in determining the extent of particle re-entrainment.

It is those particles with the very low wall attraction forces
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which may be removed by greater dislodgment forces.

The hydrodynamic forces acting on a particle are as !

follous:-

a) Steady force: In the curreni tests the gas is passed through
the tubes in turbulent motion with Reynolds numbers in the range
-14.000 - 32,000. When the flow flourate is 40 i/min thé laminar
sublayer is about 25 ¢m thick and the velocity parrallel to the
tube wall at a distance of 0.5 #m from the surface is about 0.05
n/s. This will be the average velocity causing a drag force on

1 #m diameter particles adhering to the wall. Bhattacharya and
Mittal (1978) predicted that about 5 m/s velocity is needed to
cause 1 ¥rn diameter partiéies io roll along the surface. The
force in the current tests is thus about 1% of that needed to

‘cause motion. Houever, even if particles roll along the surface,

an upwards lift force is necessary to cause re—entrainment.

b) Transient force: Turbulent bursts, which coﬁsist of sudden
transient_upuard flous of gas from the surface through the
sublayer, are now knouwn to occur. Cleaver andcYates (1873) showed
that:these could cause parficle re*entrainmeﬁt.from surfaces. The ‘
bursts, which are shown diagrammatically in ?igure 4,36, live
long enough to lift a particle outside the range of the adhesion
force so that it may be projected into the turbulent core. For
the 40 l/min flow the average area of bursts is in the region of
- 100 pm across. Calculations of the 1ift forces experienced by
particles duve to this mechanism, can only be considered as order

of magnitude approximations, but they do suggest that it is the
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nost likely cause of re-entrainment. The bursts are random events
and each may cover a relatively large area. There is a wide
energy spectrum of turbulence so it must be expected that the

" energy content of the bursts will vary widely about a mean value,

which itself will increase substantially with gas velocity.

"When the-adhesion force is compared with the mé#n removal
force it is not too surprising that it is difficult to detach
particles, However, there is a wide spread of both forces about
the mean and it is where the tails of the distributions overlap

that re-entrainment occurs, as shoun in Figure 4,37.

Large energy‘bursts will remove weakly adhering particles.’

Due to the random nature of the bursts the process may continue
for 'a considerable period. The relatively large burst area may be
sufficient to encompass several particles. Thus a steady but
slouwly declining contamination should resuit from tubes, with an
occasicnal event in which several particles are dislodged .
simultaneously. If the velocity is suddenly increased the higher
" energy bursts will rapidly deplete the surface of loosely bound
particles until the infrequently occurring high energy tail
provides the only removal force. Hence the shape of the two
distribution tails will determine the contamination history.

These mechanisms are in line with experimental observation.



4.8 ANCILLARY TESTS

4.8.1 Penetration and Re-entrainment using a Dry Aerosol

This part of the experimental programme involved the use of

one 5m length of electropolished (6.3% mm) tube. ‘ L

In order to simulate practical conditions, efforts were
made to reduce the amount of water vapour entering the tube with
the aerosol. The pﬁrpose of this i3 to test whether the adhesion
forces between the particles and the tube wall are affected by
the presence of water vapour. In Section 4.4 it was shown that
the reduction in relative humidity of the aerosol fo 2% did not
have a noticeable effect on the subsequent re-entrainment
results. This test on the effect of water vapour has now been
extended to its limit by using a completely dry aerosol of
magnesium oxide, whereas previously the aerosol was formed by

evaporating the water from a fine mist of suspension.

The aerosol was formed by igniting a strip of magnesium
metal ribbon (using a pouer source) in dry air to produce a cloud
of m#gnesium oxide aerocsol, This aerosol was then passed through
the test section at a flouwrate of 4 l/min, Table 4.11 shows the

experimental conditions and results.

The complete experiment consisted of three stages:-

1} An entrainment test on the *as delivered’® tube was carried out

"to 60 l/min using clean bottled air. This was to purge the tube

and remove any loosely adhering particles.
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2) The magnesium oxide aerosol was passed through the tube at a

steady rate of 4 l/min to lay doun a deposit of particulate
contamination.
3) A re-entrainment extended test was carried out using bottled

air.

Table 4.12 shows the results of the re-entrainment test.
Previous test results are include in the table for comparison. It
can be seen from these results that the presence of water vapour
does not have a significént effect on the re-entrainment results.
Although the percentage re-entrainment is slightly higher, a
variation in results is expected because of the small numbers of
particles counted and because a different aercsol is used. The
differences are not sufficiently great to suggest that the

presence of water vapour affected previously reported results.

It is concluded that:
a) The amount of re-entrainment of particulates from all of the
tubes is very low — the removal of uwater vapour introduced into
the tube with the air or aerosol has not had a noticeable effect
on the results.
b) Once the tubes have been contaminated with aerosol (in the
penetration test) there is no detectable difference between any |
of the different surface finished tubes in terms of particle

shedding.

59




4,6.2 Removal Of Particulates Using Clean Water

This part of the experimental programme involved the use of

seven test sections (all of 6.85 mn dianeter) as shouwn in Table 4,13

In the work described in Sections 4.3 and 4.4, aerosol
particles were deposited in tubes and then re-entrainment tests
were carried out. The extent of particle shedding during these
tests was very low. It was therefore decided to water wash the

tubes and analyse this water to confirm that particulates had

been laid down in the first place.

The CERCCON clean d.i. uwater system uas used for these
experiments, Water was passed through the tubes at a flourate of
0.1 1/min and the number of particles dislodged from the tubes
was counted using the PHMS laser liquid particle spectrometer
(LLPS-X). During the course of the experiment the tube was tapped

and vibrated.

The results of these experiments are shoun in Table 4.14 and
Figures 4.38 - 4.44. It can be seen that there is a large
increase in the number of particles being removed from the tubes

when water is used.

When water washing the flow in the tubes is laminar 20 the

Yturbulent burst” mechanism postulated for particle dislodgement

in gas systems is not applicable. Particle drag forces will be
increased by a factor of 1000 so it is feasible that particles

will roll along the tube wall. If a particle is non-spherical it
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may be propelled into the fluid stream. The adhesibn forces will
also be reduced. A combination of these factors result in a much

higher proportion of the particles being dislodged.

Comparison of the results of test section (1) with sections
(3) & (4) and with (7) & (8) confirms that aerosol had been
deposited in the penetration experiments. Hany more particles
were dislodged from the heavily contaminated tubes. In fact
extrapolation of the results indicates a deposit of about 100,000
particles in the size range 0.2 - 0.4 vm diameter per netre
length of chemically cleaned tube in its 'as delivered’® state.
This figure is highly speculative and in any case represents an
extremely small fractional coverage of the surface area

(S x 1077).

Using water, particle dislngement from the ’as drawn® tubes
is much lower than from the rest, whereas in the tests with air
no significant differences could be found. It is suggested that
the particle adhesion forces with the ’as drawn’ system are such
that they are not reduced by the introduction of water i.e. the
system is hydrophobic. This may be because the tubes have not

been through such an effective degreasing process.

Tapping and vibration have a much more severe effect when
water washing than when using gas. Since the particle removal and
adhesion forces are much closer, a small change in either will

have a more important effect.
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It is concluded from this work that:-

a) particles have been deposited during the penetration tests.
b) Water substantially increases particle removal,

c) particles adhere more strongly to the walls of the 'as drawn’
tubes.

d) Tapping and vibration both have an effect on the particles
being removed in water - this is especially true for the larger

particles.

4,8,.3 Tube Bends

4.8.3.1 The Effects On Entrainment During Tube Bending

Particle shedding during the process of tube bending has
been investigated. This part of the experimental programme has
involved the use of three test sections f(all 6.35 mm):-

1) One Sm length of clean electropolished tube.
2) One 5m length of clean ‘'as draun’' tube.

3) One 4m length of clean °‘chemically cleaned’ tube.

All of the above tubes were purged with clean air at a

flouwrate of 100 1/min before the tube bending began. This ensured

that all of the particles entrained during the experiment had

been shed only because of the tubes being bent.

It had been hoped to bend tubes to the smallest radius
corresponding to industrial practice. This was to test the most
extreme case first - if contamination did not arise then this

part of the programme could be curtailed quickly. Unfortunately
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the constraints imposed by conducting the experiments within the
clean cabinet were such that the smallest radius we could
practically bend was 1". In the interests ¢f progressing the work

we proceeded with this,

The experiments were carried out in two phases. The first
phase involved passing clean air at a flowrate of 10 l/min
through the'tube as it uwas being bent, and then increasing the
flow to 40 1/min and 90 l/min. The initial laminar flow of 10
1/min was chosen so that any particles entrained were due to the
tube being bent and not from the effects of turbulence; the
higher flourates of 40 l/min and 90 l/min were used to measure
the effects of turbulence. Six bends were put intc each tube -
one 180= bend and five 90 bends - the bend radius being 1".
Tables 4.15 -4.17 shouw the size distribution of the particulate
contamination issuing from each bend and Figures 4.45 - 4.47 shou
the total contamination above 0.3 Mm issuing from each bend in 10

ninute periods.

The second phase involved using the standard and extended
entrainment tests on each of the tubes when all six bends had
been made. The results of these longer term tests are shown in
Figures 4.48 - 4,50 in terms of the total particulate

contamination above 0.3 Hn.

It can be seen from these results that as the tubes are |
being bent the electropolished tube released the least particulate
contamination and the ’as drawn’ the most. From the longer term

tests, however, it can be seen that all three types of tube
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release sudden spurts of particles during the course of the

exXxperiment.

4,6.3.2 The Effect On Re-entrainment Of Tube Bends

Contamination from another part of the system during the
course of the tubes' lifetime is possible. This was investigated
by depositing particles onto the tube walls during a penetration
test and the subsequent re-entrainment of these deposited

particles was investigated.

The penetration tests were carried out by passing an iron
oxide aerosol through the test sections at a flourate of 4 l/min
and taking samples alternately from the inlet and cutlet sampling
chambers at one minute intervals. the penetration of aerosol uas

found to be 98% for each of the test sections.

An extended re-entrainment test was then carried out on each
of the tubes. the results of these tests in terms of the total
particulate contamination above 0.3 Mm are showun in Figures 4.5l
-~ 4,53, It can be seen from these results that there is little
difference in the amount of contamination being re-entrained from

each tube. There uwere ten 90 bends in each Sm length of tube. In

any case, the extent of particle re—entrainment is not

significantly greater than that from the equivalent straight
section.

I+ must be concluded therefore:
1) The amount of re—entrainment of particulates from all of the

bent tubes is very low.




2) Once the tubes have been contaminated with aerosol (in the
penetration test) there is not a detectable difference between
any of the different surface finishes in terms of particle

shedding.

4.8.4 Nitrogen Long-Term Tests

Allrprevious tests in this project have of necessity been
carried out over short time periods. A more realistic simulation
of operating conditions is to expose the tubes to a dry nitrogen
purge over a long period before testing. This work was carried

out in parallel with the rest of the programne.

This part of the experimental programme involved the use of
ten test sections (all of 6.3%5 mm) as shoun in Table 4.18,

which were connected by nine P.T.F.E. lined flexible hoses (Figure

4.54). Nitrogen was passed through all of the tubes in series at
a low flowrate (0.75 l/min) for eight hours a day, five days a
week. At the end of each month's operation, an hour long
entrainment test was carried out on each individual tube - a
steady flow of 40 1l/min was used — and the tubes are tapped and
vibrated. The purpose of testing the tubes at monthly intervals
is to determine whether the tube characteristics change with

time.

Twelve sets of monthly results have been obtained; Table
4.19 show these results. It can be seen from these results that
there are still very few particles removed from the different

types of tube, whether they are clean or contaminated. The
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contaminated as drawn tube, which had released a large number of

particles in the early monthly tests, nou seems to be comparable

to the other types of tubes.

4.7 EFFECT OF PROCESS AND SYSTEMS VARIABLES ON PARTICLE RELEASE

4.7.1 Velocity Effect

In the course of the experimental programme on particle
dislodgement the effects of a number of factors were
investigated. Tapping, vibrating and flexing the tubes did not
have any significant effects on the results, houvever increasing
the velocity and pulsing the flow did have a strong effect. It
was decided to investigate the velocity effects further to enable
guidelines to be drawn up for tubing installation. Seven test

sections have been used for this purpose as shown in Table 4.20.

The re-entrainment tests were carried out by increasing the
velocity in stages of 10m/s up to 90m/s for test sections (1)}-(3)
and (6), in Sm/s stages up to 40m/s for test sections (4) and

(5) and Sm/s stages for test section (7).

Tables 4.21 - 4.27 =show the results of the re-entrainment
tests for all of the test sections at each velocity in terms of
the percentage re-entrainment of the deposited iron oxide. The
amount of re-entrainment can be seen to be low for each tube size

and surface finish.
The results are shouwn in terms of the total number of
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particles re-entrained/cubic foot in Figures 4.55 - 4.57 for the
6.35 mm tubes, in Figures 4.58 - 4.59 for the 10 mm o.d. tubes

and in 4.83 - 4.64 for the 3.2 mm tubes.

From Figures 4.55 ~ 4.57 it can be seen that for the new
6.35 mm tubes there is a trend for each c¢f the tubes.
At the lower velocities, ie. less than €0m/s, the re-entrainment
of particles can be seen to be low; however once 60m/s is reached
(Re=18452)the rise in the number of particles being removed is

dramatic. This is especially true for the electropolished tube.

With the larger diameter tubés, however, nc such trend is
observed; the number of particles being removed is quite high and
totally random. It may be that a critical velocity (c.f. 80m/s
for the 6.35 mm tubes) had not been reached due to the
limitations of volume flow on the experiment. The highest

velocity achieved with the larger tubes was 40m/s (Re=21220).

Figures 4.60 - 4.81 show the results for the smallest
diameter tube (3.2 mm). It can be seen that as the velocity
is increased from 10 to 20m/s there is a marked increase in the
number of particles removed. This velocity corresponds to the

transition from laminar to turbulent flow.

4.7.1.1 Comparison of Different Sized Tubes

Figure 4.62 shous the total number of particles greater than

0.3pm diameter re-entraineds/cubic foot of air at each velocity
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for each size of tube. As stated previously, this shous a
critical velocity for the 6.35 nm tube at E0m/s. This velocity
could not be reached for the 10 mm o.d. tube due to the
constraints of the experimental rig. A sharp rise in the number
of particles removed was observed at 20m/s for the 3.2 nn

tube.

Figures 4.83 and 4.64 show the results in terms of the
cumulative percentage re-entrainment at each velccity for the
size ranges 0.3 - 0.5¥m and 0.5 -~ 1.5pm respectively. It can be
seen that the re-entrainment is highest from the 3.2 nn

tube,

When these same results are plotted against the
corresponding Reynocld*'s number (Figure 4.65 and 4.66) it can be
seen that for the smallest diameter tube (3.2 mm) the sudden
increase occurs around the transition region between laminar and
turbulent flow (Re=2100). However for the larger size tubes,
particles do not start to be removed until the flow is well into
the turbulent regime - the particle dislodgement is so small
that it could not be detected at comparably low Reynocld’s numbers

close to transition.

4.7.2 Surface Roughness Effect

In an attempt to determine the reason for the above results,
the internal surfaces of a 3.2 mr tube and a 6.35 mm tube

were examined using a profilometer. This shows that the internal
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surface of the 3.2 mm tuke has a roughness of 47-50Pinch RA,

as compared to a S - 10Minch RA of an 'as drawn’® tube.

To further investigate the effects of surface roughness, two
4n lengths of 12 year old 6.35 mm tube were tested for re-
entrainment. These tubes had been used as part of a nitrogen line

at British Telecon.

Tables 4.28 and 4.29 show the results of the re-entrainment
test for each velocity in terms of the percentage re-entrainment
of the deposited iron oxide particles. The amount of
re—entrainment is very low and is comparable to previous test

results.

Figures 4.67 and 4.68 show the total number of particles
re—entrained/cubic foot at each velocity for each 12 year cld
tube. In contrast with results from earlier tests on neuw ’as
delivered’ 0.25" tubes, there does not appear to be a definite
velocity at which there is a significant increase of

contamination.

Figure 4.69 shows a comparison betueen these 12 year olad
tubes and the mean results of the three different sized new tubes
{(tested previously) in terms of the total number of particles
re—entrained/cubic foot of air at each velecity. It can be seen
that the results for the 12 year old 0.25" tubes are betueen
those for the new 3.2 mm tube and the new 6.35 mm and
10 mm o.d. tubes. The internal surface of the 12 year old tube has

been examined using a profilometer. This shows that the internal
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'foughness of the 12 year old tube has a roughness of 27Minch RA,
which also”lies between the internal surface roughness values for

the 3.2 mm tube (47 - S0Minch) and the new as drawn

6.35 mm tube (5 - 10Minch).

This data covers the range of surface roughness up to
50 p inch. The work reported earlier in the thesis covered
surface finishes, typically used in the I.C. industry, up to a
roughness of about 10 ¢ inch. Clearly roughness is a significant
factor, sharply increasing contamination for the poor surfaces

examined. Below a roughness of 10 B inch the effect is not

significant.




Table 4.1

ENTRAINMENT RESULTS FROM AN ELECTROPOLISHED TUBE

Sampling Flow Particle Size (pm)
Time(mins) {l/min? 0.3-0.5 0.5-1.5 1.5-3 3-5 >Hu

10 40 - - - - -
10 n — — — — —
10 ‘ " - - - - -
10 " - - - - -
10 " ~ - - - -
10 " - - - - -
10(add vib’n) " - - - - -
10 n n - - — - -—
10 " " 14 - - - -
10 " " 14 - - - -
10 " " - - —- - ‘ -
10 1] H - - - —-— —
10{no vid™n? " - - - - -
10(tap) " - - - - -
10{no tap) ! - - - - -

10(no tap) " - - - - -
10¢(flex) " - - - - -
10 5]0) 80 80 20 - -
10(flex) " - - - - -
10{pulse flouw)" 820 80 - - -
10 90 1710 920 g0 30 30
10(flex) " 1770 800 80 30 -
10(pulse flow})" 1280 240 30 - 30
10 " 420 480 - - -
10 60 - -




Table 4.2

ENTRAINMENT RESULTS FROM AN AS DRAWN TUBE

Sampling Flow

Time(mins) {l/min) 0.3-0.5
10 40 56
10 " 14
10 n —
10 * 14
10 " —_
10 n -
10{add vib'n) " -
1 o [ L] 14
10 n L] 1 4
10 " H -

1 O 1t L] -—
10 H n 28
10¢{no vid*n) *“ ‘ -
10(tap? " -
10(no tap) " -
10(tap) " -
10 n " 14
10(no tap) " -
10(£flex) " -
10 80 20
1C0(£flex) " 60
10(pulse flow)" 20
10 80 120
10(flex) " 30
10(pulse flow)" 60
10 N ' 120
10 80 20

Particle Size (me'

0.5-1.% 1.5-3
28 14
14 -
28 -
14. -
84 -
- 20
300 €0
120 -
30 120
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Table 4.3

ENTRAINMENT RESULTS FROM A CHEMICALLY CLEANED TUBE

Sampling Flow Particle Size (¢m)

Time(mins) (l/min) 0.3-0.5 0.5~1.5%

10 40 42 58
10 " 28 ~

10 " 14 14
1 o " - -

1 O ] — —

10 " - 14
10(add vib*n}) " 14 14
1 0 n H 1 4 -—

10 (1] u 1 4 -

1 0 n (1] - -

1 0 1 n —-— —_

1 0 n H -— -

10{no vib’n) ° - -

10(tap) " - -

10(no tap) " - -

10{tap) " - -

1 o n n - —

10(no tap) " - -

10(flex) N - -

10 80 100 180
10iflex) " -

10¢{pulse flouw)" 80 B0
10 a0 180 300
10(flex) " 120 380
10t(pulse flow)" 150 -
10 " 150 380
10 60 -
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42
14

3-5 >BH
14 14 |
14 -
40 -
20 -



Table 4.4

TOTAL CONTAMINATION ISSUING FROM EACH TUBE PER CUBIC FOOT OF AIR

Surface Finish Total Nunber of Particles Entrained/cu.ft
of Tube 401/min « 801l/min « 90l/min  «
Electropolished 0.7 13.5 35.1
" 0.14 -4 47.5
" 0.525
Average taken of above
3 to determine o=1 0.45% 1 8.75 1 41 1
As Draun, cleaned 1.26 2.8 18.5 2.24 84 2.0
" 1.4 3.1 2 0.24 10.%5 0.28
" 8.96 19.7
N 2.4 18.5
" 1.82 4
“ 3.64 8
Chemically Cleaned 1.82 4 14.5 1.76 23.5% 0.58
" " 47.682 105 714 87 250 6.1
" " 6.86 15 185 20 233 5.7
" " 1.39 3 11.9 1.4 10 0.24
As Draun, uncleaned 35 77
" 43.4 a5 .
" £85.8 145
" 39.2 88

o = contamination from tube
contamination from electropolished tube

- T4




Table 4.5

TOTAL NUMBERS ENTRAINED FROM TUBRE IN 10 MINUTESx

Electropolished As Drawn Chem. Cleaned

1) Velocity (40n/s) 8 64 37

» (80n/s) 179 . 205 12€4

" (90n/s) 1230 1410 2870
2) Vibration (40m/s) 11.5 26 17
3) Gentle tap (40m/s) 2.5 14 5.3
4) Flex (40m/s) - 7 5.3
5) Pulsed Flow 505 g60 16849

* fAverage values over length of run

™




Table 4.6 !

EXPERIMENTAL CONDITIONS FOR THE PENETRATION TESTS

Flowrate Velocity Reynold®*s Nunber
(l1/min) {n/s)
4 4 1414
12.5 13.5 4774

T8




Table 4.7

RESULTS OF PENETRATION TESTS

Particle No. of Flow Surface Finish Mean Penetration

Diameter Tests (l1/min) of Tubing Results(all within
(Km) - @5% of the mean)
0.3862 24 4 Electropolished 26.9 + 0.7
" 14 " Chemically Cleaned 97.1 + 0.26
! 16 ! As Draun 98.2 + 0.92 .
" 8 " Flexible Hose 99.82 + 0.014
" " Theoretically
Smooth Tube 99.43
" 12 13.5 Electropolished 87.2 + 1.28
" 11 " - Chemically Cleaned 98.1 + 0.4
" =) " A= Draun 87.6 + 1
" =) " Flexible Hose 98.1 + 0.2
" " Theoretically
Smooth Tube 98.8
0.728 24 4 Electropolished 97.% + 0.74
" 14 " Chemically Cleaned 96.1 + 0.08
" 16 ‘ As Drawn g8e.8 + 0O
" 8 " Flexible Hose 100 + 0
" " Theoretically g
Smooth Tube o8.9
" 12 13.5 Electropolished 8.7 + 0.18
" 11 " Chemically Cleaned 98.21 + 0.66
" 9 " As draun 97.8 + 0.868
" g " Flexible Hose 97.1 + 1.82
" " Theoretically
Smooth Tube 98.7

T7




Table 4.8

EXPERIMENTAL CONDITIONS AND RESULTS FOR THE P

ENETRATION TESTS

Test Flou

1 4
1 4
1 5
2 5
3 5
4 11

Relative
Section (l/min} Humidity

of Aerosol
(%)

14
14
20
20
20

2

Aerosol
Used

Latex

(1.0%9pnm)
Iron Oxide
(0.2-1pm)

No.

18]

170000
240000
350000000
18000000
18000000

32000000

cf Particles
Deposited (98%
Penetration?}

% Coverage

of Internal

Surface of

Tube Wall
{21

1.3 x 10—«

1.8 x 10—+
0.28
0.013
0.013

0.063

Note (1) Calculated deposition based on a 2% deposition
efficiency.

(2) Calculated on the basis of 1¢m diameter particles.
The probability of a particle colliding with another on

the wall

is about 9 times the coverage.
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DIFFUSIONAL AND GRAVITATIONAL SETTLING TIMES OF SUSPENDED PARTICLES

Particle Tube Diffusivity Time for Terminal Settling
Diameter Radius (n=/s) Particle Settling Time
{¥m) (m) to Diffuse Velocity {secs)
to Tube {m/s)

Wall {secs)

0.3869 0.0023  9.75x10-1* 27979 8x107° 383
= 10 hours

0.726 0.0023 4.09x10~1r gOB3R
= 25 hours 19.6x10"S 117

Table 4.9
|
\

78




Table 4.10
Test Type of Type of Number of Number % Number %
Section Re-entrainment Aerosol Particles Counted Re-entrained Counted Re-entrained
Test Used Used Deposited Re-entrained Re~antrained
Electropolished Tube As drawn Tube
Compressed Air Line Used
1 Standard 401/min  latex 170000 2 1.5 x 10-2 5 3.7 x 10-2
1 " " Iron Oxide 240000 22 1.1 x 10-2 g S x 10==
1 " " " " 350000000 142 £.5 % 10°® 77 3.5 x 10-=
Bottled Air Used
2 Standard 40l/min " " 18000000 10 8 ® 10—+ 18 1.4 x t10-=
2 Extended 601/min " " " 54 6.8 = 10-2 33 4.1 x 10—=
| Chemically Cleaned Tube
3 Standard 40l/min " " 15000000 48 4.5 x 102 24 2.4 x 10-=
3 Extended 801/min " " " 41 6.4 x 10-= 28 1.5 % 10~-=
X 10—+

4 Standard 40l/min ! " 32000000 - - 17 8.7

b
-
F]

4 Extended 601/min " " " - - 30 10-=




Takle 4,11

EXPERIMENTAL CONDITIONS AND PENETRATION

RESULTS USING A DRY

AERQSOL
Flourate Aerosol No. of Particles
(l/min) Used Deposited(98%
Penetration)
4 Hagnesiun 5980000
Oxide

81

% Coverage of
Internal Surface
of Tube Wall

0.011




Test Type of

Section

Re—entrainment
Test Used

Compressed Air Line Used

1 Standard

1 "

1 L]
Bottled Air Used

2 Standard

2 Extended
3 Standard
3 Extended
4 Standard
4 Extended
5 Standard

g Extended

401/min

401/min

601/min

401/min
601/min
401/min
£01/min
401/min

801/nin

Type of
Aerosol
Used

Latex

Iron DOxide

Magnes
Oxide

"

L]

ium

Table 4.12

Re-entrainment Results

Number of
Particles
Deposited

170000
240000

350000000

16000000

15000000

32000000

6880000

Number %
Counted Re-entrained
Re-entrained

Electropolished Tube

2 1.9 »x 10-=
22 1.1 » 101
142 £.5 x 10-2
10 8 % 10—=
54 6.2 x 10—=
48 4.5 » 10-=
41 6.4 2 10—=
79 1.4 x 10—=
52 1.5 ¢ 10~-=

Number %
Counted Re-entrained
Re~-entrained

As dAraun Tube

5 3.7 x 107=
9 5 ¥ 10-=
T7 3.5 x 10-®
i8 1.4 ¥ 10-°
33 4.1 x 10—=

Chenically Cleaned Tube

24 2.4 x 1073
o8 1.5 % 10-=
17 8.7 x 10—=
30 2.1z 10-=

e




1)

21

3)

4)

8)

6)

7)

Table 4.13

SECTIONS TESTED WITH D.1I.

WATER

One Sm length of electropolished tube (contaminated with 350

million particles of latex and iron oxide).

One 5m length of

One 4m length of

"with 32 million particles of

One 4m length of

with 16 million particles of

*as drawn’® tube {contaminated with 350
million particles of latex and iron cxidel.

‘chemically cleaned’

‘chemically cleaned’

tube

iron oxide).

tube

iron oxide).

fcontaminated

(contaminated

One Sm length of ‘as drawn’® tube {as delivered).

One 4m length of

One 4m length of

*chemically cleaned’ tube (as delivered).

tchemically cleaned’

83

tube

(as delivered).



Table 4,14

PARTICLES REMOVED IN THE FIRST FIVE MINUTES OF WATER WASHING

IN THE SIZE RANGE 0.3 -0.4 um

Test No. Particles Particles Particles
Deposited Rexnoved Removed/
(million) (million) Particles
Deposited
DIRTY TUBES
Electropolished 1 350 1.28 0.0037
As Drawun 2 350 0.0017 0.0000048
Chen. Cleaned 3 16 0.188 0.0059
. " 4 32 0.117 0.0037
As Drawun 5 16 0.0021 0.00013
CLEAN TUBES
As Drawun B8 - 0.0017
Chen. Cleaned 7 - 0.0071
" " 8 - 0.005%
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Table 4.15

PARTICLE CONTAMINATION ISSUING DURING TUBE BENDING

ELECTROPOLISHED TURE

No. of Particles
Time Flou Angle of 0.3-0.%5 0.5-1.% 1.5-3 3~-5 >»%un
(mins) (l1/min) Bend (=)

10 10 180 3 6 8 5 -
10 40 " - - - 14 -
10 90 " ~ - - - -
10 10 90 - - - - -
10 40 . - - - - -
10 90 " - - - - -
10 10 90 - - - - -
10 40 . 14 - - - -
10 90 n - - - - -
10 10 90 - - - - -
10 40 ! - - - - -
10 g0 . .- - - - -
10 10 90 - - - - -
10 40 m - - - - -
10 90 " - - - - _
10 10 90 - - - - -
10 40 " - - - - -
10 90 " - - - - -

g%



Table 4.18

PARTICLE CONTAMINATION ISSUING DURING TUBE BENDING

CHEMICALLY CLEANED TUBE

, No. of Particles
Time Flou Angle of 0.3-0.% 0.5=-1.% 1.5-2 2-5 >5unm
(nins) (l/min) Bend (=)

10 10 180 147 45 - - -
10 40 " - - - - -
10 S0 " - - - - -
10 10 S0 45 - - - -
10 40 " - - - - -
10 20 " - - 32 - -
10 10 90 12 18 - - -
10 40 " - - - - -
10 90 " 288 384 32 - -
10 10 20 63 18 - - -
10 40 " - 14 - - -
10 g0 " - - - - -
10 10 S0 84 45 3 - -
10 40 " - - - - -
10 =10) ! 64 - - - -
10 10 20 9 9 - - - ‘
10 40 " - - - - -

10 90 " - 1 1 - -




Table 4.17

PARTICLE CONTAMINATION ISSUING DURING TUBE BENDING

AS DRAWN TURE

No. of Partiples
Time Flou Angle of 0.3-0.%5 0.5-1.%5 1.5-3 232-5 >5pm
{mins) (1/min) Bend (=)

10 10 180 408 150 9 - 3
10 40 " - - - - -
10 80 " 32 128 32 - -
10 10 20 228 144 3 - -
10 40 " - - 14 - -
10 20 " 9g 160 9B - -
10 10 g0 | 33 2 - - -
10 40 " - - - - -
10 a0 " - - - - -
10 10 g0 185 g1 - - -
10 40 " - - - - -
10 20 " 96 - - - -
10 10 90 83 e - - -
10 40 " - - - - -
10 S0 " - - - - -
10 10 90 36 30 12 - 3
10 40 " - - - - -
10 90 i 32 o8 - - -
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LONG TERM NITROGEN TESTS

1) Une Sm length of electropolished tube fas delivered).

2) One Sm length of electropolished tube {as delivered).

3) One Sm length of *as draun’ tube (as delivered).

4) One Sm length of ‘as draun’ tube (as delivered).

S) One 4m length of °’chemically cleaned®’ tube (as delivered).
8) One 4m length of ’chemically cleaned® tube (as delivered).

7) One Sm length of electropolished tube (contaminated with 16
million particles of iron oxide).

8) One Sm length of ‘'as drawn® tube (contaminated with 16 million
particles of iron oxide).

9) One Sm length of 'as drawn' tube {contaminated with 16 million
particles of iron oxide).

10)0ne 4m length of 'chemically cleaned’ tube (contaminated with

Table 4.18
18 million particles of iron oxide).
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Table 4.19

Long Term Nitrogen Tests

Total number of particles removed during a standard Test at Monthly Intervals

Type of Tube imth 2mths 3mths 4mths Smths ©mths 7mths Smths 9nths 10mths limths 12mths
Electropolished - Clean - 28 28 - 28 56 568 42 70 84 28 14
" - " 14 28 42 28 56 56 70 56 42 B84 28 84
" - Dirty - 42 14 14 42 28 14 56 56 14 282 56
Chen. Cleaned - Clean 28 28 14 56 42 84 14 56 = 42 70 42 28
" - " 70 42 56 14 28 70 42 56 28 28 56 70
" - Dirty 70 42 28 - 28 28 42 70 42 24 28 70
As Drauwn - Clean 70 28 14 70 22 70 70 56 42 14 42 42
" - " 56 14 42 - 70 28 28 56 42 24 56 28
" - Dirty 1184 700 252 98 70 14 - 56 58 28 58 42

R - " 14 14 42 42 42 28 56 42 84 42 28




Table 4.20

TEST SECTIONS USED TO TEST THE EFFECT OF VELOCITY ON PARTICLE

RELEASE
1) One Sm length of Electropolished Tube (6.35 mm)
2) One Sm length of As Drawn Tube (£.35 mm)
3) One Sm length of Chemically Cleaned Tube (6.35 mm)
4) One 4m length of Electropolished Tube (10 mm o0.d.)
5) One 4m length of Electropolished Tube (10 nm o.d.)
6) One 6m length of Chemically Cleaned Tube (3.2 nm)

7) One 7m length of Chemically Cleaned Tube (3.2 mm)
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Table 4.21

RE~-ENTRAINMENT TEST ON 6.35 MM 0.D. ELECTROPOLISHED TYBE

Velocity
{mn/s)?

10
20
30
40
50
80
70
80
g0
100

Total Number of Particles
Re-entrained > 0.3unm

3

54
84
200
171
800
2024

1.9

= (e = )

+

() 3 1= () b 4
o - A |

%
Re-entrained

X

10-®

10—=
10—=
10-=
10-=
10—=
10-=




Table 4.22

RE-ENTRAINMENT TEST ON 6.35 MM O.D. AS DRAWN TUBE

Velocity Total Number of Particles %
(n/s) Re-entrained > 0.3prx Re-~entrained
10 -

20 14 8.9 x 10-=
30 22 1.4 x 10-<
40 2e 1.8 x 10—+
50 18 1.1 » 10—=
80 84 5.4 x 10—+
70 2% 1.8 x 10—=
80 88 5.8 x 10—+
80 258 1.8 » 10—
100 213 1.4 x 10—=
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Table 4.23

RE-ENTRAINMENT TEST ON 6.35 MM O0.D. CHEMICALLY CLEANED TUBE

Velocity Total Number of Particles %
{m/s) Re—entrained > O,3urm Re-entrained
10 3 2 x 10-®
20 - 7 4 % 10-%=
20 11 7 x 10-8B
490 42 2.7 x% 10—«
50 3€ 2.2 x 10—+
g0 42 2.7 » 10—=
70 125 2 ¥ 10—=
80 171 1.1 x 10—>
90 182 1.2 % 10==
100 532 3.4 x 10-=

g3




Table 4.24

RE-ENTRAINMENT TEST ON 10 MM O0.D. ELECTROPOLISHED TUBE

Velocity Total Number of Particles %
{m/s) Re-entrained > C.3un Re-entrained
5 - -
10 ' 10 1.7 % 10—=
15 15 2.5 x 10—=
20 - -
25 125 2.1 x 10—=
30 330 5.5 % 10—=
35 210 3.5 = 10-=
40 240 4 x 10—=
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Table 4.25

RE-ENTRAINMENT TEST ON 10 MM 0.D. EITCTROPOLISHED TUBE
Velocity Total Number of Particles %
(n/s) Re-entrained > O.3p=z Re-entrained
5 - -
10 110 1.8 % 10—=
15 30 5 % 10-<
20 80 1.3 x 10—=
25 700 1.2 % 10-2
30 20 5 x 10-<
35 210 3.5 % 10—=
40 240 4 x 10-=

9%




Table 4.26

RE-ENTRAINMENT TEST ON 3.2 MM 0.D. CHEMICALLY CLEANED TURE

Velocity Total Number of Particles %

{m/s) Re-~entrained > 0.3¢n Re-entrained

10 18 4.3 x 10—=

20 2828 8.3 x 10—=

30 185 4.4 x 10—= |
40 4368 1 x 10-=

50 350 8.4 2 10—=

80 1188 2.9 x 10-= |
70 1319 3.2 x 10-= |
80 1518 3.6 x 10—=

30 2249 5.4 x 10—=




Table 4,27

RE-ENTRAINMENT TEST ON 2ND 3.2 MM 0.D, CUEMICALLY CLEANED TUBE

Velocity Total Number of Particles %

(m/s) Re—entrained > 0.3en Re-entrained

5 4 7.8 x 10-®

10 41 g X 10-=

15 4804 9 x 10—=

20 35334 8.9 x 10°% i
25 4239 8.3 x 10—= |
30 4349 8.5 xz 10—= |
35 2298 4.5 x 10—=

40 68118 1.2 x 102

45 10273 2 % 10-=

50 8734 1.9 x 102

55 5937 1.2 x 10-=

50 10304 2 x 10-=

g5 9845 1.9 » 10-%

70 10133 2 % 10-=

75 ‘ 5774 1.1 x 10—=

80 12132 2.4 x 10-=

85 8219 1.6 x 10-=

Q0 12802 2.5 g 10-=

o7




RE-ENTRAINMENT TEST ON 6.35 MM 0.D. 12 YEAR OLD TUBE

Velocity Total Number of Particles %
(m/s) Re-entrained > 0.3Mn Re-entrained
5 5 4.5 x 10-=
10 : 30 2.7 % 10—=
20 200 1.8 x 10—=
30 730 6.6 x 10—=
40 973 8.8 x 10—«
30 1750 1.6 x 10-=
80 820 7.4 x 10—+
70 2357 2.1 » 10—=
80 1707 1.8 x 10—=
90 3840 3.5 x 10—=

|
|
|
|
|

Table 4.28
|
|
|
\

o8




Table 4,29

RE-ENTRAINMENT TEST CN 2ND &.35 MM 0.D. 12 YEAR QLD TUBE

Velocity Total Number of Particles %
{m/s) Ee-entrained > 0.2um Re-entrained
= 2 8.2 x 10—=
10 55 1.1 % 10—=
20 234 4.8 ¥ 10—«
30 112 2.2 x 10—=
40 80 1.9 % 10=s
20 287 5.9 x 10—
60 189 2.9 x 10-=
70 213 4.4 x 10—=
80 143 3 % 10—=
=10] g27 1.7 = 10-=
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CHAPTER FIVE

VALVES, RESULTS AND DISCUSSION

5.1 INTRODUCTION

Ultra clean process gases containing a very low level of
particulate contamination are required in many industrial
applications. This is particularly true in the Integrated Circuit
induz+ry., where conziderable care iz taken in the inztallation of
gas delivery systems to clean rooms. Three different types of
surface finished tubes have been investigated for their effect on
particulate contamination as described in Chapter 4. However,
there is virtually no quantitative information on the release of
aerosol particles from other components which comprise such
systems. An experimental programme was thus undertaken to assess
the level of particle shedding from valves. This Chapter descibes

the programme and the results obtained.

A range of different types of valves, from different
manufacturers (referred to as "A","B","C" and "D"), was tested ‘
vhen they were fully or.partly open.Clean air was passed through ‘
them and the level of contamination in the exhaust measured. This
of course reflects the level of cleanliness of the valve in the
‘as delivered’ state., The effect of repeatedly opening and
closing the valves was then determined. The initial test on fully

open or partly open valves was Trepeated.
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5.2 EXPERIMENTAL

The experiments were carried out in the Class 10 clean
cabinet (described in Chapter 3) located in the Class 1000 clean
laboratory. Clean air, which was monitored daily for 30 minutes,
was supplied from the clean air line (Chapter 3). The experimental
set-up is shown in Figure S.1. The clean air entered the valve under
test through a Tee-piece and left via a sampling chamber. When
the valve was closed the plug was removed from the other line out
of the Tee and yhe flow diverted. This procedure was folloued so
that the valve was not under any pressure when it was re-opened
‘and any particles that were entrained care from the opening/closing
motion of the valve rather from a high pressure air flow. The

particle entrainment was neasured using the Royco 225 particle

counter,

The experimental work was carried out in three stages:-

a) When the valves were fully or partly open the particle
entrainment was measured over a range of flouwrates. These
are static tests in that the valves were not moved
mechanically.

b) The valves were opened and closed a set number of times and

the amount of particle entrainment was measured over a range

of flowrates.

c) The fully open or partly open throttling test uwas repeated.

The valves were tested at four flourates for the three parts

of the test. In the majority of the valves tested, the flouwrates
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were 20 l/min, 40 l/min, 680 l/min and finally 90 l/min. At each

flowrate, the valve was purged for at least one hour or until no

more particles were seen to be released.

The results of parts (a) and (¢) of the test are shown in
terms of the total number of particles entrained in ten minutes.
The histogram of part (c) of the test is situated immediately
below the histogram of part (a). However, the results of the

opening and closing test (part (b)) are shouwn in tabular form.

The experimental work can be categorised into two sections -

manual valves and air-—-operated valves.

5.3 HANUAL VALVES

The experimental programme undertaken on manual valves can
be further categorised into the different types of valves tested.
Four types of manual valves, produced by different manufacturers,

TA’,°B?,*'C' and D’ uwere tested, these are as follows:

1) Ball valves (Figure 5.2)
2} Needle valves (Figure 5.3)
3) Bellows valves (Figure 5.4)

4) Diaphragm valves {Figure 5.5).

5.3.1 Ball Valves

Four "A" and three “B" ball valves uwere tested in this part

of the experimental programne.

The results of parts (a) and (c) of the tests are shouwn in
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Figures 5.8 - 5.12 in terms of the total number of particles
entrained in !0 minutes. Both makes of ball valve could only be
tested in the fully open position. It car be seen from these
Figures that there was not a significant Z4ifference between the
two sets of results. However, all of the valves release high

contamination in the ’as delivered® state.

The results of the opening and closing tests (part (b}) are
shown in Tables 5.1 - 5.7. Both makes of valve uwere found to
release random numbers of particles, which increased as the flow

through the valve increased.

5.3.2 Needle Valves

Four "A" needle valves were tested in this part of the
experimental programme. However, two of these needle valves uere
found to release such a large number of particles it was not

considered weoerthwhile t0 continue the tests.

The results for parts (a) and (c) of the test for the
remaining two needle vaives are shown in Figure 5.13 & 5. 14.
The needle valves were tested in the fully, 3/4, 1/2 and 1/4
open positions. Again, there is not a significant difference
betuween the two parts of the test, large numbers of particles are

released in both parts of the throttling test.

The results of part (b) of the test are shown in Tables 5.8
& 5.9. The needle valve was found to release large numbers of
particles, which increased as the flow through the valve was

increased,
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5.3.3 Bellous Valves

One "C" and five "B" bellows valves were tested in this part

0f the experimental progrannme.

The results of parts (a) and (c¢) of the test are shown in
Figures 5.1% - 5.19 for the "B" valves and Figure 5.20 for
the "C" valve. One of the "B" valves tested was a toggle
bellouws valve; and could thus only be tested in the fully open
position. All the other bellows valves were opened and closed by
a handvuheel and were also tested in the 374, 1/2 and 1/4 open
positions. The results show that for the four handuheel bellous
valves there is not a significant difference in the tuwo sets of
results. However, Figures 5.19 and 5.20 show the results for the
toggle "B" and handwheel "C" bellous valves, for both of
these valves there are significantly more particles released in
the 'as delivered® state (i.e. for part (a) of the test) than in
part (c) of the test. This suggests that the valves cleaned up

with use.

The results of the opening and closing tests are shown in
Tables 5.10 - 5.15. The majority of the bellows valves tested
(including the toggle bellous valve) released very small amounts
of contamination while being opened and closed. However, one of
the handuheel bellows valves released a very large nunmber of
particles throughout this test. This does suggest that in the
main the bellows valves are amongst the cleanest of all the

|
|
different types of valves tested in this way - however, ue should |
\

173




be aware that a ‘rogue’ valve could slip through the quality

control net.

5.3.4 Diaphragm Valves

5.3.4,1 Valves Tested Up To 40l/min

Three diaphragm valves have been tested in this part of the
experimental programme, these consist of one "B" valve, one
"C" wvalve and cne "D" valve. The flowrates used for these valves

were 10 l/min, 20 l/min, 301/min and 40 l/min.

The results of parts (a) and (¢} of the tests are shown in
Figures 5.21 - 5.23 for the "B", "C" and "D" valves respectively.
All three valves uere tested in the fully open position only. It
can be seen from these Figures that there is not a significant
difference between the two sets of results for the "B" and
"C" valves; if anything there are less particles removed in
part (c) of the test than in part (a). Hcwever, at the highest
flowrate for the "D" valve there is quite a large difference
between thé tuo sets of results. There are a great deal more
particles released in part (c¢) of the test than in part (a). The
"D* valve also released the highest amount of contamination in

the 'as delivered’ state.

The results of the opening and closing tests are shown in
Tables 5.18 - 5.18. All of the valves are found to release randon
amounts of particles, which increased as the flow through the

valve was increased. Of the three types of valve, the "D"




diaphragm valve released the most contamination. However, one test
of each make of diaphragm valve is not encugh to get a truly

representative picture

5.3.4.2 Valves Tested Up To 901/min

Four "B" diaphragm valves were tested in this part of
the experimental programme and these are as follows:
1) 1/4 turn diaphragm valve (NC-55)32
2) 174 turn diaphragm valve
3) 1% turn diaphragm valve

4) 1% turn diaphragm valve (NC-55).

The results of parts (a) and (c¢) of the tests are shown in
Figures 5.24 - 5.27. Valves (1) & (2) were tested in the fully
open position only, whereas valves (3) & (4) were also tested in
the 374, 12 and 1/4 open positions. It can be seen from
these Figures that there is not a significant difference between
the two sets of results. In the *as delivered® state, valves (1)
and (4) released the least contamination - this as was expected

as they had been processed under clean room conditions.

The results of the opening and closing tests are shown in
Tables 5.19 - 5.22. All four diaphragm valves were found to
release random amounts of particles, which increased as the flow

through the valve uwas increased.

1NC-55 refers to the special cleaning process used for these
valves which are processed under a Class 100 clean tunnel.
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5.4 AIR OPERATED BELLOW3 VALVES

The air operated valves can be further categorised intoc two
different types of valve:
1 Nermally open valve - one which is u:ually kept in the fully
open position.

2) Normally closed valve.

As far.as possible the same experimental procedure was used
on the air driven valves. Parts (a) and (2} of the test wvere
carried out only on the normally open valve in the fully open
position. Part (b) was carried out as norzal on both types of

valve.

5.4.1 Normally Open Bellous Valve

One "B" normally open air operated bellows valve uas

tested in this part of the experimental programme.

The results of parts (a) and (c) of the test are shown in
Figure 5.28 in terms of the total nunber of particles entrained
in 10 minutes. A significant difference can now be seen betuween
the large number of particles entrained at the start and the low

number at the end of the run.

The results of the opening and closing test are shouwn in
Table 5.23. It can be seen that the normally open bellous valve

released a large number of particles in this test.
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5.4.2 Normally Closed Bellous Valve

One "C" and three "B" (one of which had been cleaned under a
class 100 c¢lean tunnel) normally closed bellouws valves uere

tested in this part of the experimental progranne.

The opening and closing part of the test was carried out on
these types of valves only, the results are shouwn in Table 5.24 -
5.27. 1t can be seen from these results that the first "B"
valve released a large number of particles. However, thére is not
a significant difference between the other three valves tested -

they were all found to release small random amounts of particles.

5.5 COMPARISON OF THE DIFFERENT TYPES OF VALVE

Before discussing the results it is pertinent to consider
the likely sources of particulate contamination arising from the

use of valves. These may be summarised as follous:-

i. Entrainment from the internal surfaces of particulates left
over from the manufacturing and assembly processes., This is
a reflection of the effectiveness of cleaning priocr to

delivery.

ii. Particle entrainment due to flexure of diaphragms, sSprings
and the surfaces of bellouws during operation. Coﬁtamination
of gases during tube bending has certainly been cbserved
(Stenhouse and Arncld 1988); however, it is difficult to
determine whether this is due to the entrainment of adhering

particles or the generation of new particles arising from
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surface breakage.
iii. Surface wear caused by mechanical action.
iv. Generation from grease etc. left over from manufacture.

Figure $.29 is typical of a purge test - the total number of
particles greater than 0.3 pm diameter entrained over 10 minute
periods are shown. The valve was purged at 20 l/min until
contanination ceased; then the purge rate was increased.to 40
1/min, then 60 l/min and finally S0 l/min. Cle#rly residual
contamination from the manufacturing process was being removed.

Obviocusly turbulent entrainment increases with flowrate.

Particulate contamination over the purging period is shown
for a range of types of valve in Table 5.28. The figures shown
are an integral over the purging period and represent the
averages of several valves for each type tested. There are
significant differences betuween the design types but within these
are also significant differences between those produced by
dif ferent manufacturers, reflecting individual variations in

design and cleaning and assembly procedures.

The effect of opening and closing the valves 100 times is
shown in Table 5.29. When the ball valves, for exanple, uh;ch had
previously been operated in an opening/closing test at 60 l/min,
were opened and closed 100 times at 90 l/min, they released on
average 1,845 particles per cubic foot during the 10 minute
duration of the test. Mechanical action in the ball valve, and

especially in the needle valve, caused substantial contamination.
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Tests on two needle valves were discont:inued because of cbvious
breakdown of the seating. In the diaphragm valves tested the

spring was located in the process gas stream, where its movement
caused heavy contamination. If this were not in contact with the

process stream the contanination would be greatly reduced.

Follouwing these tests the purge sequence was repeated.
Although the contamination was generally less, it was of a
similar order to the contamination initially measured. This
suggests that some of the contamination generated during
operation is relocated on the internal surfaces, where it can be

re-entrained by the turbulent action of the process gas.

It can be concluded that:

1) - Attention to manufacturing practices, especially cleaning
and clean assenbly, leads to cleaner components.

2) Consideration of particle generation mechanisnms during use,
such as wear and flexure and a reduction of area exposed to
the process gases, should lead to the design of more

suitable components.
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Table 5.1

1ST *A’ BALL VALVE - OPENING/CLOSING TEST

Time Flow Total number of particles entrained
(mins) (l/min) 0.3-0.% 0.5-1.5 1.5-3 2-5 >S5y
1 20 open/close once - - - - -
1 L} 1] 7 - — - -
1 " i - — — —_ —_
1 (1] L} —_ — - -— —
1 n n — '? - — -
1 " L[] —_ — — -— p—
1 H " - _ — - -
1 n n 1 4 — — - -—
1 n L] - —_— P - -
1 n H - —_ —_ — —
1 40 open/close once - - - - -
1 1] L —_ — - — 1 4
1 ” n - o —_ —_ -
1 ] " 4 2 — — — —
1 n n - — -— _ -
1 n " — - - - _
1 ] [0 - — - _ _
1 " "* - — — - —
1 [} " _ - - - -
1 i ] — - — - -
1 80 opensclose once - - - - -
1 " (1] - - — — —
1 LI} " 4 o — —_ —_ -
1 n u — — — — —_
1 1] " - — - —_— —
1 n u _— — — - —_
1 (1] " - - - - —
1 ] H —_ — - — -
1 " " - - 20 - 20
1 ] L} - p— -_— — -
1 90 open/close once - - g0 - -
1 L1} L} — —_ - - -
1 n n 8 O — - - .
1 L} n - - — - —_
1 1} [1] —_ -— - —_ -
1 n n 8 O —_ — — —
1 " " g0 20 20 - -
1 " " - g0 - 30 -
1 n " - - - - -
1 n H — 3 0 — — —_
10 20 opens/close 100t, 90 240 150 g0 80
10 90 opensclose 100t. 210 210 240 30 80
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Table 5.2

2ND *A* BALL VALVE — OPENING/CLIOSING TEST

Time Flow Total number of particles entrained
(mins) (1/min) 0.3-0.% 0.%5-1.% 1.5-3 2-5 >Bu

1 20 open/close once 21 14 21 - -

1 " " 14 7 7 - -

1 1 " - 14 - - - |
1 " " 7 - 7 - - |
1 i u — — - - —_

1 " [} —_ — - — —

1 n u - — - —_ -

1 H L1} - — 7 — -

l n L} —-— - — ~— —_

1 " H - - - — —

1 40 cpensclose once — 14 - - -

1 " " 14 14 - - -

1 n " — - — — —

1 1] n — —_ - - -

1 n " - — — — -

1 L} n — - - - —_

1 " " 14 - 14 - -

1 u " p— — _— —-— -—

1 " L - - — — -

1 n " - 14 - - —-

1 B0 open/close once 20 40 80 20 20

1 H " — ) -— - —_ —

1 n " -— — — - —

1 " ] - —_ — 2 o -

1 n (1] - 2 O - — —

1 " " - 20 20 - 20

1 [ ] 1t — -— — - -

1 n n 2 O —_ —_ - —

1 " " - 20 20 - -

1 L] H - - - — -

1 90 open/close once S0 60 80 - -

1 H n — - 6 O —_— —

1 " o 680 90 - - 30

1 " " 120 180 240 - -

1 " " - 60 20 - -

1 " " 30 30 60 30 -

1 n N n . - — — - _—

1 " " - g0 60 - -

1 " n —_ 6 o — — —

1 " " - g0 20 - - ‘
10 90 open/close 100t. 3450 4590 1170 20 120 |
10 90 open/close 100t. 14550 4350 3390 1170 1230
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Table 5.3

3RD *A’ BALL VALVE - OPENING/CLOSING TEST

Time Flow Total numrber of particles entrained
{mins) (l/min} 0.3-0.5 ©0.5-1.%5 1.5-3 .2-% >Bp
1 20 opensclose once 812 1022 1681 7 -
1 n 1] -_ — - — -_
1 * ] —_ — _— — -—
1 L L] — - — -— -—
1 1] H - —_ — - —_
1 " n — p— — - —_
1 i It - - - - —
l " n —_— - — -— -
1 n " - - - - -
1 n ) H —_ - — — -
1 40 open/close once - - - - -
1 n n — —_ — — —_—
1 L} ] - - . p— -
1 n |l —_ -— — — -—
1 n n 1 4 - _— -— -_
1 L] H - — — p— -
1 ] n — — — — -
1 L] " - - - —_ -—
1 n 1] — — —_ — -
1 L] n _— - — - —_
1 80 open/close once - - - - =
1 n i - - — — —
1 " " 280 580 60 - -
1 " " —_ - - - -
1 1 " 21 - - _ _
1 L] H —— - —_— — —_
1 n ] - - - - -~
1 (1] N — - — [— -
1 " ] - - — - -
1 1 n - - — - -
1 90 open/close once 150 180 - - -
1 ] " - - 3 O — —_
1 " 1] - - 3 0 — -
1 H i) — - — —_ -
1 1] " - - — -_— —-—
1 " u — _ — — _
1 H " — 8 O — - -
1 1] n — — — - —
1 " 1] 3 0 - — - —_
1 ] [[] — — — _ -
10 20 open/close 100t. 7 7 - - -
10 40 opensclose 100+, 28 =3 28 42 22
10 680 open/close 100%t. 220 340 20 - -
10 90 opensclose 100t. 10%0 1800 450 30 20
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Table 5.4

ATH *A’® BALL VALVE - OPENING/CLOSING TEST

Time Flou Tetal number of particle
{(mins) (1/min) 0.3-0.% 0.%5-1.% 1.5-3
1 20 open/close once - - -
i n 1] — —_— —_
1 n (1] — — _—
1 n # —_ —_ -
1 L} n - —_ -
1 L ] — — —
1 n n - — —
1 Lt} " —_ — -
1 n " - - —
1 40 open/close once - - -
1 " " - —_ —
1 " " - - -
I 1 " n — —_ -—
1 n 1" - — —
1 It L] —— - -—
1 1] " - - -
1 u L} — -— -
1 n n — — —
1 n " — - —
1 80 open/clos=e once - - -
1 " ] - - -
1 " 1 — - -
1 " ] - - —_
1 n h - - —
1 " [] — — -
1 ] " - - -
1 n " — - -
1 " " f— - -
1 H L] - — -~
1 S0 open/close once 30 60 60
1 n ) 1] - 3 0 —
1 " ” 3 0 — —
1 (1] L] 8 0 - -
1 n (] — —_ p—
1 (1] H - - —-—
1 n L} - - -_
1 " H - 30 -
1 1] u - - —
1 " " S0 g0 -
10 20 open/close 100t. 21 14 -
10 40 open/close 100t. 28 e 84
10 €0 open/close 100+, 220 200 120
10 80 open/closge 100t. 1230 1ET0 480
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Table 5.5

1ST *B* BALL VALVE - OPENING/CLOSING TEST

Time Flow Total number of particles entrained
(mins) (l/min) 0.23-0.% 0.5-1.% 1.5-3 2-5 B
1 20 open/close once - 14 - - -
1 n L} - - - — —
1 " " —_ - — -— -
1 " n - — - - -
1 1] L} — - -— _— -
1 n n -— — — — -
1 L} " — _— —-— -— -
1 n n — — — — —
1 n n — - —_ —_ —
1 " L — _— - . -
1 40 open/close once - - - - -
1 u " - —_— — — —
1 n " - - — — —_
1 11 " - - - —_ —_—
1 u n - - — — —
1 L) L] - _— - — —
1 n " — — —_ — —
1 L H — - — —_— -
1 1] L] - — - - -
1 ] H —_ —_ — p— -
1 60 open/close once 20 - - - -
1 u 1] - — — — -
1 i 1] — - -_— -_— -—
1 " " — - — — —
1 [[] " - - - — -
1 " " — - —_ P —
1 L3 1] -— -— - — -
1 " " _— - — — —
1 1 1] - - - - -
1 " " - - — —_ —_
1 90 copen/close once - - - - -
1 It " — — —_ —_ —_
1 " " - _— — — —
1 (1] H - - -— — —
1 H n -— 3 0 —_ —_ —_
1 1] [ 1] —— —_ - - ——
1 " " g0 30 - - -
1 " n — — — — —
1 n " -— -— — — -
1 H n -— _— —_ —_ —
10 20 open/close 100t. - - 7 - -
10 40 open/cleose 100t. 14 14 - - -
10 80 open/close 100t. - 20 - - -
10 90 open/close 100t. 210 30 80 - -
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Table 5.8

2ND 'B° BALL VALVE - OPENING/CLOSING TEST

Flow Total numbter of particles entrained
(l/min) 0.3-0.%5 0.5-1.% 1.5-3 3-5 >Bu

20 open/close once - - - - -
2] " _ - -— - —_ ‘
1] " : : : : : ‘
[T} 1] '? — —_ _— -

‘ " I Z Z _ _

40 open/close once - - - - -

" " — - 1 4 - —_

n L} _— —_ 1 4 - —

80 opens/close once - - - - -

" 1] -— 20 —_ —_ -

90 copens/close once - - 30 30 -

" n 30 30 - - - ‘
" " 30 30 30 - -

] ] -— - 30 —_ -

L] 1] —_ 60 _— _— —_

n n - 60 : - — -

" " 60 30 — - _

20 opensclose 100t. 7 14 7 - -

40 open/close 100t. - 42 - - -

680 opens/cloze 100t. 80 40 - - -

90 opensclose 100t. 210 380 180 60 -
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3RD_'B’

BALL VALVE - OPENING/CLOSING TEST

Table 5.7

Time Flow
{mins) (l/min)

20 open/close

40 open/close

L] "

AL n

B0 open/close

# H

f i

b bk b b ik A fub bk bk b ok beh ok ek bk frh puk h b b b fed il gk pob b ok e b b ok b ok peh Jb ek 3 ek ek b

10 20 open/close
10 40 open/sclose
10 680 open/close
opens/close

once

once

once

once

100t.
100t.
100¢t.

Total number of particles entrained

0.3-0.%5 0.5-1.%

56
200

!

[

28

140

1.5-3

2-5 >BH




Table 5.8

1ST *A* NEEDLE VYALVE — OPENING/CLOSING TEST
(CLEANED FOR O> SERVICE)

Time Flow Total number of particles entrained
(mins) (l/min) 0.3-0.5 0.5-1.% 1.5-3 3-S5 >5p
1 20 opensclose once 28 21 - - -
1 n L] — 2 1 —_ —_ -
1 " 1] 7 - — —_ _
1 [E] 1] - 2 1 — - -
1 n i '7 14 — — -
1 [t} n -~ — - - -
1 n L1} - '? —_ -— —
1 n L] P - —_ - —
1 L] n — -— — '? _—
1 " " - '? — - -—
1 40 opensclose once 28 24 B84 14 -
1 " ! - 42 14 - -
1 " " - 70 14 - -
1 " " 14 568 28 14 -
1 " " 14 238 28 - -
1 n n 14 14 14 - —
1 " " - 14 - 14 -
1 " " ‘ - 14 28 - -
1 n " - 14 - —— -
1 " " - 28 - 14 -
1 60 cpensclose once 40 80 80 20 20
1 " ! 100 g0 40 20 -
b3 " " - 80 80 20 40
1 " " 40 140 80 40 20
! " " 20 100 g0 - -
1 " " 80 40 40 20 -
1 " " - 100 80 40 -
1 " " - 20 80 20 20
1 " " 100 260 140 80 20
1 " " - 180 20 €0 -
1 90 opens/close once 12680 4530 290 210 -
1 " " 210 1320 380 30 30
1 " " 780 2430 780 30 30
1 " " 1220 3120 780 - -
1 " " £90 1800 270 - 30
1 " , " 210 450 180 - 30
1 " " 120 860 300 30 30 -

1 " " 240 660 270 150 -
1 " " 90 360 120 - -
1 " " 330 720 360 - -
10 20 opensclose 100t. 14 35 21 14 49
10 40 open/close 100t. 42 280 238 196 112
10 60 open/close 100t. 420 . 1580 1080 540 380
10 90 opensclose 100t. 3080 6390 4920 1290 570




Table 5.9

4TH *A° NEEDLE VALVE - OPENING/CLOSING TEST

Time Flow Total number of particles entrained
(mins) (l/min) 0.3-0.%5 C.5-1.% 1.5-3 3-5 >54
1 20 open/close once - - - - -
1 " (1] "? '7 —_ — —_
1 H L} - - - - —
1 n n - - -— — -
l 1 u — -_— — — —
1 " n — — - — -
1 1t n — - —_ —_ —
1 H (1] — -_— —- — p.
1 Il n - - — -_ —
1 1 " - - — — —
1 40 opens/close once 14 188 28 14 -
1 " . 14 208 84 - -
1 L] n — — - - -
! " ! 58 224 70 - -
1 1L n - —_— —— —_ —_
1 n n p— - — — -—
1 n o -— — _— — —
1 " n - - - — -
1 n n — — -— — —
1 n n —_ _— — —_ —_
1 60 open/close once 1640 4440 1500 20 -
1 " " 540 2880 780 - -
1 " " 80 520 420 - -
1 " 1 40 ) _ _ _ _
1 " " 1140 3220 1200 - -
1 " " 980 2880 200 20 -
1 " " 120 120 80 - -
1 n [ - 20 - — e
1 " " 1060 3120 1140 - -
1 » " 820 1900 780 - -
1 80 cpens/close once 810 3150 830 518 -
1 " " 2900 11790 2370 - -
1 " ! €930 17910 4950 - -
1 N " 8100 243290 8030 - -
1 " " 1050 3080 930 - -
1 " " 720 1320 390 - -
1 . o ' 3540 10290 2520 30 -
1 " " 2190 4880 990 30 -
1 " " 510 1280 3680 - -
1 " " 10890 35250 9500 30 -
10 20 open/close 100t. 28 83 21 - -
10 40 open/close 100%. 42 364 168 - 14
10 80 open/close 100t. 20 80 40 - -

10 90 opens/close 100t. 150 150 S0 80 90




Table .10

1ST *B® BELLOWS VALVE - OPENING/CLOSING TEST

Time Flow Total number of particles entrained
(mins) (1/min) 0.3-0.% 0.%5-1.% 1.5-3 3-5 >oR
1 20 open/close once 49 42 - - 7
1 " " 42 77 7 - -
1 " " ‘ 56 84 7 - ~
1 " " 77 119 14 7 -
1 " " a8 108 - - -
1 » " 28 =] 7 - -
1 " " 77 58 42 - -
1 * " g1 42 14 - -
1 " oo 105 84 21 - -
1 " " 123 77 21 7 -
1 40 open/close once 518 2890 70 28 -
1 " “ 4290 364 28 - -
3 " " 364 292 28 - -
1 " " 336 210 28 - -
1 " " 532 308 14 14 -
1 " " 504 224 - - -
1 " N 420 364 42 - -
1 " " 308 280 - - -
1 " " 384 308 70 - -
1 " " 286 252 14 - -
1 60 open/close once 800 800 40 40 -
1 " " 880 700 60 - -
1 " " 480 800 80 - -
1 " " 380 300 20 - -
1 " " g80 460 20 40 ~
1 " " 540 540 40 20 -
1 " " 820 260 - - -
1 (1] n 480 1 80 —— — —
1 . " 420 280 - - -
1 " " 540 180 80 - -
1 90 open/close once 1850 1200 180 - -
1 " v 1250 720 80 - -
1 " " 200 540 80 - -
1 " " 1410 290 - - -
1 " " 890 542 30 - -
1 " " 1050 750 30 - -
1 " " 810 420 - - -
1 " " 680 420 - - -
1 " " 260 180 ‘30 - -
1 " " 840 260 30 - -
10 20 open/close 100t. 3857 3267 357 7 7
10 40 open/close 100t. 44286 25844 784 42 -
10 60 open/close 100t. 120320 83800 1580 80 -

10 S0 open/close 100t.207030 103350 3900 210 g0




Table 5.11

2ND 'B’ BELLOWS VALVE - OPENING/CLOSING TEST

Time Flow Total number of particles entrained
{mins) (l/min) 0.2-0.5 0.5-1.% 1.5-3 3-5 >y

1 20 opens/close once - - - - -

1 " " —_ —_ —_ —_ -

1 1] n — — —_ — —

1 ] i a— - - — -

1 n n —_ — — - -

1- t 1] - — — —_ —_

1 n L — -— - - -

1 " n —_— — — -— -

1 n L} — -— — —_ —_

1 n (1] -— — —_ —_ —

1 40 open/close once - - - - -o=

1 n " 14 — - _ -

1 " " — - _ - _

1 " L] - —_ — - — |
1 " " - 58 - - - |
1 1§ u - P — —_— p—

i " I - _ _ _ . |
1 n H - - — -— — ‘
1 " ! - = = - - |
1 n n — — —_— — - ‘
1 60 open/close once - - - - - ‘
1 n ] — - -— -— —_

1 1] n — — — — - ‘
1 n It — - - - —_ ‘
1 L] L] - - - - — ‘
I ] 1] _— — — — - |
1 1] 1] — —_ —_ —_ —

1 () 1] - - - — —_

1 n n - — — —_ —

1 H ]} - — —_ — -

1 80 open/close once - 30 - - -

1 " " 30 30 - - -

1 n " — - -— - -~

1 i n _— - - _— _

1 n ] 3 O -— — _ —_

1 " n -— —_ — - -

1 ] " - 6 0 —_ —_ —_

1 ] 1] 6 0 — — —_ —_

1 " " - 3 O — — -

1 " n — -— - . — -

10 20 opensclose 100t. - - - - -

10 40 opensclose 100%t. 14 - - - -

10 80 open/close 100t. 180. 80 80 20 60

10

90 open/close 100t. 90 210 80 - -




Table 5,12

3RD *B*® BELLOWS VALVE — OPENING/CLOSING TEST

Time Flou Total number of particles entrained
{mins) (l/min) 0.3-0.5 0.5-1.5 1.5-3 3-5 >5u
1 20 open/close once - - - - -
1 u " — — e — —_
1 n " —_ - - - —
1 n n - - - — -
1 n " — -— — — p—
1 " it — - — - -
1 " [ - - - _ _
1 n " - - - - _
1 " " - _ - - _
1 n " - - - - -
1 40 open/close once - - - - -
i n n - - o —_ —_
1 " 1] — — - —_ -
1 n " — - - - -
1 L] n - - —_ - —
1 13 L] — — - — -
1 1] n —_ — - - -
1 [} n — - — - -
1 . L) n - - — —_ -
1 60 open/close once - - - - -
1 u i - - -— - -
1 " 1] —_ — —_ — —
1 n n —-— - -— - —_
1 n n —_— 20 —_ - -
1 " n —_ 20 — - -—
1 " 1] — - — — -
1 n L] - 20 —_ —_ -~
1 L1} n _— - —— — -
1 n ] 20 — —_ - —_
1 90 open/close once 30 - - - -
1 " oo - 30 30 - -
1 n " — - - — —
1 " n 30 — - — -
! " " - - - 20 30
l 1] i -— - —_ — -
1 " n — - — —_ -
1 u n — -— —_ —_— —_
1 1 n — — — - —_
1 " " 80 g0 - - -
10 20 open/close 100t. - - - - -
10 40 open/close 100t. 96 - - - -
10 €0 opensclose 100t. - 80 - - -
10

20 open/close 100t. 240 380 60 - -
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ATH B’ BELLOWS VALVE - OPENING/CLOSING TEST

Time Flow Total number of particles entrained
(mins) (l/min) 0.3-0.%5 0.5-1.% 1.5-83 3-5 >By

1 20 open/close once - - - - -

1 " " - - -— - —

1 n L] —_ —_ — - o

1 L] n -— -— — - -

1 n 1l - — -— — —

1 It " - - — — -

1 n n —— - — - -

1 " * - - —_ - — ‘
1 n n - —_ — - -

1 1t " - - - _ - 1
1 40 open/close once - - - - - |
1 L # —_ — — - -

1 n Ll — f— 1 4 — — ‘
1 n L] — -— — — - ‘
1 ] n - —_ —_ - - ‘
1 n n - 4 2 — _— -

1 " " 14 - - - ‘
1 n n —-— -— - - — ‘
1 ] (] -— - - - -

1 n n _— - — - -

1 60 open/close once - - - - -

1 n ” — -— — — —-—

1 (1] 1 p— -— - —_— -

1 1 ] - -— - — -

1 L} n —_ — — - - ‘
1 " L] - —-— — — - ‘
1 h n -— - - - —

1 I " - - - - _ ‘
1 " n — - —— - - ‘
1 u H —_ — — — —

1 80 open/close once - 80 - - -

1 n n —_ — —_ —_ — ‘
1 »* " — - - — —

1 1] 1] — — — —_ —

1 1] " —_ — —_ —_ —

1 n n - - — - —

1 n " — - —_ —_ —

1 (1] n —_ —_ —_ — -

1 L] " — - - - —

1 (L] n — - —_ —_ —

10 20 opens/close 100t. - - - 7 -

10 40 opensclose 100t. 14 - 14 - -

10 60 opensclose 100t. - - - - -

10

90 opensclose 100t. 210 270 30 - -
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Table =.14

‘B TOGGLE BELIOWS VALVE - QPENING/CLCSING TEST

Time Flou Total nunber of particles entrained
(mins) (1/min) 0.3-0.% 0.5-1.5 1.5-3 3-5 B
1 20 opensclose once - - - - -
1 n 1] p— — — —-— —
1 " 1) —-— - — — —
1 " n - - — — -
1 L] L} —_ —_ — — .
1 n " — —_ — - -
1 n n p— — — — -—
1 L] n - - - — —_
1 1 L] —_ —_ —_ - —
1 n n — — —_ —_— —_
1 40 open/close once 28 - - - -
1 n n - - - — -
1 n n - - - — -
1 " it — —_ —_ —_— —_
1 n n — -— — — —
1 n i — -— 1 4 — —
1 1] n —_ - — — -—
1 1 n — - - — -
1 n ] - -_— — - —
1 [} " — — — - -
1 80 cpen/close once - 20 - - -
1 n 13 - — —_— —_ -
1 H 1] — -— — — -
1 u n — —_ - — -
1 " " — - - - —
1 L} n - — - - -
1 n n - — — — —
1 (1] L] — - - - —
1 H 1] - — —— . -
1 n " - — -— — -—
1 90 open/close once - - - - -
1 n n - — -_— -— -—
1 " 1] — — - —_ —
1 n 1] -— o — — —_
1 " * 30 - 90 - -
1 n n —_ — — - -—
1 L] " — — — —_— —_—
1 n " - — — - -
1 | n —_ - - — —
1 u n . -— - —_— -_—

20 opens/close 100t. 7 - - - -
40 open/close 100t. 14 - - - -
open/close 100t. - 8o - - -
90 open/close 100%. 30 20 20 - -

e b b
loNoNeNo
(0)]

o




Table 5. 15

'C' BELLOWS VALVE — OPENING/CLOSING TEST

Time Flow Total nurber of particles entrained
(mins) (l/min? 0.3-0.%5 ©.5-1.5% 1.5-3 2-5 >5u
1 20 open/close once - - - = -
1 n " - - - - -
1 n n - - — — -
1 " n — - — - -
1 n 1] - —_ -_ - p—
1 u n — —_ — - -
1 H I —_ - -_ -— -
1 n H - - - — -
1 n L . - - - -—
1 ] " — - —— - -
1 40 open/close once - - - - 14
1 ! " - - 28 - -
1 " L] — - — — —
1 n " - — — . -
1 n H - —_ —_ - -
1 n n - 1 4 — — -—
1 n ] - 1-4 -— . -
1 L] 1 —_ — - — -
1 13 n - _ —_ —_ -
1 n " - _— — - -
! 80 open/close once - - - - -
1 (1] LI} —_— - - — -
1 " " - - - - -
1 1 1 — - -— — -
1 n L} - u— -— - -
1 " [} - - 20 - -
1 n " 20 -_— — — —_
1 " [} — 20 — —_ —
1 ] 1 — - —_ —_— 20
1 " " — 40 - j— -
1 90 open/close once - - - = -
1 " L _— - -_— — —
1 H " - - 30 - -
1 ! " 30 - 20 - -
1 1 " — - —_— - -
1 n n — - — _ —
1 L1} n — -— —_ - -
1. " n — _— _— — -—
1 " " 20 - - 30 -
1 n n _— —_ 30 —_ —_
10 20 open/close 100t. 7 - - - 7
10 40 opens/close 100t. 14 42 B84 - -
10 80 open/close 100t. 80 40 g0 - -
10 90 opens/close 100+t. 90 20 210 30 20
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Tahle
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.18

*B* DIAPHRAGM VALVE (MAX. 40 1/HMIN) - OPENING/CLOSING TEST

Time
{nins)

bbb Bk ek b b b peh bk feh Gk fd b ik ek bbb b b fob fot =k pod b b poh b ped b fb heb pb bk bbb joh b jen b pea

10
10
10
10

Flow T
(l/min) 0.3-
10 open/close once -
" " —_
[l n -
" " —_
" 1] -
" " -
1} " :
" 1] —_
" ] -
20 open/close once -
" " :
" [} -
n " :
" [ —
L] n 7
1} n 7
It it —
30 opensclose once 10
[} " -
] " -
n 1] 1 0
" " :
n " -
H (1] 1 o
n ] -
] " -
40 opens/close once -
n " _
] ] -
" " -
] " -
" " -
(L] #* 1 ;
" n —
10 open/clese 100+. 3
20 opens/close 100t. 140
30 opensclose 100t. 820
40 open/close 100t. 18870

ptal

numbe
0.5-

3]

Pa
1.

r
5-3

Ib bt
tJ NN
SO |

ticles entrained

3-5 >oK




Table 5.17

*C* DIAPHRAGHM VALVE (MAX. 40 L/MIN) - OPENING/CLOSING TEST

Tine Flowuw Total number of particles entrained
{(mins) (l/min) 0.3-0.%5 0.%-1.5 1,5-2 2-5 >Sp
1 10 open/close once - - - - -
1 13 n — — - -— —
1 LI} H — - — - —
1 n " — —_ — — —
1 " n —_ - — - -
1. " 1 3 - - — -
1 n (] 3 3 —_ - —
1 un n —_ - — — —_
1 n 1] 3 — _— — —
1 1} ] - — — -— .
1 20 open/close once - - - - -
1 " " - - 14 - - ‘
1 It L] 7 - '7 - —_ ‘
1 n " -— p— — — ‘
1 n H — —_— — - —_ ‘
1 " ] 7 - 21 - - |
1 H 1] - — . - — — |
1 . " 7 7 7 - -
1 n n - 7 14 —_ -
1 " L] —_— — 1 4 -— -
1 30 open/close once - 70 - - -
1 1] n 1 o —_ - — —
1 " . - 30 10 - -
1 (1] it — 10 — — —
1 " n — 20 —_ - _—
1 " " - 20 10 - -
1 " " - 20 10 - -
1 " " - 10 10 - -
1 It u — 10 —_ - —_
1 " " - 50 10 - -
1 40 open/close once 14 - 28 28 14
1 " " 28 14 14 - -
1 " : 14 28 42 - -
1 " " 14 ~ 14 - -
1 " " 42 - 28 - -
1 1] H 28 - - - -
1 " " 28 28 - - -
1 " " 42 28 14 - -
1 " " 14 - 14 - -
1 " " 14 14 42 - -
10 10 open/close 100t. S - - - -
10 20 copen/cloze 100t. 128 112 119 21 t4
10 30 open/close 100t. 130 240 180 20 -
10 40 open/close 100t. 1260 2158 1810 188 140




Table 5.18

'D* DIAPHRAGM VALVE (MAX. 40 L/MIN) - CPENING/CLOSING TES3T

Time Flou Total number of particles entrained
(mins) (l/min) 0.3-0.% 0.5-1.% 1.5-3 3-5 >SS
! 10 open/close once - - - - -
1 L] n - — - -— —
1 n H - '? _— - -
1 (1] ki —_ 3 — —_ —
1 " n 3 —_ 3 — —
1 " ! 3 3 3 3 -
1 (1] n — — — —_ —
1 [} n — — 3 - -
1 " " - 12 3 3 -
1 n (1] —_ — —_ —_ _
1 20 open/close once 28 7 21 7 7
1 " " 42 42 14 - 7
1 ! “ 58 49 49 14 -
1 " " 35 83 49 21 -
1 " " 35 21 56 21 -
1 " " 35 14 28 7 -
1 " " 28 49 58 7 14
1 " " 49 56 56 21 -
1 " " 77 168 g1 7 -
1 " " T0 S8 B84 7 -
1 30 opens/close once 80 50 50 - -
1 " " 120 410 170 30 -
1 " " 250 310 150 10 10
1 " " 130 g0 20 - -
1 " " 40 70 20 10 -
1 " " 180 200 100 10 -
1 “ " 180 310 140 - -
1 " " 110 140 50 10 -
1 " " 30 o g0 10 -
1 " " 110 110 30 - -
1 40 open/close once 254 504 238 14 -
1 " " 238 384 154 14 -
1 " " 126 238 i82 14 -
1 " " 322 420 210 14 -
1 " " 268 478 140 - -
1 " o ’ 308 560 252 - -
1 " " ' 252 378 252 - -
1 " " 434 350 140 28 -
1 " " 382 482 266 28 -
1 " * 266 378 140 - -
10 10 opens/close 100t. 831 1829 777 57 9
10 20 opensclose 100t. 18087 31353 7196 378 84
10 30 opensclose 100t. 75280 116170 21190 680 150
10 40 opensclose 100t. 115024 1838294 35042 1176 266
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Table 5.18

14 TURN "B’ DIAPHRAGM VALVE (NC-S55) - OPENING/CLOSING TEST

Time Flow Total number of particles entrained
{mins) (l/min)} 0.3-0.% 0.,5-1.5 1.5-3 3-5 >SSy
1 20 open/close once - - - - -
1 1] n - - — — —_
1 H n — — — _— -
1 n L] — - - - -
1 n n —_— - — —— -
1 # n . —_ —_ — —_
1 n 1] —_— —_— —_ — —
1 L} L1} -— — —_ — -
1 " 1) —_ —_ — — —
1 n " — — - -— —_
1 40 open/close once - - 14 - -
1 n n — - - - -
1 " " - - - - —
1 u " - — - — -
1 " n - - — - —
1 (1] n — — — — —
l 1] n - - — - —_
1 1% n - -— —_ — —
1 it (1] — - - - -
1 " H -— - -— -— -
L 80 opens/clese once 20 40 - - -
1 » " — — — — —
1 u 1} — p— —_— —_— —_—
1 n H — — — — ——
1 n n —— - - 20 -
1 n f - - - - -
1 n n — - _— — —
1 % " — — - — -
1 n 1 - — — — —
1 n 1] —_ - — — -
1 90 open/close once - - - - -
1 n H —-— - - - —
1 ] " -— - - - -
1 I (1] — — — - .
1 n " - - - - -
1 ] L - - - - — -
1 " " - 30 30 - -
1 n L — 8 o - —_— —
1 " " 30 30 - - -
1 n n - 8 0 - — —
10 20 open/close 100+, 1553 3127 847 53 7
10 40 open/close 100t. 33292 56420 5628 168 28
10 80 open/close 100t. 35460 45780 3660 80 -
10 90 opensclose 100t. B4520 73440 5280 240
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Table 5.20

14 TURN *B® DIAPHRAGM VALVE - OPENING/CLOSING TEST

Time Flou Total number of particles entrained
{mins) (l/min) 0.3-0.5 0.5-1.5 1.5-3 3-5 >Su
1 20 open/close once 7 7 7 - -
1 " 1} '7 20 - - -
1 " " - 1z 13 - -
1 n 1% 7 7 — — -
1 " " - 20 12 - -
1 " " 27 27 20 - -
1 n n 13 — '? — —-
1 n H — 2'? — — -
1 " " 7 20 7 7 -
1 " (1] - '? - —_ -
1 40 open/close once 14 - - - -
1 " " - 70 14 - 14
1 " n - 14 — — -
1 " " 112 84 B84 - -
1 " " 28 - 14 - -
1 1] n — 42 — - —
1 " " 14 14 - - ~
1 " ; 28 568 56 - -
1 il H 14 - - — —
1 " " - 28 14 - -
1 80 opens/close once 40 80 60 - -
1 " " - 40 20 - -
! " " 200 300 80 - -
1 " " 80 180 40 - -
1 " " 120 100 80 - -
1 . " 220 160 20 - -
1 " " 20 20 40 - -
1 ! " 80 140 40 - -
1 " " 40 80 - - -
1 " " 120 220 - - -
1 90 open/close once 360 750 180 - -
1 " * 420 390 €0 - -
1 " " 240 300 120 - -
1 " ' " 120 300 g0 30 -
1 " " . 210 180 g0 3. @ -
1 " ' " 120 300 90 30 -
1 " " 240 180 30 - -
1 " ! 270 330 180 - -
1 " " 90 210 60 - -
1 " " 180 360 30 - -
20 opens/close 100t. 16880 7127 1173 100 7
' opensclose 100t.110110 188510 19152 8186 56

60 opens/close 100t.333560 494920 45520 1420 80
S0 opensclose 100t.712320 866640 66300 1830 150

e
OO OO
iy
(o
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Table 5.21

1% TURN *B* DIAPHRAGM VALVE -~ OPENING/CLOSING TEST

Time Flouw Total number of particles entrained
ftmins) (1l1/min? 0.3-0.5 0.5-1.% 1.5-3 3-5 >5p
1 20 opens/close once 7 7 - - -
1 n n 7 7 1 3 - -
1 N " - 20 7 7 -
! " " 13 80 27 7 -

1 " " 27 232 53 7

! " " 20 72 47 - 7
1 ! " 73 147 g0 7 -
1 " " 52 112 40 - -
! " " 73 100 20 13 7
1 ! " 7 20 13 7 -
1 40 open/close once 140 354 128 14 14
! " " 70 112 2g 7 -
1 " " 154 210 84 14 -
1 " " 70 58 56 14 -
1 " " 70 84 28 - -
1 " " 210 434 112 28 -
1 n " 154 140 128 - -
1 " " 182 182 84 - -
1 " " 126 140 98 - -
1 " " 128 154 112 - -
1 80 open/close once 480 700 2890 80 -
1 " " 280 180 - 20 -
1 " " 300 220 120 - -
3 " " 380 540 100 - -
1 " i 280 240 120 - -
1 " » 200 340 80 - -
1 " " 200 320 40 - -
! " " 180 200 100 - -
1 " " 580 800 200 - -
1 " " g0 160 100 - -
1 80 open/close once 210 3260 210 - -
1 " * 510 880 600 80 120
1 " . 1260 1080 420 - -
1 " * 300 510 80 - -
1 " " 420 510 300 - -
1 " " ' 390 450 150 - -
1 " " 800 480 30 - -
1 " ! 570 860 30 - -
1 " " 210 120 150 - -
1 ! " 4290 570 210 30 -
10 20 open/close 100t. 2393 69393 2227 113 -
10 40 open/close 100t. 21532 39452 7882 250 84

10 80 opens/close 100t. 79100 116440 17220 E80 120
10 90 open/cleose 100t.207420 265500 24330 €00 g0
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Table 5.22

1% TURN 'B* DIAPHRAGM VALVE (NC-5%) -~ QOPENING/CLCSING TEST
Time Flow Total number of particles entrained
(mins) (l/min) 0.3-0.% 0.5-:.5 1.5-3 3-5 >5H

20 open/close once - - - - -

1

1 ] n — — - —_ —_
1 it [} - — —_ —_ —_
1 " " 27 13 13 7 -
1 " " 20 7 13 - -
1 " " 27 27 13 7 -
1 " " 27 49 7 12 -
1 " ! 47 53 27 13 -
! " " 52 27 13 7 -
1 n - 7 2‘7 2 '? — -
1 40 opens/close once 98 14 2g - -
1 " " 70 188 as - -
! " " 168 188 - - -
1 y " 42 112 28 - -
1 " " 168 252 : 568 - 14
1 " " 98 140 42 - -
1 " " a8 58 - 14 -
1 " " 56 70 70 - -
1 " " 58 128 28 14 -
1 - " " 98 182 70 - -
1 60 opens/close once 200 2680 60 - -
1 " " 180 140 60 20 -
1 " " 180 140 100 - -
1 " " 1680 260 80 20 -
1 " " 200 260 80 - -
1 " " ' 1680 120 60 - -
1 " " 340 380 120 20 -
1 " " 240 240 80 - -
1 " " 160 320 80 - -
1 " " 140 180 40 - -
1 90 opensclose once 420 300 180 - -
1 " ! 210 210 g0 - 30
1 " " 300 300 30 20 -
1 " " 420 680 680 - 80
1 " ' " 210 420 30 - -
1 " ! 210 300 80. - -
1 " " 240 150 300 - -
1 " ! 330 570 - - -
1 . " 120 120 - - -
1 " " 360 330 150 - -
10 20 opens/close 100t. 2487 8060 1093 73 13
10 40 openrsclose 100t. 15810 273930 3808 210 70
10 80 opensclose 100t. 29400 AT7840 5900 120 20.
10 90 opensclose 100t. B7170 88470 8250 210 240
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*B* NORMALLY OPEN AIR OP. BELLOWS VALVE - OPENING/CLOSING TEST

\
Time Flow Total number of particles entrained
(mins) (l/min) 0.3-0.% 0.%-1.5 1.5=-3 2-5 >S5
1 20 opens/close once 25 28 7 - -
1 " " 7 14 7 - 7
1 . " 7 56 28 - 7
1 ! " 14 28 35 - -
1 " " 28 7 14 - -
1 H L] p— - - — -
1 ! " 7 25 7 - 7
1 1 " - - 7 -
1 ] n '? '7 '? — -
1 0] 1} '? - 7 - -
1 40 open/close once o8 282 140 28 -
1 " " - 12 14 - -
1 " " 98 182 112 14 -
1 1] n — —_ — — —
1 L] i — 28 - -— —
1 " " 14 14 - - -
1 n (13 — -_— — P -
1 1] n 14 —_ —_ —_ -
1 n n - - 14 - —_
i " " 14 14 - - -
1 B0 open/close once 168 83 105 - 21
i ! " 42 42 21 - -
1 " " 21 - - - 21
1 " " 42 - 21 - -
1 " " 105 83 42 - -
1 " " 42 84 21 - -
1 " " 84 21 - - -
1 " " 42 42 21 - -
1 " " 84 42 - - -
1 " " - - 21 - 21
1 90 open/close once 320 768 544 26 -
1 " " 192 352 160 - -
1 " " 320 384 192 - -
1 " * 28 180 128 - 32
1 " " - g4 64 - -
l H ] 64 32 — - -—
1 " o g4 ge - - -
13 " " 38 192 182 32 -
1 " 32 g6 96 - - 1
! " " - 98 32 - -
10 20 open/close 100t. 14 42 28 21 -
10 40 open/close 100t. 24 140 56 2g -
10 80 opensclose 100t. 588 756 189 63 21

10 80 opens/close 100t. 1856 1728 544 256 €4




Table ©.24

*C' NORMALLY CLOSED AIR OP. BELLOWS VALVE — OPENING/CLOSING TE3ST

Time Flou Total nunmber cf particles entrained
(mins) (l/min) 0.3-0.% 0.58-1.% 1.5-3 2-5 >5H
1 20 open/close once 21 7 42 - -
1 n " —_ - - - -
1 n L] - - - 7
1 " 1 7 7 - 7 -
1 ] H — - - - -
1 (1] » —_ — - — -
1 n n - — —_ —_ —_
1 u # — - - - -
1 i [L} — -— - — -
1 1} (1} — —_ — -— -
1 40 open/close once 14 12 14 - -
1 n 1 - - — — —
1 n H —_ —_ — — —
1 1] n — —_ - - -
1 " n —_ 1 4 — - —_
1 it 1] —_ —_ —_ — -
1 n n — — - — —
1 []] " — -— — -— -
1 " n —_ 14 - — -
1 n n - 1 4 —_ — —
1 60 opens/close once 0 120 80 20 -
1 n n - - -— —_ —
1 " ] — p— — - —
1 n i —-— 20 — —-— -—
1 n n 20 - - -— -
1 n 13 . 20 — — -
1 " H — ) 20 — — -—
1 L] #* - 20 - - -
1 " " 20 _ _ _ _
1 " n 20 - —-— - p—
1 90 open/close once 30 180 150 80 -
1 " " 80 30 30 - -
1 " " - 60 - - 30
1 n n - - — _— -—
1 " 1] 80 - -— -_ -
1 1 L[] — — —_ —_ —
1 n n — - — — _—
1 n H —_ - p— j— .
1 " " - E0 30 - -
1 1] 1] 30 - —_ - -
10 20 open/close 100%. 21 28 - - -
10 40 open/close 100t. 14 - 14 - -
10 80 opens/clese 100t. - 40 - - 20
10 80 open/close 100t. 20 g0 30 - -




Tahle 5,62%

1ST '3' NOKMALLY CLOSED AIR OP. BELLQOWS VALVE -
OPENING/CLOSING TEST

Tinme Flow To+tal number of particles entrained
(mins) (l/min) 0.2-0.5 0.5-1.5 1.5-3 2-5 5y
1 20 open/close once 105 147 128 7 21
1 " " 21 25 7 7 28
1 " ! 42 56 42 - -
1 1 #l — - - — —_
1 ] " —_ 7 — — —
1 1] n — - — — -
1 1 n — — — - -
1 n H - _ —_ —_ —
1 n " — -— -— - —
1 n n p— — -— — -
1 40 opens/close once 4290 9394 420 42 28
1 " " : - 22 2e - -
1 " . 28 a8 28 - -
1 " 1 14 — - -
1 1l L] - - - - -
1 " n _ 14 - - _
1 [ " _ - - - -
1 " ] _ 14 - - -
1 " " -— — - - —_
1 " " 14 28 - - -
1 60 opensclose once 714 1817 399 83 21
1 8 " 548 882 128 21 -
1 " " 42 83 - - -
1 " " 42 €3 - - -
1 " " 105 42 €3 21 -
1 " ) " 21 105 - - -
1 N " 21 21 21 - 21
1 " " 42 42 - - -
1 " “ 63 128 - - -
1 13 n 2 1 42 —_ — —
1 90 open/close once 1504 1984 544 88 -
! . " 192 180 32 - -
1 " " 192 352 32 - 32
1 ! " 224 220 128 - -
1 " " 64 32 o6 - -
3 " " 224 384 26 - -
1 " " ‘ 180 g4 32 - -
! " " €4 ze4 g4 32 -
1 " " 180 258 ee - -
1 " ! g4 oc 3z - -
10 20 open/close 100t. - 14 - 7 -
10 40 openscleose 100t. 22 - - - -
10 80 opensclose 100t. g87 2142 273 - -
10 S0 opens/close 100t. 5888 4888 1664 224 -
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Tatle &. 28
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|
ZND *B> NORMALLY CILOSED AIR OF., 2ELLOWS VALYE - ‘
QPENING/CLCSING TEST
Flow Tetal nunber of particles entrained
(l/min) 0.3-0.5 0.5-..5 1.5-3 3-5 »BHM |
20 opens/close once - - - - - ‘
i ] — -— 'T -_ —
" " — - 7 — -—
40 opens/close once - 14 - 14 -
n # — l 4 : : :
60 open/close once - 20 - - -
" ! 20 60 " 120 - 20
n n _ 40 _— _— -
n n —_ 20 20 -— —
n " -— 20 — — —_
n i — 40 — - -
S0 opens/close cnce 180 150 90 - 30
" " 30 30 - 30 -
n ] " —_ 60 — _ —
] H — —_ — 30 —
" n 80 — —_ —_ - - ‘
[ " 3 O - - - _ ‘
" 1} — _ 20 - - 1
" 0 : : : : : |
|
|
20 copen/close 100, 22 20 20 - = |
40 open/close 100t. 14 42 - - - |
B8C open/close 100t. 100 - 40 - - |
cpen/close 330 :
l



Table 5.27

3RD *B' NORMALLY CLOSED AIR OP. BELLOWS VALVE (NC-55) -
OPENING/CLOSING TEET

Time Flow Total nunmber of particles entrained
(mins) (1/min) 0.3-0.% 0.%-1.5 1.8-3 3-5 NEu
1 20 open/close once - - - - -
1 " " —_ '? — — -—
1 K L] — — - —-— —
1 n " p— p— - — -
1 n L} — p— -— - -—
1 H 13 -— p— — — -—
1 ] 1] — - - - —
1 L H —_ —_ —_ p— -
1 (1) n — -— — — —
1 it 1] — —_ - — -—
1 40 open/close once 42 58 28 - -
1 n n — 1 4 - - -
1 n i — _— -— — -
1 n n —_ — — - —_
1 L} i - — - _ -
1 n n —_ —_ —_ —_ -
1 L] " — -_ - 1 4 —
1 n n - —_— — — -
1 " n — _— — - —
1 M n — _— -— — —
1 80 open/close once - - 40 - -
1 n L} _ - _ - -
i (1] t —_— - b -_ -
1 " ! 80 20 g0 - -
1 n i —-— — — - -
1 . " 20 80 20 20 -
1 " " 40 80 40 - -
1' n W 20 - — _ _
1 " " -— 40 -— - -
1 n n - 20 —_ - -
1 80 opensclose once €0 - - - -
1 u # — - — - —
1 " n — - - — -—
1 u L —_— — — — —
1 " " -— -— — - —
1 n n - —_ —— — -
1 Lig L} — — -— — —
1 L} 1] -_— — — — —
1 L " - — p— —_ —
1 (1) n — . — —_— —
10 20 open/close 100+, 20 - 7 - -
10 40 open/close 100%. - - 28 - -
10 80 opens/close 100t. - - - - -

10 90 open/close 100t. 180 20
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RESULTE OF STATIC PURGIXG TESTS

Particle Entrainment/£ft2{>0.3un dia.)

Type c¢f Valve 40 l/min 90 1/min
Ball 3.9 15.1
Needle 57.5 54487
Bellows = ‘ 14.2
Diaphragn : 2.7 4.8
Bellouws(Air Op.) 3028 238




Table 5.29

PARTICLE CONTAHINATION DUE TO VALVE OPERATION

Particle En+tra:nment/f+3(>0.2un dia.)

Tyre of Valve 40 l/min 20 l/min
Ball 109 1845
Needle 728 £o44
Bellous 58.6 449
Diaphragn 131385 813343
Bellous(Air Op.) 308 4448

=)
O
0
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- VALVE UNDER TEST

> P—

FILTERED AIR

TO ATHMOSPHERE

FIGURE 5.1 - VALVE TE3ST-RIG
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FIGURE 5.2 - BALL VALVE
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FIGURE 5.3 - NEEDLE VALVE




FIGURE S.4 BELLOWE VALVE
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FIGURE 5.5 — DIAPHRAGM VALVE
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CONCLUSIONS

8.1 STRAIGHT TUBING

5.1.1 Entrainment Qf Particulate Contamination From Straight
Tubes

It was observed from the results (Section 4.2.2) that the
electropolished tubes were shoun 0 be cleaner than the ‘'as draun’
or 'chemically cleaned’ tubes in the ’as delivered® state. The
*as drawn’' and ’chemically cleaned’ tubes did not show a great
deal of consistency in their result=s in terms of cleanliness,
there being a large variation in the number of particles being
entrained. -

The effects of vidbration at S0Hz, gentle tapping, flexing
the tubes, increasing the velocity and pulsing the flow were also
investigated. Increasing the flouwrate of air through the tubes
greatly increased the number of particles being entrained. As was
expected, pulsing the flow had a similar effect. Vibration,
gentle tapping and flexing the tubes all had a2 slight effect
which differed with each type of tuke, i.e. there was not aluways

an increase in entrainment.

g8.1.2 Penstration Of Aeroszol Particles

There was found to be reasonably gzood agreement bhetween the
results and the theoretical predictions for smooth walled tubes.
The effect of surface roughness on deposition in tubes was also
calculated using the El-Shobokshy and Ismail theory {(12886). It

could be seen that there is little effect of roughness over the

)
)
m




range of surfaces used, or generally considered for use, :in the
I.C. industry. This agreed with the resul=s focr the test
sections, they were all within 2% of each other - thus for the
tubes tested there is no significant difference between the
surface finishes.

Since the objective was to simulate the practical situation,
efforts were made to exclude from the experimental systen
contaminants which would not have been present in practice.
Hydrocarbon vapour was excluded by using bottled air. The
relative humidity was reduced to 2% which is well below the level
at which pendular moisture will form. This had no significant
effect on the result=s so it may be assumed that the pressence of
small amounts of water vapour in these experiments is not
important.

The penetration was found to be about 88% for all of the

test sections.

6.1.3 Re-entrainment Of Aerosol Particles

The time it takes for a particle to diffuse to the tube wall
was calculated. The tubes uwere thus left overnight after a
renetration test was carried out to ensure that the particles
were not still suspended in the air.

It was found that the amount of re-entrainment from the
internal surface of any of the tubes is very low, i.e. +there isg
not a detectable difference between the different +ypes of tudbe.
Further ancillary tests which were carried out validated the tess
procedure and thus the results (Section 4.8). These particularly

showed that the presence of the small amount of water vapour in
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the tests did not effect the »

6.1.3.1 Tube Bending

In the installation of clean room systems tubes have to be
‘bent it was therefore decided to determine the rarticulate
release from tubes during the process of tube bending and also
the re-entrainment from bent tubes deliberately contaminated with
aerosol particles.

It could be seen from the reéults that as the tubes are
being bent the electropolished tube released the least
particulate contamination and +the ‘'as drawn’® +the nost. However,it‘

re—-entrair’

r4,

was also concluded that the amount o nen+t of

IS

particulates from all the hent +ubes ié very low i.e. once the
tubes have been contaminated with aeroscl (in the penetration

test) there is not a detectable difference bhetwesen any of the

different surface finishes in <terms of particle shedding.

5.1.3.2 Long-Term Nitrogen Tests

All of the previcus tests were of necessity carried out over
short time periods. A more realistic simulation of cperating
conditions was tc expose the tubes to a dry nitrogen purge over a
long period before testing. |

Tuelve sets of monthly results were obtained and it could be

=
o
o+
in
Fx
Ha
w
«+
o+
»
4]
L]
1]
£
@
Ly
1)
€]
ot
-
s
—
<
[y
"
“
=
0]
>4
w3
w
"
t
¥
)
—
L0}
i

seen from the res
removed from the three different types of tude. It can be
concluded from this that the resul+s obtained during the short
term tests are validated.

B.1.2.2 Zffect of Internal Surface Roughness

I+ was decided to investigate the effects of velocity on

[B]
e
O




re—~en+rainnent for three sizes of tubing <o enakle
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be drawn up for tubing installation.

The results showed that a critical velocity fer the 0.25"
(6.3 mm) o.d. tube was reached at about B80m/s. This velocity cﬁulc
not be reached for the 10mm o.d. tube due to the constraints of
the experimental rig. A sharp rise in the number of particles
being removed was observed at 20m/s for the 2.2 mm (0.125") c.d.
tubking. When comparing this critiﬁal velocity with the equivalent
Reynold’s number, it can be seen that for the smallest diameter
tube this sudden increase occurs around the transition region
between turbulent and laminar flow. Hogever for the larger sized
tubes, particles 4o not start to'gé removed until the flow is |
well into the turbulent regime - the particle dislodgement being
so small that it could not be detected at comparadbly lou |

Reynold’s numbers close to transition. |

the internal surfaces of a 3.2 mm o.d. tube and a €.35 mm o.d. tul

In an attempt to determine the reason for the above results,

were examined using a profilometer. This shouws the internal
surface of the 3.2 nm o.d. tube has a roughness of 47-50 Minch
(1.19 - 1.27 ¥nm) RA, as compared to a 5-10inch (0.13 - 0.26 kn)

RA of an ‘as drawn’® tube.

To further investigate the e2ffects of surface roughness, two
tuelve year old €.35 nm (0.25") o0.d. tubes uere tested for re-
entrainment. From this it could be seen that *the resulits for the
12 year o0ld tubes are between those for the 2.2 mz 0.4 tubes and

the .35 mm o.d. and 10mm o.d. %ubes. The internal rcughness of
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the 12 year old tube was 27sinch (0.69 em) RA, which also

lies between the internal surface roughness values for the 3.2 unm
o.d, and the new 6.35 mm o.d. tubes. This data covers the rﬁnge of
surface roughness up to 50¥inch RA. The work reported earliier in

this thesis covered surface finishes, typically used in the

‘Integrated Circuit industry, up to a roughness of about 10pinch

(0.28 pn). Clearly roughness is a significant factor, sharply
increazing contamination for the poorer surfaces examined. Below
a roughness of 10Hinch the effect is not Sigﬁificaﬁtuh-

From a mechanistic point of View.ihe results are-cohsistent
with the discussion in Section 4.5. Turbulent bursts and the
higher end of the energy distribution will remove particles
adhering at the lower end of the adhesion energy distribution.
This will be strongly affected by roughness of the substrate if

this is greater than the particle size.

6.2 Valves'

Thelexpgy%pental proce&hré‘éarr{ed out on the different
types of‘;aivgs;involved'pgséihgzclean air throughra neu ‘as
delivered’_y&lve, opening and closing this valve and finally
repeating the first part of the experiment.

The results -shouwed that there were significant differences
not only betueen the design types but also between those produced
by different manufacturers, reflecting individwal variations in
désign and cleaning and assembly procedures.

The effect of opening and closing the valves uas

investigated -on the different types of valve. Mechanical action
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in the hall valve, and especially ths needle valve, cazused
substantial contanination. In +he diaphragm valves +tested the
spring was located in the process gas stiream, uwhere its
movement caused heavy contamination. If this were not in centace
with the process stream the contamination would be greatly
reduced.
It can be concluded that:
1) Attention to manufacturing practices, especially cleaning
and clean assembly, leads to cleaner components.
2) Consideration of particle generation mechanisms during use,
such as wear and flexure and a reduction of area exposed to
the process gases, should lead to phe design of nore

suitable components.
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a-i-

Ca
Co
c""

Co™

da

d.l"

NOMENCLATURE

Radius of particle

Dimensionless radius of particle
Hamaker's constant

Dynamic nmobility

Concentration in probe

Slip correction factor
Concentration in strean
Dimensionless concentration

Dimensionless concentration at a distance from the
wall

Aerodynamic diame;ér of‘particle

Diameter of particle

Davies' dimensionless stop distance of particle
Molecular diffusion coefficient

Diameter of tube

Coefficient of restitution

Dimensionless displacement in origin of velocity
profile

Impaction efficiency
Fanning friction factor
Retained fraction

Resulting adhesive force between the particle and
a surface

Penetration fraction

Attractive force in the presence of an opposite
charge

Acceleration due to gravity




k’

K’

KII

K+

Qa
R+

Re

St

S+

Unit normal vector in the vertical direction
Zimmer and Dahneke’s rate constant

Average height

Boltzmann constant

Kinetic energy required for particle bounce to
gccur

Dimensionless average height of wall roughness
Length of section
Mass of particle

Humerical density of the particles/unit volune of
gas

Concentration of surface borne particles

Unit normal to the-surface

Rate constant for long term resuspension
Fractional penetration through individual section
Average potential energy of a particle in a well
Net charge

Sampling flow rate

Height of surface adhesive potential well
Dimensionless tube radius

Reynold’s nunber

Schmidt number

Stoke’s nunmber

Dimensionless stop distance

Staying time

Dimensionless staying time

Dimensionless stopping time of particle

Absolute temperature




Ua
U1

U*

Ve
Va
Vn
V-
Vre
U+

Un*

Rz

6‘-1-

Stream velocity
Gas velocity in probe

Friction velocity

Average fluid velocity

Volume of vessel

Critical velocity at which bounce will occur
Deposition velocity of particle |
Normal resolute of the turbulent velocity
Root mean square particle velocity

Terminal settling speed

Dimensionless deposition velocity

Dimensionless normal resolute of turbulent
velocity '

Wind velocity

Separation distance

Separation distance of opposite charges
Particle surface separation

Dimensionless particle surface separation

Quter boundary condition where zero particle
concentration is maintained

Deposition coefficient/unit volume of vessel
Constant that depends on material and geometry
Dimensionless turbulent boundary layer thickness
Dimensionless capture distance

Fluid eddy diffusivity

Permittivity

Effective particle diffusivity

Dimensionless particle diffusivity



Viscosity of fluid

Bend angle

Angle of probe misalignment
Kinematic viscosity

Density of particle

Dimensionless standard deviation of average height
of wall roughness

Relaxation time

Dimensionless relaxation tinme
Potential minimum

Potential maximum

Curvature of the barrier

Typical frequency of vibration
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STANDARD DEFINITIONS
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APPENDIX 1




Chemically
Cleaned Tube

As Draun Tube
Electropolished
Tube

Entrainment

Penetration

Re—-entrainment

Standard Test

Entrainment

Extended Test

Re-entrainment
Extended Test

Tube which has undergone an acid pickling
treatment.

A non-pickled tube which has had sone
cleaning.

4 tube which has been electropolished in
crder to obtain a smoother internal finish.

Particulate contamination-arising fron
*clean® tubes, in the "as delivered" conditic

The fraction of aerosol particles which
pass through a tube without depositing onto
the tube wall.

The extent of particle dislodgement from
tubes which have been well purged after
installation but contaminated during use.

A steady flowrate of 40 1l/min of clean air
is passed through the test section; vibration
and mechanical tapping are applied.

The flourate of clean air is increased to
80 1/min and then 90 l/min, the flow is
pulsed and the tube is flexed at both flourat

The flourate of clean air is increased to

80 l/min, the flow is pulsed and the tubde
flexed.
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