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Abstract

The work carried out under this coutract was part of a wide ranging
investigation into the effects of particulate contamination on the veorformance

of aerospace hydraulic contrcl sub-systems. This phase of the work included

R M XU L DS T o L e

the davising of rechniques for studying this problem and the application of
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these techniques. Amo~3st the subjects studied were methods of particle size

analysis, the theoretical predictiuvm 2f the efficiency of sampling devices,
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the developrent cf a mathematical modelling technigue to simulate perticle
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behaviour in complete systems, a discussion of the meaning of particle size
and huw this may be related to znalytical techniques and a new method for
characterising the efficiency of filters.

A brief snalysis of the current situation with regard ts particulate
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contamination of hydraulic systems ané a proposed fri:—ework within which
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work should corntinue is aliso included.
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PART I

CHAPTER 1

Introducticn

1.1 Layout of Report

This report is an account of an investigation of some of the techniques
used to study the concentration and behaviour of particulate countamination in
nydraulic flight control subesystems and a basic investigation of some of the
phenomena asscociated with the presence of ihese contaminants. The introductory
chapter will contain a brief resume of the situation as it is seen to exist at
prresent followed by an account of the approach the investigators have takeu to the

problem,

The following sections of the report are then devoted to particular topics,
these sections often being the work of one particular investigator or group of
investigators. The final section of the report is an accouni of some of the tech-
rigues which have either been developed in the course of this work or are considered

of utility in a study of the subject.

The personnel involved in this work were Frincipal Investigators -
Dr, R. J. Akers and Mr, B. Scarlett, Associate Investigaiors - Mr, P, J. Llovd,
Mr. J. I. 7. Stenhouse and Mr, A, S. Ward, with thes invaluable assistance of
Dr. P. Allen, C, R. G, Treasure, Miss C, Forsling, Mr, I. Sinclair,
Mr, C. A, Trozakes, Mr, J. Walker, Mr. R. Buxton, Miss . Bostock, Mrs, M. Warren,
Mr., L, Mcors and ¥r, A, Saffell, all of the Chemical Enginesring Department,

Loughborough University of Technology, England,

The appropriate references are given at the end o each section.
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1.2. Historizal Background

Waen hydraulic systems were first introduced into airccraft it was to aid
the performance of utility functions such as undercarriage retraction, bowmb door
The earliest system: were simpie hydrostatic circuits

opening and flap deployment.
With the increased

consisting of a force transmitting piston and a2 linear actuator.
use of hydraulic power in airecraft the hydrostatic systems were superseded by multi-
purpose systems consisting of main distribution and reiurn manitolds pressurised by

a motor driven pump and having selector valves to control the flow »f fluid to

lirear and rotary actuators, As a general rule the actuators were only required to

be in one of two positions, i.e., fully extended or retracted, hence the selector

valves needed only to be of the on-off type. If more than two positions were needegd
as in flap operation, a double actuator was used, As cuch systems were only
operated intermittantly and because considarable force, applied either manually or
electromagnetically was available to operate the selector valves, catastrophic

failures were relatively few and wear rates, except in the case of continuously

operated pumps, low.

A S

The development of powered flight control systems has meant the need for

i
ik

)
t
i

continucusly operating hydraulic systems with a very high degree of reliahility ang

being capable of moving control surfaces with precision in response to electrical or
servo valves of very great

mechanical analogue signals, In order to achieve this,

1
»r'm%’

mechanical sophistication are employed and it is these servo valves in particular,
and the general reduction of available forces and me~hanical cleoarances ithat ha-ve

made hydraulic Sysiems less tolerant to particulate contaminstion,

= 5 N
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1.3 The Preseant Situation

Discussions on the «ffects of particulate contamination in hydraulic
systems have been hela with hydraclic component and ajir frame manufacturers and
vith U.S.A.F. ir. their roles as aircraft users and originators of specifications
(see i-5). The pisture that emerged showed much confusion. The airframe manu-
facturers considered hydraulic contaminztion to be a sevivus problem if only in
what it cost both in terms of precautions during manufacture and elaborezion of
the hydraulic system. The attitude was very much a 'play safe' one and 1t was
felt that more precise information on system tolerances wouid be¢ of consideravle
value. It is well recognised thal some vehicles &re mcre prene tce contamination
problems than others, ailthough the difficulties inherent in reliable sampling and
analysis of fluids from actual systems makes it difficult to draw firm conclusions
as to the best choice of components for a given system and the specification of
its operating cleanliress conditions.

Among hydraulic ccmponent manufacturerc. particularly servo valve
manufacturers, three attitudes were discernable.

These were:

) (i) No serious problem existed.
% (ii) That the effects of contamination could be 'designed cut.’'
; (iii) That a serious problem did exist.

It was felt however that these attitudes were themselves open to

considerable interpretation. At one servo valve manufacturer belonging to the

‘no serious problem' schcol photographs were shown of servo valve first stage

: filters and metering orifices blocked with fibrous and particulate coataminant-

i This was construed as an occasional but inevitable result of operation of the
system rather than a serious problem in system desiga or specification. Several

; members of the “design it out" school were of the opinion that there was an optimal

level of dirt in a system and . hat if ‘cleauer oparation' was insisted upon, valve

leakage rates wou:d increase. The reliance on a degree uf centamingtion to reduce

leakage implies that the build up of eilt within the valve with its effects on both
ralve wear and performance degradation. No studies have yet been made on :ihe effects

Pt 4

of 'silt' on the forces necessary to 'break out' a spool, but whatever their magnitude

[P ——

they would add something to the hysteresis of the valve. With respect to valve second

stage
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leakage, no direct experimental informmation was available zs to the separate
contributions of port overlap or underlap and leakage through the annular
spool/sleeve clearance. A recent study (AFFDL-TR-€9-136) has shown the
effect of particulate contamination on both second stage port dimensions,
wear of the flapper plate (fig. 1.1), and causing respectively an increase
in port overlap and jet/flapper clearance.

The increasing stringency of fluid cleanliness standards will impose
nov demands on filter manufacturers. 1t is probable that woven wire filters
are getting near the economic and technical limit in the production of fine
woven wire cloth and that the change towards filters of the depth type
using non-woven porous media will continue. The loading/pressure and

meximumr dirt holding characteristics of these filters might also be considered

more attractive.
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1.4. Prodler of Specifying Cieanliness Standards

In specifying miniitrms fluid clearnliness standarcs for & given system by any
means other “han Srbitrary selection it 7ill be necessary te start fom the contam—
ination characreristics of those components whose design is dictated 9y the
operational recuirements of the system, and then seleci other components such az
filters to meet their cleanliness specificationr, To Cc this much information is
needed about the contamination cknracteristics oi & wide range of hydraulic coapo-
aents, sncluded in this would need to be a study of c¢he rates of deposition and
ramoval of particles iIrom the intevior surfaces of pipelines, hydraulic accumulators
nd other components and the effects of vibration and uccelecating forces on ithose

proceses,

The operators of aircraft would likec a simpie go/no go test of h draniic
cleanliness but until thz order ol seriousness cf the factirs involved, e.g.,
particle size and sizZo distribution, particle hardness, erc., Jdry such test would be
based upon very unsure foundarions, In partlcular, with thy reduction of radial
clearances in servo valves to 50 uwicro inches ti.e, 2 ¥ conside:able attention
must be given tn studying the effects of par.icles finer thin thosz counted by
existing techniques, Unfortunately there arye few particle size analysis techniques

availzble for particles < 1 ymand those that ther? ar vend to be laborious,




General Effects of Particulate Contaminaticn

These may be classified as:

Wear

If a compcnaent in which sliding contact occurs, e.g., an actuator, is d4°3-

mantled after service, longitudinal scratches will be seen on the sliding surfaces,
thuse helny due to particles trapped between the mobile an. stationary members.

Although wear of this fype is general it is of particular sisuificance in aydramlic
iston pumps, wvitere it mainly occucs betweep the valve plate the cylinder block

and between the slippers and swash plate. Less extepsive wear will alsc occur in
the pistons and cylirder bores. The overall effect of this weav is tu reduce the

efficiency cf the pump by increasing lezkage ant alsc, acre importantly from the
point of view of particle contamiraticn cf tne whole system, generating iarge

nubers of fine particles. u-rarai studies of the effect of artificially contaminated

oils on puaps have shown thes to be very effective grinding machines with the

e

TP
output containing size reduced contaminant particles and metal from the pump origi-
nating in wear ciused by contaminant passing tnrough the pump. Wear of this type
Vetwee~ siiding surfaces is also observed in actuators where it is not 2 major
prcblem except in those cases where an actuater is dithered for long periods of time
sboat one position, and in the spools and sleeves of s2rvo valves where it leads to
innrease leakage and degradation of the valves performance in tems cf such para-
meters as flow again aad hysteresis.
1.5.2 Blockage of Orifzces

“his is a nossicle although uncommon mode of failure. The finest orifices
found in colventicnal flight .ontrol syatems are the metering orifices in the first
and gecond stages of sarvo valves. However these orifices are almost invariably
protected by filters built into the valve. It is well known that conlamination by
fibres is very important in leading up to the blockage of an orifice by a bed of
particles =zach of which individually is smeller than the orifice and this type of

Ylockage cannot Le discounted even in filter pretected situations.

8.
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1.5.3 Silting
Tests of eleciro-hydraulic serve valvees operating with contaminated oil
shows silting to be one of the major effects produced. Silting manifests itself
as mechanical binding between two surfaces, e.g., spools and sleeve; leading to
rveduced flow gain and increased hysteresis. The mechanism of silting is not
very well unders=ocd. I 1t is due to particles eatering the annular space
betwz2en the spcc. an¢ sleeve the narticles concerned must be smaller (in their
smallest dimensiun) than the diametrical clearance. When a granular material
flows it has tec rearrange its packing in order to allow the particles to move
freely over cne another. This brings zbout a reduction in density, i.2., tne
volusetric "dilarion™ of Ostorne Reyuoids. Ia the sposi/sleeve sifuation this
dilation cannot occur due to the ccnstrained geumetry. Very little is known of
particle Flow under these conditions of {ixed volime.

Alternate explanation ¢f silting is an off axis tilting of the spool and
subsequen: binding duc to particles jammed under one side, aithough calculations
of the paximum angular deflection psssible in a 20dern valwe rmake this unlikely,

cr alternatively the bulld up of 3 "rillet” of particies between the faces of
the spocl and the sleeve wall which would tend 1u beccmes jammsd in the anaulus
vwhen the sponl meves. This latter mechanism is more likely and would protably

occur along with oparticie bulld up in the annular space.

1.5.4 Pilter Blinding

Because it is necessary to control the number of parlicles circulating
in a hydraulic circuit, filters are introduced into the system. As a con-
sequence of their action filters gradually become 'blinded’ with particles and
have to bz repluced or deaned. The dusign of a filter is an attempt to optimise
the performauce in terms of the fineness of particle retained with the longest

tiwe tetween services.

S.




1.5, Aims & Metbods of the Investigation

The object of this programme is to study the effects of particulate cortam-
inatlon on hydraulic flighi control sub-systens and ii possible define design
criteria and contamination levels to enhance ¢ne life and reliiability of such
systemes. From previcus studies it is known that the reliabhility of systems varies
widely from one design of vehicle to another and glso between differear examples of
the same venicle., These studies have tended to be empirical in that they have
attemptzd tc cosrelzte the probability of the various modes of failure with the

contanination level present at cne or seve.al points .n trie hydrauii. system,

This project is an attempt tc apply anulyticil techniques to this problem.
This has been done by constructing a matnematical r:odel 5f the system (Chapter 3)
in terms of the characteristics of the individual componerts and the particle fluxes
present. This apprcach is i:lustrated in fig, 2 , where it is ceen that the
ultimate test of the model i direct comparisor with a real, if simplified,

hydraulic system.

In order to use this model it is necessary to characterise the individual
coaponents of the system, By characterise w2 mean the number and size of particles
leaving the component as a funct:on of the number and size of particles antering.
the flos rate and any other relevant operating parzmeter:, e.g.., dirt leoacing
nresent on 2 filter, The medelling of the individual « >mponents nay be eilaer by

experimental study, theoretica2l aralvsis or a combination ~f the two,

Whichever of these two apnroaches is followed it is necessary to ke able o0
describe particles in a way *hat can be used subsequently in an znalyiical
description of their behavicur, raditionally the size of a8 particie is expressed
in terms of a sphere equivilent in A p.soporty such as area (e.g., permeability?
volume (e.g., 'Coulter"” Counier) rprojected srea {e.g., Hiac' Ccunter) or
sedimentation velocity., Alternatively a statistical diameter is usad. Well knowr
examples are those of Martin and f%ret, and of particulir interwst in hydraclic
engineering is the maximum proje~t&d lin2ar dimension used in ARP 38 and similar
methods., These various diancters are functions of the particle chare and are cnly
egqual for spheres, Ecwever, because so much information is los? when an irregular
particle is defired in terms of one parareter, alternative aescriptions are .ieeded

if properties of assemblies of particies are %o be deduced. Such a methold :s

1C.
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preposed in Chapter 4 and an application of it is shown in Chapter 6, To exploit
t+his technique as a practical method further dev lupments are required ia particle

size analysis and these arxe described in Chapter 5. One of the ccnsequences of such

a method is that from the description of the particle system 8o obtained the particle

size distribution in term: of any of the more familiar techniques of characterisation

should be available, Thoss relationships are being investigated.

Fig. 2 shows howv the definition of particle size is related ts the
characterisation of components through both theoretical and experimental techniques

and does in fact provide a link between them,

In ~rder to carry cut meaningful particle size analyses, whether during the
sharacterisation of individual components or in the study of complete systems, it is
necessary to be able to take a representative sample from the system or some point
in the system. This is discussed in Chapter 2 which describes mainly theoretical
studies of the flow of suspensions through sampling devices. Experimental work to

check these predictions is in progress.
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Chapter 2

Samnling of Hydraulic Fluids
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2.1 Introduction

Hli ﬁ’a A

In order to study the effect of particles on the behaviour of hydraulic

systems or to establish the degree of contamination in operating systems it is

i

necessary to be able to remove represantative saspies of fluid from the sysien:, or,

F’@?
BRI die
s

&4

=

I ——

e alternatively, to insert a contamination measuring device into the system. e
%; ! latter wil) not be considered here.
i% : Any sampling device has to satisfy several requirenents, Thes» are:
s§; Z (a) That the suample should be removed from the system at such a point that it
= i indicates the state of fluid arriving at a contamination sensitive element
%§ ’ in the system or the state of trhe fluid l=2zving an element known to give
%% rise to significant amounts of contamina+*ion. As ezamples of these are

s2rvo valves and pumps respecticely. This conditivi. is complicated by

the fact that some system components are kncwn to accumulate pioailcles and

=

thea release them in a short pericd of time. An example vi this type of

i
)VM

device is a hydraulic accumulator.

In any hydraulic system “he rate of fluid flow at any given point varies
widely and undergoes very rapid accelerations. As a simplification the
filow rate may be considered as being comprised of leakaze with pulses <uper-
imposed on it. An ideal sampling device would integrate the cont.m.nation

over a period of time. This could be done by withdrawing a representative

sample over a considerablie period of time, although this would be undaccept-
able in flight conirol systems on account of tne volume of fluid withdrawn,
particularly in military aircraft oc missile systems with their small
reservoir capacities. An alternative to this would be the installation of
an on stream monitor. Only one particle counting device capable of being
installed in an operating system is currcntly available, the Hiac Counter,
and this has the disadvantage »f being sensitive to flow rate (see 3.3).
Alternatively a sample could be withdrawn from the system at a particular
noirt and from a knowledge of the system as a whole its significan ' inter-
preted in terms of the probability of performance degradation or catasircphic
failure. To do this requires a mathematical representation of the system as

described in Chapter 5.




(c)

()

(&)

tre sample piesented fo the sampling device be representative of the
fluid flcwing ip that particular line, It is known tnat when &8 dilute
suspensiocn of nop deformably pa rticles flows aloug a cylindrical tube at
flow ratas corresponding to hReynowds Numbers in the lamina flow region, a2
radial concentraticn gradient is set up with e particles migrating towards

the tube wall, Conversely deformabie particles (e.g. wzter dropletsg) will
migrate towards the axiy (Goldsmith, H,L., =and Mason, 8.5, in Rheoclogy, Voi.

4, Ed. Lirich, Academic Press 1967).

To satisfy this requiremant either the flow velocity must be great enough to
cause sufficient turbvience tu ensurc cfficient mixing or turbulence must be
artificially inducec jus~- upstresm of the =ampling point, B7 normal design
critexia the Reynolds Number in a hydraulic pipe-line has a .aeximum value of
approximately 700G, with minimum values corresponding to leakage flows for

servo valves beingz in the range 200-800, As the high flow rates Sun ouly be
snzintained {in systems containing 'inear sciuaiors; for short periods of time

a realistic sanpling device vn~s? sample irom a4 systen flowing at the minim'r -<te
hence requiring the arvificial anductior of .uroulence. This may be done

by either changing the shspe of the flow charnel, as in the Prosser Indust-

ries cam~ling valve ¢ %y placing sStructures within the existing cylindrical
pipe. Whatcwer the design of turbulence incurer it mist ~reate the maximunm
terbulience witil minimum pressure drop. Alsc ith pcssibilities of erosiun
within tiiz devis.e due to turbvelence must be considered.

That tre sampling devi:s is capable of removing 7rom the system the re-
presentative fluid as prasented to it (secticn 2.2.).

Thal the sampling device does not generate or reihrin contaaminant.

Generation is most likely to happen in the valve portion where sliding

surfaces pay be present. it is desirable that valies ho designed to prevent
this kind of amotion occurring, e.g. the sappling valve manufactured by

fairey lydraulics, U.K,

That ibke samplaing device does not impair the safety or relia%iiity of the

syster,

16.
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2.2 Theury of Samgling Devices

In any sampling system the fluid flow is not planar. Under non planar 2

condgitions the solid particles due to their inertia will cross the fluid stream-

lines such that any fluid withdrawn will not be representative of the fluid as a
whole. The errors due to this mechanism can be estimated theoretically. The

procedure employed is to calculate the trajectories of particles of different )

Vo

sl BNl

inertia levels in the flow fizld pertaining under the particular sampling condit-

%%ﬁ ions. A pre-reaquisite cf such a theory is an adequite description o the fluid
e flow field.
3 Yariations on two basic geometiries have been used in sampling valves.

These are:

(i) An open aperture in the side wall of a tube (fig. 3 ) or in the case of

the Prosser Industries valve (fig. 4 ) within a chamber containing turb-

ulent flow.

{ii) A probe, usvally central, within the tube carrying the flow. Various
shapes of probe heve beer used, e.g. pointing unstream (fig. S5 ), per

pendicular to the stream (fig. © ) perpendicular to the streas and cut

obliqueiy (fig. 7 )
From the point of view of their flow fielcs these latter two designs

p-obably incorporate characteristics of both (i) and {(ii) above.

Host of tha flow situationes encouniered in sampling vaives are not rzadily
amenalle tc analytical description =o the flow field in such components must L«
deZlermti.ed using rlow visvalisatlon techniques &n¢ described empirr—ally. A fiow
visualisation technique has beern de'z=luped and is currently being used to invest-
This technique iec ¢escribad

igcte the flow fields urler a raige of conditions.

‘ : in 2.3.1.
i
f A Th> theoreticel techniqus has been Geveloped usirg #n ideal model of the
é{i i fiox fiqld ‘1 a simgple sampling va.ve. This {echnique and the re=ults whi~h have
Li2T
LA been achieved .sing it are destribed in 2.2.1 belew.

= !

"9
£
o

Jince the puriicle is moving in *he linea” Stokos regime equation (P) ray Qe

E:} i
o :
{ g replaced by tre moce familiar trejactory egquaticns:
X 2
{ (—= y 22+ E u
i ’ B =
- v «
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( m ) d2y T dy = v

where u and v are the x and y resolutes of the fluid velocity.

Equations(2,3) may be reduced to & dimensioniess form ry using the

SR

cenversiens in table 1. TABLE I Notation

<. - - —

= |  Parameter Syavol | Derivacion

= {

= | U WGo

&= velocit

S y v v/Uc

=

af . X x/1

= Co--ordinzte v | "ﬁl

= Time B vo ¢/:
Stakes Numher Sth. i r 2 p Uo/9%ul
i R

The Stokes numvber is *ne ratio of the distance 2 particle vith initiai
velocity, Uo, will trawcl berlore comusly to v23t, to seme dimension 1, of the
system, In the case of a tube withdrawin; a sampie irom a streair in planar flcw,

as 1n fig, 3 ,l1is the radius of the samu.ling fute, Hence equation (2.3) becomes:

R A

s
P
=
= o s 2, . .
e 2 Stk dX + dX =y
= (‘12- dT 2.4a
=
\; d2Y + dY = ¥

= 2 Stk —_— e~ ;
%E d¢2 an 2.1b
%§
=

Exnressions for U and V in terms o< X and Y 2re .;ormally complex neccss-
1t2ting a ¢ wputer solutiorn for cquation (2.4). For tais purpese the equations
are expi :ssed in finite ditfference form ignoring terms higher than those of o
second ordays in a Tayler expansion. I rpressions 5 thus derived, are used in a

step by Step celculwtion of particie trajoectories:

3o = _ 1 ) . g__’.u12+ Sthz + (45tk-~71) XO] 2.5a
= 748tk + 1)
1 i ..2 - -
Y. = _ e LZVT + Stk Y, 4+ {4Stk-T) Yo 2.5b
< (4Stk + 7))
19.
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2.2.1 Theoretical Estimation of Sampling Efficiency of a Tube Probe

The sampling valve under consideration is shown diagramatically in fig,

8.
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Central Prube Sampling Valve

It consists of a sampling probe which is inserted in the main pipe in which the

fiuid is flowing with a velocity Uo' In this systerm campling will] ‘e perfect if
the sampling velocity is identical to the main stream velocity, However, if the
sampling is anisokinetic then the flow will not be planar and sampling eriors will

arise due to inertial forces acting on the particles.

R G R

2.2.1.2 Descriptior. of Flow Fiela

23
%%, The flow field may be approximated to a point scurce in a planar flow,
5, The field will be valid for small values of 1 and high Reynolds XNumbers. The
o3 cartesian velocity resolutes are given by:-

-3/2
u =1 + &x (.x2 + yz) 2.1a
47y
o c
-3/2

2 2
v = Qy x o+ ¥)
Uo 4‘Qwo 2.1b

20.
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G represenis the ~lracgth of the point sou.. 2.  Obviousiy far isokinetic

sampling conditigns it is zuro. The relatinnship hetween Q and thes relative

NI PSR IR TR

samgling velocity, 3?’ is given by:

V. 1 ¢
= .
2

2312

VR is the ratio of the mean velcocity in tle samplinyg probs to the main stream

velocity.

2.2.1.b Calculation of Particle Trajectorieq

The gparticle is considered as a pc.nl mass, which does nat efiect the
fiow field in .he proximity of the saupling probe. The critical trz jeatory,

for which the particle just touches the edge of the prohe is commatad,

TR P e T ITT TP L R L T LI TR A WO A DR AL s r A

A force balance on a particie in a Fltvid resui~zs in the following vector

; equation: -

: 2 ’ 2

H = M - -

; s omonpr [1-u)

: dr- 2 »2
: N / 2
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2.2.1.c Trajectory Calculation

It is assumed that a particle apnroaches in the x direction with the main
streap valiwity tn a point 12 upsti-eam from the probe. Equations2S5S are then
used in calculate the patd tahen by the particle until it is ie7el with the mouth
of ihe probe. New wLrarting puantl on the Y axis are taken for the trajectory
until the critica® trajoectory is feurd. The dauslance upstream »f the starting
point and the step lempih *n the2 <calselation have been chesen in sucli 2 way that
the calculatzoun errors resultirz from th2 use nf a fainit? differaen:e technique are

not sivnificant, e calewlntion was performed using a 1905 ICT <. gitail compiter.

2.2.1.% Resulits ana Discussion

The efficiency of satpling can cenveniently be defined by

_ ¢ conceniralion o1 c¢nntamsnant in sample
Arl, T ¢ concentrsiion of contaminant in main Stiream

Tu& ca‘culated efficiency is shown as a function of VR’ the Telative
velocity, .and 3t%, the pazticle Stokes No, in fig. 3 It is obvious that as the

Stokes No. tends to zero, E; must tend to 1.0. Again as Stk =7 02 then

Agreemer i with these limitiang values iy shown in fig. 2.7 which shows that
the transition range of “tCke~ Nos. fur this kind of sampler is 0,1 - 10.0.

On auplying thc daita in fig., 9 to conditions in a hydraulic system with
fluid viygcosity 2CeS flowine through & 3" borCc pipe at flow rates correspanding
0 Pe = 200 (0.8 g.p.m.) nnd Re = 6,000 {18.2 z.p.w.), a sampling orifice 1/8" dia.
centaining splierici)l aluminium, copper ¢rd TungC e carbide particles of 10¥W
5C ymand GO ymthe following sampling efficiencies are found for V: = 2.0 and

R
VR = 0.5 (Tablc I1).

22.
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TARLE II Calculated efficiency of central probe sampler
...... R PO,
D Re = 2CQ Re = €000
n £ ;
- H = 2. . :_
(m) VR c 0.5 2.0 0.5
Al 16 0.98<E<1,00 | 1.GZ>E>1.00 | 0.93<E<1.00 | 1.02>E>1.00
50 0.98<E<1.00 } 1.02>E>1.00 | 0.95<E<1.00 ;| 1.05:E>1.00
200 G/Co = E |0.95<E<1,00 | 1.05>E>1.00 0.72 1.55
Cu 10 0.98<E<1.0C 1.02>E>:1.C0 | 0.98<E<1. 1.02>E>1.00
50 0.98<E<1.00 | 1.02>E>1.00 Q.85 1.28
200 0.90 1.17 c.58 2.0
we 10 0.98 E 1.00 | 1.02>E%1.00 | 0,98<E<1.00 | 1.12>E>1.00
50 0.98 E 1.00 1 .80 1.34
200 l 0.87 1.21 0.54 2.0

at leakage flow rates would be satisfactory for particles € 100 ¥ whatever their

composition and hence density.

These results show that sampling in the range 0'5‘<er<2'00 from a system

Hence one possible approach to Sampling would be

to have a turbulent flow valve throttled for approximately isqkinetic operation

(i.e. 0.5 < VR < 2.0) at leakage flow just upstream of the sensitive comoonent.




ﬁgggzimeﬂgg%_dtudy of Sampling Systems - Determination of Flow Field
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Flow visualisction wechiigues are used to determine the flow fields in
modeis of sampling valves, the fields in whkich are not amenable tc analytical
description, The tachnique usen is that of =tireak photeography of neutral density
particles.

Figure 1C shows a diagram of the agparatue, Isght irom an iodide-quartw
lapp is collamated into a two-dimensional (1/87 ihick) Lecs (5 iliuminate a plane
within the sampling valve, The valves are transparent models of the sampling
valves encountered in practice, To avoid problems of parallax an observing ihe
flow inside the valves thc model is enclosed in a box vhich contains liguid walich
nas the same refractive index as the valve. In this way a flat smocSth su:face is
presented for ohot graphy.

Th2 liquid {(water) heing uuwd ontains a very low concentration 3§ szall

peutral density pacsticles (polystyrzne) which will folinw the path lines of the
fluid. Streak photographs tasen at an angi= of 120° to the iight bear: sliny the
path of thise partficizs cleariy enabling the complete flow yYield 3o be aete  mined,
“he conditions whic<h are being studied are dynamiczlily <im0 iac to tnnce which are
useu 13 sampling aircraft hydraulic systems, This technique is now being used to
study Zlow fields in a number of sampling valves under a range of conditlons wnd
the fall results will be repoaried at a l-.ter date,

One of the fi-st photugraphs taken whilst making a feasibilily study of
the system is inzluced in tiiis report as fig. 1l. Tnis is a photograph of the
flew in a simple T valve, The patn lines of the fluid are cleariy shown by the
2SIRL nreads., i this par+ticular test 10C Qicron classified particles of alum-
irii» vust wore adced <c the fiuid. faese an( S -owu by the move intense streaks,
It ~an be seen tliat these particlizd which have Yigh insrtia cut acress the flaid
streaaliies. When This occurs in practice, the sample Cbtaiied will not be

re ~esentative,
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Chapter 3

Mathematical Modelling »f

a Hydraulic Systen
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Introtuction

Thiz section describes an attempt to model a simplified aircraft hydraulic

actuating system, so that given sufficient information the model might be used to
calculate the probability of a failure occurring within the system, This simplified
model system is not norasally found in practice but however it does illustrate how
the adiberaticsl techniques could be employed to describe any real system, No
actual calculations have been carried out on the model, because at present
sufficient information about the parameters involved is uot available. Methods of
obtaining this information is of course the major function of this contract., The
model used is based upon the representation of particle concentrations by vectors
and the system by matrix operations upon these vectors. The model will be complex
and is therefore most useful if it is in a form suitable fer computer solution,

This fact was considered throughout the report and the final form of the model is

a ccnputer flow sheet.,

!
H

PTRRTp

29.




RSN R oo ¥ i € om e T PO T VT LT M rain BRVETY
St ke e B

EEs

3.2, Aircraft Hydraulic Systems

3.2.1. A hydraulic system is a means of tranimitting power which makes uce of
pressurised fluid, The system rpust consist of at least 3 parts, a pressure source,

a transmission line, and an actuitor,

3.2.2, In aircraft systems the pressure source is a mechanical pump taking its
nower from either the main aircraft engines or from avxiliary power supplies. The
most ustal type of pump is o cohstant pressure, variable delivery pump, ilowever

the system modelled in this report makes use of a constant delivery pump.

3.2.3., The motor transforms the wdrk available in the moving fluid back into
mechanical pcr2r. The simplest ard most usual form of motor is a piston actuator,
which provides osciileztory motion only. If rotating motion is required, then a

motor similar in design tc the pump is employed,

3.2.4. A hydraulic fluid must meet many requiremerts amungst which are reasonable
viscosity over the desired temperature range, resistance t5 mechanical and <hemical
breakdown, good lubricity characteristics, compatibility with constructional metals

and elastomer components, low specific gravity and reasonable price,
3.2.5. The basic system considered in this report is shown in Figure 12

3.2.5. The reservoir is necessary to accoumocdate changes in the volume of flvid
within the circuit and to provide a reservoir of fluid to replace that lost by

leakage.

3.2,7. & filter is included in the pressure line from the pump. In real circuits

there are several filters, but almost invariably one in the pump pressure line,

t.2.8. The system illustrated has a pressure relief valve in conjunction with a
constant delivery pump, It would not be difficult to alter the model to accommodate
a constant pressure variable delivery pump with the relief valve only being used to

relieve excess pressures in the pumping <ircuit,

3.2.9. The system is equipped with a 4-way valve enabling an actuator to be

operated in both directicns,

3.2.10.. In Figure 12 arrows show the dirertion of flow of the fluid, In the
system 1llustrated the flow is unidirectional in all compenents before the 4-way

valve, but beyond the valve is in either direction depending upen the valve pousition,
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vhe part of ¢hs aystem hefore t -. v in whizh the fluid rlows in one -lirector
cnly is callid power ~iruiii,

Tre oporction of the sys.em shown in Figure iZ may be understcd>d by
studying the diagram, It will be seen that the control valve has 3 positions. In
the position illustTatud pressuis 1S applied tc¢ the undevside of the power piscon
and the fluid from abuve the power pisinn fiaws throrgi the valve and back to the
veservoir. Wken . he valve position .5 changed, as raown by the dotted iines. fluid
js forced by the pump inte tha actuator a ~ve tke piston 4nd fluid delow the piston
passe¢s through the valve and back to +hr reservoir. 1n th.3s way it s possibie to
ohtzin a power #troke in either direction uxsing the combination o1l 4-wey valve and

double accing actuatior,

32.
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3.3 The Ure of Matrices fc- Mcfelling Particujate Systess

3.3.1 In order ¢o cernstruct & mathemdatlcal model for a system in which individual -
components may alter the concentration of particles it is necessary to be able to -
describe efficiently the particle size distr:bution aund tue wa, in which trhis is
cranged hy the systam. One convenient techoigwy {s ¢ zrpresent pgiriicle aize

distributions as cclumn vectors, and opevatnis wuiad change tuwem by square matrices. -

Thiz has the advantaze tha’” any calculation ragnires only the us~ of matrix algebra.

3.3.2 The simplest methcd of represeniing = particle size distribution as a vector

is to equare the elements of the vuntor with the c>lumns of a freguency ‘size

histogram foi the distribution Thus tle histogram:

:

¢

% % by weight 40 ' :

; of total 20

: sample

§ 20

£

z 10 ="
H

: ¢t —

: b X x X, X Size x

PR

e

* s = S1 = 10
% S, = 20
T s3 = 4G
{
) s =
4 30
. |
where Sy is the percentage by weight iu the size range 3 to Xg) 32 is the percentage

by weight in the size range X, to X,, and so on. Using this technigue it is

33.
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possible to represent the particle size distribution in tecas of any convenient
parameter, e.g., weight, number, volume or any of the other parameters used in

particle size analysis.

3.3.3 An alternative method is to let ¢ etc., be actual weights in each

ll 52'
size fcaction. 7The sum of the elements n»f the vector is then equal to the total
weight o particles in the system. Thus for example, & particle sample with

the follcwing sieve analysis:-

TABLE III

Sieve Analysis

Size range . Weight retained gm.
300 pm 0.03
300-200 im 0.28
205-100 pm 0.47
100 vm 0.41
Tcial 1.19

34.
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could be represented in vector form by:-

s = 0,03
0,28
0,47

=3 o

3.3.4. The use of actual weights rather than percentages by weigh! Las one
important advantage wh~n matrix “echriques are useG tc vapresent particulate systems,
For example, the perfect mixing of two parfticle sizé distributions r and s is
represelited by addition oy the vscirors, provided tivat both size distribution vectors

ar. in terms of actunl we*~nts,

- <y pe . t1
. { !‘1 Sl-] [.rl + 51
N Size distribution vector
r(; 02 r2 + 52
- for mixed matierial.
I‘3 - ‘ 53 - 1‘3 + S:;,
s s
qu 4 Tq + 4
- e wd b -

1f, however, the size distribution tectors are express~d in terms of porcentage by
weight, then they must he multiplied by the sample weight p and p before addition

can be parformed.

ice., [ .
P T o It (e+6) pry + &3,
F A
pre
S S
€ g z = or + §s
P 2 o 2
3 S5 i L+
T, [ S+ lor3 + @s,
ad J - ,j l F’+¢
lny4 + 1':“54
i e+
.

FTor this reascr it is more useful to exfress panticle size cdiztrivution vectors in
terws of weignts rather than ~vcenteges by weight, ané the former neihod of

renresentation i1s owed in the fellowany —hap.ers of this report,
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Where it is more appropriate, weight concentrations in the

rates, i.e,. weight passed

3.3.5.

Operations, other

butions may be represented

steady stale grinding operations have already been developed to a considerable

extentyrei.3.) yand matrix modelling work in other typas of particle proczssing

per uniy time, are us2d instead of actual weights.

fluid, or weight feed-

than perfect mixirng, which affect particle size distri-

by square matrices,

should prove equally fruitful,

In general, 1f a size distribution r is changed to a size distribution s by a

process, then the process may be represented by a mati'ix A such that:

s =

Thus, if r =

multiplying s +

The coefficients a5

changed to size i,

3.3.6-

classifier is usuaily considersd not to cause changes in particle sizes,

non zero elements aij

tas the form:

¢ = [;11
X
l 0

(=}

-1 = ’51‘1 and A =.a11
S2 221
3 331
_f4_ ba41
gives:
B 1 TS T S T b T
= a21 1 + a22r2 + 323r3 +
= qaN 3327 33373
= Aan 24270 #4273

are thus those where i = j,

(s} 0 o]

c22 0 0

C c33 (0]
G C44

36.

21474

32474

a34r4

a44r4

In many caszes, several of the coefficients of A arr Zero.

Matrix models for classiiying and

of A represent the traction of particles of size j which are

For example a

14

24

34

44

The only

A typical classifier matrix C,
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For a perfect classifier the coefficients c¢_. are either

uniiy or zero, dependiny
upon whether a size range is greater or .smaller than the

classifier size, For =
real

~lassifer, however, the coefficie.ts represent ive classifier efriciencies for

the size ranges concerned,

2.3.7. In & grinding machine it is reasonabhle to assume tlat nce size enlarge-—

ment takes place, therefore a matrix representingz grinding would conizain zeco
coefficients for all those terms representing enlorgement,

The final matrix would
be iower triangular in form:

I3
Af = p‘ll [e] O (0]
By Y 0 0
"3y Y Ma3 0
a1 P42 M43 T44
h‘ -p

Since there is no generation or ioss of solids in the mill then the sum of all mi

for any constant i is unity, i.e., the sum of 2ll fractions of particles from a
y

given size range is equal to the weight of particles in that size range.

Thus: r =

1 5 ™h 7 Pttt Pty Y P
Ty MaaTe 7 Tz T Myl
T3 = Paz®a ¥ My3'g
T 414

This property, of the sums of the 2lements in each column being ecual ic unity, is

comraon to all operator matrices which change only the perticle size distribution,
and net the total weight of the particles.

3.3.8, A size enlargemenv device may also be represented by a patrix, Ir this

case no particle is decreaSed i» size, s¢ the matrix reduces %o an upper triangular
matrix:

r = 9 ,
11 “12 ®iz €14
(2]
0 €22 23 a4
0 33 ®34
27
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3.3.9. All operations involving particles may be considered to be a comb:aination
cf the three basic oporations above, classification, size reduction and size
enlargement, A matrix representing any operation can thus be built up from the
three basic processes by analycis of the operation in terms <f these three basic
processes, For example, filtration is a form of classification; erosion is a form
of grinding although tre generation of particles results in the sums of the matr:ix

coiurns being sreater than unity.

3.3.10. The va'ues of the matvix coefiicients are bes. determined experimenvally,
e.g., the coefficients af a classifier watrix are the .lassifying efficiencies for
ezch size range. Much werk is being done, however, towards theoretical determin-~
ation of wmitirix ~o2fficients, esdecially in the matrices associated with grinding

orerations.,
References
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3.4 Characterisation of Individnal Cowponents in & .ivéw'ul,c¢ Svstum

] 5 e M o? e

3.4,1 In order tc set up 2 marhematical mode: for the somplete system it ie

necessary to find 3 matrix description of ea=) componen’ in iie circuit. The main
items confidzred are the pump, filter, pressure relazf valve, reservoir, the 4-way
vaive, and the actuatsr. The volumes of fluid revained in tle conracling pirrevork

d. Details of models used for each item in the circuil tH-

8
c
)
[
o
bowd
n
[¥]
’ ;(
4
¢
Q
3
w
Pl
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®
i}
@

gether witn the ssumptions made in order to devise each model are given in para-
graphs 3.4.3 to 3.4.8 below. Paragraph 3.4.2 summarises the nomencleture uszd in
thiz and subkzsglent chapters, Fig. 16 shows the particle concentrations and

fig.. 17 the volume element< in the model system.

3.4.2 Consistant units must be emploved for the particle siz2 distribution vectors
et all poinrs n the system. Urless otherwise stated, all particle size distribu-
tion veciors, in this and sicceeding chapters, have the units {weight of particles)

funit volume of filuid). The coefficients of 211 meétrices are cdimensionless. The

notativn used throughout is:

(1% Upper case letizrs - 21l matrices
{2} Lowsr case letters, wnderlined - all partic.e sice distr’butiol vecto.s.
(3 Lower casSe letters, not underlined and grrek s mhols - scalars, usualls

veigeitias or voiunes.

R (¢ =4
e g. (X -~ 23 _A.8B. = ":i
©

zlars Mairices Vecrars

“

A li1s: of all the symbcls used. 3n aiphabetical order, is given »n pac

.
B
P
o
b

s

3
p
=

3.4.3 The Fump

The pump cousidered in

o

1@ circurt is a constant displaccment swish plate

e

piston pump of the trpe used i1 aircraft systems. The majoer points oi wear and
hence sourres of particles will be -onsidered as the valve plate and the pision
shoes. There 1s ~omparativel litile orosion of the pistons and cylinder barrel
and tl:is mav ve ignored as a first approximation. Also the simplifving assumption
15 made that the rate of wear of the velve plate and piston shoes is indepentant
oi the =2encen-rat:on of particles in the fluid, but depends upon the speed of
rotation of the pump 4nd to some ¢xtent upon the age (f the pump. It is also

assuned that there is no leakage of particles i the case drain fluid

39.
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(1) The ~roded particles may because of the constructional materials nf the

pump , be very hard and might be expected to cause further erosion of the pipewosk
and other 1iteme in the circuit. Assumrng again that the pump 15 cperated arn con-
stant speed, th: rate of erosion will be constant, the fluid flow rate willi be
constant and hence the concentrat:on of parti~les in the fiuid, as the resuit of
pump erosion, will be constant, New m is the particle concentration in the fluid
leaving the reservolr and Em 1s the 1ncrease 1in concentration as a result of
hreakcownol the line between the reservoir and the pump.

M o « s 1 ~
the concentration av the pwsp inlet = m + b,

Let the concentratiyon at the pump cutlet be p.

Let the incraase in concentration &s a result of erosion of the valve plate be

N

1f 1t xg assumed that:

(1) there1s no accumulation oi part-cies inside the pump,

(2} there 1s no loss of particles as a result cf leakage into the case,
then a parvicle .aass baiance over the pump gives:

p = i + Em + a,

Let the particle concentration of ercded material from the piston shoes be d. If

1t ie assumed that there is no accurulation of particles ins:de tle case, then the

particle concentraticn of the fluid leav:ing the case drain valve 1i1s d,

3.4.4. The Yilter

The filter acts as a classifier on the particles. The particle concen-

tratron at the filter inlet, including particles in the 1lud as a2 result of break-

3 down 2% th2 pipework is {(p + Qp).

‘;’ Let the ocutput concentratiion be I,

Then £ = F. {p + by}

whare F is a diagonal nairiz of the form:
r o =F1, 0 ¢ o

0 fonq O 0

¢ 0 f

0 0 0 {44

The matrix ceefficients may be represanted by tite filter efficinncies for each
sive range. Thes2, however, ire ot constant but depend upon the fluid velocity

and acceleration, pariicle loading,and caks thickness,
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3.4.5 The DPressure Relief Valve

e

52

B A ORI R b

in the pressure relief valve, erosion of the valve seat by the hard part-

rcles occurs first, followed by collection of particles inside the valve. Since

m

AR

many of the particles are hard, and there are considerable Jdirfficulties in the

practical differentiation between hard and soft particles, we have azsumed, for the

By

b

purposes of the model, that all the particles are hard. It nay even be possible to

incorporate this difference 1n the ccefficients of the erosion matrix, although this
15 Leyond the scope of this report,
Tne particie concentration at the pressure relief vaive inletincluding pipework
breardown is (f + b_ + b ). After erosion this 1s changed to E f+b_+ b))
e (L+5 0+ D ged to E,, (L+Db,* 2

where EDV 15 a lower triangular matrix similar to that used to represent a grind-

NS S

ing machine. E.g.: P = {e o G
= v ‘,11
0
€y %0 O
€3y €32 ©33 ©
(o] e e

e
41 42 43 44
.
This concentration 1S changed, by the collection of particles inside the valve, to
E (f + b_+ b ) where C 1s a diagonal matrix.
- g pv

C
pv pv —£
This concentration is equal to the cutlet concentration z

: z = z(f + L. + b)),
. e = - —f -g
3.4.6 The Reservolr

The reservoir is assumed to be a perfect mixer. Since 1t Is assumed that
there s no leakage, and there 1s no generation or settling of particles 1in the
reservoir, cthen the reservoir composition is eas:ly calculated by a mass balance
across the reservoir. The method used to determine this mass balance depends entire-
}v vpon che model used for the circuit. The methuds used for our final model are
described in detail in 3.7.
fhe rese=velr outlet contains a filter. If the particle concerntiration 1nside the
reservolr~ 1s r, and the outlet concentration is m, *hen: m = Rr
where R 15 a diagonal matrix rep-esenting the filter, e.g.:

R ={r,. 9 ©0 oY
0 r ) v
(o} 0 r310

L? (o] 0 r4%J

11.
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3.4.7 The 4-way Valve

The directional control valve 1s a 4-way servo valve, but in order to

simplify the model, is only considered as having 3 operating conditions, the neuiral

position and the hard over posit:on 1n either direction, As an example of » valve

for this circuit one could consider a manually operated valve similar to the ZSecond

stage of an electrc~hydraulic spool and sleeve valve.

This valve 1s illustrated in
figs, 13-15.

It will be assumed that particle build up, i.e.silting occurs in thos¢ posit:ions

within the valve where high pressure fluid 1s leaking to the return, and thes¢ pos-

itions will be called x;, Xp and X3. The close fit between the valve spool and

spool cylinder will cause the leakage points to act as filters, collecting particles

at points xj, and *y and x3. The particles remaining in the leaking fluid then

cause erosion of the spool and cylinder wall,
The 1inlet particle concentration for the wvalve,

including breakdown of pipewdrk 13
(£ + bg + by)

Let the outlet concentration of the valve be &

- 2' -
. . - Evc' Cvc £ + by + bn )
where Evc

is a triangular matrix representing eros:ion, and C 1s a diagonal
3 o ] vC

matrix representing particle collecticn, Evc and C,., can ve multiplied to give a

triangular matrix Lc, representing the overall leakage effect when the valve is
closed. This gives:

L= L, L+ by + by

Since the valve 1s of symmetrical design 1t 1s reasonable to assume that the

action vf the valve on the particles s exactly the same when the actuator 1s
being raised as it is when the actiator 1is teing iowered,

When the actuator 1s
being raised, (fig. 15 ),

the only action of the valve itself 1s erosion by the

particies in the fluid, Thas :s quite small and has been ignored. However, the

concentration of particles leaving the valve 1s affected by the particles collected
av X3, X, and Xz during leakage. c

Total weight of particles raptured = (!-Cvc) (£ + be + b

by)
where € 1s the total volume of fluid which has leaked.

However, only a fraction, ¢, of this weight collects at point X3.
Further, Aaccumulation of particles at poini X3

w11l probably result in compacting
i g

of the particles. Thus when the valve 3s open some particles will probaebly adhere

42.
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to ¢hn orifice walls., If tbe fractiun of particires which dces not adhere is 8,
then rhe weight of particles which enters the flvid being pumped into the actuator

18 given by:

Weight of particlws released form x5 = 64 };
3

-
>

(z-C, ) (£ +1bg +Dby)-

Whilst the actuator is belng raised, further leakage occrrs at points Xy Xy and
Xge The wedianisn of this leakage iz exactly the same as for leakage whea the

valve is closed, tne only difference beirg that the lcckage points, and hepce the matrix

coefficients, arr differsnt. The equatioa for the leakage effect whe:. the ~alve is
open i3 thus:

4= Lo (§-+ hf +'Eh)
where L, » Eyn ¢ Cyp (the matrices being similar in structrre to L., E,. and Gy¢
above).
The tatal weight of particles captured as a result of this leakage is thus:

o
% (I~C_) (£ +b +by)
wheve o is the total volume of fluid which hzs leaked.
Since the high precsure £ivid is in notion it is reasonable to assume
that all particles captured uas points x4 and Xg are carried into the actuatox by
the motion of the fluid, Thus if tbhe fraction >f the total narticles captured
which arc captured at pointe x; snd x5 is ¥ then the weight of particles bsing pump-

ed to the actuetor is:

¥ 1

If the concentration of particles in the fluid as it leaves che valve before

I—-‘,V‘\C‘

(3-G,o) (£42, +b,)

enteciag the aciuator is v, then! c
. 1 -
1=(_f_+hf+§h;+\73§ [en i (1-C,) (£ + Dby +by)
i
¥ g (a-c ) (£ +

1
vhere Vip ig the total volume of fluid pumped into the actuator.

e
be * 3y

The effect of the valve on 1low pressure fluid returning from the actuator

is evosion. Since this is only slight it may be ignored. Thuys, if the
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concentsation at the valve inlet, including pipework breakdown, is {j + b, ,),
then the outliel conceutration ¢ ie given by:

2 = } +b 7).

= (.LA kA

The velive action when the actuator is lowered is similar to that above, the

equations being:

1 {— c
= (f b +b + e - {I-0 f+b +b
y 2L T £ _h) VJ_ N l ¢ > A VC) (_ + 2 _h)
i

|
o
+¥ = I-C {(f +b_+ b

1 ( vo) = =f ‘h)

£ =(3 +b
=y )
The values of the tct3i leakage volumes, c and o, are not necessarily

the sawe as for thcse when the juck is being raised.

3.4.8 The Actuator

The action of tvhe gctuator is basically particle capture, at the
inlet nozzle, cu the piston rings and on the piston glanda (side B _uiv). On side
" there is an additicnal effext due to ingress of fresh particles from the surface
of tno piscon rod.
Consider side B, cofter it has been filled n times.
Total weight of solids ian actuater = {contents £f iine 5) + faaie-up from line 3)
+ (ingress frcoa piston rad).

-
-

The volume of iine 5 is Vi and ttupaxticle concentratiow is iﬁﬂ i.
i

3
If cne collection zffect as flujd enters the accuator is ”jBl’ then the total

wer_ht of sarti:les which enters the uctuator from 'ine 53 including pipework

breakdown is-*

r~ =2 \ ~
3 Spr -1ty

The volume of fiuid from xine 3 which is equired tc mafie up the z2ctuator volume

v

is (ViB«V‘B), assuming that the actuator volume is large: taan the valume »>f line
- N

5. .o concentTatial of fluid entering the ictuator from line 3 is (v + gk,). Thus
- o

the tota? weight ¢ particles fr--m line 3. including pipework breakdown, which

enteyrs the actuat.r is:
(v )

-V

jB _Vke)

Ciy 2 v+
1
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The re.3on fcr a sum ‘s that v is not constant but varies with each stcp change.

The weight of partaicles which enters the actuator as external contamination

. ’
on the pistcon rod 1s assumed to be constant and equal to 5.

Let the total weight of solids inside the actuator be §BN
* s =v_ C (3 +b ) + c._. Vip V' 2
.. 2eny T VkB Uy ‘dpa-t T ka jB1 It E (v. + b ) +X.
A
. . The particle conc:niration inside che actuacor 1s 1 .
_ -~ .
v A
B Bn
As side B empties, pariicles are collectod on the piston rings, ovutlet nczzie, and
pistor rod gland. 1f *hese effects are roprescated by the matrices Csz cj83
1
and C. respectively, then the actualor outle’ composition J is gaiven by:
G - ~Bn
L]
j = — c + C, + . s
Jgn vj!} -( jB2 jB3 CJG) 'BIJ
- (v,, -v,.J
3. == lrc. Vo (da.q * b y B KB N
2Bn v, 5B | k0 [=8.-1 7 ~xB 2 v + b l+ Kk
JB ; 4 - —ké/ -
- ~
where C = {C, ~ C, + O, C.
3B € ;B2 4B2 “567 C;ma
K = {C. + + C..2

If the inc-ease 1ir particle <oncentrition in the actuator as ¢ result of ¢uteraal

s
contamination is k, then:

kl = v . k.
- JB —
< . - ~ 3 -
Rearranging the equat:ion for Zpn Zives:
. (v, ~v )
. 1 c {; . = 3 < . Id
i o= o= {‘38 keipn T . TERAL . Cop By * KoK
Bn s 1 L ry i

By a similer prccess the coacentration of particles leaving side I of the actuatos

afrer 1t has be>n filleo n times s given by:
(v., -v )
. 1 {. . JA kA
= = C - + o +
dan vy L JA [ kA Zan-1 p Cia Za

whers C

. L + - C
Ja ( JA2 Cjt'\\ ’ jas
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Note: Since there is no piston rod on side A, k 2nd CJG are boih zero.
3.4.9 Erosion of Pipework
he ¢rosion of pipework has been reoresented in the sections above as

=3

addrtion of particles rather than ¢, tatrices. Although pipework erosion 1s to some

extent depepdent upon particle conc:ntratica it 1s both & very ccmplex phenomenon

and also nccurs on a very small sczle, hence it will be :i1gnored frem now oa,




3.5.2

o
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Mcdes of ¥ailure Caused by Particle Contasiration

Sou.szCs o7 Fluid Contanination

{1) Built-in contaminating, i.2. dir* that 1 siready in the components
when the sysiem 1< assembled., When hydraulil components are nanufact-
ured they uvudergo a rigcrous uvlt:aso~i¢ cleaning process f3llcwed by
flushing with clean fluias, Horever it has been iouni *hat when
assembling the most critical systems that the act cf tightering a
screw thread will refease a cons:derabl”s number of particics into the
system,

(Raference 3.5,1) These systems are now being designed sc¢ thai no
srrew threads are 1n ccntact with the fluid ¢ircult.

{2) Contaminant in nes hyriraujic tluid added to the system.

(3) Airbarne dust infiliraiing the systend, e.g. dust brought 1n o5 the
piston shaft and rhaough reservolir dYroatder vaives 1f these ex:st.

(4) Corntaminant generated within the sysiem by puazp wear; packing wear,etc.

”~~
(4]}
.

Contamination from hand tools etc., introduced whaen 2 system 15 opened

for mairtenance reasons.

(6) Contamination intrcduced by intercha<ge ol fluid with that of ground
maintenance eqgu.gmant,

2, 4, 5 and 6 may e largely conirolled by effective maintejiance of ground

equipment and 3 by efficient ses: desig.

Types of Failure

Countamination induced failures of hydriulic systems and their compohents

may 02 divided into tlre> nztage.res. (Gaf3.5.2)

(D

(2,
{3)

3.5.3

Walfunctinn Jus to single laryge particles, »r a few large particles
arrivzing siasltam@ously, interfer-a3 with the metion of moving parts, e.g.
reseallng of valves.

Loss »f performanze am! eventual {2ilure Ju2 to woar.

Logs of gnrioresisce when frictional forces become sign:licant with recpret
tc drivir: furces, o> when heavy ¢ontamination affects tne Ciriving forces,

€.31 S«Itzng in =crac controi valves.,

A particle large enougnh te plug <n crivice, prevont : valve fiom seeting,
~te., is laige en¢ugh to be sas:i’y s2en and would be trapped by the coarsest

Tilter. 1Jt5 presunc~ is indictive of caralecsnass on the pact Of

53.
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ranufacturing, overhaul, or maintenance personnel. Failure to debur~ a drilled
passage at the time of manufacture, for example, may eventua’ly resuit ia the burr
being disliuged into the systenm. Good maintenance and the inctallation of cvarse
filters at critical peints will prevent tkis type of failure.

Znother failure of this typo 1s possible. This is the praobalility of the

simultaneous arcival 2f a number of particles at an orifice, etec., whose combined

effect is the same is that described above for a large particle. €Ref, 3.5.3)

1.,5.4 Failure dus to 2 \arge partic.e blocking an orifice will be depsmdent upnn
the si1zes of the orifice ard the partwle. If theé particle 1s ahove a ceriain size
it will cause hlock ~e, *wt thas 1s very unl:iely.

Fallure due to a2 number of particles causing blockage can be caiculated on
a prchability basis, the importart criteria being the orifice size and the particle
s12e distribution, i.». iwo particles of one size rarge could cause blockage, whilst
four of a small size range might be nezeded, or & combination of particles of

different size ranges.

3.5.5 All} moving parts are subjact to wear at points of conlact. [hz prinsipal
excepticns are hydraulic pumps, and continuous duty hydraul:¢ motoyg, Infiltration
of the pre_.ision fits on eyuipmer. i fluid borne particies results 1a weir, scoriig
and 1ncreased ciearances. This sowmetimes =2uses s uWder {7ilarcy but more ofiten
results 1n 3 gradual loss of efficiency: slinmed ma' Venarce can privent this be-

cowing craitical.

2.3.6 Failure o5f 1tams dus o w2ar cin bde caloulated on a total wegight of sotads
1058t basls, C.g. +f tFr namp leses xore thar a cérta:l wer Bt of particles, 1t will

fail.

3,5.7 Control valves, n particuiir electvohyiaulic sorvo vilves, may .aave
Iimited fcrees avarlable to drive the valve spo>l., [rictignal fo~ces may L-coms
great enough to cfuse Cegradation of yerfo:_.arys sltlQugh little ar ne wear has
orair.2d.

Servo valves; Wlso rfalied troumydey a7 02 byerduise capplrfievs; are
usually designed to proclc. hydraulic ffow output proportio to an 2lecyric
current, It 1s the performance o7 these units, mor: ithkar any 3-hC~ i.cicr, -vhich

has focussed aiviontion on hydraulic fluzd contamirmi.on in che lag: few years.

N ke

L Y
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The valve design u3ed in this project is gimular to tue second stags of a
typical elestrohydraulic servo valve.

In a speeld wxive, f.z2. 13 , particles tend to «olloct behind the spool
at noints xl, x2 anm™ x3 due to leakaze effects. These particles increasc resistance
tc mo~ion of the spool, and mav delay or sven 3%7p ihe motion, cuus.ng either complew
fairlure, or a loss it efficiency vhich may Le critical iy (he valve iz pa:rt of a

flight contrcl loop.
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3.5, Models of Complete Systems

()

6.2, The requirements of a3 model of an hydrauliz system desigred to predict

fzilure of components due to purticle sctinn ar¢:-

(1) it mvst be able to calculate continuously changing pavticie
concentrations,
(2) it rust be able to handle continuously operating and intermittently

aperating circuits,

(3) it must be ahie to predict failuve,

4 it must be able to handle changes in matrix ccefiicients, where
chey aye dependent upon particle conce.trations, or wikve they are
changed by routire replacement of equipmernt repyesented by the

ratrices,

5 it aust be capable of modixication Lo simulats other hydraulic
systems,
(6) ir must be in form suiteble for solution by comouter,

3.6.2. There are two distinct types of model waich fulfil these reguirements:

(€] Continucus,

23 Step wide based on zither:
(1) voiume increments < fluid, or
(2} time incroments,

3.6.3. f continusus model, which calculates parti.le concentrations as ccentinuous
functions of xima. or possibiy vo:ume of fl1+1d pumped theory., However, matrix
modeis are unsuited to countinuous solution, parti vlarcly when the matrix coeffic-

ients thefuselves vary with time.

3.6.4. The basis of the step-wise approach is to assume that a variable funciion
is ~onstant for a small increment of 2 fixed parameter, and then <hanges ior the

next incroement.

The simplest parometers to consider are increments of volume and time, The values
2{ the particle conrentrations in 4ny increment depend upon the values in the
previvus incrasent and upon the sige of the iucrement, Each time these values are

, calculated, since they depead upon pirticle concentrations,

w
&
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11 volume inrrements are used, and the particle concentrations are
multiplied by the fluid velocity to give particle €luxes, the modszl will handle

acceieratior.., This is discussed below as ‘he step-wise flox medel,

3.6.5. With the ster-wise volume nodel. ize distributions can be very easily
represented, ali the requicements of 3,6.,} are met, however accz.eve*ion of the

fluid cannct easily be dealt with Ly this =xodel,

A step-wisw time model agaip salicsfies al1) the inicial requirements, cut
once again acceleration cannot be hLardled, Darticle sirze distiibutions must also be
expressed in terms Jf volume and velo~itr ¥ricn mekes this maeCel less altractlive than

a volume model,

A stepwise velocity or flux -nodel is the ¢nly model whacl can hondle
acceisrating fleid, It is also the bect model for represeriing the coni.nuous
Circuit, Ditficusiies, however, arise when the intermittent circuit (the actuatar)

is broughz into action,

3.6.6, For the first mcdel it wes decided to reprezent the continuous circuait by a
flux model, and the intermittent circuit by « voiume model. TLe development of this

model inte the final model adopted is describe i below in 3.7,

56.




Pl

N

B

2

f

T

1 BN AR e IS ARV MO AN

Can

T N st

o e g T

T A, T R AT e =, P et g =
R A e R T W L R R s R M T e R e s e A

3.7, The [inal Mathematical Model ¢f a Simple Hydraulic System

3.7.1, The firs*t aodel was based on a division ¢f the basic hydraulic system shown
in Fig. 1f , into two distinct pa:ts, a continuously operatirg circuitr and an
intermittent circuit, The cortinuously operating circuit consists of flow from the
reservoir, through the pump, the filter and the pressure relief valve, and back to
the reservoir, except vhen leakage occurs, Duvring leakage. flow is from the
reservoir, through tle pump, the filter, leakage in the Control Valve, and back to
t\e reservoir, Ti.e intermittent circuit comes into operation when the actuator is

meved, It has been previously described in paragraph 3.4.8.

Tr.2 contiimous. circuit was modelled by means of a mass balance on the
resexvoil, tised upon fluid velocities and particle concentrations, This enabled
the particle fiux leaving thoe reservoir to be calculated. The main advantage of
this moael war that it could handle simultaneous flow through the pressure rel.ef
vaive and the Contrcel Valve, (iiodels based upon volume or time can only handle this
ov alternating the flow from one circuit io the other for successive volume or time

increments),

In order {0 calculate particle concentratioas, it was assumed that the
concentration leaving the reservoir remained constant until particles travelling at
the mean fluid velocity had made one ccmplete circuit, Matrices were then adjusted

and the process was repeated,

The intermittent circuit was based on an actuator volume, assuming that

there was only one step change in particle concentration for each actuator stroke,

The model for the continuous cjrcuit is the best available type since it
can eesily handle fluid acceleration, However, it was found to bte extremely difil-
icult to combine both circuits into a single model without drastically modiiying one

or cther of the models,

3.7.2. A second model was then developed from the first by substituting a step-
wise volume for the flux model. Again it was assumed that only one change in con-

centration was made per circuit.

Acceleration was handled by considering it to be infinite., This resulted
in step changes in velocity which were accounted for hy step changes in the opesating

matrices,

(3]
)
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This model inhesited most u1 the disadvantages ¢f the first mcidel, the

NG BT B YT

o most imporiant bLeipg:
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1) Difficulties arose in combining the mode.s fo. the coptinuzus and

intermittent circuits,
(2) Althougn the vciume aincriument waus small, the ster change in
narticle corcentration was gquite iarge. rince one volume increment

24 assum~d to represent the whole 33 stim volume,

3.7.3, A third model was cthep developed trom the second nde- whereby tv2 floid
wezs compietely uivideu into unit volumes, znd 2 step chang2 in psrticle con~
centration was assuued 1.0 occir every time a unit volume left the reservoir., ¥2Cn
line votuwe and the actuatcr and reservoir volumes were assumed to be 2 wrole number
of unit volumes. Plug flow was assumed in all pipework and equimuent except the
actuator an<i the reservoir, Changes in prrticle corcentration due to the action of
equipmant were assumer. to be instantaneous, i,e,, they took place between adjacent
unit veiumes, Since pluz flow is assumed, there is no inteérchange ~X particles
between adjacent volumes, In order to calcnlate the particle concentrations ir the

actrvator and reservoir, both items are assumed to contain perfect iy mixed fluid.

Step changes in matrices were brougrn.t abuout by considering the particie

cenegatration ot each unit volume entering the item of equipment concerned.

This m2xel eliminaled the two major difficulties of the previous models,
and z1s5> handled changes in tne antuator aad reservoir velumes, but difficulties in

programmirg led to a slight modification, and a fourth mcdel was finally developed,

374, in this model, unit volumes of the pipeworkh and equipment were considered

4

instead of unit voluwes of fiuvid. The assumptions of plug flow in pipework, etc.,
and the perfect mixing in the actuator and reservoir still heild. A step chunge in
every volume was made e€ach time the fluid nad -omplerelv passed from one unit
volume to the next, The unit velumes referred to we shownin Fig, 20 and are

referred to in the tex: as line 1, etc.
A description of thds model is given below:-
3.7.8, Assumptions:

1) Changes xn particle concentration, between two successive vclume
increments, are c<.ell, This justifies the use of a step-wise

ncdel,

59.
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123 The volure ‘e pvarticles is small compared with the system

voslume, and Lay be neglected,

W37 The high fluid viscositv and small particle size eliminates particle
setiling from all points in the syscem,
(4 Tle flow rezime in all pipework and equipment is plug fiow, except

for the Zztuator body and reservoir, in which perfect mixing occurs.

3) o fluid leaves the system as a result of leakage,

(6) Volume flow rules are ccenstant for szach of the three valve
positions.,

(7) Acceleruwtion of the fluid changing from ore operating state to

another is infinite, i,e., the ci.ange of state involves a step

change in velccity.

3.7.6. The action o7 equipment is exactly as describad in 3.4 using the same
nomenclatury as in Fig. 13 A summary of the (quations used is given below.

where i is the number of unit volumes which have left the reservoir,

Ourflow from reserxrvoir:

@y~ Ry Eg. 3.7.1
Pump acticn:
By = my + Em.}- a Eq. 3,7.2
Tilter action:
fi = f} <Ei + bp} Eq. 3.7.3
Pressure relief valve:
z, = z; £y o+ by + Bg) Eg, 3.7.4
Control vualve action:
(¢N 1eakageLwhe? closedé b 37
= f + ; + e 3.7.5
&3 ci ‘24 By * b Eq
(2) leakage when cpen:
x; = ‘L(‘i (Ei + 'gf J—Eﬁ) £q, 3.7.6
(3) flow of hizh pressure fluid:
i c
v, = g -
a5 = (£5 + bg ¥ By) + v L‘f’?.ﬂ-cvc)(i +be + by)
o ! .
*Y S (-1, ) (C+b +b Il T Eq. 3.7.7
1 = —f "hJ
60,
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4) flow of low presgure fliuid:
= 3 k +7.8
_g_i i vk Eq. 3.7

The actuator comnpositions after the nth time it is filled are:

Y XV A

2g. 3.7.10

Derivations of all the above equations 2re given in 3.4,

Side A: v v
: ;s =11 ¢ JA- kA - 3.7.9
: <in fv‘ 3a®ka 5, -1 Y CiacRyas Eae 2T
£ 3A Lan
: 1
H Side B:
i 1 r VjB-vkB
H 3 = — . { i -1 3% <
: Jan Vs CJB ‘VkB =ln ! 2 CJBEkB + ¥
B 1
i

The basic mass balance for the reservoir is:

: p-1 2 ° 2 73
: r. = —= r. 2+ £ e {{nput) Tg. 3.7.11
. -t sl —1 I

: where p is the resorvoir voiume,

The tvalue of the input depends upon the state of the sysiem,

There are two possikle values:

v mame b

(1) When flow is through the pressure relief vaive:
: Input = (z 4 b + &) Eq. 3.7.12
: I
2) vhen flow is throush the control valve:
Infut = (1 =+ E* + d) Eq. 3.7.13

The value of ] dspende upon the vaive positcn, i.e., whether or not the

) Y R W ¥ D N A

actuator is beiilg taoved,

Howevevr, tvh-: tle actuator is cperated. there is a change in i1eservoir

3 volume., Tlis is bec2use the two actuztor sides have been different volumes, due to
‘he picton rod in side ¢. Thus wner side g is filling, the reservoir volume
increasss, when siae A is fiilaing the reservoir vclume decreases., This effect may

be uliowed for by the method of paragrazph 3,7.7 below,

A

ALY L
o2}
f=
.
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3.7.7. Whon the side B dis filling. the increase in reservoir volume is accomr-

,
4

Sl

odated by increcsing the input at regular intervals, proportional to the ratio of
the actuator volumes, Thus if the ratio of the actuator volumes is 5/4 then every
fourth jnput is increased to (21 + 2b, + d),

Hovever d is not doubled since it depends upon the flow raty of the
reservoir outlet,

the reservoir volume 9 is then increased by one uniti hefore calculation of

the next step.

When side A of the actuator is filling, tho decrease in reservoir volume is

accommodated by reducing every fifth input to d only, and decreasing the reservoir

volume, p , by one unit wefore calculation of the next input.

T

3.7.8. It is assumed that faiiure of che system will only occur in the valve, and
the methods of 3.5 are used to calculate this, The weights of particles collected in
the valve are-

(1) behind the spool (points xy and x2):

Epu = (-9)Z(IC )L + by + b)) Eq. 3.7.14

S

¥
i
W

2) at the inlet (point xs):

= Y -C 3} (£
bup =% (70,0 &+ Db +Db)

bl - - - . 4
= Ebu =2Q-6) (I-C ) (f+ b+ b) Eq. 3.7.15
%% - ) inside the spool chamber (points Xy and xs, or XG and x7):

3 Eq. 3.7.16

!

Failure in other equipment can be handled using similar techniques to

i

et

those described above.

3.7.9. The line filter and the reservoix filter pick up particies as a result of

their action. This build up of particle can effect the filter efficiency and must be

The build up of particle after n unit volumes of fluid have passed through

calculated,

is equal to: n
2 (output - input)
[

¥g. 3.7.17

62.
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3.8.2.

The ..omputar Plow rheet for :he Final llodel

The hydrTulic system s divided intc sis< lines &5 shown in Fig, 1€

The computer flow sheet i1or pred.ciing fuilure of a control valve due fo

sontamination is outlined in Fig. 19 to Fig,

138

The i1aput statcment consists of the valuecs of the folicwing:

‘
:
———

Z These ase systenm sc .unes,

S These wre zli mavrices which descyibe the
action cof the elements in *the system on ithe

varticles,
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£ These are vactos describing particle

Bb conzentrations; x refers to the piston r»3,

. ; while the b's refer to line breakage,

“z

by

b,

—xA

b}

—kB

/

SBUA} . . R
These are vectors referring to build up in the

SBUC s sias .
value, their initial value is zero,

aUF 4

1 This is the nuwoer of increments which have left
the reserveir, initial value is zero,

} These aie rarameters used in calculating reservoir
T J volume, initial value is zero,

Anothar input statement is the valuc of the particle concentration o: sach

urit veiume ir the system, 17 the system is to be modelled from start-up, we can

assune that each unit velume has “he same ptrticle concen.ratio: r. whz ¢ ro .= the

particle

concertiration of the ciean flu:d,

4.
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.32, tThe Tirst step in the calculation is (e 2alculate the particle conceniro-
tion of “ne unit volume in lire 1 alte— s 1Juid »as .aoved one wn.t forword,

(Fig. 20). The new parliicle concentrztron of the first volume is then calculatred
iEgq, 3.7.1). Other urit volumes are calculatec by makiag the puriicle conceniration
of that unit volume equal to the particle concentration of the sreceding unit
volume, except when the fluid has 1o rass through a piece of cquinment. The
particle concentration of the vm + ¢ unit volume, i.e., the fiuoof wnit volume &iter
the pump, 1s made equal to the action of the pump on the wnarticle concentration of

the v unit volume (Fy. 3.7.2.)

The proces+s is then continuous vntil unit volume v = v + 1 is reuchen
p m
the particle concentration of this unit vclume is nade equal to the filter action on
the particle concentration of the vp + vp anit volume,. The nornal ster process is
o}
b
A

thenr con saued untxl 2ll tie particle concentraltions ¢f the unit volumes in liue

are knowr.,

The particle build-up in the line fifter and reservoir filter is =len
calculated (Eq. 3.7.17). This is dome as ihe efficiency o7 the filter. ard thus the

value ¥ [he matrix coe“ficients is dopendent on the build-up in the filter

J.38.3. Dapepdzrg or the value of I the prezramme can now go five wuvs, (The five
if statements (Fir. z0) are really one but are shown as five fovr clarity).
These values ~{ ! car b. adjusted to simuiate any operating conditions The five

paths uare-

{1) Flow through th2 nvessure 1e'.of culve in thie (ontinacus circuit,

(2; Fiow due to leakage chrougl. the ~wmtrol valve in tuo? contisuous
~ircuit,

(31 Flow due to tne actuzilor bL2ingy ralece:, i.e , tne Lntermittent
circeyll,

47 Flow du ¢> leaxag= _arcugh the cacrol sraive nuwving «~tulates
peravion.

(37 Flow due to the sctugter beiny L owered,

Statements <{ and 20 deal with <he continueus <ircuit while siatements 49,

50 aid 60 refer to the intemmiitent circuit,
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3.8.4. Statement 20 ‘Fig, 21) accounts for rlow tnrouih the pressu.=@ relief

valve. The first step is te caleculate the nmarticlz ccencentration of the unix
volumes in line 2, 7This is done by continuing the normal s.ep process until unit

volume v+ v + v_ 4+ v + 1is reached, This is mede equal to the act.on of the

m 1 o
o
pressure relief vilve on the particie cihvortraiion of unit colums Vm"vﬁ f\& + 2’42
L 4

(Eq. 3.7.42. The new value of r is then (alculatad {z= 37 12} , I is increased by

4 and the process repeated,

68.
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3.8.5, Statement 30 (fig, 22) deals with leaxage through the control valve

when the actuato. is not moving.

The first operation is to calculate the particle concentration of the unit
volumes in line 3, and also ine particie ~oncentration of the first unit volume in
line 6. °‘fhis must be .2one as the fiuid in lire 6 can be obtained from either line

3, 1, or 5. The values in 'ine 3 are calculaZted Lv the normal step process.

ire particle ccrcentration of the first uni? wolume in line 5 is equal, in
this case. to tb2 action of the valve in the particle coucentration of the

v, + v + vf + vh unit volume in line C, (Eq. 3.7.5). Now the particle concentra-

tion of the vﬂ + vp + vf + v unit volume can cause blockage of the valve as
W Iy

desvisled in (3,3) so av IF statemeni is introduced and if blockage occur: 2 print

out 1s <¢htulned,

I

oy

7o bioackage occurs., bvild up in the va.ve in positions X, x2 and x3

s shown in Fag. 11} is then «<alculated, SBUA rcfers to the total build up in

positiny Xy uand x,, »#hich will prevent the spool moving., SBUC refors to the build

<

ur in position x3 ard mey cause bluckage of the orifice. Expression for caleulating

whne*l er thrse are critical have been giscussed in 3.2.2, The test for SBUA

is plaved before thz test icr SBUC as the spool has to mnve before fluid can flow,
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1f neither is critical the next stage, i.e,, the 90 statvement (Fig.

e the particle concentration of t
re are no components in this

23 }, is to calculat he unit volume in line 6,

This can be done completely on the step basis as the
line.

The final stage is 10 calculate ¥ (Eq. 3.7.13) and wmove the process on one

stage.

72.
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3.8.6, Statement 40 (Fig. 24) describes raising of the actuator, i.e.,

filling of Side B, The iirst step is the calculaiion of tbe vnit volume of line 3
and the first unit volume «f line 4., Llinpe 3 is calculated 4c akove, The particle
concentration of the rirst unit vciume is equal to the valve action oan the particle
concentration of the Vh + vp + vf + vh unit volume (£q. 3.7.7.) Again the next stage
is to ensure that tnis particle concentreiion can flow through the valve without

causirg blockage. I1f it can pass through we move on to the next stage,

“he first unit volume of fluid throuzh the valve will take most of the

build up in position x i.e,, SBUC, with it, and no otner wait wolume will tuke

’
any part of this buildsup. Thus the first unit volume will take the leit hard part
of this build up. Thus the first wnit volume will take the left hand path after
the second IF statement, Here the first step is ito calculate the particle con~
centrationg of the unit volumes in lirne 4., The firsc unit volume in line 4 will be

given by the valve action on the particle concentratlon given by the addition of

SBUC
the narticle concentration of unit volupe v + vp + Ve + vh to (§BUC -~ v ), Where
4
E%FE is rlle pariicle concentration of the particles lelt in position x_. The

program now moves on to calvulate the new vaiue of jL (Ey., 3.7.10). After the first
volume of fluid has passed through trne valve, the othier volumes take the rignh: hand
path, ¥nilst the actuator is being m. v»d leakage still occurss causing build vy of
particles in the spool chamber av points X, and X (rig. 13}, This j.s kncwn as
BUF and is the particle concentration oi the build up due tc leakage of ovue unit
volume, The first unit volume through the valve after a unit volume has leakec is
assumed {o carry; the wrolg of DUF with it into the actuator line, Thas is then taken
intc accouzt when calculating the particle coucentration of tie unit volumes in line 4
{Eq. 3.7.€), BUF is then s~t ¢qual to zero since th=vre is nc¢ collected solid zeft
at points x4 and x5 until after another unit volume has leaked. BUF is calculated
in Statenent 50.

Tre next stagt is to calculate the particle concentraticn of the unit
voelumes in line 5, the first new unit volume is calculated as the actuatur action
on the particle concentyetion of actuatcr side 4, i.e., (Ea, 3.7.9). The particle
concentration of the first unit volume of line € is then calculated as previously
described (Eg. 3.7.7).

The particle ccncentration is then fested to see if it is critical for

valve blocksge, if ithe anser 1s negative the program moves con.

1\ ok I S A 1 B0
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Another IF statement now follows to account for changes in the reservoir
volume as described in Eg. 3.7.11. In this program the ratio of the actuator
; volumes YJA is taken as 5/4. I1f pavameter § is a multiple of four, two unitz
: vjB
volumes are added to the reservoir while only cone unit volume leaves and Statement 70

deals with this, If S is not a multiple of four there is no difference in the

i roservoir volume “nput and output.

T Ay %»?zgﬂvigrﬁ‘ AR

; In Statement 70 (Fig. 25) the first step is to calculate the particle

R=-.,\:- :
éi ; concentration of the unit volumes in line 6., This can be donas on a step basis as
553 H

5= the particle concentration of the first unit volume of line 6 is already known.

i

=3 : The particle concentration of the final unit volume is then set equal to the particle

concentration of a dummy volume Y,

Since at S = 4 two unit volumes leave the actuator for only one leaving
the resurvoir, the fluid in lines 5 and 6 is moved on two unit volumes so the
particle councentration of the unit volume in line 5 and the first unit volume in

line 6 is then recalculated, The test for critical valve concentration then takes

place ani if the answer is negative the particle concentration of the unit volume

in line 6 is then calculated as previously described.

The resaervoir composition 15 then calculated remembering that the input to
the reservecir is the unit volume Y and the final unit volume of line 6, the particle

concentration of these volumes has already been calculated (Eq. 3.7.11). The new

: reservoir volume is then calculated by adding one unit volume to the old reservoir

volume, The program is then moved on one stage and returned to 10,

76.
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3.8.7. Statement 50, (Fig. 26) deals with leakage through the valve while
there is fluid flow through the velve, i.e., actuator operaticn, Leckage is
assumed to occur &t a certain value of I. The Tfirst calculation is of the particle
concentration of the unit vo:wes in line 3 as described before, and the Darticle
concentration of the 1st unit volume in line € (Eq. 3.7.A). Again a test for
critical vaive concentraticn takes place on the inflosx to the valve, The next
calculation is of the valve buiid up RUA and BUF as described in 3.4.4. SBUA is
then calculated and tested to see if it will stop the spool moving, if a negative

answer is obtained the program moves on to stavement 9G.

78.
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3.8.8, Statement 60 (Fig, 27) deals with fluid flow due to lowering of the
actuator. When the jack is lowered side A is filled and thus there is a decrease
in the volume of the reservoir. The first calculation is to calculate the particle
concentration of the unit volume :n line 2, as previously desc=ibed, and the first
volune of line 5, in a similar manner to the way the particls concentration of the

first unit volume in line 4 was calculaied in statement 40 (Eq. 3.7.7).

The test for critical value concentration then takes place if the answer
is negative the program moves on to another IF statement. This IF statement is
included to handle particle build up in the valve, and is of a similar form to that
in staterent 40, The next calculation of the narticle concentration in actuator
side A, i.e., (Eq. 3.7.9).

The next set of statement i~ deésigned o handle the changd in reservoir
volupres, As we assumed thar the ratio ¢f the acivator volume is 5/4, we look &t
< value of parameter T, If T is not a multiple of 4 we calculate the particle
concentration of the unit volwse in line 4, and the first unit volume in line 6 in

a simifar mammer to the ~alculation ased in statement 4Q,

80.
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If T is a multiple of four, we move to statement 80 (Fig. 28). This
calculates the new reservoir composition (Eq, 3,7.:1), decreases the reservoir

volume by one unit volume, advances T and I by one and goes back to 10,

3.8.9. The above program will run until one of the critical tests is positive,
It will then print out why failure was causazd, the value of I, ihe number of times

the actuator circuit is used, tie reservoir concentration and both filter build-ups.

82.




—— i e s T & e I T e e MU T TR
T e e ST s e e e S SRt e S SR P gl T

oA

NG

80

Calculate r

r=r + -d
C

Il
ulag

o+

-+

vk wd  weds

M
Ro
1

go to

W Ao o

FiGieE 28 Computer program flowsheet - Stotement 80

ERRAATARIION Moot 2 " VP2

e e -




i ;ﬁ!”u %,x A

0
h

By

R

BESTH

A

AT

[P ————

e S A g o)
s A A A s T R T T TR BT RS I S R
St T TS B NN It SR R IR R BT e

3.9. Conclusions and Suggestions for Further Work

3.9.1. Th:e matheratical model for the hydraulic system is presented in the report

in computer flowsheet form, A cocmputer program based on the f)owsheet would be

able t¢ predict failure in the control vaive, It could easiiy be modified to

account for additionai equipment in the circuit, and routine replacement of worn
equipment by new equipment. It could also be used
c¢i equipment.

to predict failure in other items

There are, however, several difficulties in writing the program and these

are tabulated below, Most of ther are essentially

<l input data.

lack of available information for

The types of information regquired are:

Details of the voiumes of components within a system, the initial particle
concentrations, the frequencies cf aciuator operation and the number of operations,

information on inodes of equipment failure and above all exrerimental studies to

determine the matrix coefiicients {or individual components. To do this would

require detciled studies of the input and ocutput of particles through given

components under controlled conditions. Probzbly the most useful means of obtaining

this information is to construct a test circuit and make experimental observations.,
This procedure must be used to obtain ths initial values of the matyxix coefficients
since nu theoretical work (to our knowledge) has been done towards calculation of
these coefficients from the system parameters. This in itself would provide a
heavy program of further work,

The complexity of the computer Ilow sheet would suggest thet some work
towards determining the comparative magnitude of the effects in each part of the
system, If this information wac availsble, the flow sheet could probably be

simpliiied to 2 large extent, reducing considerably the a2mount of computer storage
required tc run the program.

34.
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Introduction

The behaviour of a particulate system depends on the properties of tae
individual particles which go to make up that system and also on their spatizl
arrangements with respect to each other, It is often said that particulate systems
are particularly complicated because of the large number of variables involved.
However, the variables are usually not independent and the basic properties of a

particulate system are very few in number,

The easiest way to characterise a powder is to measure some macrcscopic
property of the powder and to predict its behaviour from that measurement, 1If the
pcwder cannot be changed then, for engineering purposes, this kind of measurement
may be sufficient, If, however, it is desired to change the macroscopic properties
in a controlled manner or, alternatively, to find the best possible system, then
this must be done by relating the macroscopic properties of the powder back to its
primary properties, However, rarely does the behaviour of a powder have a unique
relationship with its primary properties since the same powder can exist in different
states. Unless the particles are so well dispersed that they behave as individual

particles, the spatial arrangement of the particles must also be considered.

Thus the characterisation of a particulate system is summarised in Table 1V
the macroscopic properties listed being only examples of the many which can be

measured or possibly predicted from the primary properties,

TABLE IV
Relationship of properties of particulate systems
Primary Properties State ggg;giggg;c Behaviour
P?rt1?1e>§1ze Porosity Permeability Flow of Fluigd
Distribution
Anisotropy Shear Strength Flow of Powder
& Homogeniety
Properties of _ _ _
Solid and
Interstitial Moisture L Flow of Heat
Fluid Content Conductivity and Electricity
Surface
Properties

86.
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The basic difference in the behaviour of a subdivided solid and a homoge-
neous solid is the interaction of the constituent particles and this is dependent on
the distribution of size and shape of the particles, The particle size distribution
of the particles is thus the primary property of a powder which differentiates it
from homogeneous solid, If the size and shape of each particle in a sample of
powder were known, then these measurements would be sufficient to differentiate it
from any other powder. However, they would not be sufficient to predict the macro-
scopic properties of the system, since the same set of particles can be arranged
geometrically in different ways with respect to each other to produce completely
different behaviour, Thus, the porosity of the bed must be known and also the
moisture content of the powder if a three phase system is involved, A further
complication is added in that, although the porosity of a bed does not uniquely
depend on the particle size distribution of the particles, thev are nevertheless not
completely independent., A particular set of particles in the packed state has upper
and lower limits of porosity which are a unique function of the particle size
distribution, The actual porosity may lie between these two values depending on the
manner in which <he particles have been packed., Under some circumstances, the
porosity of the bed may be a unique function of the particle size distribution., For

example, if powder is flowing, then it must be at its critical porosity.

The complexity, then, in describing the behaviour of a particulate system is
usually because several mechanisms are involved, An attempt to correlate the
behaviour of a powder directly to its particle size distribution is usually not
possible and the mechanisms must be separated and related individually to the size
distribution, taking into account the state of the system, Illustrating this point
with Table IV the behaviour of a powder can only be related to the particle size
distribution by passing through the two other columns of macroscopic property and

state.
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= 4.2, Particle Size Distribution

The traditional methods of defining particle size is as the size of a

£

i

sphere equivalent in some geometrical property such as area or volume oxr equivalent

:%j

g% in behaviour such as settling speed. The particle shape is then inherent in the

§§ definition of size, Shape factors are then the ratios of the various defined sizes,
B either for one particle or an average shape factor for a system,

=3

§§ The alternative definition of particle size is a statistical diameter,

Well known examples are those due to Martin and Feret,

In addition to the problem of defining tne size of an individual particle,
there is a further problem of expressing the distribution of particle size, for
example by number or by weight. If particle size is defined as an equivalent sphere,
then the moments of the various distributions which can be plotted have significance
and may sometimes be related, On the other hand, if the Martins or Feret diameter

is used, the physical significance of the distributions is more obscure,

It is obvious that for most aspects of particle behaviour, there is no
single equivalient size of spherical particle to which the behaviour of an irregular
particle can be uniquely related, Nor even can a single statistical diameter
contain all the information about the geometry of a particle, The limitation of the
approaches is that of imagining a single particle to be the primary unit of a
powder system. An alternative set of measurcments will now be propcsed which

completely characterise a particle system,

Consider an irregular particle as shown in Fig. 29. That particle can be
imagined to be split into laminae which are of finite but small thickness, The
shape of each laminae is irregular but each has a definite area, Therefore, a
number distribution curve of the area of the laminae can be plotted, 1If the
orientation of the particle is changed and the process repeated, then a different
set of laminae will be produced., If the laminae in every possible orientatior or
directiom are measured, then they max zll be added together to produce a distribution

curve which is characteristic of the particle.

This distribution is a wumigque function of the particle but the reverse is
not necessarily so. Thus, two different parti:les could conceivably produce the

same distribution curve, The laminae =iy now be broken down again into smaller units,
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Each lamina will be split into filaments wnich have a square cross-section of small
but finite value. These filaments vary now only in their length and a distribution
curve, again by number, of their lengths is a characterisation of the particie. The
filaments may be taken in one direction or alternatively they may be taken in all
possible directions and these various distributions added together to produce a
compound distribution. This distribution must then be normalised so that the first
moment of the distribution is equal to the volume of the particle divided by the

cross—-sectional area of a filament,

I1f, instead of considering a single particle a powder is considered, the
numoer distribution of laminae and filaments can be plotted as a <haracterisation of
the whole system. A further distribution must be added in order to make this
characterisation unique and that is the number to volume distribution of the

particles,

It is proposed, therefore, that a system of particles is completely

characterised by three distributions:-

nunber : volume of particles
number : area of laminae
number - length of filaments

In the limit, zs the thickness of the laminae and filaments tends to zero,
the distributions transpose from a histogram e a cociinuous curve and the laminae

and filament distributions become area and chord distributions respectively.

This characterisation of a paiticulate systam is illustrated in Fag. 30
and is now 2 unique characterisation., Although two different sets of particies
could produce the same distribution of one or even two of these variakles, if all

three distributions are the same for twc samples, then they are tne same powder,

The curves must naw be normalised such that the first mozment of the number
to volwme curve is ejual to some convenient vaiue, This will probably be either
unity or the volume of particles per vnit volume of bed, The area and chord
cistributions must then be unoraalisea such that the first mcment of the distritution
is equal to the same normalizing voluwme. This point is better illustrated in
Fig. 31 where each lamina has besn taken and they have been shuffled until they

stand in order of ascending size., Then this curve in fact represents the number
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distribution curve of laminae plotted as a cumulative €istribution, The area under
the curve is the volume of the particles divided by the thickness of one lamina
and is alsc egual to the first momont of the primary distribution curve., The same

argument applics to the distribution of filaments as illustrated in Fig, 31

Thus:-
n{v) v dv = V
J
all v
n{a) a da = y
At
all &
\ Id
afL) 4 = ‘,o
{at)*
where Ls = thickness of & cherd or filament
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4.3. Pore Size Distribution

The ¢»re sp&ce hetwzen the particles is a continuum and is not sub-
divigde® like the particles. it can, however, be chariacterised in the sawns manner as
the particled by splitting it into filaments of smali but finite cross-section,
fach Zilament will terminate cn a particle surface, This is illustrated in Fig. 32
Tne number distribution of filament lengths is then a characterisatien of the void
spacze and it must be normaiised to a toial length, Usualfy this will be the total

length of filament in unit volume of tad. Thus:-

-y

n(k) k dk =
» all k

The filamenis may be taksn in one direction or may e taken in all pussidls
directions. If ti2 parlicles &re touching, the distribution <urve must nass through

the origin, Mer in a disperse =;>*em this is no% necessarils so,

Tha re2n filaveni size of the pores is <asily related to that of the
particles i¥ thz bed is bath random and isotropic, Thus, if 4 iong siraight line is
passed through the bted of particles then it camples both the purticle and void
filaments, The fracliimzl length of the line cccupied by the void filamernts i< equal
to the voidage ©f the hed and the total nuwuber of s¢lid fiizments ejquals the total
number of void filaments, This, of course, includes ihe vrid filamants of zero
iength when iwo particlas touch. This fact has been used for some time by mei-~
allurgists, biclogists and geologists to measure the fractional volume of

constituent parts by microscopic traversing techniques,

Tiie relaticnship is then as foliows:-

et 1 be 2 particle filament
n{l) be the distribution function dbv a number of fiiaments,
L4 be the length of a void {ilament
n{k) to be the distribution function of void filaments.,

Since in any total leng*h of iine the numixXr of solid {iiamants is equal to

the number cf void filaments,

B
J n{l)dal = alk)dl
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Since the fractiional length of void filaments is

jn(l)ldl 1 -5

e e——— = =

n{k)kdk

. Xn(l)ldl

j‘n(i)dl

n(kkék

]
™)
i

|

3640950009220 060000850000 00

where the bar indicates the mean viiues by number.
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4,4, Description of Anisotropy

If the bed is isotropic, then the cheord size distribution of both the

particles and the void space will be the same i all directions, However, in an an-

isotropic bed, the distributions may be meazsured in two or more directions depending

cn the problem to be solved, Thus, for example, in calculating the flow of elec-

tricity through the solid particies or the flow of liquid through the pore space, it

would be necessary to know the distributions in the direction of flow and also those
perpendicular to tiie flow.

It should be noted that a bed of particles can be anisotropic due to

differences in the shape of the filament distributions. Physically this means that

the particles are preferentially orientated, However, the fractional space occupied

by void and by particle is the same regardless of direction and the ratio of the
mean vaiues is always given by eaquation (1), The distributions cof an anisotropic bed
are illustrated in Fig. 34
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4,5, Characterisation of Agglomerates

If the particles are agglomerated together into clumps, then the behaviour
of the system is affected and further information must be added to the description
of the system. This is done by expressing the number distributions of volume, area
and chord which descuribe the agglomerates as well as those for the individual
particles, There are now also two porosities which are needed to describe the state
of the particles. The porosity of an individual agglomerate describes the packing
of the particles., If the agglomerates are now considered to be solid, then the
fractional volume of the space between them describes their spatial arrangement,

This is illustrated in Fig, 35.
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—-(a)

(b)

(c)

Conclusion

A system of particles can be completely characterised by the

following three distributions:-

number : length of chords
number : area of areas
nunmber : volume of particles

The arrangement of the particles can be expressed as the porosity
of a bed or concentration of a suspension if the arrangement is

isotropic and random. If directional or spatial variation exists,
the distributions also have to be measured in different directions

or different localities.,

Although without rapid automatic techniques this method of analysis
is not suitable for routine work, it does enable relationships to
be éstablished between the conventional particle size analysis
parameters and properties of the particle system. Work is in

progress on the mathematical nature of these relationships.
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Introduction

Meny wethods of measuring the size of fine particles have been advocated

and the principal ones are listed in Table V.

TABLE V Techniques for measuring particle size
Class oxr Technique Approx, size range Parameter
Technique comuonly measured tleasured
(g ™
Field Scanning Optical Microscopy > 0.5 Longest
dimension
equivalent
area dia.
statistical
dias.
Electron Microscopy 10'3- S as optical
Scasning Electron .03 - 3G micyoscopy
Microscopy -3
Light Scattering 10 " -1 surface area
Stream Scarning | Coulter Counter - 100 volume
Hiac Counter - 2000 projected area
Light Scattering .9~50 surface area
Classification Sieving >5 sieve diameter
Air classifiers 2 - 50 Stokes diameter
Sedimentation Pipettes 1 - 60 Stokes diameter
Balances 1 - 60 Stokes diameter
Photosediment- 0.2 - 60 Stokes diameter
ometers
Centrifugal methods 0.05 - 10 tokes diameter
- 2 -1
Surface Area Gas Adsorption >10m g
9 o
Permeability >50m g 1
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The parameters listed in the final column are only equal for spherical
particleé. For irregulsar particies their ratios are characteristic of the shapss
of the particles although these relationships are very complex. Severai workers,
notably Heywood (Chem. and Ind. 1937, 56, 149 and other papers), have defined
shape factors in terms of the ratios of principal dimensions of particles. This
method, whilst giving a very good descrintion of the components of 2 system does
not permit of an ahalytical synthesis of the system properties from the properties
of these individual components, One such possible method is described in Chapter
4 of this report where the particles are considered as being made up of more
elemsntary one and two dimensional units which can be expressed in terms of

distribution functions.

Of the methods of size analysis listed in Table V many can bz eliminated
by the nature of the problem in analysing particles in minerzl biased hydraulic oil,

The characteristics of this particular system are:

(1) Low concentration of particles

(ii) Size range >»100 ~ sr m (and possibly less)
(iii) A mineral based fluid containing several additives
(iv) A range of material densities

{(v) A suspending fluid of relatively high viscosity.

Considering these properties in relation to the methods listed in Table V

several techniques nmay immediately be eliminated, e.g.

Methods Undesirable Characteristic above
Sieving {ii)
Sedimentation ’ 1), G, @v), (V)

Surface area generally impracticable
Air classifiers " "

This leaves the field and stream scanning techniques. The standard
methods in use today are manual field scanning by optical microscopy (e.g.
ARP 598 and 1,P, (draft) method (U.K,) and surveys have shown these methods to
be of less than desirable accuracy and extremely time consuming and fatiguing.
A,R,P, 598 is discussed in 5.2 below., Automatic scanning systems have been
developed to remove the manual effort irom this type of analysis and all current
instruments are of the spot scanning type. These include the Millipore/Bsusch &

Lomb TIWC {U.5.4,) counter which measures s parameter approximating to the

bio:}
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maximum length specified in ARP 598 and I.P. (draft) methods, the Quantimet
Image Analysing Computer {U.K.) develcped originally for metallographic analysis
and German iustruxents mgaufactiured by L2itz/Bosch and Zeiss. All of thess
iastruments r¢lr on a television camura to scan the speciwen and heve sdigital or

analogue computing facilities of varying complexii:. The major problem in

[T T SRR P ——————

designing instruments of this type are grey level discrimination, re-~entrzit

particles and touching paerticles. The latter is a very difficult problem beyond

the current range of commercially available machines.

; For a more detailed analysis a more couplete collection of data is required
and any machine making use of a television camera producing up to say 25,000,000

items of information per second is operating too fa-: for most practical data

logging systems. This type of analysis requires a mechanical or flying spot scanning
system gnd as such is, together with its computing facilities, both slower and more
expensive than the current type of equipment. An outline of the operation of one

system is described below in 5.5.

The best known example of a stream scanning particle size analyser is the
Coulter Counter. In a stream scanning apparatus particles are passed one at a
time through 2 sensing zone which produces u4 signal which is then recorded and
interpreted in terms of particle size. In the Coulter Counter this transducer is
an orifice through which an electrically conducting fluid containing the particles
is drawn. A potential is applied across the orifice and the change in electrical
resiStance due to the presence of a particle measured. Section £.4 describes
& deiailed investigation of this device and illustrates some cf the general
problems to be investigated in any stream scanning device. Because of the
reguirement of an electrically conducting fluid, the Coulter Counter is not suit-
able for Mil~H 5606 systoms. Although mineral oils can be made electrically
conducting by addition ¢of certain suitable solvents and electrolytes this is
extremely difficult with Mil-H.5606 probabtly due to the additives present. During
a short but intensive survey no corpletely satisiactory electrolyte system was foun&

for Shell Aero Fluid No. 4, DTD 585 (approx. U.K. equivalent of Mil-}.530€) and this

v

impression was confirmed by discussion with a representative of the manufacturer.
An instrument which is becoming increasingly used fcr hydraulic fluid
anglysis is the HIAC Counter (High Accuracy Products Corpn., Clafemont, Calif.)

in which the smount of light obscured by a particle crossing & light beam is
measured. It is assumed that the amount of light obscured is proportional to the
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cross sectional arca of the particle, A brief report on this instrument appears
in 5.3 below, Recause it can be used with the hydraulic oil as the sole suspznd-

irg flnid it has possibilities for use in hydraulic systems as an on-line real
time analyser.

Many other forms of stream scanhing counter have been describzo making
use of electrical capacitance, light scattering, ultrasonic reflection or atten~
uation amongst the properties studied. The prcduction 0f une of these devices
in a form suitable for use in an operating hydraunlic syster would involve an

intensive program of development work,

One problem to he faced in defining tle size of particles is that presented
by aggregates. For example it is known that 1i1-H.5606B fluid that was within
specification when packed may be found te contain particles »100pm after storage
and that these particles are flocs of smaller primary partvicles. Although ihese
particles will be counted by ARP 598, their resistance to shear would be very low
and they would not be expected to manifest themselves under operating conditions.
If this problem were of any magnitude in approving fluids, it might be advisable
to introduce the applicati on 0f some shear work to the fluid prior to ar .1ysis
although how this could be done, apart from vigorous agitation of the sealed
container, without introducing more contaminart is difficult to see. This problem

might be less significant with stream scanning devices where shear occurs Guring

the course of analysis,
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5.2 ARP 598

ra: Procedure for the determination of Particulate Contamination of

Hydraulic Fuels by the Particle Ccunt Metnod

Objective

&5 To investigate the validity of the assumption implicit in the procedure
that the particles counied over sm2ll number of randomly chosen grid
squares could be useéd to express the total partivle count.

2) To evaluate critically the experimerntil prcazdure of ARY 598.
Rezul ti_b_

A closely size:dl fracrizn (Alpine MZ classifier) of A.C, Fine test dust 1a the
range 35 - 20um »as prepared and a suspension of the particlas in Asro-3hell 4
hycraulic fluid was prepared. Samples of this suspension were filtered foilowing

the precedures of ARP 896, Twe uncertainties were found in the method.

() Instruction 8.2.2.5 is a4 little misleading as it did not indicate whether
the petroieum ether should be layered on the oil or whether some mixing
should be obtainad by pouring in the petroleum ether more vigorously.

(2) Particles were observed to deposit on the shoulders of the filter fumnel.
No guantitative tests were made of the 1loss incurred but it was observed
that with particles of the size used only vigorous washing would dislodge

them.

The results of 4 separate experiments are presented in Tsbles VI
iX. Care wac taken with each experiment to locate the membrane filter grid in
the posiiion with respect tc the glass sinter substrate. Thus the counts in each
square can be added and the result of this addition is given in Table X where
only the complete grid squares are represented. The mean particles for a square
is 108 with a standard deviation of 13. It should be nuted that only three
results arve outside the range of mean size + 2 x standard deviation and all are
within + 3 x standarcd deviations, This is consistent with a random distribution

uf particles.

Table XI shows in each correr cf each sgquare the number of counts x 100

dividad by the mean for thal experiment. No systemutic high ecunts or low counts

108.
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are apparent, If present, systematic high or low counts might indicate heder-

ogenerties in the porous membrane support.
Conclusions

Since no control was maintained on the concentration of the suspension used
in these experiments, it has not proved possible to apply variance analysis between
the experiments., The indications are that on the apparatus used the particles are

distributed at random.
Two further points should be noted:

1) The approximate standard deviation on a number of counts N is \/N and for
small N,ﬁ(ﬁr is large (for N = 100,\/N = 10). Since at 95% confidence
limits the¥e can be a acceptable range of N z ZJE—in the number of counts

or + 2yJN, i.e. a total range of 4¥§2e.g. 40% in the case above). Thus
N N
the scale-up from counting the number of particles on a few squares may

lead to large over or under estimates of the true count.

(2) It is possible that the washing procedure used during the test might lead
to an excess of particles at the periphery. As however the number of
complete squares very close to the edge is very small, not enough data was

collected to test for this particular form of maldistribution,

109.
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5.3 A Preliminary Report on the Hiac Particle Sizec Analyser
5.3.1 Introduction

The laboratory had the use of a Hiac counter for 10 days and during that
time made a brief examination of the per formance of the instrument. The tests
were cerried out using spherical pollen particles 42it m dia, and the pulse shapes

recorded on a Tektronix Storage Osciliiscope type 564B. Because of the very short

time available this report is necessarily extremely tentative,

5.2.2 Pulse Shape

424 m pollen was introduced to the counter and the pulse shape presented
at the output socket of the counter was recorded. Preliminary investigations
suggest that this output is the transducer signal amplified and that the pulses have
not been shaped. The pulse shape was not of the expected flat topped type, i.e.

’ \ But of the form / \

Observation confirmed the statement in the instrument manual that the pulse

height was a variable of particle residence time in the counting head (figs..36,
37 ). If as has been suggested, particles spin whilst in the sensing zone,
elongated particles would be expected to produce approximately flat-{opped pulses
with a series of maxima on them, whilst spherical particles should produce a flat-

topped pulse, The claim that flat-topped pslses are produced implies that the

rise time of the dector is amall compared with the residence time of the particle
within the secsor, Both the shape of the pulse and the dependence of pulse height

upon particle flow-rate would appear tec contradict this.

5.3.3 Background Count

Clean water triply filtered through 0.2 ym aperture membrane filters was
used to attempt to reduce the particle count at the small size end. Some reduct-
ion did occur but the counter continued to register counts including the occasional
particle in excess ¢f 20um. There are two possible explanations for this (a)
that some particles remained from previous counts, (b)) that the registered counts
were due to noise in the counter, From the work carried out it was not possible

to differentiate between these effects although the fact that the counter, in spite

of making use of integrated circuitry, took 2 hours to stabilize, suggested that there
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might e some electronic noise within the system.

Pulse Shapes Produced by Irregular Particles

5.3.4:
Runs were carried out using 40Um sieved aluminium flake particles,

The pulses cbserved were identical to those produced by spherical pariicles.

5.3.5 Conclusions
The extremely good reproducability obtained suggests that this instrument

is probably an extremely good comparative imethod of counting particles, but its
More work is needed

value as an absolute counting device has yet to be confirnmed.
on analysis of pulse shapes and the effect of operating parameters cf the results
The present conclusions assure that the pulses observed were not shaped

obtained.
This assumption needs to be checked by experiment and

before the output socket.
reference to circuit diagrams.
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5.4 The 7oulter Counter

5.4.1 Introducticn

One of the Features of new developmenis in methods of particle size
analysis is the increasing importance of stream scanning methods whereby a particie
is sized and counted as it pasces through a8 Sensing zone, This field is domin-
ated by the extremely successful Coulter Counter (1) in which the change of
resistance between two electrodes immersad in an electrolyte, is monitored as a
particle passes through a small orifice separating the electrodes, Other develop-
ments are in the use of the measurement of the light scattered from individual
particles as the means to count and identify particlies. Both of these types of
measurement have the ability to count and analyse large numbers of particles and
so give &4 statistically meaningful analysis, However, no matter how dilute the
suspension used there is always a finite clance that two or more particles will
arrive in the sens’ ng zone simultaneously. The response of the instrument to such
an occurrence is important as it can give rise to an inaccurate analysis. it is
the purpose of this paper to examine the response of the Coulter Counter type of

instrument to two or more particles within the sensing zone,

The earliest correction for coincidence is that deveioped from the paper
by Mattern et al (1) and is the correcrion recommended by the manufacturers.
The undercount, nl1 the number of particles not cocunted is related t¢ the actual

count nl, the orifice diameter D and the volume sampled V

nl =25 (3906) (aso} /1300 )2

This expression contains the realisation that a correction mist depend on the

orifice dimensions and the volume sampled but its origins are not explicat.

The second approach was that by Wales and Wilson (2) who realised that the

resporse of the instrument could give rise to two types oi coincidence.

(a) All pulses from two or more coincident particles add so as to produce a

single pulse whose maxirwm is the sum of the individual pulses.

or (b) the pulses from two or more simultaneous particles produce a single pulse

whose maximum corresponds to the largest particie,
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They coasidered the sensing of particles to be equivaleni to the successive
£illing and emptying of the sensing volume v, The chance of finding n particles

in such a volume is cobtained by the application of Folsson's law,

i - € &€

nl

wherefis the expectation of finding one particle isn the volume v

€= Y., No where No is the number of particles in

v
the volume V.

~& .
L4 and the probabilitv of some

e €

The probability of no count is p(o)}

count is therefore p(n>0) = 1 -p{o) = 1

They f£inally coaclude that the number of particles countsd will Y2

. a -e-§

n = XNo
This ecuation is in error since if the true number per volume V is No and n is the
€]
No Wales and Wiison

~

numbsr counted, the probability ol a counv is ;%5 and not

continue to examine coincidence as a function of response levei (threshald) for each

of their assumptions,

where n{t) = No@ -e[ii-;-tz z, +1;_.i £, +.......}
where fi are dependent on their assumptions (a) or {(b). A solution can only be
cbtained for assumption (b) when N (B = n (t)
° 1 -1 2B
v

This paper was criticised by Fubitschek {3} who stated that only assumption
(a) was valid and this lead ¢ a further paper bv Princen and Kwolek (4) who
assumed that the ‘time distance® Ti between pariicles was distributed rancomly.

From the mean ‘time distance’ G between particles, they calculated that a fraction

will be separated by a distance Jess than t the time spent it the sensing volune

2
ax:g so they calculate the correction

n = N- C’N2 where n is the number ccunted and X is the true number.
C is a constant = v . This relation kas been used experimentally by Edsuason (5).
2V
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It is the purpose cf{ this paper to re-examine the assumptions of Wales

#nd Wilson and to darive coxrect coincidence corrections for the Coulter Counter.

5.4.2 Response of the Coulter Counter

The predictions of the resistance change in the orifice due to the presence
of a particle have oecon presented in papers by Batch (6) and by Gregg and Steidley
{7}. The analysis depends on the particle being in a2 region of uniform field and
the apprcaches differ caly in the methods solving the integral, The solution

obtained by Gregg and Steidley for the sphere is

R = :%2 tan ' K (17.1;)é - K
b a - xht

This eyvation is approximated by:

AR = Po¥ 1 + 03K +0,13K 4 .. .)

A2 1- K?

and illustrates that provided K is small the resistance change is pronortional to
the volume of the particle. The difference botwesn the assumption that the
resistance is proportional to the volume and the Gregg and Steidley result has

been examined by Allen (8) and has bhesn examined experimentzlly by Eckofi (3).

crover et el (10) with an aiternative approach apply Maxwell's expression
for the resistance ¢f a composite medium to the case of a particle in a uniform field
and obtain an expressioi. for the relative change ir current obtained for the presence

of a particle

"AI
——— = -1
£ 1.58

where® is the ratio of particle volume to that of the orifice. Provided

1

QO
[ = \1L,, 1 where It is the radius of the concentric sphexe in which the field
R < =
(R; :

is uniform in the absence of the particle, This expression is examined experimentally

in a subsequent paper by Grover et al {11).
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goulter Analogue Results

(a) 1 The Response to Single Particles

Because of the physical dimensions of the orifice it is difficult to

obtain precisely the resistance change with position in a real situation.
However, an electrically similar anaiogue can be built in which the phys-
ical dimensions are scaled up and an electric field is maintained across

the enlarged orifice. large diameter particles can now be physically
drawn through the orifice and the resistance change with position,monitored.
The physical dimensions are illustrated in fig, 38 which also demonstrates
the pulley system used to pull the particle through the orifice. As in
operation of the Coulter orifice a constant current was maintained across
the orifice and the change in voltage required to maintain the current
constant was recorded graphically on an x-y plotter. The position of the
particle was monitored by movement of a spiral wound potentiometer attached

to the pulley system.

A typical response of voltage against position is illustrated in fig.39
for spherical particles. From these curves the peak response can be
obtained as a function of particle volume. This variation is presented
in table 1 and illustrated by fig.40 which shows that the proportion-
ality between peak response and particle volume is good for spheres up to

50% of the orifice diameter, a figure in excess of that previously accepted.

The results also show that the resistance of the orifice is changed by a
particie well outside the physical limits of the orifice %nd that the sens-
itive region is a function of particle size. To investiéate the reason for
this further,the orifice and the electrode system have been represented on
graphited paper. A potential placed between the electrodes enable lines of
equipotential to be obtained. A particle approaching the orifice is now
represented by the removal of a disc of the conducting paper and the lines
of equipotential obtained once again, The results are sketched in fig.

41 and show how the distribution of potential is changed by the presence
of the particle, Whilst it is not suggested that the electric field
obtained in this way is the field in the c¢ylindrical georetry of the Coulter

Counter, it is interesting to note the change in fiecid occurs and to note
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(b)

5.4.4

the influence of the particle outside the physical limitations of the
orifice, These results suggest that the sensitive region can be divided
into two regions shown in fig, 42, Region I is the region of uniform
field in which a particle will give the peak resistance change. Region II
is a region in which there is a response due to the presence of the particle
but that response will depend on the position of the particle. Outside
region 11, is the electrolyte in which the presence of particles will not
cause a resistance change. In fig. 42 the two regions labelled Il are
shown as being symmetrical but this will only be so if the electrodes are
placed symmetrical to the orifice, These conclusions were shown to be valid
by further experiments in the Coulter Analogue. Figure 43 demonstrat..s
the effect of doubling the orifice iength. The pulse becomes more flat
topped but is otherwise symmetrical, thus indicating that the region of

uniform field is proportional to the orifice length.

The response to two or more particles

When fwo équal sized particles separatea by a distance d are drawn through
the orifice, the response is complex and is illustrated in fig. 44. The
peak resistance change is plotted as a function of the separation in fig. 45
These resistance changes cah be reconstructed by adding together the spacial
response o} single particles with the peak responses separated by the
distance between the particles fig, 46. Further complex responses will

be obtained if three or more particles are found in the sensitive regions

at the same time, Predictzd pulse shapes are shown in fig, 47 for three
particles and figs 48-53 show oscillographs of pulses obtained using pollen

in a Model A Coulter Counter,

The Interactions between monosized particles

The following interactions can now be seen to occur.

A singlé particle separated from all other particles by a distance will
produce a peak response,{ R, proportional to its volume within the limit-
ations discussed earlier. Where the distanceg2 is equal to the distance

between the outer limits of the two regions II see fig. 54.
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Effect of doubling orifice length

FIGURE 43
130.
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FIGURE 44 | Response to two particles passing orifice
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FIGURE 49

Two Particles Passing Through Orifice in Close

Proximity
But Giving Singlet Response
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FIGURE 50

Two Particles Showing Intermediate Response

137.




.-
-
-
o
e
-
-
..
-+
-
+

.#Q)l‘g‘.'g4¢~.:‘;

FIGURE 51

Two Particles Showing Almost True Doublet
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FIGURE 52

Single Particle Followed by Intermediate Doublet
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FIGURE 53

Intermediate Doublet followed by Intermediate Doublet
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R

Two or more particles found within a distance,%defining region I and with
all other particles at a distance greater than 22 away will give a ‘vertical
The response will be proportional to the total

%%7 interaction’ response.

%% volume of the particles within the region,

=

§§ 3. With two particles at a distance apart between ll and 22, all other part-
s

%% icles being at a distance grc .ter than 22 away , the response will be inter-
%%7 mediate between that for a particlie of unit volume and that of double volume,
é; and will be dependant on the precise separation.

%% 4. With three or more particles within a distance 22, all other particles

§§ being greater than 22 apart, the response is complex and will depend on

gg the geometry,

It is interesting to note that the horizontal interaction of Wales and

S

Wilson does not occur but on more complex response giving rise to 'apparent' part-

icles of volumes intermediate between that of integral number of particles is

This is further demonstrated by the apparent size distributior obtained
Figure 55 demons-

obtained.
when counting concentrated dispersions of monosized particles,
trates the apparent change in size distribution of 27 ppcller in a 140 worifice,

L:q B

where the only difference is the concentration of the particles.

3 5.4.5 The Theory of Coincidence
%%
§§ If the suspension from which particles are drawn has sufificiently large
%% volume so that the removal of some particles does not materiualiy change the con-
1 centration of particles and ir there are no other physical conditions affecting

the separation between particles, the distance between particles will follow the
Poissonian disiribution.

The probability of finding a2 separation between x and x + dx is

dP(x) = pexp (- ux) dx

where u is the reciprocal mean separation

ﬁdz No

142.




s DO Y A o B0l L

AL A o w T ne

UOT3BIFUIOUMD UT 8FBAIOUT odawr v 03 enp
witod 8zysouou v JO uoTINQIXISTP 92T UT afueyp juoxeddy GG  IUNDII

ooowonooomovonomo_m
[ Y I | | [ W T |

ey

143.

962=9

I A SR I C G AL
e L s




Interaction I True single pulses

Since true pulses occur if there is a separation greater ‘charnl.2 on
each side of the particle the probability of a true singlet will be
o0 00
P(1) = xp (- ux) ax vexp (-ux) dx
2 L2
o.. P(l) = exp( - 2“2 2) s e ¢ o @ 0(1)
and the probability of particles not being counted as a single particle
=1~ P(1) = 1 - exp (-2uf 2) an approximate form of ecuation (1)
is P(1) = 1-21rd2 N o
— o *2
v
S0 N = No (i1 -c¢C No) the equation of Princen and Kwolek
Interaction I1 True multiplet pulses
(2) Duublet
If two particles are found at a separation less than and on either side

1

of the doublet there aire separations greater than IZ, then the response will be

that of a doublet.

2 21
P(2) = ¥ exp (~px) dx exp (- Mpx) dx exp (-¥x) dx
: F R S PR ¢
2 o 2
e P(2) =exp (- 2ue,) (1 -exp (- w2 )))
Triplet

If three particles are found within the distance £_ then the response will

be a true triplet.

ro

Q

P(3) = p exp (- x) dx

2 o

y

o

2

2
B exp (-p x) exp (-p(y-x)) dx dy[ p exp(-px)dx

2
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. P3) = exp(-2p0) (A-exp (-l (s pl))
Quadruplet
Similarly
]
(’ y yox
3 .
P(4) = p exp (- ux) dx dy " exp (- px) exp (- pz)
‘-j2 o o o
exp (p(y-x-z) x dy dz p exp (- px) dx
%
2 12
.. PL4) = exp(~z,;llz) Amexp CaldQuep, + B v L0

Multiplet

The probability of finding n parficles in length 12 with separations

greater than 21 on either side is

n-2 n
()
P(n) = exp (-2}112) (1 - exp (-pll) (1 + Z R )
1

Probabilitv 5f Intermedidate Response

Interaction I11

LEER




Doublets with separation between !1 and Qz

o0 2 00
Pl 2) = u exp (-ux) dx ¥ exp (-ux) dx (u exp (-¥ x) dx
2
2 2 _}22

Pl(2) = oxp (- 2“22) (exp (-B2 1) - exp (—uf. 2))

and the probability «f a separation between d and 4 + dd

dP1 (2) = exp (—2u%2) pexp (-ud) dd

interaction IV

Three furthe. types of response are possible and are illustrated in Fig.
56. All other possibilities are allowed for in interactions previously
considered. The pulse recorded will depend on the mechanism of pulse height
selection used but it appears {(12) that pulse (a) will be recorded as an inter-
action III, a doublet with intermediate response, pulse (b) will also be recorded
as a doublet with intermediate response whilst (C) will be recorded as a triplet

with intermediate response between two and three.

Probability of pulse tyvpe (a) is

o0
1 ©o 2 2
p (Ba) = pexp (-ux) dx Hexp (¥ x) dx Hexp (- ux) dx
2 g 3

2
= exXp (_ 2U22) EXD (_ﬁf' 1) - eXp (- ‘.19' 2)]

Pulses of ithe shape 3(b) and 3(c) will have the same probability

o0 Ly D) o0

pexp (-ux) dx pexp (-ux) dxj pexp (-px) dxf pexp(-ux)dx
e o

Pt (3b)

Lo L2

-y
exp (- 3flg) f;xp (-ut 2‘; - exp (- p2 1)] [1 - exp(- ut 1) l
w
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Similar anaiysis will apply to interactions of four c¢r morz particles.

5.4.6 The Magnitude of the Coincidence Correctidn

This theory can be used to investigate the sagrituide of the coincidence
effect if values van b2 assigneu ¢o the critical lsngths 1

1

1 and 12. The former

1’ is e lengtr of uniform field within the orifice ard tuo 8 First approximation
may be assumed to equal e length of %he ozifice, This approximation to the

critical length will bke too large and w311 slightly over emohasisz the ~ccurzerce of
true multiplets brt the true efteciive distance of u.iform fiel)d will depend on the
shape of th2 or>fice and the position of the eslectrodes and is in practise difficult

to deternmine.

The total effec.ively sensitive distunce may be obtained by observing the
sihape of the pulses owtained when monocized particles are drawn through the
orifice as in the usual cal.bration procedure, By overlaying the pulses obtained
on the display of an oscilloscope, an effective time of passing of the particle
is obtained. If one now assumes that the particle is travelling at the average
velocity of the fluid through the orifice an estimate of the sensitive distance
12 is obtained. Tablie XIII represents the results obtained whan calibrating
pollens of different sizes are passed through a range of orifices, Particles of
diameter small compared to the orifice diameter give rise to & fairly consistant
estimate of the sensitive length. Large particles however give much largoer
estimates of the length. this is due to ihe complex paths of large parvicles
approaching the orifice and to the incorrect assumption that these particles will
be travelling at the fluid velecity. Yalues of the scencitive distance obtained
with the smaller particles have been taken as morsz representative of the above

theary.

These values for the sensitive distances have been substituted in the
equations presented above and estimates of the occurrence of the singlets, inter-
mediate doublets, doublets etc. made for a series of initial partizle concentrations.
The results are presented in a series of tables XIII, X1iv, XV, XVI.

These tatles illustrate that the prebability of coincidence is not only a function
of concentration of the particles but is also a function of the orifice tube diameter.

Moreover, it illustrates that particles not counted as single particles will be
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counted as muitiple particles and so that he distribution ¢ttained from :the
counting of cuncentratéd suspensius rlay well b2 in surious ervor. The tables

estimate the probable extent of that ervor,

5.4.7 Use of a Multichannel Pulse Hsighrs Analyscr

¥h'lst there exists a Coulter Counter which will divide 2 distribution into
15 ~hannels (Model 73, this 1s net yet available in +he U.4, and so could not he
evaiuated, Iaeally however, the vcltage pnlse oktairad when a particle nasses
through the orifice across which a constant current is msrintained shouid be
divided into a larger number of channels. A convenient lnstrument is the l: tern

Pulse Hzighkt Antiyser which will analyse the pulses into 100 channels,

v

ilowever, the analvcer ! .. a unique analogue to digital converter sequence

which makes it supesior {o other types of unalvser See supplement,

In collaboration witlh the manufactugers a suitable interface has been
desipned which will permit the instrument to accept the long pulses and alsn to
permit the voltage level across the 100 channels to be adjusted to a convenient

level.

The experimonial arrangesent ,as %o far proved saticfactory. Tise time forv
a coxplete anaiysis 1S short of 2Z0-30 secs, ¢nd shows that this instrumental set-~up
is ideal for rapid particie size analysis. However, there is u need for the
somparison between particie size analyses ubtained or this inStrument and those

obtained on the conventional Coulter Counter.

Because the Coulter principle measure . the pavisc’e  voiume a 100 channel
analyser is restricted in the range of particle diameters .iat can be rasolved
accurately kecause of the scaie ccompression at the lower sizz 2nd. In crdexr to
overcome this, a logarithmic amplifier preceeded by an impedance converter has
been olaced between the Coulter orifice and the multichannel anslyser. This
arrangerment increases the input impedance of the amplification chain to 20
which facilitates the use of non-agqueous electrolyte systeuns as are nenessary

when zialysing mineral oil base fluijis,

A further logarithmic stage would enable a cube root oi the pulse height

to be analysed thus giving a linear Scale in terms of equivalent spherical diametar.
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5.4.8 Sunmary ard Conclilusions

e v F i e

The respinse of &« Coulter Counter to spherical partizles has been examined

and it has been found thet the peak resistance change of the orifice i3 a linear

[P

function ci particle volume uvp to 50% ¢f the orifice <iameter. However, the

resistan:~ begins tc change as the particle approaches the orifi=e, The eifect of

this resistance change as iwo or more particles apprcach with different separations

[P ——.

has been measured and it has been illustrated how complex pulse shapes can be

obtained.

The change in resistance in response to the avnproach of particles has been
classified into four main areas and the probability of occurrence of each event has
Yeen calculated. Fstimates of the critical lengths have been obtained fer a series
of orifice diameters. These resuits are presentea in tabular form and illustrate
that the jroblem of co’ncidence is not only the problem of lost counts as previously
considered but is really the problem of the distortion of the particle size dist-
ribution obtained due to the additive responses thatv can be obtained, The analysis
has only veen appiired here to monosized particles. The analysis wili he inore complex
with many sized particles as there will be more possibilities of additive response.
However, the generzl soluticen will still appiy. The easiest way of reducing the
probiens associated with coincidence is to count with a iow concentration suspension
and this will be true for multi~sized dispersions as well as mono-sized dispersions

and the tabies presented cau ve used to select acceptable concentration levels.

A suitable interface has becn designed to enable the orifice 'transducer’
tno be connected to a pulse height analyscr and tests indicate that the arrangement

is suitable, Further work is proceeding.
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TABLE XI1

Analogue Response to Single Spheres

Particle JParticle diameter Particlex Peak ‘ Length cof

diameter volume ; response response
cms Orifice diameter ml mv 1 1 ¥
1.2 .105 0.9 0.9 -
2.0 175 5.1 5.2 -
3.0 .264 13.5 12.4 -
3.36 .29% 20 17.0 34
3.86 .339 30 29.0 36
4,24 .372 40 37.0 39
4.50 .395 S50 44,0 43
5.76 . 505 100 99.0 46
6.60 579 150 150.0 46
7.26 .637 200 210.0 48
8.20 . 728 300 324.0 49
9.10 .808 400 450.0 50
9.84 .863 500 620.0 50
10,46 .918 600 750.0 50

i, Analog ‘e current maintained at 0.5 amp.
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TABLE XIII

Length ol Sensitive Regions

Orifice Depth of Sensitive Region
Diameter Hole (1l my
pollen pollen pollen pullen
nH Zym 3.12um{ 13.5um} 27.3um | 42.5unm
70 48.0 172.8 193.1 675.9 -
140 55 - 199.8 279.8 549.5
200 90.0 - 209 209 313
280 i15.0 - - 259.8 417.5
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TABLE X1V

Coincidence Effects for 140ym Tube

|
No/cc 1G00 | 3000 5000 10,000 30,000 50,000 100,000 PO0,000
t
! : }
i !
Singlets 993.9] 2945.0 4848.2- 9402.1] 24,934.3 36,376.3| 53,982,3' 47,192.8
H
Intermediate :
Doublets 3.9 34.6 94.7 365,3 2,843.4 6,834.7‘19.085.8;42,110.0
Class III ! i
i
—+
Intermediate
Doublets - 0.2 1.0 179.9 693.21 3,514.7} 15,969.9
Class 1va .
i
i
Intermediate
Doublets - 0.1 .4 3.1 71.3 283,1 1,548,3] 9,439.2
; Class IVb
z
!
: Doublets .8 7.5 20.5 79.2 624,91 1,521.6] 4,379.1; 10,578.6
% Intermediate] ; f
- Triplets - 0.{ .4 3.1 71.3: 283.1] 1,548.3i 9,439.2
Class IVc . : : !
. f i ! e
Triplets - - 0.3 7.9i 32,0 182.6 1,285.7
- - - - etc.! etc. etc.  etc.
i i i H
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TABLE XV

RS A A

Coincidence Effects for 200.0um Tube

F
No/cc 1000 3000 5000 10,000 30,000 50,000

Singlets 987.0 |2,884.7 4,684.0] 8,775.8] 29,275.7 26,025.3 :
%

Intermediate

Doubleis 9.2 82.0 224.1 857.2 6,371.1 14,276.8

Doublets 2.7 24,3 65,7 244.51 1,647.7 3,428,6

Intermediate
Triplets - o7 3.0 22.5 438.9 1,475.2

Triplets - .1 .5 3.4 68.8 236.5

- - - etc, etc, etc.

LG R 80 it

0 A 8

MO, b R

BRI 1 i R 1

i
H
N
:
H
H
EH
g




TABLE XVI

Coingidence Effects for 280um Tube

1000 3000 5000 10,000 30,000 50,000
Singlets 974.7 2,778.3} 4,399.4 7,741.7} 13,920.0: 13,904.8
Intermediate
Doublets 19.5 170.3 457.8 1,627.5| 10,194.4 18,360
Doublets 6.9 58.4 152.9 528.9 2,662.3 4,143.3
Intermediate
Traiplets .1 3.4 15.0 102.3 1,478.4 3,717.0
Triplets - .6 2.7 18.5 272.6 689.8
- - etc. etc. etc. etc.
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5.5 Automated Particle Size Analysis Using a Digital Computer

5.5.1 Summary

A Research programme has recently been started at Loughborough with the

object of developing improved methods of automatic particle size analysis.

This paper discusses preliminary work on an image analysing system that
is based upon digital computation and shows how this system can be used for

particle sizing.

The images from optical, and electron, microscopes are suitable starting
points for particle size analysis. These imajes, however, contain ambiguities
which may be easily dealt with by “uman operators but not by existing automatic
analysers., The data processing capability of the digital computer and its memory

are important assets for an image analysing systeamn.

An imege scanner is described whose motion can be controlled by digital
means and which supplie. data that colpletely defines the projected areas of

particles in the field of view.
5.5.2 Introduction

The derivation of various particle parameters from measurements obtained
by visual examination of a sample through a microscope is a well established tech-
nique. The main drawback is the tedium involved in maxing these measurements.

A great deal of effort has therefore been expended by many workers with the object
of automuating the measurement prccess, A number of commercial instruments have

been proguced but these have achieved varying degrees of success.

The need for automatic particle size analysis, is based upon visual exam-
ination, is as important as ever and the present project is an attempt to improve

upon existing techniques.

A major problem that has to be overcome in an automatic system is the need
to handle large quantities of data. The basic weakness of existing equipment is
that the data is derived and processed using analogue computer techniques. Digital
data handling, if it is used at all is only utilised at the end of the system after

the primary measurements have bteen made and the format of the data frozen.
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Although analogue circuits have a very high data processing rate they suffer

from the following limitations.

(@)

(b)
(c)
(a)

the equipment increases in size as the number of operations, in a calculation,
increases

only very limited data storage is possible if cosi is to be minimised

they aré not as reliable or as precise as digital equipment

if the calculations are modified then extensive re-construction of the

equipment will be necessary.

The value of digital circuitry, and computation, for image processing has

already been demonstrated in systems handling cloud cover pictures and identifying

o
man-made objects on aerial photographs. Additional techniques, relevant to

automated particle sizing, have been developed by researchers concerned with‘machines

for computer recognition of texts composed of handwritten, or printed characters.
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The methods being devaloped at Loughbcrough for size analysis are based

upon knowing the X, Y coordinates and image density of any point of interest
in the image plane. This is subject to a limit of resolution fixed by dividing

the image ,»lane into a matrix of square size 400 x 400. The availability of such

data means that the perimeter of every particle, in the sample being analysed can

be precisely specified.

Using this data any desired particle, or population para-

meter can be computed as long as it has been defined in terms of projected area
lengths.
Automated size analysis can be considered under the fullowing headings:

1, Obtaining an image for scaining

2. The scanning equipment

3. Data processing

%.5.2 (1) Obtaining an image

The success, cr failure, of the autcmatic process depends to a large extent

upon the quality of image that can be produced from the original particles. Ideal ly

the image should consist of absolutely sharp black objects on a white baciground or
white objects on a black ground.

This ideal ic, of course, rarely attained.

In the present work ar image is formed by projecting a photographic negative

of the sample onto the measuring plane of the image scanner. The phocographic film

is processed to obtain maximum contrast and the projected image is 20 inches square.

5.5.2 (ii) The scanning equipment

The image processing system can be sub-divided into the blocks shown in
fig.l.

TSR SRR

5.5.2 (1) 2 The scanner

O

At present the outwarsd form of the scanning equipment being used has been

dictatea by financial limitations but it does, however, contain all the required

facilities. A diagram of the equipment is given in fig. 38.
The image scanner is basically a modified X-Y plotting table, fitted with
B a photocell

in place of a pen, link=d to a digital computer. At present the

computer is being used as a developmer.t tool since some of its tasks would be

more suitably carried out by special hardware in a final system.
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The computer is programmerd to:

(a) position the photocell by sending pulses t9 the motors

(b) read the analogue output of the photocell and convert this into
a digital number,

(c) pre-process the photocell readings.

A scanning motion made up of 2 series of parallel straight lines that
cover the field of view is extremely efficient for size analysis. The angular
orientation of the scan to the particles can be varied either by rotating the
slide or by changing the ratio between the horizontal and vertical increments for
the stepping motors.

A scan starts in the bottom left hand corner of the image, After each
reading of the image density, the position of the photocell is advanced by one
increment in the scan direction, When the end of a2 scan line is reached, the Y-
axis motor is advanced and the X-axis s5can re-started. The advantage of using
incremental positioning of the photocell is that the X, Y coordinates are readily

available in digital form for each measured value of image density.

Interleaved with the program for positioning the photocell and reading the

photocell output is a ; ozram which carries out some preliminary processing.

This pre-processing routine detects particle edges and measures the particle

interceptions with each scanned line of the image field.

The simplest form of boundary detection is to use a fixed reference density
to determine wiether the photccell is currently positioned on a particle or the
background. This procedure has been used in many automatic instruments and is
used in the present project when the image contrast is adequate and no anomalies

are present,

The reference level is chosen by making a number of ex:loratory travecrses
across the image, recording the photocell output with a chart recorder, and deciding

on a suitable value after visual examination of the results.

Once the photocell has traversed a particle, the X, Y coordinates of its
initial intersectisn with the line of scan are recorded together with the length

of the intersection,
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Since each particle intersects anappropriate number of scan lines, and all
of these intersections are recorded, its two dimensional projected image in the

plane of the photographic emulisicn is fully defined in terms of X,Y coordinates

and chord lengths.

5.5.2 (ii) b The processor

Typical output data from the preprocessor aive given in teble ¥vIY
pictorially in fig. 59 The essential difference between the table and the
figure, however, is that in fig. 59 the re-recording onto X,¥ coordinates 4.s
established for a human observer which cherd belorgs io which particie Table Xlia
gives the data as it is held in the computer core store and it is not appsrent

to the machine which chords constitute a particular particle.

The first routine in the processor is therefore & sorting routine to find
out how many particles there are and which chords belong to each particle. The
criterion for determining the associaticn of chords with particles is shown ip

fig. 60.

5.5.3 Computation of size parameters for individual particles

Table XVII 1ists the chords for the particle shown pictorially in Fig. 61
The boundary of this particle is defined, in terms of X,Y coordinates only, in
Table XIX Table XIX is computed by using the length of a cherd and its X,Y

co-ordinates at the left hand end to obtain the right hand coordinates.
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X ————— Q
(x,y,) AL S
(xlyl)

still separate particles sin.e
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A ve-entrant case since 13 is long enough to joing Ql and (7.2

FIGURE 60 Associating chords to form particles
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TABLE XVIII Chords for particles shown in Fig. 61.

(increments of 0.1 ™ for X and Y)

X Y 1 X Y L
: 7 1 7 63 17 18
74 2 11 63 18 17
73 3 13 63 19 16
73 4 14 64 20 15
72 5 16 63 21 14
71 6 16 64 22 13
69 7 18 63 23 13
68 8 18 65 24 11
9 69 25 6

73 26 1
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X )4
77 1
74 2
73 3
73 4
72 3
7 6
69 7
68 8
67 9
67 10
67 11
66 12
65 13

14
15
16
17
18
19
20
21
22
23
24

26

TABLE XIX

X, y co-ordinates

X Y
74 26
75 25
76 24
76 23
17 22
71 21
79 20
79 19
80 18
81 17
82 16
82 15
83 14
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Once a particle boundary has been defined by a set of X, Y coordinates it is

possible to compute any defined parameter. Such parameters might be

3.1.1 The diameter of the circle of equal projected area
3.1.2 The diameter of a circle having the same projected perimeter

3.1.3 The Feret diameter for any viewing angle in the 2-D plane

3.1.4 Martin's diameter

(a) Circle of equal projected area

The projected area of the particle is given by

N
A = 2 1
n
1
where £ n - length of the n th chord in terms of x-axis increments
N = the total number of chords for the particle when scanned using x

and y increments of size I

The circle of same projected area is given by

{b) Circle of equal projec‘ed perimeter

The perimeter of a particle P (fig. 62) can be found using the set of
X, Y coordinates defining the particle edge, The circle of equal projected

perimeter is then given

d = ———

p i

(¢) Feret diameters

Feret's diameter can be readily calculated for a viewing axis which is
parallel to either the x or y axis. Fig, 63 illustrates these situations. If the

viewing axis is parallel to the y~axis then Feret's diameter is given by
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point x, y, on the particle perimeter is the point with the smallest x-co-

ordinate and the noint x2 y2 is the point with the maximum x-coordinate.

W.ier the viewing axis is parallel to the x-axis the points are chosen on
the basis of minimum and maximum y-coordinates.

(d) Martin's diameter

The area of a particle in terms of increments is given by

: N
A = Z 2
1 n

I

oo

E

e
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FIGURE 62

Perimeter of a particle

Accuracy depends upon the ratio between the x

itself, 1
[
P = ;’]“
i
2 2
where d1 = \I(x xz) + (yl y2)
2 2
d2 = \Jtnz xa) + (»2 13)
erC
Feret Dia.
given by .
(x - x
L max min »
N |
|
.
— -
~Y
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Therefore to find the Martin's diameter parallel to the x-axis it is only necessary

to find the r th chord where

x-3xis requires slightly more work.

to the y-axis must be computed using the initial set of chords,

Tr
L = 3
2 1 n

The computaticn of Martin's diameter when the viewing axis is parallel to the

calculation is the same as before.

5.5.4

computed from the results for individual particles.

Population parameters

A set of chords for a scan direction parallel

After this the

The commonly accepted frequency distributions for the scanned sample can be

Since the total number of

particles on the slide has already been computed it is straightforward calculation

to obtain t’ 2 mean value and standard deviation.

5.5.5

Conclusion
At present the procedure for size analysis using the automated

(a) photograph the sample using either a microscope or direct
with a camera,

(b) vroject the negative and, using the data from the scanner
processor gnerate the type of drawing shown in fig. 359.
done automatically with an incremcntal graph plotter.

(c) use the main processing programme to compute the relevant

Our entire system obviously requires much effort before we can

fied with it. Apart from changes in the outward form of the hardware

ware must be improved. Some particular areas of interest are:-

(a) touching particies

(b) filtering out the effect of dust and scratches

(¢c) particles surrounded Lv a halo or containing areas of the
as the background.

(d) better methods for edge detection

(e)

on-stream three dimensional analysis
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Introduction

Filtration is a means of separating solids from liquids and is madf use of

in hydraulic systems to remove contaminant particlas from the hydraulic oil, Many
parameters are involived in this operation and the design of filtration equipment is
an attempt to optimise these for a particular situation. This chapter consists of
two sections, the first using the technique described in chapter 4 to describe the
flow of liquid through a porous bed which could be either a filter cake, filter
medium or combination of the two, The second section proposes a retention efficiency
curve for characterising the efficiency of a filter and describes how this curve may

be obtained.

The pressure distribution in a bed of particles is complex and is amenable
to control for two main reasons., On a particulate scale, the force is handed on
from particle to particle through the point contacts, An individual particle may
deform elastically, plastically or it may fracture. 1Its behaviour will depend upon
its own size and geometry, its own physical properties and those of its surrounding
neighbours. 7hus, the pressure distribution in a bed can be greatly controlled by
changing the form of the original particles or alternatively mixing in other

particles, This is the proress which is commonly known as pretreatment.

On a more macroscopic scale, the pressure distribution is completely con-
trolled by the geometry of the equipnent. Whenever there is a solid boundary, the
pressure distribution is vedistributed due to friction against the boundary and there
is here great scope for mor2 sophisticated design of filtration equipment where
traditionally almost all of the mechanical pressure is allowed to be transmitted to

the septum.

The moverent of particle beds would seem to be important in the design of
filtration equipment also for two reasons. Firstly, the pressure distribution in a
static bed of particles is immediately changed when the bed starts to flow., More
important, the residual moisture in a dried cake is held in the form of pendular
moisture at the point contacts. It is clear that if this moisture is to be further
reduced substantially, then the particles must move relative to each other and thus
release this moisture., The relative movement can be caused by a variety of forces,

for example body forces, mechanical shear forces or vibration.




The third mechanism which would seem to be of interest to filtration
engineers is that of explaining the complex fluid flow patterns in a separation
system, For example, the fluid flow pattern in a deep bed filter must clearly be
contrived to bring each particle into contact with a solid surface, Thus, a tortuous
bed is required rather than straight channels and a precise description of ths fluid flow
pattern in terms of the pore distribution is required, This description is also
necessary for those types of separator, such as centrifugals, in which the particle
trajectories are calculated on the assumption that the pressure of the particles
does not disturb the fluid flow pattern. It is known that at very midest concentra-
tions that the pattern is disturbed and that return flow occurs but this cannot yet

be predicted quantitatively,

In the following section an example is given of the type of statistical
solution which can be made of fluid flow patterns, In this type of solution, it is
not necessary to be able to calculate the velocity and pressure at each point in a
system. Quite simple geometries pose major mathematical problems in order to obtain
a classic solution of this kind. However, a statistical solution deals only with a
Imowledge of the distribution curve of the variables and in many cases only the mean
values, This approach has been accepted for many years in describing the properties
of a gas by the kinetic theory. However, in that case the gecmetry of the container
is not important. Starting with a statistical charactcrisation of the geometry such

as proposed in 4.1 this can be effected.




6.2, Viscous Flow of Fluid in an Irregular Pipe

6.,2.1, This technique of characterising a void space will first be applied to a
pipe which is irregular in cross-section but which is straight. In this case, the
fluid velocity and the pressure gradient lie in the same direction at all points and
are both parallel to the axis of the tube. It is only necessary to consider the
affect of the shape of the cross-section on the flow pattern and the filaments will
only be drawn within the plane of this cross-section, The filaments will be drawn
in every possible direction within this plane but the distribution will be normal-
ised so that first moment of the distribution is proportional to the cross-

sectional area, A, of the pipe., Thus, for all the filaments lying in any one

direction
At f'(J) J d.Jd = A @ ® o ¢ o ¢ o o 6.2,1
where Lt = thickness of the filaments
J = length of filament
nJ) = number distributior. of filaments

When the distribution of filaments is plotted for ail possible directions it

will be nommalised back to conform with equation 6,2.1,

The pressure gradient is equal at all points in the cross-section and is

given by the equation:

2
-1 dp =du + a%u e e s o e e s e 6,22
2 2
1 dz dx dy

Consider a filament AB, lying in the cross-section of the channel as shown
in Fig. 64. The velocity, u, of the fluid varies with position along the length
of this fiiament and may be plotted as a velocity profile stretching between points
A and B, It is tacitly understood that the velocity is perpendicular to the cross-
section and, therefore, may be considered to be a scalar quantity within the plane
of the cross-secction, The first and second gradients of the velocity are, however,
parameters which vary along the line AB and which determine the shape of the velocity
profile between AB, Considering now the fluid to be flowing through all the possible
filaments, any element of fluid is passing through an area in which there is a
statistical distribution of three parameters which are velocity and the first and

second gradients of that welocity. For convenience we shall denabegT‘f by.ﬁ arﬂﬁby w It
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is emphasised that this in no way implies a variation with time but, in this

context, is used to denote the gradients of a velocity profile which is itself a
section of the total velocity profile. Each of the ihree parameters has a distri-
bution function which exprasses the probability of finding a particular value of the
parameter at some point on one of the filaments, These distributions are illustrated

in Fig. 65.

The velocity u will at all points be positive, the distribution of the first
gradient will be symmetrical about the .origin and the second gradient will be at all

points negative if they are measured in a consistent direction.

The total area under each distribution function must be the same since it is

equal to the total length of line contained in this area.

Thus:- Jp (z) du =‘[q (W) du = r () 4 = A
all A A1l A Al A bt

¥here At = the thickness of one filament,

We shall show that since the tl ree fields must fit together into the same
space, it is possible to relate the mean velocity to the mean value of the second
diffierential by relating each to the first differential, Thus. the relationsh®p
between the flowrate and pressure drop in the channel will be deduced, since the
sezond differential is reiated to the pressure gradient by (6.2.2.), Since ile
filaments traverse the area in every nossible direction then the x - y co-uriinstes
are no longer relevent, and we shall consider the distance aloeng a filament fyxim
some reference point to be the only co-oxdinate, This distance will be denoted by

Xe

Wien all the possible filaments are drawn in the cross-section each point
is traversed opce and only ouve in each direction. Since the pressurcs gradient,

EE is also a constant at evary point, then eguation 3 reduces to:-

dz

2 2 _
-d—--‘-x- —d-.-‘-'-l- = —_1.. —1. Eg = q seseasBse e 60203.
ax? dy2 2 ¥ dz

wnere the bar denctes the aversge value of the second gradient taken over all
divections., This relationchip applies to any smaller area drawn within the cross-

section which is tranvorsed by filaments in every direction,
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In order to choose the reference point, consider again the velocity profile
shown in Fig., 64 stretching between two points AB, We then know two facts.
Firstly that the veiocity is zero at points A and B, Secondly, that there must dbe
some intermediate point at which the first gradient is zero and hence the velocity
is a maximum, This point will be denoted D and will be taken as the reference point
for this filament. The reason for this is thae the secornd gradient can be integra-

ted along the filament from this point to any other point to give the first gradient.

The velocity is a maximuﬁ at this point only for this particular filament,
For the other filaments which traverse the same point in a different direction it
will not be the maximum point except for the special point which is the point of
maximum velocity for the whole profile. In this derivation, only channels wiich
have & single point of maximum velocity, C, are considered. Channels which are very
complex in shaps may have saveral such points and the implication of this is that

some of the filaments will have several maxima in their velocity profiie,

The mean value of the second gradient which is proportional to the pressure

gradient by equation 6.,2,3., will now be related to the mean velocity. Consider the

point E on the line AB which is distance j from the reference point D,

J
j = ‘l; dx Ssovsecccase 6-2.4

e

Thern:~ ~
o

where j is the first gradient of the profile at point E,. Considering still

Fig. 64 draw a line of constant velocity, u, which encloses a portion of the
cross—section and allow this area to be truversed by all the possible filaments in
avery direction. Then the relationship givezn in (§.2.4) applies to each of these
filaments. However, each filament is divided into two parts by 2 point corresponding
to point C and the sectioned filaments will have a number distribution function which

can be denoted by n, (j), j . Then sumuing equation over all the section

filaments:- .
3
-fa (O 4 _ 45 = n (e 5 _ U dx
all j atl j o
J
n (D) ﬁjdj n (jddj . q dx
o - all j = ¥ all j o
j‘ n (3 3 d3 5 ()3 dj
all j all j
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The right hand side of this equation is simply the second gradient integrated

along all the filaments divided by the total length of filament.

. n(j) 4. dj
o Y
all j = 2 = constant
n () j
all j
fn(j) 8 dj g (n) 5 a3
. ally _ all j _ 8§ 03
jn(.}) dj ) n (3 dj
all 3 all j

The term 3 is the average length of the sectional filaments.

The left hand side of this equation is the average value of the first
gradient at the ends of tnhe filaments.
=
u

3 - * & 8 * ¢ * . 6.205

o - a, =
3
This value of the first gradient ié the average with respect to number at the
end of the filaments, However, it is not the average with respect io the perimeter
of the line of constant u, since the various filaments cut the perimeter in different

directions. Consider an element of the perimeter, ds, as shown in Fig. 66.

Suppose that the first gradient normal to this element is given by

44 - § which can be considered to be constant for the element ds.

dr
Thenu, in direction g,

uwo= ﬁ! cos B

and the number of filaments which cut ds at this angle is given by:-

dn = ds cos B
At
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FIGURE 66 Element of perimeter of a pipe
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Thus the number mean of U taken over all directions is given by:~

A ~A
2udnde Grds 2c0526d9
'ﬁ—"_ [s] _ t vo
N A - ds rA
2dnd6& t 2co0s9d9
o Jo

The mean of 1 with respect to perimeter is given by:-

A A
2udsdo 2cosBde
_ (o) _ ds_ar 0
a - A = A
S 2dsde ds 2de
o o
- = ur®
. 3
‘-."—' = ﬁr2
s 2
-— 8u
] . ) us = oNTL 6.2. 6.

Substituting equation (6.2.5)
6.2.7.

— 8

-u = =
s ud

#

This relationship applies to each element of the perimeter, ds, and is therefore

true for the whole perimeter.

In order to deduce the flow through the channel it would be possible to
integrate this first gradient oi velocity twice more to give velocity and then flow.
However, it is easier to integrate the volume contained under the velocity profile

Thus, if the velocity has

with respect to velocity rather than with respect to area.
a value u when the area contained within the line of constant us is a, then:-—

Q = fuda 6.2.8a

‘( adu 6.2.8b

or Q
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This is illustrated in Fig, 67 and we shall take the (6.2.8b) as being the

easier to evaluate,

The variables involved are now superficially a and u., Both these variables
are functions of the number, n, and the mean length j of the filaments cutting the

area ccntained by the line of censtant velocity, From (6.2.1) it is clear that:-

< a

nj = —_— 6.2,9
at

Now consider the surface of constant u and one of (u - du) which enclose an
area da as shown in Fig, 67 The mean value of the first gradient of velocity in
this area da is, in the limit, the same as the mean with respect to the perimeter.

This is illustrated in Fig, 68 if it is realised that the total length of line

.traversing the element ds dr is the same in every direction.

If all lines traversing the element da are taken then the velocity difference
between the ends of each is -~du except for the few lines which have both ends

terminating on the (u-du) line. In the limit these lines disappear and:-

4 dx = u da =  -ndu 6.2.10
s s—
At
all n
Differentiating equation 6.,2,9
da = At (ndj + jdn) 6.2.11
Combining (6.2.10 and (6.2,.11)
)
-du = S (ndj + jdn) 6.2,12

(6.2,7) and (6.2.12) may be combined to give:~

2
du = 8 — ((Gdaj+ 34 an) 6.2.13
2 u n
T

Combining equations (6.2.8b), (6.2.9) and (6.2.13)

aQ = 8 it (0% dj + 3° dn) 6.2.14
22 a

Mathematically, n and j are independent varisbles but physically they will

combine to produce the maximum value of Q which can satisfy (6.2.14). The condition
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FIGURE 68 Relationskip betweer du/da and du/ds
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for maximum Q is seen to he that:-

= N ad

-

6,2.16

[t

Substituting (6.2.15) and (5.2.16) into (6.2,14)

[
3 LU B
Q = 10 - At hd J 43
2u -jJ
® o)
—_ — 3

. Q = 4 u at MJ

®2

Equation (6.2.3) will be substituted in (6.2,17), recembering the total area

oi the pixe will be substitutced by thke relationship:~

N Jats A
. 2
0 = A & 2 - 6.2.18
¥ dz 2 2

There is nne finai substitution tc make, J is not a complete filament,
Each complete filament, D, has been divided inio two parts to produce J. Therefore

the m2an filament 3 has twice the value of J

i) = 23

Substituting into equation {6.2.18)

3 - 1 1 gdp D 6.2.19
B

This equziion is & general relationship for a pipe of any shaze within the

imitation that it has only a single point of maximm velocity., It is easily shown,

o

for example, that for a circuiar pipe, the mean filament is given by:-

] = ¥r
2
where r is the radius of the pipe.

(6.2.19) then degenerates to the Hagen-Poiseuille eguation,

187.




Bibliography - Section 6.2

1.

10.

11,

Darcy, H. (1956) Ies fontaines publiques des la ville de Dijon, balmont,

Paris.

Sheidegger, A, The Physics of Flow through Porous Media, University of
Toronto Press (1958),

Kozeny, J. (1927) S.Ber.Weiner ik ad, Abt,IIa, 136, 271.
Kozeny, J. (1927) Wasserkr.u.Wasserw,22,86,

Kozeny, J. (1932) Kulturtechniker 35-478,

Carman, P, C, (1938) Traus.Inst.Chem,Fng, 15, 150.

Coulscn, J, M,Trans,Inst,Chem.Eng. 27, 237,

Brooks, C, S, Purcell, W, R, (1952) Trans.,A.I.M.E. 195, 289,

Scarlett, B. ¥asthan, 1.E. Stresses in Granular Material due to
Applied Vibration, Tripartite Chemical Engineering Conference, Montreal,

Canada, 22-25 September 1968.

Scarlett., Todd, A.C. The Critical Porcsity of Free Flowing Solids Presented
to the A.SAME, Symposium on Storage, Flow and Handling of Solids October
1966, Bostcen, Mass,

weibel, E.,R, {1963) Morphomectry of the Human lung (Academic Press).

188.




e 6.3.  Filter Testing

6.3.1, Introduction

In the past, the testing of filters has amounted to little more than the

determination of the fractional amount of the feed solids which has been retained by

the filter with perhaps some attempt to estimate the maxium size of particle which

would be found downstream of the filter, This type of testing has involved close

definition of the conditions of test and, in particular, specifications of the test

TSRS

.

§§ solids by nature and size distribution. The results of these tests are useful for
= )
= the comparison of filters only when the filters are used under similar conditions.

For practical use the results have only indicative value since the conditons of use
and the solids to be filtered will in general differ widely from those of the test,
More informative data of the filter performance <an be obtained by determining the
actual point efficiency, that is, the fraction of each size c¢f particle which is
retained. This can be expressed as a retention efficiency curve (point efficiency
plotted against particle size), the parameters of which can be investigated as

functions of test varisbles,

6.3.2., Determination of the Retention Efficiency Curve

Given the mass fraction of the solids retained by the filter and the size

distributions (usually cumulative fractional weight oversize or undersize) of the

feed and the solids passing or retained, the two commonest methods i determing the

B ———

retention curve are either to construct a histogram of retention efficiency by

considering various size ranges or to calcule*e the point efficiencies from the
Both methods are straight forww.rd but rely -n having

mass-frequency distributions,
In

accurate size distributions, particularly at the ends of the size distributions.
the histogram method rather wide size ranges have to be considered at the extremes of
the ranges in order to obtain accuracy in the calculated mean efficiencies, and in
the direct determination method it is more difficult to determine the values of the

mass-frequency distributions at extreme sizes so that the calculat.,d point
efficiencies are in greater error.

A suggested altarnative method is to use "mono sized” fractions of powders
so that only the fractional weight retained has to be determined and the point

efiiciency is found directly. However, objections to this method arise from tho

difficulty of obtaining fractions of small size range in gquantity, that the system
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Particle size

QD) = Fractional weight less than D in Feed.
R(D) = Fractional weight leéss tnan D in total retained solids,
= F(D) = Practional weight less than D in filtrate.
f = Fraction of feed passing unfiltered to filtrate,
r = Fraction of feed retained by all mechanisms other than retention at

the medium.

Total weight of retained solids

! =

v Total weight of feed solids

" = Weight of solids retained by the filtering action of medium
r Weight of feed solids presented to medium

a(D) = Overall point retention efficiency

“r(D) = Point retention efficiency due to filtering action of medium,

The distribution of the solids will then be shown in Fig. 70 the quantities
Q{(D), F(D),R(MD),¥ being experimentally determined,

For any size D, we have the mass balance:

dr (1-f-r) 4Q +
i —_— = n dQ
v daD r ab ¥ o
= 643.1
g or ¥ dr = n (A-f-r + r
;5 dQ r
% Similarly:
= 1~ darF = - 1-1- + f 643.2
Now, for D * O, iy, * 0,
hence .g_g = r/d 6,3.3
and daF = 1i-r 6.3.4
dQ 1-9
For » + 0D, nf + 1,
hence % = Q-0 6.3.5
¥
ana & = £ 6.3.6
aQ 1~y
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is highly idealised, and any effect due to a wide size distribution of the feed
solids is eliminated,
N

For these _—easons, therefore, the method which is proposed is an adaption of
a technique recently developed in these laboratories for the analysis of the
behavioer of classifiers, Essentially this consists of plotting the size
distributions of the material retained or passing the filter against the feed size
distribution, and analysing the curve obtained, as explained below., A further
advantage of the method is that it allows considerably more information about events
occurring inside tbe filter to be obtained than by the previously described methods

which present only an overall picture.

6.3.3. Theory of Method

In the simple case, any two of the three size distributions which are
obtained from the test are related by the rétention efficiency curve, In Fig. €9
the diagonal OA would be obtained if no filtration occurred; if the filtration were
such that all material greater than some size given by (1-.9 ) = Q(D) were retained,

tken the lines OB AC would be obtained. ¥ then eguals the fraction:

mass of solids retained for cumulative undersize distributions.
mass of faed solids

In practice, curves such as OFA, OGA, will be found.

For the general case, we must also consider the situations when:
(a) the filter is faulty, that is, the medium has brcken down at some point or
by-passing occurred so that a fraction of solids with the feel size distribution
passes with the filtrate;
) A fraction of the feed solids is held up, either due to the design of the
system or by the action of the cuake which has formed, "« effect, this material has
not been filtered by the medium.
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Sufficient data are therefore available to determine f, r, ¥ ,, However, as ¥

can be experimentally determined, a check of f and r is avail 1le,

Fig.71. jllustrates a plot for the general case,
A further check of the tangents is available by consider. ; their intersections,

H, X, on Fig. 7 It is easily shown that

1~y -1
Q = = 6.3,7
H Qk l1-%f-r
We have zlso, that
1] = ¥ (1-f-r) + T
r
i.e., L/ = y - r 6.3.8
£ 1-%-r
1-y-1
-3 = et = = <9
and 1 L e QH Q!( 6.3

To deterrwine the point efficiency due to the medium, nr, equation (6.3.1) or

JdR A&F
{(6.3.2) can now be used with the values of E'S or ‘d‘a determined at the appropriate

points,
1f the overall point efficiencies are required, these are determined also from

(6.3.1) and (6.3.2), putting r=£=0,
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(1=, F(D)

" = f(l-')) % dp

S
/ LT

= —f- - €K
£ (1 "s;)(l f-r) = j(l—f—r)(l-pr) ab db

Feed, Q(D) / (1-f-x)
unit mass \ ‘ \

r Y;(1-f-r) = J(l—f-r)?r g—-g dp

~, R(D)
d
'\‘r = j d_g dabD

PIGUER TO Distribution of solids in filtration
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Chapter 7

Techniques
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7.1 Identification of Origin of Contaminant Particles

7,1.1 Introduction
Particles presented in hydraulic oils originate from:

J "Built-in" dirt., This is swarf from the initial machining of the components,
that generated during assembly of the system and dirt of external origin
present in components before assembly. It is recognised that any frictional
contact will give rise to particles and for this reason very critical
components, e.g. propellant valves, are constructed with no screw threads
within the system. Although this dirt is usually soon removed from the
system by the internal filters it may do great damage during commissioning
if it occurs between a filter and a sensitive component.

(b) Extraneous dirt. This will enter the system through breathers, wiper
seals and be picked up ¢n the disconnects of both the system and its
servicing equipment, It is charact2ristic of the environment in which the
system is operating and is usually silicacaeous nature with some fragments
of cloth, paint, etc. from servicing operations.

(c) System generated dirt, This may be metal particles arising from component

wear or elastomer fragments from O-rirgand seals.

7.1.2 Identification of Particles

Specifying the origin of particles is facilitated by identifying the
materials of which they are composed. For example silica is likely to be extra-
veous, bronze from a pump or bearing and nitrile rubber from an elastomer seal.
Microscopic examination on membrane filters under the reflected light conditions
specified in ARP 598 gives some information, e.g. bronzes can be differentiated
from white metals, transparent particles may either be silica or shreds cf "Teflon",
but for example two differenrt types of bronze or aluminium alloy could not be

~differentiated,

Vickers, Inc., Troy, Mi. (personal communication - R. Leslie) have been
successfully using emission spectroscopy to identify the elemental composition of
particles of 3 40um. However as particles of much smaller dimensions are of great
interest in hydraulic 0il contamiration it was decided to investigate the

possibilities of electron probe x-ray analysis.
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7.1.3 Electron Probe X--ray Analysis

In this technique of analysis the specimen to be examined is placed in a
vacuum environment and bombarded with high energy (10-30 KV) electrons causing the
sample to emit x-radiation. The x-rays produced are characteristic of the elements
present and may be differentiated using an x-ray monochromater and detector, Many
instruments of this type require a flat specimen surface which constrains the
geometry of the system., However, this is not possible with particles and hence
the instrument chosen was the Stereoscan Scanning Electron Miscroscope Model 2A
with x-ray accessories (Cambridge Scientific Instrument Company, Cambridge, England).
Fig. 72 1is a conventiona -canning electron micrograph demonstrating the tcpography
of the particles and figs. 73 to 76 the scans for Al, Fe, Si and Cr., No Cu was
found. This is a preliminary report and improvement in the specimen preparation
technique should give better particle distribution in the field. With calibration
quantitative analyses would be possible. However these results do show that it is

possible to identify at least the major elements present in 1, particles.

7.1.4 Technique

In electron probe analysis it is necessary to coat non-conducting particles
with a conducting layer (usually carbon or Au/Pd alloy) to enable the induced charge
to leak away. An attempt was made to examine particles retained on a Millipore
filter by mounting the filter onto a specimen mounting stub, coating wi:in A:/Pd
and examining. However the particles still charged and the cellulose acetale
filter disintegrated in the high beam current necessary to induce x.ray emission.

The next technique tried was an attempt to overcome both of these prebiems.
A pi:ece of silver foil (the specimen mount is aluminium and this was being analysed
for) was coated in 'Silver Dag', a colloidal silver suspension, the membrane pressed
particle side dowvn onto it and when dry the membrane dissolved away with acetone.
Experience however showed it to be very difficult to satisfactorily removs- the
membrane without detaching the colloidal silver from the foil.

An alternative technique tried was to remove the particles from the oil by
centrifuging, wash in hexane using a centrifuge, disperse ultrasonically, pour a
drop of the suspension onto the silver foil, mount, coat and examine. Figs.72 -~
76 were prepared by this technique. It has the slight disadvantage over the

Millipore technique in that examination by optical microscopy is not so easy.
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7.2 Techniques for measuring particle and fluid behaviour in a flowing suspension

7.2.1  Summary
A technique has been developed whereby all the important parameters in

suspension flow can be measured for each phase separately without any disturbance
of the flow. The fluid velocity profile is measured with a technique using a
photochromic substance dissolved in the fluid. The particle velocity is measured
by filming the motion of coloured particles introduced into the bulk of glass
particles, which have the same refractive index as the liquid and thus cannot be
seen. The concentration profile is measured by a standard x-ray attenuation

technique.

7.2.2 introtuciion

Existing methods of measuring the motion of the two phases in a flowing
suspension have two major disadvantages. ﬁirstly they involve disturbing the flow
in one way or another and secondly, and more important, it is often not possible
to measurz the behaviour of the two phases separately. Attempts to measure the
fluid velocity with a pitot tuhe for example have tended to give too high values
caused by the deceleration of the particles in the stagnation region just in front
of the probe. In the case of the pitot tube there is also the problem of
particles clogging the probe which will inhibit its use, particularly for measure-
ments of fine suspensions. The hot wire anemometer is another example where the
presence of the sdiids largely affects the measurements. A different class of
techniques has involved colouring the liquid by injection of dye, but this again
disturbs the flow and the particles may obstruct the coloured iiquid.

To overcome these difficulties we have developed a new method whereby all
the important parameters in suspension flow can be measured for each phase separately
without any disturbance of the flow.

A number of aromatic compounds are known to be photochromic, i.e. they
change colour when irradiated with light of certain wave lengths. The change of
colour being instantaneous enables one to dye certain well defined parts of a
liquid in motion without disturbing it. The coloured liquﬁd can subsequently be
traced photographically or by inspection.

Using a suspension of transparent partic1e§ in a liquid of the same
refractive-index, the irradiating beam will go through the suspension without

deviating, leaving all fluid elements coloured along the path and leaving the
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The matching of refractive indices and using some coloured

particles unchanged.
particles enables one to follow the translation and rotation of particles
The cencentration of

irrespective of their position in the cross s:ction.
The attenuation is a function of

particles can be measured by x-ray attenuation.

the total mass transversed by the x-ray.

Photochromic Technique

7.2.3
The object was to find a photochromic substance giving rise to an intense

colour persisting long enough for our purposes in a liquid which not only was

suitable from this point of view but also had the same refractive index as some
Literature studies indicated that DNBP?* asuld Be a

suitable transparent soOlid.
suitable compound. It is colourless in the stable iorm (except in solutions
There is some

with high pH values), and the unstabie isomer is intensely blue.
The foilowing two

uncertainty as to the reaction that actually takes place.

proposals have been made:
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(2,4 dinitrobenzyl) 2 - (2,4 dinitrobenzyl) pyridine
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Whichever reaction that actually takes place the coloured.form is going to be
easily oxidized, and therefore the soluticns used may be expected to deteriorate
when exposed to both light and oxygen. This has in fact proven true in our
experiments.

The rate of the fading reaction has been investigated previously by others.

t is a first order reaction with the reaction constant k. Since the reaction

involves the transfer of a proton it foilows that the pH value should be of
importance in a water soiution. Higher pH values slow down the reaction (2). Too
high pH values will transform the compound into its anionic darx gireen form however,
in which case no change in colour wili take place. The importance of the nature of

the solvent and the temperature is shown in the foillowing table XX.

Ethyl alcohol k = 0,122 sec.”* at room temp.
" " k=000 " at -40°C
Isobutyl alcohol k = 0,277 " at room temp.
Sec-Butyl alcohol k=1,42 " " " "
t-Butyl alcohol k=0,153 " o o "
Ether k = 0,197 " . oom
Benzone k = 15,2 " " " "
Iso-octane k = 1,62.103" " " "

TABLE XX Soivent conditions for photochromic dyes

The absorption spectrum of the stable form shows a peak in the regiocn from
3000 X slightly into the visible region. There are other peaks at smaller wave-
lengths but the energy involved is then so high that it may decompose the compound.
Thus the light must be fiitered so as not to transmit any large amounts below
3000 K.

The visible absorption spectrum of the unstable blue form is quoted in
literature. There is a peak around 5500 X, hence the blue colour. There is also
an indication of a peak in the same region as that of the stable form, i.e. 3000-
4000 2. This indicates that the penetration of a UV- beam into the liquid may be
rather limited and that there will be an optimum concentration of DNBP depending
on the requirea depth of penetration and the intensity of the light source.

As described below we decided to use pyrex and a toluene-ethanol mixture.

The concentration was chosen with guidance from literature to 0,1% by weight.

202.




Penetration and persistance experiments were made in room temperature with slurry
and pure liquid in a pyrex tube of dimensions Lo be used in later experiments. The
internal diameter was 40 mm and the wall thickness was 2.5 mm. The light sources
were different flash tubes emitting 200-400 joules in ca 1 millisecond. The wave-
length of the light varied over a wide range from far down in the UV-region up in
the infra-red. The percentage in the desired region (3000-40002)15 not known.,

The blue colour penetrated into the middle of the tube being less intense
the further away from the light source. It penetrated approximately the same
length with or without solids present. A large piece of pyrex glass inserted
between the light source and the tube had no measureable effect. The results
seem somewhat contradicting but the accuracy of measurement was probably not good
enough. Photougraphic recording of the results will be made which will improve
the accuracy and also enable measurements to bz made very shortly after
irradiation. The colour persisted from one to several seconds depending ona the
initial colour intensity.

Aitempts are being made to collect the UV-light by the use of reflectors.
Since UV is absorbed in ordinary glass lenses one is limited to the use of Mng—
coated reflectors or quartz lenses.

Preferably the light should be collected in the form of one intense beam
S0 as to enable one to draw a pencil line through the fluid under investigation.
Alternatively one can use a cylindrical reflector in conjunction with a line
scurce whicn will produce line image in the fluid.

A pulse laser would solve the problem of coilecting the light. However,
the required energy per pulse is larger than that which the common lasers provide.
The laser in the department gives pulses of abtout 1 joule. The Ir~auency would

have to be doubled for the purposes which would decrease the energy to about
0,05 joule per pulse.

7.2.4 Matching of Refractive Indices

The solid must be chosen so as to have the same refractive index as a
suitable liquid and at the same time transmit light of 3000 X - 4000 R. A
transmission spectrum was made for pyrex. The absorption is approximately constant
through the visible region down to 32C0 X where it increases rapidiy. Practically
nothing below 3000 X is transmitted. Using pyrex glassware will thus serve as a

filter for the non wanted iewer wavelengths.
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Glass spheres are available as load glass (ballatini)} or as soda glass.
The ballatini spheres could not be made to vanish due to the refractive index not
being constant throughouc the beads. Etching with hydrofluoric acid did not
increase the transparency. Sodium glass beads are only available in a very poor
quality and would be even harder to make vanish. Both the lead and the soda glass
would in addition absorb large amounts of UV light and would be unsuitable in high
concentrations for that reason. Pyrex glass was- broken into particles and vanished
sufficiently as particles between 200u and 300u (by sieving) in a 40 mm tube at a
concentration of about 50% by volume.

Since the photochromic technique works well with ethanol (n = 1,362%1) the
aim was to find a liquid with the refractive index higher than that of the glass
(n = 1,4700) so that a fair amount of ethanol could be added tc adjust the refractive
index. Benzene and its derivatives are the only solvents with high enough refractive
index wit) the exception of some rather toxic and unpleasant bromocompound. They
have refractive indices around 1.5. Mixtures containing either benzene, toluene,
xylene or benzyle alcohol were tested for the photochrcmic reaction. They were
equally good and as good as pure ethanol with the exception of the last one which
Adid not work at zll. From the point of view of safety we chose to use toluene.

“e proportions of the slurry:

15,5% by vclume of ethanol)

* L3 n
84,5% " ’ toluene)

1,470

1,470

i

pyrex n

7.2.5 Concentration measurement by x-ray attenuation

Concentration measurement by x-ray attenuation is not a new technique and
therefore it will only be mentioned briefly here.

The x-ray source is chosen so that as large a change in counts per minute
as possible is obtained for a certain percentazZe change in concentration of solid.
The attenuation follows the Lambert- Beer law and therefore this occurs for the
value of Jo/J = e. The fact that the glass walls also cause attenuation complicates
matters somewhat. Since both pathlength and concentration will vary in these
experiments anyway, one can disregard the effect of the wall if it is comparatively

thin and one does not transverse the tube tuc far from the centre.
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The figure illustrates how the sensitivity changes with the mass. If the attenuation
follows the equation

J = Jdo e X
one can deduce the following equation for the sensitivity

A=Kme
In the present case we have chosen Americium 241 which is a fairly low energy
emitter. The path through the centre of the pipe will contain a mass varying with
the coiicentration in a way whereby we will operate on both sides of and on the
peak. The recommended equivalent length of Aluminium is 20-30 mm and the actual
equivalent length is 20-35 mm if the concentration varies between 0 and 50% by
volume., If shorter pathlengths are chosen the sensibility will be high only if
the concentration is high. In the actual experiment with horizontal pipes one
can expect concentration to be low in the upper parts of the pipe where the path
length is short which is a less favourable situation. In the middle and lower

parts of the pipe the sensitivity will be around its peak however.

7.2.6 Particle translation ar< rotation

Individual particlas may be traced by introduction of coloured particles
and photographing them with a higher speed f£ilm camera. Segregation in size

fractions etc. may also be detected.

References
1) Soush J., Weinstein J., J. of Org. Chem. 1962 p.3155
{(2) Wettermark G., J,A.C.S, 1962 p.3658
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Chapter 8

Summary & Conclusions
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Summary and Conclusions

This report begins with an analysis of the present state of the art with

respect to particulate contamination of hydraulic flight control sub-systems. This
analysis is then used to propose an overall strategem -vithin which work should
proceed, Because of the complexity of both particle properties and hydraulic
systems, progress in this direction will inevitably be slow but this is the only
long term method likely to lead to a priori predictions of behaviour, This approach
does not invalidate the continued use of more empirical forms of study which <nable
specific problems to be solved, but the latter technique is in the long term waste-

ful of effort.

Until the necessary techniques for describing of particles with respect to
their bulk behaviour can be established, the methods of analysing system behaviour
or studying component behaviour must be capable of application to any future

description of particle properties.

This point is exemplified in Chapter 3, Mathematical Modelling of Hydraulic
Systems, where a stepwise model is established and in which both the contaminant
concentrations within the system and the characteristics of the camponents are
expressad in a general matrix form which is applicable to any method of particle
size snalysis, This modelling technique, given sufficient information about the
components in the system; cnables the point at which any position in the system

reaches a critical contamination level to be calculated,

In order to study experimentally both operational and laboratory systems it
is necessary to be able to remove a representative sample of fluid and analyse that
samiie. Chapter 2 states the requirements of a sampling device and describes
techniques for both the theoretical and experimental study of sampling devices., As
far as can be established none of the sampling devices currently used meet all of

these requirements, but the magnitude of the errors involved are not known.

Chapters 4 and 5 discuss the meaning of particle size, propose a new
description of particle size and give accounts of the study of three well known
{(e.g., the Coulter Counter, the HIAC Counter, and ARP 598) and one more specialised
technique of particle size analysis. Specifically, the assumption of equal dist-
ribution of particles on the membrane in an ARP 598 analysis is confirmed to be

valid for one size of particle (and would not be expected to differ for other sizes
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