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EXECUTIVE SUMMARY

This document is the final report  to the Water Research Comm ission for the following

projects  and is a c ollaboration  betwee n the W ater Re search  Group  of the Ra nd Afrik aans U niversity

and Um geni W ater:

S K5/1024 : Evaluation of Phase Removal Processes at Full-Scale South African Water

Treatment Plants in terms of Particle Size and Number

S K5/1025 : Investigation into the Use of Particle Size Analysis for Monitoring and Optimising

Plant Performance for the Production of Potable Water

Significant progress has already been made in introducing particle counting to potable water treatment

in other countries, specifically the USA, and a significant body of work has already been published on

this subject. It is not the intention of this report to repeat this work, but rather to standardise the use of

the technology in this country. In this way, several problems that have bee n experienced elsewhe re

can be avoided.

This document aims to assist users and prospective users of particle counting technology and

proc edures in  the water tr eatm ent fie ld in the  unde rstan ding o f the b asic  princ iples o f this te chnology.

To this end the authors :

S explain the  basic co ncepts  and term inology that pr ospec tive users  will come  across , 

S highlig ht some  of the  standard s tha t are a pplied  in the p article  coun ting indus try,

S includ e som e guid elines  on the use  of pa rticle c oun ters in  gene ral,

S offer some guidelines on the handling of the data generated by the particle counters, and

S pres ent re sults  from  case studies  in ord er to illu strate the  applic ation  of pa rticle c oun ting in

potable w ater treatm ent.

 

The report is presented in four parts, each dealing with a different facet of particle counting.  Each of

the sections are summarised below.

Hardware and Methodology

Particle counting brings a new technology that is finding increasing acceptance in the potable water

treatme nt field .  W ith it come s severa l new conc epts  and a  collec tion o f term inolog y and j argo n tha t is

not familiar to practitioners in the water field.  These concepts are explained in order to familiarise the

water treatment practitioners with this technology.  In addition, various types of particle counters are

availa ble an d it is im porta nt to n ote th at diff eren t partic le cou nters  will cha racte rise th e sam e sam ple

diffe rently d ue to  fund am enta l reas ons .  ESZ  (Elec tron S ens ing Zone) sen sors  defin e par ticles  by the ir
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conduc tivity, ligh t sca ttering  sens ors b y their r efractive in dex , and  light blo cka ge se nso rs by th eir

degree of translucence and refractive index.  The orientation of the particle passing through the sensor

also plays a significant role during measurement.  It must therefore be accepted that some variation

will be evident when the same sample is re-measured on the same instrument and more so when

different technologies are being compared.  These variances are increased when different

measurement techniques and procedures are followed - therefore the need for standardisation in the

use of particle counters.

Some standards have been published to ensure that particle counters achieve some level of

standardisation in its manufacture and calibration.  These standards have their origins in other

indus tries a nd, to  date , no such  standard  has b een  publis hed  for the potable w ater in dus try.  Th is

problem is discussed.  The discussion concludes with the following recommendations:

S particle co unters s hould on ly be acquire d if they conf orm  to JIS B 9 921:19 97 in term s of its

manufacture,

S particle counters that are delivered by suppliers should conform to the requirements of ISO

4402 in terms of its calibration and general performance, and that

S the calibration of the counters be checked on a routine basis.

Important issues regarding particle counting methodologies are highlighted.  In recent years a number

of excellent publications dealing specifically with these issues have seen the light.  It is not the

inten tion o f this r epo rt to dis cuss the  me thod ology is sues in de tail, bu t rathe r to po int the  oper ator in

the rig ht dire ction .  Other iss ues  that a re dis cussed  includ e dea ling wit h on- line an d bat ch pa rticle

counting as well as issues relating to accurate particle counting.

Data and Data Handling

Guidelines for the setting up and use of particle counters and also for the reporting of the data from

particle co unters a re sugg ested.  T his is requ ired to allow m eaningf ul com parison  of the data

genera ted by differe nt coun ters and  operato rs.  This s ection also  shows  how the  large num ber of da ta

points generated by particle counters can be reduced to fewer indices so that the results can be

emp loyed in a m eaningf ul way by treatm ent plant op erators.  

Furthermore, a comprehensive database is required if data is to be sourced from several points.  Such

a databa se was  develop ed and  emp loyed suc cessf ully during the c ourse o f this projec t.
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Particle Counting Studies in Potable Water Treatment

Six particle counting studies were undertaken in the course of this study to illustrate the use and

benefit of  particle co unting. 

Particle counting offers a mechanism through which raw waters that have to date been classified along

concep tual line s, ca n be s orted  into dis tinctive gro ups  accordin g to th e par ticula te m atter  suspended  in

it.  Thr ough this  study a nov el app roac h in the  class ificatio n of w ater h as be en int rodu ced .  This  is

particularly true for raw waters.

The relationship between particle size and Cryptosporidium  oocysts and Giar dia  cysts in filtered water

was inve stigated. T he stud y confirm ed that Cryptosporidium  could be detected at 2-5:m and Giar dia

at 3-10 :m using particle counters.  It does not distinguish between Cryptosporidium  and Giar dia  and

othe r part icles  of the  sam e size .  Mor eove r, the n um bers  of cys t and  oocys t partic les ar e com plete ly

overshadowed by the other particles in these size ranges.

A study of  the affec t of pre-trea tmen t using ozo ne on the  clarity of filtered wa ter was u ndertak en.  In

this study it was that particle counting of low turbidity filtered waters was a more sensitive monitoring

meth od than “ low-rang e” turbidity m easure men t.

The u se of pa rticle coun ting as a fe ed-bac k contr ol mec hanism  in treatm ent plants  was inve stigated. 

The particle counter is compared with zeta potential and streaming current detectors.  It was found that

the filter particle counts did not change much under different coagulant dosages.  Some difference was

noted on settled water.  Due to the delay in response time, particle counting is not considered to be

ideal for this purpose.

Floc cula tion th eory d iffere ntiate s between sweep  floc a nd ch arge  neut ralisa tion and the sec ond  is

considered to be more effective than the first.   The two regimes are controlled by the pH at which the

flocc ulation tak es pla ce.  S outh  Afric an pla nts a re fo rced  to operate  at high er pH s bec ause of th e we ll-

buffered nature of the raw waters.  In this study the suitability of particle counting is assessed as a

means to measure flocculation kinetics.  If this were successful, this would allow the use of the

Argaman-Kaufman flocculation model in the analysis study of this complex field.  Despite repeated

attempts and the introduction of numerous precautions and improvements to the experimental

methods, this study did not produce the precision and repeatability required by the researchers.  It has

been concluded that light blockage particle counting is not suitable to the monitoring of transient

pheno men a such  as floc gr owth an d break -up. 
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Control of filter start-up hydraulics appear to be the only viable alternative for many plants to reduce

the imp act of the  filter ripening c urve on  final water q uality.  In this study pa rticle coun ting is used  to

monitor ripening curves for various start-up procedures.  Particle counting is again shown to be the

more sensitive measurement technique when compared with turbidity.  It has also emphasised the

sensitive n ature of filter p erform ance, p articularly during  the ripening  stages  of filtration. 

Reco mm endation s for furth er work  are includ ed in the c onclusio n of eac h of the c hapters  dealing w ith

the individual studies.

The report concludes with an evaluation of the work and the extent to which the contract objectives

were reached.  The project team is of the opinion that the benefit of particle counting have been

illustrated in this report. Standards for the use of particle counters and particle counting has been

suggested.  Similar standards and guidelines for the potable water industry have not been published

locally before.  As far as the minor objectives relating to the application of particle counting in various

diffe rent s tudies are  conc erne d, a better  unde rstan ding o f the s treng ths and lim itation s of p article

counte rs has b een de veloped .  
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Chapter 1
INTRODUCTION

1.1 Project His tory

The Rand Afrikaans University (RAU) and Umgeni Water submitted two independent research

propos als to the W ater Re search  Com miss ion (W RC) fo r funding  in the period  1999-2 000.  O n

closer ins pec tion, th e W RC foun d tha t altho ugh  the tw o pro posals were b oth on par ticle

counting in potable water treatment, they were complementary.  On the recommendation of

the WRC, the RAU and Um geni Water had discussions and it was concluded that a combined

project would be more meaningful in its content and practical in its execution.   The

conclusions from these discussions were conveyed to the WRC and a com bined Steering

Com mittee w as app ointed for W RC P roject K5 /1024 an d W RC P roject K5 /1025.   T o facilitate

further  the cooperation, combined Steering Comm ittee Meetings were held.

1.2 Objectives

The objectives of the individual proposals were taken as the initial objectives of the combined

projects.

1.2.1 The RAU Objectives (Project K5/1024)

The  RAU  prop osa l was  initially e ntitled  “Eva luation of P hase Re mov al Pro cesses  at Fu ll-

Scale South African Water Treatment Plants in Terms of Particle Size and Number” and

was motivated with the following aims :

S Evaluation of available particle counters, configuring of the counters and

standardising reporting procedures.

Research involving particle counters had be en taking place internationally for a

number of years and a mass of information had been gathered.  The AWWARF

(Am erica n Wa ter W orks  Ass ocia tion R esearch  Founda tion)  S ymp osium he ld in

March 1999 attested to this.  Despite the international interest not much had been

done locally.  The project created an ideal opportunity to standardise local testing

and  repo rting p roce dure s from  the init ial stages  of res earc h.  Th is wo uld as sist in
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avo iding future  situa tions  whe re res ults fro m se para te stu dies  are n ot compa rable

due to fundamental differences in testing and reporting procedures. Furthermore,

several suppliers are targeting the local market.  The equipment that is being

offered a nd the tec hnology  being em ployed v aries sign ificantly from  supplier to

supplier.  A study of the equipment and a discussion on the technology would go a

long w ay in a ssis ting fu ture u sers  in sele cting  the equipm ent best s uited  to the ir

application.

S Esta blishin g bas elines  in term s of gene ral pro cess per form ance usin g par ticle

counters.

At the time of the proposal, no commonly accepted baseline for process

performance in terms of particle counts and sizes were available.  This could be

used  as a benchmark to evaluate own performance.

S Study of the effect of flocculation regime (charge neutralisation vs. sweep floc) on

final water quality.

Despite the more conservative approach of local designers towards loading rates on

filters and flotation  units, am ongst o ther unit pro cesse s, overs eas plan ts appe ar to

be pe rform ing be tter in te rms  of the  treatm ent objec tives  applie d.  Th e hyp othe sis

was tha t it could be d ue to the fa ct that local p lants are fo rced to o perate a t one to

two p H un its higher th an no rma lly enc oun tered  over seas.  At th e high er pH  levels

the flo ccu lation  regim e cha nges from  char ge ne utralis ation  to the  swe ep floc dom ain

where particle contact is less optimal.   Particle counting under local conditions

would enable a quantative assessment to be carried out on the effects of different

flocculation regimes and provide confirmation of overseas guidelines on flocculation

and filter operation, amongst others, or provide alternative guidelines that  are more

appropriate to local conditions.

S Evaluating filter performance under various hydraulic control regimes.

Particle bre akthrou gh in filter oper ation is mo st likely in the first h our of op eration. 

The work intended should lead to guidelines on the operation of filters to minimise

the breakthrough of particle sizes in the  range where protozoan cysts are expected



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 1-3

WR C Report No: TT 166/01 Introduction

to occu r. 

1.2.2 The Umgeni Water Objectives (Project K5/1025)

The Umgeni Water proposal was entitled “Investigation into the Use of Particle Size

Ana lysis  for M onito ring a nd O ptimis ing P lant P erfor man ce fo r the P rodu ction  of Po table

Water” and was motivated with the following aims :

S To investigate the use of particle size analysis as a control parameter for the

optimisation of water quality, and to compare this to the control using zeta potential

or stream ing curre nt.

Streaming current and zeta potential are often used as measures of the de-

stabilisation of particles during coagulation in water treatment. These are also used

as control parameters to set the chemical dose. The primary objective of water

treatment is the remova l of particles, and these measurem ents may be m ore

suitable for use where certain particle size ranges are present. Filtration using sand

filters is the final particle removal unit process and should be monitored for

effic iency, especia lly as the  filters  are b ack was hed  regu larly.

S To inve stigate the  relationsh ip betwe en particle  size and C ryptosp oridium o ocysts

and Giardia cysts in filtered waters from water treatment plants.

Cryptosporidium  has been responsible for a number of outbreaks of disease and

water treatment companies are becoming more concerned with the performance of

plants for  its effective re mov al from  potable w ater. Cryptosporidium  oocysts are

typically in the 6 - 8 :m size range and should be removed effectively by sand

filtration.  In order to effectively monitor Cryptosporidium  in filtere d wa ter, pa rticle

counts in  the re levan t size ra nge  are n ecessa ry.

S To study the effects of pre-treatment processes such as ozonation on the clarity of

filtered water by measuring the particle size after filtration.

Pre-treatment using ozonation and other oxidising agent can affect the efficiency of

coagulation and, in some cases, reduce the optimum coagulant dose. This may also
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impro ve the co agulation a nd rem oval of co lloidal particles in th e size rang e 1 to

10 :m. Other pre-treatment or post treatment processes such as membrane

processes or G AC m ay improve the quality of the final filtered water.

S To c ons ider th e use  of pa rticle s ize analys is togethe r with  Com puta tiona l Fluid

Dyna mics for  the optim isation of w ater treatm ent equip ment.

This aim arose from collaborative work between Umgeni Water and the Pollution

Research Group (University of Natal, Durban) during a project investigating the use

of CFD for water treatment plant design. One of Umgeni Water’s plants was used as

a case study as it was anticipated that a higher demand for water would be required

and the capacity of the plant may need to be increased during the December period.

This did not materialise, but should the plant require upgrading in the future, the

reco mm ended m odific ations could be  ma de an d the  use o f turb idity and par ticle

counters  can b e use d to ve rify the  mo difica tions  prop osed by the CF D stu dy.

1.3 Organ isation of th e Repo rt

Due to the complementary nature of the two projects, it was decided by the Steering

Comm ittee that a combined final report would be submitted.  This allowed for a re-

arrangement of the initial objectives into a more complete document on particle counting.  As

the objec tives also to uched  on a wide  ranging n umb er of issu es relating  to particle co unting, a

furth er co mp rehe nsive  “use r’s gu ide” c ould b e com piled.   The  docu me nt is fin ally pre sen ted in

four parts.

1.3.1 Hardware and Methodology

This  sec tion conta ins ch apte rs 2 to  4 and  conc entra tes on the  introd uctio n to, a s we ll

as the practical issues pertaining to particle counters and particle counting.

1.3.2 Data and Data Handling

Chapters 5 and 6 are included in this section.  During the course of the project it was

found that particle counting data management required specific attention.  This section

highlights the  impor tant issue s and m akes  sugge stions ab out data m anage men t.

1.3.3 Particle Counting Studies in Potable Water Treatment
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This section contains the bulk of the original objectives.  These objectives are

pres ente d as c ase  stud ies that illus trate  how  partic le cou nting  can b e utilised in

potable water treatment.  This section is made up of chapters 7 to 12.

1.3.4 Conclusions and Project Appraisal

The  repo rt con cludes w ith chapte r 13 w hich  offe rs co nclusions to th e pro ject in

general as well as a self appraisal of the objectives achieved.
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Chapter 2
INTRODUCTION TO PARTICLE COUNTERS 

Particle counting is a technology that is finding increasing application in the potable water treatment

field.  With it comes several new concepts and a collection of terminology and jargon that are not

necessarily familiar to practitioners in the water field.  The aim of this chapter is to explain these

concep ts and to fa milia rise th e pra ctition ers w ith the  rudim ents  of this  technolog y.

2.1 What is Particle Counting?

A particle c ounter is a n instrum ent which  is perm anently insta lled or porta ble, and is u sed to

mo nitor th e clar ity of flu ids. P article  coun ters h ave b een  used  successfully in  the pharm aceutica l,

chemical and petroleum industries for a number of years and are now finding application in the

drinking  water indu stry. 

In the potable water industry, particle counters offer a more detailed insight into the clarity of water

samples than turbidity measurements.  The counter measures actual particles suspended in the

sample and rep orts the measurem ents in terms of number of particles as well as size of particles

per measured volume of water. With this information, the operator is better able to assess the

nature o f the sus pende d ma tter and is b etter equ ipped to d eterm ine proce ss alteratio ns in orde r to

prod uce  a bet ter wa ter qu ality.

The introduction of the particle counter into the drinking water industry has been accelerated by

concerns regarding the presence of protozoa (Cryptosporidium  oocysts and Giar dia  cysts ) in

drinking water supplies. Because of the particle counter's ability to distinguish between various

size ranges, the general expectation is that it can be used to monitor these pathogens. The

counter can also be used to monitor water clarity in general and is also finding application in many

other areas of water treatment plant operation and potable water research where turbidity had

been u sed in the  past.

To date particle counting has mainly been used to evaluate the performance of filtration

proc esses, and in s om e full-s cale  applic ations, the  sour ce water q uality is  also m onito red. In  this

way a log reduction of particles can be calculated.
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The  term  “part icle” is  used  frequen tly in this  docu me nt, an d in pa rticle c oun ting p ractic e in ge nera l,

but is poorly defined.  Particles are generally solids in the water which can be removed during

water treatment but can also be other fluid drops or gas bubbles that are dispersed in the sample.

The solids may be mineral in nature (comprising sand, silt or clay suspensions), organic or humus

particles (often resulting from the decomposition of plant tissue), microorganisms (bacteria or

protozoan cysts and oocysts -Giar dia  or Cryptosporidium) or flocs that result from flocculation

which may consist of a combination of the above and precipitated chemicals.  By implication,

anything that registers a response from a particle counter is considered to be a particle.  It is also

assum ed that an y single resp onse fro m a p article cou nter, that is be ing opera ted within its

concentration limit, is caused by a single particle.  Particle counters do not discern between the

individual particles that make  up a floc particle.  Particle counters also assume that particles are

perf ect s phe res. T he de finition  for a p article  is fun dam enta lly flawe d and  is eas ily discr edited.  Th is

defin ition is  limite d by cu rren t tech nolog y and is  cons idere d to be suf ficien t for th e scope  of this

report.

"Particle sizing", "particle size analysis","particle monitoring" and "particle counting" are terms that

are used loosely in industry without much consensus and sometimes to the frustration of the

uninit iated . "Par ticle coun ting" is  the to pic of  this s tudy and re fers  to a pr ocess w here  both  partic le

size and n umb er are no ted. This  exercis e is som etimes  also refe rred to as  "particle size a nalysis".

"Particle sizing", however, generally refers to an exercise where size distribution is determined and

actual counts are not reported. For example, after an analysis with a particle counter a res ult will

be returned in the form "120 particles were measured between 5 :m and 10 :m per 1 m R"

whereas a particle sizer would return "30% of particles measured per 1 mR were between 5 :m

and 10 :m".  No in dica tion o f actu al par ticle num ber is  given  by the  partic le size r. Th e par ticle

counter c an be  used  to indic ate w ater c larity wh ile the  partic le size r can not. "P article  sizing " is

sometimes called "particle monitoring". In general, particle counters use laser diodes whereas

particle m onitors us e infrared . 

2.2 How Does a Particle Counter Work?

 

Not all partical counters operate in the same manner. The two most common types are the

Electrical Sensing Zone counters (ES Z) and the Optical Particle Counters. Thes e counters

generate a signal in different ways when a particle passes its sensing m echanism. T he counters

are normally calibrated to relate the magnitude of a signal to a specific particle size.

After the analysis of the signals generated by the counter has been completed, the data gathered

during the measurement is downloaded to an external computer. The external computer, with the
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assistance of the appropriate software, then processes the gathered information and reports all the

necessary and meaningful results. These results can then be viewed on the computer screen or

printed to a  report.

For th e por table  partic le cou nter th ere is  a cho ice be twee n prin ting th e res ults im me diate ly

(on-site) or to connect the particle counter to a computer at a later time. Results can then be

retrieved in the same way as for the perm anently installed particle counter.

Suppliers of particle counters also supply specialised software for the manipulation and

interp retat ion of  the data gene rated  by the  coun ters a s an a dd-o n to th e cou nter.   This  is gen erally

a significant additional cost.  Several sets of software are available for any given counter.  The

most basic will allow the operator to download the data from the counter in a text or spreadsheet

format while the others include graphics capabilities for analysis of the data directly from the

counte rs.  This is d iscuss ed furthe r in Chap ter 6. 

2.2.1 The Electrical Sensing Zone (ESZ) Method

Van Gelder et al.(1999) describe this as a method based on current flowing from one

electrode  to anothe r through  a cond uctive so lution (electro lyte) that conta ins the pa rticles to

be measured. One electrode is positioned inside a glass tube that contains a small aperture,

and the other is outside that tube in the suspension. The sample is drawn through the

aperture, which forms the sensing zone. In an ESZ instrument, a constant current passes

between the electrodes. As a particle passes through the sensing zone, the volume of the

conduc tive flu id dec reas es, c aus ing an  incre ase  in the r esis tanc e and  a volta ge pu lse is

genera ted. The  size of the p ulse is pro portional to th e volum e of the pa rticle. 

The se coun ters a re ge nera lly used  in res earc h and  are n ot genera lly em ployed  for pa rticle

counting on water treatment plants. The remainder of the report will be devoted to optical

particle counters.

2.2.2 The Optical Particle Counters

 

Two optical techniques, light extinction and light scattering techniques, are used to detect

and  size particle s in wa ter. Both m etho ds em ploy a la ser lig ht source  to illum inate  single

particles that flow in a flow cell which narrows, and an electronic photo detec tor to measure

the interference of the particle on the light path (Sommer, not dated). The photo detector

converts the light energy into electric signals that are processed by the counter electronics.
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Figure 2.2.1 : Schematic representation of an Electrical Resistivity Particle Count
Sensor. Taken from Hargesheimer et al. (1992)

A frequently used term in optical particle counting is "sensor". A sensor consists of the laser

and a photo detector while a counter consists of the sensor as well as the electronics that

conve rt the photo  detector  mea surem ents to pa rticle size m easure men ts.  

2.2.2.1 Light Scattering Sensors

The light scattering sensors relate the light scattered by particles to the size of those

particles.  Particle detection based on the light scattering principle is more sensitive

than detection based on the light extinction principle even though the amount of light

ene rgy co llected by the rec eiving  optic s of a  sca ttering  sens or is n orm ally only a

fraction of the total light scattered by a particle. Although the extinction component

may be greater than the detected component of the scattered light, particles smaller

than 1-2 :m can be detected and sized by light-scattering techniques. Here the

photo de tector is plac ed at an a ngle to the ligh t beam  and m onitors the  light intensity

variations in an area that is normally dark. When a particle passes through and light

is diverted (scattered) onto to the detector, a signal is registered (Sommer, not

dated).
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Figure 2.2.2.1 : Schem atic re pres enta tion o f a Flo w Ba sed  Light  Sca ttering  Partic le
Count Sensor. T aken from  Hargesheim er et al. (1992)

2.2.2.2 Light Extinction Sensors

These sensors measure the loss of light when single particles pass through the gap

between a light source and a photo detector. A shadow is cast by the particle and

this reduces the voltage output from the photo detector. The size of the shadow and

consequently, the size in voltage output drop is directly proportional to the size of

the particle p assing b y. 

Light extinction sensors should have a stronger measurement effect than scattering

sensors because the particle signal is produced by monitoring all the energy

removed from the beam and not just from collecting a small portion by receiving

optics with a limited numerical aperture. However, a major portion of the light

scattered by a particle is scattered in a forward direction.  In the case of an

extin ction  sens or, this  is the  posit ion of  the photo  detector.  The  resu lting s ignal is

reduced by the portion of light scattered in the direction of the detector. The signal

itself, for the same particle size, is stronger for extinction than for scattering 

(Somm er, not dated).
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Figure 2.2.2.2 : Schematic representation of a Light Obscuration
Particle Count Sensor. Tak en from Ha rgesheimer et al. (1992)

From this discussion it should be clear that different particle counters will characterise the

sam e sam ple dif ferently due to fu ndame ntal re asons.  E SZ s ensors d efine  partic les by their

effect on conductivity, light scattering sensors by their refractive index and light blockage

sensors by their degree of translucence and refractive index.  Furthermore, the orientation of

the particle p assing th rough th e sens or also pla ys a significa nt role durin g me asurem ent.  It

mu st the refo re be  accepte d tha t som e var iation  will be e viden t whe n eve n the  sam e sam ple is

re-measured on the same instrument and more so when different technologies are being

compared.  These variances are increased when different measurement techniques and

procedures are followed; therefore the need for standardisation in the use of particle counters.

2.3 Glossary of Particle Counting Terminology

 

Not a ll partic le cou nters  are c ons tructed to  the sam e spe cifica tions  and w ith the  sam e task in

mind. Suppliers and operators u se terminology and specifications whereby these features  are

distinguished. An attempt has been made to list these terms and to describe their meaning.   The

list also includes other terminology that is used regularly in particle counting practice.
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Acc urac y: Due to internal variations, a particle counter does not always measure

particle sizes accurately.  When a m ono-disperse suspe nsion (a

suspension in which all the particles are the same size) is analysed,

the cou nter will return a  norm al distribution in te rms  of particle s izes. 

Accur acy refers  to the relation ship betw een the a ctual partic le size

and the average particle size returned by the counter.  Refer to the

discussion on calibration paragraph 3.3.  Also refer to the discussion

on resolution later in this paragraph.

Batch vs. on-line counters: All particle counters are batch counters in the traditional sense as

they all analyse water in discrete batches. Refer to the later

discuss ion on  “sam ple tim e”. T he dis tinctio n between the  two typ es is

based on the way in which water is delivered to the sensor. On-line

counters  are s uited  ma inly for a nalys ing water f rom  a per ma nen tly

installed position. These counters are supplied with water at a fixed

rate, achieved by using pumps or constant head devices. The on-line

counters are norm ally installed in a permanent position and require

comparatively large water volumes to effect measurements as water

is passe d throug h the sen sor on a  continuo us bas is. Meas urem ents

are ta ken  at pre -dete rm ined t ime  interv als. B atch  coun ters a re pa rticle

counters suited mainly for site work and laboratory work and effect

measurement on samples delivered to it on a discrete basis. These

counters are usually supplied with vacuum sa mplers, pressure

samplers or syringes. Some portable counters defy classification

under this heading as they can be operated in both modes.

Battery pow er: Part icle co unte rs require  elect rical e nerg y to operate . Mos t porta ble

particle counters are marke ted with options for battery power,

whereas permanently installed counters are generally not. The

batteries supplied with the counters will provide sufficient power for 2

to 8 hours of operation.

Chan nels: Sometim es referred to as “size bins”. Counters do not report

individual measurements, but rather group the counts into convenient

groups, ie. 2-3 :m, 3-4 :m, etc. These “groups” are referred to as

channels or bins. The more channels a particle counter is equipped

with, th e m ore s ize ran ges  can then  be sp ecifie d. So me  partic le
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counters' channels are preset whereas other particle counters'

channe ls can  be ad juste d acc ordin g to perso nal pr eference. Typ ically

counters have 6, 8,16 or more channels.

Coincid ence los s: This is also sometimes called “count loss”.  Coincidence occurs when

two or more particles in the flow cell/orifice enter the laser beam

sim ultaneously. Th e coin cidence  of pa rticles  caus es the par ticle

counte r to coun t one par ticle when  two are p resent, o r to coun t a

larger particle when combining the two particles as they overlap. The

loss  of the  othe r cou nts is  term ed “c oinc idenc e loss ”. Los s valu es w ill

differ from sensor to sensor, but typical loss values are 10% at 10 000

particles per mR. Refer to the next discussion on “concentration

limits ”.  The inte rnatio nal st andards  vary in t heir re quire me nts on this

issue.  The US Pharmacopoeia requires 5% while JIS B 9925:1997

and ISO  4402 re quire 10% . 

Concentration limits : A sensor’s concentration limit is the maximum concentration of

particles that a counter can handle before the coincidence loss

becomes unacceptable. For a given measurement flow rate, the value

of the se nsor’s c oncen tration limit is ind irectly propor tional to the s ize

of the measurement area within the flow cell. The larger the orifice,

the more likely that two or more particles will enter the flow cell at the

same tim e. A sensor with a large mea suremen t area will therefore

require lower particle concentrations to operate acceptably than

sensors with smaller measurement areas. Suppliers quote typical

values of approxima tely 12000 counts per m R for flow cell areas of

1  mm2 and 25000 coun ts per mR for 0,25 mm2. It is ge nera lly

accepted that this limit should be halved for best results during

normal operation (Van G elder et al.,1999).

Count matching: Once a particle counter is constructed and calibrated according to the

relev ant s pec ificatio n, the re is n o gua rante e tha t the c oun ter will

measure the same as the counter completed immediately prior, or

directly after it.  The error is greater when comparing instruments from

different manufacturers.  This is due to minute differences in the

manufacture and set-up of the counter.  In order to return the same

value s, m ostly due to  the ins isten ce of  the c lient, th e m anu factu rer is
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forced to tweak the results of a counter to match that of another

counter.  This, of course, adjusts the original calibration.

Cou nting  effic iency: Counting accuracy or counting efficiency refers to the level of

accuracy of actual particle counts.  The US Pharmacopoeia requires 

the cou nt to be within  20% o f the actu al num ber of pa rticles tested . 

The JIS B 9925:1997 allows a 30% variation on the count.  It requires

that the counter measu re between 70%  and 130% o f any standard

sam ple and b etween  20% a nd 80%  on the sta ndard th at is equa l to

the smallest size that the counter can measure.  Refer to the

discussion on “half count” later in this section for more clarity on the

last statement.  The requirem ents stated by ISO4402:1991 a re

slightly more complicated as they are based on a sliding scale based

on the number of size ranges measured.

Data co mm unication : Data ca n be tran sferred  to externa l comp uters via a  data

comm unication cable. Particle counters use either a RS-485 or 

RS-232-C se rial commun ication cables and interfaces. These are

stan dard  com mu nica tion te chnologie s and  are a vailab le free ly.

Display: Most particle counters are equipped with either a LED or a LCD

display. This enables the user of the particle counter to view limited

results. Some particle counters are equipped with an alarm function

that is  also d isplaye d via th e LED or L CD displa y.

Environm ent: Particle counters are sensitive instruments and can not be operated

under extreme environmental conditions. Two general guidelines for

particle counters are highlighted:

 - Amb ient temper ature should b e between  4°C and 40 °C

 - Humidity to be non-condens ing.  JIS B 9925:1997 requires relative

humidity of 20% to 80%

Exte rnal s urface m ateria l: This is normally specified by the supplier but affords no real

distinction between counters. All counters are generally sturdy and

offe r a su fficient leve l of pro tectio n aga inst splashing t o the  elect ronic

equipm ent.
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False c ount: Refer to the discussion on “zero count” later on in this section.

Flow  cell: A flow cell or a flow orifice is a transparent flow passage situated

between the laser diode and the photo detector. The sample of water

to be ana lysed by the pa rticle coun ter is transp orted in the  flow cell. A

flow cell can vary in size, but it is usually not larger than 1,2 mm by

1,2 mm, or smaller than 0,25 mm by 0,25 mm. Refer to the later

discussion on “W etted surface ma terials”.

Flow control device: It is impor tant that wa ter be pa ssed th rough th e particle c ounter a t a

pre-determined, accurate flow rate.  See the discussion on “Flow

rate” .  The  flow c ontro l devic e can  be a p erista ltic pump  or a w eir

devic e tha t ensures  that th e flow  is con stan t.  The  oper ator is  still

respon sible to ens ure that the  weir is set up  so that the  flow is corre ct.

Flow rate: A particle counter does not measure sample volume directly but

calculates a vo lum e bas ed on  the duratio n of a  me asu rem ent. It is

therefor e crucia l that the rate o f flow throu gh the co unter is ac curate

and constant.  Portable particle counters are equipped with a pump

that e ither s uck s or p um ps the wa ter sa mp le thro ugh  the particle

counter a t the re quire d rate . Part icle co unte rs tha t do not have this

feature are usually provided with constant head devices that reduce

or eliminate bubbles and ensure a constant flow rate into the sensors.

Flow rates through the flow cell are in the order of 25 to 100 mR/min. 

ISO  4402  allows  som e var iation  of the  flow rate, b ut lim its this

variation to that which will not cause count variations of more than 5%

above or below the count associated with the accurate base flow.

Half cou nt: When a sam ple containing monodisperse particles is measured, it will

me asu re ha lf of the par ticles  abov e a ce rtain s ize and the  othe r half

below that size and the distribution of counts will take the shape of a

normal distribution.  This is due to small variations in the

monodisperse sample and in the counter itself.  When the average

size of the monodisperse sample measured lies exactly on the lowest

size threshold setting of the sensor, the counter will discard the

counts lower than the minimum setting and should only report half of

the count.  This is referred to as the half count principle.
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Light sou rce: A laser d iode is use d by mo st particle co unters a s a light sou rce. In

the past infrared has been used, but this is being superceded.

Particle size range: Every particle counter has limitations on the size of particles it can

handle and analyse. This is due to background noise, coincidence

loss, flow cell size, etc. Therefore, a particle size range is prescribed

for every particle counter. This prevents an instrument from being

damaged and ensures accurate results. A typical size range in the

water industry is 2 :m to 400 :m. P article  size m easurem ents  in

treated water rarely extend beyond 100 :m.

Resolution: Refer to  the discu ssion on  “Accu racy” earlier in th is section . 

Resolution refers to the extent to which measurements taken on a

mono-disperse suspension differ from the average of the

measurement.  Both the US Pharmacopoeia and ISO 4402 allow a

resolution of 10%, i.e. the standard deviation of the measurement

should f all within 10%  of the ave rage size o f the m easure men t.

Sample temperature: The materials of construction limit the temperatures that a counter

can ha ndle. Also  a minim um te mpe rature of 4 °C is norm ally quoted to

prevent ice crystals from forming in the counter.

Sam ple time : This indicates the time over which a counter can analyse samples

and can normally be set to any value.   After this time the counter

stops, p rocess es the da ta and re ports a c ount bef ore it starts

analysing the next sample.  This exercise effectively averages the

counts over th e sam ple tim e.  If a p articu larly lon g sam ple tim e is

selected and the water quality changes during that interval, the

particle counter will return the average count over that period.

Sam pling m ode: This is normally associated with portable counters and refers to the

way in which the sample is supplied to the sensor.  There are two

options av ailable , nam ely vac uum  sam pling ( a syrin ge ac tuate d by a

precision  steppe r moto r draws  a sam ple) and p ressur e sam pling (with

a self-contained pressure chamber, a sample is delivered to the

sensor).  Depending on the tests that will be done, these methods
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might have advantages and disadvantages. One method is not

preferred over the other.

Sensing method: Two methods for sensing are available for optical particle counters,

light extinction and light scattering. For detail on these methods, refer

to parag raph 2.2 : "How D oes A P article Cou nter W ork? ".

Signal-to-n oise-ratio: This  gives  an ind ication of th e am oun t of ba ckg roun d nois e and  how  it

relates to the signal generated by the smallest particle measurable by

the counter.  Typical values for this characteristic are in the order of

3:1 at 2 :m, meaning that the signal generated by a 2 :m p article  will

be three  times th e size of a p article gen erated b y backg round n oise. 

Spe cifica tions  relatin g to th e m anufactu re an d calib ration  of pa rticle

counte rs require  a ratio of at lea st 1.5:1 at the  lowest m easura ble size

(ISO/CD 4402 ).

Softwa re: Most particle counters have their own unique software packages used

to: 

- control the particle counter,

 - store and manipulate data, and

 - presen t the data.  

 Threshold settings : The se ar e the  pred eterm ined v oltage set tings  by whic h a pa rticle

counter determines to which channel or bin a specific signal or count

is to be plac ed.  

W eight: The m ass of a particle counter varies between 2 kg  and 45 kg. For a

permanently installed particle counter, mass should not be a critical

characteristic, but for a portable particle counter, mass might become

a consideration.

Wetted surface materials: Particle counters are equipped with a wide range of wetted surface

materials. This refers to the material that comes into contact with the

fluid being analysed.  The most important of these materials is the

mate rial mak ing up the  “window ” through  which the  laser pas ses to

me asu re pa rticles .  Seve ral alte rnativ e “win dow ”-type s are  availa ble

to users of particle counters in general, but only two are used in the
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drinking water industry.  The first is quartz and this is used in almost

all of th e cou nters  insta lled in w ater tr eatm ent p lants .  Sap phire  is

som etimes  offered  at additiona l cost by sup pliers, as it is rep uted to

be m ore scra tch resista nt.

Zero c ount: A particle counter does not normally return a zero value when it does

not detect any particles.  This is due to noise in the counter

electronics.  The JIS standard requires that particle counters are

tested for this by doing a count when no fluid is passed through the

counter or when a sample completely free of particles is used.  The

zero count is taken as the measurement returned by the counter

under these conditions.  As it is difficult to obtain water perfectly free

of particles, the first method is normally employed.  This is risky and

should not be done over extended periods as some counters rely on

the flow of water to cool pumps.  ISO  4402 and JIS require that zero

counts are lower than 1 per minute.

2.4 Particle C ount er Availab ility Loca lly and In ternatio nally

Part icle co unte rs ha ve on ly rece ntly been ac cep ted as valu able t ools  in the p otab le wa ter ind ustry,

but sup pliers have  already ea rma rked this  industry as  one that o ffers sign ificant grow th prosp ects. 

In South  Africa, this h as also b een the c ase an d sever al of the m ajor sup pliers are re presen ted. 

The majority of these suppliers have been active in the local pharmaceutical and petroleum

industries and found it fairly easy to include particle counters for the water industry in their existing

product range.  Great strides are still being made in the technology and the sup pliers are

constantly in a state of flux.  The industry is a competitive one and mergers and  take-overs

amongs t competitors, the emerg ence of new sup pliers, and changes in representation are

freque nt occu rrence s.  

A list of sup pliers and  agents  as at the e nd of  20 00 is pres ented in T able 2.4. 

The compliance of the particular products presented below, to international standards and norms,

must be checked with the individual suppliers at the time of purchase.
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  Table 2.4: Suppliers of Particle Counters at the End of 2000

Manufacturer Local Agent Product Range

Com pany: HAC H Co mpa ny 

Address: PO Box 389

Loveland

Colorado 80539-0389

USA

Tel: 800-227-4224

Fax: 970-669-2932

E-ma il: orders@hach.com

Website: http://www.hach.com

Loca l agen t: Pelichem (Pty) Ltd 

Address: Stand 101

Schooner Street

Lazer Pa rk

Honeydew

Tel (011) 794-5902

Fax: (011) 795-1220

E-ma il: joostej@ colloids.co.za

Hach WGS 267

Hach Model  PCX

Hach 2200 Se ries Sensors 

Com pany: Pacif ic Scie ntific C o. 

HIAC/ROYCO Division 

Address: 11801 Tech Road

Silver Spring

MD 20904-1909

USA

Tel: (301) 680-7000

(800) 638-2790

Fax: (301) 622-0714

Loca l agen t: Premier Technologies 

Address: Unit 10 & 11

79-84 Kyalami Crescent

Kyalami  B oulevard

Kyalami B usiness P ark

Midrand

1685

Tel (011) 466-1410

Fax: (011) 466-1315

E-ma il: man ub@ setpo int-

premier.co .za

HIAC/ROYCO System 8011

HIAC/ROYCO System 9103

Note: This product is popular in the

pharmaceutical and petroleum

industries

Com pany: Particle Measuring

System s, Inc. 

Address: 5475 Airport Blvd.

Boulder

CO 80301

Tel: (303) 443-7100

Fax: (303) 449-6870

Website: www.pmeasuring.com

Loca l agen t: Micron Scientific 

Address: 175 Princes Avenue

Benoni

Tel: (011) 422-4303

Fax: (011) 845-2923

E-ma il: micscien @glob al.co.za

Model APSS-200

Note  : This pro duct is u sed m ore in

the pharm aceutical ind ustry

Com pany: CHEMT RAC Systems,

Inc.  

Address: 6991 Peachtree

Industrial Blvd., Bldg.

600, Norcross

GA 30092

Tel: 770-449-6233

Fax: 770-447-0889

E-ma il: chemtrac@

mindspring.com

Website:  www.chemtrac.com

Loca l agen t: BHT  W ater T reatm ent 

Address: Triton House 

Brian Ave 

Chloorkop 

Midrand

Tel: 011 929 5800

Fax: 011 976 3170

E-mail:         Pleo pold@ sued-             

                    chemie.co.za

Model PC 2400 D (Particle Counting

System)

Mod el PC 2 400 P S (Partic le

Coun ter, Portable Sa mpler)
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Table 2.4: Continued

Com pany: RION  Com pany, L TD. 

Address: 20-41 

Higashimotomachi

3-chome, Koku bunji

Tokyo 185-8533

Japan

Tel: +81-42-359-7878

Fax: +81-42-359-7441

Website: http://www.rion.co.jp/

Loca l agen t: Optim a (Na tal) Pty L td. 

Address: Unit 3, 4 Le Mans Road

Westmead

Natal 3608

Tel: (031) 700-6822

Fax: (031) 700-6823

E-ma il: optimahydraulics@new.co.

za

KL-20A  (Particle Cou nter)

KL-22 (P article Coun ter)

KL-26 (P article Coun ter)

KL-27 (P article Coun ter)

KL-28B  (In-line Particle Se nsor)

KL-28B F (In-line Particle S ensor)

Com pany: PAMAS

Address: Dieselstrasse 10

D-712 77 Ru tesheim

Tel: +49 71 52 996 3-0

Fax: +49 7152 548 62

E-ma il: info@pamas.de

Loca l agen t: Micron Scientific 

Address: 175 Princes Avenue

Benoni

Tel: (011) 422-4303

Fax: (011) 845-2923

E-ma il: micscien @glob al.co.za

3108  FM (M obile S ystem fo r Particle

Counting Fil ter test and Cleaning

Contro l)

3316 FM (Water System for On-Line

and Laboratory Applications)

Com pany : Fluid System s Partners

GmbH  (ARTI)  

Address: Postfach 1160

D-76699 Kraichtal

Germany

Tel.: +49-7250-76-520

Fax: +49-7250-76-575

Loca l agen t: Optim a (Na tal) Pty L td. 

Address: Unit 3, 4 Le Mans Road

Westmead

Natal 

3608

Tel: (031) 700-6822

Fax: (031) 700-6823

E-mail:optim ahydraulics@ new.co.za

WP C (W ater Particle C ounter)
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Chapter 3
STANDARDISATION OF PARTICLE COUNTER MANUFACTURE AND
CALIBRATION

The previous chapter briefly mentioned some of the standards that have been published to ensure that

particle counters are manufactured and calibrated according to specified procedures.  These

standards relate to other industries as no standards have been published for the potable water

industry.  This chapter briefly discusses the published standards and concludes with recommendations

for the ap plication of s tandard s in the So uth Africa n conte xt.

3.1 Introduction

Not all particle  counte rs me asure c orrectly and  accura tely.  Several stu dies sho w that tests

repeate d with differe nt coun ters yield varying  results (V an Ge lder et al., 199 9).  This is d ue to

variations in  the way tha t counter s are co nstructe d and als o in the wa y that they are c alibrated.  In

order to a ddress  these iss ues, se veral stan dards h ave bee n publish ed. Th ese sta ndards  relate to

the manufacturing of the particle counters, their calibration as well the settings to be used during

operation . 

Although the standards that are currently available were drawn up for other industries, they do

contain information that might be applicable to the potable water industry.  To date, a standard has

not been accepted as the universal norm in the potable water industry.  This statement is valid for

the manufacture and calibration of, as well as measurement with particle counters.  The direct

result of this is that data generated by different counters cannot be compared with confidence due

to variations in the counters themselves, the set-up of the counters and also the experimental

proc edure em ployed  by the  oper ator.   This  chap ter dis cusses  these standa rds a nd ev aluates their

app licabilit y to the  potable water in dus try.

3.2 Manufacturing Standards

Two standards  are currently referred to in this regard.  The first is the Japanese S tandard

“JIS B 9921:1997 - Light Scattering Automatic Particle Counter[s]” and the second is a German

standard.  These stand ards have been pub lished in an attempt to standardise the ma nufacture

and  perform ance of p article  coun ters f or us e in the  petro leum  indus try and  gene ral air p article

counting .  It can , how ever , be assume d tha t the is sues tha t are c oncernin g these ind ustrie s will
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also be of concern to the potable water industry.  Typical topics that are addressed and norms that

are set in the standards are:

S Accuracy

Refer to the discussion on this topic in paragraph 2.3.  There is no variation allowed in the

standards for this item as the standards  accept that the counters will be re-adjusted if they are

not accurate and that the re-adjustment will eliminate all variation.  This presents a problem as

no guidelines are given that indicate which variations are excessive.   Refer to the discussion

on calibration in paragraph 3.3.

S Counting efficiency/Counting accuracy

Refer to the earlier discussion on counting efficiency in paragraph 2.3.

S Resolution

Refer to the earlier discussion on resolution in paragraph 2.3.

S Signal-to-noise ratios

Refer to the earlier discussion on signal-to-noise ratios in paragraph 2.3.

In the absence of standards relating specifically to the potable water industry, it is recommended

that particle counters purchased for the water industry comply with at least one of the above-

me ntioned st andards .  This  will offe r the p urch ase r som e ass uran ce of  qualit y.

3.3 Calibration  of Particle Co unters

Several standards were published that specify the way in which particle counters should be

calibrated.  Again, these standards have their origin mainly in the petroleum industries.  These

standards include :

S ANSI/(NFPA)/T2.96R1-1990 Hydraulic Fluid Power - Liquid Automatic Particle Counters -

Method for Calibration.

S ASTM F658-87 Standard Practice for Defining Size Calibration, Resolution, and Counting

Accur acy of Liqu id-borne  Particle C ounter, U sing Ne ar-Mo nodispe rse Sph erical Partic ulate

Material.

S BS3406:Part 7:1988 British Standard Methods for Determination of Particle Size Distribution.

Part 7. Recommendations for Single Particle Light Interaction Methods.

S ISO 4402:1991 Hydraulic Fluid Power - Calibration of Automatic Count Instruments or

Particles s uspen ded in Liqu ids - Meth od using  Classified  AC Fin e Tes t Dust C ontam inant.

S JIS B 9925-1997 Light Sc attering Automatic Particle Counter.
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The standards are continuously under review and amendments are published regularly.  ISO 4402

is currently also circulating in two other incarnations, which are:

S ISO 4402 Draft International Standard ISO/DIS 4402 Hydraulic Fluid Power - Calibration of

Liquid Automatic Particle Counters (Revision of Second Edition (ISO 4402:1991), and

S ISO/FDI 11171:1999(E) Hydraulic Fluid Power - Calibration of Automatic Particle Counters for

Liquids.

3.3.1 Calibration Standards

One of the main differences amongst these standards, also the ISO 4402 range, is the

mate rial used in th e calibration  of the co unters.  T here are  two sub stance s in gene ral use. 

The firs t is Air Clean er Fine T est Dus t (ACFT D) and  the sec ond is a s ynthetic latex s phere. 

Thes e me thods h ave both  advanta ges an d disadv antage s and n either one  is consid ered to

be ideal.  The following table is taken from Van Gelder et al. (1999).  The table lists the

des ired c hara cteris tics o f a co ncentrat ion standard a nd then co mp ares  the tw o ava ilable

standards thereto.

Table 3.3.1: Desired Characteristics of Concentration Standards (Van Gelder et al., 1999)

Criterion Test Dust Latex Spheres

Know particle size and count distr ibution

Stab ility

Reaso nable size

Reasonable Concentration

Chara cteristics ind epen dently ve rifiable

Single  charac teristic dim ension  for eac h particle

Relative ly

Possib le

Yes

Possib le

No

No

Yes, w ith som e unc ertain ty

Yes

Yes

Possib le

Yes

Yes

Some of the more serious problems associated with the ACFTD is that the size distribution

is only known on a relative basis.  This, associated with the difficulty of making up the

standard, makes the ACFTD less attractive as a concentration standard.  Furthermore, the

production of the ACFTD seems to have an uncertain future as reports of its discontinuation

abound.  The use of the latex spheres is also questionable mainly due to the fact that the

spheres  do no t rese mb le the  partic les that are  norm ally enc oun tered  in water.  They dif fer in

shape and also in terms of the diffraction properties.  The counter’s response to the latex

spheres is therefore different to that of natural particles.  A further point of concern relating

to the use of latex spheres is the fact that there appears to be some variation in the

standards received from  the supplier of the standards (Van Ge lder et al., 1999).
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It would appear that the latex sphere standard should be accepted as the basis for a local

standard as most specifications seem to be making the transition from ACFTD  to latex

spheres.

3.3.2 Calibration Procedures

The procedure whereby the counter is calibrated, is a fairly intricate, one although the

principle is simple.  A sample containing known particles is passed through the counter and

the sensor’s voltage response thereto is noted.  After a number of particle sizes have been

tested, a calibration curve can be drawn and is programmed into the counter.  The voltage

response generated by an unknown particle will then indicate the size of that particle.  The

procedure through wh ich this is achieved, is more comp lex than the brief description above

would ind icate and  it is best left to an  expert.  It is up  to the client to ind icate the s tandard  to

which the counter should be calibrated.  It is suggested that ISO 4402 be used as the

stan dard  in this r ega rd as  it has  been  revised re cen tly.

3.3.3 Other Procedures by the Supplier

ISO 4402 requires that, after a new water particle counter has been purchased and

received, or repairs have been made to a particle counter, or when adjustments have been

made to either the water particle counter or the sensor, the following procedures have to be

conducted:

S Preliminary Instrument Check.

This  test is  done  to ensure  that a n inst rum ent w ill delive r the s am e res ults re pea tedly.

S Coincidence Error Proce dure

The coincidence error limit determ ined should be regarded as a  benchm ark indicator,

which is useful for routine analyses.

S Flow Rate Limits Determination

Most particle counters do not measure flow or volume directly, its calculation is based on

the duratio n of flo w.  If the flow  rate is  incor rect,  the flo w rate  or vo lum e calc ulation as w ell

as the reporting of the particle concentration will be incorrect.  In extreme cases with high

flow rates, contaminant particles may not be present in the sensing volume long enough

for the electrical signal to fully develop. Also, the time interval separating succes sive

particles may be so small that the electronics are unable to distinguish them as individual

particles. It is important that a particle counter operates at the correct flow rate (ISO

4402:1 991).  
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S Resolution Determination

Sinc e res olution var ies as  a fun ction  of pa rticle s ize, every ind ividua l wate r part icle

counter's resolution should be determined.

S Sensor Performance Specification

This pro cedure  ensure s that the s ensor p erform s the sa me fo r three iden tical sam ples. 

S Sizing Calibration Procedure

The sizing calibration of water particle counters is very important. If water particle counters

do not measure particles of the same size in the same way then no comparison can be

made amongst different water particle counters.

3.3.4 Procedures by the Operator

Stan dard s req uire th at the  oper ator o f a co unte r che ck th e inst rum ent to  verify if  it is still

within specification every three to six months.  The accuracy, resolution and the

concentration measurement should be checked.  This is achieved by passing particle-free

water sp iked with a  latex sph ere stan dard thro ugh the c ounter a nd evalu ating the re sult. If

the operator finds that any of the parameters obtained from  the test deviates from the norm

by m ore th an what the rele vant s pec ificatio ns allo w, the n re-c alibra tion is  requ ired. T his

exercise is a costly one as the latex standards are fairly expensive.  The standards can be

purchased in various unit sizes and concentrations.  The cost varies between R 1 000 and

R 2 800 depending on the concentration of the standard.  Some standards are NIST

(National Institute of Standards and Technology) traceable and are supplied with calibration

certificates.  These are the only standards that are allowable under ISO 4402 for calibrating

counters.  If non-traceable standards are used for calibration checks, the cost of the

exercise can be reduced by a small margin.  This is however not advisable.  A standard of

100 mR at 2 000 particles per mR would be sufficient for four to five calibration checks.  At

least two, preferably three, size standards should be tested during a calibration check. The

ANSI/(NFPA) T2.9.6 R1-1990 standard requires that at least four different sized latex

batches be used.  The standards are also subject to a limited shelf life and cannot be kept

indefinitely.  

Although the calibration checking procedures appears simple, it must be stressed that it can

be very difficult to return an acceptable result.  This will require several attempts to achieve

accurate results for the first time.  The procedure is very susceptible to contamination from a

number of sources and experimental variability.  The contamination can be from the water

used in the test, the glassware and equipm ent used as well as from  the particle standard

itself if it is prepared incorrectly.  At best, a fair indication of the accuracy and resolution of
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the counter can be obtained.  It is almost impossible to return good results on concentration

measu rement with values ranging with ±20%  of what was expected  being considered very

successful.  The procedure is elaborated on in Chapter 4.

3.3.5 Count Matching of Particle Counters

It is often a requirement from the users of particle counters that when a sample is measured

by two separate instruments the same result should be obtained. Although this should occur

when two instruments have been manufactured and calibrated according to the

specifications, it seldom occurs in practice. Some manufacturers claim that they can adjust

the calibration of an instrument to ensure that it measures the same as another instrument

to satisfy the customers’ requirements.

This is not advisable as this deviates from the procedures of the specifications ISO 4402

and JIS B 9925.

3.4 RECOMMENDATIONS

In conc lusion, it is reco mm ended  that:

S particle co unters a re only acq uired if they co nform  to JIS B 9 921:19 97 in term s of its

manufacture,

S partic le cou nters  that a re de livered by su pplier s conform to  the re quire me nts o f ISO  4402  in

terms  of its calibration  and gen eral perfo rma nce, 

S the calibration of the counters be checked routinely by the operator, and that

S the practice of count matching be discouraged.



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 4-1

WR C Report No: TT 166/01 Methodology Guidelines

Chapter 4
GUIDELINES FOR PARTICLE COUNTING METHODOLOGY

This ch apter su mm arises the  mos t importa nt issues  relating to pa rticle coun ting me thodolog y.  In

recent years a number of excellent publications dealing specifically with these issues have been

published.  It is not the intention of this chapter to repeat everything in detail, but rather to highlight the

important issues and to steer the operator in the right direction.  This chapter briefly discusses some

considerations when dealing with on-line and batch particle counting as well as som e other matters

relating to accurate particle counting.

4.1 Introduction

Effective  and ac curate p article cou nting requ ires m eticulous  proced ure and  attention to d etail.  

Not only is it necessary to deal with the particle counter’s own instability, but attention must also

be given  to outside  interferen ces tha t might lea d to conta mina tion of the s amp le.  

4.2 Batch vs. On-line Counting

Several factors should be taken into account when a decision between batch and on-line counting

has to be made.  Both modes of measurement have advantages and disadvantages.  Tables

4.2(a), 4.2(b), 4.2(c) and 4.2(d) are taken from Hargesheimer et al. (1992).  These tables describe

in detail the  issue s tha t relate  to this  topic .  In short, the bat ch coun ter is a  mo re flex ible tool, bu t it

also requires significantly more operator input whereas the on-line particle counter requires less

input, but is not very flexible in its application.

Some manufacturers are now supplying portable counters that can operate as both batch and on-

line counters.  These counters are normally provided with a pump or mechanism that controls the

flow rate thr ough the  senso r which m eans th at sam ples can  be draw n from  a num ber of po ints

where normal on-line counters monitor only one sample point.  Portable counters can also be

provided with battery power so that they are truly portable.  Data can be retrieved from these

counters through printouts or  through data dow nloads to comp uter.

It is therefore suggested that on-line counters be considered for permanent installation and

portable or batch counters be considered for general analytical work and surveys or investigations.
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Table 4.2(a) : Sampling Considerations for Discrete and On-line Particle Counting

(Hargesheimer et al., 1992)

Discrete (Batch) Particle Counting On-line Particle Counting

S Actual samples are collected
S Samples can be collected from virtually any location

S Sam pling fre quen cy is limited  by the larg er sam ple

volum e req uirem ents

S Sample containers require labour-intensive

preparation

S Sample contamination may originate from

transmission-lines between process streams and

the sampling port, and from the containers and other

equipment coming in contact with the sample.

S Distance of sampling site from source must be

minimised.
S Devices upstream of sampling port must be

avoided.
S A batch sampler is required, a flow control ler is not

required.

S Samples are not collected
S Sampling sites are limited to takeoffs with suff icient

pressure.  New locations require addit ional
equipment or relocation of exist ing equipment

S Intensive  samp ling freq uency is  possib le

S Sample containers are not required

S Contamination may originate from transmission-lines

between  the proces s stream a nd the se nsor.

S Distance of sampling site from source must be

minimised.
S Devices upstream of sampling port must be avoided.
S A flow control l ing device is required, a batch sampler

is not required.

Table 4.2(b) : Analytical Considerations for Discrete and On-line Particle Counting

(Hargesheimer et al., 1992)

Discrete (Batch) Particle Counting On-line Particle Counting

S A variety of sensor types can be util ised.

S Sam ple an alysis occ urs som e time a fter sam ple

collection.

S Samp le storage m ay chang e particle size

distribution.

S Sam ples m ay be m anip ulated  prior to  analys is (e.g.,

di lution) and during analysis (e.g., stirr ing)

S A batch sampler is used to deliver the sample.

S Sample volume must be selected suitable o the end

use of the data.

S Samples can be archived for later analysis.

S A wide range of sample types can be analysed
using the same sensor; high concentrations can be

analysed fol lowing di lution.
S Replicate analysis of samples can be performed.
S Each  sam ple is p roces sed b y an an alyst.
S Analysis at high sampling frequency is labour

intensive and t ime consuming.
S Flow  rate flu ctuatio ns du ring a nalysis  can in valida te

results.

S A variety of sensor types can be used.

S Real-t ime monitoring is achieved.

S Sample storage is not possible.

S Man ipulation  of sam ples are  impos sible

S Analyse s of sam ples oc cur in situ o n a sam ple
stream co ntinuously flow ing through  the senso r.

S Sample interval and delay t ime must be selected

suitable to end use of the data.

S Sample archiving is not possible.

S A particle  count s ensor  appro priate fo r a spec ific
application must be selected; high concentration

samples will  generate unusable data.
S Replicate sample analysis is not possible.
S Analysis is highly automated.
S High -sam pling -frequ ency a nalysis  can b e don e with

l i tt le or no analyst t ime required.
S Flow  rate flu ctuatio ns du ring a nalysis  can in valida te

results.
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Table 4.2(c) : Data Handling for Discrete and On-line Particle Counting

(Hargesheimer et al., 1992)

Discrete (Batch) Particle Counting On-line Particle Counting

S Size channels must be selected based on the end
use of the data.

S Differential number of particles, cumulative number
of particles, the particle size distr ibution presented

as a pe rcentag e of the  total cum ulative p article

counts, and the power law slope coeff icient can be

calculated.

S Ther e is no  signif icant d ifferen ce be twee n resu lts

obtained by discrete and on-l ine monitoring when

samp ling freq uencie s are ide ntical.

S Com puter a ssisted d ata colle ction is he lpful.

S Size channels must be selected based on the end
use of the data.

S Differential number of particles, cumulative number
of particles, the particle size distr ibution presented

as a pe rcentag e of the  total cum ulative p article

counts, and the power law slope coeff icient can be

calculated.

S Ther e is no  signif icant d ifferen ce be twee n resu lts

obtained by discrete and on-l ine monitoring when

samp ling freq uencie s are ide ntical.

S Computer assisted data collection is recommended.

Table 4.2(d) : Quality Assurance Protocols for Discrete and On-line Particle Counting

(Hargesheimer et al., 1992)

Discrete (Batch) Particle Counting On-line Particle Counting

Quality Assurance

S Quality assurance is crit ical in the generation of

valid data.
S System  confi gura tion re main s unc hang ed fo r qua lity

control.

S Inter-c alibra tion of  particle  coun ters is p ossib le.  

S Clean l iquid and calibration spheres are required.
S Sam ple flo w rate  mus t be ch ecke d on s ystem  start-

up and on every analysis.

S Routine checks for electrical noise must be

performed.

S Quality as suran ce is critica l in the ge neration  of valid

data.
S System configuration must be altered to deliver

quality control sam ples to the se nsor.

S Inter-c alibra tion of  particle  coun ters is p ossib le.  

S Clean l iquid and calibration spheres are required.
S Sam ple flo w rate  mus t be ch ecke d on s ystem  start-

up and on every analysis.  Sample f low must be
controlled and an automated record of f low

maintained.

S Routine checks for electrical noise must be

performed.

Maintenance

S Biofi lm and chemical fi lm can build up on instrument

parts.  Chem ical and/or ph ysical cleaning  are

required.

S Biofi lm and chemical fi lm can build up on instrument

parts.  Chem ical and/or ph ysical cleaning  are

required.

4.3 On-line Counting

4.3.1 Setting U p of On -line Instrum ents

On-line instruments are sup plied typically as wall mountable instruments in IP65 (or higher)

splash-proof electrical enclosures. The light source and electronics for manipulating the
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signals received from the particle counting sensor are all housed in the enclosure.

Connection is required to a computer system via a RS485 networking cable, and, in most

cases, up to 16 particle counters can be c onnected in series to the sam e compu ter.

Provision is made for the instrument to receive inputs from other instrumentation either as 0-

10V or 4-20mA signals. These are also communicated to the computer and displayed or

stored in the database. Similarly provision is made to monitor digital alarm signals which

could, for  exam ple, indicate lo w flow rate  or other c ondition on  the plant.

The calibration of the instruments is normally performed by the suppliers before shipment

and  cann ot be  chan ged  on sit e. Th e elec tronic  set-u p of th e inst rum ent to  mo nitor s pec ific

sizes of particles is performed from the computer. The correct network address is required

where m ore than  one instru men t is conne cted to the  sam e com puter.  Th e following a spects

are addressed during installation :

S Sizes to monitor

A range of particle sizes should be chosen for all the available channels and must include

a >2 :m. W here 8 channels are used the following sizes are recommended : >2 :m;

>3 :m; >5 :m; >7 :m; >10 :m; >15 :m; >25 :m and >50 :m. (as dis cussed  in

Chapter 3)

S Flow rate through the sensor

The ins trume nts com mon ly perform  a volum etric determ ination and  require an  accura te

and consistent flow rate through the sensor. When operating under low positive head

conditions this is often difficult to obtain. The actual flow rate through the sensor should be

measured and must be entered as a parameter in the software for accurate reporting of

the data. Most instruments require a flow of exactly 100 mR/min, whereas with other

instruments allowance is made for the measurement of the flow rate and entering this as a

specific parameter.

S Counting of particles

This is normally performed for a fixed duration.  Thereafter the calculation of particles per

mR is performed base d on the actual flow rate through the sensor.
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Figure 4.3.1.2 : Experimental Setup for Batch Sampling Using an On-line Particle Counter

4.3.1.1 Connection of an On-line Particle Counter for Continuous Plant Monitoring

The  instru me nt should b e con nec ted as des cribe d in the  deta iled op eratin g m anuals

supplied with the instruments. This normally comprises a sampling pump or

connection to a pressurised line. Particular attention should be paid to aspects of

sampling described in Paragraph 4.5 with regard to sampling and de-gassing of

sam ples. 

Flow control devices are supplied by most companies which provide a constant

head overflow weir where degassing can occur. The sample is then drawn from the

flow control / constant head apparatus and allowed to gravitate through the sens or.

The height of the constant head can be adjusted to regulate the flow rate through

the sen sor. Th e flow is m aintained w ithout significa nt aeration  or turbulen ce to

provide th e mo st accu rate dete rmina tion by the instru men t.

4.3.1.2 Connection of an On-line Particle Counter for Batch Sampling

A batch sample can also be measured by the instrument by installing the instrument

with other a pparatu s to be ab le to feed th e sam ple to the ins trume nt. Figure 4 .3.1.2

shows two such configurations which can be used.
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S Sample Circulation

A sm all sam ple volum e can b e circulate d throug h the sen sor at a s pecific rate

and the particle count will be determined. This should be perform ed for a

period long enough for the particle count to become stable. Contamination of

samples from one to the next may become a problem and more than one

sample m ay need to be meas ured before a totally representative

measurement is made.

S Header tank flow through system 

A header tank can be installed whereby a large sample is allowed to flow

throu gh the par ticle coun ter as  if the in strum ent is  insta lled on -line. In  this

case the  instru me nt is connecte d to th e con stan t head flow  regu lator. A gain

the particle counts should be allowed to stabilise before the final acceptance

of the  me asu rem ent as rep rese ntative of th e par ticles  in the s am ple. T his

technique can result however in a distorted measurement where particles

settle in the header tank.

Both  these techniqu es ar e ext rem ely use ful fo r me asu ring s am ples  whe re the  partic le

counts exceed the con cen tration  limit o f the in strum ent and m anual dilutio n is

requ ired. T he he ader tank  syste m a llows  for lar ger volum es of  sam ples  and w ill

redu ce the eff ect o f dus t con tam ination and  contam ination from p revio us sam ples  in

the system.  These techniques can also be used to check the calibration of the

instrument using latex standards for example.

4.3.1.3 Maintenance of the On-line Instrument

The on-line particle counters are exposed to the same water sample for extended

periods. It is normally advised that the instrument sensor should be cleaned at least

once per month. Biofouling is common and deposits of iron and manganese can

cause a reduction in the efficiency of the sensor by allowing less light penetration.

The instruments have a built-in system of measuring the light intensity and increasing

the power to the light source, thereby compensating for a gradual deterioration of the

cleanlines s of the s ensor. T his is m onitored a nd sho uld the instru men t detect a
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adverse condition it will normally stop functioning and indicate an alarm condition on

the m onitoring c omp uter. 

The cleaning of the sensor is performed using a detergent cleaning solution, and

under severe fouling, a dilute acid may be required. A small wire brush is provided

which can be inserted into the flow chamber after removing the flow tubing and a

simple brushing will normally remove most accumulated solids and biofilm. In the

operation of the instruments at Umgeni Water the cleaning of the sensors has been

requ ired o ccasionally, although on o ne oc cas ion the sen sor c ould n ot be  prop erly

cleaned. The instrum ent had to be returned to the ma nufacturer.

Once cleaning is complete, the sensor should be flushed to remove any particles

which ha ve been  dislodge d during th e cleanin g proce ss. Th e design  of the instru men t 

requires that approximately 100 mR per minute is allowed to flow through the

instrument to allow the particles to move past the sensor in laminar flow. It may be

necessary to increase the flow through the sensor at least five fold to create turbulent

conditions, thereby improving the flushing after cleaning. In order to clean the sensor

properly it may become necessary to remove the instrument and install it in a

"cleaning station" using the batch circulation set-up described in 4.3.1.2. In this way

the sensor can be cleaned, ultra-pure water can be used to flush the sensor and the

calibration of the instrument can be checked before putting it back into service.

4.3.2 Confirm ation of Ca libration of the O n-line Instru ments

NIST traceable particle size standards are manufactured by Duke Scientific and used for

calibr ation  of pa rticle c oun ters.  The se s tand ards  can a lso be  purc hased se para tely in

100 mR volumes of kn own particle size and number (2 00 0 per m R). Two methods can be

used for checking calibration.

S Bench Test

Using a set-up similar to the sample circulation for batch sampling, a standard of known

concen tration  can b e circ ulated thro ugh  the sensor an d it will be  me asu red d irectly.



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 4-8

WR C Report No: TT 166/01 Methodology Guidelines

Figure 4.3.2 : Example of Particle Counts after Spiking with 10 mR of 5 :m Sta ndards  at a
Concentration of 2 000 Particles per m R. 

S Standard Injection

This entails the injection of a known volume of standard into the water flowing through the

particle co unter an d me asuring  the increa se in partic le num bers ov er a period  of time. 

The  partic le cou nt in the bac kgro und  wate r is the n sub tracted from  the m easured  coun t in

each o f the size bins  to determ ine the pa rticle coun t of the stan dard tha t was injec ted. 

It is sugge sted that  th ese tes ts shou ld be perfo rme d with m ore than  one par ticle size

standard. The data obtained can be plotted in the form of a bar graph as in Figure 4.3.2 and

should s how an  even dis tribution of pa rticles on e ither side of  the size of th e stand ard use d. 

4.4 Batch and Portable Counting 

4.4.1 Setting U p of Batc h and P ortable Ins trumen ts

In the general case, samples are brought to batch instruments.  The instruments are therefor

normally permane ntly set-up in a laboratory.  The basic requirem ents for the laboratory

include tha t:

S it is kept clean and free of dust that can contaminate samples and
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S a source of particle-free water is available for dilutions (refer to paragraph 4.5.2).

Most b atch pa rticle coun ters have  adjusta ble thresh olds and  these s hould be  adjuste d to

reflect the  partic le ran ges  that a re to b e inve stiga ted.  T he flo w thro ugh  the sensor is

norm ally autom atically, controlled  but this sho uld be ver ified occa sionally.  

Bec ause a va riety of  diffe rent s am ples  are p assed though bat ch an d por table  coun ters,  it is

essential that the operator ensures that the count is stable.  This is achieved by testing

volumes from the same sample until the same count is returned time after time.  This can

mean that 10 or more samples have to be tested before the count is stable and this is 

arbitr arily de fined  as a v ariatio n of le ss th an 2%  betw een  3 or 4  successive c oun ts.  Th is

defin ition can be  altere d acc ordin g to th e inhe rent s tability o f the c oun ter an d the  partic le

conce ntration of th e sam ple being te sted.  

It is sometimes tempting to recycle samples to test again when a counter has not stabilised

yet, especially when only a small sample volume is available.  Previous samples pollute the

sample during the initial stages of testing and floc could be broken up during the first

measurement.  This practice is not recommended.  All samples that have passed through

the particle counter must be discarded.

Batch and portable counters are normally used intermittently and hours, days and even

weeks can pass between the measurement of samples.  In order to avoid the encrustation of

solids  in the s ensor an d in the  partic le cou nter p iping,  it is rec om me nded tha t the p article

counter is  rinse d for  seve ral m inutes with  partic le-fre e wa ter be fore  and a fter its  use.   This

will prevent fouling of the sensor as well as blockages in the piping and will ensure that

when usin g the  partic le cou nter a fter a  long p eriod  that th e tub ing an d sen sor a re co mp letely

wet and that entrained air bubbles have been evacuated.

Suppliers  will also provide  guidelines  for the clea ning and  mainte nance  of the co unters. 

Thes e shou ld be followe d closely to en sure the  continue d reliability of the eq uipm ent.

4.4.2 Confirm ation of Ca libration of Ba tch and  Portable  Instrum ents

The  me asurem ent o f par ticle s ize sta nda rds to  conf irm  the calibra tion o f batc h and  porta ble

counters  follow s the  sam e pro cedure a s nor ma l me asu rem ent.   A  partic le size  standard  is

dispersed into a particle-free water after a base count has been taken of the “particle-free”

water.  The particle size standard is then measured. The base count is subtracted from the
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size stand ard cou nt in order to  norm alise for ba ckgro und co unts that a re not attribu table to

the particle size standard.

The particle counter’s response to the size standard can then be analysed for compliance

with the relev ant spe cifications.  A s with the o n-line cou nter, at leas t three par ticle size

standards should be measured.

It is crucial that all forms of pollution are avoided in this test as they can skew results.  The

prep aratio n of g lassware  (refe r para grap h 4.5 .3 in th is reg ard)  and the rin sing  of the  partic le

counter are the most crucial.  Multiple transferring of the standard must also be avoided as

this will increase the risk of sample pollution.   It is also important to follow the instructions of

the manufac turers of the particle standards closely as Van Gelder et al. (1999) have shown

how differing results can be returned due to variations in this procedure.

It is recom men ded that th e opera tor of a ne w particle c ounter re quests  the supp lier to

demonstrate this test to him/her for the first time.

4.5 General Guidelines for Counting

4.5.1 Warming up of the Particle Counter

Particle co unters n eed to w arm  up for at lea st 30 m inutes be fore they sta bilise.  Coun ts

taken before this time has expired may not be repeatable.  The warming-up period is ideal

for rinsing the counter and checking its operational param eters in preparation for the work

that is to comme nce (Hargeshe imer and Lewis, 1995).

4.5.2 Particle-free Water

There is no such thing as particle-free water.  The term is used loosely to describe low count

water.  Sources of particle-free water are (Standard M ethods 2560):

S deionised water

S water passed through an ultra filter

S distilled, de -ionis ed water p rodu ced  by ion e xchange and  cartr idge f iltration  (pref erab ly

using continuous closed-loop m embrane  filtration).
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Water passed through a 2 :m and then a 0,45 :m syringe filter can a lso be  used .  It is

recommended that particle-free water from the same environment as the test sample is used

for dilution water as it will ensure that the chemical environment remains unchanged.

4.5.3 Cleanliness of Apparatus

Glassware and apparatus must be kept clean at all times.  Standard Methods 2560 requires

that the particles contributing to a sample from the glassware used are not more that 5% of

the total particles measured.  Hargesheimer and Lewis (1995) suggest methods for the

cleaning of glassware.  This includes scrubbing, rinsing with a particle-free water and then

sealing to prevent atmospheric contamination.  It is also advisable to rinse the container

properly with the sample before a final sample is taken for analysis.

This is also valid for the particle counter used.  It is important to ensure that particle counter

tubing is alw ays clean  and that it do es not c ontain an y microb ial growth o r inorgan ic depos it.

This can be ensured by rinsing frequently with a weak acid or any other solution

recom men ded by the  supplier o f the equ ipme nt.   

As an indication of the care that must be taken when working with low count analyses, the

following cleaning procedure for bottles intended for use with particle counting is copied from

Chowdhury et al. (2000):

1.Rinse three times with de-ionised water.

2.Scrub (by bristle brush) with a detergent solution by diluting 1 mR Liquinox detergent

(Alconox inc., New York, NY) to 1000 mR with de-ionised water.  (A local alternative can

be substituted)

3.Rinse three times with de-ionised water.

4.Rinse with 10% HC l acid, then fill with de-ionised water.

5.Sonicate for two minutes.

6.Empty acid/water solution and rinse three times with Milli-Q water.

7.Allow the b ottles to dry, inve rted, overn ight.

4.5.4 Sampling

Standards Methods 2560 summarises the sampling method for batch counts.  Of importance

is the fact that the sample is taken at a representative time and place.  The sample must be

taken so that the particles are subjected to the minimum shear and that bubble entrainment
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is avoided.  Standard Methods suggests that the sample is drawn from below the water

level.  Once the sample has been taken the sample should be protected against any

pollution from the sampling equipment, containers or the atmosphere.  The sample must be

sealed.  Hargesheim er et al. (1992) report that rigorously cleaned glass containers were

superior to plastic or Teflon bottles.  The glass is suitable for analyses of particles as low as

0,5 :m while the plastic and Teflon bottles were adequate for studies involving analyses of

particles greater than 5 :m.

4.5.5 Dilution of samples 

Occasionally it is necessary to dilute measurement samples due to exceeded concentration

limits.  This may be necessary for some raw waters and sometimes pre-settled water

sam ples.  Pos t-filtration sam ples norm ally do not req uire dilution.   

Due to the nature of sampling, it is normally very difficult to dilute samples for on-line

counters and this practice is not recommended.  It is much easier to dilute for batch

counters.

Samples are diluted to obtain measurable particle concentrations in the sample, but in doing

so, the sample can be altered to a point where the sample is no longer representative of the

water that is to be characterised.  Standard Methods 2560 discusses this issue in some

detail and some of the major recommendations include:

S The dilution water used must obviously have very low counts but must also preferably be

from the same source as the sample that is to be diluted as this will assist in preventing

any chem ical chan ges in the  sam ple during  dilution.   

S The sample to be diluted must be added to the dilution water carefully in order to prevent

any breakup of floc or particles in the sample.

S Diluted samples should be measured immediately and should not be stored.

The German Standard DIN 65668 - Verdünnen von Ölen zum Zwecke der Partikelzählung,

loosely translated to mean “Dilution of Oils for Particle Counting”, supplies some dilution

ratios to assist in the standardisation of this procedure.  These recommendations are copied

in Tables 4.5.5(a) and 4.5.5(b).
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4.5.6 Mixing of Samples

Part icles  that h ave s ettled  mu st be  re-suspended be fore  the sam ple is a nalysed.  S imila rly,

when a sample is diluted, it should be mixed thoroughly without changing the nature of the

particles.  Standard Methods 2560 suggests that both mechanical stirrers inside bottles and

son ication be a voide d.  Th e sam ple sh ould b e m ixed  in a se aled r ound bot tle by ge ntly

rolling  and in vertin g the  bottle .  Cho wdhury et al. (2000) suggest mechanical means for the

rolling and inv ersion of  the bottles, w hich wou ld impro ve repe atability. 

Table 4.5.5(a) : Volumetric Quan tities and Dilution Ratios (DV)

Nr Sample  volume

VP(m R)

Dilution liquid volume VF(m R) Tota l vo lume

(m R)

1 2 50 50 100

2 5 20 80 100

3 10 10 90 100

4 20 5 95 100

5 50 2 98 100

Table 4.5.5(b) : Gravimetric Qua ntities and Dilution Ratios (DM)

Nr Sample mass

M P(g)

Dilution liquid mass M F(g) Total mass

(g)

1 2 50 50 100

2 5 20 80 100

3 10 10 90 100

4 20 5 95 100

5 50 2 98 100

6 100 1 99 100

7 200 5 995 100

8 500 2 998 100

9 1 000 1 999 100

4.5.7 Degassing of Samples

Sam ples occ asionally con tain bubb les that m ay occur  due to turb ulence o r proces ses, i.e.,

casca des or flo tation.  The se bub bles m ight be very s mall an d not visible to  the nak ed eye. 

They are, however, measurable and might lie in the sub 10 :m range.  The problem may be

incre ased when the sam ple is c old.  H arge she ime r and  Lew is (19 95) s tudied this
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phenomenon and found that the best way to degas a sample is to let it warm to room

temperature.  Other methods such as applying a vacuum and sonication proved to be less

effective and even detrimental to the sample.

4.5.8 Response Time of Counters (Count Stabilisation)

Particle counters do not respond immediately to a change in water quality and the change

from one set of stable results to a next set of stable results is a gradual one. The re-

stabilisation can take up to several minutes for portable counters and significantly longer for

on-line counters.  This can pose a prob lem if rapidly changing water quality profiles are

being studied.  This will includ flocculation processes and filter ripening.  This is mainly due

to the mixing of “old” and “new” samples in the counter’s inlet manifold as well as the

pollution of th e previou s sam ple’s particles  that are trap ped in the  system  and that n eed to

be flush ed out.

4.5.9 Counting of Large Particles and Flocs

The counting of large particles and flocs poses a significant problem.  Firstly, the danger of

blockages and s erious damag e to the counter has to be considered.  In som e cases filters

have be en installed  in-line prior to the  senso r orifice in ord er to prote ct it, but this is not a

practice to be recommended as the filter will change the nature of the suspension being

stud ied.  Particle s tha t can  block  the flo w ce ll shou ld be a voide d and  the opera tor sh ould

always be attentive to this issue.

Secondly, it is unlikely that flocs can be measured accurately by particle counters due to the

nature of the flow in the particle counter.  As a result of the significant shear forces exerted

on the floc, they are likely to break-up or change size and shape before they are measured.

4.5.10 Storage of Samples

Hargesheimer and Lewis (1995) as well as Van Gelder et al. (1999a) have shown that

samples for counting cannot be stored successfully.  In all cases studied it was found that

the sam ple co ntainers a ltered  the particle  com pos ition o f the s am ples  signif ican tly.  This

me ans  that s am ples  have  to be  analys ed sh ortly af ter the y are ta ken .  Storage  time s in

excess of 30 minutes are not recommended.  This is especially true for unsettled (pre-

filtered) water.
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4.5.11 Pumping of Samples

It is sometimes necessary to displace samples by using a pump.  Some batch counters are 

fitted with permanent pumps to control the flow through the sensor.  It should be noted that

the pum ps could h ave a  signif ican t effe ct on  som e m ore f ragile  partic les an d it is

recommended that the pumps are installed after the sensor as opposed to before the

sensor.
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Chapter 5
REPORTING STANDARDISATION

This chapter suggests guidelines for the setting up and use of particle counters and also for the

reporting of the data from particle counters.  This is required to allow meaningful comparison of the

data generated by different counters and operators.  This chapter also shows how the large number of

data points generated by particle counters can be reduced to fewer indices so that the technology can

be em ployed in a pr actical wa y by treatm ent plant op erators. 

5.1 Introduction

Inconsistencies in the reporting of data complicate comparison of data sets as much as

inconsistencies in the particle counters themselves.  This is due to the fact that a particle counter

does not  repo rt indiv idual c oun ts and m easurem ents , but ra ther g roup s them in to ca tego ries o r bin

sizes.  Individual counts cannot be retrieved from these bins.  If the bins are therefore set-up

“incorrectly” the data is difficult to compare with other data sets.  This also relates to the conditions

under which the data was generated.  It is imperative that particle counting guidelines include

suggestions toward the actual particle counting measurement and storage of data.

The recommendations that follow in this section are based on a successful system worked out by

the Rand Afrikaans University and Umgeni Water to allow both parties meaningful access to all the

data gen erated in th e cours e of this pro ject. 

 

5.2 Measurement

Particle counters allow several degrees of freedom which must be curtailed if the data is to be

meaningful to a broader audience.  Also, particle counts are meaningless if the counts are not

accom panied b y informa tion desc ribing the co nditions un der whic h the data  was ge nerated .  In

order to enhance the exc hangeability of data, it is suggested that the data gathering procedure

should be standardised and that it should include a number of other parameters not directly related

to the actu al particle co unting ex ercise. 

Batch and laboratory counters have on-board storage capacity.  The data stored will only include

the date and tim e of m easurem ent as we ll as the  actual cou nt.  An y addit ional in form ation  will

have  to be  reco rded  sepa rately a nd co mb ined w ith the  partic le cou nt as  soon  as po ssib le to av oid
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future confusion.  It is also recommended that the memory of the particle counter is cleared as

soon as the data has been retrieved successfully to avoid possible confusion with new data sets.

On- line pa rticle c oun ters a re co nnected  to a co mp uter m onito ring s ystem  and c ontinually

download measurements to a database. The particle counters often have facilities to monitor

inputs from other instrumentation on the plant (e.g. turbidity, pH, conductivity, temperature)

provided these are connected to the particle counter by either 4-20 mA or 0-10V signals. The

particle count information and the other signals are then stored in a common database and

disp layed a s a co ntinuous  trend  on the com pute r screen  for us e by the plan t pers onnel.

 The standardised measurement guidelines are expanded on in the following paragraphs.

5.2.1 Bin Sizes

The Environmental Protection Agency of the USA provides no guidance on the use of

standard size intervals through the Surface Water Treatment Rule (SWT R).  Some

Am erica n res earc hers  (Law ler, 20 00) h ave h owever s tand ardis ed on  the fo llowing six

channels : 2-3 :m, 3-5 :m, 5-7 :m, 7-10 :m, 10-15 :m and >15 :m.  In principle, these

size ranges are acceptable and should be utilised, but it does present some complications

as it is rather limited.  W hile some particle counters have provision for 6 bin sizes, others

can  cope  with up to 256 bin s.  Mo st co unte rs ha ve on ly 8 or 16 bins .  Ope rator s would

justifiably want to work with as many bins as their equipment would allow as they provide

more information.  In order to allow this without compromising the standards, the unofficial

American standard is expanded on as illustrated below.  Also, to facilitate the conversion of

any set of data to the unofficial standard, it was decided to report particle size in terms of

cum ulative cou nts.  Mos t particle cou nters rep ort their data  in a cum ulative form at already. 

The suggested standard thresholds are reported in Table 5.2.1.

The e xpand ed bin ran ges all ke ep the un official stan dard as  a basis a nd can  be related  to

that standard.  It is suggested that the number of bins be limited to 16 as more bins will add

to the already significant effort required in handling the data.

Generally, samples contain particles in size ranges that extend below and above the

capability of particle counters.  It is important to note that not all particles in a sample are

measu red; only those within the counter’s size range.  Light obscuration particle counters

are a lways  limite d on the sm all size  of a ra nge  due to “sig nal-to -nois e” lim itation s (no rmally 1

or 2 :m) and on the up per end due to physical orifice size limitations.  In the standard
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thresholds suggested above, and also generally in literature the measurement limit is 2 :m. 

Should the limit be set at 1 :m, the counts will be significantly higher due to the very high

concentration of particles that occur naturally between 1 and 2 :m.  The su ggested standard

thresholds are not limited on the upper end of the scale.  The counts within the larger

fractions are normally very low and can be accommodated by the suggested thresholds

without loss of resolution.

Refer to the discussions in paragraph 2.3.1 on “Particle size range” and “Signal-to-noise

ratio”

Table 5.2.1 : Suggested Standard Thresholds

Number of

Bins

Suggested Standard Thresholds

6 Bins > 2 :m ; >3 :m ; >5 :m ; >7 :m ; >10 :m ; >15 :m

16 Bins > 2 :m ; >3 :m ; >4 :m ; >5 :m ; >6 :m ; >7 :m ; >8 :m ; >10 :m ; >12 :m  ; >15 :m ;

>20 :m ; >25 :m ; >35 :m ; >50 :m ; >100 :m ; >200 :m 

8 Bins All six bins from  the 6 Bin sta ndard plu s any two othe r bins from th e 16 Bin s tandard

> 16 Bins All sixteen bins from the 16 Bin standard plus any other bins up to the maximum number of

bins required

5.2.2 Other Wa ter Quality Parameters

Some general water quality parameters should be measured and stored along with the

particle count.  These parameters will assist in evaluating the data at a later stage.   The

para me ters s hou ld idea lly be ea sily m easurab le and  mu st ch arac terise  the sam ple

sufficien tly in order to es tablish the w ater sam ple quality indep enden tly of the particle c ount. 

This will allow for a broader interpretation of the particle count.  The sugges ted parameters

are:

S Turbid ity

This parameter gives an indication of the clarity of the water.  Although there is no fixed

relationship between turbidity and particle counts, it is a handy verification of unexpected

high or low  particle co unts

S Conductivity and pH

This  will ass ist in tra ckin g wa ter qu ality changes in a  proc ess  strea m a nd w ill assis t in

establish ing reaso ns for su dden c hange s in particle c ounts
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S W ater temperature

S Sus pended  solids  whe re ne cessary, a s this  will also  ass ist in the inte rpre tation  of pa rticle

counts  in som e case s.  

5.2.3 General Information Regarding Counts

Information required here includes:

S a gene ral desc ription of the te st,

S which particle counter was used if more than one counter is available,

S when and where the test was conducted,

S the type of water analysed, and 

S who the operator was.

It is of particular importance to note this information where a portable counter is used or

where a counter is used in a number of tests.  It is quite possible to lose track of which set of

data relate s to which  test.

5.3 Storage of Da ta

Each particle count can include up to sixteen bins with data, and measurements can be repeated

as frequently as one per minute over extended periods.  Also, provision must be made for the

othe r data  requ irem ents  as ex plaine d in the  prev ious  sec tion.  It s hou ld be c lear th at pa rticle

counting can generate enormous quantities of data.  A proper data management system should be

in place.  The data management system should:

S allow for the storage of all the data in an orderly manner,

S allow for the easy retrieval of data based on any number of parameters, and

S proces s the data  to som e level. 

Many of the data sets will need to undergo some basic form of processing before interpretation

and it is recommended that the data management system includes the worked data.  The same

raw data may be needed at a later stage to evaluate some other characteristic of the sample that

was initially not anticipated.  It is recomm ended that the data be stored in its most bas ic (“raw”)

form  as well as  this will preven t the loss of  any aspe ct of the da ta.  

A database was developed to cope with the data generated by the WRC  Projects K5/1024 and

K5/1025. The database accepts data that are offered in any of the standard forms that have been

suggested in this report.  This database serves as a record of these projects and is able to deliver

the results to detailed queries easily and effectively.  This make s the data available to future
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researchers.  It is also possible to incorporate data generated by other researchers should they be

willing to ma ke their d ata availab le. 

Apart from storing the data, the database also processes the data to an advanced level.  Included

are con versions  from  cum ulative to disc rete cou nts, cou nt norm alisation ca lculations, d ata

reduction calculations, particle volume calculations, average size calculations and the fitting of

least square power law coefficients.  The detail of each of these calculations is expanded on later

in the chapter.  A broader discussion on data management is presented in Chapter 6.

5.4 Reporting o f Data

Dep end ing on  wha t is req uired  from  the data, th e data can  be re porte d in va rious  ways .  This

section w ill distinguish brief ly amon gst variou s ways of  data rep resenta tion and w ill also illustrate

som e ways in wh ich the data can  be re pres ente d gra phically.

5.4.1 Total Counts (EN2)

The phrase “total counts” is commonly used to describe all the particles measured.  In order

to be meaningful it must be accompanied by two other essential pieces of information, ie.

above which threshold the measurement was done and the volume of water that the count

relates to.  A proper format would be: ”Total counts >2 :m per m R” which is the most

com mon  way to repo rt particle co unting da ta.  Typically, this will be u sed to trac k coun ts

over a period of time or to com pare different processes with each othe r or the response of a

process to changing conditions.  This is sometimes called a “Time trend particle count” and

an exa mple  is shown  in Figure 5 .4.1. 

These graphs are used to identify problems in plant performance as sudden changes in the

values will be clearly visible on the “log axes”.  Occasionally, other threshold limits are also

included in the same graph although these are generally redundant as it is difficult to pick up

relative cha nges in th e coun ts on thes e graph s. 

5.4.2 Cumulative Counts (EN i)

Cumu lative counts are similar to total counts but will be used to study the particle count of a

given sample or group  of samples in m ore detail.  The count per m R larger than every

threshold in the size range is reported.  As with the total count it is also difficult to determine

the relative c hange s in the co unts from  these c ounts a nd grap hs.  
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Figure 5.4.1 : Time Trend Particle Counts including Secondary Thresholds

These graphs can be plotted as bar charts or line graphs with the y-axis generally on a log

scale.  Figure 5.4.2 shows a typical cumulative plot of a raw water using bars.

5.4.3 Incremental or Discrete Coun ts (N i-j)

From the cumulative counts, data can be re-analysed in terms of the numbers of particles

between two thresholds or per bin size using the equation :.  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.3

This is called the incremental or discrete count.  This allows a detailed analysis of the

relative importance of each of the bin sizes.   Due to the sharply decreasing number of

counts  with increa sing bin size  it is generally still nece ssary to plo t the coun ts on a log  axis. 

The unit for the count for each bin rem ains “Counts per m R”.

5.4.4 Norm alised Co unts  (Nni-j)

Increm ental cou nts can  som etimes  be m isleading b ecaus e it com pares c ounts in inc rem ents

(“bins”) that are not all the same size.  Some bins are 1 :m “wide”, others are 2 :m “wide”

while others are 100 :m “wide”.   In order to determine the relative importance o f a

incremental count it has to be “normalised” to a standard bin size.  The 1 :m bin size offers

a handy standard and all incremental counts are divided by its own bin size to return a

norm alised co unt.  
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Figure 5.4.2 : Cumulative Plot of a Typical Raw Water Count

Mathematically it is expressed as follows:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.4

Due to the norm alisation the unit for the count changes to “Counts per m R per :m wid th”. 

This explicit unit is not used frequently, and literature generally makes use of the

abbreviated  “Norma lised counts per m R”.  

Figure 5.4.4 compares the discrete count of the raw water illustrated in Fig. 5.4.2.  Note how

the norm alised co unts dro p toward  the larger s ize fractions  when c omp ared to the  discrete

counts .  This pa rticular sam ple illustrates a  strange  pheno men on as the  norm alised co unts

increas e as we ll.  This is not no rma lly the case.  T he increa se is not a s mu ch as th e discre te

count would suggest at first glance.
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Figure 5.4.4 : Discrete and Normalised Plot of the Raw Water Shown in Figure 5.4.2.

5.4.5 Geom etric Mea n Size  (dg)

The use of the geometric mean has its origins in sieve analyses where the geometric mean

size is  used  as an  appr oxim ation  of the  average  partic le size  betw een  two s ieves .  In pa rticle

counting, the thresholds or “bin boundaries” act as the sieves.  The geometric mean size of

a bin is calculated as shown below and is used when plotting the incremental and

normalised counts as these counts do not relate to a specific threshold, but rather to a count

between thresholds.

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.5

Here d i and d j denote the upper and lower thresholds of a bin.

5.4.6 Particle Volume (V i-j) and Particle Surface Area (S i-j)

Part icle Volum e and  Partic le Su rfac e Are a are  para me ters d erive d from th e actual pa rticle

count in order to shed more light on the nature of the suspended material.  Particle volume,

and  by im plicat ion pa rticle m ass , is useful w hen  the behaviour  of the  suspension  is

determined by the larger particles in the suspension, i.e during orthokinetic flocculation and

the cons idera tion o f issu es re lating  to trea tme nt res iduals  such as s ludge .  Surf ace  area  is

important when the adsorption of contaminants onto particles are considered (Tobiason,
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2000).  As both surface and volume are measures of the particle concentrations, it is

imp ortan t that th ey be lin ked  to volu me  of wa ter m easured .  The  calcu lation  of pa rticle

surface and volume is based on the assumption that the particles are perfectly spherical and

the following equations are used:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.6(a)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.4.6(b)

The most convenient units to use for concentration parameters are mR/R (or mm 3/R) for V i-j

and mm2/R or S i-j.

5.5 Data Reduction

Altho ugh  it is des irable  to reta in as m uch  of the  data  gene rated  durin g m easurem ents , it

com plicates m atters when the data is re quire d for  the day to day ope ration  of a p lant o r whe n only 

specific p aram eters are  mon itored.  Sev eral proc edures  exist to red uce the  multiple d ata points  to

one or two meaningful indexes or figures.  Three of these procedures are presented below.

5.5.1 Counts per m R  > 2 :m

As discussed under the previous heading, the total number of particles present a easy way

of reducing the particle count to a single index and this is handy to monitor a process from

one day to the next.  In this form, it can be used like turbidity which is also a single figure

indicator of water clarity.   However, one of the major advantages of particle counters is that

they not only give an indication of the total water clarity, but also show the character of the

partic les that eff ect th e clar ity of the  wate r.  If on ly the to tal counts  are re porte d, this

advantage is lost.  This method is not recommended.

5.5.2  Thre e-po int Cla ssific ation  Rule

The  mo st pro mis ing an d m ost w idely us ed m etho d for  partic le cou nt da ta red uctio n is

standardised in the form of ISO 4406: “Hydraulic Fluid Power  - Fluids - Method for coding

level of contamination by solid particles”.  This standard was developed for and is employed

extens ively by the petrole um ind ustry.  
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For ISO 4406:1987, two critical particle counts were decided upon, ie. > 5 and >15 :m.

The se s izes w ere ta ken  as ind icato rs of  the s tate o f the m ach inery a s sudden incr eases in

the counts in any of the three ranges would indicate the onset of a particular problem.  In the

1999 revision of ISO 4406 these critical sizes were revised to  >6 :m and >14 :m and an

additional size, >4 :m, wa s adde d to the list.  ISO  4406 s upplies a  table whe reby the co unts

for the critica l sizes can  be com pared.  A n index is th en take n from  the table fo r each s ize

range and the fluid can be classified according to three indices that reflect the critical

parameters.  T his is known as the three-point classification rule and it allows the operators

to identify sig nifica nt changes in o il quality w ithou t mu ch dif ficulty.

This prin ciple of da ta reduc tion could b e em ployed fruitfu lly in the potable w ater indus try with

some m inor alterations that will leave the principle intact, but will make the system m ore

suitable.

There are two main reasons for the introduction of particle counting to the potable water

industry.  The first is the rising concern surround ing the presence of Cryptosporidium  and

Giar dia  in treated water and the need to check for their presence.  The second is the fact

that traditional turbidity measurement is not considered adequate for the measurement of

water clarity despite the introduction of highly sensitive new turbidimeters.   The critical sizes

recommended and selected from the standard particle counting range should reflect these

two considerations.  The following were selected:

>2 :m : This is also equivalent to the total particle count and will reflect the clarity of

the water.

>5 :m : This size measurement along with 15 :m w ill reflec t the s ize inc rem ent in

which the Giar dia  and Cryptosporidium  is exp ecte d to occu r.  A ris e in this

range will indicate an increased likelihood of the presence of these organisms

in the treated water.

>15 :m : High counts in this range will indicate significant filter failures.

The ISO 4406 index table was tested for direct application in the potable water industry, but

it was found that the index resolution was not small enough to reflect changes in water

clarity that were thought to be significant.  Therefore, the index table was modified.  The

original ISO 4406 table contained scale numbers from 0.9 to 24 and the counts linked to a

given scale numb er was double that of the previous scale.  For exam ple, scale number 8

was applied to counts between 1 ,3 and 2,5 counts per m R and scale number 9 was applied

to counts between 2,5 and 5,0 co unts per m R.  In the revised table the factor applied to the
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intervals is %2 which effectively doubles the number of scales and provides a resolution

better suited to the potable water industry.  It was also necessary to increase the scale to a

sca le num ber o f 60 to  deal w ith raw  wate rs.  T he re vised  sca le valu es ar e pre sen ted in

Table 5.5.2.

Application of the rule is fairly simple.  Assume the corresponding particle counting values

for values for >2, >5 and >15 :m are 50 478 , 11 189 and 199 coun ts per mR resp ective ly,

the classification would then be 45:41:29 based on the corresponding scale numbers from

Table 5.2.2.

Table  5.5.2 : Sc ale num bers fo r the ap plicatio n of th e Thre e Poin t Class ification  Rule

in the Pota ble Wa ter Treatm ent Indu stry

Numb er of Particles per m R Scale Number
More Than Up To And Including
7 500 000 10 000 000 60
5 000 000 7 500 000 59
3 750 000 5 000 000 58
2 500 000 3 750 000 57
1 950 000 2 500 000 56
1 300 000 1 960 000 55
960 000 1 300 000 54
640 000 960 000 53
480 000 640 000 52
320 000 480 000 51
240 000 320 000 50
160 000 240 000 49
120 000 160 000 48
80 000 120 000 47
60 000 80 000 46
40 000 60 000 45
30 000 40 000 44
20 000 30 000 43
15 000 20 000 42
10 000 15 000 41
7 500 10 000 40
5 000 7 500 39
3 750 5 000 38
2 500 3 750 37
1 950 2 500 36
1 300 1 950 35
960 1 300 34
640 960 33
480 640 32
320 480 31
240 320 30
160 240 29
120 160 28
80 120 27
60 80 26
40 60 25
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Table 5.5.2 (Continued)
30 40 24
20 30 23
15 20 22
10 15 21
8 10 20
5 8 19

3.75 5 18
2.5 3.75 17

1.95 2.5 16
1.3 1.95 15

0.96 1.3 14
0.64 0.96 13
0.48 0.64 12
0.32 0.48 11
0.24 0.32 10
0.16 0.24 9
0.12 0.16 8
0.08 0.12 7
0.06 0.08 6
0.04 0.06 5
0.03 0.04 4
0.02 0.03 3

0.015 0.02 2
0.01 0.015 1

0.0075 0.01 0

The classification rule has the advantage that it mitigates smaller variations in counts.  Any

variation in the  classifica tion of the w ater indica tes fairly significa nt chan ges in wa ter quality

and should serve as an indication to the operator that some action is required.

5.5.3 Powe r Law C oefficients

W hen the norm alised  partic le cou nt (i.e. , partic le cou nts d ivided  by the  relevant b in size ) is

plotted on a log-log graph, it usually displays a near linear nature and it can be represented

in the form of a power law function as given below:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(a)

W here Nn is the norm alised count per size range per m R, dg is the geometric mean size for

the size range (:m) and A and $ are the correlation coefficients .  The equation can be

rewritten in log form:
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(b)

Here " and $ are the po wer law c oefficients  that can b e used  to desc ribe any pa rticle coun t. 

The firs t variable, ", gives  an ind ication of h ow m any pa rticles  are p rese nt in the sam ple

and it can  be related  to the exa ct coun t of particles  at dg=1 :m since then:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(c)

The advantage of this system over the “total count > 2 :m” system becomes apparent when

the sec ond co efficient, $, is considered.  In the log form of the power law $ describes the

slope of the line.  In terms of the particle count, this indicates the spread of the particle sizes

in a sample.  An increasing $-value indicates that the spread of particle sizes is increasing,

while a decrease in the  $-value indicates that the spread in particle sizes is shrinking.

It is has bee n assu med  that $ rem ains  cons tant th roug hou t the s ize ran ge.  F undam enta lly,

this cannot be (Lawler, 1996).  To stop the number concentration of particles to become

infinite as particle size approaches zero, the value of $ has to be smaller than 1.  On the

other hand, the value of $ has to be greater than 4 to stop the particle volume from

becoming infinite as particle sizes become larger.  A single $ can not be valid over a very

broad s ize range.  T o circum vent this co nceptu al problem , the expo nent $ can be  mad e to

vary with particle size.  This was not done for this project, instead the particle size range

considered was limited to between 2 and 50 :m.  In this  size range  the particle s ize

distribution displays a highly linear nature on log-log.

The p ower law  should b e used  with circum spection .  Its fit has to be  carefully checke d with

actu al cou nting  data .  If it fits th e data clos ely ove r the c om plete  me asu red s ize ran ge, it

may be  used p urely as a c onvenie nt data red uction too l.  Even then , it may be ina ppropria te

to extend the distribution beyond the sizes from which it had been calibrated.

Provided  that the po wer law d oes fit the m easure d data w ith satisfac tory goodn ess-of -fit,

integration o f the pow er law m ay be use d to extrac t som e additiona l descriptive  param eters. 

Integration of the power law between two arbitrary diameters will yield the total number of

particles in that size range:
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. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(d)

Here N i-j is the number of particles between two arbitrary particle sizes di and d j.

Likewise, the volume of particles between two arbitrary diameters can be derived from

integration:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(e)

This latter equation, where V is the combined volum e of the particles between the arbitrary

particle sizes, is less subject to excessive scatter than volume determinations based on

primary counts when the larger particles, of which very few are som etimes m easured, are

considered.

The power law coefficients can be calculated from measured data using the following

statistical formulae:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(f)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(g)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(h)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3 (i)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3 (j)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5.5.3(k)

In these equations x is dg (:m), y is Nn (per m R) and r2 is the correlation of the data to the

function.  The correlation to the function is very good and it can be expected that the values

of stable water samples will lie above 0,95 if particles between 2 and 50 :m are considered.
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Hargesheim er et al. (1992) suggest that the m ost reliable values for $ are obtained if more

than 10 particles per m R have been enumerated in all channels.  It is important to obtain a

particle count data set with high counts over a wide range of channels to obtain a good

estimation of $.
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Chapter 6
DATA MANAGEMENT

6.1 Introduction

Part icle co unte rs ge nera te lots  of da ta.  In o rder  to de rive th e m ost bene fit from  this to ol it is

necessary that the data be managed effectively.  This relates to both the storage of data and also

to the accessing of data for further analysis.  This becomes particularly challenging when several

on-line counters have to be managed or when a portable or batch counter is used in a number of

different te sts.   If inform ation othe r than tim e trend c ounts a re require d, further a nalysis of the  data

is required .  This is ted ious wor k and a  level of auto mation  assists in th is effort.

6.2 Com mercial Pa rticle Coun ter Softw are

Manu facturer s of partic le counte rs will supply so ftware to m anage  data for th eir spec ific produc ts. 

Often, th e supp lier will have sev eral pack ages a vailable that w ill increase in lev els of com plexity

and capability.  This may include the facility to continually log the information from an on-line

particle counter on a network and display this in a graphical format.  These packages can be

extremely useful where a plant does not have access to a SCADA system.

6.2.1 Download So ftware

This is the most basic form of software available.  The software transfers the data from the

partic le cou nter to  a com pute r and  has n o disp lay or a nalys is fun ction .  The  data  is nor ma lly

stored as a ”.txt” or “.csv” file which can then be imported into a spreadsheet package for

further analysis.

6.2.2 Information Display Software

The se pa cka ges  will dow nload  and d isplay t he inf orm ation .  The  inform ation  is gen erally

disp layed in  grap hica l form at and sev eral d isplay a lterna tives a re available .  Other tha n this

the software has limited analysis capabilities.
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6.2.3 Comprehensive Logging Systems

It is normally possible to store information from the counter and information from other

sources such as on-line turbidity meters or other on-line particle counters that can supply an

electronic signal.  The information can normally be viewed in graphical form.  As with the

informa tion d isplay s oftware, th is is no rmally lim ited to  cum ulative  and d iscre te count tim e

trend  plots  with o ther m easurem ents  supe rimposed on  that.  A ll the da ta fro m th e par ticle

counters (particle data as well as other inputs) will be stored in the database.  Procedures

are also normally provided to access the data and write it to a separate data file for further

analysis.  T he form  of the data  can no t be chan ged an d this m ight be tak en into

consideration when setting up the on-line instrument as described in paragraph 4.3.

During th e cours e of this pro ject, two co mm ercially available log ging syste ms w ere use d.  

Although both sets of software performed adequately for the purpose of daily monitoring of

water quality and particle counts, both were found to be lacking when m ore extensive

graphing and reporting functions were required.  Some problems encountered while working

with the software included:

Commercial software set 1.

S The  software stored particle counting data and analogue data in a separate file for

each d ay for eac h on-line ins trume nt on the n etwork .  

012504.dbf - (Sen sor 1 ; 25 A pril)

022803.dbf - (Sensor 2; 28 March)

No reference is made to the year in the filename, therefore every year data will be

overwritten.

 S The software limits the number of days worth of historical data that can be

incorporated into a report to 22 days.  Historical data can not be extracted using the

software.

 S The  grap hing m odu le allow s visu al pre sen tation  of on ly 8 data  reco rds.  O n a sin gle

graph th e user is n ot able to view  all 8 particle size b ins as we ll as analog ue inputs

(i.e. turbidity, pH).

 S If any of the settings for a particle counter are changed (i.e. particle size bins), the

datafile is renamed to a backup file and the built-in database file only contains data of

the new particle  size channels .  If the s etting s are  chan ged  mo re tha n onc e per  day,

data will be los t.
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Commercial software set 2.

S One database file is maintained and becomes increasingly large and cumbersome,

resulting in slow graphing and reporting.

S Altho ugh  an au tom atic back up takes  place  regu larly, the  risk o f losin g data is

increased when compared to storing data in separate files on a daily basis.

S The graphs that can be plotted only allow presentation of four data records, although

up to 4 graphs can be displayed at a time.

S On three occasions the software would not initialise properly.  This was overcome by

reloa ding t he so ftwa re an d ens uring  that th e set tings  were  spec ified c orrectly.

The systems described above can generally not log all the information required as described

under paragraph 5.2 (i.e. particle index or power law coefficients).  A more comprehensive system

is required for this.

If an on-line particle counter is being used as a batch counter and is installed in the configuration

as described in paragraph 4.3.1, there is a period during each sample measurement when the

counts have n ot sta bilised .  This  data  is irrele vant a nd sh ould b e disc arde d.  It sh ould n ot rem ain

in the database and result in excessive memory being used by data of uncertain origin.

6.3 Com prehe nsive  Data M anag eme nt To ols

W hen a num ber of on-line counters have to be m anaged or when a  portable or batch counter is

used in a number of different tests, good data management tools become essential.  The tool has

to:

S provide a comprehensive record of the particle counts,

S contain s upporting  inform ation rega rding the o rigin of the c ounts a s well as o ther wate r quality

parameters that will assist in the interpretation of the counts,

S allow for the retrieval of the data based on a number of pa rameters

S process data to a level that will facilitate the interpretation of the results.

These tools are not available commercially yet.  In order to allow for the efficient management of

the  data generated during the course of this investigation, a database was developed to function

as such a comprehensive data management tool.  The database was used extensively in the

course of this project and provided a convenient format for the archiving of the data as required by

the WRC.  The structure of the database is expanded on in the following paragraph.
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6.4 The RAU / Umgeni Water Particle Counting Database

The R AU/U mge ni W ater data base fo rme d an integ ral part of the  work u ndertak en in this pro ject.  It

was used to store the data gathered during the course of the various investigations and also did a

significant portion of the data processing.  Large amounts of data were generated and therefore an

intensive p rocess ing effort w as requ ired to con vert the pa rticle coun ter outpu t into usab le data. 

Sinc e m ost o f the p roce ssing cou ld be s tand ardis ed, th e database was pr ogra mm ed to  hand le

this.  The data stored and the calculations performed included:

S The place, date and nature of water tested,

S the particle counter used,

S special n otes reg arding the  count,

S the time  of me asurem ent,

S the cumulative count information

S the differential count information,

S other water quality parameters that were measured including temperature, conductivity, pH,

suspended  solids  and turbid ity,

S the normalised counts,

S the index classification of the sample,

S the power law coefficients and correlations,

S the incremental volume counts, and the 

S volume average diameters.

Having these functions available in a data management tool proved to be invaluable in the

succe ssful co mple tion of this pro ject.
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Chapter 7
CHARACTERISATION OF RAW WATERS AND FILTERED WATERS

7.1 Background

The objective of this case study is to determine whether particle counting can bring a meaningful

imp rove me nt in the way that ra w and fina l wate rs are cha racte rised .  Raw  wate r clas sifica tion is

important for process designers, which have to anticipate the range of water quality expected

during the lifetime of a treatment plant, and have to select processes accordingly.  Raw water

classifica tion is  equa lly imp ortan t for tre atm ent p lant opera tors,  who  wish  to dra w on  their

experience in dealing with different water quality profiles at different times.  Proper filtered water

charac terisation m ay provide a n extern al bench mar k for op erators a gainst wh ich to evalu ate

their own plant performance.

7.2 Literature Study

7.2.1 Raw Water Characterisation

Raw water is commonly characterised by single water quality parameters.  In South Africa,

there  are a  few p aram eters  which are  used  com mo nly:

S Tur bidity is  an im porta nt pa ram eter w here  surface  wate rs be com e ext rem ely turb id

during flood periods.  This poses a problem over most parts of South Africa, but

nowhere m ore so than in the Caledon River where  steep river gradients are

compounded by easily erodible Drakensberg basalt in their catchment areas.

S Chlo roph yll is importa nt wh ere a lgal gr owth  prolife rates .  This  is a problem  in

eutrophic waters, which are encountered over all South Africa, but most pronounced

in the  surface  wate rs do wns tream  of larg er m etrop olitan  area s.  Th is pro blem  is like ly

to get worse as indirect reuse becomes more intense with increasing pressure on

water resources.

S Colour is  a problem  in the coa stal areas  of the so uthern a nd wes tern Ca pe.  In fact,

some of the highest colour values ever recorded, were measured in these regions.

S Alkalinity may drop very low in some parts (often coinciding with areas with high

colour), which raises problems with stability.  In other parts it may be quite high.
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The se concerns  have  led to a  loose  verbal clas sifica tion used  locally,  nam ely turbid flood

waters, eutrophic inland waters, and soft, coloured coastal waters.

Some attempts have been made towards more quantitative classification.  Raw water

turbidity limits have been used for evaluating the applicability of slow sand filtration or

direct filtration.  R aw wate r turbidity has b een co mbin ed with raw  water ch lorophyll to

come up with a two-way classification for evaluating the preferred domains for direct

filtration, settling, dissolved air flotation, and where pilot testing may be required.

Particle counting is rarely used for raw water classification.  A study was published

(Wiesner et al; 1987) where the optimal selection of treatment processes on the basis of

particle size and concentration was proposed.

The th rust of this c ase stu dy will not be to ve rify the mo del of W iesner, or  to com e up with

new treatment selection criteria, but simply to relate a number of standard particle count

parameters to the very commonly used turbidity measure, and to determine whether

partic le cou nts c ould p oss ibly reveal m ore o f the raw w ater n ature  than  turbid ity.

7.2.2 Filtered Water Characterisation

Particle counting should be a powerful indicator of filtered water clarity.  Conventional

turbid ity sensitivity dr ops  off at  the ve ry low tu rbidity o f well f iltered  wate r, whe reas  partic le

counts p rodu ce m uch  large r num bers  which, the oretic ally, allow  finer r eso lution .  Part icle

counts a re, in f act, u sed  by m any ov erse as ut ilities fo r this p urpo se, but the  coun ts still

lack  the re prod ucib ility and r obustne ss to  allow f irm  quan titative  com paris on.  F or this

reas on, w ater q uality s tand ards  have  not been  phra sed  in term s of p article  coun ts, bu t still

rely on  turbid ity.

With the growing sensitivity to the possibility of protozoan oocysts breaking through

conventional treatment, particle counts in the specific size range of the oocysts have

received  muc h attention.  O nce ag ain, the tech nology doe s not m eet all the ex pectation s. 

Firstly, particle counting cannot distinguish between viable and non-viable cysts and

oocysts.  Secondly, there is no guarantee that cysts and oocysts will not be associated

with la rger  flocs  and thus  brea k through in the  large r size r anges.  A noth er ca se s tudy in

this re port w ill deal w ith this  prob lem  in m uch  mo re de tail.

The thrust of this case study will be to compare particle counts with turbidity, to see
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whether particle counting will bring additional illumination, and to provide a preliminary

baseline for filtered water quality in South Africa to allow new users of particle counters

some external comparison.

7.3 Materials and Methods

A total of nine treatment plants (labelled A to J, excluding I) were visited between June and

August 2000 and again during November 2000 and January 2001.  This allowed for the inclusion

of both winter and summer data.  During each visit, which lasted a few days, a number of

samples were drawn from the raw water source, as well as the filtered water.  The number of

samples per plant drawn ranged from four to sixteen.  This produced a total of 114 independent

raw water sam ples, and 126 independent filtered water sam ples.  (At one treatment plant, there

were two filter blocks of different age and design, but which shared the same raw water source;

therefore the larger number of filtered water samples than raw water samples.)  All samples

were also analysed for turbidity (and a few other parameters not reported on here).  All samples

were analysed with the same machine and the exact same procedures were followed in each

case – only two particle counter operators were used for all tests.

For the particle counts, all counts between 2 :m and 200 :m were taken into account.  For the

calculation of particle volume, only particles between 2 :m and 50 :m were considered.  The

volume-averaged particle diameter was taken as the particle diameter at which 50% of the total

particle volume was contained in particles smaller than that diameter and 50% of the volume

was contained in particles larger than that diameter.  Particles larger that 50 :m were not

included  in this calcu lation as it con tained ver y limited cou nts that sk ewed th e result.

7.4 Results and Discussion

7.4.1 Raw Water Characterisation

The raw water is initially characterised by the better known parameter of turbidity (Figure

7.4.1(a)) a nd pH  (Figure 7 .4.1(b)).  Five  source s are ch aracteris ed by m edium  turbidity

(between 5 NTU and 30 NTU), while four can be classified as low turbidity waters (median

turbidity less than 5 NTU).  Five sources would be classified as waters with medium-low

pH (med ian values less than 7.5) with the others at higher pH, as is shown in Figure

7.4.1(b).
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Figure 7.4.1(a) : Turbidity of the of Raw Water Sources

Figure 7.4.1(b) :  pH of the Raw Water Sources

W hen on e turns to p article cou nts, m ore dram atic differen ces be tween s ources  becom e

apparent.  The particle counts of all particles larger than 2 :m (Figure 7.4.1(c)) show that

counts for individual samples range over three orders of magnitude.  Counts taken from

the sam e sourc e, sepa rated on ly by a few days , differ as m uch as  one ord er of m agnitude . 

W hen  the coun ts are  ma nipula ted to  give to tal pa rticle volum e (Fig ure 7 .4.1(d)) an d the

volume-averaged diameter (Figure 7.4.1(e)), the results are equally striking.  Sources A

and B have a significantly higher particle volume concentration, with the other sources

being fairly similar.  The diameters, however, are clearly different.  Only three sources
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Figure 7.4.1(c) : Particle Counts of the Raw Water Sources

Figure 7.4.1(d) :  Particle Volume Concentrations of the Raw Water Sources

have an average diameter of less than 10 :m, while som e other sources have diam eters

as high as 30 :m.  This can only point to a significantly different nature of the

suspensions.  The  small diameters are pro bably due to clay colloids, as these sources are

fairly tu rbid w ater ta ken  direc tly from  flowin g rive rs.  T he other s ourc es ar e m ostly

eutrophic impoundments, where the suspensions are probably mainly algal in nature.
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Figure 7.4.1(e) : Volume-Averaged Particle Diameters of the Raw Water Sources

Figure 7.4.1(f) : Raw W ater Tu rbidity vs. Raw  W ater Partic le Coun ts

It is also instructive to look at correlations between some selected variables.  The first

obvio us qu estio n is ho w the  coun ts rela te to th e ofte n-us ed tu rbidity.  T his tw o-wa y plot is

shown  in Figure 7 .4.1(f).  He re it is very obviou s that wa ter from  different s ources  tend to

group on different regions of the plot.  Within the data points for each source, there is an

obvious relationship between counts and turbidity.  When all the data points are viewed

together, there is significant scatter, as many other researchers have found.  Sources D
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Figure 7.4.1(g) : Raw W ater Volume-Averaged Particle Diameter vs. Particle Volume
Concentrations

and E illustrate this well.  Although, at times, source D is ten times more turbid than

source E, it still has a lower particle concentration!

A most interesting correlation is between the volume-averaged particle diameter and the

calculated par ticle vo lum e, sh own  in Figu re 7.4 .1(g) .  The  grap h sho ws tw o dist inctly

diffe rent r egion s.  Th e one  regio n sho ws a  band  of sm all par ticles  which can  reac h fairly

high particle volume concentrations.  The sources which fall in this band, are the sources

whic h are  derived from  flowin g, turb id rive rs, wh ile the  othe r sou rces  are m ainly eu troph ic

with organic suspensions.

7.4.2 Final Water Characterisation

The tu rbidity of the filtered  water fro m the  10 filter plants  is shown  in Figure 7 .4.2(a). 

Except for a small number of outliers, the values are consistently good, with some values

exceptionally low at or below 0,10 NTU.

The particle counts are shown  in Figure 7.4.2(b) and the particle volumes in Figure

7.4.2(c).  Once again, muc h more dram atic differences show up.  The c ounts cover a

range of almost three orders of magnitude, and the particle volume two orders of

magnitude.  High counts do not necessarily translate in high particle volumes, which

indicate diffe rences  in the volum e-avera ged pa rticle diam eter, even  after treatm ent.
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Figure 7.4.2(a) : Turbidity of Filtered Waters

Figure 7.4.2(b) : Particle Counts of Filtered Wa ters

It was demonstrated in the previous section that large differences exist between raw water

sources in terms of the volume-averaged particle diameter.  One would expect, though,

that these differences would be largely ironed out during the treatment process es.  Figure

7.4.2(d) s hows th at this is not the  case. 



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 7-9

WR C Report No: TT 166/01 Stud y 1

Figure 7.4.2(c) : Particle Volume Concentrations in the Filtered Water Source

Figure 7.4.2(d) : Filtered Water Volume-Averaged Particle Diameters vs. Filtered
Water Particle Volume Concentration

The lack of correlation between particle counts and turbidity, shown earlier for raw water

sources, is even more evident for filtered water, as shown in Figure 7.4.2(e).  In the

brac ket b etwe en 0,1 NT U an d 0,2  NTU, fo r exa mp le, the re is th ree- log va riation  in par ticle

counts!  However, if plants are viewed individually, a correlation between turbidity and

partic le cou nts is  again  evide nt.  Th is ref lects  the fa ct tha t the d iffere nces in pa rticle

nature, which was dem onstrated for the raw water sources, pers ist through the entire

treatment process.
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Figure 7.4.2(e) : Filtered W ater Tu rbidity vs. Particle  Coun ts

Figure 7.4.3 : Log Removals Based on the Three Water Quality Measurement
Parame ters

7.4.3 Treatm ent Effec ts

In general, it was found that all parameters discussed clustered fairly tightly for all the raw

water sources and the filter plants.  The median value of each parameter is thus a

reasonable single-point descriptor for each sampling point, and will be used in this section.

The  log-re mo val wa s ca lculat ed fo r eac h plan t, usin g turb idity, pa rticle c oun t and  partic le

volume respec tively.  This is shown in Figure 7.4.3.  Generally, removal for all parameters

rang e between 1 an d 2 log s.  W here  the log -rem oval f or turbidity seem s low  for pla nt E, it
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can be explained by the very low turbidity at which this plant started out.  Treatment

performance is also a function of the specific treatment plant.  Comparison of plants G1

and  G2 s how  that th e sam e raw  wate r, dos ed ide ntica lly, will be t reate d to d iffere nt leve ls

due to small differences in settling tank and filter design.

7.5 Conclusions and Recommendations

A number of conclusions can be drawn from the brief survey presented.  A comparison of

the nine raw water samples indicate:

S The re are  only sm all diffe renc es in r aw w ater tu rbidity, m ostly re latively lo w.  Th is

demonstrate the inherent limitations of turbidity as a means of classification, as

nothing of the character of the suspended material is revealed.

S Particle co unts, and  espec ially the volum e-avera ged pa rticle diam eter, in con trast,

show that there are significant differences in particle suspensions.  Even in winter, the

partic les in th e run ning r iver sourc es ar e sm all and  prob ably co lloidal c lay, wh ile

some other sources show large, probably organic particles.

S There is no clear correlation between particle counts and turbidity, although a

relationship is found when only one source is viewed at a time.

S Particle co unts ran ged from  500 to 81 0 000 pa rticles/m R > 2 µm with median 16 800

particles/m R >  2 µm.

S Particle volume ranged from 0.06 to 240 mm 3/R with median 2.3 mm 3/R.

S The volume-averaged diameter ranged from 4 to 33 :m with median 12 :m.

S Turbidity ranged from 0.4 to 109 NTU with median 6.2 NTU.

S The pH ranged from 6.8 to 9.7 with median 7.5.

A comparison of the filtered water from ten filter plants indicate:

S Particle co unts ran ged from  13 to 77 0 00 particle s/m R with me dian 440  particles/m R.

S Particle volume ranged from 0.0022 to 2.4 mm 3/R with median 0.056 mm 3/R.

S The volume-averaged diameter ranged from 3 to 33 :m with median 13 :m.

S Turbidity ranged from 0.09 to 2.9 NTU with median 0.25 NTU.

S The pH ranged from 6.3 to 9.6 with median 8.6.

A comparison between the raw water quality and the filtered water quality indicate:



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 7-12

WR C Report No: TT 166/01 Stud y 1

S The significant differences in raw water particles size, perhaps surprisingly, persist

throughout the treatment process

S The  log re mo vals, w heth er ex pres sed  in term s of tu rbidity, p article  coun ts or p article

volume, are approximately the same.

The  resu lts rep orted  in this c hap ter do  not b ring c onc lusive  resu lts to a ny one  spec ific

question , but is m eant to de mon strate ho w particle c ounting o pens a n entirely new  door to

the cha racterisa tion of partic le suspe nsions a nd the as sessm ent of trea tmen t perform ance. 

Not o nly can  oper ators  assess  how  good  their p lant perfo rmance is, but the y can a lso ga in

more insight into why the performance  may be non-optim al at certain times.  There are

numerous leads to further research following from the survey presented above, of which

two have already started within the RAU Water Research Group:

S Correlating the treatment performance with more operational variables to determine

for exam ple wheth er floc cula tion pH an d par ticle s ize play a determ ining r ole in

partic le rem oval.

S Assessing not only the overall treatment performance, but also looking at the

contributio n of individua l unit proces ses within  each tre atme nt plant.

S Extending the survey to include a broader range of raw water types.

S Repeating the tests at the plants discussed above, but at a time of higher suspended

solids during summer .
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Chapter 8
THE RELATIONSHIP BETWEEN PARTICLE SIZE, AND CRYPTOSPORIDIUM

OOCYSTS AND GIARDIA CYSTS IN FILTERED WATERS FROM WATER
TREATMENT PLANTS 

8.1 Background

Most water treatmen t plants rely on the effective dosing of coagulants and flocculation to achieve

particle removal by dissolved air flotation, sedimentation and rapid gravity filtration. Jar test

procedures are commonly used as a means to establish an effective coagulant dose.

Tradition ally, a particulate m easure men t is mad e using e ither turbidity or su spend ed solids . Both

are indirect measurements. Turbidity is the measure of the light scattering properties of particles

in the wate r, wherea s susp ended  solids is a m easure  of the m ass of p articulate m atter pres ent. If

particle sizes or densities vary, these cannot be related to particle numbers.

Particle counting is becoming more popular worldwide as a more accurate means of measuring

final water q uality. Many stu dies hav e show n that Giar dia  and Cryptosporidium  can be removed

effectively if the process produces filtered water at or below a specific turbidity value. This varies

however depending on the process, the raw water quality and the type of coagulant used.

Howe ver, furthe r work h as sho wn that Giar dia- and Cryptosporidium-sized  partic les m ay we ll

pass thro ugh  the tre atm ent p roce ss w ith no  obse rved  incre ase  in the f iltered  wate r turb idity.

The  objective o f this s tudy is  to de term ine wheth er the  sens itivity and  accurac y of pa rticle

counte rs is suffic ient to be ab le to detec t Cryptosporidium and Giar dia  in the filtered water from

water treatment works.

It is im porta nt to s tress  at the  outset of th is study tha t the n um ber o f othe r part icles  occurring in

natural wa ter sam ples will be fa r in exces s of the n umb er of ooc ysts and c ysts me asured . 

Particle co unters c an not be  used a s a reliable m onitoring m echan ism fo r the cysts a nd ooc ysts

in natural w aters.  T he aim  of this stud y is purely to dete rmine  the efficien cy and ac curacy w ith

which Cryptosporidium oocysts and Giar dia  cysts can be measured using particle counting

techniques.
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8.2 Literature Study

Giardia and Cryptosporidium are wate rborne p rotozoan  parasites , which are  assoc iated with

diarrhoeal illness in many parts of the world (Fayer & Unger, 1986, quoted by Kfir et al. 1995).

Cryptosporidium is an oval shaped parasite and appears to cause disease in man and livestock

(Bade noch, 1 990). Cryptosporidium  has a complicated life cycle, which goes through many

forms, the most important being a 4-6 :m diam eter oocyst, which contains the infective

sporozo ites. Cryptosporidium  oocysts are released from infected hosts at a rate of up to one

million per day (Daniel, 1995). Oocysts are the dormant form that can survive adverse

environmental conditions and are responsible for disease transmission from host to host

(Badenoch, 1990).

The life cycle of Giar dia  is simp le with two m orpholo gical form s, nam ely non-inva sive troph ozoite

and an environmentally resistant cyst which is excreted in the faeces  (Smith, Robertson &

Ongerth, 1995). The cysts are much larger than oocysts and are 8-12 :m in length and 7-10 :m

in width. Transmission routes for both organisms are by the resistant oocysts or cysts and can

include a nima l-to-perso n, perso n-to-per son an d water-to -perso n. 

The  use o f par ticle m onito rs is a  sim ple, cost e ffec tive an d suit able t echnique  to m easure p article

removal for particles in the Cryptosporidium and Giardia  size range in settled and final treated

water (Veal & Riebow 1994) .Particle monitors can be used for continuous measurement of filter

performance. Conventional turbidity monitoring is not sufficiently sensitive for monitoring the

removal of Cryptosporidium and Giar dia  (Greg ory, 1994) . 

Howe ver, it should  not be as sum ed that pa rticle coun ters will be ab le to detec t Cryptosporidium

and Giar dia  direc tly. One rea son  ma y be that the ir con cen tration  ma y be too low  for re liable

detection, bearing in mind that there will be many other particles in a similar size range. Another

factor is the effect of particle properties (e.g. refractive index) on the optical response of particles.

It was sh own (Le wis 1991  reported  by Greg ory 1994)  that Giar dia  cysts are counted in the 1-

5 :m range even though their true size is greater than 10 :m. T he re ason for  this is  that p article

counters are generally calibrated with latex spheres of a know size which have a fairly high

refractive index and, hence, scatter (or block) more light than biological particles of the same

size. The  author a lso obse rved that Cryptosporidium, which is around 4 -6 :m, have the same

scattering power as 2 :m latex  particles. 

The overall level of particulate contamination in treated water should be maintained as low as

possible to effectively safeguard against the presence of oocysts and othe r pathogens (Grego ry
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1994). The monitoring technique therefore needs to be selected carefully. There is evidence that

conve ntional turbid ity meas urem ent is not su fficiently sens itive to particles in  the oocys t size

range. Methods based on particle counting should give more reliable on-line monitoring.

In the USA the drinking water regulations have a maximum contaminant level goal (MCLG) of

zero G lam blia , with a maximum contam inant level (MCL) of 99.9% (3 log) removal or

inactivation of cysts.  This was promulgated in 1989 in the Surface Water Treatment Rule (EPA

Cur rent D rinkin g W ater S tand ards , 1998). T he In terim  Enhanced Surface W ater T reatm ent R ule

introduced in November 1998 (EPA Microbial and Disinfection Byproduct Rules 1998) adds the

following key additions which apply to all systems using surface water or groundwater under the

influence of surface waters, that serve 10000 or more persons:

S MCLG  of zero for Cryptosporidium ; a 2 log removal requireme nt for systems that filter;

S strengthened combined filter effluent turbidity performance standards with individual filter

turbidity monitoring provisions;

S disinfection profiling and benchmarking provisions (to ensure microbial control and

minimising disinfection by-products);

S requirement introduced for cove rs to be placed on new treated water rese rvoirs

S sanitary surveys to be conducted on all surface water systems regardless of size.

In South Africa the South African Bureau of Standards specification (1999) specifies that

Cryptosporidium and Giar dia  should not be detected in 95% of samples analysed with a

maximum  of 1 count per 100 R and 10 counts per 100 R for the rem aining  4% a nd 1%  of sa mp le

analysed respectively. The Department of Water Affairs and Forestry guidelines (1993), for

dom estic and  full contac t recreation al use, list Cryptosporidium oocyst and Giar dia  cyst levels of

less than one per 10 R. Rand Water in their 1992 potable water criteria list recommended limits of

zero cysts and oocyst per two R sample, with a low risk attached to five Giar dia  cysts per sample.

Similar levels were given for Giar dia  in the 1994 Department of Health guidelines for drinking

water. Cryptosporidium  levels were not specified.

8.3 Materials and Methods

A stand ard add ition techniqu e was u sed to ex amin e the acc uracy of the  particle co unters to

detect a spike of concentrated particles when injected into the water sample. A sample of water

containing as few particles as possible (typically final filtered water) was used as a blank,

resulting in a baseline count. The method of injection and data recording described in Paragraph

10.3.2 w as use d to determ ine the nu mbe r of particles  in the actua l spike. T hree se parate
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standards were used to assess the accuracy of the particle counter viz. NIST traceable latex

spheres, standards containing Cryptosporidium and Giar dia  and a NIST reference material 2806

“Medium T est Dust”.

8.3.1 Particle Counting Instrument

An A RT I on-lin e par ticle coun ter su pplied  by Op tima  Hydra ulics  was  used  for the study.

The instrument was connected to a constant head flow control device which regulated the

flow of water through the sensor. The particle counter was calibrated before delivery and

connected to a computer that collected data every minute from the sensor. The flow

through the sensor was maintained at 100 mR per minute.

8.3.2 Stan dard  Refe renc e Ma terials

Three standard reference materials were used during the experiments.

EZY-C ALä Particle Size Standards – cons ist of susp ensions  of certified p article size

standards in a range of diameters from 2 to 70 :m. T he m icros pheres a re pa cka ged  in

water at a  conce ntration of 2  000 par ticles /m R. A magnetic stirrer bar is included in each

bottle for clean, convenient and direct sampling by optical particle counters. The particles

are composed of polystyrene or polystyrene divinyl benzene. The aqueous suspension

medium contains a combination of dispersing agents which helps to keep the particles

from clumping or sticking to flow surfaces in particle counters.

Cryptosporidium  and Giard ia Standards – Samples of concentrated Cryptosporidium

and Giar dia  were purchased from USA. These are commonly used as samples for

confirming the detection and analyses in the Analytical Services Laboratory at Umgeni

W ater.  The  sam ples  were  diluted in the  Um gen i W ater L abo rator y to approx ima tely

10 000 per m R. 

Standard Reference Material® 2806  - con sists  norm ally of a  poly-d ispe rse, ir regu larly-

shaped mineral dust suspended in approximately 400 mR of hydraulic fluid at a normal

concentration of 2.8 mg/R. SRM is intended for use in the calibration of instrument

response to Med ium Dust sus pended in hydraulic fluid. The dust was obtained as a dry

powder and was made up in water at a concentration of 2.8 mg/R.
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Figure 8.3.3(a) : Injection of Standard Solutions for Calibration Verification

8.3.3 Standard Addition Technique

W ater is  fed to  the particle  coun ter thr ough 6 m m n ylon or  Tef lon tubing.  An inj ectio n fitting

was manufactured and inserted in the tubing before the sensor. The injection fitting

comprised a T-piece where the branch was sealed using a Teflon coated rubber septum

through  which a s amp le of stand ard solutio n could b e injected  (Figure 1 0.3.3). A

“Hamilton” accurately calibrated syringe was used to m easure the volume  of standard

solution injected into the water. A “50 step” injection device was used to slowly inject the

solution into the water in 50 equal components over the desired time. (i.e a 5 mR syringe

was used and each injection comprised 0.1 mR; alternatively when a 10 mR syringe was

used each incremental volume injected was 0.2 mR).

Prior to the a ddition of sta ndard s olution, the h eader ta nk wa s filled with filtered w ater with

as low a p article cou nt as pos sible. Flow to  the particle c ounter w as starte d and the  counts

were allowed to stabilise. This measurement then formed the baseline of background

counts in the water. The particle counter was set up to count for a minute and display the

count every minute. The flow was set to measure 100 mR/min. 

Once the count had stabilised a specific volume of standard solution was injected.

Normally 0,6 mR per minute. (i.e. one injection on the stepper every 10 seconds. Ove r a

period of between 3 and 6 minutes the fill sample of standard would be added and the



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 8-6

WR C Report No: TT 166/01 Stud y 2

Figure 8.3.3(b) : Particle Counter Response to the Injection of Particles

background m easurem ent of the filtered water would return to a similar level as that before

the trial. Figure 8.3.3b.

8.3.4 Data  Ana lysis

The use of this technique is to establish whether the particle counter is able to detect

particles in the water in specific size ranges. The particle counter was set up to detect

sizes greater than the specific channel size. (i.e. >2 :m; >3 :m; >5 :m; >7 :m; >10 :m;

>15 :m; >25 :m; and >50 :m;)

The c umu lative coun t SN i is measured for each time period tx.  Before the injection the

particle co unt is reco rded as  the back ground  count SN ib. The  back grou nd co unt is

subtracted from each individual measurement, resulting in the actual number of particles

measured for each individual time period.

(for e ach  time  interv al) . . . . . . . . . . . . . . . . . . . . . 8.3.4(a)

The total particles added are then calculated by totalling all the individual increments for

each time period. Thereafter, the Incremental or Discrete Counts can be calculated as

shown in Paragraph 5.4.3. The particle concentration of the standard used can be

determined by dividing by the volume of standard sample injected.
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8.4 Results and Discussion

The e xperim ents we re perfo rme d in three s eparate  phase s. Firstly, an attem pt was m ade to

determine the accuracy of the particle counters using National Institute of Standards &

Technology (NIST) traceable monodisperse latex spheres. Latex spheres of nominal diameter

5 :m and 10 :m were obtained from Duke Scientific Corporation. (Actual sizes were 4.991 :m ±

0.035 :m and 9.975 :m ± 0.061 :m). Some form of reliability was obtained, but the latex

particles have different optical properties to Cryptosporidium  and Giar dia  and the e xperim ents

were repeated using non-viable Cryptosporidium  and Giar dia  particles in solution. Following

discussions with ARTI (manufacturers of the particle counter) a sample of Mineral Test Dust

(MTD ) was ob tained an d the res ults of the p article cou nts obtain ed were  com pared to  results

published from participating laboratories in a “round robin” interlaboratory exercise.

8.4.1 Spiking with NIST Latex Spheres

W hen perform ing the exp erim ents , it was  expe cted  that th e inst rum ent shou ld detect half

the particle s abo ve the  actual size  and h alf be low th e actual size as d esc ribed  in

Para grap h 4.3 .2. The ins trum ents  were  set-u p diff eren tly from  norm al ope ration  to be  able

to detect different size particles in a narrower range on either side of the expected mean.

Figure 8 .4.1 show s a con sistency in th e calibration  of the AR TI instrum ent as op posed  to

the MetOne instrument when this technique is used. It was also noticed that when

comparing data from the two instruments, the numbers were comparable for particle sizes

down to 7 :m, bu t below this th e MetO ne instrum ent tende d to m easure  higher co unts

than the A RTI ins trume nt.

Figure 8.4.1 shows that the particle counters m easured particles in the spike both above

and below the actual size as expected. Th e ARTI instrum ent appeared to m easure m ore

consistently on either side of the mean measuring 41% and 59% of the standard particles

in the  size ra nges abo ve the  actual valu e. Du ring p repa ration  and in jectio n of p article

counting standard, the entrainment of bubbles as well as the possibility of bubble formation

in the sample tubing at the point of injection could result in inaccurate counts. Specific care

should be taken during injection to minimise any turbulence which may result and thereby

decrea se the ac curacy o f the particle  count de tected by the  instrum ent.

Results from the Met-One instrument indicate that more of the particles added to the water

were  detected  in a size  rang e abo ve the  actual size . This  ma y indica te tha t the e lectro nic

calibration o f the instrum ent is incor rect and  may ne ed re-ca librating. 
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Figure 8.4.1 : Resu lts of a Ca libration Exe rcise Us ing Two  Differen t Particle Size
Standards.

Although only 5mR of sample was  injected during the experiments (NIST  standard

containin g 2 000 p articles/m R; i.e. 10 000 particles) the number of particles detected by the

particle counters exceeded this. The recovery of particles was poor and other disturbances

(e.g.  air bu bbles  or turbulen ce du ring in jectio n) res ulted  in this t echnique  not being t otally

effective. Ideally, both the particle size and count should be accurate to verify calibration of

the instrument. This procedure only serves to give an indication of whether the calibration

is accep table or no t.

8.4.2 Addition o f Crypto sporidium  Oocy sts and  Giardia C ysts

The Cryptosporidium  standard was diluted by the Umg eni Laboratory with Ultrapure water,

produc ing a solution  containing  approx imately 10  000 par ticles/m R. During each injection a

total volume of 3.6 mR was injected. The data obtained from the particle counter indicated

that addition al particles w ere add ed in signific ant quan tities that the tota l particles/m R in the

filtered wate r increas ed from  approx imately 22 5 particles /mR to over 400 per m R. The da ta

was the n analyse d as de scribed  in Parag raph 8.3 .4. 

The  assum ption  is m ade  that th e bas eline ( or the  partic le cou nt in the filtered water)  is
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Figure 8.4.2(a) : Detection of Cryptosporidium  Oocysts by Injection

constant throughout the experiment. The total number of particles in each bin size can be

calculated and is shown in Figure 8.4.2a. The ave rage concentration of standard

suspe nsion pa rticles add ed was  34 616 p articles/m R. This is significantly higher than the

expec ted con centration  of 10 00 0 particles /mR. Most of the particles (86%) were detected

in the size range 2 to 5 :m and a further 11 % were detected in the size range 5 to 10 :m.

This ind icates tha t the particle c ounter m ay not nec essarily dete ct Cryptosporidium

accurately in the expected channels between 4 and 8 :m, but the presence of

Cryptosporidium  may well be detected in the total particle count (i.e. >2 :m).

A sample of standard containing Giar dia  particles was prepared in the same way as the

Cryptosporidium  standard producing a solution containing approximately 10 000

particles/m R. During each injection, a total volume of 7.2 mR was injected. The response of

the particle counter to the injected sample was significant, showing an increase in the

particles per mR in the filtered water from approximately 40 per m R to over 270 per m R. The

data wa s then an alysed as  describ ed in Par agraph  8.3.4. 

During these experiments a water filtered through an ultra filter membrane was used. The

baseline counts of 40 per m R were significantly lower than the baseline used for the

Cryptosporidium experiments. The total number of particles in each “Incremental Bin Size”

was calculated and is shown in Figure 8.4.2b. The total number of particles added on

average per m R of stand ard solutio n was 3 3 071 pa rticles/m R. As with the addition of

Cryptosporidium , this is significantly higher than the expected concentration of 10 000
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Figure 8.4.2(b) :  Detection of Giardia Cysts by Injection

particles/m R. Most of the particles (89%) were detected in the size range 3 to 10 :m. T his

is lower than the expected range of 8 to 12 :m. This may be as a result of the shape of

Giar dia  being elongated with a width in the range of 7 to 10 :m. 

This shows however that there is a reasonable chance that should there be Giar dia

particles in the water the particle counter is like to be able to count the particles and

register the ir presen ce. 

8.4.3 Spiking the Water with Standard Reference Material 2806

A so lution  of Sta nda rd Re ference  Mate rial wa s m ade  up in U ltrapu re W ater a s des cribe  in

the product brochure from the National Institute of Standards & Technology (NIST). The

sam ple was m ixed  and in jecte d in a s imila r ma nner to the  proc edure de scrib ed in

Paragraph 8.3.4. The da ta from the particle counter was refined and the C umulative

Counts are show n in Table 8.4.3(a).

Table 8.4.3(a) : Cumulative Counts for the Injection of Medium Test Dust SRM 2806

(Number of Tests = 22)

Partic le Co ncen tration  (Cou nts/m R)

>2:m >3:m >5:m >7:m >10:m >15:m >25:m >50:m

Average 5 366 3 864 1 294 855 471 282 167 80

Std Dev 626 435 224 146 122 73 46 22
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An example of a laboratory round robin exercise is detailed elsewhere (National Institute of

Standards & Te chnology, 1997). Three com panies utilizing five instruments and five

different sensors were evaluated to compare the counter and sensor response. The

instruments were all calibrated in accordance with the existing ISO 4402:1991 Standard.

Table 8.4.3(b) shows the results of the respective instruments.

Table 8.4.3(b) : Results of Round Robin Comparison (Extracted from Reference

Brochure NIST – Standard Reference Material 2806)

Cou nts/m R Greater Than Indicated Size

Particle Counter >1:m >2:m >5:m >7:m >10:m >15:m >20:m

Labo ratory 1 5 624 4 429 2 039 1 215 576 191 77.9

Labo ratory 2 5 351 4 482 1 977 1 139 521 188 88.6

Labo ratory 3 ----- 4 208 1 898 1 116 525 182 82.1

Labo ratory 4 5 313 ----- 1 993 ----- 541 182 82.5

Labo ratory 5 5 350 ----- 1 992 ----- 517 174 80.9

It sho uld be  noted tha t the p article  coun ters u sed  in the r ound rob in study we re sp ecific ally

used for  coun ting particle s in hyd raulic  oil sam ples  and n ot wa ter. It m ay not  be to tally

accurate  to comp are th e num bers , none-the -less  the particle  num bers  indica ted in  Tab le

8.3.4(a) are of similar magnitude to the numbers obtained during the participating

laboratories. The results are sufficiently similar to indicate that this type of reference

material could be used as a standard for confirmation of the calibration of an instrument on

a plant.

8.5 Conclusions and Recommendations

The method standard injection can be used with limited accuracy to determine the accuracy of

on-line particle counters. Once the spike is injected, the data should be extracted and

manipulated to indicate the accuracy within a particular size range. The particle counters used 

during this  trial showe d that the ins trume nts were  sensitive to  particles in the  size range  of 5  to

10 :m re spectively,  but a  coun t reco very c ould n ot be  obta ined w ith su fficient ce rtainty.

When Cryptosporidium  and Giar dia  were added to the filtered water, a response was obtained

which measured Cryptosporidium  mainly in the size range 2 to 5 :m and which measured

Giar dia  in the size range 3 to10 :m. This is encouraging, but it should be remembered that

Cryptosporidium  and Giar dia  are likely not to be in the water in a high enough concentration for

the instrument to be able to detect spikes in the counts of these particles. It is possible that
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should there be a sudden increase in particles in the respective size ranges that there may also

be Cryptosporidium  and Giar dia  present in the water.

A comp ariso n of th e detectio n of a  Stan dard  refe renc e tes t dus t using the  on-lin e par ticle

counters showed similar results to those obtained from other laboratories using different

instruments for the measurement of particles in hydraulic oils. The results indicate that when a

reference dust is used for water particle counters, an adequate response can be obtained and

that this could be used as an alternative to the monodisperse latex spheres used commonly for

calibration checking of the instruments.
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Chapter 9

THE EFFECTS OF PRE-TREATMENT ON THE TURBIDITY AND PARTICLE

CONCENTRATION OF FILTERED WATER 

9.1 Background

The design and operation of flocculation processes and the evaluation thereof have been based

mainly on recom mended  G values and the selection of a suitable coagulant base d on laboratory

scale jar test procedures. In more specific cases a history of the raw water quality as well as

resu lts fro m p ilot scale ex perim ents  are u sed  to fina lise a s uitab le des ign. A  suitable de sign  will

normally include pre-treatment processes such as ozonation, floc aid (bentonite) addition, pH

adjustm ent, pre-c hlorination o r the use  of dual co agulants . 

The floc shape and size can be affected by pre-treatment conditions and, as such, the turbidity of

a sedimentation effluent or a filtered water quality may not fully represent the behaviour and

dynamics of particles in the process. Time delays through  the process may also prevent

imm ediate res ponse  to chang es. 

In this cha pter the ex perienc es at the W iggins W ater Tre atme nt Plant are  reported  to indicate

how particle counters can identify non-optimum operating conditions and to demonstrate the

effect pre -trea tme nt has on t he filte red w ater p article  coun ts and turb idity.

9.2 Literature Study

The  desig n of a  flocc ulation ves sel fo r Dissolve d Air F lotatio n (DA F) wa s stu died b y Valade et  al.

(1996), who found that the flocculation conditions affected the particle counts after DAF and also

contributed to significant improvement in filtered water turbidity. Valade compared flocculation

conditions at low and high G values and also for different arrangements of impellers. It was found

that the co agulant type  and flocc ulation tim e had the  greates t effect on  filtration perfor man ce. A

5-m in floc cula tion tim e pro duced ge nera lly a lowe r filtere d wa ter tur bidity th an 20 -m in

flocc ulation, eve n though  the particle  coun t was  slight ly highe r. Ho weve r ,ther e was a m ore ra pid

headlos s develo pme nt on the filters .  

The effect that ozone and peroxone have on the performance of direct filtration showed

differences in head loss development and filter breakthrough (Tobiason et al., 1992). In general
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the tu rbidity a nd pa rticle c oun t resu lts fro m th ese  stud ies ind icate  that p re-oxida tion s lightly

improves the filtered water quality. Reduced particle counts have also been reported b y others

(Ge orge son , 1988; Ch ang  and S inger , 1991 and  Dun n et a l.,198 8). T he po st ox idation par ticle

counting  sugge sts that the  oxidants  induced  coagu lation, the so -called m icro-flocc ulation effe ct.

The results could not explain the observed benefits of delayed filter breakthrough or reduced

headlos s develo pme nt.

9.3 Materials and Methods

9.3.1 Particle Counting Instrument

An ARTI W PC (Water Particle Counter) on-line instrument supplied by Fluid Systems

Partners GmbH was installed at the "City Outlet" sampling point on the pipeline from the

on-site sto rage res ervoir at W iggins to the  City of Durb an. Th e instrum ent was  set up to

monitor particles in eight size bins and was connected to a PC loaded with the "Aquarius"

softwar e supp lied by Fluid Sys tem P artners.  

9.3.2 Data  Ana lysis

Data were collected by the Aquarius software and stored on the PC. Graphical display of

the continuous particle counts enabled the on-line observation of particle counts. A manual

report of data was generated using the software.  Data were extracted to a text file and

then imported into Microsoft (TM) Excel for graphing and presentation. The software logs

the data every m inute  but a llows  redu ction  of the  database wh ilst rep orting . The  oper ator is

able to extract a report of average particle counts every 5, 10, or 15 minutes. When

ana lysing d ata fr om  the on-line  me asu rem ent o f par ticle coun ts, averag ed da ta eve ry 5

minu tes was  extracte d for repo rting in this pro ject.

9.4 Results and Discussion

Part icle co unte rs we re ins talled  at the  W iggins  W ater T reatm ent P lant to  obse rve m ore c lose ly

the quality of the water delivered to the City of Durban. This followed discussions within Umgeni

Water as to whether the water treatment processes are adequate for the removal of

Cryptosporidium  at Umgeni Water. Further work is planned to investigate the headloss

development on a filter at the plant and to compare the performance of the plant for periods

when ozo nation is op eratin g to period s when oz ona tion is  off-lin e. At th e sam e tim e the  partic le
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Figure 9.4.1:  Operating data from the Umgeni Water Wiggins Water Treatment Works

counte r will be com pared to  the latest “low -range”  turbidity me ters availab le recently in So uth

Africa.

9.4.1 Filter Performance at the Wiggins Water Treatment Plant

During the monitoring period the raw water turbidity was less that 5 NTU and a coagulant

aid (bentonite) was dosed into the raw water to assist with flocculation.

The total particle count > 2 :m was initially found to be approximately 20 particles per mR.

The fina l water turbid ity at the time w as <0,1  NTU . On 12  Dece mbe r 1999, the  bentonite

dose was increased to 1.9 mg/R to im prov e the  resu lts for  the flo c forma tion te sts. T his

obviously influenced the coagulation and flocculation conditions and resulted in an

increase in the final water particle count. An increase in turbidity was not observed. The

plant performance improved however and between 13 December and 16 December the

particle count in the final water of particles > 2 :m improved to approximately 10 particles

per m R. 

On 16 December 1999 the bentonite dose was decreased from 1.9 mg/R to 1.5 mg/R.  The

particle count began to rise. On further investigation, problems with the effective control of

the coagulant dose were foun d. Although the streaming current detectors a t the plant are

maintained according to the manufacturer’s instructions, occasional additional calibration

and maintenance are required. The signal drifts from time to time and regular coagulant

dosage rate confirmation tests are performed by operating staff to determine the actual

coagulan t dose. W hen  the s ignal d rifts a nd the ope rating  tests  do no t dete ct an  abno rmally

low or high coagulant dose the performance of the plant can become non-optimal for

particle removal. During the observed period the turbidity increased to 0.13 NTU and the
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final water particle count increased 10-fold to approximately 120 particles per m R (particles

> 2 :m).

During the period of monitoring, it was accepted that the plant could achieve a consistent

final water total particle count (particles > 2 :m) of less than 50 per m R. 

9.4.2 The E ffect of Pre- ozonation  on Filtered  Wate r Quality

An investigation was initiated at the Wiggins Water Treatment Plant in Durban to assess

the effects of ozone on the quality of filtered water with regard to particle counts. An on-line

particle counter was installed at the outlet of a single filter and the filter was operated and

backwashed manually during this period. After three weeks of operation with pre-

ozonation, the ozonation was stopped and the plant was operated and optimised without

ozon e add ition. D uring  the inv estig ation , the filte r was  oper ated  for as  long a s pos sible in

an attempt to identify whether particle breakthrough might occu r.

9.4.2.1  Operation with Pre-ozonation

Initially, the particle counts were relatively high, and remained high after

backwashing the filter on 22 November 2000. Once the particle counting sensor had

been cleaned on 24 November, the particle counts reduced and remained consistent

for the remainder of the investigation. This emphasises the need to regularly check

the calibration of the particle counter and at least check the zero count (with no flow)

as described in paragraph 4.3.1.3.

The variation in plant operating conditions is shown in Table 9.4.2.  Although the flow

varied between 80 and 190 MR/d and the filtration rate may be affected by other

filters being taken off-line for backwashing, the particle count in the filtered water

remained relatively constant. The filtration rates calculated between 1.6 and 4.1 m/hr

are low when compared to other rapid gravity installations. Under these operating

conditions, breakthrough of particles from the filter was not observed after 10 days of

continuous operation (between 27 November and 7 December). It should however

be no ted th at the  plant  was  being  oper ated  at under h alf its d esign cap acity.
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Table 9.4.2 : Plant Operating Conditions During the Investigation 

Determinant Minimum Maximum Average

Raw Water Turbid ity (NTU)

Raw Water pH

Pre-ozone Dose (mg/R) 1

Bentonite Dose (mg/R) 2

Lime Dose (mg/R)

Pre-clarif ier pH

Coagulant Dose (mg/R) (Blended

Polymer ic  Coagulant DADMAC /

Polyaluminium Chloride)

Post-c lar if ier  Turb id ity (NTU)

Post-clarif ier pH

Plant Flow rate (Ml/d)

Filtration Rate (m /hr)

1.25

6.73

1.1

2.0

0.9

7.33

1.5

0.17

7.63

80

1.6

15.4

8.32

2.0

2.0

1.9

8.54

3.2

1.21

8.52

190

4.1 3

3.7

-

1.5

2.0

1.2

-

2.1

0.64

-

140

2.9

1 During investigation using pre-ozone
2 During investigation without pre-ozone
3 Calculated with one other f i lter off- l ine for backwashing

A da ily patte rn of  incre ase  and d ecre ase  in par ticle coun t was  noticed.  It is  unlikely

that this pattern can be linked to the hydraulic conditions under which the filters were

operating .   Filter w ashes ar e con trolled  by PLC an d tak e plac e thro ughout th e day,

and not only during the day shift.   Also, the patterns have a recurrence period of 12

to 24 hours, whereas one filter wash could only affect the filtration plant for 1 to 2

hours.  A more significant change in filtration rate during the experiment was effected

by the variation of flow from 80 MR/d to 190 MR/d and this also did not affect the

partic le cou nt at a ll.

The only variable that the daily pattern could possibly be related to is water

temperature. Under normal operating conditions, the water temperature in the

impoundment will increase during the day and decrease again at night.  The effect of

tem pera ture is  noticed on  the p lant appro xim ately 10 hou rs late r due  to the  time  it

takes to transport the water to the treatment plant. The colder water temperatures

normally reach the plant between 10 am and 12 pm. There appears to be a

corresponding increase in particle count reaching a maximum at approximately 11

am  each  day. T he pe rform ance of th e trea tme nt plant is a ffec ted e ither b y a

reduction in efficiency of coagulation or a carryover of small particles from the

clarifiers and an increased breakthrough of small particles from the sand filter. The

visco sity of w ater (whic h incr eases w ith a re duc tion in  tem pera ture)  can r esu lt in
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Figure 9.4.2(a) : Particle Counts of Filtered Water at the Wiggins Water Treatment Works
while Operating with Pre-ozone.

incre ased hea dloss thro ugh  filters  as well as p oore r settlin g cha racte ristics  of floc s in

clarifiers. The turbidity meters after the clarifiers were not able to detect a significant

change  in turb idity. Even though the  partic le cou nter d etec ted a  varia tion in  partic le

count, the total counts greater than 2 micron varied between  9 and 15 per m R.

9.4.2.2  Operation Without Pre-ozonation

On 12 December the pre-ozone dosing at Wiggins Water Treatment Plant was

discontinued and a new investigation was initiated to assess the performance of the

plant for particle removal. A sudden increase in particle count was observed on 14

Decem ber where particles > 2 micron increas ed to 80 per m R. On 15 December the

floc formation tests on the plant started showing deterioration in the settled and

filtered wate r turbidities. Be ntonite do sing was  started im med iately on the plan t to

assist in im proving th e coag ulation and  flocculation  proces ses. 

After closer investigation, the streaming current set-point for coagulation control

required optimisation, but due to very low turbidity in the water, this could only be

effectively achieved using bentonite as a coagulant aid. During the optimisation

process, the particle count started improving.

The operation with bentonite required higher doses of coagulant. On 19 December

the coagulant dose was decreased from 2.4 mg/R to 2.0 mg/R in order to reduce
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Figure 9.4.2(b) : Particle Counts of the Filtered Water at the Wiggins Water
Treatment Works while Operating without Pre-ozone.

chemic al ope rating  cos ts on  the p lant. T his re sulte d in a s ignific ant increa se in

particle count although the final water turbidity remained below 0.05 NTU. Further

optimisation continued and the streaming current set-point was adjusted to achieve a

coagulant dose of 2.2 mg/R. This  was  foun d to be ade qua te to re duce the  partic le

count to less than 10 particles per m R. 

In the period between 23 December and 30 December 2000, the streaming current

set-point for coagulant dosing was kept constant, yet variations in the particle count

were still observed. The coagulant dose is automated to achieve a streaming current

goal after coagulation based on the streaming current set-point. There are a number

of reasons as to why the particle removal had been affected during this period :

S Raw water particle characteristics may have changed, which resulted in a

larger or lesser dose of coagulant to achieve the required streaming current

set-point.

S The  strea min g cur rent s ensor m ay hav e gra dua lly beco me  foule d, res ulting  in

a marginally incorrect signal and, hence, a larger or lesser coagulant dose,

thereby affecting particle removal, or 

S Other pla nt and wa ter qu ality conditions m ay hav e con tribute d to va riation  in

the conditions at coagulation. The final water pH was controlled by increasing

and decreasing the lime dose prior to coagulation. During periods where the

lime dose was higher, the particle removal was found to be poor. This can be

explained by considering that the point of zero charge on the surface of

partic les is d ependent on  the pH. T he re quire d coa gulan t dose, the oretic ally,

therefor e also ch anges  with varying pH  and, wh ilst the plant is op erated a t a
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Figure 9.4.3(a) : Com parison  of Particle C ounts w ith Milli-NTU  Turbidity M easure men ts
While Using Pre-ozone

constan t strea min g cur rent s et-po int, the  automa ted coagulant  dose  will

chang e with varying  pH. 

It was fou nd that for  particle rem oval, the plan t was ver y muc h mo re sens itive to

small changes in operating and environmental conditions whilst operating without

ozone. The investigation showed that with continual optimisation, the same or better

particle counts could be achieved without pre-ozonation as previously obtained

whilst dosing ozone. 

9.4.3 Comparison of Particle Counts to Turbidity Measurement

During the on-line particle investigation at the Wiggins Water Treatment Plant, a "low-

range" Hach 660 turbidity meter was installed in parallel to the particle counter to compare

the sensitivity of this instrument to variations in particle count in the filtered water.

Figures 9.4.3a and 9.4.3b show that changes in turbidity are detected during periods

where there is a more significant change in particle count. Typically, at the particle count

and  turbid ity levels  expe rienc ed du ring th e inve stiga tion, a  10-fold inc reas e in tot al par ticle

count m ay be dete cted as  a 2-fold inc rease in tu rbidity. 
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Figure 9.4.3(b) : Com paris on of  Partic le Co unts  with M illi-NT U Turbid ity Mea sure me nts W hile
Not Using Pre-ozonation

During th e period w hen ozo ne was  being do sed (F igure 9.4.3 a), a grea ter respo nse to

turbidity was observed than whilst the plant was being operated without ozone (Figure

9.4.3b). This may be due to ozone having an affect on the surface properties of the

particles. There is not a true relationship between particle count and turbidity. Figure 9.4.3a

shows a turbidity of 100 mNTU (0.1NTU) and a total particle count > 2 µm of only 70

particles per mR, whereas in Figure 9.4.3b the turbidity hardly changed when there was a

significant change in particle count from 5 particles per m R to 100 particles per mR.

The "low-range" turbidity instrument, although measuring turbidity in "milli-NTU" was not

significantly more accurate than the normal range turbidity instrument, except that

additional s ignificant digits  are prov ided by the ins trume nt. (i.e. 42.38 m NTU  vs 0.04 N TU). 

The results indicated that not only was the particle count information more sensitive than

turbidity measurement but far more information is obtained from a particle counter

rega rding  the particle  coun ts at d iffere nt pa rticle s izes. T his ca n then be a nalysed fu rther  if

required .   
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9.5 Conclusions and Recommendations

The  follow ing were c onc luded  from  this s tudy:

S W hilst treating w ater with a low  raw wate r turbidity, benton ite is som etimes  required  to

impro ve the co agulation a nd flocc ulation of pa rticles. Th e benton ite dose w as foun d to

have an impact on the quality of the filtered water. During treatment of water at the Wiggins

Water Treatment Plant, it was possible under the prevailing raw water and plant operating

conditions to reduce the total particle count >2micron to less than 10 particles per m R.

S Although regular backwashing of the sand filters is required to maintain the quality of the

filtered water, it was found that particle breakthrough did not occur after 10 days of

continuous operation. It should be noted that during this period the filters were being

operated at a third of their design flow.

S The particle count in the filtered water was found to be affected not only by changing

coagulant and bentonite dose, but by other operating parameters. The chemical and

physical conditions at the point of coagulation will affect the particle characteristics and,

therefore, the streaming current measurement after coagulation. As a result of changing

conditions, the coagulant dosing control is affected. It was noted that small changes in pH

possibly ca used s ignificant ch anges  in particle co unt in the filtered  water. 

S Particle counting of low turbidity filtered waters was found to be more sensitive than "low-

range" tu rbidity mea surem ent. Durin g the inves tigation, the filtere d water tu rbidity

remained consistently below 0.1NTU, whereas total particle counts >2 micron varied

between 5 per m R and 100 per m R.

S The particle count after filtration was not found to be significantly affected by pre-ozonation

when compared to operation without ozonation.  Although the filtered particle count was

more consistent and the quality of the water was more easily maintained using pre-

ozonation, when the plant had been optimised for operation without ozone, the filtered

water particle count achievable was found to be lower.
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Chapter 10
PARTICLE COUNTERS, ZETA POTENTIAL AND STREAMING CURRENT
DETECTION AS CONTROL PARAMETERS FOR THE OPTIMISATION OF WATER
QUALITY

10.1 Background

Most water treatmen t plants rely on the effective dosing of coagulants and flocculation to achieve

particle removal by dissolved air flotation, sedimentation and rapid gravity filtration. Jar test

procedures are commonly used as a means to establish an effective coagulant dose.

Tradition ally, particulate m easure men t is effected  using eithe r turbidity or sus pende d solids. B oth

are indirect measurements. Turbidity is the measure of the light scattering properties of particles

in the wate r, wherea s susp ended  solids is a m easure  of the m ass of p articulate m atter pres ent. If

particle sizes or densities vary, these cannot be related to particle numbers.

Particle ch arge, indic ated by eithe r zeta poten tial or stream ing curre nt, correlate s with turbid ity

removal especially when charge neutralisation is the dominant coagulation mechanism. Umgeni

Water uses a measurement of streaming current to control the coagulant dose on most of the

treatment plants. This has been found to be an effective control parameter for the particular raw

water source and the coagulants used on the works. The objective of this study is to determine

whether streaming current can be used as an effective control parameter to optimise the

concentration of particles in the filtered water, or whether the coagulant dose can be set using

the particle  coun ts of f iltered  wate r as a  prim ary m easure for pla nt control.

10.2 Literature Study

The removal of particles in water treatment is accomplished by coagulation, settling and filtration

proc esses. T he pr ima ry obje ctive o f wate r trea tme nt is to  destabilise  and c ond ition particle s in

the w ater c hem ically an d phys ically fo r settlin g and  filtratio n. Th e par ticle desta bilisat ion is

caused by coagulant addition. Primary coagulants are dispersed into the raw water during a

“rapid” or “flash” mixing stage in a fast and uniform m anner to mak e the coagulation as effective

as possible. Hydrolysis takes place during the addition of the coagulant and is almost

insta ntan eous. Co mp lete flo c forma tion m ay tak e sev eral m inutes. Th e sub sequen t incre ase  in

the size of particles results in the development of floc and is called flocculation. These are critical
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processes in the removal of particles and the effectiveness is determined by the amount of

coagu lant adde d and the  extent of  destab ilisation (AW W A, 1992 ). 

Colloidal particles in water are electro-negatively charged and in stable suspension. Aggregation

of these particles results from the addition of positively charged ions to the suspension resulting

in destabilisation of the particles i.e. coagulation. The destabilisation of surface charge and the

interaction of ions in solution, effects the “zeta potential” which is related to the thickness of the

electrical double layer which surrounds a colloid (Van Duuren, 1997).  Streaming Current

Detection (SCD) is related to the concepts of zeta potential and electrophoretic mobility, and is a

measu re of the current generated by particles in the water after destabilisation (AWW A, 1992).

During a study by Hutchinson (1984), on-line particle counters were used to monitor the

effic iency of the  treatm ent p roce ss, a nd ind icate d the  need  to backw ash  filters . A laborato ry-

scale particle counter was also used to compare the number and size of particles in the pre-

treated and finished water in order to establish optimal chemical dosage. The direct result of

implementing this procedure was to reduce chemical costs by up to 32 percent. Additional

savings were also realised by a reduction in filter backwash frequency and a corresponding load

redu ction  on the slud ge ha ndling  syste m. T he co nclusion  from  this s tudy w as that pa rticle

counters give the operator the information to be able to optimise coagulation and filtration.

In anothe r study a pilot filter w as aga in used to  simula te the full-sc ale plant pe rform ance. A

laboratory particle counter was used to determine the optimum coagulant dosage (Monscvitz and

Rexing, 1983). The remaining particle count in the filtered water within a particular size range

was the criterion for optimising the dosage. By performing 5 experiments, fitting a quadratic and

setting the derivative equal to zero, the minimum dose could be established. This procedure was

also used for a dual coagulant system.

Zeta  potential was us ed to  optim ise the coa gulan t dose (Tunison, 1985 ) whe re the  partic le

counts in filter effluent were measured and compared for different filters. Tunison found that

although  a new  filter w as de signed an d con struc ted s imila r to the  old filte rs, the  partic le cou nts in

the final water from the new filter were higher than the counts from the old filters. However, the

filter run was longer. This showed that, although every attempt was made to reduce the final

water particle count, the filter also contributed to the numbe r of particles in the filtered water.
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10.3 Materials and Methods

An autom ated  pilot pla nt consis ting o f coa gulan t dos ing, pulsa tor type  clarifie r, and  rapid

gravity sand filtration was used during the evaluation. The water flow rate and coagulant dose

were controlled by a PLC and the streaming current was measured after flash mixing. The

clarifier was operated at an up-flow rate of 1.5 m/hr and a sand filter with 600 mm of 0.95 mm

silica sand was operated at a filtration velocity of  5.2 m/hr.

10.3.1 Streaming Current Detector

A simplified cross section of an SCD sensor chamber is presented in Figure 10.3.1.

Water flows through the chamber which contains a small piston that reciprocates

vertically. The current is generated by electrically charged particles in the water being

teste d. Th ese  partic les m om enta rily attac h to th e pist on an d the  induc ed cu rren t is

mea sured b y electrode s in the ou ter cylinder. 

10.3.2 Particle Counting Instrument

An ARTI on-line particle counter supplied by Optima Hydraulics was used for the

study. The instrument was connected to a constant head flow control device which

regulated the flow of water through the sensor. The particle counter was calibrated

before delivery and connected to a computer that collected data every minute from the

sensor. The flow through the sensor was 100 mR per m inute . The  set-u p of th e par ticle

counter is shown in Figure 10.3.2.

10.3.3 Control of the Coagulant Dose

The coagulant dose was set manually to achieve variability in the streaming current

measurement on the pilot plant. A blended polymeric coagulant (DADMAC) was used

as the coa gulan t bes t suite d for  the econom ic ope ration  of the  W iggins  W aterw orks  in

Durba n.  By increa sing the c oagulan t dose, the  SCD  becam e mo re positive. 

10.3.4 Sampling and Dilution

Samples of raw, settled and filtered water were taken and individually fed to the

particle co unter. T he particle  counts  in the resp ective size ra nges w ere allowe d to

stabilise before the average particle count was determined. During sampling of the
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Figure 10.3.1: Schematic of the Streaming Current Detector

Raw W ater (where the count exceeded the concentration limit of the instrument) the

sample was diluted with ultrafiltered water (low particle count) to determine the total

number of particles in the water. In order to ensure that the filtered water samples

were comparable, the sand filters were backwashed once per day and sampling was

performed after an hour of filtration.

10.4 Results and Discussion

Raw water from the Inanda Dam is delivered to the Wiggins Water Treatment Plant through a

series of aqueducts and tunnels. This water is piped from the “head of the works” to the pilot

plant testing  facility where the  trials were p erform ed. Dur ing the pe riod the raw  water turb idity

was between 10 and 20 NTU and particle counts > 2 :m between  2 500 and 4 000 per m R

(Figure 10.4a). The particle index of the average raw water quality was calculated to be 38 : 33 :

19.

The coagulant dose used on the plant was adjusted to between 2 and 7 mg/R, thereby simulating

a range of conditions for comparison. The streaming current was measured for both the raw

water and the water after charge neutralisation. Figure 10.4.b shows the effect of neutralisation

through the addition of coagulant on streaming current. At a dose of approximately 5 mg/R the
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Figure 10.4(a) :  Raw W ater Tu rbidity and Pa rticle Coun ts

streaming current became zero. This is not an indication of total neutralisation of surface charge

on the particles. To determine this the zeta potential measurement should be used. The

stream ing curre nt of the ra w water d uring the trial p eriod wa s relatively con sistent be tween – 2,3

and –3,4 mV.

The particle counts of the coagulated, flocculated and settled water were reduced from the raw

water, as can be seen in Figure 10 .4c (2500 particles per m R > 2 :m, in the  raw wate r to

between 300 and 8 00 per m R in the settled water). At very low coagulant dosages the

performance of the clarifier was poor and flocs were visible in the overflow.  It was apparent

that the distribution of particle size did change between the raw water and the settled water

where the number of particles in the size range >15 :m increased from an average of ~2 per

mR to ~10 per m R in the settled water. This is as a direct result of flocculation. There appeared

to be  a bro ad ra nge  of co agu lant dose  within  which a sim ilar pe rform ance was obs erve d. Th is

is not surprising as the plant was being operated below its design capacity and the turbidities

of the raw water were relatively low.
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Figure 10.4(b) :  The Effect of Coagulant Dose on Streaming Current

Figure 10.4(c) :  Particle Count and Turbidity of Settled Water at Various Coagulant Dosages

When one com pares the particle counts and the turbidity of the settled water, a trend may be

evident that the lowest particle counts and turbidity are between a coagulant dose of 3 and

5 mg/R. 

Unfortunately, it was not possible to connect the particle counter to the pilot plant on-line as there

was insufficient head available to obtain a reliable operation of the counter. It was also not

possible to determine the length of filter run before breakthrough nor the average particle count

over a full filter run for each coagulant dose.

Particle breakthrough at the beginning of a filter run (during “filter ripening”) will also contribute a

high count which has no link to the coagulant dose and optimisation of the coagulation

processes. In light of these facts, the use of “filtered water particle count” as a parameter by

whic h the  coag ulant  dose  shou ld be c ontro lled wo uld lea d to inc reas ed ef fort a nd pr obably

higher op erating co sts. 
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Figure 10.4(d) :  Particle Count of Filtered Water at Varying Coagulant Dosages

The settled water particle count, although also relatively stable over a large range of coagulant

dosages, would be a more appropriate parameter than the filtered water particle count to use as

a direct m easure  of the effe ctivenes s of coa gulation an d floccu lation. The  stream ing curre nt (zeta

potential measurement) varies most consistently with a changing coagulant dose. It is believed

that this is a more appropriate method for controlling the coagulant dose as it is a direct

mea surem ent and c an be ins talled directly afte r coagu lation. In this wa y, a faster res ponse  to

changes in the raw water quality can be obtained, whereas there may be a delay time when

mon itoring a par ticle count a fter settling or  filtration. 

The  prev ious  study of filtra tion perfo rmance indic ated  that th ere m ay we ll be a relationsh ip

between the conditions at coagulation and the filtered water particle count. This could not be

concluded during the pilot plant trials. The large delay time between coagulant dosing and

me asu rem ent o f par ticle coun t after  sedim enta tion o r afte r filtratio n det racts  for us ing pa rticle

counting  as a co ntrol param eter. 

10.5 Conclusions and Recommendations

The pilot plant study concluded that the use of particle count as a primary measure of plant

performanc e and coagulation efficiency is not advised. The particle count does provide a m ore

rapid response to changes in plant performance and will be a more sensitive warning of

abnormal plant operation.  This included pre-treatment, coagulation, sedimentation as well as

filtration. 
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The  partic le cou nt afte r settlin g m ay be a  mo re dire ct m easurem ent, b ut a lon g dela y time

between coagulant addition and particle measurement also implies that a poor response to plant

operating problems may be obtained.

The s tream ing curre nt or zeta po tential me asurem ent sho ws the m ost con sistent res ponse  to

changes in coagulant dose and is therefore a better parameter to use for control of coagulation

proces ses. T his can a lso be ap plied close  to the coa gulation po int and a fa ster resp onse to

changes in the water quality can be obtained.
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Chapter 11
THE EFFECT OF FLOCCULATION REGIME ON FINAL WATER QUALITY 

11.1 Background

South African plants, in general, do not reach the extremely low turbidity ranges (commonly less

than 0.15 NTU) which are currently reported from the state-of-the-art treatment plants from

Europe or northern America.  The most likely explanation is that there is no legislative or

consu mer  pressu re to reac h these  very low value s, and op erators d o not find it ne cessa ry to

further optimise treatment performance once their own operational goal (commonly 0.5 NTU or

lower) is reached.  In some ca ses, however, the authors have ob served serious operational effort

to minimise filtered water turbidity to the lowest possible level, but even then turbidity of less than

0.15 NTU is seldom or never reached.

It is ou r, at th is poin t unte sted , hypo thes is tha t this m ay be d ue to  a diffe rent f locculation reg ime

encountered at m any South African treatment plants.  Elem entary flocculation theory

differentiates between the sweep floc flocculation regime, and the charge neutralisation

flocculation regime.  In the first case, smaller particles are forcibly swept out of suspension by

large che mica l precipitates , even if there  would be  som e electrica l repulsion b etween  particles. 

In the second case, electrical repulsion is eliminated by surface charge neutralisation, and

particles can agglomerate spontaneously and grow into removable flocs.  Intuitively, it seems

that the charge destabilisation regime will be more effective in removing the last remnants of

unflocculated particles.

These two regimes are controlled by the pH at which flocculation is carried out.  At low pH values

(app roxim ately betwe en 5.5 and  6.5), t he ch arge  neut ralisa tion re gim e will pr edomin ate, w hile

the sweep floc regime w ill dominate at pH values higher than say 7.5.  Many of the raw waters

overseas have lower buffer capacity and lower pH than the well-buffered, high pH (and often

eutrophic) waters found in inland South Africa.  If overseas plants do not already operate at the

low pH values required for charge neutralisation, the pH is easily dropped by the acidic nature of

the coagulant used.  This opportunity does not exist in South Africa, where buffer capacity is high

and salinity is already a problem.  The hypothesis is that the sweep flocculation regime,

encountered more often in South Africa, is inherently the less effective of the two regimes.

To test the hypothesis, one should study the flocculation kinetics at a range of pH values which

cove r both  the sweep floc  and the ch arge  neut ralisa tion re gim es.  T he work d esc ribed  in this
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chapter boils down to a measurement and quantification of flocculation kinetics.  It is the

objective to use particle counting as a possible way to better calibrate the so-called Argaman-

Kau fman m ode l, a potentia lly powe rful m etho d to desc ribe flo ccu lation  ma them atica lly.

11.2 Literature Study

11.2.1 The Argaman-Kaufman Model

The Argaman-Kaufman flocculation model can potentially be used as an extrapolation tool

to generalise the flocculation behaviour of a particular coagulant/raw water combination

from  a sm all num ber of sim ple batch  experim ents.  In oth er word s, having  only a few d ata

points available, the designer can predict the flocculation behaviour at other flocculation

times, at other velocity gradients, and even for other reactor types.  Despite the potential

power and convenience of this method, it has not been widely adopted in general design

practice, probably due in part to the following potential difficulties:

S Unc ertain ty about the  gene ral va lidity and  sca lability of  the m ode l;

S No generally accepted procedure for the determination of the flocculation constants;

and,

S The difficulty of expressing flocculation performance in terms of the Argaman-Kaufman

flocculation performance para meter.

The Argaman-Kaufman flocculation model, as it is generally known, encompasses most of

the progress that had been made this century in unravelling the mechanisms of

orthokinetic flocculation.  The mathematical foundations had been laid by the often-quoted

work of Von Smoluchowski, developed in 1916 for the orthokinetic flocculation of colloidal

particles under laminar flow conditions.  In 1943 Camp and Stein introduced the RMS

velocity gradient G in the place of the laminar velocity gradient, thereby extending the

mo del to  includ e turb ulent  flow  re gim es.  T he as sum ption  was  ma de that all pa rticle

collisions were permanent, and no floc breakup was considered.  In 1966, Harris and

Kaufman modified the previous models to include the concepts of floc breakup and non-

lasting collision s.  Thes e conc epts we re incorp orated into  a turbulen t diffusion m odel, with

the assumption of bimodal floc size distribution, by Argaman and Kaufman in 1968.  With a

number of simplifying assumptions, they  developed and verified a working equation for

flocculation  in a single co mple tely mixed  reactor.  B y assum ing that the m odel con stants

remained con stant in consecutive tanks, the mod el was extended to and verified for a

number of flocculation tanks in series.  In 1977 Bratby and co-workers demonstrated and
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verified a theoretical link between flocculation in completely mixed and batch reactors,

which brought the calibration of the Argaman-Kaufman model within practical reach of

relatively simple batch laboratory procedures .  A more detailed review of the above

developments, along with the concomitant mathematical developments, can be found

elsewhere (Bratby, 1980; AW W ARF, 1991).

The Argaman-Kaufman equation for batch reactors, which will be used in this paper, is:

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11.1

Where:

n1 = number concentration of particles remaining after flocculation period

n0 = number concentration of particles before flocculation period

Ka = aggregation constant

Kb = breakup constant

G = root mean square velocity gradient (1/sec)

T = flocculation period (sec)

The flocculation performance parameter is defined as the ratio n1 / n0.

11.2.2 Measurement of Flocculation Performance n1/n0.

The measurement of supernatant turbidity, after flocculation and settling in a standard jar

test a ppa ratus , is a un ivers al and  time -tried  yards tick o f floccula tion perfo rmance.  Th is

principle, of substituting turbidity as a measure of particle concentration, had also been

used for the expression of flocculation performance in Argaman-Kaufman testing.  The

proposed method of sample withdrawal (Bratby, 1980) used a bent pipette for drawing a

sample horizontally 30 mm under the water surface - the same method used by the

authors.  There are three complications when turbidity is used to quantify flocculation

performance:

S If a flocculated sample is left to settle, the flocculated particles as well as the

unflocculated primary particles will settle from the suspension, albeit at different

rates.  The turbidity measured after settling (representative of n1) will ac tually

measure less primary particles than those present immediately after flocculation

stoppe d.  The a ccepte d way to co mpe nsate fo r this error (B ratby, 1980 ), is to



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 11-4

WR C Report No: TT 166/01 Stud y 5

measu re the initial turbidity (representative of n0) only after a sample has been

coagulated and allowed to settle for the same settling period, without any flocculation

at all.  In this way, the n0 measurement will also reflect less primary particles than

those present immediately after flocculation, thereby, hopefully, leading to a true

n1/n0 ratio.

S How long should samples be left to settle before n0 and n1 are measured?  One

qua litative  guide line is th at the  settlin g tim e sho uld co rrespond to a  time  slight ly

grea ter tha n tha t beyond which  no sig nifica nt im prov em ent in  supe rnata nt quality is

evident (Bratby, 1980).  In theory, the settling time should not be all that critical if the

reason ing in the pre vious pa ragraph  is valid. 

S The derivation of the Argam an-Kaufm an mode l is based on the removal of prim ary

particles from a suspension.  Turbidity has been used in the past as a substitute for

the determination of the actual number of particles in suspension.

Particle counting holds the promise of overcoming these difficulties posed by using

turbidity for measuring flocculation performance.  If the primary particles could be

measured directly with the particle counter, then there would be no need for settling, as the

sam ples  can b e ana lysed  direc tly after  flocc ulation.  Th e trick y ques tion o f sett ling tim e

wou ld not  ente r into th e pro blem  at all.

11.3 Materials and Methods

It stands to reason that flocculation constants cannot be compared or generalised unless the

method and  apparatus are standardised.  For this reason , apparatus and a m ethodology were

recommended by Bratby et al.(1977), also reproduced in Bratby (1980). This included the exact

geometry of the apparatus, along with a calibration curve for stirrer speed versus velocity

gradient G.  These recommendations were closely followed for the experiments reported here.

Two flocculation constants (K a and Kb) are derived from the experimental data.  The degrees of

freedom is equal to the number of tests n minus two.  Moreover, the effect of the aggregation

consta nt Ka is especially evident early in the flocculation process, while the effect of the breakup

consta nt Kb is only evident late r in the flocc ulation proc ess, an d espe cially at high veloc ity

gradien ts.  A previo us stud y  showed  (Haarh off et al., 199 6) that:

S a total of nine batch tests is sufficient for reliable estimation of the flocculation constants,

by including three different velocity gradients and three different flocculation times,

S sufficiently short flocculation time of 6 minutes or less is included to demonstrate the effect

of the aggregation constant, and



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 11-5

WR C Report No: TT 166/01 Stud y 5

S a sufficiently high velocity gradient of 100 /s and long flocculation time of 12 to 18 minutes

are includ ed to dem onstrate  the effec t of the bre akup  consta nt.  

The experimental matrix used in this project accordingly used twelve batch tests, namely three

velocity gradients and four flocculation times, which leaves ten degrees of freedom after

estimation of the flocculation constants.

The least-square fitting of the flocculation constants was done in term s of n1/n0 instead of n0/n1,

as it va ries lin early w ith the  expe rimenta l or m easurem ent e rror.  If  this is  not done , a sm all

me asu rem ent e rror a t low tu rbidity w ill be greatly amp lified if it is  used  below  the line , and  will

dom inate the s um o f square s used  for the be st fit.

11.4 Detailed An alytical Proced ure

The  expe rimenta l proc edure fo r the A rgam an-K aufm an test is detailed belo w.  Th e pro cedure is

the nett res ult of num erous a ttemp ts at the tes t.  Due to the  sensitivity of the re sult to

experim enta l varia tion, it is  cruc ial tha t the te st is perfo rmed co nsis tently a nd that the  floc is

handled w ith ca re.  The flo ccu lation  kine tics a re m onito red b y follow ing bo th turb idity and par ticle

counts at the same points throughout the experiment, allowing a comparison of the two

techniques.

11.4.1 Pre-test Preparation

S Switch on the particle counter and turbidimeter approxim ately half-an-hour before

starting an y test.

S Clean all glassware to be used thoroughly with detergent and rinse with tap water

followed by ultra pure water.

S Ensure that the environment in which the tests are being conducted is dust-free as far

as possible in order to minimise contamination of the test samples.

11.4.2 Prepa ration of the  Coag ulant  

S The  coag ulant  chos en in a ll tests  perform ed thus fa r has  been  an ino rgan ic m etallic

coagulant, iron (III) chloride or ferric chloride (FeCl3).

S The coagulant dose is expressed as FeCl3 rather than Fe3+.  Thu s the  dose  solut ion is

prepared as “grams FeCl3 per R of solution”.

S The concentration of the dose solution prepared is 1 g/R.
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11.4.3 Preparation of the Kaolin Suspension

S Weigh approximately 5 g of kaolin powder in a weighing bottle and transfer to a 1 R

volumetric flask.

S Make up to the m ark using ultra pure water.

S Mix th is solu tion th orou ghly by s wirling  and in vertin g to ensu re tha t all the  powder is

dispersed in the water.  This solution will now be used as a stock so lution to prepare

the test samples by dilution.

11.4.4  Preparation of the Test Samples

S The test samples should have a kaolin concentration of approximately 55 mg/R.

S To ensure uniformity in concentration, a 20 R volume of solution is prepared for each

flocculation G value.

S Pour 220 mR of the stock solution (thoroughly mixed using a magnetic stirrer) into a

measuring cylinder and transfer to a 25 R aspirator bottle.  Make up to the 20 R mark

using ultra pure water.

S Mix thoroughly by inverting and swirling.

11.4.5 The Test

S Disperse 3 R of the test sample into a reactor jar.  Lower the impeller and mix at a low

speed.

S The  mix ing co nditions un der w hich  the te sts a re to b e per form ed ar e tabulated in T able

11.4.5

S A maximum  of 3 tests can be performed at a time, owing to the limitations of the

equipm ent.

S The c oagulan t to be dos ed is dispe rsed into th e sam ple using  a syringe.  

S Using the optimised dose (12 mg/R in this instant), obtain the correct volume of

coagulant into a syringe, one for each reactor.

S Start the ra pid mix  and disp erse the  coagu lant as clos e as po ssible to the  impeller. 

Assistance might be needed in this regard since the three syringes are discharged

sim ultaneously.

S Particle counts are measured at the point when each flocculation time expires.

S Dilution is necessary since the counts were over the conc entration limit of the counter.
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Table 11.4.5 : Coagulation and Flocculation Parameters for the Argaman-

Kaufma n Tests

Coagulation

G value (sec -1) Corresponding rpm Mixing time (sec)

250 100 15

Flocculation

G value (sec -1) Corresponding rpm Mixing time (min)

30 22 3; 6; 10; 15

60 41 3; 6; 10; 15

100 46 3; 6; 10; 15

S To dilute, collect a volume of sample using a pipette with a 90/ bend.  The tip might

need to be cut  in ord er to w iden the ho le to av oid br eak  up of  the flo c.  Draw up slow ly,

to avoid floc breakage, from a depth of about 30 mm below the liquid surface.

S Dispers e the collec ted sam ple slowly ben eath the s urface  of the dilution w ater.  Note

that the sample is added to the water and not vice versa.

S Mix o nly by a s wirling  mo tion o f the b eak er.  Cover  with a  clear  polyethylene  plast ic

wrap and measure the counts.

S Tur bidity m easurem ent is  cond ucte d afte r the o ptim ised  settlin g tim e (30  min  in this

instant) has expired for each sample.  The settling time was selected after settling

tests  indica ted th at longer s ettling  time s did n ot im prov e the  wate r clar ity sign ifican tly.

S In addition to the determinations for the four flocculation times, a value for n0 is

determined from each 20 R sample prepared.  This is achieved using the exact same

proc edure ab ove w ith the  om ission of th e coa gulan t and  flocc ulation i.e.  particle

counts are measured after rapid mix and turbidity after settling.

11.4.6 pH Adjustment

S In addition to the standard tests where pH is constant, a separate set of tests was

conducted at varying pH levels.

S The pH is adjusted using HCl and NaOH.

S The test outlined above was now conducted at chosen pH levels.

S The tests were performed at pH 6, 7 and 8 in order to view the effect of different

flocculation regimes.
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Figure 11.5(a) :  A Typical Result Returned After Performing the Argaman-
Kaufm an Te st.

11.5 Results and Discussion

Figure 11.5(a) illustrates  a typical result returned by the Argaman-Kaufman test.  Each of the

tests return a co-ordinate on a n1 / n0 vs. mixing time graph.  Where n1 / n0 denotes the ratio of

particle count (or turbidity) at the end of the specific flocculation time tested to the particle count

(or turbidity) directly after coagulation.  The Argaman-Kaufman model is then fit to the data by

tweaking the Ka and Kb values until the least squares curve is found.  The flocculation (Ka)  and

break-up (K b) constants are then taken to describe the flocculation characteristics of the

suspension.

W hen  cons iderin g the  Arga ma n-Ka ufm an re sults  returned  for tests a t vario us pH  levels , the

results are expected to indicate an improved final water quality due to increased aggregation at

lower pH values and/or a decrea sed break-up in the sam e region.  Wh en the results are

considered from the test performed at various pH levels, this is not found.  Figure 11.5(b) shows

the results for the particle counting tests and Figure 11.5(c) show the results for the same test

based on  turbid ity.   Both  tests  indica te tha t the a ggre gation con stan t rem ains  appr oxim ately

constant at the three pH levels.  The break-up constant, however, illustrates unexpected

tendencies.  The break-up constant using particle counting techniques is unstable, indicating no

trend, whereas the turbidity methodology indicates a break-up constant following a trend

contradictory to what is expected.  The results obtained from these tests are inconclusive.
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Figure 11.5(b) : The Results from the Argaman-Kaufman Tests Based on the
Particle Counting Technique.

Figure 11.5(c) : The Results from the Argaman-Kaufman Tests Based on the
Turbidity Technique.

 

11.6 Conclusions and Recommendations

In this study, the suitability of particle counting was assessed as a means to measure flocculation

kinetics.  If this were successful, it would be a significant stride forward to introduce the

Argaman-Kaufman flocculation model as a practical methodology for measuring and predicting

flocculation kinetics.  Despite repeated attempts and the introduction of numerous precautions

and improvements to the experimental method, this study did not provide the precision and

repeatability required by the researchers.
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Does this reflect negatively on particle counting in general?  The researchers believe not.  The

processes of coagulation and flocculation are, after almost a century of research as summarised

in the literature survey, still poorly understood even at a conceptual level.  To measure such a

complex, transient phenomenon as flocs in the process of growing and breaking up, is the

hardest possible test to which particle counting could be put.  Specific questions that could be

raised in this case, include:

S Concerns regarding the amount of flocculation or break-up that might occur in the feed line

to the particle counter sensor.  Although it might be argued that an accep table comparative

result between various flocculation regimes might be derived from the admittedly “flawed”

mea surem ents, it cann ot be gua ranteed  that all flocs ar e affec ted sim ilarly during trans port. 

Larg e fluf fy flocs are  sure  to be  affected  diffe rently th an m ore c om pac t flocs .  It is virtu ally

impossible to distinguish between the affect of mixing intensity and floc transport to the

sensor.

S The affect of the comparatively turbulent flow when the floc enters and passes through the

sensor also give rise to similar questions as above.

S There is a significant time delay from sampling the particles to measuring the particles due

to the transfer of the sample along the sampling tube.  The counter used in this study had

a delay of approximately 60 seconds.   It is not clear what the affect of this delay on the

nature of the floc is.

S The response of particle counters to floc has not been studied to date.  Since light

obscu ration partic le senso rs esse ntially detect the re duction o f light falling on it , it is quite

conceivable that large fluffy flocs might elicit the same response as smaller more dense

flocs, essentially negating the affect of various flocculation variables such as mixing

intensity and flocculation regime.

Mos t of the se concerns  fall aw ay when pa rticle c oun ting is  applie d to re latively s table

suspensions which change over tens of minutes or hours (such as filter cycle suspension

chang es), and  when th e proce sses o f floc form ation and  break up have  been m ostly arreste d. 

The refo re, fo r trac king  flocc ulation kin etics  with th e type  of ex perim ent conducte d her e, pa rticle

counting is not a reliable tool, but this does not preclude its successful application to many other

drinking water applications.
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Chapter 12
FILTER PERFORMANCE UNDER VARIOUS HYDRAULIC CONTROL REGIMES 

12.1 Background

Particle breakthrough in filter operation is most likely in the first hour of operation.   Cranston and

Amirtharajah (1987) pointed out that the transport of potentially pathogenic micro-organisms

might occur in this initial period of degradation.  Alternatives that had been suggested to reduce

the ripening peak include filter-to-waste and the injection of poly-electrolytes to the backwash

water in the final stages of backwash.

Thes e alternative s, althoug h effec tive, are not ide al.  The filter-to -waste p rocedu re can lea d to

the loss o f significan t quantities o f produc t water, par ticularly if the ripenin g period is  long. 

Ripe ning c an take u p to tw o hou rs.  In a ddition to th is, bo th filter -to-w aste  and a ddition of p oly-

electrolytes require significant and costly infra-structural changes to plants that have not been

designe d with thes e alternative s in min d. 

Other suggestions include (Cran ston and Am irtharajah, 1987):

S discharg ing ba ckw ash  wate r stan ding a bove  the m edia in  the filte r bas in, bu t aga in not  all

plants are provided with the infrastructure required for this alternative and this alternative

will also lead to a further wastage of water, and

S extending backwash runs for some time after the bed had been washed at lower than

minimum fluidisation rates which also leads to excessive water wastage.

In contras t to this , all filter s allow  a m easure o f hydraulic c ontro l in their  start- up pr ocedure s.  If it

can be shown that alternative hydraulic control regimes can lead to significant reductions in the

peak an d dur ation  of the  ripen ing pe ak, th is alte rnativ e can  be em ployed  at the  mo st basic

plants.  In the South African context, this is of particular importance.

12.2 Literature

12.2.1 Filter Ripening

Am irthar ajah  and W etste in (19 80) s tudied the  initial de grad ation  in efflu ent quality in d etail

and concluded that the poor quality of the effluent was caused by the remnants in the
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Figure 12.2.1: Detailed Analysis of the Ripening Peak. (Am irtharajah and W etstein, (1980))

backwash water that was still in the filter basin after backwash.  A detailed analysis of the

ripening peak was presented and this is shown in Figure 12.2.1.

The analysis shows several distinct phases in the ripening peak.  These stages can be

traced to the position of the water at the end of the backwash process.

The first stage is fairly clean as it originates from the backwash water that is still in the

underdrain sys tem  at the  end o f the b ack was h cyc le.  Th e tim e at th e end  of this  stage is

denoted as TU.

The second and third stages are functions of remnants in the backwash water that is in the

media and in the filter basin above the media respectively, at the end of the backwash

cycle.  The times at the end of these stages are denoted with TM  and TB respectively and

both times correspond with peaks.  The first peak is not always noticeable due to the

differenc e in peak  size and th e time re solution of  the m easure men t techniqu e em ployed.  It

is also direc tly related to the ra te of filtration.  T B generally lasts from 1 to 10 minutes.

After TB, the water quality improves as new water enters the basin.  The receding limb of

the curve  describ es the s tage in wh ich the efflu ent quality im proves  and this e nds at T R

when th e chara cteristic pro duction p hase o f a filter starts w here a w ater of co nstant qu ality

is produc ed.  T R may extend from 1 to 2 hours.
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12.2.2 Mechanisms in Filter Ripening

Several mechanisms are responsible for the improvement of effluent quality during filter

ripening.  Cranston and Amirtharajah (1987) made mention of the following two.

S Dendrite and particle chain formation

As particles attach to media they effectively increase the size of the media grain.  The

increased “surface area” of the media grain then allows for more efficient transport of

particles to the grain as well as for more effective attachment.  This leads to an

imp rove d filter  effluent quality.

S Pore clogging

Pore clogging leads to an increase in local capture efficiency.  After backwash no

pores are clogged.  During the initial stages of filtration clogging becom es more

prev alent  and this lea ds to  incre ased filtra tion e fficiency.

12.2.3 Factors Influencing Ripening

The following variables have been found to influence filtration efficiency in general and

filter rip ening  spec ifically.

S Filtration rate

The negative impact of increased filtration rate on particle is expected from filtration

theory (Clark et al., 1992).  This was also found to be the case in work done by Darby

et al. (1991).

S Suspe nded p article size

The physical characteristics of particles are thought to play the dominant role in the

transport of the particle to collector sites (Darby and Lawler, 1990).  It was suggested

that larger particles are transported to their collection sites on the media by

sedimentation and fluid flow, while smaller particles are captured more efficiently by

Brownian movement (Darby et al., 1991).  Clark et al. (1992) compared the ripening of

particles of various sizes and found that ripening occurred at different rates for different

particle sizes.   The ripening effect on smaller particles (1 to 6 :m) continued long after

the ripening of larger particles (6 to 13 :m) had stopped.  It was suggested that the

poorer remova l might be caused by surface  chemical effects or by floc break-off.
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S Suspended particle size distribution

Vignesvaran and Ben Aim (1985) suggested that retained coarse, with retained fine

particles, acted as additional particle receptors and that this could account for the

improvement of the removal efficiency of finer particles in the presence of coarser

particles.  Chang and Vignesvaran (1990) have already developed a mathematical

model to incorporate particle size distribution.

S Particle concentration

Higher p article con centration s lead to fa ster rates  of ripening .  This is be cause  the rate

of ripening  depen ds on the  num ber of pa rticles cap tured pre viously (Clark  et al., 1992). 

The total number of particles available (concentration) to be captured has a significant

effect on the removal in a filter bed.

S Particle destabilisation

The degree of stabilisation of the particles to be removed, plays a significant role in the

rem oval of pa rticles during  ripening an d filtration in gen eral (To biason e t al., 1996). 

This is du e to the role  that chem ical cond itions play in the a ttachm ent of pa rticle to

collector sites (Darby and Lawler, 1990)

Apart from filtration rate and particle destabilisation, the plant operator has no control over the

factors that govern the removal of particles during ripening as well as during normal filtration.  As

stated earlier, particle destabilisation involves complicated operational procedures and

sometimes fairly expensive plant alterations.  This leaves the hydraulic control of the start-up as

the only feasible option for amelioration of the ripening stage.

Tobiason et al. (1996) did some work on the effect of hydraulic control of filters during start-up at

full scale pla nts and  conclud ed that :

S A reduced initial filtration rate can lower the particle concentration in the ripening peak as

well as reduce the cumulative number of particles in the filtered water during the filtration

run,

S a higher initial rate causes an increase in the ripening peak but may allow for a shorter

time period for filter to waste operation to achieve a desired filter water quality, and

S regardless of initial rate, the peak concentration during ripening occurs at a volume of

water associated with the backwash remnants located just above the filter media at the

end of backwash.
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The work of Tobiason et al. (1996) was conducted on full-scale plants and difficulty was

experien ced  in rep eating som e res ults.   S ignific ant va riation  was  foun d in the  wate r qua lity in

replicate tests.

12.3 Materials and Methods

The work in this study was carried out on a pilot filtration plant in order to exercise more control

over the start-up process.  The plant was operated in a direct filtration mode.  An artificial raw

water was made up using water from a municipal supply to which kaolin was added.  The raw

water was prepared in a 200 R drum and the kaolin was kept in suspension with a mixer.  The

water was flocculated using ferric(III)chloride (FeCl3) which was dosed at an optimised rate using

a peristaltic pump.  A 6 m long 25 mm N pipe running at a super critical angle was used as

flocculator.  Filtration in the 140 mm N column was carried out at a constant rate of 5 m/h.  The

media bed was 400 mm deep and consisted of commercially available filter sand with an

effective size of 0,85 mm and a uniformity coefficient of 1,4. The filter was operated under

constant head and was backwashed from a municipal source.  In the latter runs of the

investigation the influent water particle counts and turbidity were also monitored to detect

whether there were anomalies in the experimental setup that was influencing the outcome of the

experiments.

Several runs were m onitored.  Initial runs were held constant at 5 m /hr.   Subsequent runs were

increased from 3 to 5 m/hr over a period lasting 20 minutes while others were decreased from 7

to 5 m/hr over a similar period.  In order to minimise the effects of variables such as raw water

quality, the runs were executed in quick succession.  The experiment was a continuous exercise

with only two h ours allow ed for filter ripe ning and  produc tion betwe en the diffe rent bac kwas hes. 

The experimental procedure was improved over time in order to achieve repeatability which

proved to be elusive.  This report will deal mainly with results generated in the latter part of the

study.  A m ore com plete reco rd of al the te sts don e is repor ted elsew here (H usselm ann, 200 0). 

Theoretical values for TU, TM  and TB, as defined by Amirtharajah and W etstein (1980), were

calculated for the three experimental setups and are given in Table 12.3.

Table 12 .3 : Theo retical Values  for TU, TM  and TB

Description of Experiment  TU  TM  TB

Constant Rate Start-up 0.9 min 3.5 min 26.3 m in

Decreasing Rate Start-up 0.6 min 2.5 min 21.4 m in

Increasing Rate Start-up 1.5 min 5.75 m in 31.3 m in
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Figure 12.4(a) :  Ripening Curves for Filter Runs at 5 m/s.

The ripening curves were monitored using a Pamas 3316 particle counter which monitored 16

partic le size  rang es as  desc ribed  in par agra ph 5.2 of th is rep ort.  T he pa rticle c oun ter wa s run  in

an on-line mode.  Turb idity measurements w ere also taken using a HA CH Ratio Turbidim eter.

In addition to this, two full-scale plants were monitored on several occasions.  The Pamas 3316

partic le cou nter w as us ed ag ain.  G rab s am ples  were  take n in the  initial ru ns (th ose  done  in

1999) and in later runs (2000 runs) the particle counter was used in an on-line mode. The

operators were asked to backwash in the “normal’ way so that repeatability of the backwash

proc edure co uld be  ensu red.  In  both  cases the bac kwa sh pr ocess w as au tom ated  with only

initiation being triggered manually.  Turbidity was also measured occasionally and this was done

on gr ab sa mp les.  T he pu rpos e of th is exe rcise  was  to comp are p ilot plan t resu lts with  full-sc ale

results.

12.4 Results and Discussion

The results from the three sets of experiments are shown graphically in Figures 12.4(a), (b) and

(c) and the various runs are numbered 4.1 to 4.6.  Each graph contains both particle counts and

turbidity measurements taken during two runs.    Figures 12.4(b) and (c) also contain count and

turbidity plots of the incoming (“raw”) water for the various experiments.
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The particle counts for Runs 4 .1 and 4.2 indicate that ripening is taking place.  This is, however,

not reflected by the turbidity measurements in the same period.  The same observation is made

in Runs 4.3 to 4.6, indicating that particle counting is the more sensitive indicator of filter

perform ance b etween  the two.  Bo th particle co unt runs  indicate a c lear decr ease in w ater qua lity

followed b y an imp rovem ent. The  two grap hs are n ot similar, w ith a differen ce in pea k coun ts

app roac hing 5 0% and a lso oc curr ing 5 m inutes apa rt.   Th ere is  also a  signif ican t diffe renc e in

the stabilised counts.  When the graphs are compared with the graph presented in Figure 12.2.1,

several other observations are also made.  These include :

S The lag before the initial degradation in water quality occurs, is visible albeit at different

levels.  This indicates that the filter was possibly not cleaned to the same level before each

run.  This must have an influence on the progression of the individual runs but it is not

possible to quantify the affect of this at this time.

S One  peak , and  not tw o, is vis ible in th e gra ph.  A cco rding  to Am irthar ajah  and W etste in

(1980) th e first peak  is not always  visible.  How ever, the p eak tim e does  not corre spond  to

the theoretical time for TB pres ente d in T able 1 2.3 fo r this p articu lar ex perim ent.  It is , in

fact, much closer to the value for T M .  This ca nnot be e xplained  at this time .  

S According to Amirtharajah and Wetstein, the bed should be fully ripened by time T R.  This

time  is quo ted as app roxim ately 1  to 2 ho urs.  T he sc ale m ode l show s some  varia tion in

this parameter but the ripening time seems to lie within the range indicated by Amirtharajah

and Wetstein.

Runs  4.3 and 4 .4 (Figure  12.4(b)) tra cked  the ripening  of the filter dur ing the “D ecreas ing Start-

up Rate” experiment.  Also indicated on this graph is the particle counts and turbidity values for

the incoming flow.  Although some variation is shown in the incoming water flow, this is not

conside red to be  exces sive.  

The particle counts for the filter effluent show a better comparison directly after start-up than the

previous two runs.  This, however, does not preclude the two runs shown here, to diverge

significan tly later in the expe rimen t.  In this case , the differen ce in pea k coun ts appro ach 10 0%.  

Neither of the two runs exhibit a clear peak and ripening continues for the en tire run.  Again there

is a significant difference in the final water quality toward the end of the run.

Runs 4.5 and 4.6 show a closer correlation in the early stages of the run with both the start-up

levels showing close resemblance and the peaks occurring at approximately the same time and

level.  T he rip ening  stages of  the tw o run s are  diffe rent.   Run  4.6 has a m ore “s uccess ful”
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Figure 12.4(b) : Ripe ning C urve s for  Filter R uns  Start ed at  7 m /s and Re duced to  5 m /s in
20 minutes.

Figure 12.4(c) :  Ripening C urve s for  Filter R uns  Start ed at  3 m /s and Inc reas ed to  5 m /s in
20 minutes.

recovery in the period following the peak than Run 4.5.  Again the stabilised water qualities vary

substa ntially.   

Table 12.3 compares the different filter runs on a theoretical basis.  Current theory base the

estimate of the occurrence of the peak in ripening, on the amount of water filtered.  It follows that
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the peak  will occur fa ster if initial flow rates  are highe r.  On this b asis, the va lues in Ta ble 12.3

have  been  calcu lated .  It is no t that e asy to  dete rm ine the heig ht of th e pea k.  So me  mo dels

have be en pub lished, but th ese ha ve not be en incorp orated in th is study as th e intention w as to

measure these peaks.  The basic assumption is that the higher the start-up rate is, the higher the

peak would be.  This is confirm ed by the work done by Tob iason et al. (1996).

Table 12.4 summarises the approximate values obtained from the experimental runs for peak

counts , TU, TM  and TB.   The results appear to follow the time patterns as predicted, albeit at

different values with the order of peaks following the order of filtration start-up rates. The average

peak counts indicate the opposite to what was expected. Here the lowest start-up rate has the

highest peak and the highest rate the lowest peak. It is interesting to note that the decreasing

rate start-up run took the longest to reach a stable production stage, essentially negating the low

peak va lue re ached ve ry early.

Table  12.4 : M easur ed Va lues fo r Peak C ount s, Peak  Duratio ns, T U, TM  and TB

Description of Experiment Peak C ounts

>2 :m/mR

Peak Duration  TU  TM  TB

Constant Rate Start-up 15 000 - 22 500 25-35  min 3-5 m in 7-12 m in

Decreasing Rate Start-up 12 000 - 24 000 50+ m in 3-4 m in 6-8 m in

Increasing Rate Start-up 22 000 - 25 000 15-20  min 3-4 m in 8-10 m in

In order to establish which operating regime provides the lowest risk of particle breakthrough

during start-up, peak counts and peak duration have to be considered. In essence, the

breakthrough curve ha s to be integrated over time to give the total number of particles that have

brok en th roug h. Th e data pre sen ted here is  not suffic ient to  allow c onfid ence in the  resu lt that is

retur ned  if suc h an e xerc ise is p erfo rmed. T his ex ercis e has  however  been  perform ed an d is

reported as an indication of how it could be done in future studies.

Runs 4.1, 4.3 and 4.6 have been selected as “typical” runs and a base count of 75 000 particles

> 2 :m/mR is arbitrarily taken to indicate the end of ripening for all three counts. Calculating the

number of particles passed through the filter above this value then returns the result as indicated

in Figure 12.4(d).

The full-scale test also revealed a significant variation in measurements. The data for Plant 1 and

Plant 2 are presented in Figures 12.4(e) and (f). Plant 1 is a 40 MR/d plant treating water from a

eutrophic impoundment. The filters are fully automated and washed after a fixed period of

ope ration  befo re bre akth roug h is ex perie nced. Th e bac kwa sh pr ocedure , whic h inclu des  air



Standardisation of the Use of Particle Counting for Potable Water Treatment in SA Page 12-10

WR C Report No: TT 166/01 Stud y 6

Figure 12.4(d) : Indication of Total Particle Breakthrough for the Three Start-up Modes
Investigated

scour, is automated. The first minute of filter water is discarded in a filter to waste procedure.

Three different filters were monitored at this plant.  Start-up was timed from  the start of the filter-

to-waste  proced ure, but no  sam ples wer e taken  from  this stream  due to ac cessib ility problems . 

A single sample was taken from the filter outlet as an indication of clear water counts and

turbidity as this was the expected point of departure for the curve.

As with the laboratory tests, the turbidity measurements at Plant 1 do not show much variation

and do not indicate a distinct ripening curve. However, this is visible for the count data. The three

count curves do show some consistency, but this is still not sufficient to analyse the affect of

various c ontrol option s. More  runs are  required  to determ ine the m edian res ponse  of the filter to

the various procedures. The runs also do not show the detail indicated by Amirtharajah and

Wetstein (1980). This is possible due to the fact that the first minute of the run is not monitored

and also that the response time and resolution of the particle counter is not sufficient to detect

the first peak. The peaks measures in Plant 1, and also Plant 2, are much lower than the peaks

observe d in the  pilot pla nt. This is a ttributed to  the d iffere nt na ture o f the s uspens ions  filtered in

the different cases.

The tu rbidity mea surem ent at Plan t 2 indicates  a mo re distinct cu rve than m easure d previou sly. 

However,  it is still unsatisfactory due to its unstable nature. The criticism can be levelled at at

least two of the particle count runs at this plant. The run of 30 June 1999 posed some particular

concern. Plant 2 is a 90 MR/d plant trea ting s imila r wate r to Pla nt 1. T he ba ckw ash  proc edure is

similar to that of Plant 1, except that filter to waste is not employed. The peaks show a significant

variation in size.   This is attributed to all the tests being performed on different days, whereas

two of the tests on Plant 1 were performed on the same day. The differing peaks can possibly be

attributed to changes in filter influent quality. Again, more tests are required to determine the

response of these filters to varying control procedures.
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Figure 12.4(e) : Filter Start-u p Mon itoring at Plan t 1

Figure 12.4(f) : Filter Start-u p Mon itoring at Plan t 2
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12.5 Conclusions and Recommendations

The re sults return ed from  both the p ilot plant study as  well as the w ork do ne at full-sc ale plants

indicate that particle counting is more sensitive, and therefore better suited, to the measurement

of filte r ripen ing cu rves  than  turbid ity.

Maintaining and ensuring repeatable filter runs have proved difficult and led to results that are

not entirely satisfactory.  This problem has also hampered other researchers (Tobiason et al.,

1996).  Despite this, the results generated during this study illustrate that some benefit is to be

gained fr om th e ma nipulation o f filter start-up.   F urther stu dy mus t conce ntrate on  repeat tes ts

over ex tended  periods in  order to find  the m edian res ponse  of filters to varie d contro l procedu res. 

Repeats of three or four runs are not sufficient due to the inherent sensitivity of filtration

proces ses to s mall var iations in se veral para mete rs.  The  authors  still consider p ilot-plant tests to

be m ore app ropriate tha n full-scale  tests as th is allows m ore con trol over ex perim ental variab les. 

Other aspects that m ust be considered are the con ditioning of the filter bed before the tests are

com me nced and  the point a t whic h the  filter ru ns ar e term inated.  In o rder  to have repea table

results, it is imperative that the filter run is started with the media in the same state of

“cleanliness” as during the previous run.  This is a particularly difficult aspect of the experiment

as it defies  direct m easure men t.

An aspect of this study that posed particular concern, was the use of water from the municipal

reticulation system.  The quality of the water changed from day to day and this impacted

negatively on repeatability.  The use of other water sources was precluded due to the size of the

experimental setup.  Future workers must attempt to standardise the water quality used in these

experiments.
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Chapter 13
CONCLUSIONS, PROJECT  APPRAISAL AND RECOMMENDATIONS

Seve ral ob jectiv es were s et at th e out set o f this p rojec t.  The  level o f suc cess of th e pro ject in

achieving these objectives are presented below.

Evaluation of available particle counters, configuring of the counters and standardising reporting

procedures.

This objective has been obtained.  A complete summary of particle counters, suppliers and

methodology is provided.  In addition to this, guidelines are given on the handling of data.  To date,

this aspect of particle counting has been neglected in literature.   The report also shows how the

data can be reduced to fewer, more meaningful, data points that can be used in the day-to-day

operation of potable water treatment plants.  From  this discussion, it is clear that particle counters

and particle counting technology will have to undergo further development before it reaches the

level of standardisation that turbidity measurement technology has reached.  Users will have to be

aware of the limitations of particle counting until then.  This said, careful and conscientious use of

particle counting will allow users much more insight than turbidity alone, when water clarity issues

are investigated.

Establishing baselines in terms of general process performance using particle counters.

Several plants were selected by the project team and these plants were monitored during several

site visits.  These visits generated more than 126 process monitoring runs.  This ensured that

sufficient datasets were available for analysis.  Analysis proved to be extremely complex and it was

decided to confine the discussion in this report to the characterisation of the raw and filtered waters

from these plants.  This has been successful and introduced a novel approach in classification of

the w ater.   This  is par ticula rly true  for the raw  wate rs.  T he re sults  from  this s tudy indica te tha t it is

possible  to define th e chara cter of raw  water m ore suc cinctly than w ith turbidity alone.  C omp lete

classification of raw waters and further development of process selection criteria based on raw

wate r part icle co unt in form ation  mu st be  cons idere d as a  next  step .  An invest igation of p article

counts during the treatment process is also necessary.  This will also provide a diagnostic tool for

treatment plant performance evaluations.
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Study of the effect of flocculation regime (charge neutralisation vs. sweep floc) on final water quality.

This study has proven to be extremely complex and has served to highlight some of the 

shortcomings of particle counters, ie. the measurement of coagulated and flocculated particles.

Thes e particles  are inhere ntly unstable  and it is virtually imp ossible to g enerate  depen dable co unts

on these samples.  This is attributed to fundamental shortcomings of particle counters as well as

the transient nature of the coagulation and flocculation process that makes the tracking thereof

very difficult.  This study returned inconclusive results.

Evaluating filter performance under various hydraulic control regimes.

Maintaining and ensuring repeatable filter runs have proved difficult and has led to results that are

not entirely satisfactory.  This problem has also hampered other researchers (Tobiason et al.,

1996).  Despite this, the results generated during this study illustrate that some benefit is to be

gained fr om th e ma nipulation o f filter start-up.   F urther stu dy mus t conce ntrate on  repeat tes ts

over ex tended  periods in  order to find  the m edian res ponse  of filters to varie d contro l procedu res. 

Repeats of three or four runs are not sufficient due to the inherent sensitivity of filtration processes

to small variations in several parameters.  The writers still consider laboratory scale tests to be

mor e appro priate than  full-scale tes ts as this a llows m ore con trol over ex perim ental variab les. 

Other aspects that m ust be considered are the con ditioning of the filter bed before the tests are

com me nced and  the point a t whic h the  filter ru ns ar e term inated.  In o rder  to have repea table

results it is imperative that the filter run is started with the media in the same state of “cleanliness”

as during the previous run.  This is a particularly difficult aspect of the experiment as it defies direct

mea surem ent.  

Throughout the exp erimental work it was found that particle counting was the m ore sensitive

measurement procedure when compared with turbidity.  Turbidity failed in most cases to show up

the ripening curves.  It is suspected that the turbidity curves, along with the particle counting curves

will benefit from further refinement of the experimental procedure.

To investigate the use of particle size analysis as a control parameter for the optimisation of water

quality, and  to com pare this to  the contro l using zeta p otential or stre aming c urrent.

It was found that the filtered water particle count did not change significantly under different

coagulant dose conditions. This was primarily due to filtered water samples being taken during a

period of  "best per form ance" o f the filter. The  settled wa ter particle c ount did c hange  slightly with

coagulant dose and an increase in the particle number in the larger size fractions was observed.
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There is however normally a long time delay between the point of coagulant addition and the point

where particle count would be measured (either after sedimentation or after filtration) which makes

it impractical to use this as a response parameter to changes in water quality. Streaming current

measurement lends itself as a better tool for optimising coagulant dose as it shows a significant

respon se to ch anges  in dose a nd can  be pos itioned m uch clos er to the do sing poin t.

To investigate the relationship between particle size, Cryptosporidium and Giardia in filtered waters

from water treatment plants.

It was im practica l to mon itor filtered wate r effluent a nd to try to com pare the  particle co unts to

numbers  of Cryptosporidium  oocysts and Giar dia  cysts  in the f iltered  wate r. Acc urac y of an alysis

and the serious implication of reporting Cryptosporidium  as be ing pr esent in fin al wa ter (if it is

actually there at all) meant that these protozoans h ad to be spiked into sam ples of filtered water.

By sp iking  though, suffic ient num bers  could  be injecte d to obtain  a res ponse fr om  the particle

counter and the size range in which these organisms can be detected was obtained.

Cryptosporidium  oocysts were detected in the 2-5 µm size range whereas Giar dia  cysts were

detected in the 5-10 µm s ize range. The standards of Cryptosporidium  and Giar dia  that were

obtained were however not 100% pure and other particles in the standard resulted in the total

counts being more than 3 times higher than what was expected. This confirms that should there be

Cryptosporidium  and Giar dia  in the f iltered  wate r, the p article  coun ters m ay detect an incr ease in

the particle c ount in a s pecific size r ange, bu t does no t indicate tha t if there are c ounts in a ny size

range that there definitely is Cryptosporidium  or Giar dia  present in the water.

To study the effects of pre-treatment processes such as ozonation on the clarity of filtered water by

measuring the particle size after filtration.

During an investigation at the Wiggins Water Treatment W orks, the particle count after filtration

was not found to be significantly affected by pre-ozonation when compared to operation without

ozonation. Although the filtered particle count was more consistent and the quality of the water was

more easily maintained using pre-ozonation, when the plant had been optimised for operation

without ozone the filtered water particle count achievable was found to be lower.

The c hem ical and ph ysical cond itions in the raw  water aff ected the  perform ance o f the plant to

remove particles from the water.  Treating water with a low raw water turbidity bentonite was

required to adequately maintain plant performance. The dose of bentonite, the pH at coagulation

and temperature of the raw water appeard to affect the filtered water particle count. Pre-treatment

and  cond itioning of th e wa ter be fore  coag ulation can  there fore  affect the  filtered wa ter qu ality.
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To consider the use of particle size analysis together with Computational Fluid Dynamics for the

optimisa tion of wate r treatme nt equipm ent.

This objective has not been completed. Without the knowledge of particle counting in South Africa

and without experience in the use of such instruments, the methodology of how to combine these

techniqu es was  not availab le. CFD  is a tool for m odelling flow  through  a plant and  can be  used to

impro ve inefficien cies in the o peration o f equipm ent. Particle  counting  is probab ly best applied  to

filtered water where inaccuracies as a result of coincidence and the limitations of instruments (i.e.

concen tration  limits ) are n ot significa nt. W ith hindsight, as  the opera tion o f par ticle coun ting in

South Africa is better understood, there are probably more appropriate analyses which could be

used m ore effe ctively with CF D for op timising w ater treatm ent equip men t.

Other work

Ove r and  abov e these ob jectiv es, w ork w as pe rform ed in a ssessing the  calibr ation  of the  partic le

counting instruments using monodisperse latex standards from Duke Scientific as well as a

Stan dard  Referen ce M ateria l 2806  used  in the c alibra tion o f par ticle coun ters in  the hydrau lic fluid

industry. These exercises were interesting in that we found it almost impossible to perform both a

size comparison as well as a count comparison using the technique of injecting particles into a

filtered wate r. It is propos ed that for  the objec tive of che cking th e calibration  of an instru men t a

special test bench is used where a sample of known particle count and size can be circulated

through the particle counter and a reliable consistency in the method and result can be guaranteed.
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