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SITMIORY

Detaileil tests on a mu':l, obtained. from Avonrnorth in the Severn

Estuaryl were ce,rriecl out in botton w'lbhdrawal tubes up to 2.0 metres

luigb to deterntne the effect of suspeniled, concentration, sallrdty, anil

clepth of settling on the gedinentatton nrte.

The settling velocity was for.rnd to increase w.ith concentration up

to about 14 e/L, when hinile:red. gettling begins, and w:!.th EaLinLty uB

to about 30 gh, Inttial-Iy the settli.ng velooity redueect w'tth increas-

tng ilepth, :reachJ.ng a nirelqun va].ue at about 1.0 netreal but lt

lncreased thereafter up to a ctepth of about 2.0 metree, when settling

veLoclty beoane constant.

A revlew of the baelc theory of flccculat{on ls incLualedl.
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A DUAII&D STUDT OF TIIE

SETILING VEIOCITIES OF AI.T ESTUATT MITD

ITfIBOWCTION

1. A conprehensive reseanch prograrme to stu(y the properttes sncl

behavlour of mds is in progt€ss at the i{ydraulics ilesearch Stationo and

the firgt phase, to revlew the available litetature, has aheacl;r been
/ r \

r€portecl. \ '/ This report presents the :results of detaiLetl tests on

the settling velocity of Avonmouth rmd, in prticular to stu{y the

effect of salinity, concentratLon and depth of eettling on the

settllng velocity. The Lntention is to repeat several of these tests

for nud.s froro various other estuarles, and to conpare the results

obtalned.

2. The settling velocity of cohesionless particles, 
"o?1r." 

coarse

eilt, sand a,nd. gravel (using the 3.S. size classiflcatlon\t/ lcan be

calcul-ated. j.n a low concentration susp,ension using well tlefinecl

expressions (e.g, Stokegt Lr), fron the reLative density, slze and.

shape of the partlci.es, since the onLy forces invoLved are gravlty and

the flow resistance of ths tru,rtlcle. lilhen the partlcle concentration

ls highr and the various particles interact to alter the flov nesist-

ancer the faII velocity d:iverges fron the low-concentration nalue as a

functlon of the volune concentration of the parttcles in suspenslon.

Severel of the fo::oulae deocribing this divergence are rerriewed ancl

conpared by li,appel and Brenne".(f )
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3. The gettUng of cohosirre particlesl horever, cennot yet be

cal-culated frCIn arqr theoretlca.lly derLved expresolon, $uch particlee

are usually in the fine sllt and clay slze rangps, where Sr'orrelan

notion le signiftcant conparetl wlth gravltational motion. !ab1e I,

for insta^nce, oompares the nean d.isplacenent trnr seoond of partlcles

of varlous slzes in water, due to Browntan notlon, alrcl settling trnder
gravity. trbr the flnest partlclesr the Srownian nrotlon would" be

sufftcLently strong to naintaln the particles ln suopenslon for a very

long tlne but another mechanlsn causes thege pa.ryticles to settle out.

As the partlcles coLritle with each other, for lnstance by Brornian

motlonr cohesive forces which a:re large compa.neil vith the gravity

forceg cause thern to adhere to each othen, thus forrlng aggregates of

particlesr or flocs. Theee flocs can be large enoug!. to onenoome

Srsrn{an mottonr ancl to settle out. lhe basic urrit of settling of

cohesive particles is therefore a floc, the size ancl fo::oatLon of wtrich

clepend.s on the freguency of colListon of partlclesr and on tbe strength

of the cohesive forces. Elreee forces a^re conplex functlons of the

particle minertloryr and the electro-chemica.L nature of tho suspenil.lng

medluo: the frequency of coLlLslon clue to turbulenoee Srownian notion,

etc. depencls on the voLurc concentration of the partieles in suspensim.

For thLs reasonr the eettlLng velocity of a cohesive natertaL has to be

measured expard-nentallyl under conttltJ.ons neseabLing as closely as

possibLe the naturaL environnont of the nateriaL.

RE\i:tEW OF TI{EORT OI' TTOCCUIJATION

As previously statetl, flocculation tlepentls on tro sepa.rate

procensen - colLislon and cohegion. Particl.es coLLitle clue to Sronnian

notionr ttrrbulence, velocLty gradtents, and, dlfferential eettltng, antl

under oerba.tn oonclitions adhere to eaoh other, betng beld by the

cohesive forces. Soth of these processeE trarre been reporteil
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extenslvely by Kroner 
(+) 

orr"*eln and Kroner 
( lt6)*a parthentacl,e"r (?,0)

a^nd revlewecl in the previously mentionetl Li.terature Revlewr(t) Oo* u""

repeatecl here for converdence,

CoLlieion

5, fhe probabllity of coLLtsLon of a sJ.ngJ-e partlc1e clue to Brwni.an

notton ls ca,loulatetl fron the expressionl tLerJ.vett by fuoluohorski antl

sumartsed by reivi"n(9), 
""

4kTnr  r  
3u

where f ls the nrnber of collisions per unJ.t tJ.ne

k Boltznannls constant

T absolute ternperature

n the nursber of particLes per unit volune

U ls the (ynanlc rrlscostty

For suspeneions tn estuerC.es the cllrect effect of temperature ln thls

equa,tion Ls not veqf grea,t, since tenperatu:re varies only over a tiange

of about 2Oo C in most cases, or a change of about ? per cent in

absolute nalue. Eowever, the associated effect of tenperature on

wiscoslty plays a greater partr sl.nce {yna,nlc viscosLty ls aLnost

halvetl as the tenperature lncreases from 4oC to Z|oC. Eorever the

nost inportant parameter ln the equation l.n estus,rial probLens 1s the

number of particl-ee per r:nLt volune, whLoh, for a given parttcle

density, le dir€ctJry reLatecl to the concentration by reight of the

naterd.al in suspension. fhLs is because ooncentratlons ca,n va,rXr from

about lO ng/L to about 10 g/L, at leaet a lOOO-foId, range.

6. For collision clue to lntenoal shearing of the ftuidl the

expresol-on t"(l)

r-(q/i*t#
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where

Coheslon

B. Ehe cohesive forces exerted. between

on the nineraloggr of the c1ay, and on the

the suspencling nedium. fhe nutual forces

clay parblcles in cloge proxlrrity are the

J is the number of col-Iisions per unit tlne

n is the number of fl-ocs or particles per unLt volune

R is the effectlve floc or partLcLe radlus
11r r

H i" the local veloclty grad.J.ent.

two clay particles clepend both

electro-chenical naturs of

experC.enoed by two or more

resuLt of the relative

fhe procluct nR3 is a measure of the volume occupiecl by the
particles in suepension, and one night expect tbat for a gJ.ven

concentrratlon by weight it would be oonstant, Slvlng congtarrt J.

However, as flocs are fo:med the lncluslon of interstitlar water

reduces their density, and hence the volune concentrati-on, and nR3,

ca.n incr.e&se even though the reight concentration remains constant.

7, fhe effect of differential settllng velocltLes on the collision
of partJ.cles or flocs is more difficult to dete:rrine because, as welL

as dependlng on the partlcre radiusr &nd on the concentration, the

frequenoy of collision alero clepend.s on ttre distribution of particle

sizesr whictr itself varies as collision end flocculation proceed.
( t \

Hwever Krone\-/ reported that MulLer had lnvestigatecl this, and found.

that there were two llnritlng particle gizes: the rnininrm radi.l of the

parl;icIes were respectively
a  l t

r r (ne4-t1' ' .  for seti l . ing particles ... . . . . . .rrr
.  . L

arr r r r  '  l l , zur l t /+

where g ls the density of the partlcte or fl-oc. The conesponding

sizes for pr{.marXr particles of a typieaL clay would b" 5.O antl 2.1

microns respecti.vely. For clay f1ocs, the sizes varTr greetly accorcllng

to the anount of floccuLation present, since the density varies so ruch.
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strengths of the attractive and repuloive forces. fhese foroes a.re

discussed in detail uy l,asbe!1o) As f&r as the engineer ts concerrred,,

the attractlve forces are due to the interaction of the electrical

fieltls forzred by d.ipoLes 1n the fnd:lvldual nolecules. f'hese forces,

comttonly knoun as van der lVaalrs forces, va^:ry inversel-y with the

seventh polrer of distance between particles.

9. The sulface of clay particles nade up of ttre cormon clay rninerrals

is usu€.lIy negatively chargecl. fn a cJ.ay suspension, where the total

electrlcal charge of the systen nust be neutral, tl:e cha,rge on each

clay particle is neutralized by ions frora the suspending medlrm, whlcb

swar:n arouncl the clay parti.cle. Secause these ions are subject to

thermal vibration, and also to attraction by other lons and cLay

particlese they do not reach the eurface of the particlesl but are

positlonetl in equiLibrC.um betvreen the varlous forces, fozming a cloucl

of lexchangeable Lonsr. r$l:en two clay particles, wlth their acconpanry-

ing ion clouds, approach each other the repulslve forces are due to the

ion clouds, of l-fke charge, repelling each other. llhe repulsive enerry

between the particles clepencls on the ion concentration and the ion

valency, generally ilecreasing as these incnease.

10. ttre resultant force can be either attractive or repulsine,

depen*ing on the relative nagrdtucle of the constituent forces. ID

su.spensions with a low lon concentration, the ion cloucl is large, ancl

the repulsive foxees keep the particles too far apart for the van der

lYaalrs attractLve forces to have effect. As the ion concentration or

ion'yalency is increased., the ion cloud. is realuced. in sizer and

eventua^lIy the repulsive forces ane srnalL enouglr for the partlcles to

cone close together, and for the attractlve forces to prevail: the

particles then join together to fo:m flocs. With a negativaly chargecl

clay nrineral, such as montmorlLlonlte or LLllte, the adclltion of

comnon saI.t, sodium chLorl.de, causes flocculatLon to occur; the

monovalent sodium catione formlng the lon cloud amund the clay

particles. Sea water has an enen stDongpr fLoeculating effeetr eince

it usu.a.l}y contairrs several salts of lr-iglrer valency metaLs.
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11. trbon the preceedJlg paragraphs, it rns,Jr seem that flocs &ay gtow

indeflnltely ln size. Bowever, the floc size is linited by the flutd

shear the parbicle boncls can wl"thstand. As flocculation pmceeds the

flocs get larger until the fluicl shesr e:certed on then by the settli.ng

velocity equal s the interparticle boncl strength, I'lre flocs w1ll then

have reached. a te:rrinal slze and settling veloclty.

scoPE 0r'fEsl,s

12. fhe general rnethod of gratllng secLiments is by slze. rn the case

of ctrannel bed setlirents of a cohesionless reature, thls is useftrl ln

cletemtning the ohannel roughneos and the idtia^l rate.of setliment

movement. Eoweverr in the ca.se of suspentled sed.lments it is invarlabl-y

the settllng veloclty of the partieres whlch is requirett. trbr a non-

flocculating suspenelon of s!0a1L, nea.r spherlcal particles, the

settling velocity can be ctirectly related to the pa.rtlcle slze by

stokest law, oince the particre density is lcxomx. stokeg law applies

to partlcles ha\rlng a Reynolils number (wa/v) less tha.n 0.1 : for quartz

spheres thig would oo:responcl to parti-cles smaller than about

l0 uicmns at nor:mal temperatr:res. The erpression for settling

veloclty is

2e r '  ^  .  2
w  ' ; f ;  (Ps  - "  r )  

" -

wber"e w is the settling velocity

0s is the gecliment specLflc gravity

01 ls the liquid speclflc gravity

r is the particle raclius

v is the kinenatlc vieaosity.

Eowe'ver, 1n flocculatlng suspensi.ons, both the slze and specific
gravity of the flocs ejlange as flocculation occlrrs: in orcler to obta.ira

the settling velocity it is therefor€ necessarlr to tabulate both the
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floc size and specific grarity untler a ricle range of conttltlons.

Moreover, as the etanda.rtl nethod.s of grading such fine setll-nente are

based on oettl{ng velocity tests, it is inpossibre to obtain a trle

floc size, without very compllcatecl nethotls of meagurlng the floc

density whlle it ls in suspenslon. one way of obtainlng a slze is to

convert the settling velocitleg into equivalent quartz sphere

ilia.metersr or stokes dlameters. Ilowever, this can cause a conprete

roisconceptj.on of the phyoical slze of floeg. For lnstance, a floc

havlng a settling velocity of 1 nn/sr giuing a Stokes dianeter of

about 0.0{ 'nmr could have a phyelcal size of 1 rnm or moxe, For these

reasons thereforel it would seen to be more practical to gracte floc-

culating ged.iements ln suspension by their settJ-ing velocity, and. jn

thi-s report no attenpt has been nade to convert settling veloclties to

iLia,meters, Stokes or otherr,rise, except where the naterial rae

deliberately d.e-flocculatetl by neans of varlous addLtlvee.

13. As previously mentlonecl, the rate of collison of p,articles

d.epencls stmngly on concentratlon, ancl thus a seaties of teets was

carried outr at various fixeil sa.IinLtlesl to d.etemine the effect of

concentration on the gettling velocity of the material. [he

concentration was varied fron 0.2! to JZ,A g/1,

14. ghe saLinlty of the euspensLon alters the cohesive forces between

parti.clesr by tlepresolng the ion eloucls as explainecl prerrlously, a.ncl

thus an lnereasing salirdty increases the probabillty of a colllson

reoultlng in a fLoc belng fo:med, rather than the parttcles bouncing

off each other. A series of tests to detemine the effect of ealirdty

on the settling veloclty ras therefore carried. out at var{.ous fixetl

concentrations. fhe salinity was vad.ecl fron 2.0 to {8.0 grans of

Sodtun Chlor:lde per lltre.

15. Where cliffe:nentlal settling occurs the frequency of oollislon ls

hlgberr a.nd.r where this happens, increases wlth the clepth of settLLng.

However, at a certain itepth the rate of grorth of the particlese rlue

to floccuLationl nust equal the rate of break-up of the particles clue

to the i:rcreased fluld shea:e. A series of teste we:re thenefore

carriecl outr at various concentrations antl sal-lnl.ties, to iletermine
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the effect of depth on settling velocity, ancl to deternine the clepth

at which the settling velocity atta;ined a constant value. Prelinina^:ry

tests were carz"ied out ln a settllng tube 9 netres hi$r but the naln

serdeg were in tubes 0.5, 1.0, 1,5 a.ncl 2 netres high,

DI,TAIIJS OI MTJD TESTM

16. Ttre eupply of nrud was obtained, rith the cooperation of the Port

of Sristol Authority, fmn the entrance to the Boyal trklrarcl Docks at

Avonmouth. The mrd was dredgpd by the P.3.A. suction clretlger

S.D. Seve::n at high tide (E.VI. level 10.8m or 35.1 ft above Port

daturn), and the sanrples taken fron the overspil-l. The sal-inity ln tbe

entrarrce at that tirne was lS g,h, and the concentration of the rnutl

supply was 17O e/L.

In the tests the fraction of the rud wtrich paesed through a

Jl rnicron 3.S. sieve was uered,, which generalLy accounted. for 95-10O

per cent of the total weight of the sarple. ['he size grading of t]uis

sub-sieve size ftaction was obtained by de-floccuLating a sms.ll sanple

of it, and subjecting it to both sedLlDentation tube and centrl.fugp-l

settling tests. 3ecause the naterial wa.g de-flocculatedr and. tbe

rlenslty of the primary particles brovrn, the settling vel-ocity grading

could be convertecl into a size gracling. fhe settling velocity gradlng

by tbe two methods i.s sborrn in Fig. 1 antl the equivalent size grading

in t lg. 2.

17, A rdneralogical analysis of the supply of nud was not ea,rri-ed outl

but the resu-lts of an enalysis by the U.K.A.E.A. laboratory at Ha^rrYel1

of sanpl-es obtaineil at the sa^ne location by the U.K.A.E.A. laboratory

at iVa.ntage were klnclly nade available. The clay ninerals kaollnitet

ilIite, nontnorillonite ancl chlorite were present, the percentages of

basal a,r€as on the X-ray cllffraction charts being ag ia table II.

-9-



These percentages are proportional to the quantities of the various

n:iaerals present. flrere is no reason to suppose that the particular

nud supply used in thls stuftr would cliffer stgrriflcantly fron the

earnples obtained by the Wantage laboratory.

The approxj-nate cation exchange capacity was calculated from the

percentage of each clay rnlneral present, anct the nean of the publisheit

exchange capaclties of each rnlneral: the value obtained was 34 nilli-

equlvalents (neq)rOOg. Horveyer, the catlon exclrange capacity was

also measured experfunentally on the size fraction Less tlun 75 nlcronst

and the vaLue obtainecl was 1 7 neq/lO0g, or half the calculated value.

fhe catlon excirange capacity of nateri.al.s depenils to a large extent or

the size of the particles, generally incr.easing a"s the slze reclucest

and. the publJ.shetl values for the pu:re clay nlnerals vaqr witlely, by up

to a factor of five ln sone cases. Searing these ln rnlnd., and recog-

nistng that the X-ray diffnrction method of rnlneraJ.ogical analysis

gives only a"n esttloate of the proportions of the clay nLnerr.ls presentt

the difference between the rneasured. anil caLculated va.lues is not

unreasonably large.

NESC$IPTIOI{ OF APPI.RATUS AI{D PROCEIFRE

18. The stanala,rd roethocl of cleterruining tho settling veLoclty of the

nateria"l in suspension was by bottom withctraval se&lmentation tubet

uslng the stanita,rcl method., with sItgbt nod.ificationg to speed up the

analysis of the results, A tube Leryth of 2.0 metnes was adoptecl for

nost of the tests, anil a clrawing of the tube is shown ln Fig. 3. The

naterial to be testecl is flrst neasuxecl out to give the correct

concentration by weiglrt in the sedlmentatLon tuber and then thorougltly

clJ.spersed ln digtilled. rater. Trrrnediately prlor to the testl enough

connon sal-t golution is adtierl to give the cleslrecl saltnityr antl the

resultant suspenslon toppect up rith cllstilled water to glve the

-10 -



correct volume for the tube. ft is then pourecl into the tubel

thoroughly shakenl anii all-orretl to settle. Samples are rltbdrarn at

the bottora of the tube at varioue tfuoe lnte:raLs, ancl the reigbt of

se&iment neasured after tklrlng. Ibon the weights, tlmea, ancl ea.nqrle

volune, the settling velocity cListnibution can be calculated by gfaph-

j-ca.l nethods. The settl.ing velocitles rene afiustecl to a standarcl

temperature of 2OoC by cor:reoting for the changes in water visaosity

with ternperatuxe. The actual tenBeratu:res variecl fron this value by

about I 2oC.

19, For dete:mj-ning the gracling of the very fine trrcrtions of the basic

nucl ln lts de-flocculatecl state, a centrifugal gedLmentation method was

used, the apparatus consiets basically of a tlisc-Llke cyllndler,

d.ia.meter 10o m (+ i"1, heigbt 6.4 m (* f"), rotating at up to

BrO00 rpm. Bhe effect of the rotation is to increase the tgravityl

settllng forces on the particlas. By introctuclng the particles at the

centre of the d:!sc, and w"lthclrawing sa.rnples at glven radit at varlous

tj,ne intervals, the settling velocity can be calcuLatecl dircctlyl antl

the slze gading ca-1cr:-1ateil. fmn the Stolces Law.

Salinity and concentration tests

20. To ctete::rdne the effeot of concentration and. sallnlty on the

settllng velocity, tests rere calriedl out ln the 2.0 netre hlgh

settling tube at gallrrities of 2.0, 8.0, 15.0, 32,O antt d8.0 g/1

(l e/t = 1 ppt) for each of the follorring suspenitecl sgd{n6nt concentra-

t ions by welghtl- O,25, 1.0, 4.0, 15.0, 32.O g/L. For each test a

settllng veloeity grading curve rae obtained by analysis, anit fron

these cu:rres the meilian settltng neLocity, anct the upper anct lmer

derlations were measured. The ulper devlEtion is d.efLnecl as the ratio

of the A4'/' to tne JOjt (necllan) settllng velocity, and the Lower as the

ratio of the 5q" fu fine 1ff" settling vraIoc5.ty. These devlattons thus
gJ.ve a measure of the width of the Fading curve.
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Depth of settling teste

21, Sone prelintnary tests were caried out in the 9 netres hlgh

settllng colunn, althongb the nain geries of tests wene ca:ried out in

tubes 0.5, 1.O1 1.5 ancl 2o0 netres long, The 9 metre columr, 92 w

d.la,meter, was prowicted. s:ith sa,npling por+s at Lnte:rrals of 'l,5zj netnes

up the tube as shown in Fi.g.4, the higheet one being at 0.4 netres from

the top. By sarnpling the suspension at these posltions at frequent

tine lnte:rrals, to dete:nlne the concentration profile ln the settling

tuber the nean settling velocilr at any elevation can be calculated, by

a rnethod clue to Mclaughlin \12) 
, fron the eguation

P
rocD -  -3  

f  cdz
dT, u6

where c is the suspend.ed concentration at elevati.on z

D is the depth being eonsidereal

wn J.s the nean settling velocity at ctepth D

c. is the suspendetl concentlation at d.epth D
D

t ls tine.

The rnal.n sead.es of teste in the o.l to 2.0 mettes long gettL{'g tubes
was ca.miecl out by the botton withtlrewaL nethod. Concentrations of.

O.25, 1.0 antl 4.O g/L, with salLnities of 2.0, 8.0 and 32.0 g[ were

tested..

NE$iUIS AIfD DISCIiSSIOI'I

22, fhe conplete results of the tests ca^:riecl out to dete:mine the

effects of concentration and salinity are g:iven ln fable rrr. fhis
g:lves the salirrlty and. concentration for eacb test, a.nd the vaLues
obtainedl for the median settling velocityl upper clevlattonr ed lower



devlation. To achleve the best consLstency ia the inteqpretation of

the results, they we:re plottecl on a suspended. concentration - sali:rity

graphr and Llnes of equa,L settLlng veloalty dm,wn. llbe contoured'

diagra,n obtalned by this nethod., Rig. l, glves e gOod funpreesion of the

lnter"action of the effects of sa,lin{fy a.nd concentration. lfithin

certaLn Unitg, lncreasing eltber sallnity or concentration or both

lncreases the eettling velocity. Tbe:re ls an absolute narirun value

of settling veloclty which can be obta-{ned.s in thig case about O.! m/s

at about qO e,/t salinity and 5 g[ concentration. the mrch gneater

settllng veloclties obta"lned when floocrrlation occurs can be eeen by

conparing E[g. 5 rlth tbe de-floceulateil state ln *[g. 1.

23. The effeets of either suspend.ert oonoentration or sallrdty cEn alEo

be exa.ur.tned. i.nclepenctently, by narklng off the intersections of lines of

constant sa,llnlty or concentration respectlveJ.y rtth the settLlng

veloclty contouls. [he settling velocity can then be plotted agpinst

suspencled conoentration for various s&Linltl,esl ast shffin in trltg. 62 or

a6ainst 
"sUnity 

for varlous concenttationg as shown in *[9. 7.

Effect of concentration

24. For cohesionless parttcLes, the effect of increasing conoentration

by welgbt ig to reduce the settLing velooity by lncreaelng the voLume

concentratlon of the suspenslon. [his continues as the settling

deveJ-ops more a.ncl mole lnto hintlerecL or bla.nl<et settLing, when the

partioles settLe en bloc, forntng e clear interface with the overlying

water, For cohesive particles, the effect of concentration ls rather

more compllcatett. As the eoncentration ie lnoreaseal, the Lncreased

frequency of lnter-pertlcle collision caru,es gtreater flocculationt

resultJng ln largB flocs of lon tlensity. Indlvtdus.tly these flocs can

have a greater or lesser settling velocity d.epencLing on the relative

ehanges in tlenslty arrd sLze, but usuglly a hlgher Eettllng velocity

results. Horener the inorease in volume conoentration of the

suspension when flOccuLation occu"m tendls to Lessen thie lnoreasat

tntiL eventua,lly the sta6p is rea.checl when the effect of ldgh

voLqmetric concentrEtions outreigtrs the effect of flocculationr ancl the
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settling velocity is reduced. For oohestve partloles tble stage

usually corresponds to the onset of hintte:recl or blanket gettling whioh

was confinted by visue,l obsenration in gome of the tests. t1re settling
process then becones rather 1lke a bed consolldation process, with
water noving tbrough the pores between the particles, in contrast to

the nomel settling process of particles noving th:rcugh the rater.

25, lhe effeet of the strepentleil concentration on the median settling
velocity is shovm in Elg. 5 a.nd typical settling veloclty gradlng

ctlr'ves for a constant saLlnity ancl var{.orur eoncentrations are plotted

in Fig. 8. Fig. 5 shovrs all the features discusseal above, with the
settLing velocity 6padual1y increasing with conoentration up to a peak
va,luen and. then decreasing again. For relatively lolq concentrations of
about q sh and belovrr and sarinittes of bercm about 16 g/t, tne
settling ve}oclty j.ncreases relatively evenly w:!th concentrationr the
slope on the log-1og plot belng about 0.{. At hlgher saLlnitles the
naximum slope is greater, approaching 0.9 at 48 g,/1 but varles more
with concentration.

25. The onset of hindered settllng oecurs at va,rX'J.ng concentrations
accor<ling to the sallnity, the vaLues tend.ing to reduce as the salinlty
increases. At 2 g/L sal-inity hlndered settlJng beg:ins at a concentra-
tlon of about 20 g/r, whereas at 48 g/r sari.nity it begins at about

4 e/t. or the dlagran show:lng settling'veroclty contours, Elg, 5t the
of hintlered settling ghovrs up as a type of curved I ridget , and
be seen tllat at very hlgh salirdtles hlndered settling does not

occur at concentrations below 4 g/L, As hindered eettling is prd.:na.rily
a function of the volumetric concentration of the suspension, the
var{'ation of its onset wlth the sallntty of the test is not surprlsing.
The volumetric concentration depencls both on the weight concentration
and the anount of flocculatton, so that the sane volunetric concentra-
tion oan probably be achleved with high welgbt concentrations and
littre flooculation (Iow sarlnltles) or lower concentrations and
greater flocculation (frfgh salinities).

2'1. It is interesting to compare these reeults with those obtained by
authors with rartls from tllfferent sources, a.nd using ttifferent methods

onset

lt can
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Krone has studiecl San trbanclseo Bay nud 
(4), 

ana Migniot a large o,-t""

of nalnly trbench oruu.(t3) fhe forrer, neasurtng the settling veloc-

ity by tJrnlng visibre flocs between tso rnarks on the side of the

settllng container, found that the resurting settling velocity

increased with the 4/3 power of concentration. t'he tests wene at

concentrations below 1,o gt/L and salfudties up to 24 g/L, axta a line
showing Kronel s results for tbe na:dmn setturg velocity obtalned at
each concentration is also plotted. in t[g. 5. ra,ter ln hlg report he

also statecl that hindered settling occucred at concentratlons above
10 g,/t, based on visual obsenration in a separate serr.es of tests.

Migniotr jn an article deal-ing oorrprehensinely with resul-ts of

tests of roanlr different mrds, statecl thot the settring nerocity
generally lncreasedrinearry mlth concentratlonr and reached a p€ak

value at a concentration between 10 and 20 g/L. trllgniott g pnelysis wa^e

carried out rltb results from settllng velocity tests using the plpette

sanpling tecluuique,

{lhe difference betmeen these three sets of results, is clue to
diffe:rent tech:riques of analysisl and to the dlfferences in the mrds
tested, Avonnouth nudl seens to be gulte different, with its htgh
llLite content, fron those testeil by Krone or L{i6yrlot. a few tests
were ca:eried out at a constant sa.llnity of A g/L for lha$es mtrd, which

has a high lvlontnoril-loaite content. fhese r.esults are elgo plotted Ln
Fi.g. 6, and show general agreenent with lfigrriotrs work, with settling
velocity increesing alnoot llnearly with concentration.

triffeot of sa,Untty

28. tr'or cohesionLess parttcles, the onry effect of sarirrity ts to
increase the specific grauity of the suspenslon, and thereby slightly
:oeduce the settlJ.ng veLocity. For coheelve particlee hosever there is
a nuch greater effect, as increastng salinity ino:neases floceulatton;

a grreater proportion of collisions result in the fo:mation of flocs
when the repulsive forces are recluced by increesing salinlty. ag
etatecl prev:lous3-y i.:rcreased froccr:latl.on usually reaults Ln gneater
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settling velocities.

29, [Lre effect of sallrdty on the neasured settling velocitleg is

shown by E[9. 7, md typica3- settllng veloclty gradtng currres at a

consta.nt coneentration, varylng sallnl.ties, sne Ehcnrn in Rtg. t.

ELg. 7 shows that at sal{nrtiee below about 30 S/t the effect of

increased flocctflation fa.r outwelgbs the effect of increased specific

grauity of the suspensionr aod the settllng neloclty increases fairly

rapidly with sa.linity. At auopenclecl concentrations of about 4 g/t arLa

beIow, this rate of increase is relatively constant, the slope on the

1og-1og plot belng about O.6. Eowever, at higlrer ooncentratlons the

slope fallg off rapictly, belng only about 0.1 et a concentration of

3Z g,/t, j.ndlcating that salinity has very litt1e effect on settling

when the conoentratlon is well lnto the hincle:recl eettling zone.

30. For each of the suspeniled concentrations the settling velocity

reaeheg a peak value at concentrations ln the reglon of 30 B,ft, alrLa

then reduces a€ain. Thls appea;m to indlcate hincteretl settllng at

hlgb salinLtles, but ls tn fact sone other t1rye of retarcled settling.

Returning to the contoured. settllng velocLty clla,gra,n, &[g. 5, it can

be seen that these peak settllng velocltles et saLlnlties near 30 g/L

glve r:ise to another lridgete quite dlgtlnct fron the hlnder.etl

settling rldger and they rnrst therefore be clifferent processes. fhe

tme cause of the falL in settllng velocities a.fter the peak ls not

knownr but it nay be that the effect of sa-llnlty on floceuLatlon is

conpleted by about 30-40 g'/t, ana the flocs elther behane essentJ.elly

as cobesionless particles, or there 1g e.ven sone d,e-flocculation at

verT hlglr salirdties. trhrther lnc:reases tn ga.lirdty therefore reduce

the settLlng veloaity by lacreasing the spectflc gravlty of the

suspensionr and by de-flocculation. Thls erylanatton is borne out to

sone extent by the fact that, until hLnclerEd settlLng occura the peak

settling velocity occurs at progreselveLy greater Ea'linites as the

snspendecl concentratj.on Ls inc:reased, varJrfug frm ebout Ze g1/t at

O,25 qlL conoentratlon, to about $ g/f at 4 e/L conoentratLon. fhls

suggests that there j-s a oritLcel eaLt/mrtt :seLationship to achieve

nardrun flocculation, thougfu tt is evlclently not a tli:rect ratio by
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weight. rf the retarclecl settl:ing ridge on Eig. 5 is approxlnatetl by a

straight Iine, the ratio for na:ciraun flocculation appearo to be
-  lz

salirt.i.ty . , r^ = 35 G/t) )/"-G;;AEEI]:o;I l/b

althougb the exact slgnlficance of this is not appa:rent. Horever, as

the settling velocity does not beg:in to red,uee appreciably r:ntLl the

salinity is greater tha^n that no::nally occurr"J.ng in nost estuarlese

the rnatter ls perhaps sonewhe,t acad.eclc.

31. Again, it ls interesti.ng to conpare these results rith those

obtainecl by Krone and lrtlgniot. the highegt concentratioa and. salinity

testeti by Krone were 1 .O gh and 23 g,/t respectively. Below these

liniljsg values he found that settling veJ.ocity was independent of

salintty above 5 Sh for 0.12 qh concentration ancl up to 20 g/L tor

1.O g,/L concentr"ation. By pJ.ottlng the sa-lLnity a6alnst concentration

for complete flocculatlon for Kroners tests, the crttlcal. salt/nud

relationship for San trbancisco 3ay rnud appears to be

z/l r 20 (s/' 1/3salinity
(concentratj- on)

i.e. much eloser to a clirect linear relatLonsluip.

Mignlot for:ncl that the settling velocity rvas constant at

sallnities above 3 g/L for low concentrati.ons, and 10 g/1 for higb

concentrations. Be also found that the settllng velocity was $educed

at sallattles greater than about 3A gh. A6ain, the dlfferences betrveen

the three setg of results nust be clue parbly to &ifferences jn

techn:ique, but rqainly to the dlfferences in the nrcls tested,

Effect of depth of settling

32. Very little wod< has been reportect ln the lLterature on the effect

of d,epth of settling on the settling process of nelative\r low concen-

tratione. The exoeptions ane rork Of,**etin \ r4l, ancl by the

Water Pollutlon Besearch leboratoqr.\ r+'' Mclangbltn, uoing the nethod,

:referrecl to ln para. 21, founcl that the settl{'\g veloclty of clay in a
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0.! netre settling clepth was hrice as great as in a 0.4 metre depth.
The water Pollution Research lc,boratorys etudylng mud fron the estu,ary
of the River i{erseyl &ici not speclfically ileteraine settllng velocity,
only neasuring the curnulative percentage settleil as a functlon of ti.ne
of settling. Ecmever, fron thetr results in tubes 12.2, z.Tj srad, 1.22
metres high (40r 9 and { ft respectively), w}rich show that the times
requlred. to obtain equal percentages settLeil in the 12.2 and 1.22 motre
tubes were in the ratio of onry two to one, it is possibre to cleduce
that the settling vel.oclty was about five ti-nes greater in the longpst
tube tha.n ln the shortest. rn view of these last results, it wae
cleclcled, to carzxr out ilre flrst tests in a tube ! netres (:o rt; hi€h,
whlch, as well as belng about the highest poesible incloors, represents
a typlcal averaBe depth of water in docks, barbours and estuaries.
Results fron these tests were conclusive ln only one respect horvever.
argr variation in the settring veloclty was present only in the top
1.9 m of the ilepth. ft was decicted therefore to $rltch the main effort
to sedinentation tubes up to 2 qetres high, ancl thus rerease the
9 natre tube for other tegtg. The results obtsinecl fron the naln

tests are given in Teble rv, and are plotted, in Etg. 10 as settltng
veloci-ty versus depth of settling for the varj-ous concentrations and,
salinities tested,. fypioal oettllng veloci.ty gpacLlns curees for a
fixecl concentration and. sallnity are shovrn in &[g. 11. so;ne rather
unexpected. results appear fron theee tests. It was a.nticipated that
the results would show the settling velocity g:ectuaL1y increasJ.ng with
tlepthr as floccrrlation clue to dlfferentlal settling occurretl, r:ntil a
te:mina,I value was reachedl at which the fluicl, shear on the f1oc, by
re&son of its sett)"lng veloclty, equarled the bonc!,ing streruth of the
partiol.es fo:rning the flocs. fhe nesults obtaj.necl, are howerrcrl quite
d.ifferent. rn most of the tests tho settling vel.ocity was actually
reduced as the depth of settlj$g inc:reased fron 0.5 to 1.0 metresr br
as much as a factor of five in the ertremo caf,re. ae the depth
incrreaseg fronc 1.0 to 1.! metres, the settLing neloctty then rises,
and becomes larger in rralue than at 0.! netreo. For the hlghest
concentrations testecl, the settling neloctty begir:s to fall off again
beyond a d.epth of 1.! metres, but for the other conoentrations there
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is no clefinlte trend, some having a naxirnrm veloclty at about 1.5

metresr a.nd others still rising at 2.0 net:Fs, The overall conclusions

are that, for Avonrnouth mrd at least, settllng tests in the standard

lengthr 1 metre, botton withilrawal tube give results unrepresentative

of nor^na.l depths of settlingr md that, for concentrations beLow 4 g/L,

the settling velocity reaches its te1lrdnal value somewhele befureen 1.5

and 2.0 mettes.

33. flhe reason for the existence of a ruiniruun sett}lng veloclty at

about 1.0 metres is not }orown, but a posslble explana,tion could. be tbe

folIow:ing. Seoause of the extremely sna,Ll size of the prina^:ry

particles of the rnud, the suspension rnil1 be stable r:ntil sone

floccuLation occurs. At the beginning of each settling test, there is

therefore an intelval, during whlch flocculation due to Srornoia.n

collislon occurs, before settling beg:ins. [he llesulting flocs a,re

natle up of a sma'Il nunber of particles, and therefore have a relatively

irig! ttensity, and settle raleti.vely rapidly through the waterl gather-

ing up other flocs as they settle. Secause of the time availablet and

helght involved, the flocs settllng in the 0.5 netre tube clo not

increase appreciably fron their initial gize as a result of the

Srowrda.n flocculation. In the 1.0 metre tube however, the extra tlepth

of eettl-ing means that, as the flocs settle this &istance, ancl gather

up other flocs ln the procees, they becone very large and loose,

having a :relatively lor denslty. This low density lnplles a hlgh

volume concentration in the suspension, rhich, as explaS.netl previouslJlr

r.etartirs the settling process, and oanures conelclerable counter-flcm of

the waterr rhj.ch could be obserred in the 1.0 metre tube during the

tests. As further depth of settllng is rnacle arra.l,labIe in tbe 1.5 md

2.0 metre settltng tnrbes, the flocs increase in size, and recluce in

densityr unti-L they become so large and loose that the fl.uld shear

exerbed. by rirbue of the settllng velooity ig greater tba.n the weaker

coheslve bonds, and they breatc up to fo:m stronger, higfuer clenslty

flocs w:lth an increased settllng velocity. EVentually a eta€B ls

reachecl at whioh the fluid shear is equal to the strongest oohesive

bondsr a.nd a.n equiLibriuro settJ.lng velooity ie tnqinta-tnecl.

Unfortunotely, thls erplana,tion bas been Lnposslble to verifyr ae the
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basic measurement requinect wotrJ.cl be the clenaity of the flocs actuall,y

in suspensibn whichl as far as is klown, has never been aohLeved,.

Attenpts were nad.e to deduce thls fron the cl,ensity of the clepoeitetl

bed, but the resuLts p:rovetl inconclusivel ancl the explanation therefore

renains fupothetloal.

General results

34. A study of the typJ.cal settllng ve3-oclty eradtn€ currres ln

Elgs. B, t a^nd 11, shows tha,t an tnorease in the value of the medLan

settllng veloclty is generally acconpanied by a rechrction in the w:i.clth

of the gracling currre. fhis can be seen also fron the values of the

upper and loner deviations in fableg III anrl W. Increas{.8 floccula-

tion tendg to conbine nost of the particlee into fllocg of relattvely

unif6lp size, clensity, and thus settling veS.oeity. Thig ls probably

a phenomenon of settling in sealinentatlon tubes where the flocs are

each subjectetl to the sane flocculatlon rates. In an estuary, where

the rates of flocculatlon d.iffer w:iclely aE a :result of the cllfferent

degrees of turbulence, Lnc:seasing flocculation would not necessarily

result in a reduction of the w:ictth of the settl{.g velocity gladtng
t / . r  r \

curve of a sam!1".\ r"r'l

IUTURE SIITDIES

35. Sasecl on the frz.newodc of these tletallecL tests on the settll-ng

velocities of Avotuouth rnucl, sluilar but less extensl.ve teste should

be cartlecl out on mrcls from other rivers and estuarles, both in the

Unitetl Kingilon and, overseas, An overaLl piotrne of the s{m{laritieg

and d.ifferences in the settling processes of various types of rnrrcl can

then be for:ned.

These tests have a"l-I been ca.rr{.ed out at the amblent tenperatu:re

in the }aboratory, which was 2OoC !2oC. Using aplnratus to provlde
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sater at a g:lven ternperature, tests should. be oa,rrlecl out to cleter.rnlne

the effeots of tenperature on eettling velocities. Theoretically one

would expect 5.:rcreaslng ternperatr:re to increase the settlinel veloclty,

by both increasing flocculatlon (equation I) and rettuclng the

suspenslon viscosity.

c0$cwsI0$s

Detaile<t stud,ies of the settling velocit:l.es of Avonmoutb nmd have

gj.ven the follosing results.

1. ftre nedia.n settling veJ-oclty increases with concentration up to a

nalue - between 4 and 20 g/1, tlependlng on the sallnlty - at whicb

hinderetl settling begtns, and reduces tbeneafter.

2, lhe median settllng velocity increases w"ith sal.lrrity (except

dur{.ng hindered settling) up to a value - between 28 and 43 gh

depencling on the concentration - where some foun of retartlecl

settling occurs, and decreases thereafter.

3. tr'or a flxed depth of settling, there is en absolute na^:d.urum ver"lue

of settling velocityr which is attalned at a flxed sallnity a.nd

concentration. Ihe salinity anct concentratlon requirecl are how-

ever greater than nor"rnally found. in eetuarles.

4. ltre effect of deptlr of settltng is fairly conpler, the settling

velocity reduclng to a ninimu, at a depth of 1.0 metres, and then

increasing with depth to reach its terrrrinal value at sonetbtng

less than 2.0 net:res.

5' Slndlar tests on nmcls of wltlely cllffe:rent types are necessa^rry to

gain a conplete ptcture of the dependence of settllng veloeity on

concentration, eallnity, and depth of settling.
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AASICftYIJEMUMI'IS

l[he greater part of the exper.J.nenta]. work descrlbed in this report

was carsied out by the sta^ff of ttre Sert{rnentologr leboratory at the

Eydrarllcs Resea,:rch Station. ![anJr fnritful dlscussions were heltl rit]t

Mr. P. R. Kiff, head, of that laborator.y.
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NOTATION

c - suspended concentration by nei-ght

D - depth of settl_ing

g - ercceleration due to gravity

H - particul-ar el.evatlon in settling column

I - f:'equency of collisions clue to Brownian motion

J - frequency of collisions clue to internal shearing

k - BoLtzmcnnts constant

n - rrtmber of flocs or particJ.es per unit voh:ne

R - effective ff-oc or particle radius

r - ff-oc or particle radius

T - absolute tenperature

du/da - Iocal velocity graclient

w - settLing velocity

fr - nean settJ.ing velocity

*50 - ned.ian settling velocity

wI6, wg' - settling veLocity at 1'6l:, anci 8l+9a undersize leveIs
respectiveJ-y

z - general eLevation in settllng colunn

v - kinematic viscosit3r

U - dynauic viscosi-ty

P - density of particle or fLoc
ps - speclfic gravlQr of suspenclecl sed.irent
pI - speeific gravit;r of suspeniting liquict
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TABLES



T.'i3lE I

COI:TPARISOI'I 0F BROl'NIAi'i .liND GIiAVITATIONAtr
DISFi"AC.rXiiifl'lTS mR PARIICLES SUSPII'IDED I1'[ fiATER

i/ater temperature 21oC

Particl-e specific gravity 2.0

After Happe1 and Brenn"r (r)

Particle
Dianeter:
rnicrons

0 .1

0 .25

4 .5

L .0

2 .5

5 .0

10 .0

Displacement per second:
ndcrons

Brownian
Ilotion

2 .15

1 .49

1 .05

o.7t+5

0.47r
4.3t4
0.236

Gravitational
I,iotion

0 .005

0.011+5

0.r-18
0.554

3.46
11.8

55.4



T.[3IE II

}:II.I]IRALOGI CAt ANATYS$ Otr'. UUD TEsTED

Clay
mlneral

Kaolinite

I l I i te

Itlontmori.llonite

Chlorl-te

Basal area

20

52
t5
L2



IABIE III

RESUITS OT' CONCENIRATION Ai\D SAIINITY TISTS

2 netro settl.ing tube

Ies t
iiumber

Aa

r\d.

Ae

A 6

Ca

C c

C d

Ce

Cg

Ea

Ec

8d

Ee

iig

sg\ lu

Ga

G c ( R )

G d

Ge

Gg

Ha

Hc

Hai

I Ie

I Ig

Salinlty

TA

2.) ,2

8 .15

J .7 .5

16 .8

5L.6
2 . I2

8 .54

t7 .2

tt+.9

46.4
2.21+

8 . t4

15 .8

32.68

51.1

45.8
2 .45

7.6 t
]-7.6

54.8
m.2

t ,73
3 .59

18.57

35.58
50.4

15 .8

10 .5

6 .L

5.1+

4 .6

7"5

5 .2
2 .5

2 .8

3 .5

5 .9
2 .4

1 ,7

L .9

1.1+

L.7

2 .L

1 .6
2 .7
1 .8
1 ?

1.9
2 .3
1 .5

3 .3
2 .5

150*

9 .8
2t

23 .8
- t

760*

29 .o

9 .6
8 .6

5 .L

t9
L9.3

10 .6

3 .5
2 .6

1 .8

15 .B

L .7
1 .8
L .8
1 .4

t .8
1 , .3
L .1
L .5
1 .4

Concentration

8n

a.25
n ^ -v . z )

o.22

0 .23

4 .25

0 .94

0 .85

o '92

0 .93

o'9r
3.66

3 .60

1 ,86
l+.05

3.9 t

t .75
15.40

t5.3E
].6.97
16 .18
15.95

,L. t+

30.9
32 .2
33 .7
t2 .5

Medlan
SettLing

VeLociW w-^- r v

nr$/s

0.0r+8

0.09J+

0.u
o.L55
0.085
o'orl
0.155

a .2g

0.49

0.097

0.14

0.51+

0.t+9

o .73

0 .57

0 .90

o .37

1 .2
o.gt*
0 .70
o'41
0 .33
o .35
o .27
0.1+1
o'l+1

Upper Lower
deviation darriation

"at/"so "r{*rc

*56 very smal1, and inaccurately tletenninecl



]}t!.L.U -l. V

RlSijLrS 0r D,lF'lil 0I SgtTili{i Ti6tii

,,f;:" concentration Satintty
I'iedlsn Upper Lorer

Settling deviation devistion
velocitJ w5p 

"at/"50 
*5o/*L5

w\/se/r

0.5 netre settLlng tube

: ! a

ric

r !e

: r ^

AA

rie

C a

C c

Iic

Ee

0.2-2

r . .010

r.24tJ

I ,9LL

],.0c
7 n )

, L . 2 0

2 . 2 0

2 . 8 8

3 2 . 2 4

f , . 1 4

J!1 .51

2 . 2 0

2 .  , , )

Q  Q T

2 .00

8 . . i c

3 2 . 4 5

9 . 3 2
4 q  A

9 . 0 9
7 7 t

2.U+

1 1 . 2

2 . r2
n  r (

1 ( A

B . 6 f

3L.9
2 .24

B.l l .

32 .68

0 .0125

0 .001

0 .021

0 .0001*

c .024

0 .115

v . L l >

4. t52

1 . U O

0.0c54

0.009 i

0  .015

0.0074

o.o? i

c .058

0.04-

0 . 1 0

0.1  ) )

u . r 'c:)

0 .0078
c.035
c.o27
0,2?.5
0.4.q
c . 4
0 . 9 8

r . 15

0.048

0.094

U. u i/e

v .L4)

O.\TA

0.1[0

0 .5+
a  1 7

to+

1 2 , t +

9 . 2
7 ) .

1 . r$

,n  a r

_ 'ti

) )  . v

5 . 7
1 . )  O

) q

) a

L.0 netre set tHng tube

Ce

ila

ric

l ra

Ae

C a

C c

C e

Ja

rrc

29.4

2 J . 2

1 1 . 2

?_.7

J . d
2 , C

17.2

55. r
I ? . 9

15.2

a . t

? n

r . 7
1 . 4

c .  226

o.26t+

o.955

0 . 9 5 0
c  t ) a a

1 . E 6

4 . 1 N
l+. JC

r A o

1 a  j l

) o . r

2 . O

6 5 . 2

10 .8
t q  l

4 . 5
r . 7

l .J  nretre set t l lng tube

o.2?-'2

4 .23 '

a. '2\B

O.BBO

4.945

u . > o )

J .74
?  O Q

0,26a

v ' z r v

0 . ? 2 7

o .940

0.850

o , 9 3 2

3.eo
lr. C5

2.0 uetre settling tube
(Iresui.ts extractecl froro tabLe III)

15.8  160 |

1 0 . 6  9 . 8

6 . 8  2 3 . 8

7 ,6  76a I

5 . 2  2 9 , 0

2 . 8  L 6

2 .4 lc) .1

tscttllng veloclty too low to be accurately doterninod
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Pyrex gloss tube.
Uniform bore
25'1mm: outside
diom. 30.0mm.

Eore 7.0mm
Outside diom

l0 '0  mm

Rubber tubing

Ptnchcock

Overoll length
2.25 metres

--T--
20mm

_-]-

2 METRE BOTTOM WITHDRAWAL SETTLNG TUBE

FIG 3
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0'46m
t

Woter surfoce level

Sampling position

1.98m
I-J- Samping positrcn

3'50m

t Sampting position

5.03m
I Samplng positrcn

Sampling position

Sompling position

9't4m (30'0ft)

Bdse of column

Perspex tube
Eore 92 mm
overalt length 9'3 m
i n l  x  1 . 5 2 m  o n d
o n d  7 x 0 . 1 5 m l e n g t h s

8.08

t

9 METRE SETTUNG COLUMN

FIG 4
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