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ABSTRACT

Studles of the erosLon transport and depoeition of flne sedlment are very
relevant to a wide range of engineering problems. UnderstandLng the
physlcal nechanLsms of erosion and deposltion forms a key Btep in the
predl.ctive nodelLlng of flne sedlment tranaport. For many years sclentlsts
and englneers have been aware of the dtfflculty of achieving this and have
undertaken extensive prograumes of laboratory experlnents.

Early erperiments nere carried out in conventlonal recLrculating flumes and
were found to have ehortcom'lngs. In partLcular the recirculatlon pumps
tended to destroy the natural floc structure whLch fine cohesive sediments
have in estuaries. As a result annular flumes were developed shere the flos
ts drlven by rotatl.on of a roof, or fLoor, or both. Whtle thls avoids the
floc danage problem, theae fh.rmes glve rlse to secondary flow because they
represent, ln effect, a contlnuous bend.

A naJor faclllty of thls type, known as 'The Carousel", hae been developed
at nydraulics Researeh Limited. It is the largest of its type Ln the world
and offers advantages over other systems Ln terms of lts abllity to nodel
natural condltl.ons.

A large nuuber of teets have been carried out in the carousel Ln order to
calibrate lts perfornance. The results of these tests forn the basis of
thls report whlch concludes that the apparatus ls consistant, and reliabl-e
ln its performance and that Lt w111 provlde an e(tremely useful tool for
further research. Sone exploratory tests uslng sediment in the carousel are
presented by way of iLlustration. They led to a suggestion for a first
serl.es of teets using the faclllty to study the deposltion of flne sedLment
from flowlng water and Ln particular the dependence on concentration of
suspended solids. This work Ls reported separately ln IIR Report No SR 27.

These tests led to Bome recornrnendatlons for nodlflcations to the Carousel
and instrumentation which would enhance its range of appllcatlons, in
partlcular to allow studles of the complex sedlmentation procesaes involved
during continuaLly varying flow, aa oceurs in tldal estuarl.es. Proposals
have been subnitted for further research on these lines.
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I

1. r

I}IIRODU6TION

The need for
research

The erosion,  t ransport  and deposi t lon of  f ine sediment
creates a wide range of design, maintenance and
nanagement problens in ports and harbours, doeks,
est ,uar ies,  coasta l  waters and in land water  courses.
These problems can be split into three nai.n
ca tego r i es :

( i )  Easy navigat ion:  of  waterways is  essent ia l  for

ship and boat  t ransportat lon.  F ine sediment  can
hinder navigat ion,  by deposi ts  bui ld ing up in
channels reducing water  depth.  These deposi ts
have to be dredged, which is an expensive
process:  accurate predict ions of  amounts of
dredging and f requency are essent ia l  for  good

economic planning. When new engineering
structures are p lanned,  eg a new jet ty  and
berth,  the design should take in to account
potent ia l  sediment  scour  and deposi t ion.

( i i )  Pol lu t i .on t ransfer :  Many pol lu t ing chemical
species are preferent ia l ly  sorbed onto f ine
sediment  par t i -c les and t . ravel  wi th them. Thus
to predict  the fates of  these pol lu tants and
thei r  re lat ive ef fects on natura l  systems the
predict ion of  f ine sediment  behaviour  is
essen t i a l .

( i i i )  Ecology:  Conslderable danage can be done to
benth ic  habi tats  and recreat ional  ameni t ies by
f ine sediment  enter ing or  deposi t ing in  an area
where previously it was absent. Such changes
can occur as a result of najor engineering
works.

A11 of  these problems highl ight  the need to be able to
predict and quantify f ine sediment movement so that
the problems can be avoided,  a l lev iated or
economical ly  contro l led.

At  present ,  numer ical  models ex is t  which can predict
transport of f ine cohesive sediments. I lowever, the
physical  processes are st i l1  not  fu l ly  understood
which obviously  l in i ts  the accuracy of  predict ions and
clear ly  polnts to the need to ref ine the re levant
equat ions.  F ie ld observat ions have shown that  the
processes involved are very complex and d l f f icu l t  to
measure.  The carousel  of fers the abl l i ty  to  s tudy
these complex processes under prec i .se ly  contro l led
condit, ions so that the relative importance of each
parameter can be measured. The relevant parameteqp- -
are nord d iscussed br ief ly .



I . 2  P rope r t i es  and
behaviour of
f ine sediment

Fi -ne cohesive sediment  consists  basical ly  of  an
assenblage of  mineral  and organic par t ic les,  main ly
less than 0.063mn diameter ,  of  var lous shapes.
Because of  the par t ic les '  very snal l  s ize and
chemist ry ,  they develop e lect r ica l  sur face charges
( the najor l ty  being negat ive) .  This  is  a very
lmportant  factor  in  f ine sediment  behaviour ,  as these
negative charges lead t.o interactions between the
part i .c les themselves and che f lu id they are suspended
in.  The parameters governing these interact ions are
col lect ive ly  cal led physicochemical  parameters.

Physicochemical  Parameters

1.  Par t lc le  s i -ze,  and number of  par t lc les
(concen t ra t i on ) .

2.  Par t lc le  mi-nera logy,  and i ts  d is t r ibut ion
through the par t lc le  populat ion.

3.  Ph,  ion ic  s t rength,  chemical  eornposi t ion and
temperature of  the f lu id the par t ic les are
lmmersed in,  and of  the f lu id col lected between
par t i c l es  (po re  f l u i d ) .

Hydrodynamic parameters may a lso af fect  f ine sedinent
behaviour .  These re late to the energy of  the f lu id in
which the sedinent  par t ic les are immersed.

Ilydrodynamic Parameters

1 .  F lu id  ve loc i r y .

2.  F lu id turbulence.

3.  In ternal  f lu id shear.

4 .  Bed  shea r  s t ress .

5 .  S t ress  h i s to ry  o f  f l u i d .

I t  is  the conbined ef fect  of  these two sets of
parameters which contro l  the state(s)  of  the sediment
at  a par t lcu lar  t lme.  F ig 1 shows the var ious states
of  sediment  that  are bel ieved to occuE.

(a)  Mobi le  suspended sediment  Par t ic les of  sediment
are supported by a balance of momentum, buoyancy
and drag.

(b)  F loc ser t l lng Under cer ta in f lu id f low
condi t ions par t ic les aggregate to form larger
par t ic les known a f locs which,  because of  thei r



large s ize,  have a h lgher  set t l ing veloc i ty  than

the indiv idual  par t ic les.  The resul t  is  that
the f locs fa l l  towards the bed.  Some are
redispersed as they setEle:  some stay in  the
f lu id mud zone.

(c)  F lu id mud Flocs set t l ing f rom suspension
col lecL near to the bed.  I t  is  d i f f icu l t  tcr
def ine th is  phase preciselY as i ts

character is t ics are to some extent
t ransi t ionary.  Some of  i ts  character is t ics are
as  fo l l ows : -

( i )  h igh concentrat ion
( i i )  behaves as a f lu id of  some descr ipt ion

(but not Newtonian)
( i i i )  has some smal l  cohesion which mainta ins

i t s  i n teg r i t y
( iv)  rdhen stat ionary i t  rapid ly  tends towards

the next  phase of  a consol idat ing bed
due to cont inued setc l ing of  f locs.

(d)  Consol idat ing bed Water  is  squeezed out  as the
sel f  weight  of  the f locs deforms the f locs at
the lowest  1evel  and a soi l  skeleton begins to
exis t  ( ie  forces can be t ransmit ted through
inter  par t ic le  contact  whereas in  a suspension
they cannot) .  In  th is  phase the mater ia l  can no
longer be considered as a f lu id '

( e )  Se t t l ed  bed  Th i s  i s  p rope r l y  de f i ned  as  a  f u l 1y
consol idated bed,  ie  when a l l  the excess pore
p ressu re  has  been  d i ss ipa ted .  I n  p rac t i ce  t h i s
takes a long t ime but  a pragmat ic  def in i t ion
would be a bed which has consol idated to a
degree where fur ther  detectable consol idat ion
would take months rather than days.

Deposi ted mater ia l  (d or  e)  can be resuspended
by erosion i f  the currents are st rong enough.
In th is  event  mater la l  is  returned to the f i rs t
s t a t e  ( a ) .

1 .3  P rev ious  s tud les
Ear ly  exper iments to s tudy erosion and deposi t ion
processes were undertaken in rec i rcu lat ing f lunes wiEh

centr i fugal  rec i rcu lat ing pumps and return p ipes Lr2.

Both of  these are regions of  h igh shear,  and were
not iced by nany workers,  eg Partheniades,  to  cause
f loc breakage.  This was thought  to have a more
signi f icant  ef fect  on deposi t ion exper iments than
erosion exper iments.  Par theniades at tempted to solve

this problen by developing an annular f lurne.

The pr ineip le advantage of  the annular  f lume is  that
i t  e f fect ive ly  represents an ln f in i te ly  long f lume
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2. r

THE CA,ROUSEL

Des ign  c r i te r ia

with uni foru condi t ions throughout ,  a l though the
degree of uniformlty around the annulus nay be open to
quest ion.  Because of  the absence of  pumps i t  has
great  advantages in s tudies of  deposi t ion in  that  i t
a l1ows f locs to gror i r  and set t le  wi thout  passing
through a shor t  sect ion of  h igh shear.

One of the problems encountered by Partheniades in the
annular f lume was that of secondary flow lnduced by
the curvature of the flume. It rdas argued that this
could ar t i f ic ia l ly  nainta in sediment  in  suspension
which would otherwise set t le  out .  To overcome th is  he
designed the apparatus so that the flume could rotate
in the opposi te d i rect ion to the roof .  By carefu l
adjustment  of  the re lat ive veloc i t ies he was able to
produce c i rcumferent ia l  f low at  t .he f loor  wi th no
radial component.

Some cr i t ic isms of  the exper iments conducted by
Partheniades in  th is  apparatus may be made wi thout
detract ing f rom the progress they a l low.  These
inc lude the facts that :

( i )  the st resses in  the suspensions are der ived f rom
false f loor  ca l ibrat ions and not  f rorn actual
f low veloc i ty  measurements.

( i i )  the suspended sol ids were moni tored by tak ing
samples only at  the wal l ,  a t  d iscrete points in
the ver t ica l .  The bot ton 40mm rdas not  moni tored
a t  a l l .

( i i i )  the turbulence character i ,s t ics of  the f low are
unknowu.

( iv)  there l ras no contro l  o f  the physicochemical
condi t , ions.

Other  exper imenta l  faei l i t ies which have been p lanned
for  deposi t ion and erosion studies inc lude racetrack
f lunes,  of  which several  are under construct ion in
USA. These are an at tempt to use the advantages of
the circular f lune while avoiding the insuperable
hydrodynanic problems of radial velocity components
associated wi th then by having st ra ight  dr ive and test
sect ions,  and low curvature connect ions.  They are
large,  expensive and at  present  very d i f f icu l t  to
d r i ve .

The annular f lurne (Fig 2) was designed to take
advantage of the benefits of elirninating floc
disrupt ing pumps and return p ipes,  found in
rec i rcu lat ing f lunes.



2 . 2 Operat lon

Its large size was designed to nini.mise channel
curvature and therefore radial f low. In this way it
was hoped that it would not be necessary to have a

contra-roEat ing roof  and channel .

The stat ionary channel  and perspex test  sect ion a l low

direct  measurement  of  the veloc i ty  f ie ld us ing laser
anemometry, which is a major advantage over previ.ous

ci rcular  f lume studies.

The conti-nuously variable drive allows gentle
accelerat ion or  decelerat ion of  the roof ,  wtr i -ch a lso
gives the capabl l i ty  to  fo l low the st ress h is tory of ,
for  example,  a t ida l  cyc le.

The carousel  (F ig 2)  consists  of  an annular  f lume,
wi th an outer  d iameter  of  6m, a channel  width 0.4rn and
depth of  0.35n,  and has a detachable roof  0.09n th ick.
The f lune stands approximately  1. lm of f  the ground,

support ,ed by 12 br ick p i l lars.  The channel  and the
roof  are constructed of  f ibre g lass,  wi th a 0.12n long
perspex sect ion in  the channel  for  v iewing.  The roof
f i ts  ln to the channel ,  and f loats on the f lu id.

Fluid motion in the carousel is induced and continued
by the drag between the roof and the fluid surface as
the roof  rotates.

The dr iv ing mechanism for  the roof  consists  of  a DC
Torque mot,or  wi th a dr ive wheel ,  which turns a
hor izonta l  p late around the centra l  sp indle.  I t  is  to
this plate that the drive arm is attached at one end
(v ia the st ra in gauge) and to the roof  at  the other .

The speed of  the ootor ,  and hence roof  speed,  can be
al tered by a d ia l  contro l ,  s i tuated on one of  the
f lume support  p i l lars.  The motor  speed can be set  to
an accuracy of  4 d ig i ts ,  between 0000 and 9999,  O.L%

of the maximum speed. This produces a mean I'Jater
veloclly range in the flume from zero to approximately
0 .  7ms-  r .

Fig 3 shows schematically the fi l l ing and ennptying
processes involved wi th the carousel .  Before a
suspension is  put  in to the carousel ,  i t  is  f i rs t  mixed
up homogeneously. This is achieved by putting the mud

and fluid into the nixing tank and pumping them
through i t rs  rec i rcu latory system.

The suspension is then punped inEo the flurne from the
tank unt i l  the requi red depth of  suspension,  in  the
f lume, is  reached.  The roof  is  lowered onto the
suspenslon surface and the experiment i"s ready to
star t .  Af ter  exper imentat lon is  conpleted the roof  is

ra ised,  the dra in opened and the suspension can e i ther



be punped to waste, or back to the tanlc for remixing,
or to another tank for storage.

2 .3  Ins t rumenta t ion
Straln gauge (Fig 2 lnset)

This ls used to ueasure the force appl ied to the roof
of the carousel as i . t  rotates. I t  consists of a
spring and dlsplacement transducer arrangemenE
attached to the driving arm at the point of contact
wlth the roof.

The nagnitude of the applled force is determined by
the d isplacement  t ransducer def lect ion,  which is
d lsplayed on a char t  recorder .  The st ra in gauge is
calibrated by applying known forces via a pulley
sys tem.

Tachometer

This is  used to measure the speed of  the motor  which
dr ives the carousel  roof .  The speed is  proport ional
to the voltage of the motor porrrer - thls voltage is
d isplayed v ia a char t  recorder .

Laser  veloc i ty  meter

This is  used to measure the f low veloc i ty  in  the
carousel .  The measurements are very accurate
( I hnns- t) and can be made at any point in the
cross-sect lon of  the f lume, through the perspex
seet ion.  These point  ve loc i t ies are used to obta in
veloc i ty  prof i les and cross-sect ional  mean veloei ty .

The equipment  compr ises three par ts : -

(a )  Lase r  op t i ca l  un i t  (F ig  4a ) ,  Th i s  cons i s t s  o f  a
5 n i l l iwat t  hel ium-neon laser ,  a beam spl i t ter ,
a Bragg cel l  and a Lens.

(b )  Pho to rnu l t i p l i e r  op t i ca l  un i t  (F ig  4b ) .  Th i s
consists  of  a photonul t ip l ier  tube,  an
achromat ic  focus lens,  a mir ror  and a v lewing
eye  p ieee .

( c )  E lec t ron i c  un i t s .  These  cons i s t  o f  power
suppl ies for  the laser  and photomul t ip l ier ,
Bragg cel l  dr iver(s)  and e lect ronic  f requency
shi f t ,  and e l rcu i t ry  to ext ract  the re levant
doppler  f requency f rom the detector  output
s igna l .

The laser  veloc i ty  meter  operates by eni t t ing t rdo
convergent bearns in the same horizontal plane. These
beams pass through the perspex window of the flume and
intersect  at  some point  in  the f low.  I t  is  at  th is



COMMISSIONING
TESTS

3 .1 The dr lve
mechanism

3 . 1 , 1  M o t o r  s p e e d
control  (Fig

3 .L .2  I ' l o to r  speed
srab i l i r y

3 .  1 .3  Ca l ib ra t lon  o f
roof speed
( r i g  6 )

3 . 1 . 4  S r a b i l i r y  o f
roof rotat ion

5 )

in tersect ion point  that  the veloc i ty  component  of  the
f low normal  to the beam crossing is  measured (see Fig
4c) .  The photonul t ip l ier  uni t  is  focussed on the
beams crossing point ,  and as a par t ic le  ln  the f low
passes through the crossing point  l ight  is  scat tered
from the two beams, doppler  sh i fced in f requeney by
equal  and opposi te amounts.  The d i f ference is
detected in  a s ignal  modulat ion,  which is  then
converted by one of the electroni-c units into a
vol tage output  which in  turn ls  fed onto a char t
recorder .  From th is  the veloc i ty  can easi ly  be
calculated.

A ser ies of  tests rdere carr ied out  to  examine the
performance of  the carousel .  Each aspect  is  now
reported in  deta i l .

The tachomet.er  vo l tage was recorded for  var ious noEor
speed contro l  set t ings.  The re lat ionship between the
two was found to be l inear.

At  several  speed contro l  setL ings the motor  r i ras run
fo r  pe r i ods  up  to  24  hou rs  t o  t es t  s tab i l i t y .  The
results showed there was no variation at all in the
vol tage output .  I lence,  the motor  speed is  considered
to be sLable.  This rneans that  the long term roof
speed is also stable because the two are nechanically
l inked.

A re lat ionship was obta ined between the motor  speed
and the roof speed, by recording the number of
revolutions per minute the roof made at vari-ous notor
speed set t i .ngs.  The re lat ionship obta ined
demonstrates a s l ight  non- l inear i ty  of  Lhe contro l
system.

Speed - long term

The motor  speed has been demonstrated to be stable for
at  least  24 hours.  This means that  the long term roof
speed is  a lso stable because the two are mechanical ly
l inked.



Speed -  shor t  term

Although the average roof speed is constant iE was
considered that  shor t  term var iat ions could take p lace
fot  2 reasons:

(a)  unsteady load on the dr ive motor ,  ( for  exanple
if the bearings on the central roof spi-ndle were
badly a l igned or  i f  the roof  i tse l f  was catching
on the walls of the flune).

(b) t.here is soue freedom of movement in the l inkage
between rhe dr ive arm and the roof  ( ie  the
stra in gauge) which could a l low a per i .odic
accelerat ion and decelerat ion to develop.

The combined affect. of these is revealed ln the
vol tage output  f rom the st ra in gauge.

A number of test.s were done, recording the gauge
reading for  var ious roof  speeds.  An example of  the
record obtai-ned for one roof speed is shown in Fig 7
where i t  is  c lear ly  ev ident  that  there are per iodic
f luctuat ions in  the reading wi th in each revolut ion of
the roof .  Vary ing the roof  speed showed that  the
number of  osc i l la t ions wi th in a roof  cyc le was
constant  and equal  to  about  9.  Invest igat ion of  the
mechani-cal  dr ive system showed that  th is  corresponded
to  t he  gea r i ng  ra t i o  o f  9 :1  be tween  the  f r i c t i on  whee l
and the main dr ive p late where there was a lso a s l ight
eccentr ic i ty .  Occasional  addi t ional -  osc i l la t i -ons are
caused i f  the roof  b inds against  the f lume. This
tends to happen more at  the h igher  speeds.

Return ing to consider  the ef fects of  chese
osci l la t ions on the f low f ie ld i t  is  ev ident  f i rs t ly ,
that if the l ink between the drive arm and the roof
lsere to be r ig id the anpl l tude of  the osci l la t ions
would be very smal l  and secondly,  that  var iat ions in
roof  speed are proport ional  to  the d isplacement  of  rhe
stra in gauge and the per iod of  the osci l la t ion.  The
var iat ions have been est imated at  typ ical ly  about  !L7[
of  roof  speed.  Al lowing for  the iner t i -a  of  the f low
in the f lume, th is  is  l ike ly  to be dauped a lmost  out
of  ex is tance.  lVeloc i ty  var i -at ions of  1 to 4% of
similar period have been observed but cannot be
at t r ibuted to th is  mechanism alone.  I

Var iat ion in  height

The roof  f loats on the water  and any var iat ions in
height  dur ing rotat ioo could cause unwanted pressure
waves through the flume. This was investigated by
recording the unders ide height  of  the roof ,  above an
arbl t rary reference point ,  dur ing a ser ies of  complete
rotat i -ons,  at  a motor  speed set t ing 96.  F ig 8 shows



3.2  Energy  input

3 , 2 . I  C a l l b r a t i o n  o f
st ra in gauge

3 . 2 . 2  R e l a t i o n  t o  r o o f
speed

the averaged results,  the largest var iat ion in roof
height that occurs is 3.5mm which is 3.5% of the total
depth ( ie a very srnal l  change).

The iner t ia  of  the water  in  the f lume is  a l tered only
when the force exert.ed on it by the roof rotating is
changed.  Force is  obta ined by the re lat ionshi .p: -

Force = mass x accelerat ion.

As the mass term stays constant for the l^rater in the
flume, the only r,Jay that the acceleraEion, and hence
veloc i ty  of  the water  can be changed is  by a l ter ing
the roof  force.  That  is  to  say i f  the force is
decreased or  increased so wi l l  the accelerat ion tern
decrease or  increase and hence veloc i ty  of  che water .
Thus to keep a steady state s i tuat lon in  the f lume the
force has to be kept  constant ,  by producing a constanE
torque on the roof .

I{hen the flow velocity in the flume is kept constant
the kinetic energy of the rirater is constant and is
equal to the work done by the applied force in
overcoming resistance to f low. Thus:

work done = appl ied force x distance moved.

Thus in unit  t ime:

w o r k d o n e / s e c = F x u n

where ul  = angular veloci ty of roof,  r  = radius of
f lume. This constanE energy input to the system is
dissipated nainly as heat.

Energy input was measured by the strain gauge, between
the roof  and the dr ive arm. To convert  Ehe st ra in
gauge vol tages to appl ied force i t  was f i rs t  necessary
to carry out  a cal ibrat ion.  Thls was done by
uncoupling the strain gauge fron the roof and
at taching progresslvely  heavier  weights to i t  v ia  a
pul ley systen.  The re lat ionship between vol tage and
appl led force is  l inear  and shown in F ig 9.  I t  should
be noted here that  s t ra in gauge character is t ics change
wi th use and th is  cal ibrat ion exerc ise needs to be
repeated regular ly .  Af ter  a cer ta in amount  of  use the
strain gauge springs may become distorted and need
replac ing.

The f lume was f i l led wi th water  to a depth of  0.10n
and the roof  dr iven at  var ious speeds to observe the



3 . 3  V e l o c i t y  F i e l d

3 . 3 . 1  M e a s u r e d
veloci ty f ie ld

3 .3 .2  Secondary  f low

required energy input. After smoothing the
osc i l l a t i ons  desc r i bed  i n  Sec t i on  3 .1 .4  mean  s t ra ln
gauge readings were converted to appl ied force us ing
the best  f i t  ca l ibrat ion l ine shown in F ig 9.  The
resul ts  are shown ln F ig 10.

Using the laser  veloc i ty  meter  i t  is  possib le to
measure precisely  the c i rcumferent ia l  ve loc i ty  at  any
point  ln  the cross-sect ion of  the f lume v is ib le
through the perspex window.

A large nuuber of  exploratory tests were carr ied out
varying the water depth and roughness of the roof to
find the combination which nininised secondary flow
ef fects and gave as even a shear d is t r ibut ion on the
bed of  the f lume as possib le.  No.purpose is  served by
recording here the deta i ls  of  a l l  the tests which in
essence were s imply explor lng the fundemental  f lu id
mechanics of the flume. The conclusion was that best
results were obtained when the water depth was about
100rnrn and the roof was smooth. This condition was
adopted as standard for  a l l  fur ther  tests and i ts  f low
f ie ld was studi -ed in  deta i l .

Point  ve loc i ty  measurements were taken on a gr id
across the cross-sect ion of  the f luue and used to p lot
i -sovels ( l ines of  equal  ve loc i ty) .  F ig 11 shows
examples of  the veloc i ty  prof i - les obta ined for
d i f ferent  roof  speeds.

From these f igures i t  can be seen that  the isovels
pat terns are a l1 very s imi lar ,  d isp lay ing a sharp
lnward bend at a depth of 20mn with the niddle
sect ions s loping upwards t .owards the outs ide and a
gent le bend outwards at  an B0'n depth.  Because these
f igures r i rere so s imi lar  they were used to eonstruct  a
general ised sect ion (F ig 12) .  Each isovel  va lue is
d isplayed as a f ract ion of  the cross-secEion mean
ve loc i t y .

I n  t he  c ross -sec t i on  ve loc i t y  p ro f i l es ,  F igs  11  and
L2,  there is  ev idence of  a seeondary f low system, at
r ight  angles to the c l rcumferent ia l  component  of  f low.
This has been sketehed on FLg L2.

This secondary c i rcu lat ion is  induced by the
centr i fugal  force produced when the roof  is  rotated.
The water  on the sur face is  forced outwards,  when i . t
reaches the outer  wal l  i t  is  def lected downwards,  then
when lt reaches the outer bottom corner most of the
flow passes on towards the inner si-de and back up to
the surface, but some remai-ns in this corner and sets
up a smal ler  c l rcu lat lon cel l .  From th is  descr i .p t ion
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and Flg L2 Lt  nay appear that  Lhe c i rcu lat ion cel1 is
completed,  which is  not  t rue because the longi tudinal
component  of  f low,  g ives i t  a  resul t ing hel ica l  mot ion
along the flune.

3 . 3 . 3  C r o s s - s e c t i o n
mean velocity

The veloc i ty  measurements used to produce the isovels
in F igs 11 and 12 were a lso used to calculate
cross-sect ional  mean veloc i t ies for  each uotor  speed
set t ing.  The re lat ionship is  shown in F ig 13
demonstrat ing that  mean water  speed is  d i rect ly
proport ional  to  roof  speed over  most  of  the operat ing
range.  I t  is  in terest ing but  not  important  that  the
mean tangent . ia l  ve loc i ty  susta ined in the f lume is
approximately  hal f  the roof  speed.

Thus us ing the above re lat ionship and FLg L2,  i t  is
posslb le to predict  vr i th  reasonable accuracy the
ent l re cross-sect ional  f low f ie ld knowing only the
roof  speed.

3 . 3 . 4  F u r t h e r
d i scuss ion

The isovels in  F igs 11 and 12 g ive a rather  n is leading
view of  the f lord f ie ld,  emphasis ing the var iat ion
across the width.  F ig 14 shows . the var iat ion across
the width at  several  depths.  Also shown is  the roof
speed normal ised to cross-sect ional  mean veloc i ty .
This f igure c lear ly  shows that  the veloc i ty
d is t r ibut ion across the width of  the f lume is  c losely
re lated to the var iat ion in  tangent ia l  roof  speed due
to  rad ius .

Vert ica l  ve loc i ty  prof i les have a lso been p lot ted
separate ly  for  d i f ferent  posi t ions across the width of
the f lume in F ig 15.  This shows that  a l though the
veloei ty  magni tude increases wi th radius the prof i les
are very s in i lar  in  form. I t  should be possib le to
der ive shear s t ress d is t r ibut ion on the bed f rorn th is
da ta .

3 .4  Sed inen t

3 . 4 . L  S a m p l i n g  o f
suspended sol ids

When per forn ing sediment  eros ion or  deposi . t ion
exper iments in  a f lume, i t  is  v i t ,a l  that  sediment
concentrat ion changes,  in  the f lu ids involved,  are
monitored so that any sediment oovement oecurring can
be d i rect ly  detected.  The moni tor ing processes
general ly  involve a system in which a sma1l  por t lon of
the f lu id/sedinent  under invest , igat ion is  per iodical ly
extracted and analysed for  sediment  concentraEion.
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3 . 4 . 2  B e d  t h i c k n e s s

SUMMARY AND
CONCLUSIONS

In  the carousel  the sanpl ing system consists  of  two
port  holes,  one on each wal l  o f  the f lume, 80nn
above the f loor  (See Fig 16) .  Through each of  these
port  holes prot rudes an tLt  shaped sta in less steel
sanpling tube, which has an internal dianeter of 2mm.
The sanpllng tube on the inner wall of the carousel is
non-movable, with its entrance facing dor^rnstream, and
is only used for returning analysed samples i-nto the
f1ume. The out.er wall sanpling tube has lts entrance
facing upstream, i ts  e levat ion is  adjustable,  and i t
is  used for  ext raet ing samples.  The e levat ion of  the
tubers entrance can be a l tered by rotat ing the outer
por t ion of  th is  tube across a scale corresponding to
0-100nrn above the flune floor.

A sample of  the f lu id is  obta ined by inserr ing a
syr inge into the s i l icon rubber tubing,  at tached to
the sanpling tube, and extracting a volume of 30n1,
which is  then analysed for  concentrat ion in  an
absorpt iometer ,  ca l ibrated wi th f requent  grav imetr ic
ana l yses .

The main advantage of  th is  system is  the abi l i ty  to
sample at  any height  in  the f lu id,  and to return
analysed samples back into the flow. l lowever, during
some preliminary experi-ments in the carousel a few
problerns arose.  The f i rs t  problen was that  as the
hor izonta l  d is tance of  the sampl ing tubefs entrance is
fixed in the niddle of the flume, any variation in
sediment  concentrat ion across the width of  the f lume
eould not  be moni tored.  The second problen
encountered, was that when Ehe sanpling tube entrance
was c lose to the sediment  bed,  the bed was d is turbed.

This measurement  ls  a lso essent ia l  in  determin ing
sedi.ment movement in the carousel. At present bed
thickness can only be measured by reading off the
apparent  sur face of  the bed on the depth scale which
is  f ixed onto the wlndow on each s ide of  the carousel .
The obvious d isadvantage of  th is  is  that  measureoents
cannot be made in between t.he two. l lence any bed
th ickness changes tak ing p lace in  th is  region cannot
be  de tec ted .

A large number of tests have been carrled out in the
carousel  in  order  to cal ibrate i ts  per formarrce.  The
resul ts  lead to the conclus ion that  t .he apparatus is
consistent  and re l iab le in  i ts  per formance wi th few
shortcomings.  Each aspect  of  i ts  per formance is
sumnarised below.
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The drive mechanism

The per formance of  t f r ls  is  both consistent  and
rel lable.  The only shor tcoming observed in the tests
was a shor t  term instabi l i ty  of  the roof  speed,  due to
an eccentr ic iEy in  the dr ive wheel  and b inding of  the
roof  in  a couple of  p laces.  Al though the ef fect  of
this on the flord velocity 1n the carousel was almost
negl ig ib le,  the dr ive mechanism was nodi f ied,
resul t ing in  grearer  s tabi l i ty  of  the speed.

The energy input

This cones f rom the dr ive mechanism, and as the la t ter
is  eoncluded to be re l iab le and stable,  then so the
foruer  is .  Thls  can be measured re l iab ly  by the
stra in gauge as long as f requent  cal ibrat ions of  the
spr ings are made.

The veloc i ty  f ie ld

This has been accurately measured at many point.s over
a cross-sect i "on of  the f lune.  The resul ts  ind icate
that  there is  a h igher  veloc l ty  towards Lhe outer  edge
of  the f lume, the veloc i ty  var iat ion across the width
is  very s lmi lar  at  a l l  depths and is  d i rect ly  re lated
to the var iat ion in  tangent ia l  roof  speed due to the
radius.  The cross-sect ion mean veloc iEy ls  d l rect ly
proport ional  to  the roof  speed.  A11 the verEical
veloc i ty  prof i les are very s in i lar  in  form. There is
a secondary f low element  in  the carousel ,  the
magnitude of which is very much smaller than in the
fnormalr  d i rect ion of  f low.  The d isadvantage of
s l ight ly  d is tor ted f low di reet ions is  outweighed by
the advantage that the flow generat,ed in this way does
no t  d i s rup t  t he  f 1ocs .

Sedinent

The or ig lnal  suspended sol ids sanpl ing system worked
adequate ly ,  however,  i t  had the shor tcoming that
changes in concentration over the channel width could
not  be moni tored.  The system was modi f ied to a l1ow
thls  and is  now considered to be sat is factory.

Bed thickness measurements can be made very easily and
aecurate ly  on e i ther  s ide of  the carousel ,  however,  at
the moment the bed leve1 in between cannot be
observed.

Pract ica l  appl icat i .ons and future research

The f i rs t  exper iments to be carr ied out  in  the
carousel  need to invest igate and evaluate the
ci rcumstances under which sediment  s tar ts  to deposi t
and the rate under speci f ied f low condi t ions.
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RECOMMENDATIONS

Understanding these processes would help to increase
ou r  accu racy  i n  p red i c t i ng  s l l t  depos i t i on  i n
es  t ua r i es .

However,  in  an estuary the f low is  very dynamlc and
steady state f low condi t ions do not  prevai l  for  long
pe r i ods  o f  t l ne .  Because  o f  t h i s  t he  ne t  s i l t a t i on
depends on the balance of  deposi t ion and erosion
processes,  which depends on the energy paEhs of  the
t ides.  The carousel  wi th a snal l  nodi f icat ion would
be ideal ly  su i ted to s tudying th is  phenomena by
s imu la t i ng  es tua r i ne  t i da l  cyc les .  Th i s  i s
ant ic ipated to be the next  roajor  s tep forward in  the
s tudy  o f  es tua r i ne  s i l t a t i on .

There wi l l  a lways be scope for  developments and
improvements to exper imenta l  apparatus,  which rnust  be
ca re fu l l y  we ighed  aga ins t  l i ke l y  bene f i t s .  Howeve r ,
based on observat ions and conclus ions drawn dur ing the
commiss lon ing  tes t s  t he re  a re  some  nod i f i ca t i ons  t o
the  con t ro l  sys tem and  i ns t rumen ta t i on  wh i ch  wou ld
enhance  the  ca rouse l r s  range  o f  app l i ca t i ons  i n
par t icu lar  for  s tudying the cornplex sedimentat ion
p rocesses  i nvo l ved  i n  c i da l  es tua r i es .  These  a re
l i s ted  be low .

I .  A  reve rs ib le  d r i v i ng  sys tem w i th  se rvo  con t ro l ,
to  a l low s i rnulat ion of  revers ing t ida l  f low and
t i da l  cyc les .

A system whereby a l l  the ex is t ing measured
parameEers can be d isplayed c lear ly  and the
moto r  speed  con t ro l  a l t e red ,  f r om a  cen t ra l
con t ro l  pane l .  A l l ow ing  more  f l ex ib i l i t y  and
eas ie r  con t ro l  o f  t he  expe r imen ts .

A conErol  system based around a smal l  micro
compu te r  t o  f ac i l i t a te  au tonomous  ope ra t i on  o f
the carousel  and data storage.

The exis t ing laser  veloc i ty  meter  is  very
accurate in  low concenErat ion of  suspended
sediment  and c lear  water ,  however in  h igher
concen t ra t i on  o f  suspended  so l i ds  i t  i s  l i n i t ed ,
due to beam at tenuat ion.  A range gated pulsed
acous t i c  dopp le r  shou ld  be  i nves t i ga ted ,  as  an
al ternat ive.  I t  would be non- int rus ive and
could be rnade suf f ic lent ly  accurate and re l iab le
a t  a l l  concen t ra t i ons  o f  suspended  so l i ds .

Cont inuous moni tor ing of  suspended sol ids
th roughou t  Ehe  c ross -sec t i on  w i thou t  ex t racE ing
samp les  f o r  ana l ys i s .  A t  p resen t  a  co -ax ia l
f i b re  op t i c  sys tem o f fe rs  t he  mos t  p ron i s i ng
method .  Howeve r ,  i nves t i ga t i on  o f  an  acous t i e

2 .
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doppler  scat ter ing technique should be made as
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KaolLnl.te depositlon
experiment

Visual  observat ions

APPENDIX

SOME PRETIMI}IARY EX?ERIMENTS

This was the f i rs t  deposi t lon test  to  be carr ied out
in  the carousel .  I t  was essent la l ly  an observat ional
t es t ,  i n  o rde r  t o  i den t i f y  t he  pa t te rn  o f  depos i t i on
that  would Eake p lace in  a suspension subjected to a
progressively  decreaslng veloc i ty  f ie1d.

The par t ic le  s i .ze d ls t r lbut ion of  the kaol in i te  sample
is  shown in F ig 17.  Kaol in i te  and f resh water  were
mi.xed,  in  the tank,  to  g ive _a suspension wi th a
concentrat ion of  54r570ng1-r .  This  was then puuped
lnto the carousel .  The roof  was in l t ia l ly  rotated at
t he  moro r r s  h ighes t  speed  se t t i ng  (999 ) ,  and  then
gradual ly  reduced in s teps at  approxlnate ly  45-60
minute in tervals  to zero.  30m1 samples of  the
suspension were extracted f ron 50mn above the f lumefs
f loor  at  var ious t ime intera ls .  Visual  observat , ions
were made at regular intervals through the perspex
windows on the ins ide and outs ide of  the f lume.

The suspension remained in i ts  in i t ia l  wel l  n ixed
state unt i l  the f low veloc i ty  had been reduced to
0 .26Oms- I ,  11 .5  hou rs  a f t e r  t he  s ta r t  o f  t he
exper iment .  At  th is  t ine there appeared a rbedr

7.5nn deep,  on the ins ide window, which had the
appearance of an elongated ripple with a rough
surface.  When the veloc i ty  was reduced to 0. l90ms-r
th is  rbedr  d isappeared and f locs formed at  the bot tom
of the suspensLon whi le  the top of  the suspension
(5mn) c leared.  The suspension at  th is  s tage was st i l l
moving along, the top moving faster than the bottom.
Flocculat ion,  set t l ing and consol ldat ion of  the
suspended sedLment wi th a corresponding c lear ing of
the upper part continued throughout the rest of Ehe
exper iment ,  on the ins ide wi .ndow.

On the outside window, the first change to take place
in the suspension rdas 13.3 nours af ter  cornmencing the
exper iment  wi th the f low veloc i ty  at  0.118rns-1.  There
rlas a clearing ln the top 20nm of suspension revealing
a gent ly  waving suspension/water  in ter face,  the
suspension st i l l  moving throughout  the depth.

As the veloc l ty  was reduced to 0.O81ns- I  the
f locculated suspension on the ins ide window ceased to
move along.

Meanwhi le,  on the outs ide,  the in ter face wave mot ion
had subsided but it was not unti l there rras a
reduct ion in  veloc l ty  to 0.043ns- l  th . t  the f i rs t  very



Results

Sinulated tlde
experiments

Experiraental procedure

Kao l i n i t e  t es t :
v isual  observat ions

Veloc i ty  decreaslng

f lne f locs star ted to form in the bot ton 5nm.
Substant ia l  f loc format ion only took p lace when the
veloc i ty  had been reduced to zeto.

The suspended kaol in i te  concentrat ion var iat ion wi th
time is shown in Flg 18. Throughout the experiment
the suspended kaolinite concentration remained almost.
cons tan t  a t . 51 ,000ng1 - r  un t i l  t he  ve loc i t y  was  reduced
to  0 .190ms- r ,  12 .5  hou rs  a f t e r  t he  expe r imen t  had  been
star ted.  Then the concentrat ion began to drop,  but
even over the followiag 2t'2 hour period where the
ve loc i t y  was  reduced  to  ze ro  f r om 0 .190ns - r  i n  f ou r
stages the concent . rat ion only dropped f rom 51r000ng1- I

t o  38 ,OOOng l -  r .

The t ida l  cyc le to be s imulated was obta ined f rom near
bed tidal velocity profi les available froio the i"l.umber
estuary.  This test  was carr ied out  on two
suspensions,  f i rs t ly  on kaol in i te ,  then on mud f rom
the same source as the veloc i . ty  measurements.

This was the same for  both suspensions used,  the only
di , f ference being in  the in i t ia l  concentrat ions,  for
kaol in i te  i t  was 54,570ng1-r  and for  pyewipe mud
62rO0Ongl-1.  The par t ic le  s ize analys is  of  the l lumber
mud is  g iven ln F lg 19.

The f low veloc i ty  pat tern fo l lowed,  can be seen in
Figs 20 and 21.  Dur ing these exper iments v isual
observations were made regularly through the perspex
windows, and additionally for the pyewipe mud
suspension t ime lapse photographs were taken
(P la tes  1 -8 ) .  3On1  po r t i ons  o f  t he  suspens ion  were
extracted,  60nm above the f lume f loor ,  at  5 to 10
rninute i"ntervals and analysed for suspended solids
concentrat ion.

The f i rs t  change observed i -n the suspension took p lace
at the insi.de window of the carousel I hour, 40
minutes af ter  the star t  o f  the exper inent  when the
veloc i ty  had dropped to O.198ins- I .  The bot tom lOrnm 6f
suspensi.on stopped moving along and flocs began to
form. As the veloc i ty  cont inued to deerease the
number and s ize of  these f locs increased upwards
throughout  the depth of  the suspension,  and
correspondingly the depth of  non-movement increased.
The f locs a lso began to consol ldate at  the bot tom of
the f lume. Si rnul taneously the suspension depth



Slack water

Veloc i ty  increasing

decreased,  and a c learer  layer  of  water  developed
above i t .

I t  was not  unt i l  about  2 hoursr-  in to the exper iment ,
when the veloc l ty  was 0.137ns-r  that  anyth ing happend.
There was a sudden clearing in the top l0nm of
suspension on Ehe outs ide,  exposi -ng a water /suspension
inter face exhib i t lng wave mot ion.  This wave mot ion
gradual ly  d in in ished in magni tude,  as the veloc i ty
decreased fur ther ;  i t  eventual ly  ceased at  a veloc i ty
o f  0 .O27ns -1 .  10  m inu tes  be fo re  t h i s ,  a t  a  f l ow
veloei ty  of  0.075ns-  l ,  f locs began forming in the
bot tom lornn of  suspension.  As the veloc i ty  cont inued
to decrease the f locs increased i -n s ize and number
throughout  the suspension depth,  compact ing to g ive an
increasingly  deeper c lear  water  layer  on top.

Dur ing the 20 minuce per iod at  the lowest  ve loc i ty
(0.008ns- I ;  t t r "  suspension behaviour  hras the same on
both s ides of  the f luue.  There was cont i r rued
compact ion of  the f locs,  and an increase in the depth
of  c lear  water .

Dur ing the f i rs t  20 n inutes of  th is  phase there rdas an
increase in turb id i ty  of  the upper layer  on both
s ides .  As  the  ve loc i t y  i nc reased  to  0 .047 rns - r
d i f ferent  behaviour  was observed on the two s ides of
the flume. On the outside wave motion began again ln
the suspension/c lear  l ra ter  in ter face,  and in the
region 5nm below this the flocs had broken down into
smal ler  aggregates.  As the veloc i ty  increased fur ther
the wave motion became increasingly more vigorous with
the waves breaking and d ispers ing kaol in i te  par t ic les
i .nto the c learer  water  above.  Hence the depth of  the
high concent . rat ion layer  decreased and the c learer
layer ,  whi ls t  becoming more turb id,  correspondingly
i nc reased .  Howeve r ,  a t ,  a  ve loc i t y  o f  0 .137ns - r  t he
wave motion quite suddenly stopped, leaving a
f locculated bed 5m th ick and a rhonogeneousl

suspension above i t .  This  s i tuat ion remair red the same
t i1 l  the end of  the exper iment .

During the same time on the inside of the flune the
clearer  layer  had becorne progressively  more turb id,
wi th the f locs in  the top 5nm of  the deposi ted
kaol in i te  breaking down complete ly .  Eventual ly  at  a
veloc i ty  of  0.102ns-r  they began to move a long in a
s l ight  undulat ing fashion.  As the veloc i ty  increased
th is  movlng non-f locculated region increased in depth
as more flocs were broken down and taken up into the
flow. By the end of the experiment there were three
dist inct  layers,  a 25mm large f loc bed,  a region of
moving fi.ne particles above and on top a 5mm g1g.t
water  layer .



Suspended sol ids
concentrat ion

FIg 2A shows that  the suspended sol ids concentrat ion
remained constan!  (at  around 47 ,000ng1- 

I ;  for  a l l  o f
the veloc i ty  reduct ion phase and s lack r r rater .  Then
i t  suddenly dropped to about  9r000ng1-I  in  the f i rs t
par t  of  the veloc i ty  increasing phase.  The
concentrat ion then just  as rapid ly  rose to around
35 r000 ing1 - r  15  m inu tes  f u r the r  i n to  t h i s  phase .  The
concentration leve1 remained approximately at
35r00Ong1-I  t i t t  the end of  the exper iment .

Humber mud test :
v isual  observat ions

As the general  pat tern of  events that  took p lace in
the Hunber mud experiment rdere very similar to those
occurr ing in  the kaol in i te  exper iment ,  a deta i led
desc r l p t i on  w i l l  no t  be  p resen ted .  Desc r i p t i ons  o f
the t ime lapse photographs,  taken of  the outs ide
windows wi l l  be g iven lnstead.

P la te  I
Inlt ial well mi.xed suspension of the tlunber mud, no
deposi t ion or  f locculat ion has taken p lace.

P la te  2
In i t ia l  c lear ing of  the Eop 10nrm of  suspension as the
ve loc i t y  had  been  reduced  to  0 .137ms- r .

P la te  3
Cont inued c lear i .ng of  the top of  the suspension
reveals a suspension/water  in ter face wi th gent le
waves.  F loc format ion begins in  the bot tom of  the
suspens ion ,  a t  a  ve loc i t y  o f  0 .O87ns -1 .

Plate 4
Wave mot ion at  the in ter face ceased at  a veloc i ty  of
0.027ns-1,  the tota l  depth by now is  taken up by f loes
grading frorn large to small upwards.

Plate 5
The nud f locs cont inuing to compact  wi th the c lear
layer  increasing in  depth,  at  the turn ing point  of  the
t i d e .

Plate 6
The deposi ted nud is  re-eroded by gent le waves
star t ing,up in  the top 3"rm of  bed at  a veloc i ty  of
0.047ns-r .  The top 5mm eg f locs being broken down
i-nto smal ler  par t ic les.

Plate 7
Inter face waves beconing rnore v igorous,  thei r  crescs
breaking,  d ispers ing nud par t ic les in to the c learer
layer  above.  The c learer  layer  becoming more turb id.



Plate 8
The end of the experiuent, the interface waves have
ceased, 15nn of bed is left on the flune floor
uneroded.

Figure 22 is a diagram of the nud layers observed on
the ins ide window at  a f low veloc i ty  of  0.096rns- I ,  in
the veloc i ty  reduct ion phase of  the t ide.

Suspended sol lds
concentrat ion

The suspended sol ids concentrat ion remained constant
dur ing the.veloc l ty  reduct ion phase,  approximately
40,000ng1-r .  This  dropped rapid ly  dur ing the in i r ia l
increase in veloc i ty  af ter  s lack l rater  to  about
220ng1- l ,  but  gradual ly  rose again in  the rest  of  the
velocity increasi-ng phase to about 451l of the
in l t ia l  concentrat ion.

Compar ison of  resul ts
for  the t ide
slmulat ion exper iments

The two mater ia ls  d isp layed s iu i lar  overal l  behaviour
in suspended sol ids concentrat ion changes dur ing the
exper iments,  however,  there were a few notable
d i f f e rences  ( see  F igs  20  and  21 ) :

( i )  for  the l lumber mud the lowest  suspended sol ids
concentrat ion coinc ides wi th the lowest  f low
veloc l ty  in  the t ide.  However,  wi th the
kaol in i te  the lowest  suspended sol ids
concentrat ion lagged behind the lowest  ve loc i ty
p o i n t .

( i i )  the per iod of  rapid suspended sol ids
concentration change rdas twice as long for the
Humber noud than for the kaolinite.

( i i i )  the min lmum concentrat ion of  suspended sol ids
was much smaller for f lumber srud (approxinately
22OmgL- l; th"o for the kaolinite (approxinately
9000ng1- r ) .

( iv) the l lumber mud only reached 45% of its former
suspended sol ids concentrat ion level  af ter
re-erosion,  whereas the kaol in i te  reached 74% of
i ts  former level .

Future work
These three pre l in inary exper iments,  h ighl ight  the
need to invest igate cer ta in events that  take p lace
dur ing the deposi t ion process.

In a l l  o f  these exper iments the suspended sol ids
concentrat ion re!0ains re lat ive ly  constant  unt i l  the
shear s t ress is  reduced to a par t icu lar  level  at  which



the suspended sediment  begins to set t le  out .  One

obvious quest ion that  ar lses f rom th ls  is :  is  there a
unique cr l t ica l  s t ress for  deposi t ion to occur  or  is
i t  concentrat ion dependent?

A test  should be carr ied ouE on mud suspensions of
d i f ferent  ln i t ia l  suspended sol ids concentrat ion,
subject ing then at  f i rs t  to  a h igh shear in  the
carousel ,  then gradual ly  reducing i t  unt l l  deposi t ion
occurs.  The rate of  deposl t ion should a lso be
monitored to examine the effect of varylng velocity
below the cr i t . ica l  va lue.
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