BATCH SETTLING OF SLURRILES
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le A lop=log plot of settling rates vse real voidaze surjrests thit clurries

of praceodymiun oxalate show three distinet typos o ¢ hindered,
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transitional and coapnction.

2. The two principal variables are local solids coacontration and floc
structure. ‘hen the latter is constont or a function of tl.e former, Kynch's
ticory holds except for tho packed bed.

Be Qith o detector propzrly shieclded from a racdicactive slurry, the count-
ing rate is a trcensfor:s: of the colids concontrations hen the rate function
i3 speeified, the concontraiion iz unicuely detorained except uhere it is
discoatinuouse.

k. Co.upnrison of countin: rates calculated by the applicutisn of Eymchls

theory with experisertal rates indicatos that a concenlrzticn gradicntg

cxiots in the final packed bade
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whg work poprordted in this thesis iy Lo convenienlly divided into

tun portoe  fort 4 deuls wiith tho gebtling of proccodyuivm exnlale clurries

wiadle Fart B 3o concernad with the fouciltility of wedng radicueiive

» +0 delexing the loend selids concentzatios in glusaies.
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In ganeral, codlmentotion, thifef Slan, or clzrificaldion clipsily
grovitotionnl cottling of golil yorticlen, wilch nyd cuspendeld in o liculld
t_ﬂ a xatiwe dence cludge contndeing a hicher concunnteoniicn of sulldo.

Yiio wnit oreention ia of prxrciculir intorest in tho £icld of
rinernd drencdag, counpe trontocat, de=tincmiilontion of gonl, troalizent
of dnduckrinl wacloeos, ctee Heditzentolden ennt Vo cazxriod cul cither in
batch or coutintous unito.

vlwrrics oy be eltbor conirescible or &nconpyressiblo. The fipnl
sellde coneontrntion of couprescible cludpos increnses vieh dncreaaing
weis b of polids per unlt aran vicreas the finel ennecunipnticn of incene
reozible gludieo 30 not epffoctoeds Cospreccdule dulpes ove goneraliy
o v of very fine porticlos whilch vo geauped topother da flccse Llho
reinexy locs somotimes form o yopaton waich wry chanza thaiz chnpe, ein

oy 4onudly us eobliliing prococdss

3t da custernry to divide gobiling into cabosories cuch o "ires?
and "hinderesdts Thcse ore rou h civicions descusiag en Lota tae cizo

diglribution of purticles cnd the es2ilds concontration,

- wama
tron Joltiine

it vory low concoenbriatisons, tho porticlon dn o podydlicnorae oyoian

zetlle inldviduedly ot cenclont volocities viieh cre Qoboroined pricorlily

-4
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1o aine and denodbye  In o gyote: ol LoAullunious particles,

2

i3y parbie
L 2% P TN e A ] o K r.e se.a- o L P R
lontlon Sies ducee  IT Lhe powiiclos wro vopy closely aizod, thoro

ALY e @& distinct datorfuce evon ab vory 1o csaecabyetionse In any caiso,

L ad

e will cud olhoy porticles hove an snopreel: Do ¢licet on the cebilins
voilocitye liouevory Lho xate of L0213 1g of the vine celor of mumitule oa

ti.e HColzes welocify.

i 2damnd Dottt dna

iwea whon tho paeticles diffor mienlly 4 cloe, ohnpo ead density,
slarrics sobtle uith o ahiwp liuvo of dewenblisg wihza Chno golids concene
trobion 30 cufficiontly hi-h. for auch slwryios, tho tronsition froa YIweo
S0LLling™ €o 'hinderad cottlins® 13 vory praiduni.s Tho first oign 0of Cho
Erancition 49 tho argearanca of a very kusy cnd fiind inborfoce. Thin
pEadunally beoenes shorper,

Ia bindore:d cofiiling, the prprticlss or flugs ara cilose touthar,
cuncinz the veloelity predioats suvrrounddny cog’ rurticla to be rroutly
afineted by Che prhnsence of noi:;i:bﬁ:a:-:..:z;’-’:’ :“. ialense,  Inilinlly, the
purdlelos eottlo eb constant veloglity. Hftor Ly goastiont-rato poriod, tho
velooity decreuses. I2 €his chume oceurd chinwi:Ely, this polalb iz ¢o:wonly

(1

called tho poind of copreision



LISWDATUNS  SURVE]
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iedinenlatiion of clurriecs and zuspensioms has beon the subject of
extensive ptudy inthe search for a comprehensive tlhoory or espiriczl Zor-

aula which dezls with the rate of T:01 of a susnension over its whols

§=t

concentration ran;ce 4 procticel annlicaticn is in the desim of tidclmoras

vith oininun experinentation from batch cetiling datze
Therefore, in genernl, the vork can be claccified into
1. Datch Settling,
e Continuous So%tling.
The present vorl: dads vith bateh settliny of floceulent, in-
compressible slurries.
In their ploncer wuorly Coa ond Clevenger observad
fowr different mones in a toitch gottling tent with Uctallurgicnl Slincse
Fiure (1) which is revroduced froa thzir paper gpives a typical history
of a suspencion which is iuitially of uaifora concentraiions
Initizlly the colwin confains a uniform tue-pinse rixture 3 as
ghotn in Fi.ure (ln)e As settling $aolkes placey clear linuid 4 tegins ¢o
oppezr at the %op of the ccluin and a dense codiment D at the botion
(Figzure 1b)e In butweon 3 and Dy there ic oftom a re;ion €, in wilch
the conceniration is not unifora but vardes frea thas of the initizl con-
contrasion at LC o ibe nexisum pomsible at LG A tice wro-rgozes, the
depth of zones A ond D increace, Zono D doereonses and zone C re.oins cone-

stante ‘'(he point at vhich C and D rerge is cclled tho criticnl point.
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Fig, 1 History of a Typical Batch Sedimen
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iife}) ahoued thak
(@)  %ho Coutd of colw.a hus no olfect on the initinl cotile
ing yotus and the $iuo tolen for the dnitinl slurry to
sottle to its Dinul consistency is preportional to the
unlght of colids.
(b) at ki) indttiel coneonlrabicns, the {inol consistensy
o 2 v “ 3 (l) 2 . ) 23
of the szilvent vas preater ™'y which wos abtritubed
to the cond particles wpresent In the clurrye z :"::z(’)
ccafir.ed the Jatior oboerviiione
L . . .
Dec-::r( ) noticed tie loparithidic appawwrance of cettling curvesafior

the erditicel point and cusnested ihe followin; emu.iiond

3 103 el R (1)
(7

(5)

lovinson in an atic ut to corrclato the velocitices of sunzmencion,

modificd the sStolies low and oltained the cquatlon

&% 2
- e d (PP G)/f e (c.)
£
Bolf and Hel ’ua("') gave enothior vernion of modificd Stokoes Lounntica

e.=ry) 3
2 ™ :‘.! 0 l.h -

los = =B lox (3%) (%)
(4]
(]
for the compraccion pericde It wau rororted that the owp-rinoniudly obocrvad

valuas lle within ¥ 203 of tioue eaiculabed frea Lruation (3)e

Vord and Ewvssomioyer pointed oud that the vilue of Cy in loguntis
(3) is iafluenced by poarbiclo cize znd ¢he wel Lt comcentraticn of £i.c Luce

ion. &s tio particle size iscresse ¢ ineresedasd muy riach a valve of



Col:l5 dn uhich cuse iquuiion (3) is no lon:or valid and it is neeoscary
to develon a new constonie
They vlso chowed thut a simple rolaiion cxisted betweon th2 ratio

of ultimate to initial seitling heishts which cxn be eupressed as

e

4
oy n
E; « C, (5)

Yiork and I{ohlc-r( 2 noticed the simllarity of cotiling curvea for
the sane slucry vith different initial hei:hibse Ivoam tlis fact, it is
poscible to predict tho settlinz curve for zny normal cettliag heisht, if

the setiling curve for any other heicht is estnoblished. The correlaticn

ic
Z - r
=t (lc/bo) €9}
)

Liowvevory they stated that if ihe clurriecs are nct ctirred, channcls
will form in which ease deviations ora expecicd from the pimilority Felatione
G';'ipc

COr:*.ing;s(g) proved orperinentzlly that thickening is the advance
wards in succecding vwaves, of bhiher concentrutions from the Lotton layerse
i ure 2 of his popar clesrly indicuics how the concontration loyyers are
bein,; propazeted with timce Dotenticn tine iz alco a varicble for coujpressibvle
slurrica.

Kamr::armeyer(lo)

s Wille stulring the effect Zo and co cn final Leizht,
cxprecsed the poosibility thut at hich colid concontrations of the suspeonsion
or at i h initial sctiling heighis, the final height may be indepcadont of

the initinl heighte



L ¢ X
l.ooerns( ) advanced the khynothesis “"ehot the rate at vhich water

is eliminated from a pulp in codprescioa is «i cll times proposriionnl to $he
ausount which cin be eliminated up to infinize time". Comings(g) results do
not supporg this conclusion. iie eoacludes thot vhen the pulp is comprecaibla
and vhen thickening to a rminimum liquid content, the depth of the coupression
zone is inportont as well as the time required fox tho liquid to ba saqueezed
out of the zone.

%)

On the same basis as Deerr’ ’, Roberts proposcd the equation for

conprescible settlinz
a7

--EE:}:(Z—ZO? (i’)ﬂ)
or
abD
-5 =k(-D) (Eb)
Richardcon cnd Zaki(la) questionins tho volidity of usinr suspension

doncity and suspension viscoaity(5) in the pedificd Stokes Squation, arsmucd
thot for a susponsion of unifora particlos, tho effectivo buoyoncy force
occtinz on the particles is not dependent on the donzity of the suspension.
Phis is trus because each particle displaces itz ovn volume of liquid ag it
settles, on the othor hand, if a large particle is setiling ia a suspension
of particles vhich are sufficiently sunll to belawe o3 part of the liquid,
the particlos displace an equal voluie 0f susprasions

Sinilarly, the effect of concentratioaz on thoe resistance forco
enrcountored by a purticle for a given rclative velocity is atiributzole to

the increase in the velocity pradiont rather thoa to 2 change ia viscosity.

Ty dimensioncl annlysis they shoued thod



u a

= les ) (7)
o

u = settlinm velocity of sussonsion

u= Stokos volocity

Ly extenoive experimentation they showed thut the sodiuentztion and

(13)

fluidization results can be correlated by o giarle line

loz u vs. log e

By conslderiaz the dynamic equiliiriua of a suspension of uni-

fora spherical particles settlinz in a fluvid, lichordson and Za.’-ci(lL")

obtained an expression for the settlin:; velocity in the forn of a cor-

roctlon factor to be used in conjunction vilhk Zfci:es lav.
u
us= 32 )
(¢]
there E’c is a correcction factor. For a cusjycnsion of uniform spherical

varticles
,Uc = (l-c)-lhss ()

There is pmuch supporticg evidenco for the functional fora of
y{13:15,16)

Equation (6
lichaels and Bolger(:"?) in their vork with flocculated Kaolin

)
suspensions assumced that tho Eichordson and z’o.?:‘(l“) equation holds

X3

vrovided the flow units sre flocs, and wodificd eaquation (9) to

2 L5
g &P~ €)1 ¢)

3
u = 15 g, 7] (29)

Stc._nour(m) experinentally studied tho sediwentation of fine-peard
tanslcca pzrbicles in the laairar range and found thut for porosities
up to G.8, the results could be corrclated by a modified fora of the

Hozeny equation.



3 (-
u, _ .8 ie
b o g% EE e [ (1-=>:)} (11)
N & 1°)) . . .
Eond dorived an expression for the czettlinz velocity of
suspension

w=u (1% '3 (12)

In deriving this equation, he assumed that the relative veleocity
between the slurry and the fluid always remains constant and is equal to
the Stokes velocity of the particles. This caumot be true, because the

relative velocity is a function of -the concentration of solids and is

given by
U = I-g (23)
(20) e o
Kynch vas apparcatly the first to formulate a comprehensive

mathematical theory of sedimentation on the sole assumption that the
velocity of fall is a function of the local solids concentration. Using
a plot of total solids flow rate against concentration he was able to
derive the velocity of surfaces of discontinuity and to predict that
particular values of concentration would be propagated through the sedi-
ment with particular characteristic velocities. Irom continuity relation-

ships the local solids concentration can be calculated from

c = "Z%J% (1%)
It was shown that if any discontinuity existag, it will be
propagated upwards with & velocity glven by
S,= 8§

1 2
§ = ey (15)

If the change in particle concentrations iz small, tho expression for 5

reduces to



10
= -3 (16)

Once the S vs. ¢ curve is established, the possible modes of
settling curves can be established. Using equation (14) the 5 vs. ¢ curve
can be established from one batch settling test.

tlork and Kohler's (3) calculatlons supnort Kynch's theory. The
most strikins resemblance to Kynch's theory is their ealculations of
average concentration at equal slopes from various settling curves of
different initial concentrations and equal initial height. From sinilar
-triangles, their results can bé uéed to caleulate surface concentrations.

Mishler‘s(a) results are those expected on the basis of Kynch's theory.

Yoshika et a1‘?Y) found that the constant I in equation 6a and
6b varies inversely with C,2,+ In the modified form Roberts(ll) equa-
tion is written as

dZ
- ® c z (2 - 2) Qa7

vhere K' is a true constant for any given material. They gave experi-

(20)

mental support to Kynch's theory and developed a relationship betueon

final reduced height and weight of solids per unit arca

a (C,Z)) -n ' (13)
(22)

c é
This equation is of the same type as equation (5). Snellie and Lamer
studied the sedimentation of flocculated suspensions and gave an empirical

equation

K/(Z,- 2) = x + pt (19)
They erroneously derived this equation from the continuity equation of
Kynch(ao). Errors in their mathematical analysis led them to assume that

the volume concentration of solids is at any instant uniform through



11

cut the cettling colurm, which is ouito coatrury to the idea of concene
tration gradicnisz.

a7 e 25
s(“)' 2hs 25) dovelopad a method

shannon and Tory and associzto
for caleculating coaplete mottling ewves freau initial rates and vorified
Kynclisthcory for slurries of clozely sizod spheres in waters

Tor;/(zs‘) has chowm that equations 1% crd 17 could te conbined to

set equation 20 from which concentration vse velocity can be calculated

uithout recoucse to the sedimentabion curve.

(e o e w0
This equation is niore convonient thon using tangents to the zettlin: curve,
vhere settling is slowe lie has also shoin that equation 13 holds roed for
several results in ¢ie litcrature includin. gotie vhich had been atiributed
to the eff2ct of initinl conccnfratione ile also moted the izsportmé:e of
concentration gradienis foz.' settling rates of CaCo., slurriece Addiltlonzl

(29)

support for ymchts tlowry is given by liascett('a?), 'allis y Zoyd and

(29),

whitton
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I'ntoricls

Prascodyuiun oxalate, Fr, &4 "l;)-"' 2,0, (Cole 71047, Lindsay Chead-
cal Livision of Anerican I'otach and Chendcsl Corporaiicn) usos used as
finoly divided golid for seitling studiocs.

In order to estatlish tho effect of azing on its setiling nrogore
ties,zeiiling rates were deceriined as a furwtion of azes Iroa Tigure 2,
it appears that the setilin propertics change slightly with agitation.. A
thick naster slurry was mede and gtirred viiorocusly for morz than a weelke
The particle size diciribution cf a small ecanple of this slurry con be
ectinnted from Figuvre 3.

A1l samples for setiling tesis woere talen from this uasier slurrye.
Beth the weipht and volune of slurry were nieacurad and the uveignt of celids

5 caleculateds <he apparent density of praseodyiiwa oxalate was doler-

ninod experimentally to be 2.522 ¥ couuzs ge/cce

Procetiure .

The sase slurry sasple vwas used for a scrics of runs, the colids
concentration in the cylinder boing adjusted by adding or reuoving walere
“he slurry was mixed thoroushly with a perforated stalnless steel plunger

vatil the =olids annarently viere distributed unifer:ly throushcut the
clurry.
1he time was counted frou the monent the plunrer was talien out of

tie clurrye ‘The level of the interince as a function of time was recordede

(If the level falls vory rapidly for just a very chort $inze, thoe sluwrry

12
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is not waiforu, l.e. the colids conceniration neur the interizce is louveor
than in the bulk of tho slurry). fThe £roquency of roadings varied froa
four per winuto to oae per five minutes desending on the velocity of fall.
A sories of tests was done in vhich cach solids concentration was run tuice
for each batch. The order of runc was deteriined by lot.

The tochnique which gave the most renraducible results was as
follows. First, 230g. of colids were added to the coluwn and mettling
teats vera carried out. A knoun weight of solida was removed from the
coluvn and settling tests wore repocted. s uus confinued until the dzta
covered a wide rance of concentrations., A catiietomolor was uced to reducoe
the cvbservationzl error in runms involving the sloiwr cormipzeticn of thick
slurriec.

The larze ratio oZ length (90.0 cm) to dimmeter (4.05 ¢a I.D.)
of tho colusn made it possible to study a vido voricty of concontrations
vith relatively littlo material. MHowvever, the diascter was larpe oroush
to encure that vall effects would be neglizible for discrete particles or

flocs.



Initinl scobiling rates viere obtnined for a wide ronge of initia
concentrations and several veirkts of colidse Theo mest rodvroducible rezulis
ars L-ho'._'.'n in Tables 1, 2 and 3¢ the reaniander are civen in Anpondix Ae
Frem the relatlively fast ceittling rates for all conceanbtrations, it is
cbvionz that the - olids ds not setile as individuwal particlese It appears
that the baslc units are small clusicrs of particles wiith cnclozed ligquid
ulich are culled flocse %These flocs have a certain amount of mechaniezl
strengtn und so are abie to retain their identity uader the very nild sure-
facoe chear forces ond collisioas experienced iu gravity setiling.

To esctavlish the furnctional relationship betueon wslocity aad cone

cratration, tho logoarithi: of the iniitlal constunt rate was ploticd azninc
the logurithm of void feactions Firuwre & shows that there are thres dofinite
regioase Corresponding to those three functional relationchilps, turce types

of scotiling nay bo postulatedt hindercd settling, transitional cetiling cnd

conpaction.

e - ~ & L
Tindorod Setiling

The lowest concentration used vas the miniig needed to obfuin a
distinuichable inbterfuace betweon ths sedinmont and the cupornnte. AU low
concentrations, nany particles are loft bohindj t'e supernate is whita uith
omall particles vhich setlle very slowly. Thase ave individuxl purticles

which vere too fur from any floc to be taken upe

16



Patch 7

Initial Sebttling Rates vse Initial Concentrations.
il IR . n [ 1 PR % ~ O
deigit of Solids 2804h go Tenperature 26«27 Ce

éez‘;‘x‘ Concentration Void fractioa Late
o Co (ge/cc) c u
25410 0.6325 047h92
27410 044092 ' 0.7585
27.50 0.6003 Ge7520
29.00 Ce5633 0.7747
3000 0.5500 0.7313
21.50 05240 C.7922
33630 0.4957 0.3C35
7480 0.47357 0.3122
36410 C.h557 - 0«8150
37650 0.4100 . 0.8235
38410 043353 0.8202
3060 0.5168 0.33k7
ki.co 0.4025 0. 840
L2.65 063570 0.8065
42.65 0.3870  €e84G5
15.85 0e330 G«3573
b9.75 C.>318 0.8285
1 55.C0 Ge 300 0.8510
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of sctiling
(ca/r:in)

002155
G.G2577
0.02093
0.03041
C.C3E61
C.0h2k5
0.05205
0.CECH

0.CGL32
(.06353
0.190%

(eC30

CeCI523

2010352
Ce225
«2335

0.2778

03072



Ioigh Concentration Yol fraction 2ate of settling

zo(cm) c, (5e/cc) £ u (cn/min)
G2.50 ‘ .20 0.8953 - 02820
75aG0 0. 220 0.9127 05223
£0.00 02053 0.9132 o.6§83
85400 0.1942 09220 Ce6370
9000 Ce183h 0.9273 07552
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WsLE 2
Batch 8
Initial Settling Rates vs. Initial Concentrotionge.
weizht of Solids 213.6 g. Tenperature 26-27°C.

“Feirht Concentration ¥oid fraction Rate of settliﬁg
z,, (cm) G, (ze/ce) u {en/min)
25.0 0.5030 0,025 0.Chk333
27.0 04557 0.8154 0.08154
30.0 0.k1901 0.8333 0.2355
ko, 0.3136 0.8757 0.2777
45.0 0.279% C.B3892 0.33%4
50,0 0.2515 0.5C03% 0.4165
5540 0.2286 0,950k 0.50
60.0 0.2095 0.9169 0.:5233
65.0 0.1934 0.9253 0.6313
79.0 0.1796 (149253 0.7343
75.0 0.1676 0.933h . 049230
80.0 0.1572 0.9575 1.0929
85.0 0.1479 0,941 1.2337
©0.0 0.1%97 0.9%45 1.°129
95.0 0.1 23 0.9476 2.0280
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2tch 9
Initial Settling Rates v3. Initizl Conc abtraiions
Veizht of Solids 155.0 ge emperoture 26-28°C

20

Haizht Conceniration Void froection Rate of settling
Zo(cm) c, {g./cc) U (cm/min)

13.0 0.5059 C.7 8 0.CL575
20.0 04563 0.3191 0,05435
25.0 0+3650 0.3353 0.2235
30,0 0.35042 0.575% G.2930
3540 0.2607 0.8936 0,362

B35 0.2097 0.9168 0.5333

| 50,0 0.1825 0.,9276 0.7595
55.0 0.1659 0.93h2 0.91€0
69.0 0.1520 0.9367 1,175k
G5.0 0.1404 0.Chlk 1.533%
70.0 0.1303 C.9403 1.32C7
75.0 0.1216 0,9513 2.2516
80.0 0.1140 0.5548 2,702
85.0 0.,1073 0,9575 3.0512
20,0 0.101% 0.9533 5.4433



A long initiation porlod was noted, especially at low concentrae
tionse The more dilute the zlurry, the lonser this pariods Ghe long ini-
tlution period at low concentratione reflects the difficulty in foriing
flocs when particles are widely scraratedes The floc size or the nusher
of {loco reaches an equililrium condition, at vhich state, the rate of
foll becones constante The rost probable chape of floc is a cpiecre since
this is the umost stable corfijurations It has b:aon sheown by Reich and
Vc.’!_d(io) that floes tend to approach a uuiforn sizo in any shear fielde

{ith low cencentrationc and low initial heighits, cteady rates ere
not attained because tho golids concentration at the interface incieases
before the initiation poriod is completes Thereforey initial velocities
deternined for concentrations less than Oedl go/ce with initial heights of
leas than 80 ca are not accurate. Longer colums are ncedod, but in this
caso the nixing is not officient enocugh to produce a unifors initial con-
contration.

Results for the hindered scttling rezion are fitted Ly the equation

u = 25.59 ¢1ow0% ' (21)
which is a straight line on a log=log plot (Figure &). The Gata choun are
for batch nunbors 7, Oy 9« The eifect of flocculation was to increase the
value of the exponcnt, ne For batches 1, 2, 3, and 4, it varied froa 207
to 51.5. If n is a nensure of tie degree of flocculatlon, then the atount
of flocculation incrzzses as tht age of the clurry iacreascds

She strongest dependence on voldare, feceythe largest value of
n, should occur when the flocs are loose znd Lulye A chanpe ia flec

structure is thon dndieated by a chune in the slope of the cwrve in [irure

L, Thus, a chan;2 occurs at tre division betuecn hindered sottling and
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asltioncd seltiis b Lt 1o GLlfiowlt Lo lmow vhicbher tids cunnge is
aorupt oy produa
i auy cusry i it io casumed Shnad the chanqo occurc bzeauce the

idocs ave close Lo,,otucry 1t is mocsidle 1o estinate rou iy tze ratio of

y
[ 4}

floc volwsic to its collid conbent. Lczuwiing $uab the floes are svhoriso
and are arranied in a rogular cubic array, Lhe voimie fraction of floces,

.,
-, m

wuken tley are fully pacized, ie Ce52Ie Tnls occurs at a volwie fraction

of Us0857e 1If all the prascodyiiwa oxalate is ia floc fori, the ratio of
11lo¢ volune to solid velums is CeS524/0.0767 = 7.86.  For randem pecidn:
it would be C.010/0.0867 = 9.1%. I% iz by no means nececsary that tho

flocs touch each other bzfore their volume berins to decrensee Heaces the

ratio may ke considerally losse

ﬁ-ﬁ—”:‘i{' Qr:os ,._. |’0!Jt1-—ln *

A simificant fecture of the division bLetween kindered and trangi-
tionnl settling is that the curve (Fimwre 1) is conbinucus, clthou h its
Sorivetive may not bee The Lind of eriticul peint, or yoint of coenprescion,
nostulated by Coe and Clevensior prosussosas & d;sconu:.nu..,f in gettling
rates In the present case, altloush the flocs may ve dose tosetiory the
water is not Ysoueezed out of theis

It wpneavs that there ic a rodificailon of the flow palicinc arsund
the flocs. Initiol settlinz rates ave very los but dncrezse with tince
Tron the boginning of scbtiling, the bod dewelops cracks) these grow into
chznnels through which liguid flow can b2 observeds This is followed by
spout: formation at the intorface which rakes it difficult to read the
interface lovel corractly. Chonnel foraation is abrupky and the rate of

settling increescs suddenly to a now valuee *ho time talen for channel
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forimntion decreaues pro roscively as the concontration imercasese Visually,
the sluvrry aspenrs to be a nobiuork, but it is wncertain whothor this is
rcal or note

As the initinl concontraticn is increased, the cettling velocity
decreases abruptlyj theie iz a discontinuity in the velocity-voidage curve.
Az showm in Fijure 4, there is a ron.e of concontrations for which the rate
can havo eithoer of two vualuese In Fipure 4y the transitional re;icn bezgins
at a void fraction of G.93% snd ends around C.83ke 4This range varies from
batech to batch and fro:a run to run.

The final concentration iz the swniey within experimental crror for

a1l initial concentrations in the hindered and trancitional re;ioace

Connaction

As the solids concentratlon is further inecrecsed, the bad sotilea
very evenly ond no channels ave formede The rate of fall is censtant until
almost the onde For hirhly concentrates clurrics, the surf:ce is curved.
Apparently the walls help to support the slurry(l? e (Uith tubes of larger

dlaneter, the curvature will be minimized ond more precise data con be

taken) e

Initisl setiling rates are correclated by

u = 0,810 20 (21a)

Yhe suallor values of the "Stokes velocity! ond tho exponent indicate a
crialler, wore csnpact floc thom in hinderad soettlinge Adfitional evidence
for this viow iz the fact tbat the final so0lids concentralion is aluays

greator thon can be obtained in aither hindered or trancitional settling.



In co:ppaction, tiie final nedivicat volusme ia a fusction of initial
concentrationy the firnal conceatration inareaszes with increasing dnitial
concentrations This scess to indicate nore cownact flocse 'Ea;ipin:; the
container reculted in a hi her finul concontyraticng precusably by paciing
the same floes more closelys

PASLE 4
Batch§
Effect of Initial Concontration on Finzl Concentration in Cosipnet Satiliag

weliehit of Solids 213.6 g.

TR G W WD @) @ W @ W S0 T M WD OGP WA P B @ W o M S "B G5 UL Gt A5 A% &b W o WS W W = W

ileirht Initial Tim=l EHeizht Finzl avercane
Zo(cm) ance'ntra:tion & (en) Conceniration
o gs/ce) cw g/ce
19.2 0.6550 13.05 06567
20.0 0.6233 13.20 0.6309
21.20 0.57032 13.40 0.6335
22.1 0.5690 18.70 0.6725
23,25 0.5410 13.70 0.0725
24,20 ' 0.5155 19,09 0.6513
25.20 0.4950 19.355 0.06522
26430 0.47382 19430 €.6515
28.10 04475 12,40 C.632
30.00 0.4192 10,350 0.6515
31.5 0.39922 1243 0.5515

25



AP LICAVICN OF KULiGa TUs0RY

(20

Eynch's ) theory was dorived on the assumption that the rate of
f0ll iz a function of local eolids concentration and the particle does not
chonse its shape and size, f.c¢, the total nuauer of particles is th2 saze at
all times, It is clco agplicable if floc cize and structure are denondent

2ly on the loczl s0lids concentration, Using a plot of total colids
flux againct conceontration, he vas able to derive the volicily of surfaces
of discontinuity and to predict thnt porticular valucs of concentration
would be propagated throuch the sediuent with particular chavasteristic

velocities, Once the flux ploi is deteruined, it is possible to draw a2il

the settling curves for that parbticular Zoxm of flux plot.

Conocbruction of Fln: Mot

Froa the initisl rate data, of Tubles 1, 2 aad 3, o fluz plot uoa
constructed (Figure 5), The dotted line indicates oxtra:olated values,

In the dilute resion, Tcuntion (21) was used to extrapoiate. “The
validity of this extroyolation is doubtful at vory dilute conceatrations,
bocause the floe structure vories and Equation (21) io no loncer walid,

A% high coaceatrations, the sattling eolumn was tapped until the
colid no longer setiled, end this vas talen to ke the fully pacied bad at
vhich the solids flux is zord.

Kynch(zc'), '.'-.‘ory(am. and Wallis (25) huve choun how diffcorent moles

of settli:® curves caa be exacetod from the shaje of flux plot,

Settling Corves derived fron Flu: Flot

In the literature vany tyses of hyunthoticol flux rlots have bee
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assuie@y which are conlinuous, stsrtia; froa the sisplest curve which is
everyulore ccacave doimunrds, ond with one or tuo inflecticnm pointsc intreo-
duced in the curve, but no breok in thoe flux plotse The prezent flux plot
chous one inflection point ot a conconirution of 101 p/ce and a brealk,
which cunnot be determined oxactly. A sinilar type of curve was reported

26 . . . .
( )) alibough it is uncertain vhethor his curve was ceatinucus

for CaCOB(Tory
or Giscontinuouse Az it is iapossible to drow the theoretical sebtling
curve without asswiin; the positicn of the break, it was assuuecd thot the

break occurs at a conccntration of Ge42 g/cce

Deternin--tion of lotilin: Curves from Flur Flot

Since experimental data are not available for corceetrations lecs

thon 0.C92, thls value was chiosen us the one affordin:g comparicon with
rperimental. values over a mawinum range of loccl colids concentrationss

The settlin:; velocity of Lhe intorface is obtuined from tie flux
plot by :.easurin. tlie slope of tie chord joining C=0 to C=C, «bhich is cqui-
valent to S/C. “he position of the concentrztion gratient (continuity wave)
et any tize is given by 2 = fte Tie prorasalion veloeity is zlzo plven by
the derivative of the flux with rospect to coneoniration. inca u and 5
pre voth functions of concentraticvn only, for a givin susponsion they muy
be rezardsd as functions cof each othare ‘he slope of the follin; rate period
of a scdimentation curve thereforns always has a particular slope u wien it
crozces a line of slope 3 from thoe orizine Therefores 211 curves for varicus
initial heiguts and concentraiions have the saue shapee This con be true
only if the propagation v:locity of any concentrailon loyer is not affected

by the concentration graticnts which are develuped in the sotiling coluine
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Taus once the flux plot is deterained, all the fardly of settling
curves ¢an bo eatablisheds Ansuning thut the vropagation volozity is not
affectod by the cencentravion gracdionts,Ficure 6 is determined from tha
flux plot.

iperdmentid curves for hindered and transient zetiling aro piven
in Iizures 7 and 3. They do not agroe with seitling curves derived fronm
the complete thecrolical flux plot (Fipure 6) tut are concistent wiih
thoze deduced from that portion based on initlizl rates in lLindered and
transient gettlinge The large loose flocs in hindered and trausitional
sottling: cannot f£llow the  fluz plet for the snell dense flocs in ceoipace
tion§ neoither can thoy reaeh ihe marinum compaction acheived by the
denser floese

The initial part (first 12 ninutes) of the oxparimenial curves
showvn in Flgure 7, is consictent with the flux plote Kynch'c theory
predicts that zll results for hindered seottling will rerge in a conion
line; this is exactly tic cace experimentally, but the line i3 not tant
predicted i"rom the complete flux plots

For the curves stowm in Figure 8, the maxioum solids concentra-
tion was C.612 ge/cce I this point is joined to the part of the flux
plot portoining to hindered and trznsitional scttling, the resuliln;
{lux plot pradicts the exserimental curves very closelye For initizl
concontrations less tivn Ge2Zh go/cey the theuretical settlin: curve is
initially o stroight lines Then follous o raduul decrease in ratzs and
finally a chorp trea’ £{u ch: curva os th» fiaal concentration is recached.
Theoreticully, this breu;‘.t oiccurs at the care point for 2ll jaitiad) concon-

trations bobtween G.0C8 and Ce2Ch gefcce For initial concentrations
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greater than 0.234, the total time decseases a3 tho concentratlon increazses.
This is ia accord with the exporimental roculis of Figure 3. Thoe resion
from 0436 %o Ok g/ce is very unatable. Sctiling rates ray be high fron
the bepginuing or they may be iniftially lou ond incroase to a hich rate.
Tan the latter cose the hizh valuo is the one usod for the flux pilot, the
low value being considered os part ¢f an initintion period. This is coamon
practica(al) but should be borne in miand in aszessiag the agreoaent
botuwoen theoretical and exnerimental curves. Instead of coning abrustly
to an end, the erpsrireantal curves for tronsitioucl sctiling have a short
reriod of very slow sebtlis z.:; after the charpy brock.

In compaction, the experimental resulls asree with the thooretieczl
if tho final solida concentration correszgouds to that obitzinable with

the porticulary initial coaceatration.
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Having siowm hor the {lax plot can Lo ut lized in construetiag
tho cobttling curves, it woo nccessary to tost whether the flux varies
ilth the velgnt of golids, that is, wtether the colids are ccnpressible
or note This effect can bte s'oun by plottin. varisus sobtling curves
of the sums concentration with diffcront initicl hei his and noting vhether
n
tho curves are cimilar as was done by Viork and Ko‘nler( lu). This was
phoun in Figure 9 for four different initial hei: hts and za initial
concertration of C.lb g./cee Linz a radiating from the origin sepurates
he constant and the falling rate periodss Tho other radlating lines ove
draun at rundom, fron the origine The distances iB, AC cbee are measureds
“hen the ratios of A3 to AC etce wore calcuiuted, it woc found thzb for
a piven pair of curves these ratios wers equal to one smother ond vers
also equzl to tlie ratios of the initiel hed:hts of tho coluim.
The caxiioun deviation is about 47 This devhition ean be exgocted,

ccausa of the charnel formation ia the colurmne ilnving stown the validity

of the geoactric sinilarity, it is possible to generalize the cotiling
21
curve by plotiing %/CoZo vs. t/CoZo as was done by Yoshioka et al( ).If

the reduced heizkt is plotted agaiust reduced tine for varicus concentia-
tioms and heishtoy a single curve in the falling; rate period, and straisht
lines of various slopes in tiuie constunt rote pariod chould Lo obtained,

if the wel ht o vubstznce lus no effoct on the seitlin«~ ratos The2 roculls
are shovm in Figura 10 for one initinl concentratior anid four.di.ffcr-
ent weights of colida. ‘Yhis reeult is ecxactly that enpected from Lyncl's

theorys The factor '(,_J'Z- induces all the points of equal slopz bto coine

o (L)

0
cide at one point. Ii was showm by wullis that the flux plot ané
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reduce height va reducad tivie plois Lear a complomentary goometriczl rela-

(20) retl:od of calcuiating

tionshipe This is cxactly cindlor to Uynch's
surfaco conconirations from iquation 1b.
Bquation 14 ascwiea that the upward nropayaticn velocity of any
concontration is constznte The method of calculating the surface cone
centration grophic:.lly is doseribed belows 1ot € A and Z o be the initiol
concentration and heicht, recpectively, of a coluin of slurry in a batch
tests Uhen any copacity limdting concentration layer reaches th2 slurry
interfoce, all solids in the colurm rmust have pasced threu-h it sincoe it
was propagated vy froa the bottom of the coluwone If the concentzration
of this loyer is C and it reochos the ianterface at tirie ¢, then the quanti-
ty of solida having possed tlhrourh this layer CiLY (v-§ ) must equal to
the total voluac of zolids G2 Ae Thus Cth (u-§) = C Z A (z2)

;a0 proved that the uprord volocity of any onecifie loyer

o)
=
Q
5]
e
“-

is conctont.
§ = -zt (222)

vhere 2 represents the hei ht at tiue te

Substituting in Squation (21) and ciuplifying,
C3a
8 (%)
et
he velocity u is ecucl to-az/ds at the point on a plot Z va t (Figure

c

11) ot wvhich the layer having a concentration ¢f C ccmes to the curfucce
u is the aboolubte value of the slope of the tangent to the curve ab Zyt.
It follows immediately that Z+ut = Zekt. Thcn equation (1%4) bazcozes
cozo
C = 7 (23)
ext
This neans that zext is the heiht widch the slurry would occupy if all

the colids present were at the samz concentration as the loyer ot tic slurry
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supernute iaterfuces For sny arbitraril; cliocen wulue of Cy the corrzsgond-
ing value ol Zext mxy b caleulatedy u cmn thex bo deborsdned s tio slopna
of tho line dwo.n throuzh the puint zext and taazent to the soli{ling curve,
and & coapl.ote cet of data shozing uw as £{e) can thorcfors bz dovelopsd
from one seitlisg teste

Cn a reduced plot, by apnljing the sase proccdurs as -atove, tha
intercapt on tlo y-wds gives the vilue o;E%.- directly and the intercept
on the Xe-axis gives % ¢ The advantu;e of using reduced plot iz thot, tha
fallin;; rate poricd is represented on a sinsle curve for oll weishits of
golidse If woipht of molids is a parameter, different curves for difforent
wedzlics will be obbainede.

Howvevery in calculatin: the surface concendrations, Souaticn 14
vas usoede

The results are given in a flux plot (Figur: 12)e Instcozd of
lying on a single curve, they £211 in a wide band. Values from six othor
runs (113¢45ey Co1499 and 0.24C0 gefcc; 212.4 gy 001599, 0.1917 and 0.20C0
Ge/cey 210,054 am'l 0¢1193g¢/ce) £0ll Lotueen the extraszes shoma in Figuras
12. ‘There is conuiderable variation from batech to batzh and aven coxe
variation froa run to run, bub it appears that tae weirht of solids has
1ittle if cay offect on tho fluxe

An internstin | sideli_ it was timt, for t.0 runs, it vas psscibl.
to £it Nohorts equiiion to thae {ingl part of the seitling curvie Une of
then iz showm in si;wee 1% As tiese slwrrics ar) inconprescible, tlds

Yol :
cupports the c:.nteui;ionm") that Roteris cuuation dous not have tha

significance attributed to it by its aut‘::::r(ll) .
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She Fmeh theory postulales it the rato at uldeh purtides
getile ab any pofial in a lurry ic a function only of Lh Isend coiddls

conoe. bruticne In ao0lying: thds theory Lo clurrinz in which othor facters

mzy clso be fmportond, it iy neeessary to detornine tiae loenl solidls con-

[yl

centraiion os a funciion of (ise and Lol 1t vithout causing oy Cisture
buance to ithe gysieds Uri‘;in:u'y anadybiczl methods £1311 bLocruse gormloes
curnot Lo wlibdravn wiihout disburiing or ehumiing the cystea o core
oxnicnis  Allcnuziicn of moadiantion is one vay . f detarainin: tle solids
,

(1)

ecacentrn’ica of thick slurries and both f=pnys <™’ and svsa wmys
Dave bozn wsede Tlin cachod depends on tha fiffercsce in abzorptisa

cecefricionts of +0lid and ilzuld end the presamesz of enou 2 nclild to
affect the atoant of alsorpltions

In vory dilute nluerdes, tho amourt of colid is rot ensu B io

aifoct the atichuniien ponrocichly, and tnothor metlicd oust bo {ounde

—
3
id
=

fichronicen and chobl used radioacvive colids in a study of colids

2 of tdree In couo catesy

i'
’=
(’
l-

e
<
3

rovicinln: in ocusproncios afior various
part or oll ¢f ihe - cbordad bedn: ctudled esa Lo made pudionciivee Lilor-
vise it io nceournry $o usc a £3 @a enitier with the cine seltliaj oropor-

Lica ouy thed of tho salzbhuned uider inv siigaticon.

fﬂ

Cortata Yiniioilors ave fmcdintely avpnronts ihe holfelife
chould be lon:, wcnouh to perndt veusweanonis over a rensonuable poricde

If, liowevery it i very lon; tiea may L2 a salfety cr dizjosud proulens

42
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-

The material chould be readily activated, ¢ ut is,y 1t shovld Lkave o foirly

1)

lar;o obsorpiion cross seoui~n for clow noutronse 45 ratinticn eoies frca

ell parts of ibe rlurry, it is necessney U9 hield the dotectore IS ko
rema raddation io "soft! encuwyh to be abserbod by tiia chideldin;, Lhere
miay bo conuidercble attenuziien by the colid partleles. liouever, fov
golatinous slwrrles in vhich the actunld arount of molid is onuil,y tho abe
sorstion will bo esuanticlly thoe cade as in vatere I the man rodine
tion ic "lavdYy a £ood deadl of rusictioz will ponetrate the lend ond b2
couatele Heverbtheless, it iu possitle to use thisc mebhcd foy enittors

of hi l=onor y souama radinticne



megs ol
ERSSWIEIN 4

~ation. A doteoctor in onclosed by a load shicll in which thase iz o hovi=

sontul slite Lo of Sho rafdiation from a $-in cylindricul o

4.

clurey cnn obriioo $io detoctor wlilon

~ 3 .

Do all paric of tho oluwery, inciuling thic scebion, con si:

eilo Ela dotoc=

bor Ly poosing throw b weyln, thicinecnes of lends  Althowh it io only

a fraction of tihe totul radistion, tha cottribution of fle thin cylincrieanl

zootion of slurey direcetly in frent of tha slit will be jroaber $han thalb

ot any co naraule sections. If tho oideld is progosliy denined, ile contiie

bution of a thin scction Lonoien prorrorsivily lese as the

¢ictunco froa

Gthe olit inescennose The conbribution of a thin cylinirvic:l scoiisn of

P “ as

Sixod activit,y iz thus a funciion of the distanen frem tho &5l

& the position of tho ceatre of tia seution and x is the poo!

o @1dlty both zoro nt blo Lotion £ the conbainor
?

O
‘-¥
fon
b
:
f

nvt 0O
wpuned, this function is Ho-x)=f(y)e
[latheraticallys £{y) is a kmo.un even function (euse

sined) vitieh i eosnbinuous wiih coutinuons do

Snse '

e $-3
- Z.V ‘e

4
i

13 £ly) = O
> @

"::(0 for y> 0

Ll

(24)

(25)



L5

“ho £01ids concentration, ¢(2), is soctionally centinuous. (%hcre may be
several finite siep cran-cs in e(z)).

0 = o(z) ---‘t:o for all x (26)
Jnere Sy is tho ranimum solids concentrationy a finite positro constant.
Also,

de

o T o for all volues of z at wlich it exists. All stoep

cianges arsz downwvard wvith increacing ze

The counting rate whon the s1lit is positioned at x :u.s'

R(z) = lfo c(z) £(z-x) dz | (27)
A .

for thae case where solf-aboorption is negligivlcs Only in this case is
£(z=x) incependent of ¢(z)s The aucumptions atout cz) and £(z-x) (mor-
antee thrit R(x) is not nerely continuous but differcntiablo(ﬁ)-

If the concentration is uniform throushout a slurry of hei ki Zy
R(x) is sy-motrical about 20/2 and bos its saccipws valuo thercs Hencey
adxing the slurry until its concentrgbion is unifora provides a nethod
of doternining the constant ke %he olhor resiriction is then

(3
f e(z) dz = CyZ, (28)

o
viiere S, and g, are the initial eo0lids conceatration and initial clurry

height respectlivelye
A hypothetical exaiple way serve to illusirate th2 methods Asouie

that

#(z~x) = -1 5 (29)
1 +(55=)

A yadiosciive slurry bas an initial hei ht of 48 ca. and an initial concone

tration of 1/3 gs/cce After a period of settling, tie slurry-sunernate
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interfoce kas reack.d 32 cae C(an 4 ory(“' ¥
canccairation i3 1 ge/ce botucon G aszd S

.~ ”
%2 cie The othor(od)

U and 32 cue

decirad to use the radisactivity to toud

For the firct thoory

J; —ela)

R. (%)

e

1+ (“7;-

14-( 2

] 32
8

= arct:n (éf-:-) - archon (-%) +

= arctan (v-) +

5

Fopr tho second theory

a
2.0 °
ot 1&2
I A 1 (’ ‘)d

3

tichle

l+(-1;-

3 arectan (‘ “)+

1/2
-3)2

et

\.l!!—'

ke T pris
= 1/2 oretan ("-E-S) - 1/2 oreton ('??

s 1/2 aretan (%:-) + 1/2 axrc

n{::)
How conmider thc volues of =< ot Oy &y Ty 19,

siven below alon;

.n-“’

x® oreton ( ) arctan(-'yf-)
9] 1.1072
0. 7854 0.785%

c » C

1.1072 0

arctr.ul(“"z;'-‘)

1-‘3239
1.4036

2=t
ton (=3=5)

Bobiy are cormciclerd vilh the nzterial bzl-nce and

43

ds +

2

1 ‘-'Im
-J-grct:m( % )"

areian (4..::—)

24y and T2

o wlih portinent vnluen of tle arctongents

o, (x)

|13
1.2202

1.7553

1.5757

icts thr b the collids
c-e and 1/35 ge/ec boatzena 5§ and

prodicts thst the concentyation is 1/2 pe/cec botwaon

it is

{o) =

n_.
weton (-5-'

\.JII*‘

(30)



r) o 521 (}!) R-_\(Z)

% aratin {4“ awston (w53 arelia () = -
15 13253 wl o 11573 10085 1.028% 1.3750
ob 1,455 -l e 253 Yodids 0,5753 La253h
52 Ll =14 40755 ) Ge2553  GWOFER

Ia practico, £{z-) will bo evailiils only as a ealilrotion cupva.
and efe) woy bo core connlicstel. Housvor, . eubiando of e{s) can Lo

- XY

mada fyon the gobtling curve Ly asnl izs iyeeldy Lhoorye 12 ¢his

astimube does uot toreo Uith tho enpericcuinl vwolans, tho sico anxd Giabipi-

Lution 6f the disparitlces «ill fadieate vwheowo adiu:fasuis chould LYo mado,

Yhe now entiioste wmust, of eourse, sabisly ot Co 1i:itations on elszl.

i couabing rate L) is a tronsices of (0o conceatration ofn

S LY

cad tha calibration curva £z} &g tho Lisrasl of e fronufora. i

-

Llon of Sinddnr ofc) uwhon B{x) 23 oo & oiiy that of Zinadns the
Savorse bransforss  Thoe pature of tho fuacdisng eln) and £(ze2) easuses
L]

thad wlwn D) is imowa, olz) 45 dotercinc! andovoly coxeopt whoreo it 4o

R 2

iaif0ntinunus.
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Aftor cureful study, it wis declled to use prasced miun oxaloie
as the radioscilve gsubstances A guall sauple frea Lindesy Chemical
Division pomsitied & study of its setiliap charactsrisiics and the chnre

142

acteristica of the rodionctive isotope M for which the decuay schone

is {2

058 (¥)

- ¢

x5

(7¢)

157
T Lt

N

5]

weert for ito vory hich enorgy pazea (157 liev) and its low (479) decey
by ooz radiation, it ves satisfactory in all respeetss 1hio hard

cacina 81d eliniusto the need to conznider zelf aboorpticn and the larpge
aacunt of ba.a radiation presented no prellens.

fhe pettling characterdiztics of this susponzion are viry intorost-

ing in it they are intorrediate botusen these for ripid spiores an
$locculated coumriesihle slurries. Reproducibility uith the soaue balch
is pood, but for difforcnt batches it depends upn acey agitaticony and
possible other factorce  The main inter.st dn tho piressnt provlea iu to
tect ¥ynch's nypothocis and detoraine its liuitations. The roproducilility

does not afizct our analysic sinco colelniions con be dene for exch rua

saparabolys 'The preperaticn of the slurry was doeceribed in fart I



Anmorntug and Crocedure

The apparatus wvas designed to perail msasvrcronta of concentration
to be made over a period of time ot any dopih in the sedimenting suspension.
¥or recasons of safety the sadimerting coluun ung enclosed by a glasas wallad
water jackedt to absorb the § particles., It wus so arronzed that all the
onerations could be dono vwithout direct contoet vith the acti;re rmzterial.

Eccause of the x_-.'e'lghi: of tho heavy leaxd shielding survoundinsg the
detector, the measuring cquipmentwas fixed in pooition and the veszel
containing the suspension vas arranzed so thot it could be raised or lousr-
cd inclde the wvater shieclding., Scdimentation was carrled out in o pyrox
gloss column 4.9 ca ia dianeter (I.D.) and 80 cu lonz. The rate of £211
of the gludge line could be easily observed despito the uater. Jacke
surrounding the settling column. ‘

A kvown weight of the material was tronsferred into the coluun in
the form of a slurry. A nuch sualler knowa veight was placed in a polythone
capsule and irradiated in a flux of 3 x 1012 neutrons/cma. The irralizted

The

capsule wng transporied by neans of a rabhit systea to the "hot labf.
contehts of the capsule vwere transferred into a bealser cnd thenco into tee
sottling colunn, ILong tongs vere used in all these operations with radio-
active materials.

The settling coluin was moved up aad down uith a pulloy arransoe-
nent and the slurry was mixed unifomily by m-wuns of a plun-er which wos
fixed in line with the coluan (Firure 14). The settling colusmn wos then
fixed at any desired lovel and the eaunting siorted.

Radiation from the bulk of the slurry ius cttenuated by a lead
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A thin korisontsl olit (U315 cue by 1.90 cu) paritied wnimpoaded entry

P I Il

£ couc of the radiation froiz o vory sitort denth of alurry ro

o

of the cystem is coaplex, bub rough cotinites ore rade ia ippondix € of
viow foctoro :.m'.! ti oxnpectad ..mm."t of radintion coning Linrough the z1it
.'-.m:‘; turon bk tha lunl respectivelye.
the detoctory which was plucsd inside the chield was a finl (T1)
scinlillalion erystal (liarchaw, Pype 385PM)e The reusuring cruivoumi
conuinted of radiation onalyzor (luclear Chicogoy Fodel 1010) ond o gualer
(‘racerlst Incey ifodel 1000). The length of counting tise waz col by a

293

timer (ihclear Incirusont and Chanicil Cospey Hodel T1)e



RESULIS

The most obvious way to measure the =0lids concentration is to
attcipt to shiclf the detector from all radiztion except that emanating
irom a thin cylindrical section directly in front of the slit. Approxi-
mate velues of the view factor were calculated for various thicknesses
of shielding and slit dimensions (Appendix C). In addition, estimates
vere made of the effect of radiation emanating from other parts of the
slurry. TFor the example showm in Appendix C, the "desired" radiation
constituted only 8.7% of the total. These cstimates showed that vhile
the "extraneous" radiation decreased sharply with increasing thickness of
shielding, the "desired" radiation decreased considerably. The gain
in percent “desired" radiation was offset by decrezsed counting accuracy.

A thin cylindrical section of highly radicactive (5 me) slurry
gave the calibration curve shown in Figure 16. The shiclding design was
satisfactory in that it produced a monotonically decrexsing calibration
curve. The thick shielding around the lateral surface of the scintil-
lation crystal reduced the effect of radiation emanzting froa inter-
nediate distances vhile the modernte thickness dircetly in front eamsured
that the 'contribution of the radiocactive material there uzna considerably
higher than from anyvhere else. Although the calibration curve was
satisfactory, only 5.53 of the radiation rececived from an infinite colum
came from the volume of slurry "seen' by the detector through the slit.

However, it should be emphasized that the function of the chicld-



ing;; dn the pres.st vethed is not 1c chul oud all Yeubtrancous® radincion
o wrovide a cuitavls keracly Ziz-n), for tho trousfornnticn 4{i) =

& f f{z=2) e(z) dz.
(o)

A thin ¢, lindriesl gection of clurry wlth an activity of 5 mce
produced mbout 240000 counts per ninute vhan directly in front off tio

clite ‘the theorctic 1 vuluoy wiiich iavolvad nuterous anmnrordu:tisns

8

d estiuntes was 24,000 (Appendin C)e  This givos hope tiat the Lhoore-
tical riethody desoit its ronjimossy will Lo uceful dn ecti: «bing resulia
for other radioaciive isolcnos.

Yo pain facilily in lrwdling radlozetive nuaberinls and (o btect
the foupibtility off the motlody a nuilor ef prelinfmury sobtling tesis
vere douo willh glurries roangiae in activily fron el to 1 zice Thos
indlcated that an aclivity cf 5 rce would be nocexsary to obininm gnod
counting nocecuracye

A teost of Yynch's theory wis vade with 223645 p of procecdysimn
cxalate having an vebivity of rougaly 5 wee Tho conceniration ot diflcr-
ent 1'c ola in tle zlurqy was calenlut.d froa tho seclling curve cn

tie bizis of vyncitu ticory thnt concontr.tion chanrzs are prcpnzated
upmarise vith o consbad volocity 20 e Uhig lcud to the theoorsticzl Cice
tritutions chowm in Figure 7. Frov thio values of f(z-x) in Iicure 15
and of(z) in Ii-uwre 17, txe value of ii(:x)/k wis dete:uinad by a muioried
intesraticn using en increnent of Gelt ciie  The volue of k wus detoscdned

fwon & .9 knsm initisl concerniyalione The thecreticnl counts vero thon

coapurrad $o the experinoentule



EFFECTIVE COUNT RATIO

100

0.75

0.50

0.25

. FIG.1® cALigRATION CURVE

°
Sage
ooooolo.oooooo o9 © o o

o

DISTANCE FROM SLIT, cm

40

60

1414



HEIGHT Z,cm

4oj’

30

N
(@)

10

Co = 216 g/cc
WEIGHT OF SUBSTANCE 2l664.
COUNTER
POSITION TIME
(ecm) (min.)
A 3 15
15 2|
5 4|

By :’A

1 1 1

0.2

03

|
04 05 06 O7F
CONCENTRATION, g./cc

Fig. 17 Concentration Distribution as a Function

of Mme.

56

)3



57

-.
w3
oot
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of tho (Tuvwry. “he fodluie of the calculated znd oboorved cowats Lo
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ccnslu.it

Dateh 1
initiol Settliug Rates vse Initinl Coneentration

Woight of Solils 3.8 ge

APPENDIX A

(Tables 6-11)

TasLs 6

Teaporaiire 27-25800

P B WA W AP W GV YD W D W N AR SD G A WD W BN W ) M) WS T WD EP S D WS B AN WP A e Wv Gv WD

Heisht
z, (cm)

15.0

20,0

25.0

3240

40,0

$9.0

63.0

80.0

102.0

Concentration
G, {g./cc)

0,32

0.2%0

0.1914

0.1486

0.1120

Void froction

0.3723
0.5048

0.9240

0.979
0,975k

0.,5511

58

Rate of settling

u (en/min)
0.323
0.2472
0.630
0.659
1,050
1.00

1.850
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Height Concentration Void fraction Eate of setilinzg
Zo(cz;a) C, (ce/cc) u {er/ain)
120.0 0,0396 0e3042 11.50

11.52



Batch 2

Initial Settling Rates vo. Iniiinl Coacentratisns.

¥eisut of Solids 20,0 g.

Temporature 26-25°C

60

Height
%o(cm)

32.0

Lo, 3

537

67.2

107.5

120.0

Conceatration

C, (g/cc)

0.51%0

0. 145

0.11028

0.320

0.240

0.1917

0.1499

0.1198

0.1075

Void Zvo

0.7957

0.957h

2
u

0.C744
0.0709
0.1122
0.1C€0
0. 23
0.200
0435C0
0,360
0.649

of zottling
(ca/ain)
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Botch &4
Initial Settling R:tes vs. Initicd Concentrations
tleiht of solids 212.4 g Tenperature 25-25°C -

Moi it Conceniration Void fracticn Rate of settling
Zo(cm) co( ge/cc) c u (ca/min)
22,30 0.514 0.7957 0.C529
0,060
25.60 0.Liks 0,8237 0.150
0,1367
26430 0.4023 0.8403 0.20
0.20
3560 ' 0.320 0.2731 0.323
0.335
47.50 0.240 0.90k3 0.5718
0559
59.50 0.1917 0.9250 0.9333
0.9250
76.10 0.1439 C.54C5 1.95
2.00
95.10 0.1193 0.9525 30200
50200
105,20 0.1073 CoI57H 3.95






WP 2iDIX B

Doteruination of Slurry Concealration

The apparent density of Ir oxalate was deteriined by addinz a lmown
anount of Pr oxalate to a 500 nl volumoiric flask and adding vater to give
a total wvoluse of 350=L50 mls The flack was then stoppend and chokon vice
orouslye Apitation was ropented for a long tim2 at froguent intervalse
“he flacik was thon oponed, the olurry was vwashed doun from the walls, and
lopt in a constuni teuperature bath at 2.°c. Finelly vater wvas added un
to the zarle oince the volune of waler und total volume is kno.my the
anparent deusity of I'r oxzlate in waver con bo calculateds Th2 denciby
deterained from slurries of U.1 LSO ge/cc was too low when cospared to
0e2C0 g/cc = 0e51C0 go/ce slurries and was diceardede The resulis for
these siu-ries are shoom in the followinr table.

Velpht of ¥r teipht of lLater Voluwie of “ater Volune of Pr Donzity of

oxzlate(s;) (3) (cc) Cxalate (ec) Pr Omzalote
(gfce)
1224559 150.6325 k51 20k 48,5696 205254
112.4505 L5he 5295 15505055 L, Losh 245272
122.03%5 h48.075 E48.C68% 51.1716 205275
133729 3he552 425.3715 64675 2.5215
153.831 +=0ed3 433.,9183 610512 2:518%
1200 2945 451.2335 452.0385 47.9515 2:5.31
2u8.1275 k17,6935 117.4313 8245637 25206

Z Pi2 = 4he529276
(5p)2/7 = lib.52389

The estivabed ctandard deviation of llean =.l%?’i2 - (E_E( }2[!1
n=-1)(n

= JUaC0U328/(5)(7) = 00030708

AR



05,5 coafidence linit

P

= 24522 £ 0,075 g/cr13
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APPIZ'DIX C

Douirm of Shinlé for Scintillcoiion Counter

l. Approxinate Calculation of View Factors
visregerding fer the momont, the appreciable gorma radiation which
penetrates lzad shielding, a colwin of radicactive material separated from
a counter in which there is a narrow horizontal slit may be regzarded as a
short cylinder containing a uniform distribution of sources.
Consider a thin plate source of thiclmess t.
8 = source strongth per umit volume
p = absorption coefficient in source medium

At point P (34

st ,
d=7"2 riga e"}‘(r'sl) (a.1)

S,
Q‘@ Mx
\e-—---l_ ------ >

o

If the ganma radiation is "hard" and the distance (r’—sl) throush which it

muct pass is small, this equation becoises approximately

St g
dl = = T ag (A.2)
The limits on r are S5, and 52;] _{Thu"‘_,_ -
ctan —— : _. O
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et
archtan ===
L p
5% - T ¢
= Iz - a7 (4.3)
arotan S 1
-’ [ —————
L

where W 45 tho half widsh of the slit.

Both SZ and, 1’1 can be exuressed as functions of ¥ and xe The tio

equ-tions for G, are

X + Slsin¢ =R sin © (Aedy)

&, cos F+Rcos8=L+ ’Rz"-u2 = X (4.5)

From equation AL

Reos @ = |Ro= (::-z-slsin ¢)2 (A.0)
\
Substitution of iquation 6 into .Jguation{h.5)gives, after some manizul-tion,

a cuadratic equation vith the colution

Sla Keos fex sin ¢ :J (x sinf-y c:c:z:;’d)2 - (Kz+x2-R2) (Ae?)
The two equiticns for Sa are
X+ Sas:i.n # =R oin © (A.3)
S, cou g=X+Rcos6 (4.9)
Sz,
& 7
9\ \ x
c——-- —km—mm———— -~ >

Solution of these cquxtions lendz to the camz felue as that gpivea for 31

in wguation A3 AS 327 51' the solution is obviously

- 2 o ol (2.20)
I K2 4 3° - 1%
(K cos Z=x sin ¢)2

1.2 . -
For ocmall valucs of ¥y cos f 2 1= 3¢ cin g~ ¢, ionce
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o) < I a
) 1- Kt. + 3:(‘. - ,‘:l.. -‘S-/ !.C- " .,2 - -.2

s e - (5.11)
{ucos e oin 2’)2 L u1~- ¢‘ & fd)

Trho lor oot slaclutbo volues of / occur whia x in of asposite sizne Thus
the naximun volucs of wf/is end 'é ;[' tre of opnoslic sia, aad the anpronie
ralion

b o~ 2 e
T S - 1+¢ +‘(’!',' ﬂ {:\012)

35 cosewbat bollee than ei ht bo thoushte Hou

1= _‘ - -
AT N g P A ¥ (ie2D)
i e .

ond
.2 2 2 2
|5 ORI LA N 3 - o' be.
1= L v e e\l ]l s St S -
2 é .3 ;g ~f 2 1': _.2 ,2
\ .
' 2
A DT .
- K-: -2+ B2 (Ae2l)
q
toio 4s of the fora &2 - v Thus
5 T2 (2.7
in === /ln (1«-\1 -y ) - v-r(l-’_j wy ) - -V [ e a -7 )
1
(ﬂolB
Tho valuo cbtained fyon a {able of inlerrols 14y aftor poarpan o
"J"Gg

y . t'l - : 3
an e 3f (1\7}- .-f)vJ Ce® 4 (lv:%;- 2%) e aresin -;-:% a"=y)”



70

S
e teu
avaboy =

S tv

™
]
e
‘:\
[
et
<
L£ois
RN
s
4 R

BT e Rdovi Bl
i
poory SiT2
Lpohun i
b} bl v 9 27 3 b
0.0 ¥
2 ARG et 0 N 3
= . . 2. 1. . .
QL A N ovesin [ esshe [ e L) - (,A
(AN P -4 LV -
&
. T

wayot. P
W@IDLL0, 1 s

o lgusnbion A3, I 4o ¢ho dileanluy of radiation.  Equation AL17,

FER IS B BN | . 2 e T N T R R A TG lad n
wvhen mialiioiied Ly S/hg cives Lo dntorciny ng o fmactlon 02 2. Y0
P . . ade. s, dolo, . 3 ,-".. PP PYA A N PO TN A e o) sganm rn PPN ! oy - v -
aebordiie Ghe zodisiien ranebing Lo cowsicry 1% 1o noscomry to dnd~ zalo

oveyr Al QLAY ond thicknooo of L ¢lite Ta tho wrooond Lldifisd tronle
penty She laloaticn in dome muadriesily over tho widily ol ke Zliciaces
ig dntroduced copieatelye
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~ C.23503
~ 00137
- Co32L05
U.COCLO
0. 352425

0.61337

(s}

ot

()Y

0.9551

\J

0.08127%
0e18C55
026061
Ue31235
Ce 25024
0.31235

Ce 27°C61,
¢]

R = Keybd.
M = Keybd
I = Keybd

¥ = Koyhd

<
1]

woyrd

&
L}

keyhd

s = Koybd

¥or =Y(Z) E berin

71



:""l
e

S2e

L3 7
!lla_
Lo,

72

For K=t{i)T Zoin

Tats (1)

Vednd (01) = &

Yeks 1)

=0

I=bel w2 (X 24 2)

oy (1)3 2opin
e

v [d]e - aresn (L [9] )/
[9]= avem (C=x[4] 3/

’
[

¢ [5]= <2 [o] + 2 [s] 2d=s/a
U [J]: (2 [JJ +X ]’_J] [n)2i/a

oeaae [0 ])

s [a7 = 7 [a] sz faseeranPatuase P osszs wanstu[3])

v [91 = 8 [a] s dassememu P rsrzasrmaesszs

B [6] = Qea/id Parree [a]en [0] Z0ws cnC /0 faC ][t 2
+H{1(5A0 2o A hevz [ ]
(2 3] «x [3] /002 50 Po=te[oTex [T Podsi/s

¢ [07 =t hagr G ] s ata b et Jal=xfe] £ 42)
+(1e(0/) h sty (a) davv [0]
+0[37 +x [olA s (i) o= JaTlsx[ali darh /6

sour(C [0 ] =B [_J ] )7A [J] + ina

Feint (11)=D

Core (2} Ind

Tad



I vico el S aperovinzticns usod dn doveloninz $lo colmilern, we
ghould enmnine She linliu and, 48 poosille, the accuiney of tha coluticne

Tho compu :c' solution con be wsed cnly whor the quuniity

o}
n ~ Thenss - 2
N= (4) = (arctan === 4 @ )° Z f) (Aell

The voinoe of dy 410 rading of the eylindricnl tube, 8 fixed ol 2.5 ¢7e A
'-J.'.L'.Lue of i = 5y 1ece 265 cue of lend chiclding was chiouen zo a kacis fop
vecinuing ordeulitionss A perics of exleulnilons showed thnt CLKY £ leSy
S"{.-,.»'.‘-f.. ed tgusticn A8, Largor voluss of H ove pormittedy bub onmiloer cnes

1,

Teastion Ad8indicutes ¢ ¢ th: miuimua voelue of Q ccours wiin

v . e I T S , )
2= Vs ! hl,-ua, yiore izie ;%2-'-' o 07 Y = 1o5¢ K= 56Uy = 2.54 the ciuch
) 4
n3

value of in :—'g is Ce27GCY Tho approximuie value is Geli457. viile this
error is subs%antial, tho ontrone values are welpghte! relaiively 14 hily
:m the intepgeationy and the error in the Ie:s eubrocue casesy and hence in
tz.c inte raled 'i.r.al ue will be proporticnctedy wuch louss

Yaluos of tho intogrol uere calculoted for various valucs of @
ond K ransing £00m Ge7 to 1.5 cad 5.0 to 10eU rospactivelys For 1 = 2.5

~

oA i

-—
-
[
o

7G5y a Tont 1 chock ucs dene o the compuler sudubicae  oirhb values
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o . 2 s -
of A =% wapp ealoulated for rovvecontotive valuos of Zoonl ne finy ponied

Sq

Foon ColinD to 0.092 with o avern @ of G035 If, as a vory roush appronde

&
&
ratlen, 4n =% is asowna-d constnd
argbnn ===
& .
S

P o, i3 ‘ w ch
in == ¢f 4 Loz (orctan = 2 & arcton B2
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2 2
1.27 v 1w _=
v (1 52 "2 ) (4.19)
Then
v
2 .2 1eC 2
}_-__2_‘?_'1 (1~ _2’; E'é - 55) ax = é%l {1- % (A.20)
L i R ¥ 3L

-1
For w =1y, L= 75 = !6.25-1 T 5.2, The value of the integral is thorafors
0.4%76. The value interpolated fros computer cclculations is Ok :Ge
There remains the problem of the slit thicknesse The peouetry of

the arrangoment is showm below.

t t .
K 2 ¢
By similar trian;les -}-l-;l'-: =0 and H; = =
Hience t = wfy b where h = actual clit thicknoss.
This is only cpproximate because it does not take into account the eficcts of
x ond $e It is now possible to tatulate values widch have only to be nuli-

plied by .Sh:2 and the dounting eificiency of ti2 scintillation counter to tive

the radiation count which should be obtained.






Thooretlicnl Coungine Ufficimsy

then radiation froo a point source inpia o3 on a erystal, the

comnting rute depeinds upon both the solid zwle and the countinzg charc—

cteristics of the crystal. As these are interrolztod, they are norzzlly

s e (35)

caiabined in an absolute counting efficicncy « Ia the presoent caso,

N

bouvovor, the axrrow slit peruiis radlation to £011 on only tae ceantre
portion of the crystal and it is the vicu {zctor rather than the solid
anrle wniloh must be considered, ileace, the cownting characteristics of
the coryastal pust be determined by taiiing account of the olfect of zolid
angle on the absolute counting ofiiciency.

A further comvlication is that not all the Canpton-scattercd
photons are counted. Also, in the case of ;’:‘142. only part of tho

disintecrations result in gawma radiation. Thus

o, "'(%1%3’3)(;1)@7)(%) (A.21)
8

vhera

¢_ = counting rate for photons coning throurh the glit

o}

(i.c. vithout penmetrating any lend)

D = viow factor

total absolute counting etficiency
= 5olid angle

= fraction of dicintesratioas which produco gaona radiation

o]
< a@ <

£ = fraction of total absoluts efficicacy obbtained when
louer energy photons are cué oif.
If the geometry of the exserimental upparatus corresponded

exactly to thot for which the c¢alculations were made, the view foctor, D,
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would be the result ovtained when the rijht hand sido of Equation 4.17
iz integrated with rospect to x between tho liuits =-w and w (page 70).
Thea the result would be givon by the compuber programae (statement 53,
page 72).

For the actual apparatus, the viou tactor is not given exactly
by the prozramae, but a good estimate can be nzde. The value of X
(page 68) io 9. In the limit, doudbling the area of exposed detector
doubles the view factor for large values of I, ‘his gives the slope of
the view factor vs w curve at w = 2.5 cu. ‘then caleulated values of the
vicw factor are plotted against w, a smooth curve gives a valuc of
about 1.106 for v = 2.5 cu. If, with tho actual clit of w = 0.95 ciz., all
the oxposed area of the detector "saw" all parts of the slurry, the view
factor, D, would be O.4l. In actunl fact, it will be less than this but
more than the value of 0.29 corresponding to the thcoretical geometry
for w = 0.95 cm. A4As these values are not too far apart, the intormediate
value of D = 0.35 may be chosen.

For a thin cylindrical 5 mc source,

st _ (5x1073)(3.7:00™)

2 = 7.80 x 10°
! W(ZUI"'S) (lh!)

The thickness of the slit, h, is 0.318 ca. The factor (ﬁ% h D) in
Tquation A.21 is therefore (7.80 x 10°)(0.318)(0.35) = 8.69 x 10"’.

The aren of one end of the crystal is f:(2.254)2/'+ = 6.45 n sq.ca.
The areca of a spherical surface of radius fmra. Hence the solid angle
p is very nearly 1.612/1'2. If the efficiency of a scintillation counter
varied only vwith the solid angle, c/cg would be invariant and honce
€ r2 would be almost constant. Values of S for various values of r vere

2
obtained from Heath's repori:(3 5) and e X was plotted agrinst r. For



values of r from 2 to 10 incluscive, a straisht line wos obtained on a
semilos plot. On this beosis, .;Y:e2 for r = 9 i3 0.613% and ¢ /z:g =
0.613/1.612 = 0,380 for r = 9 em. As the gumma rays kit very close to
the contre of the détector, the ratio may be considerably greater(35 )
than thic average velue. The uzper linit i3, of courss, 1.00, A value
of c/:g = 0.75 ves chosen.

The factor fc vas evaluated by assuming that the peak consti-
tutes atout 30 of the total count(35 ). Oa the baszis of a cut-off at

L0d and a pealk at 505 pulse height units,

1 *(o. 3/\505

f ¢ = 1. 9-'2 = Oo,'l's
. G5
‘s < 1k2 15 g 36)
As only 4% of the disintegrations for Pr result in gamma radiation' -3

f = 0.0‘.‘.
Y
Substitution of all these factors into Equation A.21l gives
c = (8.69 x 104)(0.76)(0.0’4-)(0.#5) = 71,500 counts/win.
- It is not possible to calculate exactly the additional radiation
vhich passes through various thicknesses of lcad to reach the orystal or
is scattered back into the slit. Obviously this will be greater near the
slit. A very approximate estimate can be obtained. The toial absolute
-2

efficiency of the deteotor is 0.613/81 = 0.757 x 10 A thickness of

lcad shielding of 4.6 em reduces the racliation(’l ) by a factor of
e-0.57(l}.6) = 6.0725. The number of gamza rays enltted is (5 x 10'5)

(3.7 x 10%°) (4 x 1072) = 7.4 x 100

cannac/scc.  Using the same set as
£ -2 X -1

before, we obtain (7.4 x 10°) (0.757 x 16 ) (0.45) (0,725 x 197™) =

1.85 % 10° counts/sec = 109,200 counts/uin. Ihis value is probably

low because of the large amount of Compton-scaticred photons which will

“RI



he absorbed and for vhich ths counting efficiency is olightly higher.
The total is thorafore about 209,200 counis/iin. 3esauss of tha
larme nunber of approzdiations and eatia~ton, this cannot bo iore taan

a very rough value.









C.07%)
347 +0eUld

This means thnt Che courta recdved fron the slurry very cloce to Lho

= 8. 7.:;0

ezl scction to the totul count ia apsroxizately )
L]

slit will bo only n s20ll fraction of the total count.
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constant

solids concentration, g/cc.

diameter of particles

degree of dilution, dimensionless (g.fluid/g.solid)
gravitational cionstant, c':m/min2

constant, dimensions vary with equation
dimenslionless constant

solids flux

time, minutes

scettling rate, cm/uin

Stokes' velocity of a particle or floe, co/min

height measured from botton of settlins column, om

Creeiz Letters

constant, min/cm

constant, ont

correction factor for Stokes' velocity

propagation velocity of a concentration or concentration

discontinuity em/min
voidage, dimensionless
viscosity, g/min.ca

deusity, g/cec

voluma ratio of floc to solids in the floc, dimensionless
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