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ABSTRACT

An investigation was undertaken into the influencé'of
agitation intensity on the adsorption of aurocyanide from
" slurries onto activated carbon. This involved estimating
the film mags transfer coefficient from kinetic
 experiments and the power input for agitation from

measurenents of the torque:exerted,?y the agitater drive.

It was found - 2s expected - that the rate of transfer of
aurocyanide ont¢ uarbon increases sharply as the speed of
agitation is'increased vp to the point where ali tha
carbon particles in the system are just assimilated into
’ﬁhe slurry. Thereafter, the rate increases only slowly
as the speed of agitation'is increased further. |

For all the vessel~impeller configurations tested, it was
found thu" the film wass transfer coefficlent at the
’ jpst assimilated’ condition is approximately the same
though the speed and power required to. achieve that
condition:gary from one configuration'to another.*

A model was developed for scaling up the value of the
£ilm mass transfer coefficient as determined at one scale
so that its - ?lue at a different scale cédn Le predicted

The model applies to typical CIP systems, The scale-up,

model represents adequately the data above the 'ju#t
assimllated” condition, with all the data lyiﬁg\wié in‘S%

of the predicted values. A procedure is recommended for ~

scaling up hhe. values of the film mass transferx
coet xlcient £rom laboratory to larger scales.
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ABSTRACT

An 1nvestlgat10n was undertaken into-the 1nfluence of
agitation intensity on the adsorption of aurocyanlde from
- slurries ontn_actlvated;carbon. This 1nvolved.estxmat1n1
the £ilm mass transfer coéffme;ent from klnet*\
experiments and the power input for agitation from
. measurements gﬁ-the.torque exerted.by the agitatqr drive.

It was found - as expectéd - that the réte of transfer of
: aurocyanlde onto carbop 1ncreagea sharply as the speed ‘of
'agitatlon is increased up to the point where allhthe
carbon particles in the system zre just a551m11awed into
the slurry. Thereafter, Lhe rate- anveaseq only slowly
f,as the speed of agitation is 1ncreased further.

For all the versel~impeller cbnfigurationé tested, it was
found ‘that the film mass transfer coefficlent at the
’ just assimilated’ condition is approximately the same
thpugh the speed and power required to achieve that
" gondition vary from ore configuration to another.

A model was developed for srallng up the valug of the

film mass transfer coeff101ent as determined at one gcale

so that its value at a different scale can be predicted.
The model applies to typical CIP systems. The scale-up
- model represents adequately .the data above the '/just
_aSSLmilated’ condition, with all the data lying within 5%
of the predicted values. 23 procedure is recommended fo J
scaling up the values of the  f£i km mass transfe

coefficient from 1aboratory e larger icales. '
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_ CHAPTER ONE
© INTRODUCTION

1.1 OVERVIEW

2 .

Today,; the préferred route for the extraction of gold
- from cyanide solutions .and._pulps is by means of

' adsorption onto activated carbon.: This route %s more
leconomical and efficient than the conventiaonal filtration
“and zinc precipitation process route, ' '

« This siady involves the development of a scale-up

~ procedure for a key parameter used in the cquantitative

description of the ddsorption of gold onto ‘activated .

 carbon. Such a procedure is needed because the agitation
intengities in laboratory and full scale CIP vessels are
_ significantly different (1,2): Any parameter that is
 influenced by agltationﬂintenqlgy will therefore have
different values at the two different scales. It is
u#ually more . convenient to measure . the walues of
parameters-at & laBoratory scale ghan'at full industrial
scale. In order for such 4nformatian to be usefnl,
. however, 1t ‘is essential to develop a relilable
' relationship between the valugs at laboratory and full
scale conditions. !
" As-an introduction to the stuﬁy,”an"bverﬁiéw will.be
given of the most important carbon based ‘extraction
system - the CIP process — and of the method used to

- describe the process quantitativaly Th;s w;ll provide .
the background needed to explain the objective and

relevance of this work.

v



Y & BRIEF EISTORY oF .ienm ciz --?mss

| T was first recorded in 1841 that actz.vated oarbon could-_ -
'adsorb gold and in 1880 W, N, Davis patented the.use of

'--_wood cha.::ooal For the rncov‘ery of gold from ohlors.de"'

L ..':_leaChEd Sﬂlutiﬁnﬁ {3} W N Jthston 11'1 1894 Patantad_

© the use of wood charooal as - an adsorbent of gold fcom L 0.

. cyanide solution(4 5). .. In 1915, Yuanma. mine in. Western'
_ Australa.a recovered go]ci ﬂ%rom cyan:.de solution by pumping

- the pregnant solution through three successivé f:.lte::s_"f DR

o containing oarbon._ The 1oaded oarhon Was incinerﬁed and
. the resultant ash smelted to recover the gold.; AR that

- tinme there was no known procedure te elute the gold from o
! _"-__tha oarbon{B 5}*' The - loaci:l.ngs of gold on the. early. LI
' '_charooaii \weme very low beoause the quality of the o

: charooal badt was avamlable was not good. The teohn:.que _
was not developod further for many- years beoause of the

_-effic:.ency and - predictability of lte nata.ve _

- extraction rou‘l:e, namel.y the precipitation £ g d'using
_zinc dust | SR S

- Chapman (4,5) in 1939, patented the use of fine carbon for

gold recovery from cyanide. puLp with the 3.oade|:1 oarbon' ' _'
recovered by flotation msing diesoline and a frother._'.; .
The gold loadedwcarbon (flotation ooncentrato) was

smelte_d to recover ‘the gold. _Bz;fflosfontem Gold Mine.

used a similar process and ‘added fine carbon to pyrite =

flotation after oyana.dation and f:x..‘i.tration and rocovered_ |
extra gold in the pyrxto conoentrate(4 6) -

The U § Eureau of Mmes p:noneered t:ho research and '
dovelopment of - the modern carbon-based extraction "
procedure - for -gold. = They used activated ,carbon
manufactured from coconut shells, which they found to be
a very good adsorbent of gold from cyanide solution. .
Such a carbon has a high abrasive res:i.stance and is
phys:.cally durable in agitated slurra.es. | |
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_Getlchell Mine in Nevada followed the Chapman method ax*d,__ o

i'smelted the carbon to recover the adsorbed gold(S}

* Homestake Gold Mme in S::auth Bakot.a, USR, establ:.shed the oo T
o first J.arge scale CIP e:s.rcu:.t in 1973 to treat about 2850 -

' :‘_,___'tons {2’: slimes per day(5). . This. scale of Prmduc:tion'__
__'-'a.m.t:.a ed a world-»wa.clp interest in tha CIP prc:rcess.

© ' Later, this mine used the elution process developed by v
h "_'_'fﬁU'Q.S Bureau of - Mines ‘that, employed hot ‘caustic soda_'_._”f'._:;_--
_ _ZSQlut:Lon to str:.p the gold f"rom the I.oaded cqrbon, CThe :
geld was elect‘.rowcn from the eluate Get:chell Mine - )
_:'recycled the stripped carben for between 10 to 15 cycles_:'f SR
_ '-Z..ibEfOrB _replacing  it, - but they never« gave . J.t; any e
regenerative treatment(S) RN |

In 1961, Carl’con Mill at Cripple Creek in Colcrado, bullt___'____fi_- e
' 'a CIP circuit in which the carbon moved counter- curreat '~ .
Cto the flow of the cyanided pulp.. Airlifts moved the R
~ carbon pulp cont:.nuouslz snto external vibrating screens SR .

- __that separated the pu.lp from the. carbon in each stage -
“ fthe loaded carbcm ‘was. eluted using hot . caust:.c cyamde';_
ﬁ_'and reactivated thermally " Th:r.s was done prior to -
 ‘recyeling, by heatmg the- eluted carbon in a staam' e
| '-'atmoephere in a kiln externally heatad to 600"0._ _"'Thej"_ )

. ‘gold in the eluate was recovered by electrawinning in the c
. so-called Zadra: cell - The Carlt.on flawsheet of 1961 hasj-_.: |
- 'undergnne little change in subsequent CIP circuits(SJ

W .

:'Researc.h on tha amenability of extraci'ing gald from South '

African gold’ cres and “gold cmntan.ning materialg (far-'

example, fine calcmes, finely gr:ound c:oncentrates and.

' talllngs) usmg this process went on and the followmg .

improvements have evolved(&)

- a -bétéh "élu tion procedure 1ncorpnratmc_:§"~ a hot

caustic cyanide soak followed by ‘a wash with hot ~
. water, - (Patﬁ‘*“t*‘-‘d bY Anglo-}!merican Research SR

"‘-*».



1.3 A TYPICAL MODERN CT PLANT

j)J

: 'c:-

Laboratorles),m

Q . C ':m}

'.-”--.3_-in ‘the CIP C:chumt:

~ dumps - and- slime dams,-_'ﬁle- e e

:1% 'f:the lntroduction nf]algher reactlvation'teﬁ ;%aturES'“:_
L for effective regenératian oﬁ the - canban after._.

”ffouldng by, organla susstances in the pulp; 4nd

_gt.Corporatlon(AAC) pump - cell whlch Asa novel
© . contactor  for ’TCIP':¥-and' reSln" R"PUlP(RIPj
"HJapplicationS; It o ines tﬁé—functions of pumplnge

-_j-screeninq ‘and agltatlon dn & s;ngle- drlve unitfg

-woperating with a mndular high capacxty cell(?)

oL _ﬂ-';.{'~f

' ”'A.typlcal CIP adsorpt;on ¢1rau1t today camprlses a. number_j
of well: stlrred contactors(vessels} 1
: pulp - after it has been praﬂscree

remove any large partlcles or woodchf

carbon . .and prevent the carben partlule from mav1ng o=

 'current with the slurry. Actmvated carbon (fresh and/or .
regehetated) is added per;odlcally to the last vessel ln'

the series, and. periodlcally is. moved up through the CIP

train to the  first * vessel. Thus the carbon ‘moves-
countercurrent to the flow of the leached pulp. '

%hé K  {  -___f?;3¢ f-,f';f

J-?_

| “;_Q;fQ”Ehe design ;and development of ‘the Anglo~Amer1can_7*"'”z

_geries, Leached f.
&:ﬁ at 0.6 mm(4) to
s that Right bléck = -
 the- Lnterstage ‘screens- is fed to thi Flrst confacter.
. After undergoing agmtatlcn i - that’ contactor 'itx' 
. gravitates through the. 'series to the last contactor. In
"1 each vessel interstage screens retgi the actlvated' .

| 5,%,f- an . ‘acid’ treatﬁ%nt af elutéd carbcn in dllutefgf f”
| hydrochlarlc acid to remnva scale formed by.calcium = )
Ucarponata and calcium sulphate;prec1p1tates fronlthei?--” '

R the use of, internal ‘screens. tc'retaln the actlvatad;j~:ﬁ7“3'
- carhon” for carculatmon counter*cur:ent to the pulp o

:' 4':fﬁth@ use of the. CIP process to reclalm gold fromj  q . *'

G
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"'The loaded carbon from‘theefirst contactor is sent to the

- alternatives.,

L]

The countercurrent movement of the carbon is 3)hieﬁed b%
_pump1ng or alrwllftlng the carbon and the pulp from ofje
cont. ctor Lo the preceding contactor in ﬁhe eonrptlon

train®® This process is illustrated in Figure 1.1. Not

~all of the carbon and pulp in a contactor is transferred

." te the preceding stage. As a result the gold loadlng On -
' the carbon depends on the length of time a particle has
stayed in the adsorptien sysﬁem.-

.:\'-' L
e o

o
elution circuit wherf the gold {(and the silver) are

- stripped from the. car n in an-elution column u91ng hot
L?eaustlc cyanide soluflon. The eluate cont3ihing the gold

(and silver) is then fed to an electrowinnlng cell -

;_eentalning a stalnless steel anode and . a permeable
‘tathode made oﬁyuﬁbel wo\l ‘The “barren electrolyte is

returned to the elution circuit as an eluant, so the

.elutiqn and electrow1nn1ng units -form a closed circuit,
‘The geld and the sm¢ver values are finally recovered by

stnelting the stéel wool to bullion.
N

#

1.4  'THE MODELLING OF ADSORPTION

| Stange(ﬁ}, Baileyw 10) .and Weollacott, . Stenge and

King(ll), after consaderlng the number of variables and

‘the complexlty of their .interactions in CIP adsorption

systens, cmncluded that simulation techniques are. the
most cost-effective means of conductlng an extensmve and
in-depth examination of ‘design and operational

" .
o

7 Simulation (as outlined by Stange(8), Fefd and King{i2),

King(13) and Lynch(14}) has become indispensable in the

- modern mineral processing industry for the foliowing

reasansy
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. ELECTROWINNING X
| BLuTION ' .
_ ol ! »
. * \ GARBON REGENERATION
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. wemmmasly  Catbon Flow L L
E Only 4 singes mra shown
Figure 1.1: Schematic diagram of a typical CIP
circuit ¢
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- Flowsheet alternatives for existing plants as well
ag for ney plants can be evaluated at minimum cost;

- = The financial ¢mplications for different processing

alternatives can be determined ar minimum cost and
with minimum datau

- The complex intefractions between the various units

in aaflcwsheet can be studied, perhaps leading to an
increased knowledge of the processes'taking place;
- Interactive SLmulations make - good tizining and
educatlonal tools, and
- Equipment scale-up and off—llne optimization can be
‘done at minimum cost, . )

In the simulation of the CIP process attention must be
focused on the the kineticé of adsorption. This is
because the adsorption of gold from cyanide solutions
onto activated carbon does not reach equilibrium within
the time allowﬁd in, industrial extraction
circuits(2,4,19). To Sixi ‘“ate adsorption ‘therefore
requires a quantlflcatzon cf the kinetics of adsorptioen.
The rate of adsorption is modellbd either emplrlcally or
mechanistlcally '

1.4.) ZEmpirical Rate Modals

Empirical rate models for the adsorption of aurocyanide
from solutions onto activated_carbcn have heen reviewed
by among sthers van Deventer(4), Le Roux(2), Le Roux et
al(19) and Woollacott et al(ll). The common ones are
listed below, as discussed by Woollacott et al{ll):

Simple First Order Rate modal
ThlS model has been used to describe the initial rate of

adsqrptlon of aurocyanide onto activated carbon. It has
theﬁform (3,11):

!l



R = K¢ . | ' 1.1

(A3

. Dixon Model (developed by Dizon et al (15) and used by
- among others William and Glasser (16)). It is given by:

R = K (CLY - ¥) - ko) 1.2

The kn model (developed by Fleming et al {17))..It is

given by:

y yo = kCt" LA S . 1.3

L]
v

Nicol’s Model (developed by ﬂ hol et al (18). It has
the form: ' '

T
X

e .
"R = ki (KC - y) : 1.4

where R ig the rate of adsorptien of gold per unit mass

of carbon. vy is the concentration of gold on carbon and -

C the gold concentration in solution &t time t.. .y, is
tHe initial concentration of gold on carbon and C” the
steady-state concentration of gold in solution.

k and n are constants for aﬁpartlcular plant.

~ k; to ks are rate constantg,'and.x and y* are equilibrium
paramaters. | '

As usual with empirical models, these models are limited
either as far as adequacy of fit is concerned or in terns
of the time span over which they accurately desczibe the”
residual concentration of gold in solution. . Predictions
outside the ranges investigated, therefore, cannot be
done reliably.

1.4.2 Machanistic Rate Models

Mechanistic rate models used to describe the iﬂsonption

)]
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?,_ attempt to . descrlbe ‘one - or more mf the fullOWlng

5

"]uadSQrbatetls 20), and have been considered ln dlfferent'

R

of aurocyanide from solution onto agtivated carbon

transport mechanlsms(z 19, 20)

q

+ 1.0 Film diffusion: the diffusion of the adsorbate {in

this case aurocyanlde) from the bulk lmqq}d phase
through an assumed hydrodynamically stagnant layer

ox liguid film surroundlﬁg the adSOrbent (actlvated

. fcarbon in this case);’ _ - .
2. Pore diffusmon"dlffu31on of the adsorb?te withln
the pores of the partlcles of carbon;

2:3.ff Surfaee=d1f”usion. dlffuaion of adsorbate along the

pore wall of the adsorbert; and

‘4.  Adsorption onto the internal surface of the carbon.

Rach of the four steps potensially constitutes a

resistance to the transport mechanism of° the

ways by dlfferent ‘workers (2, 20)

_'Tha Classical Film diffugion model

This has the form {2, 4J
H w Aekf(c‘_Cv) | B et 1‘5

where A, is the £ilm area per'unit nass offcafban,

ke 1s £ilm mass transrer coefflcient, .}

C' is the gold concentration in salutl_p at equlllbrlum
with a carbon loading of y. ''''' o

C* can bhé determined from an appropriate isotherm
egquation, A number of ‘these are applicable to CIP
adsorptlon systems ' - '

'1.4.3 More Complex Rate Models

{ |
As indicated by Woollacott et al{ll), a number of
adsorption models have bean developed that consider other

U



rate c:ontfblli-ng mechanisms in addition to film diffusgion
control. Dixon, Cho and Pitt considered a pore diffusion
model while Brinknann and King considered £ilm
diffusion, pore diffusion and reaction kinetics as the
rate controlling mechanisms (11). Johns introduced a
factor to represent the degree of control exerted by
intraparticle diffusion in theikinetic term in his film
diffusion model {(11). u

Le Roux(2} and Young{20) used the Homogenous surface
diffusion model developea by Crittenden. This agpvoach
assumed that qnly film diffusion and surface d? *fusion
are rate cont‘.rollmg They were able to ﬁlake good
predictions of the experimental data using this approach.

Van Dbeventer (4)—~ who based his model on Peel’s branched
pore model~ assumed that carbon consists of macropores in
which rapid initial adsorption of gold from solution
takes place, o4 micropores, in which restricted
diffusion occurs. He was also able to make good
predictions cf the experimental. jata using this approach.
His model, however, 1z mathematically complex and in
practice it is difficull to use.

The need to consider at least two“rate~ controlling
mechanisms in describing adsorption kinetics has been
- recognised for some time. In those models that attempt
to do thils, account is taken of film diffusion and at
least one of the intraparticle diffusion mechanisms.

frlm diffusion is described in terms of the Classical
Film diffusion mechanism that was employed in the
development of Equation 1.5. The key parameter needed to
do this ;s the film mass transfer coefficient, k.
Intraparticle diffusion is described in various ways -
but all of these redquire the'definition of an intra-
particle mass transfer coefficient of some kind, k;.

10
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For_tha*mode11ing approaches to he : succ;ésful in”their
_attempt to describe the adqorntian poocess the values of
these mass transfer coefticments must be estimated
experimentally.

1.5 THE SCAYE-UP PROBLEM

"It would be most convenient if all the parameters needed
in the adsorption niodels could be estimated in the
~laboratory. For many of the parameters this can be. done
because they are not scale dependent. For example, the '
equilibriﬁm condition that drives adsorption is
influenced by the chemical environment.and the nature of
pulp. and carbon. This influence ig not affected by the
scale of the adsorption system The parameters in the
equilibrium model can therefore be measured at laboratory
" . scale provided the test cond;tlcns are the same as those

'antlcipated in the plant. '
The sedme iz true of the intraparticle mass transfer
coefficient, k,. Its magnitude depends on the chemistry
of the leached solution, the nature of the pulp and the
nature and state of the carbon. These conditions can be
accurately repraduced in the laboratory and 50 the values
of the parameters can be estlmated at that scale.

In the case of the film mass transfer _coefficient,

* however, the situation is different. The nature of tha
film surrounding the carbon particles is very dependsnt

on the intensity of the agitation in the adsorption
' systém, astellﬂas.cn nthe: facﬁorsmsuch as the size of .
the carbon particles, the pulp density and the chemical

conditions of the soclution and carbon. All of these
1 factors except that of agitation intensity are hct

influenced by the Scale of the adsorption system.

An increase in the intensity of agitation in adacrption

11



systems leads to:
< a Feduction oOF thé thickness of the diffusionﬂfi;m
_ at the surface of tho carbon particles, |
R lmprﬁved dlspersaon of the . solmd throughout the
" adsorption vessel, :
- improved redlstrzbutlon of the solutlon so that as
. spon:as the old ‘is adsorbed onto carbon from the
*soluiion ad cent to a partlcle it is mixed with the
“bulk of Lhe solutlon leading to the attalnment of a
uniformﬁrealdual solualon concentration 1n a short
time. _ _ . _

_ Since all these, .three consequences of increased agitation
. intensity faveur adsorption, ke increases with agitatibn
intensity.

-*As kE is affected by agatatlon antenalty it is not
correct to use values of k; measured at & laboratory
scale directly to describe plant adsorptlon at large
- sgale. - The 'agitation_ intenéity'_at,=laxge; scale is
invariably:much lower than it is 4in laboratory scale
experiments. Consequently for simulation 5f full scale
~ operations using laboratory scale data; it is necessary
'to'develop a_:olatiomshlp of some sort between the values
of"k; at different scales. This relationship is referred
to as a scale-up modol.f? Sugh m model should have
reasonably good extrapolation * and interpolataon'
characteristics. Its immediate usefulness is that the’
. behaviour of adsorptlon processes at any scale can be
simulated. at very little cost.on a computer in con%rast
to time consuming and expensive experimenta:ion in larga

scale equipment. :

12



1.6 OBJECTIVES AND SCOPE AND OF THIS RESEARCH

In the development of CIP technology, a major difficulty
has been the deficiencies” in the egquipment design to

. ‘implement the process(7). One specific problem has been

the lack of understanding of the way in .which the
geometrical configuration of the contactors and the
mixing conditlons in them affect the kinetics -of
adsorption. ' L 7 S

It must be emphasised that though the abgence of scale~up
information does. hot prahlnit the construe?ian and
operation of full scale plants, it dbaf”“{ iﬁﬁ-ﬁjth
the risk and capital costs involved., .y N (-‘_f

' ' N P . P
1.6.1  Objactive
The objective of this research, therefore, is to
establlish a scale~up procedure for the film masg transfer
coefficient in CIP adsorption systems.. = . °

1!\-_6.2_:. SQOPQ'

The scofe Tf this prodject is as follows:

- = o review the literature and _in"pa'r'ticnlar mags

transfer correlations that are relevant to CIP
systems;

- to obta;n kinetic and torque datz at'. different
scales,

- to find the most appropriate scaleﬂup model for the
film-mass transfer coefficlent

- to develop a scale~up procedure that Ls practical to "

use and as reliable as possible.

13
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CHAPTER TWO
MIXING AND AGITATION THEORY
2.1 . INTRODUCTION

Mixing involves many different kinds of operations' The

L principal appllcatmons of mlxlng equipment in the prgcess

1ndustry are (21) ¢

o

- Blending of solid powders and pastes,

L= 'Suspen31ons of solids in liquids;

- Dispersion or emulsification of immiscible liquids,

e Dissolution of solids, liquids or gases, and

- - promotion of chemical reactions.

Since mixihg is an operatihn dependent upon fluid motien,
it 15 necessary to evaluate mixing in terms of fluid
mechanics. The fluid flow pattern in a mizer is complex
and is influenced largely by the geometry of the system
and the speed of rotation of the agitator (22,23) .-

iIn this project, the system under consideration is the
“xxing of activated carbon with a gold leach ‘slurry for
tLhe purpose of trahsferriﬁg the gold from sclution onto
the activated carbon.

The mass transfer of gold from the solution Phase onto
the carbon is enhanced by forced convecticzn through
agitation(22}. ThlS can be accomplished with compressed

“air or by using mechanical agitators. Mechanically

agitated wvessels are superseding the older compressed
air-stirred pachucas or Brown tanks because they use less
power (24-26).  Ouher problems experiensed w.th aix-

stirred CIP systems include:

- uneven carbon distribution,

14
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2.1.1 Dagree of Agitation

- clogging of the interstage saereens due to the
violent wave action,_and

- difficulties in getting ‘the carbon to re-suspend

after a period of air shut down (24-26) .

. . . . : B W . ARy

&

Mo}

*”Thé:déﬁraa;hf aﬁitatian thqt-ié neéded in a miker dépends

on the application. In some situations); for example the

preparation of a two-phaﬂe feed for a chemical reactor,
it is important that the suspensian is maintained in a

fairly homogeneous condition. However, in CIP adsorption

o

~ vessels,. all that is required is to ensure that all the
carbon partlcles are . fully assimilated  in  the

slurry (24,26). They should neither settle on the bottom

- of the contactor if the denusity of the slurry is lower

than that of the carbon nor float on the surface of the
slurry if the density ¢f the slurry is higher than that
of the carbon. Consequentliy, an important criterion in

__the des*gn of a CIP cantactor /A8 the power required to

Just assimilate the carbon part1c¢es.

‘Any increase in the speed of the agitator above that

required to Jjust assimilate the particles leads to an
increase in the rate of transfer of gold(25,28), but
indications are that the increase is only slight {26) .

There appears to be little benefit in a small incredse in

transfer rate especially when compared to the cost of
extra power that must be applied(25) and the increased

~abrasion of the carbhon ‘partlcles and - equipment that

results(24—26)

i



'“13between the bottom of the tank and the wall(zg)

©2.2  CONTACTOR GEOMETRY AND POWER FOR AGITATION
: ni

_ 2.2.1 The Vessel

_ Cylindrlcal flat bottom tarks have been most wxdely used.
.Vfor CIP adsorptlen vessels (28), though some problems
_cccur with the accumulatlor of unsuspended solids in the
. centre of the bottom ‘of the tank and at the 301nts

v
'!}

Baffles are necessary in the vessels to eliminate the

. formation of ‘a single vortex. If vortices are allowed

during the agitation, unreliable adscrption patterns
result due to inefficient agitation of the contents of
'*the:vesseltﬁdfé; Scale-up -relationships developed fxpm
data obtained under  such conditions may be
unreliable (2%). The presence of batfles leads to“an
_increase in power consumptlan of the agitator but it-also
promotes mass transfer operatlans as their presence gives
rise to significant velocity fluctuations in the
vessel {31) . _ . _
| Baffles are normally arranged off the bottom.and the wall
of the vessel to avoid the accumulation of solids behind
them(32) .

2.2.2 Power and Flow Numbers of impellers

The power' drawn by impellers dependé on the speed,

diameter and the design of the impeller, and the -

following mizing environmental factors{33)
: ] N _
- physical properties of the fluid (slurry) medium,;
- vessel size and geometry, .
-~ impeller location relative to the vessel and,slurry,
- slurry boundaries relative td other lmpellers or
obstructions in the vessel, '

16
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- the inclusion, design and Yocation of patfles, \

" The theoretical power, P, drawn by a hydraulic mizer is
'”given by (26,33) :
PN“D5 R -“'-'  T ;-'.=;1 2
° _
where D is the diameter of the &mpeller (m),
N is the rotational speed of the 1mpeller (s,
pois the" d@ns1*y of the suspensmon kg W,

The actual hydrodynamlc power, P, drawn by the 1mpeller

:'- _0f a mixer is invariably different from By. The ratio

P/PH is termed the power number, E@.' Consequentl? the
ar'tual power, drawn by an .unpeller is g:..ve"z by {26,33) ¢

g -

LPe prws'ﬁf S 2.2

The power number of an agiéétion system provides an
“indieation of the - margln between - the power. that is
'?aleied and, the power that is theoretically requlred to
turn the impeller. *

' Powér?is not the only criterion that:is-importanﬁ in
miyihg The volume of the liquid or slurry moved per
S unit time by the impeller is also 1mportant because
clearly it is the rate of movement of the liquid or
slurry that will determine the dedree of mixing. The
'rate of movement of the liquid is termed the pumping
capécity of the impeller, cg, and it 18 defined as the'“l
volume of liquid (slurry) discharged through the impeller
~per unit time. This is proportiocnal to the product of
“the tip speed of the agivator anpd its discharge area, the
proportionality constant bemng ter@ed the discharge flow
number, Ng. The dlscharge flew number is therefore
-deflned as{33,39): '

17
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'1f]32;a;3 -'ci:éuiatiah an§3T2§as-§£'imyéiie?sg'f”ff

'1fparalle1 to its axls.

 "_'The criteriun used when cla591fy1ng an lmpeller as beinjqf’“._
'elther radlal or axmal flow-type is the magnltude of thi 3*  "
* ratio of the power number to the flow number,tq;uh fhis-hj'”

Sz

}; fIa tha study af the suspens;an of solxds ln 11qu1ds, by:;?_ =:
 3j,meahanical agltatlnn, ‘impellers may be classed as either >
- radially or axially dlscharglng . Radial flow imPellers, 3"'":”
- dls¢harge slurry(flu¢d) from . the impeller pa%pendlcular [;
ta its azis of rotatlan. For axmal flow impellers. the]f{j_
'_slurry enters the - :mee.}.ler and discharges f_:_:_pm At T

_ratlo is- also an indicator of pumplng efflciency of the_'

i

;meeller J.n. a g:.ven geametry. e e

‘An. impeller may‘ be cansidered. ta be an’ 1neff1cient_f
pump (33) . Its pumping efficiancy is defined as the ratic '
 of the dmscharge flow number to. the power number, No/Npo

'_The 1arger the ratlo Ny%%,_ the hlgher the pumping_'

efflclency.

Impellers with low pumping efficiencies are called shear

. type impellers and most radially dlscharging mmpellers

belong to this group. - Impellers with high. Cpumping
efficlencies are called circulation or flow. lmpellers,,

- and axlally discharglngjpropellers and incllneﬁ (pitched)j

blade turbines belong to this group Thus axial flowﬁ

1mpellers. The actions of ‘radial and ax;al flow{
impellers are shown schematically in Figures 2.1 and 2.2 .

18



Figure
diagram
pattern

2.1  Schematic  Figure
of radial flow dizgram
o pattern |
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"’7frespect1vely. Chudacek(34} reported that for campleteﬁ”
 off~bottom suspen31on oF . solids, axially discharglng'ji'
:impellers are nore. effmclent than radially dlscharging;j .

ijimpeliers._; Coetzee and c10ete(26} conflrmed this'
. conciusion.. R O L

e hamogeﬁous SUS

231 Complete SFSPénsidhfﬂfit°riahf

[}

o ]

2.3 SUSPENSION CRITERION AND MODELLING = . =

S

_ ;gbehav1aur of the last fraction of*unsusPended solids
-at’ the bottom of the ‘vessel is. used“ as the
cieterma.nant: of 3@9@151011 speed, and.

" attainment’ of certain degrees of suspension

" For an efficient :mfkinq'”taﬁku"géométfy,”'thE"fact6r5~ff;
| controlling the solid suspension should be identified,
- Chudacek (34) has. ‘shown’ that scale-up parameters for
mixing are not constant, but -are dependent upon thaf:.
"mechanlsm of suspen31on._ Two types of criterion afi
- suspens1nn 1n agltated vessels can be definad ast

:f*'““cdmplete "gmenSioh criteria - in which the .U

nsion ecriteria - ‘which use the'“’

.homcgenemty ‘in the 'vessels as a determinant ofl -

o suspensxan speed. T 3u‘ea_.

(_:fi &

Y
) '\‘I .

' RS ' B v
The flrst suspansion trmterion that wiil be \ . issed was

- initially proposed by 2w1eteringt2? 34) in ihba At is
- known as the comglete—off—bottom susyensiOn (CﬂS) erit=- -
__erlon. BY'thlS criterion, the crxtlcal suspen31on.spead, .
Ny is ‘defined as the minimun impeller speed necassary.

- to ensure that no solids remain stationary on the bottam-'

of the tank for 1onger than 1~2 seconds

Despite much rgsearch on Suspensibh of soiids'ih_liquidsﬁf

20
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the best over&ll correlation is still the one proposed by
Zwietering(27,33,35,36), and the critical speed is given
by _ - S _ AR AN T

YN, = syeigeay g;p)u.asgg.ub_c.ss; T R
B L . -... N N

whéi:e S is a d’im'ensionless'particle susgension pgraméter. |
bata for S are_availablg in graphical form for a variety
of'f_?impel_lé:_- types, impeller c¢learances and impeller-
vessel diameter ratios. - - - '
‘is the kinematic viscosity,
is the particle diameter,
is percent weight of solids,
is the impeller diameter,
is the gravitational donstant,

AP = Py T Pur
~ where

Q U x o <

P, 18 the specific gravity'of SQIids'being- --
suspanded and p, is the specific gravity of the
liquid.

The exponents of the parameters in the Zwietering's
Equatlon were found to be independent of impeller type,
vessel size, impeller clearance and impeller to vessel =
diameter ratio. The diﬁensionless constant, 8, accounted
for the variations in the system geometry{27,36,39).

Bohnet and Neismak' reported a' CES 'griﬁerion
reproducibilitf'of 2-5% but cautioned that if suspension
speed is determined only by observation of the tank
bottom, this completely neglects the behaviour of the
remainder of the tank and that exact measurement of the
CBS becomes difficult at highex solid concentrations (34) .
Other researchers proposed various fractions of solid
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suspension, for . ekamﬁ'e Standinger@and Moser proposed
100% suspension from the bottom of the tank Qver a short
period, and Hirsekon and Mllle; termed thls r*:;ncl:.t:i.c)n
complete suspension in their WOrk(BQ) Chudacek (34)

'proposed 98% suspension, which he clalmed overcame the

difficulty of dls—proportlonately 1ncreased energy
expenditure when suspending tHe last amount of

~ unsuspended solids in a baffled flat bottom tank. y.

i Y
. i

2.3.2 Homogenous Suspension criteria

This svspension criterion considers the agitation speed
reguired to achieve a given degree of. sus@ensmon

- homegeneity. A truly homogenous particle distribution in
‘an agitated tank is, however, nearly impossible tg

achieve in most solid-ligquid systems{34). . ﬁﬂé
determination of suspension speed by the homogerous
criterion requires a number of concentration measurements

a; different locations in the vessel. Particle"

degradatlon and interference of the flow pattern by the
sampllng vessel during sanple withdrawal often pose
difficulties in obtaining a truly representative sample

and hence this measurement of concenbratlon d*strlbution

in a stirred vessel can be extremely tedious. Since
attalnment of a homogenous distribution of the solids in
CIP adsorption vessels(25,26) is not necessary, the
homogenous suspension criteria will not be considered
further.

2.3.3 Assinmilation of Floating Solid Pa:tiq\as

For the situation where the solld particles arxe less
dense than the liquid/slurry in Which they @péito be
mixed, the particles tend to float. In such a case, an
equivalent criterion to Ny, inﬁfhe 2wietering’s Equation



may be referred to as *the speed to just assimllate the
solids. This is defined as the speed required to ensure
that particles float on the surface of the liquid/slurry
for 5 periovd of time not longer than 1 to 2 seconds.

Nienow({37) said that this process ig actually more anergy
intensive than solid suspension. He indicated that the
determination of the energy and speed may be complicated
by fine solids entrapping large amounts of air leading to
a reduction in the effective density of the sclids.

Though the problem has not been studied extensively
Joosten et al(37), using a four-bladed 45° pitch impeller
for vessels of 0.27 to 1.8 m diameter, got the following
relationship for the minimum speed, Ny, to disperse the
floating solids:

Ny, ro.oaa(_ig.,)-ﬂ--fs(%ﬂw-“c%)>°‘5 - 2.5
’ L

where T.is diameter of the vessel,

. This equation was derived for solids in tne particle gize

range of 2 o 10 mm. They found that large L/T (D/T
=0.6) gave' the minimum power.  It- was noted that
particles which are not eagily wetted give more problems
in the determination of the speed and energy required to
disperse floating solids. Taking note of this
ohservation, brecautions were taken in this ingestigation
to wet Ehe carbon particles properly. They were soaked
in watér at least twenty four hours before use to
dislodge air entrapped in the particles. A

2.3.4 Suspension Modelling

The extensive range of geometries and materials examined
by Zwieteriny, coupled with the advantage of being able
to estimate N,, from Equation 2.4, for a wide range of
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.conditions has resulted .. this equation beihg the one
" recommended for design(36) of agitation equipment. At

first sight, the purely empirical approach adopted
precludes any insight beihg gained into the mechanisms
responsible for suspension. However, the fact that all
the paremeters specifying the llquld Cand - pqrt‘rle':
properties have the same exponents lndependent of the

agitation geometry at leest suggests that the same _

mechanisin applies to all geemetries;_investigated1
Several attempts have been made at modelling suepenSion
mechanisms with varied degrees of success.

Kheule, Kolar, Binenkel and Mersmann, and Mugil and
V1ik ({34} presented models of suspension where the
suspension speed was determined from the postulated
theoretical_power required for solid suspension. They
assumed that the power consumed was used only for
suspension of solid and that the stirrsd tank was
hydrodynamically homogeneous. Their models were based on
incomplete eneryy . .balances, since the energy losses
oceurring in the regirculating liunid due te‘internal
frictlion and slurry/wali friction were excluded. This
omission constitutes a significant flaw in their models.

*§f suspension models based on energy balances are to .

succeed, the balanee must take into accourt the fOllOWlng

{34,36): o

- the energy requlred to suepend the solids in the
ascending stream in the tanﬂ periphery,

-~ energy consumed in slurry/wall Exiction lbéses,

- energy consumed in frictional losses in the slﬁ&ry @
along the recirculation path from impeller discharge
to impeller intake, and

~ Bnergy gained by the recirculation stream from falllng
solids descending toward the impellez.
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The energy balance models would therefore have little
chance of success since not all of the above_mewtioned

‘energy terms can be satisfactorily quantified.

Nienow and Miles(38) developed a model for particle
suspension in Slur}ies. This model depends on convective
flow near the base of the vessel. Assurming u,,, is the
minimum average velocity independent of direction,'fﬂaé

is reguired to achieve complete suspension. The velocity

at any level, u, in the agitated vessel based on many
experimental studies is given by (38):

Tea (D | B 2.6

- A .
(T2 173

where A is a dimensionless coefficient of proportionality
which decreases rapidly with increasing distance from tle
impeller and H is the height of the slurry in the vessel,

This expression (Equation 2.6) implies that the impeller

clearance from the base must be low in order to obtain
Up,se With the lowest agitator speed for af particular
vessel-impeller configuration. ‘

If E is the' mean power per unit mass (= P/pV), where V is
the velume of slurry, and p is the density of the slurry,

then using Equation 2.2 in Equation 2.8, gives:

u o« Upasa o Eu;DUﬁ ' | ) 2.7‘.

Equat?onJZ.T suggests two thih&s, vizs
s ) | ]

= Up,e 18 attained at lower specific enexgy by uging a
large diameter impeller. Alternatively, a larger
slower impeller should enable particle suspension to
be achieved at lower values of E; and n

- a lower energy dissipation rate is required in'lafge
scale systems compared %o geometrically similar
smaller scale systems.
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CEAPTER THREE
MASS TRANSFER AND SCALE~UP MODELS
2.1 THE qFILM MASS TRANSEER CGEFFICIENT_

In Chapter 1, the wmechanisms influencing the mass

transfer of gold from solution onto activated carbon were
‘discussed. In that discussion, it was pointed out that’

diffusion through the ‘stagnant’ film around the carbon
particles may influence the overall kinetice of

adsorptign. From the perspective of the classical £ilm

diffusion model, the degree of agitation influences the
thickness of this £film and hence the rate of mass
transfer through it. v :

3.1.1 Definition

In a continuum, if the concentratlonnﬂf a given species

; fis different at different pointd and the species is

mobile then a mass flux, ¥, will be set up that will tend
to sliminate the concentration difference. - p
The mass flux will be proportiornal to the concentration

difference, the proportionality constant being referred

to as the mass transfer coefficient. In the casé of the
transfer of a species from a bulk fluid ~ where its

concentration is C - onto the surface of a solid ~ where

its concentration is C, - the species is transferred
through a film of liquid adjacent to the sutrface. 1In
this case the ~pefficient is termed thé f£ilm wass
transfer coefficieht, ke, and isqgefined as folldWs:-

Tt

ke = "c_}!ﬁs - L ) ) 3.1

/i
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3.1.2 Clagsical Film Diffusion Thedry

This theory postulates a linear concentratidn gradient
across the film and diffusion of the species in a
direction perpendicular to the surface on which ‘the
species adsorb. Diffusion thi:ough the £film can be
described by Ficks first law:

Y - D dcir) Y o 3.9
e dr

. i

. : 1)
where D, ls the diffusion coefficient, C(r) is the’
concentration of the Species at r which is the distance
from the surface into the liquid.

Assuming .the carbon particles used are all sPherica:L and -
the flux of the diffusing species, ¥, is constant, and ..
integrating Equation 3.2 over the radial film of
thickness, 8, we obtain:

5 _

Y "SE (c-C,) 3.3
In this eguation C is now the concentration in the bulk
liquid as previously defined. From the definition of the
film mass coefficient, k¢ and Equation 3.3, it can be
seen that .according to ‘the clasgical f:le ~diffusion
" theory, k. = D,/8.

: | o
3.1.3 Rstimation of tha Film Mass Tzansfer )
Coeffigient |

The classical film mass transfer theory(2,19,20) assumes

eq‘uilabrlum between C, and the average adsorbent loading _.
or solid phase concentration, y, of the adsorbez:t" ”
species. The mass balance for a batch reactor of volume, .

v, conta:ﬁ,ning a mass M of a{dscrbent, is given by:

"
i
N,
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ydc | ydy - 3.4
Ve " ME | 8

The rate at which the species are adsorbed onto the
adsorbent is determined by the flux through the fllm

'Therefore.

|5

M%:E = A = Ak (C - C,) .5

where A is the film area which is equal to the surface

area of the adsorbent particles. For spherical particles
of diameter, di ' ' _
3.6

M
Am l’:i.F.):_a

- where p. is the.dry densitybof the adsorbent in'air;

Hence: ©

dC

‘where

. M ' | | '
B = tuvﬁ_a 3.8

=

'Equatioﬁ 3.7 mnay befdevelopéd in twd'wéys, vizt

~ the linear film transfer model where the adsorbate
concentration at the partlcle surface c is assumed’

negligible as compared to the bulk liquid "

concentration C, at the initial moments of
“adsorption, and

- the_ non-lineaxr® £ilm ;;g sfer model in which the

liquid phase concentration at the particle-liquid

gurface is not negligible put assumed to bs in

equilibrium with the solid adsorbate concentration at

the interphase. The equilibrium relationship can be

expressed using an appropriate isotherm model. This

28



b

model is used to extend the range of the film mass
‘transfer model over a longer period of time than is
possible with the simple linear film mass transfer
model (19} .

Le Roux et al (19) compared the estimates of.the'mass
transfer coefficient, k; for the adsorption of
aurgcyanide onto activated carbon from experiments using
a wide range of initial solution concentrations of gold
The data was fitted using both the linear and non-linear
film mass transfer models. They found that there was
little to choose between the two modéls and concluded
that - there was no Jjustification to wuse the more
sophisticated non-linear fillm transfer model. This
approach has heen adopted by many workers (4,6,20).

Integrating Equation 3.7 with C, being egqual to zero,
yields: '

1n¢_§)l,_,n -k, Bt 3.9

where €, is the initial concentration of gold in

solution. The £ilm mass coefficient, k,, can therefore

be determined from the initial slope of the plot of
InC/Cyy against time,

2.1.4 Problems of Intraparticle Mass Transfer

Because there are potentiak}y ¥0re than one rate
contrelling mechanism in the qgﬁbrption of gold onto
carbon, Bquation 3.9 is valid only if £ilm diffusion is
rate controlling. Le Roux has studied this question in
some detail. He developed a two-mechanism model in which
film diffusion and intraparticle surface diffusion were
assumed to be rate controlling. He showed that in batch
adsorption experiments over long periods of time both
mechanlisms needed to be taken into account and that
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intraparticle diffusion was more important. During the
initial period of adsorption, f£film diffusion was rate
controlling, but the intraparticle mechaniém rapidly
started to influence the adsorption rate as the
concentration of gold on the carbonibuilt_up(zfs,ls).
The transition from film to intraparticle diffusion
control extended to longer adsorption periods the lower
the 1n1t1al gold tenor of the solution(2,19)., From his
data as shown in Figures 3.1 and 3. 2, it can be seen tha+
at an initial gold tenor of 8.73 ppm gold or lower, film
diffusion is the only rate controlllng mechanism and that

it is rate controlling over a fairly extended period of

time {about 60 minutes). The important consequence of
this is that any experiment to determine the film

transfer coefficient must be done with low initial gold
tenors and over adsorption periods significantly shorter -

than one hour.

]

3.2 THE FILM MASS TRANSFER COEFFICIENT AND
DIMENSIONLESS MASS TRANSFER CORRELATIONS

The impact of agitation intensity on mass transfer is
commonly described through the influence of the
hydrodyqémics of the system on the mass transfer
coefficient. This influence is commonly descrlbed-by

means of correlations between relevant dlmen31onless
“numbers. ' ' '

The dimensionless numbers that are most widely used in

these cortelati. are the Sherwood number, the Reynolds

nunber and the Schmidt number.

The ‘Sherwood number, Sh, represents the ratio of total
mass transfer to mass transfer by moclecular diffusion.
It is defineéd as (30):

where D, the coefficient of molecular diffusion and I is

o
L
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Figure 3.1: Non-linear film diffusion model:
Dimensionless time-concentration profiles for
different initial gold i:oncéntrations (After Le

- Roux et al(l9))}

L  Ehm cocfliclant: £30 x 107 omis
4 . 8 dagreas of freedom

o 80 W0 o 20 280 00 w0 A0 40 600
: Th'na”mln .
Figure 3.2: Non-linear £ilm diffusion model for
an injtial gold concentration of 8.73 mg/dm?

(After Le Roux:et al(l9))
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sho- XL __ 3.10

the characteristic d:fmensicn'of the system, In agitation

systems, it is usually taken to be the d:.ameter Qf the .

B

impeller, D (30}

. The Reynolds number, Re, of the system is used to
characterize the veloecity profile, aund ‘it is given by

(30): ' 7

where u is the particle~fluid slip vvalociﬁf and B and p'

are the viscoslty and density respect:.vely, ~0f the
liquid, | | S o

The Schmidi number, Sc, which represents the raJ;io of the

kinematic viscosity to the® molecular " diffusion

coefficient, D,, is given by(30):
Seo= L o R '_-3.'12

The most commonly used forms of the correlations between

these dimensionl'css numbers are those shawn in Equatmns :

3.13 and 3.14 (30):

Sh = RRef.S5c* _ _ 3.13

B

arﬁd

i

Sh = A + BRe".Sc? 3.14
Wher\e A, B, K, 1"11;r n, 'j:, 3 are conStant's'..

A commonly used form of Equation 3.14 is the E‘roessling
eidpression as stated in Equatlon 3.15:

Sh = 2 ¢ 0.?2Re1’25‘c1"3 | ' 3'3_'.5'
32
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The Froeséling_Equation, though originally derived for

- laminar bulk ﬁibw of fluid around a single particle, has

been found to be capable of empirical modification to fit
data from a wide range of configurations -and Lurbulenil
bulk flows{39). Examples of the correlation equations
that: have been developed for stirred reactors are
presented in Table 3.1.

In principle, the film mass tr:.sfer coefficient for a
“ CIP system could.be estimated using one of these mass

transfer correlations discussed abave. The main

difficulty cf this approach is the decision on which of

the many mass transfer equarlons {as stated in-Tatle 3.1)
to use “ahid ‘what particle—fluld slip velocity in the
Reyno;ds rumber should be used, These choices are
difficult to make because the hydrodynamics of the
s}urry*stlrred contactors in CIP adsorption systems are
clmplex. Additional difficulties arise hecause:

~  the molecular diffusion coefficment of aurocyanide is
not known.:* Johns(6) assumed a value of 107 mis™l,
Woollacott et al{ll) suggested that it would be no
greater than 1.8 x 107 m?s™.

- the viscosity term“is also not known, though a number
of emplrical equations erist that could be used to
astimate it. :

- the conditions under which most of these correlation
eguations were established either cannot be exactly
duplicated or do not apply. Variables that may
influence these correlations but ar. not fully

considered in the correlations include the size

distribution of the solids, impeller size, pbwer and
flow numbers, tank geometry, viscosity, pulp density,
impeller speed, and adscrption properties of the
adsorbent , | _ i

- the correlafions are difficult to test because the
experiments are difficult to conduct with sufficient

33
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‘l’abl_é 3.1: D:lmé_i_l.sionless Haa§ Transfer Relationskips Feported for Stirred Reactors

_ It - _Inoifange |s¥isfes | SencPh N
! Hixson & Baum | 30 Sh=0 :L(ilivaMz Sco-5 k Tgrb:me 1= 6.7x10* | Dissolution vessel diameter |
2 o B i
Hixson & Bawm'y 30 -'S}f—'-Z.?xlU"Re“Sc"‘ “ 'ruxbz.ne % 6.7x10° .| Dissointion veﬂ%diameter
£a 1 30 | $be1.96x10"Re’tscS ’I'urb:. e 3.3x10% - Dissolution ler
| rareroy | 30 w06 . e 13388 il F
| Xafarov | 30" | sh=0.625me®®25c%5 Turbine 7.5%10% - | Dissolution | impeller
- _ . ) at 45° 6. 7230° & dipmeter
i Kafarov 30 Sh=1.22x 10 *ResSc®f 3-blade Dissolution |Gmpeller
' 31 1 _ e Rropeller = i diswmeter
| sh=0.0924Rese™* | é~blade - ‘Dissolution | vd in Sh
30 . : turbine . _ id in Re
30 | Sh=0.052Re™™Sc®% . |*6-bladed .- ‘Dissolution | vd in Re
tonrbing : ig Jin Sh
30 | 8n=0.0034Re"5p% - turbina - ] pissolution | vessel diameter
30 |} sh=0,13Re""gec™* propellex .- Dissolution | vessel diameter
_ & ShmeRat-3500.33 _ - = pissolution =
40} Shw=0.77Re®15%5013 : late - { adsorption® particle
i caigg b e . e Ty i > _,__.__.. e ey Jﬂ' dggn‘ter

vd and id refer to vessei and impeller diameter respectively.

i1
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: models is discussed in the next section.

©3;3.1 Basis YT

é?

degree of_accu;acf.

—r—— .

mass trabsfer coeffic-ent_ from thes dlmensioo%ess
corrdlations impr*ctlcal and unréllable.w The usefulne

of thése correlations in the current stu&m lies in- their 'ﬂ
claim to be able to describe mass frensfer 1n systems_-?
‘ thet are geometrically similar but of dxfferent scalks.

How thls ‘claim may be exploined to develop scale~up

-

)

N o a y
3.3 DEVELOPMENT OF A SCALE-UP MODEL J

Y ) w

In Section 1.5, the nature of the scale up problem was

discusSed in ‘broad '?e:mé' Ig 1s now. necessary to

consider the problem in detail.

At the root of the scalenup'problem'is the desire to
measure Lhe film mass transfer coefficient under well
controlled conditions 1n a laborat9ry environment. To be
able to use the values so measured in oxder to pPredict
the value of the transfer coefficient in larger vessels
it is necessary bto understand how the differences in the
two situations will affect the transfer coeff1c1ent
Such an unders@anding ig quantlfied in the form of a
scale-up model.

fn order to develop such a model, it is fi.st necessary

to identify the key factors that are different in the two
scales. It is not difficult te arrange that the

chemistry of the solution and the carbon usged in the

laboratory experiments are the same as will ewist at the
larger scale. In acdition the size and physical nature

of the solids - both ore and carbon particles -~ can be

.o 35
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Thﬂ abov- dlfficultles make the determlnatlon of the film h
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the Same at the two scales: Thus the variables u, Dy P

(ih the dimensmonless mass transfer correlations) will

be the safle at the two scales.

through which mass transfer is urking place.  The

‘ hydrodynamlcs of the systam as manifested in such things

a8’ the carbonﬂsolutzon Sllp velacity and the size and

‘.. nature of eddies in the slurry affect the nature of the;
f£ilm profoundly. The factors that influence these are
., the gize and rotational - spefd of the impeller and the
geometry of the 1mpe11er and the mixing system. “These

factors have been discussed already in Chapter 2. The
difficulty iﬂ'develobipg a scale-up model arises from the
difficulty of quantifying the influence of these factgié
on the hydredynamics } 4 the first instance and ultbimately
on the transfe: coeffzcient itself.

The mass transfer Cerelations described in the previous
section attempt to db this by means of diwensionless

" What  will be different will the nature of the fiim

parameterg that have physicai significance. ~ The

differences in the hydrodynamics are accounted fir by the
Reynolds number and the differences in scale by the
charaateristlc length, L. - -

.in defining the Reynolds number, the usual assumption

mede is that the particle~fluid slip velocity, u, is
pruportlonal to the notional velocltytzﬁ 30 39), as
stated in Equatieon 3. 16.

u e AND : o W : S X 3.16
where N is the rotational spead of the impeller 'in
revolutions per second. Substituting Equahlon 3.16 in
Squaticn 3. 15, £8r the same vessel geomatry and scale,

k, o N2 " 3.17
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As the power 1s proportional to the épeed to the-third

- pewer, (Eguation 2.2), it follows from Equation 3.17 that

the mass transfer coefficient should be propoitional to
power to the eprﬁént 1/6. Most workers who used the
theoretical dimenéionless equaticons (Harriott, Sanger and
Deckwer, Glasbury, Oyama and Sindoh, and Coetzee and

Cloete (26)), found thedmass transfer coefficient to be:
proportional to power input to the exponent of between

0.1 and 9.3 for variocus mixer geometries., This is

_consistent'with the value of 1/6 stated above.

Nlendw(39} used the same approach when ¢onsider£hg the
effect of different gesometries. He used the more general

correlation — Equation 3.17 to obtain:

ke o N*% ' ' 3,18

He found that x; generally lies between 0.4 and 0.6 for

. efficlent suspension geometries and between (.65 and 0.9
* for inefficient geometries. When these wvaluess are
substituted into Equation 2.2, it yields:

kp = P% | o 3,19

with x, lying “between 0.13 and 0.2 Ffor efficient
geometries, and 0.21 and 0.3 for inefficient geometries.
These values apply to systenms in which the adsorbent was
fully suspended in the ligqguid.

Latterman et al{40) investiganinhg the adsofption .of
pheaol from water onto activated carbon got a
relationship for k, to be proportiunal to the specific
power input to the cxponent of 0,149, They used only one
impeller-vessel configuration but varied the partiéle
size of the activated;tabbon.

The success of the mrss transfer correlations in
providing a workable basis for explaining the influence
of hydeadynamics on the mass trunsfer coefficlent is

37
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encouraging and the wuse of these correlations in

 developing a scale-up model will now be considered.

Ia

' 3;3.2f- Darivatian of Scala-up Equations fram‘Mass L

- Transfer Correlations . *

fThe correlation equation that ls mast amenable. to the

development’ of scale-up procedures is Equation 3.13. If

thlS is expanded, the following relationship is obtained:

kL Nia?p IR RIS
e BHpD : N

proportlonality constant, J, as:

T Bmg-_.- Eyt S 321
(P-) (“ﬁ'ﬁ;) _ |

Equation 3.20 may be developed in different ways,

d

‘As already mentioned'the terms Dﬂ!p,'p w;il'be the same
at the different scales and may be collected in a"

depending on whether D or T are used for the

charagteristic length The rotational speed, N in -the

thesa correlation may be replaced using either the power
“daput, ?, SGE the specific pnwer input, .
- Ta do thls, Equations 3.22 and 3.23 are used.

P o« NP B . | | : ; 3.22
and o : Ly
LR - e : 3.23

On this basis, the following scale~up models can be

. developed.
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P 'Jﬁfbé;-l o NiDb o _. - | T ‘324

Lk w pE@ATE wphESDY 325

_ Bquations 3,26 and 3.27 are obtained: e
ke NeDSC W 326 0.

Cand -

ke mhEDHB . AU B X

I

o

| "“‘_Equations 3 28 and 3 29 am ohtainedx L .
Rew MW A
i

} kf " :; ﬁ’lT’!Ej"i% M . _ | o - Lo | '. .. 3.29

Though Ehas option has been tma’}d by some previous .
workers as shown in Table 3. 1, .t does not explain ths
_real situation in a mixer. The Re takes care of the
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hydrodyn#mics of the mixer and this depends more on the
impellexr’used than on the vessel. ’In this light, option
ii is also questianable. e

_ The various constants in these relationships a, 4 c, m
Wy Vi W, Zy, Z; and 23 may be estimated using mﬁltlple

regresslmn analysis.

3.3:3 Othar Approaches for thae Davnlqpmant of a
saaleuup Modal T

' P

The relatlonship between k,fﬂnd the speed of aglfatlon
developed by Nlenow{39) - Eqaatlon 3.18 may he derived

2
¥

from the mass transfer .cor:elat&ﬁns, whenz the only

variable being changed i1 the impeller speed., Several

workers, however, have ignored the assumptions on which .

'his'relationShip wag developed and have suggested that

the k, may correlate only against the_ speed, power or

i

-

specific power at different scales.

These_approaches are éntire1§ empirical and do not have
even the weak theoretical basis that tl.e mass transfer
coxrelations enjuy.f This approach yields the fallowzng
relationships -~ (Bquations 3. 30 to 3.32)%

kfl “ NN" _ . . ) . 3-30
_ _ _}{; _ _

Ky o= P I. : ' 3.31

and

k, « E% __ " 3.32

Tt is known that the T/D ratio influences the impeller
speed at which particles are suspended. It is probable
thersfore that the 1/D ratio. will influence the mass
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transfer coefficient. Three further _~empirica1

\}relationshlps (Equatmons 3.33 £o 3.35) may be considered’ o

ky = NW(D/T) & o © 3.33

k, o« PS(D/T)* - .. 3.3
- and _ -

ke o« ES{D/T) " o 3.35

3.3.4 Summary
'.{‘ W

In. the dxs usslons so. far, a number of potential scalawup

‘models have been developed. These are Equations 3.24 to’

3.35. In Chapter 5 the usefulness of these models will
be tested using the eéxperimental data described ih
Chapter 4. H

'3.4 DETERMINATION OF THE PONER TO JUST ASSIMILATE THE
CARBON
: : : - - )
Nienow(39), and Coetzee and Cloete(26) reported the
effect of conducting mass transfer experiments at speeds
above and below that required_'tg ensure . that all

particles are fully mixed in the slurry. They reported .

that as the speed increases the £film transfer coeffislent
increases rapidly up to the point where the adsorbent
particles are fully  idcorporated "into the solution.
Thersafiter its value increases at a much slower rate as
the ;mpeller speed increases. The phencmenon is easily
explained in terms of the increase in the total effective
film area as more adsorbent particles are incorporated
into the slurry as the impeller speed increaées. Once

all the particles have been incorporated, the value of ©

41
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the transfer coefficient 1ncreaseb only &as a revult of
the increas;nq intenszty of agitatipnd- S :
Nienow {393) suggested that .no matter what mixer geometry
is being used the . hydrodynamlcs of a glven adsoxptidn
system should be very similar at the point at which all
the adsorbent particles have just been assimilated. The
&11m transfer coaff;rzent at th&g p01nt - defined as k,j,_
w should therefore have the same v. ue ‘for all mixing
geometries. This effect has found significant support

from several :linvest:.gators-— Niv. - and Miles (38), and .

Ccaetzee and Cloet wd6)
\}

Clearly  the possibility that kg4 may be scale

g

independent is most significant. The measurement Of ks

and the associated speed, W, power, Py and spécific
powex, E,, was therefore investige®ed in this work. This
was done by plotting kf agai . dpeed .or - pnwer on
logarlthmic scale. This results .. two sets of straight
lines that intercept at theiispeed required to just-
assimilate the carbon particles, Ny (39), The slope of
th~ line for. the speeds:in excess of N; is lower than
that of the line for sperds below Ny,.

e N

The procedure acopted in this work will row be descrihed.
In. nrder to estimate the value ¢f K¢y Ny, and Py, the
relaticnghip hetween_,!gg and speed or power above and
pelow the (Just-assimilated’ pqigt needs to - be

-
-@staklished. As will be seen in Chapter 5, these

relationships manifest as straight lines when the

" logarithm of k. is plotted against’ the logarithm of N or -

P. Represent. g logarithm k, af ¥ ard loggrithm P or
logarithm N as X, the following twn relationships
thereforesapply:! ' '

Y=o+ px for % .. ) v
=8 +yx = for x»x, 2.36

. £
“
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where x. represents the N,, or Py, or e,. « and 3 are the
iptercepts on the ordinate axis, and § and Y are the
slopes of the. lines below and above x..

In o:derfto obtain accurate wvalues, ‘a Fortran program
based on Least Squares Minimization of the errors between

the model and experimeﬁtal points was written. The .
program is able to estimate the intercepts w Fh the k.

axis (thus the values of & and 8), the two slbpes (the
values of § and ¥} and the point of intersection of the
two lines, (X, kgy). The statistical theory developed
and the program are outlined in'hppendices 3A and 3B,
respectively.

v . N o . . - . .
although the ’'best’ values of the parameters in a model

may be obtained, this is not a guarantee that the model

represents the data. It would therefore be useful if the
models developed could be tested statistically for

adequacy. Hence for exhaustive treatment of the process
of estimation of parameters, the process must follow the
- fellowing steps(42,43): '

- estlmate the values of the parameters,
-~ tast statlstically the degree to which the model fits
the experlmental data, and o
- estimate the errors in the parameters (ie the
- confldence intervals for the parameters) .

The analyses that were conducted are discussed in Chapter -

Sl
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4.1 INTRODUCTION

" CHAPTER FOUR
EXPFRRIMENTAL

A

s -
L

The experimental work is needed to measure the dependence

of the mass transfer coefficient. on the mixer geometry
"and agitation intensity. 1In designing the experimental

program, three aspects required attention. Firstly, a
standard adsorption system needed to be designed so that

the physico-chemical environment would be the same in

every test. Any changes in the mass transfer coefficient
would therefoxe be the result of differences in geometry

" and agitation intensity. Secondly), careful consideration

of which geometries should be tested was necessary.
Finally, the agitation systems themselves and the power
measuremant procedures néedéc_l_ to be set up and tested,

4.2 THE DESIGN OF THE ADSORPTION CHEMISTRY

In the design of the adsorptior chemistry, consideration
was given to the selection of the initlal gold
concentiration, designing the same solution chemistry, and
selecting the type of carbon and inert solids for the

" slurry.

- 4.,2.,1 Initial Gold Concentration

Most CIP plants operate with initial gold concentration

between 1 and/ 14 pPpM. However, plants that process
~ leached calcines have much higher gold concentration. As

discussed in Chapter 3, the gold concentration of the
initial solution should be below & ppm in order to

minimige the influence of intraparticle diffusion on the
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adsorption”rate.

4.2.2 Solution Chamistry

To ensure that the solution chemlstrv Jwas the same in all
tests and that the sol hlons were relevant to plant
practlce, synthetlc solutimns were prepared according to
the AARL rec1pe{2 19), namely

- Boric acid (H;BO;} at 3.1 g/1,

. = Calcium Chleride {CaCl,. H;0) at 3.2 g/l,

~  Soditm cyanide (MaCN) at 200 mg/l, and
- Sodium Hydroxide (NaOH) at 1. 75 g/l to achieve a
solution pH cf ahout 10, (A Knick pH-Meter 761
" calimatie was used for all PH measurements) 2
The reagents were all of analytical grade. THe gold was
added as- potassium1 aurocyanide, (KAu(CN)g), a pure
crystalline salt Wlth akout - 68% gold "An appropriate
quantity was dissolved in the buffer solutmon to make its
gold concentration to between 3 and. 5 ppn.
Distilled water was used in the preparation of the
solutions for the small scale tests. However, due to
“large volumes required to £ill the large scale vessels,
tap water was used in making up the solutions for these
tesﬁs. The solution was prepared at least a day before
‘use to ensure adequate formation of tha aurocyanide
complex (2,19). -

4.2.3 .Cazrben = L B

e

It was desirable to use an activated carbon that is used
commercially, A large sample of coconut - based -
activated narbon was obtained from Western Deep Levels
Gold Plant 1. It was sieved to between 2.36 and 1.00 mm,
It was washed thoroughly with water ahd in 5%
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hydrochloric acid solution to remove all fines and then
rinsed genero'usly with water and dried at 110 %-C, " on
day prior to each. test the requlred amount of the drie
~carbon was taken and soaked in dlst:.lled water to reme

‘entrapped air in the particles. +The- quantity of carbo}\\_

used was the amounc needed to achieve a carbon
concentration of 5 g/l of slurry.

An attempt was made to determine the. dens%!i_:y of tHe
- carbon using a pycnometer but failed, Bec-nse of the

. adsorptive properties of the carbon particles it was not .

possible to get stable readings fxoni the pycnometer. The
density of the dried, activated carbon was, therefore,
- astimated by assuming. that the particles were spherical -
the assumption made in the derivation of Equation 3.9.
" The mass of a quantity of diled activated carbon was
measured, angd the number of parhicles was counted (4).
From this, the density, p. wi was estimated using
Equatidén 4.1.

Density, p, = = m.;/s' . _ - R 4.1
[~

where M, is the mass of the carbon,
‘N, is the aumber of particles of carbon ancb
dis the mean diameter of these pa:ctic.l.es

- The. average density of the 'carbon estimated in this way
was 762.% kgm™., Van Deventer({4), Le Roux et al(19) and
Van der Merwe(46) reported %00, 818 and 838.8 kgm™,
respdetively.  The value obtained in this work is
slightly lower than these values. However; the error is
not important because it is consistent. All values of k;

reported in this thesis are offset by an amount.

determined by the mégnitude of the error in the density
of the carbon. However, it was considered preferable to
use thase values for ‘the mass transier coefficient,
rather than to avoid the error by reporting values of the
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‘Western Deep Levels Gold Plant 2 was ﬁSed._ The impact!
any residual gold in this residue was considered -

product of the mass transfer coefficlent and the specific

£4lm area. The scale-up procedure in both cases would be -

4.2.4 Inert Solids

5,

-_Tt was necessaﬁ?: te use slurry 1nstead of solution *
because of the szgnifxcant effect that ‘solid paxtacles:~

have on the film mass transfer coeffialent, kf,(47} .In

_addltmon thlS was necessary because the scale~up_”
vrocedure to be devaloped masgt. be applicabla te normal .

plant practice. Therefore, the solids used were the same
for all tests ‘and typical of plant conditions. 2a

Synthetic&sénd {pure:silica;“siﬂz)IWaS'ﬂonSidered?but :
rejected because it was too fine and it was not really a

typical plant sand. Instead, filter plant residue Efom

insignificant compared to errors that could arise from

using synth&tlc solids and/or wrongly sized sand. The{w
filter residue was drled, mixed, sampled and stored 1n 

plastic bags. The density of the''dried sand was 2725 .
'k:gm“3 and 1ts particle s;ze distribution was-as g;ven in

Tabﬂe 4.1. The slurry dehsity used in all kinetic tests
was % 1.45 kgl™l, -which is typical for _opecating

-plants (9,10).

s
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Table 4,1: Part;cle 31ze distrlbutlon of the SOlldS used

for the s*urry.

sleve gize

£

% mase retained

% cumulative

(micrometre) . | e _passing
a. Cwas0- | 23 | eus
b s 4w | 76

|

Gm"m:m CONSIDERATIONS

¥ 4.3

Baffled fla'fbottomqf\oben“cylindbiCal vessels are the
most widely mployed;in South African C7% plants. This
h;type of . vesseﬁ was selected for this 1n¢estigatian
The diameters of the vesselﬁ used were 185, 305, 330, 650
and 1200 mm. The volume o the smallest vessel- 185 mm.
diameter - was approximatelv ‘5 litres which is the
volume of beakers that are often used 1n laboratory
_studins The voiunme of the biggest vassel ﬁsed was abouta
1360 lltres Facilities were not available to conduct
o  tests in vessels larger than this.
ﬁ
_ Thé baffle design that was selectea is glven in Table .
, 4.2. Due to the limitations of time.and cost, . ;he
4 : ratios of the helght of the slurry nd the height of the
impeller from the bottom of the vessel to the diameter of
the vessel were held fixed at 1 and 0.25 respectiv ly.
These configurations are typical of South African
practice and ne variations un +hem were‘atudied in this
work. - _ - ¥ '

Hydrofoil impellers have been found to consume less powed:
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than pitched blade ﬁurbiﬁes in keeping ore particles in

sugpension(10). Conseguently this has been the preferred

type 1n many South African CIP iristallations. No'othe;
type was investigated in this study. '

Hydrofoil impellers of diameters 110, 130, 142, 275 and

480 mm were obtained from Kemix (Pty) Ltd. ALl of these

had blade angles of 20% and the same nominal power number .
0.35 and flow number 0.6. The 142 and 480 mm diameter

impellers were rubber lined.

Tahle 4.2: Béﬁfle Design for the vessels’ﬁsed.
i .

| No. of baffles - | e ‘
| width of baffles - 0.10T*

! Height of baffles - T
Clearance above vessel base | . D.O7ET
6.027

* 7 is the diameter of the vessel;

4.4 THE MEASUREMENT OF SPEED AND DOWER

The rotational speed of the impeller was measured usir

a variable range hand tachometer (accurate to 10 rpm in
the speed range of 160 to 2000 rpm and accurate to 1 rpm _

in the speed range of 16 to 200 rpm).

Power was calcul@ted by méasuring the torque exerted on
the slurry due to the rdtation of the impeller. fn
order to be able to measure this torque, either the drive
" arrangement or the vessel was mounted in such a way that

it was free to rotate. The force required to restrain
this motion when the slurry was agitated was then

measured. The force was measured using a Royte Optelec
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Model 338 load‘~ell. This had a maximum range of 2000 g
accurate to 0.1 g.

Sy

: ‘ _
The load cell'was calibrated using loads of known masses.
The calibration curve and its equatlon are glven in

Figure 4.1.

Two difficulties dccurred in the measurement of the power
ihput for agitation, namely frictién and fluctuations inw
the force readings. These were ovércome as follows:
4.4.1 Dealing with Friction

An estimate of the static frictional torque, Tey, was

- sobtained for the different agltation systems as described

in Appendices 22 and 2B, The dynamlc frictional torque
would be less than Ty;y. 4D the calculation of the power,
however, 1t was assumed to be egual to T,

H
5

Friction was accounted for, wusing the following
procedurss ' ' ' ' -

.. The torque euerted on the load cell, T,,, is given by:
T » L, I -
where 1, is the perpendicﬁldr distance from the axis of

the agitator to the point at. which the force,nF, is
applied to the load cell.

From a torque balance, the total tcrque, kT appl;ed to
the agitator is given by: ' '

T Vet Ve .. 4.3
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o ;'séh' 520
X = Mass of load (g)

L2

Figure 4.1 Calibration curve for the 1oad cell
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The correspondlng applled power is given by‘

.Power fbr agitatlon, Uﬂ " 1.2n%% ) ' 4.4

where N is the speed of agitation in revolﬁtions_per
minute, and the units of torqué are Newton metres.

4;4'2:flnéa1ing with Fluctuations

. Due to the turbulent nature of the slurry in the mixing

vassel, the force exerted oh the load cell fluctuated
con51aerably. Two measures were adopted 'in order to
obtajin a satisfactory measure of the mean force exerted.

Firstly, the signal Ffrom the load cell. was dampeﬁed-f

electronically. The circuit that was found most suitable
to do this is shown in Figure 4.2, This arrangement was
sufficient to dampen the £luctuations in the tests
conduct- . in the small vessels (185, 305 and 330 mm
diameter vessels) In the two large vessels (690 and
1200 nun dlametévaessel s) , mechanical dampening was also
necessary The systems used to do this are described in
the next section.

4.5  THE AGITATION SYSTEMS USED . .~

For edeh. geometry needed to measwré the f£ilm mass

transfer coefficilent, at least six tests are required to

estimate the parameﬁérs in Equation 3.36. ” O

W

4.5/1 185, 305 and 330 mm diamater vessels

With these vessels, the torque requiréd to restrain %he .

motion of the wvassel was measured. The wvessels weres

mounted on a torqueutable, the rmovement of which was

rastrained through a plate that rested against the load

52
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cell. The schematlc diaqram of this arrangemenL 13 shown
in Figure 4.3. ' o

The?griction_in the'table bearing was determined by -

putfiﬁg’alstrihg”arouﬁd the turntable while the impeller
was stopped and hanging different loads at the end of the
strlng over a small stationary bar. The friction on this

small bar was alsq estlmated._ ‘The prqcedure ¢s outlined o

in Apperdix 24.

4.5.2 690 and 12-60 am diameter vessels

The mechanical arrangements of these two mixlng systems
are shown in Figures 4.4 and 4. 5. In bofh:cases, ‘the -

drive was mounted on a thrust bearing so that it was free
to rotate. This rq»ation was restrained through the

_“torque arm which was. tethEred to the load cell.

Due to the higher level of power input in these vessels,
the fluctuations in the load cell readingz were not
satisfactorily dampened using the electronic means alone.
It was necessary to employ mechanical dampening as well,

This was achmeved vsing a spring and. a ddsh pot . system.as .

indicated in Figures 4.4 and 4.5.

The static friction in the system was estimated by

attaching a nylon string to the impellesr and taking it
over a small bar and attaching loads of known magses to "
its end. The details of the measurenent: .are outlined in -

Appendlx 2B. : _ S e
i

4.6  KINETIC TESTS

For each agitation system, the kinetic experiment

progeeded along similar lines, The required volume of
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synthetic gold-bearing solution was made up. " The
required amount of the dry mine residue was cha:géd to
this., The speed of the impeller was adjusted té the
desired value. The temperature of the slurry was taken.
An inltlal sample of the slurry was’ taken. The pre-
scaked carban was then poured into the slurry as quickly
as possible and the time was noted. Samples were taken

every other minute for the first ten minutes. Each

sample was immediétely passed thrbugh'a 500 micron sieve

to remove carbon particles after which the sample wasg:

filtered. The gold concentrations of the samples were
later determined using Atomic Absorption Spectrometer
(BaS) . '

When conducting tests in -the two larger systems
additional measures had to be adopted at the end of each
kinetic test. Because of large quantities of materials
involved, some measures were taken. to conserve the
residual gold. The slurry was drained rapidly through a
500 micron siéve te remove the carbon from it The
physical arrangements are show in Figures 4.4 and 4.5.
In the case of the 1200 mm diameter vessel some tests

were conducted wusing the residual slurry from the ,

ﬁfevious_tests. In such cases the gold concentration wf

Lo

the slurry was increased toaround the desired'vﬁiuﬁy-

before the next kinetic test was started, This wad: done
by adding potassium aurocyanide solution. oy

The f£ilm mass transfer coefficient was determined from
this data as described in Section 3.1.3,

4.7 REFPRODUCIBILITY TESTS
Before embarking on the experimental program, the
reproducibility of the experimental procedure described

in the previous section was investigated. The tests were
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conducted in the 305 mm d%ameter vessel using the 130 mm
diameter impeller. Tha film nass transfer coefficients

" were determined four times at each of three agltatian;J

speeds namely, 200, 400 and 600 rpm. Mine dump sand was
used for the inert solids  needed. te make up the slurry
This sand was different from the one used in tha rest of
the test-work. It was coarser and had a different
'garticle size distribution. In all other respects, for

"iaﬁxample the chemzstry of the solutidn, ths tesL procedure .
- i

-employétl ‘was as descrmbed above,

The results of hhe reproduclbility tests are - recorded 1n
Table 4.3. The percent relative standard deviations of
the kf values for the 600, 400 and 200 rpm value are

3.2, 5.2 -and 33.2 respectively. = The results ' show
satlsfactoryxreprodMC1billty in the determination of ke

at 400 and 600 rpm. As shown in the table, the relative

suandard deviations - WEre§%§ 3 and' 5.2 per ceht -
respectively. The relatlvely hlgher variance value of

ke at 200 rpm, can be attributed to the agitatibn
1ntenalty being insufficient to tnlly ass;mllate the

carbon. Assimilatiea of qarbon wxll therefore ‘be

variable and so inconsistent results would be expected.
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Table 4.3: Reproducibility in the estimation of mass

transfer coefficient (130 mm diameter impeller?injthe 305 :

mm diameter vessel)

Agitdtion 600
Speed (rpm)
| Test No. (ke x 10° |k x 10°, [k = 10°
1 3.91 3.09 - 2.22
oz foeaz | 300 EEC
3 Jl 3.8t | 2.2 | 121 E
4 %308 3.29 1.09 I
'mean'g,-' [ 3.5 3.07 o4  1.55
std. dev. 0,13 0.16 0.52
$zel.std. | 3.3 | 5.2 | 332
dev,m
u 95% i I. | 3.95:0.21 | 3.09:0.25 | 1.5540.83

95% C.X. is the 95% confidence interval.

The reproducibility of the power input data is shown in
Table 4.4. It can be seen that least variation was

experienced in the power measurements at 200 rpm. ‘this -

is expected because the mixing. conditions are less .

intense at lower agitation speeds. As can be seen
acceptable levels of variation between the different
tests were obtained ~ the relative standard. devxations
ranging from 1.8 to 3 9 per cent,
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Table 4.4: Reproducibility in the estimation of power
Input (130 mm diametex impeller in the 305 mm diameter

vessel) - oo .;- g q
Agitation i 600 400 - 200
Speed (er) ' : S : ;
Test No. | B 0 | P ow | B W
1 19.46 “I|  8.45 2.31 .
. o b o . ‘\h}
2 19.59 | . B.43 2.15 b
3 20.12 .:L'” C8.47 ) 2.16
'ﬂ 4 19.83 Il 9.01 2.12
Mean Power 19.83 ) . 8.59 oz
i =T ' ; .
stcl. dav. 0.3? . 0.28 0.085 T
5 relative 1.80 | " 3.27 3.89 |
Istd dev. S «'” Fﬂ
 05% C. 1. 19.83%0.57 "3.59£0:45 2.19+0.14

95% C.I. is thghBS% confidence inteévél.

a4

4.8. RESULTS

The power data as calculated according to the procedure

given in Bection 4.5 are presented in:Appendixz 1A and
summarized in Table 4.5, ‘

The data -from the various kinetic tests condhcted are
presented in Appendix 1B and in Figures 4.6 to 4.14, Thes
film mass transfet coaffiazents calculated from the data
according to the pkocedure given in Section 4.6 are
presented in Table 4.6.
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Table 4.5:
vessel configurations

Impeller+vessel

.

Power

The power data forfthe various impeller-

e
Speex

Fower
() E_

62

32681 |

[ diameter (mm) {rpm) (W) “H (rpm)

| “ 200 1.59 f§ 400 5,38

110 250 | 2.14 500 7.74

+ 270 |° 2.4 550 | .+'9,98

185 300 3.33 600 12.23

110 300 2,75 500 | 7.94

+ 400 - 5,25 600 | 13.13

305 450 6.92 790 22,92

: 200 2.64 500 12.43
130 300 5.20 600 19.31

+ 350 6.52 650 27.96

305 {400 8.27 |

| 142 200 3.03 400 11,31
2 + 250" 4,14 500 21,65
305 300 5.25 600 | 39.614

110 300 ' 2.45 500 1508

" 400 - 4.76 650 17.61

j 330 500 9.99 700 20.79
550 12.88 800 34.79

250 2.43 500 14.66

130 1300 4.89 550 19.29
| t 350 7.58 600 24,35
330 3990 10,95 650 30.65

200 2.16 §- 400 15.25

142 250 3.88 § 500 21.86
o 300. 6.20 550 30.22

330 350 9.33 640 44,95

275 149 35.04 261 | 95.01
+ 171 43.62 § 283 113.98

690 200 | 59.15 -k 309

480 260,02 § 140 | 350.29
297.44 § 150 | 421.02
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Kinetic tests for 185 mm
diameter vessel: impellex diameter = 110
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Table 4.6: The £ilm mass transfer coefficient obta%gﬁ{

£

for the various impeller~vessel configurations

| Impeller+vessel
diameters (mm)

Sms™)

o]

&8

gl

400 3.50
110 500 4.05
Hi 550 4,17
185 600 4.20
110 500 3.66
+ 600 3.80
305 700 3.97 .
1 500 | 8.771
130 600 3.954
+ 650 4,108
305
142 400 | 3.654
+ 500 |- 3.797
i 305 600 4.129
110 600_ 3,62
. 4 650 3,72
330 700 3.86
800 4.13
' 500 3,88
) 130 550 3.97
¥ 600 4.00
- 330 650 4,11
260 . 0.43 400 3.66
142 250 0.49 500 o 3,96
¥ 300 -1.88 550 | 4.10
_ 330 350 ;79 6407 4.30
=
| V275 261 3.67
N 283 3.76
£90 309 3.87
480 140 3.30
+ . 3.39
1200  §

3.46




CHAPTER FIVE-

DISCUSSIONS OF THE RESULTS

s

In this  chapter, the results obtained in ' the
investigation are discussed and compared with avallable
1nformation.

_fJ

\ . B e
5.1 KINETIC n\m | SR

i-‘h-'

”Flgures 4 6 to 4.14 shew ¢learly that the coneentration— \

time data represented by the simple film diffusion model
(Equation 3.9) represents the initial- adsorption data
well., OF the sixty three kinetic tests conducted, only
five gave results that were not fitted well by Equation
3.9, The correlation coefficient for each line is given
in Appendix 1B. | : BT

As expected, the data shows that the greater the speed of
agitation, the greater the magnltude of the slopes of the
plots.

L

5.2 THE INFLUENCE OF AGITATION SPEED AND POHER Oon THE
MASS TRANSFER COEFFICIENTS

Figures 5.1 to 5.10 show how the Film mass transfer
coefficient, kfgtﬁariés with the speed or ‘power iﬁput in
the different agitation systems tested. As can be seen,
when the data for a.given system is plotted using
logarithmic scales, two straight lines are ‘obtained. Aas-
explained in Section 3.4, the line with the steeper slope
describes the effect of increasing agitation when not all
the carbon is fully assimilated into the slurry. The
line with the shallower slope describes the effect of
agitation when the carbon is fully essimilated. The data
was analyzed as described in Section 3.4, by fitting a
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Figure 5.2: The effect of power ¢f agitation on the
£ilm mass transfer coefficient (impeller dlameter =
130 mu, vessel: dlameter = 185 mm)
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“Speed of agitation (rpm) “x 1072

Figure 5.7: The effect of speed of agitation on the

film mass transfer cceffiCLEnt (impeller dlameter =

275 mm, vessel diameter = 690 m}
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Figure 5.8: The effect of power of agitation on the
mass transfer coefficient limpeller diameter = 275
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Figure 5.10: The effect of power of agitation on the

£ilm mass transfer coefficient (lmpeller dlameter =
- 480 mm, vessel diameter = 1200 mm) '
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L4

bi-linear model (Equation 3.36) to the data.

Since repeat weasurements were not conducted, no formal
test for lack of fit of the model (44) can be done,
How%yer, the regression,correlation.coeffic?ent does give
botift quantkitative and qualitative inforsdtion on the
goodness of fit of the model to the experimental data
(44). = A program used to determine the correlation
coefficient of the model to the data is given in Appendix
4B, As shown in Table 5.1, it is glear that the model
fits the data well. '

[T

Figure 5.1: Fitting the Bi-linear Model

impeller + Corr. Coeff. | Corr. Coeff,

vessel diameter | from Speed from Power
{rm) data # data *

110 + 185 0.9981 0.9870
110 + 305 0.9999 |  0.9999
130 + 305 09997 0,9988
142 + 305 0.9996 0.9998
110 + 330 0.9974 0.9922
130 + 330 0.9988 0.9998
142 + 330 ¢.9989 0.9987
275 + 630 0.9988 . 0.9996

| 480 + 1200 - 0.9964 0.9999

A A S S S

$# for Figures 5.1, 5.3, 5.5, 5.7 and 5.9
* for Figures 5.2, 5.4, 5.6, 5.8 and 5.10

Three important types of information may be obtained bf
fitting this model to the mass transfer and speed/power'
data. The fivst concerns the speed or power which is
required to just assimilate all the carbon into the
slurry. The second concerns the value of the mass
transfer coefficient at the just assimilated point.
Finally, and most importantly, the rélationship batween
the mass transfer coefficient and speed or power may be
quantified. Each of these will be discussed in detail.
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5.3 QUANTIFYING THE INFLUENCE OF AGITATION ON THE
MASS TRANSFER COEFFICIENT

As shown in Section 5.2, it is expected that for a given
agitation system the mass transfer coefficient and the
speed or power will have simple power relationship. This
is born out in Pigures 5.1 to 5.10. What is important for
scale—up is the value of the exponent on power (or speed)
in the relationship. Only the data above the just
assirilated point is relevant to this discussion.

As can be seen from Table 5.2, the exponents on power, 2,
or the specific power, E, (in Equations 3.31 and 3.32)
vary from 0.0736 to 0.161%. The mean wvalue is 0.1225
with 4 standard deviation of 0.035. The values found are
quite; close to the range predicted by Nienow{39)
{Equazions 3.18 and 3.19) - that is 0.12 to 0.2. Values
found by other workers are as follows.  Coetzee and
Cloeté (26), in two sets of experiments, used prochem
impel.lers and inclined blade turbines to adsorbk sodium
onto resins and silver cyanide onto activated carbon from
clear water and slurry. The values of the eyponents that
they obtained were 0.167, 0.203 and 0.265, respectively.
Laﬁterman et al{40), adsorbing phenol from clear water
onﬁo activated carbon using a plate turbine got k; to be
prbportional to the specific power to the exponent of

0.%49.

\ .

\,f.__
The vdiues found in the current work are generally lower
than the wvalues found in the literature. This could be
ascribed to the fact that the presence of fine solids
increases the power requirement for agitation and at the
same time tends to inhibit ads%rption. The systems used
by the authors mentioned were also guite different from
the one used for the present data, and as would be seen

later, this can lead to significant wvariations in the
results. For example, the adsorbent particle size used
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by them was smaller than- the one used in this

investigation, and hence higher rates of adsorption would

be expected in their studies.

The values of the exponents for the different agitation
systems are compared in Figure 5.11.
rather scattered and appean?to have no dependence on
vessel This corroborates the

The wvalues are

size. observation

suggestions of Coetzee and Clbete(26), and Nienow and

Miles(28) that the expornent of the power in the k; .-
power relation above the ’just assimilated’ condition is
constant and independent of scale and geometry.

" Table 5.2: Values of the exponents of E and N for the
various impeller/vessel geometries— (N > Ny, - Equation
3.30 and E > E,, - Equation 3.32)

Vessel Impeller Exponent, Exponent, E
diametex diameter ¥ on N X, on B
(mm) (mm)
o 185 110 0.1909 0.10286
i 110 0.2406 0.0768
305 130 0.3830 0.152¢%
142 0.2966 0.0970
| 110 0.4654 0.1564 | .~
330 130 0.2054 0.0736
142 0.3447 0.1450
690 275 0.3145 0.1362
1200 180 0.3234 0.1619 H

U

Plotting on one diagram all the data generated in this

work as shown in Figure 5.12,

contention.

B2

)

further supports such a
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5.4 TESTING THE PO@ENTi&L SCALE-UP MODELS

In the last section the relationship between the mass
transfer coefficient and the power was studied using data
from a given agitatlon system. The concluding remarks
and Figure 5.12 suggest that the simple relationship
between kf and specific power that applies for one
agitation system may apply tc a different system. This
lends support to the scale~up model described previously
in Equation 3.32. In this section, this equation as well

as the other scale-up models (developed in Sections 3.3.2

and 3,3.3) need to be tested more\rigorpusly.%

This is done by conducting a\fféresslon analy31s on all
the acqulred data above rhe)M?ust assimilated’ point.
The scale-up models to be teg;ed are EquatLOns 3.24 to
3.35, The four parameter models (Equatlons 3.28 and

3.29) . howeveék were not tested because the availableg..

data was considersd too few to make the estimated values
generally valid.

In the comparativeﬁaﬂklysis to choose the best model from
among the potential scale-up models, the sum of the
squares of the relative-errors between the predicted and
actual wvalues at each data point were determined to
ensure equal weight:.ng to each point. The multiple
con,elﬁtion coefficient of the regression analysis, r,
for eaéh model was also determined. The best parameter
values for these mbdels cas well as tﬁe relevant
regression statistics are‘ﬁresentedfinQ } 5.3,

i
"

From the table, it is clear that Equati;&s;51ibaﬂd 5,2
represent the data best. It is not immediately obvigus
whether or not Equation 5.1 is better than Equation 5.2
ktecause although the correlation coefficients are fairly
similar, the former has three parameters while the latter
has only two. Both models have different degreas of
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. - Table 5.3: Testing of the Scale-up medels

Expressibh x 10°

Mean .of Suim of

| Squares of R.E.

- 86

| st4. pev. ot §

| Mean of SSRe j

3.35 | Xk, = 2.854 BORT (/D)o 00 5.1 5.930 | '5.848 x 10* | 5.576 x 10% |
3.32° 1 %, = 4,124 graes 5.2 0.907 7.617 x 10% | 1.146 x 167 §'
B 3.33 | Kk, = 2.12 w-uS(ppyenss 5.3 0.821 | 1.438 = 10° }2.544 x 10 §
8 326 ]k =012 wrae poee 5.4 0.773 | 1.760 x 10® {2,381 & 10"
. l 3.26 | k, = 2,05 §or poeo 5.5 0.753 1.870 x 102 | 2.93 = 102
o lssp | ko =308 w0m | 5.6 0.748 1.948 2 10° §2.90 x 10
| 3.25 | Xk, = 3.106 o2 girgyoas 5.7 0.753 | 1.906 % 10 | 2.475 x 10
R YR X, = 3,121 7009 (gpsye.es 5.8 0.722 - 2.110°x 1072 2.940 x 107
3o d oosse | 3838 =107 }a96ex 107

=

id

&

L

~- R.E. ig the relative errors
e '

!, SSRE is sum of squares of relative errors
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freedom — and this ¢ an lead to misleading conclusions.

A statistical test used by Moys and King (48) for
comparing models addresses {ihis problen. The method
assurfes that models A and B exist and have m, and N,
numbey of parameters respectively. If mp, is less than m, ¢
then a statistic A, is defined.by

- Sa)/(ma“ma)

5.10 "
S,/ (N - m,) °

:
where §, i% the sum of squares of the residuals due to
medel A, S, is the sum of squmres of the residuals due to
model B, N is the number of experimental points
iavolved. ' The statistic Ass may be used as a.means of
testlng whether or not.-model A is better than model B.
If Ay is less than the E ja-nm), -myy Statistic at a givan_
level of confidence, then model B is statlstically bﬁtter

'tnan model A.

The valueg of the relevant variables with Equation S.LJJ
belng mcdel A and Equatlon 5.2 being model B, are: v

= 2.7554 x 107%, = 3,6515 x'107"}, N = 33,
mB__= 2 and Ay = 9.755.

Fom Statistical tables Fyj; = 4.17 (at 95% confidence
level) and = 7.56 (at 99% confidence level). Since Ay
is significantly greater than F, . at both 95-and.99'%
confidence levels, model A (the three.parametgr model is;
statistically better than model B

model) . The usefulness of Equation 5.1 is demohstrated

{the two parameter'’:.

in Figure 5.13 by the fact that the data points all lie \\

within a 5% error band. w2,
AW (

t
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Figure 5.13: Observed and Predicted values of k¢ using
scale-up Equation 5.1
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5.5 THE FILM MASS TRAN~ 3R COEFFICIENT AT THE ’JUST
ASSIMILATED’ CONDITION

The values of the film mass transfer coefficient at the
fjust assimilated’ point, kg4, have been estimated using
the bi-linear model. These values are presénted in Table
5.4, 1In Figures 5.14 and 5.15, they have been plotted
against the speed, N,, and specific power, E,, that are
required to just assimilate the Jarbon particles into the
slurﬁy. It is c¢lear that the values of Ky ja &re very
similar despite the widely different speeds and power
inputs at which the ’just assimilated’ conditions
occurred for the various impeller—veséel configurations.
Nienow and Miles ({38) came to a similar conclusion when
they plotted k;,, against the power per unit mass of
slurry for forty different impeller-vessel
configurations,

Table 5.4: K¢, 0 values obtained Exom the sﬁeed and.powe;
data for the vdrious impeller/vessel geometrigs.

| Impeller and K¢, 1a £ 104
i Vessel ' -
! diameter (rm) ?fom Speed data From Power datg

110 + 185 3.66 3.65

110 + 305 3.60 3.66

130 + 305 - 3.29 . 3.38

142 + 305 3.42 3.41

110 + 330 i 3.52 3,62 &

130 + 330 3,78 3.84

142 + 330 3.7 | - 2.52

275 + 690 3.64 3.64

480 + 1200 3.26 3.27
_ L _

This observation is important because it sugéésts that
Ke4a 15 scale independent - a fact that could be

89



5.00

A ¥

¢
A 4

X

' impe!!er + vaasel

B reXOD+OX

ek

°© o

0 b

dirameter {mrm)

10 + 185
110 + 305
130 + 305
142 + 305
10 + 330
130 + 330
142 + 330
275 + 680
480 + 1200

| xi zég

N;

a (rpm)

e
500

S e

spead of agitation at.

condition for

¢onfigurations

Figure 5.14: The film mass transfer coefficient vrs

the ‘Just assimilated’
‘the  different

inpeller-vessel

]



5-00 -

-
e |

"'

E
o

O

et

X
e

2

Cm

< 100

lIIIIR‘III!.!II!IIIIIIIIJ“

¢ o ¥

impeller + vessel
diameter (mm)

10 + 185
110 + 305
130 + 305
142 + 305
110 + 330
130 + 330
142 + 330
275 + 890
480 + 1200

B PpeXOD+0O%

.0516'.'

0.5 0.30 0.35 0.40
(Wkg™ 1) -

Figure 5.15:

Thae £ilm mass transfer coefficient vrs

the specific power input for agltation for dlfferent
 impeller-vessel configurations

&

%!1

91



exploited in developing a useful scale- up procedure. To
test this hypothesis, the mean value of Ky, as
determined from the speed data and from the specific
power data were calculated. These with the associated
standard deviations are as follows:

- using the speed data, the mean kg i, = 3.52%x10"% ms™
with relative standard deviation of 4.62%.
~  using the specific power data, the mean kgj

3.55%10™® ms™ with relative standard deviation of
i

4,94%, ) o
- using both speed and specific power data, the mean
Keja = 3.54 x 1075 ms? with zelative standard

deviation of 4.66%.

The standard deviation associated with the measurement of
the film transfer coefficient was shown in Section 4.7 to
be in the range 3.3 to 5.2%. The standard deviatlons of
the estimates of the value of k¢ ; are in the same range.
Clearly there is, therefore, no discernible difference
between the different estimates of kg y,. Nienow’s
contention that ke, 4 may be scale independent appears to
be valid.

Before leaving this tople, a further question needs to be
addressed. This concerns whether or not there is
difference between the values of kg .. estimated from the
spéed data and the values eai:imate& using the power data.
This question was considered by conducting a pairing
comparison. This assumes that the differences between
the values of related data constitute a random sample
from a normal population, N{(3, ©,). The pairs (X, ¥,)
(for 41 = 1, 2,...9) are independent, but X; and ¥, within
.the pair are usually dependent. TLet X, represent K¢ i
values from the speed data and ¥, the ki, values from the
power data (in Table 5.4). The paired difference d; is™
then defined as: : ' -
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- !
d, = X, - ¥, 5.11

The mean, 8, and standard deviation, ©,, of the set of d
values are respectively -0.0356 and 0.061. The 95%
confidence interval for the mcan, &, can then be
determined, Using the t-Tables the value of to.qs, at 8
degrees of freedom is 2.306. Hence the 95% confidence
interval for the mean paired difference should be:

- 0.0356+ 2.306 O-061 - 5.12
9

which is -0.0825 to 0.0113.

If there is no difference between the X and Y data then
the mean value for the paired differences should be zero.
To test the significance of the difference between the X
and ¥ data at a 95% confidence level (x = 0.05) the one
sided rejection region that requires t to have a value
‘greater than tge = 1.860, where

o -0.0356 -
t = i - ! - 1-!5 5.13
"’n’“"'s' Yo.061//3 -'
This is Jless than ity = 1.860 and hence with 95%

confidence, it can be stated that no significant
difference exists between the two methods of estimating
the kg4 This implies that k4, can be estimated from
either speed or power data without a significant error.

5.6 THE SPEED/FOWER TO JUST ASSIMILATE THE CARBON

It is clear from Figures 5,1 to 5.10 that it is most
important that thé degfee of agitation lis sufficiently
great that all the carbon is fully assimilated in the
slurry. If this condition is not satisfied then low
adsorption rates are likely. In plant practice, the
situation could be worse than is suggested in these
figures, because the c¢arbon may settle and become locked -
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in a sediment at the bottom of the tank. In the tests
conducted in this work the carbon f£loated when agitation
was not sufficiently intense. o

The bi-linear model allows an estimate to be made of the
speed and the power required to Jjust assimilate the
carbon into the slurry, Although this information is not
directly relevant to the . scale-up model, it is

revertheless useful to know and so it will be discussed

in some detail. The relevant data is shown in Table 5.5.

Table 5.5% Speed and Power to just assimilate the carbOn'

in‘the slurry

‘impeller .+ 1 v/D | speed | Power Power per
vessel diameter N., P unit mass
{mm) (rpm) {W) E, (Wkg™)
llO + 185 1.682 288 2,86 0.40
110 + 305 2.713| 472 7.86 0.24
130 + 305 2.346 365 7.22 0,22
142 + 305 2.148 329 - 5.85 0.18
110 + 330 3,000 | 570 14,60 0.36
130 + 330 2.538 404 12.74 0.31 B
142 + 330 2.324 371 10.72 .26
275 + 690 2.509 255 80,37 0.24
180 + 1200 5007 135 | 333.82 0.1
m-—.md

As can be seen in Table 5.5, for impellers of the same
des;gn, the larger the diameter, the smaller the power
per unit mass of slurry required to assimilate thé carbon

particles. This is in agreément with the predictions of -
suspension theory as outlinéﬁ in Chapter 2, (Equationsg
. 2.4, 2.5 and 2.7). \

Chapman et al(36) on analyzing Zwietering’s data for
propellers of different diameters in the same vessel,

found N,, to be proporticnal to impeller diameter to the
power of -1.67. From their own data, they found it to
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be proportional to the diameter to the power of -1.5.
In this work, using the data for the three impeller
diameters of 110, 130 - and 142 mm in the 305 and 330 mm
vessels, the following results were obtained:

For the 305 s vessel:

i7

Ny,

s D-1e45 © 5.14

and for the 330 rm vessel:

[
i

.Nja oc p-i-73 | . 5.

'Looking.at the data for the specific power input, the
following relationships were obtained:

For the 305 mm vessel:
E, o p-iose _ 5.16°

and for the 330 mm vessel:

By o D1 5.17

Although the exponents of D found in this work (from

Equations 5.14 and 5.158) are similar to those reported by
Chapman it should be noted that the mixing situations are
different. Chapman’s findings relate to the suspension
of solids chat settle out of the fluid. The findings in
this work relate tq the aSSLmllation of particles that

“ tend to Float.

As Nienow(37) has indicated the subject of the
assimilation . ° fluvating particles has not been studied
adequately.. The most relevant work that has been
reported is that due to Joosten et al(37) - Equation 2.5.

‘The values of N, predicted using this egquation are

éompared with measured values in Table 5.6. {The
predicted»values were calculated assuming that the
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density of the carbon was 762.% kgm™ (as explained in
~ As can Le seen, the prediction- are
generally different from the measured values.

Section 4.2.3)).

Table 5.6: Predicted and measured values for N,

Joosten'’s

ﬂ ‘ .
s B

Impeller + Vessel Ny, from
diameter (mm) Equation Bxptal. work ﬂ
110 + 185 234 . 288
! 110 + 305 584 472
130+ 305 398 365
" 142 + 305 323 " 329
110 + 330 675 570
130 + 330 458 404
142 + 330 366 371
i 275 + 690 308 255
480 + 1200 232 138

To investigate the influence of vessel diameter the data

from three agitation system was considered. These were

systems in which the T/D ratic was similar.

The values

for Ej, and N,, for these systems are shown in Table 5.7.
As can be seen from Figure 5.16, E,, and N,, are strongly

dependent on the vessel diameter.

Table 5.7

The values of Ej, and N,, for systems with

similar T/D ratias

Vessel
diameter

T, {(mmi ©

D,

Impeller
diameter -

{mam)

330
690
1200

130
375
480

1

ﬁ
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-1.00 : 6.40

*“““*Eja data
o----ONj, datd
120} - 8.00
o n
2 £
AT R Y, 15 45.60 =
c : c
- - [
1,600 -} 5,20
[ 1 i
8,00 6,40 880  7.20

In To

Figure 5.16: The effect of scale' {vessel diameter} on
E, and N,, for systems with similar T/D ratios

97



The correlation relationships were found to be

By, Con e0.46L5° ) ' ' - 5,18
and
Ny, e o0 S 5.19

for which the correlation coefficients were -0.987 and ~
~0.985 respectively. . Chapmi 1+ et al(36) obtained a-
relatiohship similar to Equation 5.18 in which the
exponent was -0.28. Their work, however, involved the
suspension of settled solids as opposed to the current
‘work in which floating solids wera assimilated. PH&wever%;
they cautioned that mincr differences in geometry could

cause deviations from this value.

The data that has been generated may be used to develop
“a correlation similar to the Joosten Eguation (Equation
2.9). Taking the form of that quation,,correlation.
Equations 5.20 and 5.21 were obtained. Their respectiv'e
correlation ceoefficients were 0.987 and 0.624.

and
B o ()77 proan §.21

As can be seen only Eguation 5.20 shows a good
correlation with the data. '

Al

5.7 'SOURCES OF ERROR IN THIS INVESTIGATION

Errors in the measurement of toxrque: In this work, the
static and dynamic friction in the bearings holding the
impeller shaft (or under the torque table) were assumed
equal. The problems assocliated with accounting for
friction have already been discussed.
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Exrors arising from geometrical inconsistencies:

Strict geometrlcal similarity = is an  essential
prerequisite for accurate scale-up study. Fdrheﬁample
the thickness of the impeller is not frequently reported
but it hag been shown by Chudacek (45) to influence the
power number. He said even minute variations in_blade
angle -*hat cannot be visually distinguished:-can be a
source of error.- - For instance, helreported the results
of experiments with two’ identical "blades *of agual

. diameters.  One had its blades set at exactly 45% and the

other at  43-44° due to a nmnufacturin\ error. The
erroneoys turbine gave a 4.6% lower value in the. ‘power
numbers that could not be otherwise ‘explained, This
highligh%s the importance of precision of méhufactu;ing
of impellers used in these tests. |

Similar small geometrical inconsistenciés in vessels of

different scales may be a 9pntr1but1ng factor to the lack
of agreement between the Sbale -up relationshlpq reported
by diffgrent authors., '~ In this regard, it must be
remembered that the 142 and 480 mm diameter impelletrs
used in this investigation were rubber lined and all the

others were not. " "

Lkl

Diffarences in power numbers: All the impellers uséd'in
this work were manufactured to the same specifications in
regards to their geometric configuration. In principle
this should lead to systems in which the power and flow
numbers are similar. The flow numbers were not measured
in this‘ work. However, the power numbers could be
estimated for each test conducted. Thig data is
prgéégtedhin Table 5.8, The maximum and minimum values
are 0.36 and 1.14. - As can be seen, all the power
numbers are greater than the nominal vﬁgue of 0.35 as

~given by the manufactursr,

Chudacek (45) indicated that power and flow numbers are
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- T A ¢
e, TRE ‘\

dependent on impellﬁr clearance, impeller. diameter,
vessel he.ight, shape of the. bottom of the .vessel and
J.n'xpeller blade geometry . The causes of the variatienc

seen in tha wme: sured power numbers have not ﬁns\\en *

investigated.. ; v
3 | .\ i

i ' v 3

Changas in cyanide concentration: (™% the kinetic.

experiments conducted in the,1200 mm diameter vessel, the

slurfy from one test was used ih two subseq'aent- tests

(after aurocyanide had been added). On several occasions

- the lengthy periods of ag:l.tatmn that were necessar;
betw@ep_—— +ests resulted  in _uxcessive dest.rut:tdtjbn éf =

cyam.de. This resulted in an improvement 1in the

aaso::pt‘a.on rates dus to- uhe change in solutiod chem:.stry.' ‘

~//

in larger scale testa r..,-;é cyanide levels ware not a.lwaya _

the same, The results from those in which excessive
destruction had occurred were discarded.

=

I
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Table 5.8: Power

numbers determined for the variocus

mixing configurations (data above the /just assimilated’

condition oply!

) _ _ .
Impeller+Vessel Speed } Power | Power Number .
i diameter {(mm) {rpm} | Input (W; ; {(dimensionless) i
300 3.33 : 1.14
110 400 5.38 0.78
+ -500 7.74 0.57
165 550 9.98 0.85
- 600 12.23 0.52
110 500 7.94
+ 600 13.13
305 700 22.92
) 400 8.27
130 500 12,43
+ 600 19.31
205 650 27.96
- 142 400 11,31
+ 500 21.65
305 6Q0 358.64
600 15.08
118 650 17.61
+ 700 20.79
330 800 24,79
500 14.66
130 550 18.29
+ 600 24.35
330 650 30.65
400 15.25
142 500 21.86
E + 550 30.22
330. 6540 44,95
ﬂ 275 261 95.01
+ 283 113.98
690 309 140,31
480 140 350.29
IR 150 421,02
- 1200.= 162 467,09

[
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CHAPTER STX

CONCLUSIONS AND SCALE-UP PROCEDURE

byl

6.1 CONCLUSIONS

The following conclusigns may be drawn from the work
reported: i

i

- The classgical £ilm mass transfer diffusion model was
foupd adequate to represent the rate data of
adsorption of aurocyanide onto activated carben
during the initial periods of the kinetic tests.

- An increase in the power input for agitation leads
to an’increase ia the mass transfer rate. -This will
also lead to an increase in the loss of carbon due
attrition. (This effect was not investigated in this

‘work). In selecting the power to be appliad for

agitation, one consideration is that a maximum rate
of mass transfer to carbon and a minimum loss of
carbon due to attrition should be obtained. Hence
the power selected should be at least that required
to just assimilate the carbon particles. At lower
power inputst the mass trarsfer coefficlent drops
'off'rapidly. At higher power inputs, only a small
increase in adsorxption rates will occur at the
expense of an increase in the carbon attrition rate
and power costs.

- The film mass transfer coefficient at the ’just
assimilated’ condition, k,, # < constant and is
 independent of impeller-vessel geometry. It may be

estimated from kinetic tests in which either speed'

or power are measured, :

- For impellers of the same design, the larger the
diameter, the smaller the spécific power input
required to suspend the solids. fThus an impeller-
vessel configuration that is efficient for
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suspension is also efficient for the adsorption
process. The results show that what is réquired is
a large low-sreed impeller. Such & system will also
minimize carbon attrition. |
- For apprdki@ately' equal vessel-impeller dia?gter
ratios, it was Eound that the - specific power
Tequired to just assimilate the carbon paréicles isg
proportional to the vessel diameter to the exponent
of —0.4615. 3 . : . _
- A scale~up procedure has been developed from the
current investigation and is presehted belcw.
A

6.2 SCALE-~UP PROCEDURE

From the results and discussions of this investigation,

the recommended scale-up procedure for the f£ilm mass
transfer c¢oefficient in CIP adsorption systems is as

outlined below:

1. Run kinetic tests at laboratory scale using slurry and
activated carbons that correspond as closely as
possible to the slurries and carbons that occur or_.
will occur at full scale. The vessel and impeller
designs must be geometrically similar Zfox the
laboratory and full scale eguipment.

2. Run kinetic experiments at « laboratory scale at
different,:speéds of agitation and determine the
corfespunding values of thl“specific power input for
agitaticn. Ip the determination of the applied power,
frictional forces must he taken into account., From
the Rinetic data, determine the film mass transfer
coefficient at each speed investigated.

3. Consider only the data derived from tests iﬁ which the

. carbon was fully assimilated into the slurry. Which
points these“are may be determined by referring *o a
logarithmic plot of k; against speed or specific
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power. Fit these data to Equation 3.35 to obtain
values for K, . ts and tg. From'this work the values
for t. and t; were 0.117 and 0.089 respectively.

o

k, = 'K, E"(T/D)" 3.35

4, Use these values of K;, t; and t4 to predict the values
of k; att a largexr scale (as indicated by-D and T) at
the level of specific power input, E that 3 to be,
installed} ) - . 4

5. Thézinstalled 5pecific‘;?wer, E, should be greater
than %,, - the specific power recuired to assimilate
all the carbon into the slurry. Tha value of E,
should be wbtained from mixer supplies or can be

» estimated using Equations 5,20 and 6.1:
. NNLDP - :
I | | 6.1

(Note: Eguation 5.20 applies to the situation where:
the carbon tends to float. If the carbon tends to
settle, legs power is'required {37)) .

6. The k; obtained from step 4 can be éﬁbstituted into an
appreopriate kinetic model so that the performance,at
the full scale CIP plant can be simulated.

S 6.3 LIMITATIONS OF ‘I.‘HE SCALE-UP MODEL

The model that has been developed is empirical and
thefgfore it may be valid only in the range of conditions )
that has been investigated.: o
The scalirup model has been developed for a specific
geometric configuration, namely:
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Inpeller configﬁration:

- bhydrofoil impellers with a blade angle of 20°

- some were rubber lined and_others were not.

Mixer configuration:

- flat bottomed cylindrical vessels, .

' - alurry depth to vessel diameter ratio was 1,

~ the ratio of impeller height off the bottom to vessel
diameter was 0.25, . T

-~ vessel 'diameters varied from 185 to 1200 mnm,

Baffle configuration: '

- four wertical baffles used. .

~ width of baffles was 0.17, where T is the diameter of
the vessel. e

The scale-up model ‘that has been developged may be
applicable to other configurations® but these have“not
been tested.

o

6.4 RECOMMENDATIONS FOR FUTURE WORK
This investigatlion is an initial attempt to model the
scale-up of typical CIP systemsy Iﬂ is obvious that much
more research is required in this area. The following
areas in particuler require attention:

~ Since the current work was conducted with hydrofoil

~ impellers of the same nominal power and flow numbers
. and angle, it would be desirable to conduct similar. -~ -
work with other kinds of impellers. The scale-up

model that has been developed may then be tested for
different configurations,

- Tests should be conducted in systems with the same
geométry as employed in this work but at very much
larger scales.

- Work should be done to determine the extent to which
carbon attrition increases with increased agitation
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. industry,. ‘should be used. Since the particle shape

kil

speeds. This will help to decide how far above the

operaue."" _ S
Regenerated carbon, which is commonly used in the

4t

! just assmmxlated’ point it will be economical to

" and surFace ,roughness are different from. those of -

ot

virgin carbon, the scalewup parameters may vary from
those found xn this wa;y

RN
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e

Mean Load.

 Actual

Frictional |

Spead Fower
{xpm) Cell Reading Load Torgue Torque (W)
(g) {g) {¥m) {Nm)
30.00 32.88 0.0441 0.0320 1.58
33.83 37,08 0 0497 ¢.0320 2,14
41.83 45,17 g.0614 -0.0320 2,86
50,50 55.21 l 0.0740 0.0320 3.
63.50 60,37 I 0.0831 0.0354 5.38
16.73 83.81 0.1124 0.0354 7.74
94.17 102,78 0.1379 0.0354 5.98
108,75

I 118.67 | 0.1592

Impeller diameter = 110 mm and Vessel diameter = 305 mm

RS LT -

_ . s . g _ .
Spaad Mean Load Jctual Measurad Fricticnal
{rpm) Call Reading %E?ad Torque Torque

{g) gl {Nm} (Mm)
300 30,00 " 32.88 0,044 0.0434
400 49,50 54,12 0.0726 0.0527
450 64.33 70.27 0.0943 0.0525
500 72.17 78,81 0.1057 0.0460
600 104.50 114.03 0.1530 0.0560
700 _ 1?1".50’E 187.01 0.2508 0.0618

Inpelier diameter = 130 mm and Vessel diameter = 505 m

114

N T W g A S A ST ST ey o - Koy
Speed Mean Load Actual Maasured Y Frioctional Powar
trpm) Cell Reading Load Torque Torque W)

(] {9 {Nw) {Nm} .
_ 200 . 54.50 59,57 0.0800 £.:0481 2.64

1 300 83.33 91,04 0.1223 0.0434 5.20

350 97.00 105,86 0.1420 0.0358 6.52
400 101.75 1L1.03 0.1487 0.0485 B.27
500 123.43 135,08 9.1812 0.0561 12.43
600 178,17 194.27 0.2606 0.0487
650 - 259.50 282.86 0,3794 0.0313



Impelliex diamatér = 142 mra and Vessel diametar = 305 mm

. : Speed Mean Load Actual Maasured Frictional Povwer
e (xpm) Cell Reading” Load Torqua Torgque (W)
R {g) (g} (Nm) {Nm)

o '.f . g 4\ 2
Lo ' 200 54,33 59.39 0.0797 0.0650 3.03

o 250 - 66.17 - 72.28 0.097¢ 0.0612 - 4,14

=T 300 ©71.00 77.54 0.1040 0.0630 5.25
- 400 w 125.50 141.26 0.1895 G.0806 11,31
500 252.00 274.69% 0.35685 0.0450 21.65
H 600 370¢.33 403,59 0.5414 0.0895 35.64

A e

; wm’

L]

Impeller dismeter = 110 mm and Vessel diameter = 330 mm

o
Speed Mean Load Actual Measured Frictlonal Power
{rpm) Cell Reading Load Torgue Torque {W)
{g) (g) {Mm) (Nm)

300 31.63 34.64 0.0465 ¢.0315 2.45
400 56.00 61.20 0.0821 0.0315 4.76
500 82.33 100.78 - 0,1352 0.0556 9.9%
550 114.83 125.28 0.1681 0.055%6 1z.88
600 126,00 137.44 0.1844 0.0556 15.08
650 133,67 145.81 0.1956 ¢.0631 17.61
F00 150,75 164.42 0.2206 0.0631 20.7%
800 240.83 262,54 0.3522 0.0631 34.79

s
1t

Impeller diameter = 130 mm and Vessel diameter = 330 mm

Speed Mean Load Actual Measured | Frictional
{rpm) . Call Reading Load Torqué Torque
() _Ag) (Nm) (Nm)
250 33.067 . 36.88 0.3495 0.0434 2,43
300 76,47 83,72 0.1123 0.04§4 4 89
350 92,33 100.78 0.1352 0.0716 7.58
390 134,33 145,52 0.1965 0.0716 10.95
500 139,25 151,88 0.2037 6.0763 14,66
550 176.83 192,81 0.2586 0.0763 19.29
600 212.83 232,03 0.3113 0.0763
650 - 255.75 278.78 0.3740 0.0763
ik ik el e s
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Impaiier'digmatar = 142 mm and Vessel diameter = 330 mm

: N g' . ‘. .:. il L

Speed Mean Load Actual - Measured Frictional | < Power

(xpm) Cell Reading - Load Torque Torque (W)

() ~ U {g) {Nm} - (N} -
200 . 37.2% 40,78 | 0.0547 0.0db4
250 ¢ 68.17 - 74,46 G.0998 g.0484
300 - 90.33 98 .59 < 0,1323 0.0650
350 129.50 141,28 0.18385 ' 0.0650
400 198.25 ° - 216.15 0.28%% "0.0741
500 234.83 255.89 0.3434 7 0.0741
550 .. 308,17 . .335.88 0.4506 0.0741
640 408,17 . © 444,80 0.5967 0.0741

MRAETALCTTNATICL A SR

o

~ Impeller diameter = 275 mm and Vessel diameter = 630 mm

Speed - Mean Load Actual | Measured | Frictional Powar
{xpm) Cell Reading - Load Torgque - Torque (W)
() {g) . (Nm) {Nm}

149 283.50 309,03 ",12 0.126 35,04
174 308,50 337.35 | 2.31 0.126 - . 43.62
200 - 360.50 392.80 | 2.7Q - 0.126 59.19
261 447,50 - 487,67 I 3.35 0.126 85.01L
283 498.00 542,69 3,72 ¢4.126 113.98
3049 563.00 613,49 T 4.2) 0,126 140.31 .

Impaller diametéz = 480 mm and Vessel diameter = 1200 mm

"] Speed | Mean Load Actual | Measured | Prigtional { Dowez -
{rom) Cell Reading - Load Torque -~ Torque (W)
- {g) : {g) {Nm) (Nm)
110 2037 2219.16 - 21.75 0§23 269.02
225 2051 _ 2234,41 |} 21.90 0.4823 297,44
| 131 2154 - 35346.6) 23.00 -} -0.823 | 326.81
e 140 2161 2354.23 } 23,07 . 0.823 350.29
150 2433 2650.53 25.98 0.823 421.02
162 2502 2725.69 26.71 0,823 457,09 "

3 L =
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 APPENDIX 1B

» ~  DATA FROM KINETIC TESTS

Impeller diameter = 110 mm: vessel diameter = 185 mm

o e e N i ipiemi e ey
Speed (rpm) Time (min) 1 Con¢. (ppm} InC/Cq a
i - 200 _ 0 ‘ 5.09 0
-2 4.51 : -0&1210
4 4.41 ~0.1434
6 4,26 ~0.1780
8 3.5%&6 -0.2510
10 3.80 -0.2923

||slopé of line = ~8.19 x 1077’ _
| correlation coefficient = -0,978

Impeller diameter = 110 mm: vessel diameter = 185 mm

ﬂ Speed (rpm) Time {min) | Conc.%?pm)
250 ¥ 0 4,23
- 2 3.60 -0.
fic 1 3.50 ~-0.
6 3.35 - -0.
8 2.71 -0.
| 10 2.49 | |
Eslope-uf line = -0.050647 ﬁ
correlation coefficieht = -1.97% : ' -i

ke = 2.67 x 107 me™

-
i

3
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Impeller diémeter =

110 mm:

[

vessel diameter = 185 mm

Speed (rpm) |° Time (min) conc. (ppm) inC/C, H
270 0 | 5.01 0
2 4.28 -0.1578
4 3.48 -0.2356
6 . 3.44 ~3.3i60
_ 8= = 3.08 =0, ARSD x
10 2.83 - .:i;"t? § -
= —0.057L ‘

| H slope of line

correlation coefficient = -0.9397

Lke

Impeller diameter =

Speed (rpm) -

= 3.00 x 107 ms™ -

110mm: vessel diameter =
i

Cot.c. (ppm)

185 mm

300

Time (min) 

gm_m:r.-r: “

5.87
5.01
4,12
3.54
3.42
2.85

slope of line

= . =0,0741

co celation coefficient = -0.9877

Iﬁpeiler diameter =

Speed (rpm)

f = 3.69 x 10°° ms™

¥

110 mm: vessel diameter = 185 mm

InC/ Co

Time (min} Conc, {ppm)
400 g 2.38 0 f
2 3.60 ~0.12£1
4 3.12 —0.31\2
6 2.70 -0.4838
8 2.34 -0.626%
10 2.07 -0,7495
i slope of line = -0.07406

correlation .coefficiant = ~(.897

X, = 3.90 x 107 ms™
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Impeller diameter = 110 mm: . vessel diameter = 185 mm

Speed (rpm) Time (min) Conc. (ppm) { ° 1nC/C, ﬂ
500 . 5.02 0
2 4.30 -3.1548
-4 3.95 - =0.,2397
B 6 3.30 -0.4195
8 2.76 °© -0.5982
10 2.31 -0.7762

slope of line = -0.0770

it

Impeller diameter = 110 mm: vessel diameter = 185 mm

: g - M B : . n . S e e e e D
Speed (rpm) | Tine (min) Conc. (ppr' |
550 0 5.10 0
2 4,02 -0.2380
4 3.45 ~0.3909
) 2.83 -0.5542
i 8 2.57 ~0.6853

10 2.27 -0.8095

slope of line = =0.07932 ﬂ

correlation coefficient = -0,993 f
ke = 4.17 % 10°° ms? |

185 mm

Impeller diameter = 110 mm: vessel diameter

Speed (rpm) Time {(min) Conc. (ppm) inC/Cy
600 0 4,97 0

- 2 3.92 -0.2373

4 3.36 ~0.3915

6 2,86 ~0.5387

8 © 2.45 o =0.7073%

10 2.22 -0.8059

B
Hslopatof_line = =0.07981
| correration coefficient = -0.993

!kf = 4,20 x 10°* ms™? ' 4
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correlation coefficient = -(0.995 :
ke = 4.05 x 10 ms™? :
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Iﬁbellér diameter = 110 mm: . vessel diawmeter = 305 mm°

Speed (zpm) | Time (min) Conc. {ppm) |
300 0 6.63 0
2 6.10 ~0.,0833
. 4 5.60 -0.,1688
6 5.23 -0.2372
8 4,88 ~0,3065
_ 10 _ 4.63 -0.3547 |
slope of line = -0.03588 - F
-“ correlation coefficient = -0.996

Impeiler diameter = 110 mm: vessel diameter = 305 mm

: ﬂ Speed {(rpm) Time {(min) | Conc. (ppm) }| 1nC/C, E
400 ' 0 5.58 i 0
' 2 4.96 -0,1178
4 N 4.46 -0.2240
6 . 3,87 -0.3659
B : 3.62 ~0.4327
10 -~ 3.24 -0.5436

i slope of line = -0.05435

||corralation coefficient = '-0,997

E ' ; .
Inpe{ler diameter = 110 mm: vessel diameter = 305 mm

Conc. (ppm)

5.85
5.10
4.57
3.69
3.45
3.11

|_Speed, (rpﬁ; Time {(min)

450

-
cmm.nmc:-

slope of line = -0,06332
j correlation coefficient = -0.999




Impeller didmeter = 110 ma‘

Speed (rpm)

Pime {min)

vessel diameter = 305 mm

Cong.

{ppm)

500 | 0 6.61 0
2 5.65 -0.,156%
4 5.06 ~0.2672
§ 5 4.35 -0.4184
N 8 3.75 -{}.5¢€68
10 3.29 ~0.6977
slope of line = ~-0.06956 . _
correlation coefficient = ~0.999

3.66 x‘:u]"‘sr_x_is'1

Impeller diameter = 110 mm:

vessel diameter

= 305 mm

Speed-(rﬁmﬂ __Time {min) Conc. (ppm) “lnC/éa _ﬂ
500 S0 6.48 0
2 5.56 -0.1531
4 4.89 -0.2815
6 - 4.26 -0.4195
_ 8 3.65 ~0.5740
i ) 10 3.12 -0.7309
ﬂ-slope of line = -0.0722
n correlation coefficient = ~0.999 "
ﬂkf = 3.80 x 10~ ms™! . . l
Impeller diameter = 110 mm: .vessel diameter = 305 mm

H Speed (rom) Time (min) Conc. fppm) InC/C-, ﬂ
;700 0 .14 0
2 5.24 -0.1585
4 4.58 =-0.2931
6 3.76 -0.4904
8 3.36 -0.6029
. 19 2.90 ~-0.7501
ﬂ slope of line = =-0.07544 ‘
gorrelation coefficient = -0.998

= 3.97 x 10 ms™
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Impeller diameter = 130 mm: vessel diameter = 308 mm_

Spead {(rpm) Time (min) Conc.. (ppm) 1nC/C,
0 200 o 5,84 0
| 2 5/59 ~0.0438
4 S.4 ~0.0876
6 5.1 - =0.1238
8 4.%8 -0.1583
10 4,72 -0.2029
k slope of line = —(7.02068 '
: ﬂ correlation coefficient = -0.998
bKe o 12088 % 107 ms™

Impeller diameter = 130 mm: vessel diameter = 305 mm

1 Sperd (rpm) Time {min) Conc. (ppm}
300 0 5.87 0

2 5.43 -0.0779
4 5.00 ~0.1604
6 4,49 ~0.2680
8 4,26 -0.3206
10 3.81 -0.4322

slope of line = ={.04281 '

correlation coefficient = -0.997

ke = 2.253 x 1075 mg?

130 mm: vessel diameter = 305 mm

Impeller diameter

ﬁ Speed {(rpm) Time (min) Conc. (ppm) InC/Cq !
350 0 5.03 0
2 4.15 -0.1823
4 3.55 -0.3485
6 3.30 -0.4215
8 2.50 - =0.5507
10 2,78 ~0.5930

“ slope of line = =0.05876
ﬂ correlation coefficient = -0.980

ke = 3.092 x 107 ms™
L -
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Impeller diameter =

T
E]

130 mm: vessel diameter = 305 mm

Speed (rpﬁ) ~ Time {min) Conc. {ppm) InC/C, ﬂ
400 0 5.11 0
. 2 4,51 -0.1249 '
4 _ 3.95 -0.2575
6 ! 3.48 -0.3842
8 3.07 -0.5095 ©
_ 10 2.68 -0,6454
slope of line = -0.064393~ . l
correlation coefficient = -0.9999 |
ke = 3.389 x 10°° ms™ !
Impeller diameter = 130 mm: vessel diameter = 305 mm

h M o ]

Speed (rpm) -] Time (min) Conc. (ppm} InC/Cy
500 0 6.07 0 i

2 5.23 ~0.1489

4 4.48 -0.3037

6 - 3.95 ~0.4236

o 8 3.49 -0.5835

10 2.91 ~0.7352

slope of lipne = -0.07165

ﬂ correlation coefficient = =-0.,9989

E ke = 3.771

x 107% ms™?

i

Impeller diameter = 130 mm:

vessel diameter

1 speed {(xrpm) | Time (min)
600 0
2
4
6
8
10
slope of line = ~0.075136

“correlation coefficient = -0.997

S.954 x 107 me™

%
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Imﬁéller diameter = 130 mm: vessel diameter = 305 mm

Speed (rpm) Time (min) | Conc. (ppﬁ)
= i
650 0 . 6.35 0
2  5.37 -0.1676
4 4.56 -0.3311
i 6 4.07 - -0.4448
8 3.39 ~0.6276
| 10 . 2.87 -0.7541
| slope of line = ~0.07806 »
correlation coefficient = -0.999 :
i
kK: = 4.108 » 10™° ms™!

T

Impeller diameter = 142 mm: vessel diameter = 305 mm.

Speed Erﬁm) Time “(min) | Con¢. (ppm) InC/Cq n
200 Q 6.20 Q
2 5.87 -0.0547
4 5.75\ -0.0753
6 5.46f - -0.1271
8 5.15  ~0.1856
K 10 5.01 -0.2131
slope of line = -0.02157 N
correlation coefficient = =0,993 A
ka = 1.135 x 107° ms™

Inmpeller diameter = 142mm: vessel diameter = 305 mmﬂ

Speed (rpm) Time {min) Conc. {ppm) ~1nC/Cy ﬂ
250 0 6.03 0 H

2 5.55 -0.,0830

4 5.28 -0.1328

6 4.94 -0.19%4

8 4.459 ~0.294

i 10 4.19 ~(.364

slope of line = -0.036033

currelation coefficient = ~0.097

1.896 x ¥Q™% mg™ i )
g ey ey el e Ry DA e S VA 5 — TN . ]f
!
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\ o
Impeller diameter = 142 mm: vessel}diameteﬁ

= 305 mm

0
-0.1169
~0.2005
-0.3216
~0.4383
=0.5205

. ] .\
Speed(rpm) |  Time {min) Conc.(épm) - 1nC/Cqy E
300 0 5.89
2 5.24
4 4,82
6 4.27
8 3.80
10 3.50

slope of line = -0.052683

correlation coefflcient = ~0;998_

ke = 2.777 % 10°% mg™
-j -

AN ' '
Impeller diameter = 142 mm: vessel diameterx

= 305 mm

Speead irpm) Time ;min) Cone. {ppm) InC/C,
400 0 6.07 0
2 5.22 -0.1509
4 4.65 -0.2665
6 3.90 ~0.4424
g 8 3.43 ~0.5708
10 3.06 -0.6849
slope of line = -0.06943
correlatilon coefficient = ~0.968

f e = 3.654 x 10" ms™!

Inpeller diameter = 142 mm: vessel diameter

= 305 mm

- Speed {rpm) Timea {min} Conc. {ppm) inC/C,
500 0 6.08 0
. 2 5.22 -0.1525

4 4,59 -0.2811
6 3.90 -0.4440
8 3.36 ~-0.5931
10 2,98 -0.7131

b slope of line = -0.072146

“ correlation coefficient = -0.999
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Impeller diameter = 142 mm: vessel diameter

= 305 mm

— . — IV _ ) _
“ Speed (rpm) Time (min) | Conc. (ppm) 1nC/C, E
600 Q. 6.25 0

2 5.29 -0.1668
4 4,61 -0.3044
6 3.87 -0.4793
8. 3.27 -0 .6478
10 2.88 -0.7748
“ slope of line = -0.078456 |
{ correlation coefficient = —-0.999
._. x—‘ :. p LS ]
Impellar diameter = 1;,10-—'mm: vessel d:if“a}tlet&r = 330 mm
Speed (rpm) Time (miﬁ) Conc. (ppm) InC/Cy E
300 0 1.98 0
20 4.87 -0.0223
) 4.75 -0.0473
6 © 4,63 -0.0729
8 4,50 -0 1014
10 4,36 ~0.1330
sleope of line = =0.01323
correlation coefficient = -0,.998
ke = 0.7 x 107 ms?

impeller diameter = 110 mm: vessel diameter = 330 mm
Spa2ed {rpm) Time {min} Conc. - {ppm) 1nC/C, E
' 400 0 5.10 0 E
2 4.76 -0.0680
4 4.33 ~0.%637
& 4,10 -0,2183
I - 8 3.98 -0.2480
N d 10 3.76 -0.3048

slope of line = =-0,0302

corkelation coefficient = ~0.987

ke = 1.59 x 107% ms™
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- ' : 7
Impeller diameter = 110 mm: vesgéi diameter = 330 mm

Speed (rpm) Time (min) cohic. (ppm) _ 1nC/C, u
500 ¢ s5.02 [\ o -
A 4.7 g =0.1433
4 4.06 To~0.2122
g 6 3.72 -0.2997
8 3.44 ~0.3780
10 3.14 ~0.4692
slope of line = -0,0448 _ 3 H
correlation qoefficient = =0,994 :

Ke = 2,36 x 10°° ms™? " !

Impeller diameter = 110 mm: ves3el diameter = 330 mm

F '
Speed {rpm) Time (min) -] Congc. (ppm) |.  1nC/C,
550 0 5.60 0
2 4.44 -0.1262
4q 3.92 -0.2553
6 3.43 -0,3888
8 3.06 ~0.5085
10 2.72 ~-0.6207

slope of line = =0.06267
correlation coefficient = ~0.9984

ke = 3.3 x 1075 mg™? I

Impeller diameter = 110 mm: wvassel diameter = 330 mm

. .
Speed (rpm} Time (uin) Conc. (ppm)
€00 J 5.07
Z 4.22
4 3.57
6 3.20
8 2.86
i 10 2.50
slope of line = =0.06874
correlation coefficient = -0,995 _
Kk, = 3.62 x 107 ms™ |
M&H——‘m
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Impeller diameter =

110 mm:

vessel diameter = 330 mm

t

Speed (rpm) Time (min) Cong ' {ppm) InC/C, E
650 0 = 5.04 0
2 ) 4.15 -0.1943
4 3.51 -0.3618 *
6 3.11 -0.4828
8 2.73 ~0.6131
10 2.47 -0.7132
slope of line = =~0,07062 i
correlation coefficient = -0,9%3 - {

Impeller diameter =

=3.72 x 107 ms

110 mm:

vessel diameter =

Impeller diameter =

? Speed {(rpm) Time (min) cone. (vpm)
; 700 0 5.06 0
i 2 4.29 ~0.1631
4 3.72 -3,3057
& 3.23 ~0.4469
B 2.80 ~0.5898
10 2.40 -0.7239
slope of line = ~0.07344
correlacion coefficient = -0.99%8
ke = 3.86 x 10°° ms™t I
A A Vi e O A T TR ek P i e S
el ':,fl '?
110 mm: vessel diameter = 330 mm

E Speed (rpm) Ti&e {mia) | Gone. (ppm) 1nc/¢, ﬂ
800 0 4.99 0
2 4.22 ~0.1676
4 3.%2 -0.3045
6 3l0a. - -004793
8 2.61 ~0.6481
10 2.30 -0.7745
slope of line = -0.07811 I

correlation coefficient = -0,999

ke =

4,13 x 10"° ms™?
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f Imppller diameter = 130 mm:
: FmuI:m..u..n_...u...,u....,;

m peed (rpm}

Time {min}

vagsel diameter =

Conc. (ppm)

330 mm

|
cmm.bmo

.03
.95
.84
.75
.66 i

U - A &

57 A

H slope of line

9.7071 x 10-

~0.999

Eccrrelation coefficient =
0.5 x 100 ms”

Impeller diamster = 130 mm: vessel diameter = 330 mm
Speed (rpm) Time (min) Conc. (ppm) inC/C |
300 0 4,99 0o
2 4,75 ~0.0493
4 4.56 -0.080L
8 4,29 ~{0.1511
8 4,15 -0.1843
f _ 10 - 3.98 ~0,2262"
slope of line = ~0.02281
correlation coefficient = -0.998

Ke =

1.20 & 10% mst

Impeller diameter .= 130 mm: vessel diameter = 330 mm
Spead (rpm) | Time (min) | Conc, (ppm) 1nC/C, E
350 0 5.04 0 i
2 4.76 -3.0572
4 4.29 -0.1611
6 3.98 -0.2361
8 3.711 ~-0.3064
i 10 3.51 ~0.3618
Eslope of line = -0.037594 -
correlation coefficient = ~0.994 g

k; =

1.98 x 10" ms™t
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Impeller'diameter =130 mm: vessel diameter = 330 mm

Speed (rpm) Time (min) Conc. (ppm) inC/C,
390 0 b "5.,08 0

2 4.27 -0.1737

4 1 - 3.84 -0.2798

6 L . 3.42° -0.3957

8 - 3.03 ~0.5167

10 2,69 -0.6358

slope of line = —~0.06177 : o -
correlation coefficient = ~0.997
3 25 x 10"‘rl ms™? )

Impeller diametér = 130 nm: vessel diémeter = 330 mm

Speed (rpm) | Time (min) | Conc. (ppm) | © 1nC/&,
504 0 5.06 0

2 4.16 ~0,1959
4 3.61 .=0.3377
6 3.12 ~0.4835
8 ) 2.7 ~0.6244
10 - 2.40 -0.7459

slope of line = =0,07373

aorrelatlon coefficlent = -0.997

nkf = 3.88 x 10”° ms™

Iﬁpeller diameter = 130 mﬁ?d:vessel diameter = 330 mm

wmm
Speed (rpm) Time {min) | Conc. (ppm} InC/Cy E
550 0 4.97 ¢
2 4.13 -0.1851
4 3.58 ~0,3281
6 3.13 -0.4624
8 2.76 - =0.5882
10 . 2.26 ~0.7881

slope of line = -0.07549
correlation coefficient = -0,997

ke = 3.97 x 10 mst \ H
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lmpellér diameter = 130 mm: wvessel diameter = 330 mm

Speed {(rpm) Time {min) conc. (ppm)'
600 ' 0 4.93 0
2 4.05 ~0.1966
4 3.45 -0.3570
6 3.02 ~0.4%01
8 2.69 -0.6058
_ 10 2,23 ~0.7933
slope of line = -0.07810
H correlation coefficient = —-0.997

impeller diameter = 130 mm: vessel diameter = 330 mm

Speed (rpm) Time {min) Conc. (ppm)
&850 0 5.34 0
2 4.34 -0.2074
4 3.63 -0.3860
G N - ’ 3-22 “0&5058
8 3 .2.73 -0.6709
10 2.42 -0.7915%

slope of line = -0.07811
“ correlation coefficient = -0.996
ke = 4,11 x 107 mg™! ‘

Impeller diameter = 142 mm: vessel diameter = 330 mm

Speed (rpm) Time (min) | Conc. (ppm)
200 0 4.95 0

2 4.91 -0.0080
4 4.87 ~0.0163
6 4,75 -0.0412
8 4.69 -0.0540
10 4.56 -0.0821

¥ slope of line = ~8.19 x 1073

H correlation coefficient = ~0.978

ka = 0.43 x 107 ms"! - i
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Impeller diameter = 142.mm: vessel diamerer = 330 mm

Speed (rpm) Time (min) Conc. (ppm) inC/C, -
250 0 ~ 5.08 0
2 4.95 -0.0259
4 - 4,81 . -0.0546
6 4.63 ~0.0528
8 4.48 -0.1257
i 10 4,29 -0.1690
||slope of line = =~0.,1683 . _ . _ H
u correlation coefficient = -0.996
§k, = 0.89 x 107 ms™

3
:

Impeller diameter = 142 mm: vessel diamete: = 350 mm

e ——

Speed " 3 | Time {min) Conc. {ppm) 1nC/C, H
300"~ | 0 4.22 o f

2 3.93 ~-0.0759

4 3.73 -0.1282

6 . 3.38 -0.2326

B 3.25 -(.2659

10 2.94 -0.3662

slope of line = =—0.03579

correlation coefficient = ~0.994
ke = 1,88 x 10~% ms? i

b

Impeller diameter = 142 mm: vessel dlameter = 330 mm

Speed (rpm) Time {min) Conc. (ppm)
350 0 4,62 0

2 3.82 -0.1901
4 3.55 ~0.2634
6 3.23 ~0.3579

n 8 2,87 -0.4761
10 2.66 = .5521

H slope of line = =-0.05304

ﬂ correlation coefficiant = ~-0.990 ? !

ﬂkf = 2.79 x 10~° ms™! !

132

O

{f



%

slope of line = ~0,06953

"B Speed {(rpm) | Time {(min) Conc. (ppm) | 1nC/C,
500 0 5.03 0
; . 2 4.18 -0.1851
o & 3.62 - =(.,3289%
6 3.17 -0.48617
8 2,78 ~0.5930
10 2.30 -0.7825 E

(('

0

Impéllér diameter =_14§ mm s vessal.diameter = 330 mm

po i ' =
ﬁ Speed (rpm) |- Time {(min) Conc. (ppm} 1nC/C,
400 O 5.07 0
R 2 © 4,25 - ~0.%764 g
v 4 3.65 -0.3286
6 3.23 -0,4509
B 8 2.84 ~(.5795
10 . 2.50 . o o =0,.7071

| correlation eocefficient = -0.998

Impeller diameter = 147 mm: vessel diameter = 330 mm

siope of line = =0.07527
H correlation coefficient = -0,998

Impéi%er diameter = 142 mm: vessel diameter = 330 mm

u Speedr(£pm} Time"(min}. Conc. (ppm) | 1nC)Cl _u
550 0 5.10 0
: 2 4.14 ~0.2085
4 3.47 -0.3851
8 3.07 - -0.5076
8 2,62 ~0.6661
10 2,31 =-0.7920
H slope of line = =0.0779 . _ SR _l

H correlation eoef:acient ~0Q.986
| 4,10 X 10 ms?
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, =¢'Fmpeller diéﬁeter = 142 .mm: vessel diameter’ = 330 mm
el f ) h . . .

Speed (rpm) Time (min) Conc. {ppm)
640 0 4.99"
2 3.93 |
4 3.37 . =0.,3925
6 2.86 -0.5566
8 2.47 ~0.7032
10 2.17 -0.8327

slope of line = -0.08173

Impeller diameter = 275 mm: vessel diameter = 690 mm

Time {min) | Conc. (ppm) 1InC/Cy “
308 0 2.7% 0
2 2.34 -0.1686
4 1.98 | -~0.3358
] 1.7 - -0.4824
8 1.50 ~0.6134
10 1.33 -0.7337

slope of line = —~0.073564
correlation coefficient = -~0,988
e = 3.87 x 107 ms

Inpeller diameter = 275 mm: vessel diameter = 690 mm

ﬂ Speed (rpm! 7ime {min) | Conc. (rpm) |
283 0 2,66 0

2 2.22 -0.1808
4" 1.91 -0.3312
6 1.69 -0.4536
8 .46 ¥ ~0.5999

§ - 10 1.29 -0.7237

slope of line = -(.071403

i correlation coefficient = =0,998
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Impeller diameter = 275 mm: vessel diameter = 630 mm

A8
Speed (rpm) Time {min) Conc. {ppm) 1nC/C,
261 0 2.73 - 0 .
2 2.29 -0.1757
4 1.97 ~-0,3263 -
6 1,72 =0.4620 g
8 1.52 ~-0.5856
10 ) 1.35 ~ -0.7042

slope of line = =0.069806
correlation coafficient = -0.997

Impellier diameter = 275 mm: vessel diameter = 690 mm

| Speed (rpm) APime (min) Conc. {ppn)
’ 200 Y] 2.71 0
H o 2 2.35 ~0.1425
4 2.08 : " ~0.26486
\ 6 - 1.85 ~(.3818
* 8 1.74 -0.4431
10 . i 1.53 ~0.5717

slepe of line = —(.055393

§ correlation coefficient = —-0,985
Lk =2.92 x 107 me?t

Impeller diameter = 275 mm: vessel diameter = 630 mm

H Speed (rpm) Time {min) conc. i{ppm) ~ 1nC/C,
171 0 2.80 0
2 2.48 -0.1214
4 2.25. -0.2187
6 2.05 - =0.3118
8 1.90 ~0.3878
10 1.75 ~0.4700
slope of line = —-0.046319
H_éorrelation coefficient = -0.997 §

Lk =244 x 10% ns
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ﬁl slope of line = -0.064447

5ﬁmpelle§ diameter =-275-ﬁm:= vessel diameter = €%0 mm

. - " .- N : . ”
Spedd (rpm) Time (min) Conc. (ppm) 1nC/C, E
149 i 0 2,59 0
4 2% =0.1769
6 2.06 -0.2290
8 1,90 -0.3098
_ 10 1.68 -0.4329
slope of line = ~0.04203 P |

_correlation coefficient = =0.994°
2,21 x 107 me™

Impeller diameter = 480 mm: wvessel diameter = 1200 mm

Speed (rpm) | :Time (min) Conc. (ppm) InC/Cq
162 B 0 4.18 ; 0
2 3.53 -0.1690
4 3.0 - | -0.3021
6 2.78 -0.4079¢
8 2,43 -0.5424
10 2.13 -0.6742

slope of line = ~0.06567

correlation coefficient = -0.998
ke = 3,46 x 1075 ms™? '
e R L T S 3

v

Impeller diameter = 480 mm: vessel diameter = 1200 mm

ﬂ Speed {rpm) Time {min) Conc. {ppm) InC/Cq
150 0 4,17 0

2 3.72 -0.1142

4 3.20 -0.2648

3 2.1758 : -0.41863

8 2.45 -0.5318

10 2.24 -0.6214

| correlation coefficient = -0.997
ke = 339 x 107 ms”




Impeller diameter = 480 mm: vessel diameter = 1200 mn

Speed (rpm) Time (min) Conc. (ppm) 1nC/C, E
)40 0 2.72 0
- 2 2.48 -0.0924
) 31_}' * .__.2-31 . “001634
- 4 2,13 -0.2445
' 5 2.03 -0.2926
6 1.91 -0.3535
_ _ 7 1.76 -0.4353
slope of line = -0:062634 - | | :
H correlation coefficient = ~0.997

ﬂ]g = 3,30 % 107 ms™

Impeller diameter = 480 mm: vessel diameter = 1200 mm

rjz;;:r:::;?‘ Time (min) Conc. {(ppm)
T 0 4,57 0

2 -« | 3.98 -0.1382
3 e 3.75 -0,1978
4 - i 3.57 -{).2469
5 3.39 ~-0.2987
6 ° 2.21 -0.3532

: 7 3.06 - -0.4011

l slope of line = «~0.056456
correlation coefficient = -0.997
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Impeller diameter = 480 mm: vessel diameter = 1200 mm

Sgeed.{rpm}

Time {min)_

Conc,

inC/Cy

125

~SondWwhNo

2.80
2.52
2,43 «
2.36
2.24
2,17
2.11

{ppm} i

0

- -0.105%

~-0.1417

-0.1710

-0.2231
-0.2548

slope of line

= -0,040087

_-0.2829

correlation coefficient = -0.995

Ky =

Impeller diameter = 480 mm:

w.:.&

]

iy
vé:%el diametex

E Speed (rpm) Time (min) Conc. (ppm) inC/Cy
110 ' 0 3.88 0

| 2 3.65 ~0.0637

4 3.51 -0,1028

5 3.45 -0.1200

) 6 3.36 -0.1485

7 3.30 ~0,1645

| slope of line = -0.02269

| correlation coefficient = _

| Ke =

1.19 x 10°° mst

138

e,
Y

|

I; i
. ——



e

B
[

Y

APPENDIX 2A

DETERMINATION OF THE FRICYTIONAL T%QDE IN THE TORQUE ¥

MEASURING EQUIPMENT - Small Vessels
i .“3
PART alh.a " BACKGROUND o

J

In ¥he tests on the 185, 305 and 330 mm diameter vessels, .

the friction generated by the four ball bearings in the

thrust bearing that supported the turntable would oppose .

the torque applied to the table by the mixing wgssel To
determine this opposing torque, 7., m.easurements were
conducted after each kinetic test. As shown in Flgure

2A. 1;>a torque was appl;ed to the turntable using known
 weights., Some difficulties were experlenced in getting

reproducible results. The system that was [ound to be
most reliable is the one shown in the figuré*‘.

A torque was applied to the turntable by means of a

" weight suspended, £xom Lhe turntable by a string over a

polished bar, The strlng between the tupntable and ‘the
bar was stretched and the we Nt was allowed to take up
tne tension. With this arrangement T, is greater than Ty,
These tensions are related by the formula: -

_—
=3

LS. a-rb ¢ T W

kD

where @ i+ the Bollard friction and [ is the angle of
contact of the string over the bar (= n/2 radians in this
case) . . a g : | Y

The applied torgque, 1T,,, is therefore given by:

Ty = Fpd, = T,d, w=T,d,e R 2a.2
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T, Ta
_ tmntahlel . ¥ . :W’ﬂﬂ < C crass bar
. I\PTt.
. . Mol - 3
ELEVATION | ating E\
) -
7T suspended osd
o M =~
: T§ (5] sus adediosd
string —J
dy = 150,00 mm

PLAN Iy =136.88mm

fond cal

Figure 2a.1: Schematic a_d"iagram for tka
determination of the stazic frictional torque
in the set-up for the 185, 305 and 330 “mmw
diameter vessels S - '
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The load cell pfovides an opposing torque, T, which is
given byt ' '

Tie = Fily _ | 2n.3

o

where F,; 18 the force measured by the load cell.

Because of the way the system was set up the applied
torque decreased from the initial tension (imposed by
stretching the string) down to the equilikrium value
where:

It took about ten minutes for this equilibrium to be
reached - the string slipping on the bar until the system
had reached this state. The consequence of this was that
the force F,, decreased with time and as the system moved
to equilibrium, the turntable moved marginally as shown
by the arrow M, The direction of table motion is
important because the frictional torque in the table
bearing would oppose such motion.

At equilibrium therefore,

Tre = Te t Tapp 2A.5
Mp.gly, = Tpy t (M, + M)gded 23.6
M, = INTT + GRADT (M, + M, " 2A.7

where M,,,, M, and M;, are respectively the masses of the
weights, the string between the bar and the weight
recorded by the load cell and ¢ is the acceleration dua
to gravity {(= 9.31 ms?).

By measuring M,, for a range of weights W,,, it is
possible to determine the intercept with the M;. axis
(INTT) and the gradient of the curve (GRADT). The
Bollard friction was determined in a separate experiment
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- the value obtained was 0.22 (see Part 2A.B} - but can
also be found from the GRADT using Equation 23.8:

ey 1

- 2A.8 -
S A A

Thereafter 1., can be determined from Equaticn 23.9:

Tey » gLINTT) | | C.o2n.9

PART 2A.B BOLIARD FRICTION

The value of the Bollard friction, pu, was estimated by
suspending the weights from the load cell directly ~ as a
shown in Figure 2A.2. From this it can be seen that

’ - .’ILB s : 2An 10
?1. = , .

and so
My, = (M, + M) @™ ' ) : 23,11

The data- obtained is shown in Table 2A.1, (NOTE: the
values of M, are negative because the string was pulling
on the load cell.)

L il 3 . . i
Table 2A.1: Data for determination of Bollard Friction

MypptM '
(g} 401.025 | 302.729 | 203.029 | 151.920

103.029

M, {g) | -74.96 | -53.18 ] -19,41
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Figure ' 2A.2: Schematic di $oiem for the
determination of Bollard friction on the cross
bar

]

|l

143

i



The-reg;ession equation for this data was found to be

My, v 1,91 + 0.709(M,, + M) 23,12

from which H = 0.218.

PART 2A.C EXAMPLE CF FRICTIONAL TORQUE CAILCULATION

Table 2A.2: Friction data for kinetic test on the 305 mm
diameter vessel and impeller diameter of 110 mm at 300

. rpR.

401.033 1'302.733 | 203,033 | 151.933
1 606.96 L 27035

| 103.033

Rt .233 | 24.733 |
M. (g | 175.58 | 128.74 161.20 H

 Table 2A.2 indicates the data obtained after the kinetic

test on the 305 mm diameter vessel with 110 mm diameter
impeller at 300 rpm. The regression equation for this
data with a correlaticn coefficient of 0,298 is

My, = 30.254 + 3.48(M,  + M,) 2A.13

From which T, = 30.254 x 9.81 x 13.688 x 10~° Nm
= 00,0406 Nm.. '

PART 7A.D CHECK ON THE VALUE OF THE BOLLARD FRICTION
The regression equations for the frictional torque that

were obtained after each kinetic test were examined. The
mean value of BRADT in these eguations was ..419g"!, the

Cainimum and maximum values being respectively 1.33g"! and

1.57g™,
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Using Equation 2A.8 the values for W calculated from
these equations have a range {minimum to maximum} of
0.123 to 0.229 with a mean of 0.165. These values are df
similar magnitude to the valuz of 0.219 determined in an
independent experiment as described in Part 2A.B.

The relative standard deviation on GRADT..was about 4%
giving a relative standard deviation on the Bollard
friction of about 15%. There are two reasons why this
high value (15%) i% not a cause of concern. Firstly, the
tests were done at different time§ over a period of

months. Therefore the frictional conditions in the .

different experiments were very likely to be slightly
different. Secondly, the value of the Bollard friction
affects the estimate of 1Ty; very little indeed because
the value of M, is very small.
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APPENDIX 2B

DETERMINATION OF THE FRICTIONAL TORQUE IN THE TORQUE
MEASURING EQUIPMENT ~ Large Vassals

Tk

PART 28.A  BACKGROUND

' The basis for detéfmining the frictional torque in the

torque measuring system for the large vessels (690 and
1200 fim diameter) was very similar to that described in
Appendix 2A. The only difference arose from the scale of
the squipment and the different configuration used. The
frictional torque was expected to be fairly high because
. the systems were more robust and in the case of the 1200
mm diameter vessel, two beahings werea uséd in the system
- one to support the drive system and the other to
stabilise the impeller. Figure 2B.)l illustrates the
system used. : - -

. Measurements to determine the frictional torgque were

conducted several times during the series of kinetic
tests. Unfortunately the range of weights that were used
was too small and wvery inconsistent results were
obtained, The measurements were repeated after the
kinetic tests had been completed and the results reported
below were obtained.

Unlike in the measurements on the small vessel syStem;
the tension in the vertical section of the cord (T, in
figure 2B.l) was greater than the tension 4in the
horizontal part of the cord (T, in the figure),
Consequently, during a measurement of the frictional
torque the force registered by the load cell increased
slightly until equilibrium was reached. This meant that
motion within the bearings was in the direction indicated
by arrow M in Figure 2B.l and the associated frictional
torque acted in concert with the torque exerted by the
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gear box L
|1— v
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croes bar ! sting
T;
string '
T lM . “impefier shaft
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ELEVATION
suspended load _ -
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M\ 1 LI A foad coll
PLAN P v 3 load call arm
3 |
i J
h
- Figure 2B.l1l: Schematic diagram for the
‘determination of the static frictional torgque .
in the set-up for the €90 and 1200 mm diameter
vessels S
I
fi{d—?":‘ﬁ_‘
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load cell., Therefore:

Tyt Ty = Tupp o ; " 2B.1
T, = Te _ ' 2B.2
Mcgl, = (M, + M)gde" -1, 2B.3

In this case 1, = 700 mm and d, = 26 mm for the 690 mm
vessel system and 1, = 1000 mm and 4, = 15 mm for the 1200

mm vessel system,

The load cell was not set at zero during these tests but
at an initial reading of M, when not under load. The
actual load measured by the load cell, M., was therefore
the difference between M, and the registered load M,y,.
(M., was always smaller than M, because the system was
pulling on the load cell. Therefore:

My, = My - M, " 2B.4
M, = M+ .'?s% - (M, + M) gde 2B.5

i

Plotting M, against M,, + M, will give value for the
intercept, INTT, and gradient, GRADD, as fcllows:

T, . : .

INTT = M, + & 2B.6"°
0 I : 5

de® C 2B.7

from which

Tey = (INTT - M) gl 28.8
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%PART 2B.B 690 mm Vaessel
‘.i.l N .

»

The data from one set of measurements’ is shown below:

Table 2B.1l: Frictioh data {6%0 mm Vessel)

2.000 | 5.06 7.18 10,59
-1438.65 [ 351033 | 1558 35 | -3620.03

MﬂPP+Ml N |
(kg) | 12.00 14,42, i
IM,., (q) |—164s.72 ~1701.18 E o | .

My = ~1420.90 g - =
The regression line for this data is

M, = -1402.59 - 0.02071(M,, + If,) __ 2B.10

The fegression coefficient is -0.9989. From Equations
2B.8 to 2B.10 the frictional torque and coefficient of
friction for this set of data were found to be 0.1257 Nm
and 0.3719 respectively. Taking the mean values from
four sets of measurements the following values were
obtained:

Teey (690 mm vesgsel) = 0,126 Nm and

u=0.37

The relative standard deviation on T;; was 0.8% and on U
was 1.2%,
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PART 2B.C 1200 mm Vassel

The data from one set of measurements is shown below:

=

Table 2B.2: Friction data (1200 mm vessel)

MypptM, ' l I
{kg}) 13,37 20.10 25.90 31.34

Hurg {g) *1413.&2_;1454.56 -1503.as| ~1541.70 l

M, ., +M, 42,87 E
Pl(’kg) : i
M. (g) ]| -1566.76

M, = -1370.13 ¢
The regression line for this data is

M

o5 2

- -1286.18 - 8.6 x 10°3 (M, + M,) 2B.11

The regression coefficient is ~0.993. From Eguations
2B.8, 2B.% and 2B.11 the frictional torque and
coefficient of friction for this set of data were found

to be 0.8236 Nm and 0.364 raspectively. “ Taking the mean
values from four sets of measurements the fellowing
values were obtained: .

%g. {1200 mm vessel) = 0.823 Nm and | e
B = 0.364

The rélative standard deviation on Teey Was 0.7% and on U

was 2.9%. ' '

PART 2B.D CHECK ON BOLLARD FRICTION | N

Lo

As a means of checking the data reported above, the
values of the Bollard Friction that were obtained may be
compared. It can seen that the two mean values (0.37 and
0.364) are very close. The range of weights used was
different in the two series of tests - 2.00 to 14.42 kg
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. for the’t&é mm vess§l, and 13.37 to 42.87 kg for the 1200
Tie méasurements that have been made are
‘therefore seen %o be consistent.
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“after x, are B and ¥ respectively.

AFPENDIX 3A _ 2

: BI-LINEAR MODEL - THEORY
: ' L

The plots of k; vrs speed or power input take the form of the

‘graph shown in Figure 3A.1. The two straight lines intercept

each other at X. and the slopes. of the two lines before and

£ o

&
N

|
|
a
i
I

| 1 i
Figure 3A.1: A sketch of the
relationship between the film
a mass transfer coefficient and -
the power input for agitation
during the  adsorption of
aurocyanide onto activated

.___‘-'/' 1‘“ xh !kr'"l

carbon
 y=o+ By for ¥R z
Model: .o+ Bx, + V(Y- x) for > x, )
-3+ Yy : {2)
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where 8= o (B - Tix,

- Residaal sum of- squaras 5 is the sum of S,,,' the

sum of the quares of the residuals at the left side c., x‘.,, and S

Sei t.a.e correspondmg value far the r:.ght side of Ry, BO that.
| 8 n);m -0 - Bxd‘ S s

S LR I L

where k. is such that Y, S %%« Yy,

SOLUTION OF THE MODEL EQUATION

'Minimi.sing 8 with - resipe-.c.t to ¥, by finding t:he ::artial |
derivative of' Sk with respect to the parameter Y, _ o

as
97

.h

“22 <xth3(y,~a ﬂx,: v(xiw_xb | '<6> '

w—2[§ (x"" 3:,)_}’1* (ﬂi- ﬁxglz (x_f.”'xg) ”72 (xi"xt) ]

‘:3_35 . o N o . _
Efor by LT A | | : e

N

Y - xaye- (@ Br) 3 (- )

Fer s S
T -.' i _ n

% Xy = ) - . - s
A= 'n:f : | . . .
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)

where Am 3 (Y- ®):., B= E (X1~ %)Y
: . 1.. 1 | : .

oo Bl
(); cyi - Bxa" 2’71.5; - - ﬂxa (s = %)

dmkal

. n
-

(y, = @& - Px,)? ~ 2YB + 2y (G2=Px,) C + y2A
Ikl : . o o

Y wi-o Bx,)? - 298 + 2y{o+ Bx,)C + VIA

o - (tx + ﬂx 15‘
-931'” ' .tgl syi "(_? ﬁxt}a A [ A -

11 25 2{(1-! er.-)c

¢ (Bt _eu ¥ [.’)x,_)C)]

N : - tl 1K ? |
(- o Bag? - JBI (03 PRICE
Lmkei . ) . .

\? Sl'fi-t § ¥y ~ G- PX:I‘* U (; (¥ - CC ﬂxt)z
Sl

[B“(m"‘ﬁx{:jC]z
A
"'»'.S_x. *331” I

. ’ ' W
Minimis ing Sy

with respect to o and |3,

2t; (y; - &~ By, +’); (9, ~ 0 - ﬁxtn
- .._.[B» (& & th}C‘]( ¢y
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__ of sq;.lares of the residuals gwes the best fit values of ey O

S

m.nl;; 2(1’* a ﬁ%ﬂz ;‘3’1““ ﬁxa}a

(B - (B+ ﬁx)(:ﬂ
A

iteration. Depending on the accuracy required, the minimum sum

B, '}' and 5
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:COMPUTER PROGRAM’FOR THE ESTIHAEION or PARAMETERS
IN THE BI—LINEAR.MODEL 3 a .

LEAST SQUARES PROGRAM FOR THE BI“LIHEAR REGRESSION

'” MDDEL

_RE%L *3 X(SO} 2(501 ALPHA,BETA,GAMMA,DELTA,SSMIN
REAL *8 XTURN,XSTART, STEPSZ . R
INTEGER *4 NORD,I,IANS, NOSTmP : - _%j

. CHARACTER *B0 INNAME, QUTNAME -

.OEENINGfFinESf

'3'WRITE(* *)’PQEASE SUPPLY THE NAME OF THE FILE THE

. READ(*, (380) 1 )’ f INNAME.

X-Y VELUES"
WRITE(* *)

'.OPENflﬂ FILE—INNAME STATUS=’OLD')

'WRITE(* *) 'WHAT IS THE NAME OF THE OUTPUT FILE‘
WRITE{*, *) I . . :
_RERD(* ’(ABO)')OUTNAMﬁ

MOPEN(B FILE*QUTNAME STAEUS=’NEW')

WRITE (%, *}’PLEASE IN?UT VHLUE FOR NORD'
READ (*; %) NORD . Ly

FORMAT (I2) . - - -
WRITE (%, *)’PLEASE INPUT VALUES FOR X AND z'

%

 READ (10, ¥) (X(I),¥(X) , I=1,NORD)

10l

READ (5,101) (X({I), I=1,NORD)

READ (5,101) (Y{I),I=1,NORD)

FORMAT (6F2.2) .

WRITE (%, *) (WRITE 1 IF You WANT LOG TRANSFER oF A
$ x~2, OTHERWISE 0/ -
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" C WRITE (*,%) ’INPUT IANS’
READ (*; %) TANS .

C 111 FORMAT{I2)
¢ TRANSFORMING THE VALUES
 IF (IANS .NE. 1) GO TO 10 S | -

1 Y(I) = ALOG{Y(I}))
10 CONTINUE .

2

IF (YANS .NE.1) GO TO 11

DO 13 I =1,NORD
13 X(I) = ALOG(X(I))
11 CONTINUE
2 CONTINUE o

WRITE (*,102) - |

102 FORMAT (‘WRITE LOWEST VALUE, STEPSIZE AND 4 OF
'STEPS FOR TRIAL TURNING POINTS’)
READ (*, %) XSTART, STEPSZ, NOSTEP

 XTURN = XSTART - STEPS3
DO 3 I=1,NOSTEP
XTURN = XTURN + STEFSZ'

CALL TURNPT(NORD,t,x,xTURN,ALPHA,BnTA,GAMMA,
&DELTA,SSMIN) )

WRITE (*,105) XTURN,ALPHA,BETA,GAMMA,DELTA, SSMIN
_ WRITE (8, 105) XTURN,ALPHRX,BETA, GAMMA, DELTA, SSMIN
105 FORMAT(T2,¥8.4,714,E12.6,727,E12.6,T40,E12.6,T53,
@EL12.6,T66,E14.6)
3 CONTINUE
WRITE (*, 106}
106 FORMAT (/TZ2,/WRITE 1 IF YOU WANT ANOTHER TRY,
1OTHERWISE 07)
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c107

'READ(*

*)IANS

FORMAT(I2) - :
IF (1ANS .EQ. 1).GO TO 2

. CLOSE(B) |
. LCLOSE({10) . - .
sToR
oo

 tHiS IS THE END OF THE MAIN BROGRAM

o . e

\" SUBRouTINEtmnmmw(HORD,X,Y,XTURN,ALPHA,BETA,GAMMA,.

#DELTA,

SSMIN}

| REAL *8 X(NORD),Y(NORD) Acz,z) 3(2),
o *ALPHA,BETA,GAMMA e
' DELTA,SSMIN,DFIX;SUM,TERM
 REAL*8 XTURN,ASUM,BSUM,CSUH,DSUM,ESUM,
@FSUM,QSUM,HSUM R |
INTEGER *4 I ILOW NQRD

REAL *8

3

ASUM

- BSUM =

CRUM

. ESUM =

- FsuM
© HSUM
o 1

IR (X(K)
CONTINUE

i j

o

GSUM

= o B B o 4

K

Tk

B =

DO 3 I

DSUM =

o

0.

0.

0.

0.
Q.

'1“NORD
K+ 1

1,8
DSUM + X(I)

.GT. XTURN) GO :5\3 L

Ko~ 1
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&

3m)ﬁm>—wu*m2u~-_a;

- ALPHA

DELTA

- GAMMA
- DELTA
SUM = 0,

| BSUM = ESUM + X(I)**2
~ FSUM = FSUM + X(I)*Y(I)
3 HSUM = HSUM + ¥ (1)
CILOW = K 41 |
= c}no;4.x;= ILOW,NORD
 DIFK = X(I) - XTURN
: '”L'Asum'=ﬂnsnm~+ DIFX ¥%2 - -
. BSUM = BSUMff Dst_&x(I)_f L
[ GHTM o CSO Y DIEK LG e T e
_ immt=HMm-+xa) B
3 TERM-=~chM **Z/ASUM - NORD o Tl
) e | R

ke

A(l 2) = = XTURN. *{'I‘ERM *. K) = I>SUM

O RA(2, 1)-~ A1,2) B :
A(2,2) = XTURN XkZ% (TERM + ) - ESUM
B(I) 7 CSUM *BSUM/ASUM = HSUM . x
 B{2) = XTURN *(C5UM # BSUM/ASUM -GSUM)— FSUM
_T_A(1d2) = A(1,2)/8(1,1)
S B(L) B(l) /A(l 1) '

alz, 2) = A(2,2) - A(1,2)%A(2,1)

BETA = B{2}/A(2,2) |

B(1) - 3(2)*1\(1 QJ/A(?. 2}
ALPHA + BETA * XTURN _
(B5UM ~ DELTA * CSUM)/ASUM E
' PELTA -~ GAMMA % XTURN

o

#

“.

D05I~1K

{."

| SUM = 8UM + (Y(I) -ALPHA - BETA * x{ry} )
DG 6 I = ILOW, NORD ~ = B
SUM = SUM.» " (¥{I) - ALPHA -  BETA *XTURN) *% *2o,

SEMIN = sum GAMMA k%2 *’ASUM

' 'RE‘I‘URN -
" END
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" APPENDIX 4A -

o rimss_‘. on-:'em 'ﬁmxm" mnm;,-- o

'-'rhe resxdua;(. sum of squares of a mode,}. fit provides a

 quantitative measure of the figness of the model
"..'For the models' " o '

y ﬂ + Bx +E " ' B x:.s-'x;, R 4.1 REE

_* 8 *"'ji’Y 96 _+"_8__ . e f& r - wa'.'if,'_.

T S

| Analysis of ‘l:he variance surrunarizes a.nformation related e

_' to the sources of* variation in the data as:

DATA - MODEL FIT e RESIDUAL : 4A.2 :

'Th:l.s variatlon :.s quanta.fied by squar.:.ng and vsumming the o

. ’dsv:Lat ions as:

587 - ssm ssa R . '4_1’%'_3 ]

-where SST J.S the tota.l var:.ation, SSM is the variation -
_ciue to t:he model, SSR is the var:.ation due to the error

tresiduai) - _
Algebramally Equat:.on 4A 3 13 equal te:

i)

E{Yi_-!_,)z ) E(Fi ?’)2._}.._2 (Y,(__?i)z . . 4A.4 .

- where y, = e::pe:.ime’nt'al data i, 5 =8 meaﬁ' of the

e:..pera.mmntal dai;.a ‘and yl the predicted value of vy usmg-'

the nndal,

The value for SSR is the SSMIN abtamed dur:i:ng the ’

regress:.cn desceribed in A,ppendix 38 (results of the bi~

linear. regression program}. _ Therefore 88T ‘can be

calculated from- Equatmr. 4A.4, and 85M. may be found by

' -'difference, The squared multiple ccr::elat.n.on coefficient
R?, gives the propodtion of the total variation of the

~data which is explained by the model. The nearer R to 1,
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the more signiflcant tha f:,r. czf the madel ta the data. .
-_-_It 13 glven by. B L

2

i S SR

. LoSsML S 431.5 S

‘o

| The Fortran, program used to do this is outlined in. .
‘Appendix 4B, The values of R are given in Table 5.1 in
'._;Chapter 5.
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ﬁ;appEanxf 45;;*'

s caururza pno@nma TO nammnu:um THE r:munss oF Tum

. BI-LINEKR MDDEL

'_A PROGRAM FOR. TESTING THE ADEQUAC¥ OF THE
" BI-LINBAR REGRESSION MODEL BY CALCULATING THE
-ij,REGREsson CORRELATION (JEFFICIE?T .

-]
E

AL *8 X(lG) Y(lO},SSMIN,SY

REAL *8 YW,SST,SSM,RSQ

INTEGER %4 L

'=CHARACTER *80 INNAME oaTNAME
'oPENING'F:LEs;_ 

WRITE(* *)’PLEASE SUPPLY THE NAME. DE THE FILE OF'

! THE X-Y VALJES""  o ' f'
WRITE(* *) o L7
'READ{* ’(ASO)’) INNAME

OPEN(lﬂ FILE—INNAME,STAEUS"OLD')

"WRITE(* *) ‘WHAT IS THE NAME OF THE BUTPUT FILE’Z

WRITE(* *)

i READ (*, ’ (ABO}’ )eUmNAME
OBEN (8, FILE-GUTNAME,STATUSa*NEWf)

REAbeNPUT

WRITE (%, *) /WHAT IS THE NUMBER OF RECORDS (X-Y
% VALUES)' X L S

READ (*,*) . N

.-.DO 10 I = 1,8

READ(10, ) X(I):Y(Ij

'COﬁTINUE '

_CALCULATING Y-MEAN

8y = 0.0
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L

D012 I = 1N

T st = sy + LOGCY(I))
S 12
e .:-YM = SY{N_ ._

T~52~

. e

*'15 i"

*RSQ = ssm/ssw )
“WRITE (8,52) RSQ

-=} 322 L
©  WRITE(*, 52) qu

&

e oo

by
Y
1

'CanmE_gj ; S e

i :

CQNTINUE

I = 1, N
SST SST + (LGG(¥(I)) —-YM}**Z

WRITETG,*} #;“”

LA

.

FORMAT (12, E12.6) f//fj: :
CLOﬁE(lO) o 7-6”'ﬁ1-3~
CLOSE(E) S o

END,

| i '1§4.::
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