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ABSTRACT

An investigation was undez-taken into the influence of
agitation intensity on the adsorption of aur ocyanLde from
slurries onto act.Lvat ed carbon. This involved estimating
the film mass transfer coefficient from kinetic
exj.er imerrts and the power input for agitation from
measurements of the torque exerted by the agitator drive.

It- was found - as expected - that the rate of transfer of
aurocyanide ont,c carbon increases sharply as the speed of
agitation is increased up to the point where all the
carbon particles in the system are just assimilated into
10heslurry. Thereafter, the rate increases only slowly
~"..'

as the speed of agitation is increased further.

For all the vessel-impeller: configurations tested, it was
found th~J the film raaas trCinsfer coefficient at the
I just assimilated' condition is approximately the same
though the speed and power required to achieve that
condition vary from one configuration to another.

i'.:?

A model was developed for scaling up the value of the
film mass transfer coefficient as determined at one scale
so that it.s V\flue at a different sc a.'.e can be predicted.
The model applies to typical CIP sy~tems. The scale-up
model :r:epresents adequately t,he dat.a above the 'jU$;t

"""~ /1assimilated" cond.it.Lon, with all the data lyiri'gowif:'htri 5%
of the predicted values.
scaling up t-he .•.val.ues

A procedure is recommendedfor
of the film mass transfer

"coefficient from laboratory to larger scales~

i1



ABSTRACT

Art investigation was undertaken into the influence of
\'

agitation intensity on the adsorption of aurocyanide from
slurries onto activated carbon. This involved est ii.uat~-n0
the film mass transfer coefficient fr-om kinet ~\
experiments and the power input for agitation from
measurements 9f the torque exerted by the agitator. drive.

It was found - as expected - that the rate of transfer of
aurocyanLde onto carbon. Lncceases sharply as the speed of
ag{tation is increased' up t;' 'the point where? a,ll \';the
carbon particles in the system z.re just assimil&llied into
the slurry. Thereafter, the rate inci~ases only slowly
as the speed of agitation is increased further.

Fol.' all the veri.Gel-impeller configurations tested, it was
found that the film mass transfer coefficient at the
'just assimilated' condition is approximately the same
though +.he speed and power required to achieve that
condf.t i.on vary from orl"econfiguration to another.

A model was developed for scaling up the va.Lue, of the
filmmas,s transfer coefficient as determin.ed at one scale
so that its value at a different scale can be predicted.
The model applies to typical ell? systems. The scale-up
model represents adequately "the data above the ' just
assimilated' condition, with all the data lying within S%/i

of the pz-ed.i ct.ed values. A procedure is recommendedfoJ(
I,

scal ing up the values of the fi;~m mass tranSfe~\ ',)
coefficient from laboratory to larger \~Cales. \\"_,f
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CHAPTER ONE

INTRODUCT:tpN

1.1 OVERVIEW

TodayI the preferred route for the ext r act Lon of gold
from cyanide solutions and pulps is by means of
adsorption onto activated carbon. This route is more
lIeconomical and efficlent than the conventional filtration
and zinc precipitation process route.

c'

_ This SL,Jdy involves the development of a scale-up
procedu~e for a key parameter used in the quantitative
description of the adso.rpt-i.on of gold onto activated
carbon. Such a procedure is needed because the agitation
intensities in laboratory and. full scale CIP vessels are
significantly different (1,2) '" Any parameter that is
influenced by agitation\)intensiJ:,Y will therefore have
d;~fferent values at the two different scales. It is
'l;qpually more convenient to measure the values of

i) ,parameters,' at a laboratory scale ~\hanat full industrial c •

scale. In order for such informat.ion to be uaefuL,
however, it is essential to develop a reliable
relationship between the valulf,s at laboratory and full
scale conditions.

As an introduction to t.he st.udy , an overview will be
given of the most important carbon based extraction
system - the CIP process - and of the method us~d to
describe the process quantitatively. Th~s w~ll provide
the background needed to explain the objective and
relevance of this work.

1



o1.2 A BRIEr HISTORY OF THE CXP PROCESS

It was first recorded in 184:3that activated carbon could
adsorb goJd and in 1880 W.N. Davis patented the USe.of
wood charcoal for the rr;lcavery of gold from chloride
leached solutions (3) . W.D. Johnston in 1894 patented
the use of wood charcoa), as an adsorbent of gold from
cyanide solution (4, 5) . In 1916, Yuanmi mine in Western

I . . - - (; _ _ __ I _ _ $ -_ ,AustralJ.a recovered gold from oyani.de solut~on by pump~ng
tihe pregnant solution through three succeas Lve filters
containing carbon. The loaded carbon was inciner~ed and

'"the resultant ash smelted to recover the gold." At: that
'--

time there was .no known procedure to elute the gold from
the carbon (3y 5) • The loadings of gold on the early,
charcoair~j~"',\~et'e very low because the quality of the
charcoal "t,:r.rktwas aVailable was not' good. The technique
was not developed further for many years because of the
efficiency and c predictability of an rIter-native
extraction route, namely the precipitation ..,6fga,\Ld using
zinc dust.

Chapman(4,5) in 1939, pacentsed the use of fine carbon for
gold recovery from cyanide pulp with the loader.'! carbon
recovered by flotation u,\sing diesoline and a frother.

~\

The gold loaded"'carbon (flotation concentrate) WAS

smelted to recover the gold. Bufflesfontein Gold Mine
used a similar process and 'added fine carbon to pyrite
flotation after cyanidation and filtration and recovered
extra gold in the pyrite concentrate (4,6) •

The U S Bureau Qf Mines pioneered the re,§,earch and
development 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 akn:asive resistance and is
physically durable in agitated slurries.

2
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c:

Get,chell Mine in Nevada followed the Chapmanmethod and
smelted the carbon to recover the adsorbed gold (5) .

/j

Lat.er, 1:.1:ism~ne used the .eLut Lcn process developed by
U"S. Bureau of Mines' that employed hot caustic soda

i) solution to strip the gold from the loaded Cqi'rpon. Theo . ..' .' . ~J .

geld was t<~lectrowo:nfront .t.he eluate. Getchell Mine
recycled the stripped carbon for between 10 to 15 cycles

\;

before x:eplacing it, but they never gave it 'any
regenerative treatment(5}.

In 1961, Carlton Mill at Cripple Creek in Colorado, built
a CII?circuit in which the carbon moved counter ... current
to the flow of the cyanided pulp. Airlifts moved the
carbon pulp continuouslJ onto external vibrating $creens
that separated the pulp from the carbon in Qach st~ge.
The loaded carbon was eluted using hot caustic cyanide
and reactivated thermally. This, was done prior to
recycfing, by heating the eluted carbon in a steam
atmosphere in a kiln externally heated,> 't;.o 600°C. The
gold in the eluate was recovered by ele.ctrowinning in. the
so-~alled Zadra cell. The Carl.ton flowsheet of 1961 has
undergone little change in subsequent CII? circuits (5) .

[1 ['i (I

HomestakeGold Mine in South Dakota, USA,established the
first large-scale CII?circuit in 1973 to treat about 2250
tons <1f slimes per day (5) . This scale of production

~ initia¥.ed a world-wide interest in the elI? process.

"Research on the amenability of extracting gold from South
African gold ores and gold containing materials (for
example, fine calcines, finely ground concentrates and
tailings) using this process went on and the following
improvements have evolved (5):

a batch elution procedure incorporatin~\ a hot
caustic cyanide soak fallowed by a ..wash with hot
waterl (patented by Anglo-American Research

3



(i

Laboratories);
r····"

an acid treatrrt~nt of elut~d carbon in dilute
hydrochloric acid to remove scale t'ormed by caLcIum
\)carbonate and calcium sulphate precipitates" fx,:omthe
pulp;
the use of, )nternal screens to retain the activated.
carbon for circulation counter-current to the pulp

c·

in the eIP circuit;
t.he use of t.he CII? process to reclaim gOld from
dumps and slime dams; r~:'\\
the introduction of higher reactivation tet('_.J1:'&tures
for effective regeneration oil the carbon after

. n

fouling by organic su~stances in the pulp; and
the design .and development of the Anglo-American;
Corporation (MC>{?pump cell which is a, novel
contactor for \;:~ell? and resin-in-pulp (Rll?)
applications. It Jriubines tHe functions of pumpingI
screening and agitation ,J(n a single drive unit
operating' with a modular high capacity cell (7) •

"1.3 A TYPICAL MODERN ell?PLANT
o

A typical CII?adsorption Circuit today comprises a number
of well stirred contactors(vessels) in series. Leachedr;~~"
pulp - after it has been pre-screel\\ed at HO. 6 rom(.4) to
remove ::.nylarge particles or WOOdCh~~Sthat 'Might block
the interstage screens- is :fed to th~ flrst contact or .
After undergoing agitation in that contactor it
gravitates through the" series to tp.e last contactor. In
each vessel interstage screens reta;i,p the activated
carbon and prevent the carbon particl~M from moving 00-
current with the slurry. Activated carbon (fresh and/or
regenerated) is added periodically to the last vessel in
the series, and periodically is movedup through the Cll?

,I

train to the first vessel. Thus the carbon moves
countercurrent to the flow of the leached pulp.

4
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it
,/ ,~\

The countercurrent movementof the carbon is c(thiev~d Jiy
pump1~ngor air-lifting the carbon and the:, pulp from 01'),e
cont~\ctor to the preceding contactor in the adsorption
train':,,'"' This process Ls, illustrated in Figure 1.1. Not
all of the carbon and pulp in a contactor is transferred
to the preceding stage. As a result the gold loading on
the carbon depends on the length of time a particle h.as 0

stayed in the adsorption system.

l
The loaded carbon from tb-t'i'"","firstcontactor is sent 'to the

_.-;':';;_-"--

elution circuit when~tthe gold (and the silver) are
stripped :e-romthe carb~ in an elution column 'using hot
caustic cyanide solution. The eluate contaIning the gold
(and silver) is then fed to an electrowinning cell

"
containing a stainless steel anode and a permeable

, ~
oat.hcde made"cfl st:eel woch\. The barren electrolyte is
returned to t:h~ elutiorl circuit as an eluant! so the
elution and el'~ctrowinning units -form a cl.caed circuit.

" . '.'

The'gold" and t1'!e silver, values are finally recovered by
'\

smelting the st~el wool to bullion.

1.4 THE MODELLING OF ADSORPTION

Stapge (8), Bailey (9,10) and Woollacott, Stange and
\_,'

King(11), after considering the number of variables and
the complexity of their interactions in CIP adsorption
systems, ccnc.tuded that simulation techniques are the
most cost-effective means of' conducting an extensive and
in-depth examination of design and operational
alternatives,

Simulation (as outlined by Stange (8) , Ford and King(12),
King(13) and Lynch(14» has become indispensable in the
modern mineral processing industry for the following
reasons~

5
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ELECTROWINNING

ELUTION

Stage,

I.
L

Stage 2
\\

e===;> Eluate Flow

-==tl> Pulp Flow
Carbon F"low

ADSORPTION,
/' Only 4 stages Br!l shown

CARBON REGENERATION

Stage 3

Stage~

circuit
Figure 1.1: Schematic diagram of a typical c;r;p
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"Flowsheet alternatives for existing plants as well
a~ for new plants can be evalua.ted at minimum cost;
The financial implications for d~fferent processing
alternatives can be determined at minimum cost and
with minimum dat0;
The complex int~':tactionsbetween the various units
in a ,.flc'l'lsheetcan be studied, perhaps leading to an
increased knowledge of the processes taking place;
Interactive simulations make ,good t~1ining and
educational tools; and
Equipment scale-up and off-line optimization can be
done at minimum cost.

In the simulation of the CIP process attention must be
focused on the the kinetics of adsorption. This is
because the adsorption of gold from cyanide solutions
oBto activated carbon does not reach equilibrium within
the time allot'!G:d in industria: extraction
circuits (2, 4, 19) . To I J

Sh"l' ate adsorption therefore
II ,frequires a quantification cf the kinetics of adsorption.

The rate of adsorption is modelled eitper empirically or
mechanistically.

1 .4 . J. :E1mpirical Rate Models

Empirical rate models for the adsorption of aurocyanide
from solutions onto activated carbon have been reviewed
by among others van Deventer(4), Le Roux(2) , Le Roux et
al(19) and woollacott et al(11). The common ones are
listed below, as disoussed by Woollacott et al{ll):

Simple Flrst Order Rate model
This model has been used to describe the initial rate of
adsq~ption of aurocyanide onto activated carbon. It has
theffform (3,11):

7



1..1

Dixon Model {developed by Dixon et al (15) and used. by
among others william &nd Glasser (16)t. It is given by:

1.2

The kn model (developed by Fleming et a1 (17». It is
given by:

1.3

Nicol's
(--"1'
t OJ

!oIodal (developed by 1'( col et al (18).
_<_/ ... l

It has
th.e form:
R .. ks (KC - y) 1.4

where R is the rate of adsorption of gold per unit mass
of carbon. y is the concentration of gold on carbon and
C the gold concentration in solution at time t. ,Yo is
tlie initia.l concentration of gold on carbon and C$iSthe
steady-state concentration of gold in solution.
k and n are constants for a particular plant.

:\

kl to ks are rate constants, and K and v: are equilibrium
parameters.

A:=:.usual with empirical models, these models are limited
either as far as adequacy of fit is concerned or in terms
of the time span over which they accurately desc!.ibe the
residual concentration of gold in solution ...Predictions
outside the ranges investigated, therefore, cannot be
done reliably.

1.4.2 Mechanistic Rate Models

Hechanistic rate models used to describe the q:dsorption

8
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of aurocyan i.de from solution onto
,-)

attempt, to describe one or more
transport mechanisms (2,19,20) :

activated carbon
of the [allowing

\)
Film diffusion: the diffusion of the adsorpate (in
this case aurocyanide) from the bulk liqV~d phase
through an assumed hydrodynamically stagnanc layer
or liquid film surrounding thISadsorbent (activated
carbon in this case);

2. Po~e diffusion: diffusion of the adsorbate within

I',\

the pores of the particles of.carbon;
3. Surfa~ diffusion: diffusion of adsorbate along the

pore wa11 of the adsorbent; and
4. Adsorption onto the internal surface of the carbon.

Bach of the four steps potentially constitutes a
resistance to the transport mechanism of the
adsorbate(19,20), and have been considered ir), different
ways by different workers (2,20) . G

',I

The Cla.ssical Film diffu'Ilionmodel
This has the form (2,4): J~!

1.5

where Ac is the film area per unit !l!assof carbon,
kf is film mass transLer coefficient,
c* is the gold concentration in s<rluti_op.at equilibrium

-- \(~;::::~,'

with a carbon loading of y.
C* can bE. det.ermi.ned f:r:oman appropriate isotherm
equation. A number of these are applicable to elP
adsorption systems.

1.4.3 More Complex Rate Models
Jj
Ii

As indicated by Woollacott et al(11), a number of
adsorptid.onmodels have bean developed that consider other

9



rate controlling mechanisms in addition to film diffusion
control. Dixon, Cho and pitt considered a pore diffusion
model while Bzi.nkn.ann and King considered film
diffusion, pore diffusion and reaction kinetics as the
rate controlling mechanisms (11). Johns introduced a

~,

factor to represen·t the degree of control exerted by
intraparticle diffusion in t11e kinetic term in his film
diffusion model (11).

Le ROllx(2) and Young(20) used the Homogenous surface
diffusion model developea by Crittenden. This aEP:-oach

I' .

assumed tha:t: "Ji'ltllyfilm diffusion and surface 9:1 ''":fusian
.C-' ~.• -_" /'

_- q

are rate controll ing . They were abl e to make goad
predictions of the experimental data using this approach.

Van Deventer(4)·· who based his model on Peel's branched
pore model- assumed that carbon consists of macropores Ln

which rapid initial adsorption of gold from solution
takes place, c... .~ micropores, in which restricted
diffusion occurs. He was a130 able to make good
predictions cf the experimental Iaca using this approach.
His model, however, is 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 model,s that attempt
to do this, account is taken of film diffusion and at
least one of the intrapart 1.cle diff'Jsion mechanisms.

i~lm 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, kf•
Intraparticle diffusion is described in various ways -
but all of these require the definition of an ant z-a-
particle mass transfer coefficient of some kind, ki•

10



For the. modelling ~pproaches to beosuccessful in their
attempt. to describe the adsorpt Lon p,,_'ocessthe values of
these mass transfer coefficients must be estimated
experimentally.

1.5 THE SCAJ"E-UP PROBLEM

It would be most convenient if all the parameters needed
in the adsorption mode l.s could be estimated in the
laboratory. For many of the parameters this can be done
because they are not scale dependent. For example, the
equilibrium condition that drives adsorption is
influenced by the chemical environment and the nature of
pulp and carbon. This influence ,{is not affected by the
scale of the adsorption sY9tem. The parameters in the
equd Ld.bzLum model can therefore be measured at laboratory
scale provided the test conditions are the same as those
anticipated in the plant.
'J'hee'dfueis true of the intraparticle mass transfer
coefficient, kp Its magnit.ude depends on the ch.errtistry
of the leached solution, the nature of the pulp and the
nature and state of the carbon. These conditions can be
accurately reproduced in the Labo ratiozy and $0 the values
of the parameters can be estimated at that scale.

In the case of the film mass transfer coefficient,
however, the situation is different. The nature of the
film sl.:Lrroundingthe carbon particles is very depend~nt
on the intensity of the agitation in the adsorption
system, as well ..as on other factors such as the size of

"

the carbon particles, the pulp density and tho chemical
conditions of the solution and carbon. All of these
factors except that of agitation intensity are hot
influenced by the scale of the adsorption system.

An increase in the intensity of agitation in adsorption

11



systems leads to:

h;;:'

a reduction of the thickness of the diffusion fiJ_m
at the surface of tho carbon particles,
impr\?ved. dispersion of the solid throughout the
adsorption vessel,
improved redistribution of the solution so that as
soon as the t/gald is adsorbe,~ onto carbon from the
solution ad1acent to a particle it is mixed with the
btzLk of t':he solution leading to 'the attainment of a
uniform/residual solution concentration in a short
time.

Since all t.hesejihz-ee consequences of Lnc reesed agitation
intensity favour adsorption, k§ increases "'with agitatlbn
in'tens.ity.

As kf is affected by agitation intensity, it is not
cor recc to use values of kr measured at a laboratory
scale directly to describe plant adsorption at large
scale. The agitation intensity at lax'ge scale is
invariably much lower than it is in Labor-at.oz y scale
experiments. Consequently for simulation ,::>f full scale
operations using .1.aboratory scale data, it is necessary
to develop a relatio~ship of somesort between the values
of 'kt at different scales. This relationship is referred
to as a scale-up model. SUItE: ~a model should have

_-'~(,~! ,'.

reasonably good extrapolat,ion and :Lnterpolation
characteristics. Its immediate usefulness is th;at the
behaviour of adsorption processes at any scale can be
simulated a>tvery little cost on a computen in con't.rast
to time consumd.nqand expensive exper Lment a'zLon in large
scale equipment.

12



1.6 OBJECTIVES AND SCOPE AND OF THIS P~SEARCH

In the deveLopraent; of eIP technology, a major difficulty
has been the deficiencies in the equipment 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
m1x1ng conditions in them affect the kinetics of
adsorption.

It must be emphasised that though the absence of scale-up
information does not prohi.oit the C'onst~~~.~Jr:i.on~nd
operation of full scale plants, :.t ~b~:V'/--"\~ "\i~".-lr;~:~th
the risk and capital costs LnvoIved .. (j

.)

1.6.1 Obj\lctiVQ

The objective of this research, the~efore, is to
establish a scale-up procedure for the film maSB transfer
coefficient in ell? adsorption systems.

1.6.2 Scope

The scope 15fthis project is as follows:

to review the literature and in particular mass
transfer correlations that are relevant to elP
systems;
to obcad,n kinetic and torque data at different

\I

scales;
to find the most; appropriate sca.l.e+upmodel for the
film mass transfer coefficient.
to develop a scaLe-up procedure that is practical to II

use and as reliable as possible.

13



CHAPTER TWO

MIXING AND AGITATION THEORY

2.1 INTRODUCTION

Mixing involves many different kinds of operations. The
principal applications of mixing equipment in the p;-oce,Ss
industry are(21):

Blending of solid powders and pastes,
Suspensions of solids in liquids,
Dispersion or emulsification of immiscible liquids,
Dissolution of solids, liquids or gases, and
Promotion of chemical reactions.

Since mixing is an operation dependent upon fluid motion,
it is necessary to evaluate mix.ing in terms of fluid
raechanics. The fluid flow pattern in a mixer is complex.
and is influenced largely by the geometry of the system
and the speed of rotation of the agitator (22,23)•

In this project, the system under consideration is the
'I "'!,.xingof activated carbon with a gold leach slurry for

~the purpose of trabsferri,figthe gold from solUtion onto
t.heactivated carbon.

The mass transfer of gold from the solution phase onto
the car-bon is enhanced by forced convect.Lon through
agitation (22). This can be accomplished with compressed
aj.r or by u/sing mechanical agitators. Mechanically
agitated vessels are superseding the older compressed
air-stirred pachuca s or Brown tanks because they use less
power (24-26). O:eher problems experienoed 'W' ... th air-
stirred CIP systems include:

uneven carbon distribution,

14



clogging of the interstage screens due to the
violent wave action, and
difficul·ties in getting the carbon to re-suspend
after a period of air shut down(24-:26) •

2.1.1 Degres of Agitation
1.-;"

The degree pf agitation that is nBE"c!Bdin a mixer depends
on the application. In some sit~ations) for example the
preparation of a two-phase fr.!edfor a chemical z-eact.oc,
it is important that the suspension is maintained in a
fairlY' homogeneouscondition> However, in CIl?adsorption
vessels, all that is required is to ensure that all the
carbon particles are fully assimilated in the
slurry (24, 26). They should neI ther settle on the bottom
of the eontaetor if the den:..dty of the slurry is lower
than that of the carbOn nor float.on the surface of the
slurry if the density of th~ slurry is highe.r than that
of the carbon. conaequent.LyI ,an important criterion in
the design of a eXl? cont act.or 'is the power required to
just assimilate the ca):;'bonparticles.

Any increase in the speed of the agi t.ator above that
required to just assinilate the particles leads to an
increase in the rate of transfer of gold (25,26) I but
indications are that t:he increase is only slight (26) .
There appears to be little benefit in a small Lncr ease in
transfer rate especially when compared to the cost of
e~~ra power that must be applied (25) and the increased
abzas Lcn of the carbon particles and equipment that
results (24-26) •

1S ,I
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2.2 CONTACTOR GEOMETRY luqOPOWER FOR AGITATION

2.2.1 The Vessel

Cylindrical flat bottom taLks have been most widely used
for _ClP adsorption vessels (28)t though some probLems

occur with the accumulat.ior.of unsuspended solids in the
centre of the bottom of the tank and at the .Joints
between the bottom of the tank and the wall (29).

Baffles are necessary in the vessels to eliminate the
formation of a single vortex. If vortices are allowed

===::during the aqLt.at.Lon , unreliable adsorption patterns
result due to inefficient agitation of the contents of
the vessel (20). Scale-up relationships developed f:tzpm
data obtained under such conditions may be
unreliable (29). TI)e presence of baffles leads to an
increase in power conaumpt.Lon of the ag'itator but it -aLao
pzemot es mass transfer operations
rise to significant velocity
vessel (31)•
Baffles are normally arranqed off the bottom and the wall

as their presence gives
fluctuations in the

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 depends on the speed,
diameter and the design of the impeller, and the
following mjxing environmental factors (33):

physical properties of the fluid (slurry) medium,.
vessel size and geometry,
impeller location relative to the vessel and slurry,
slurry boundaries relative to other impellers or
obstructions in the vessel,

16



the inclusion, design and location of batfles.

The theoretical power, PH' drawn by a hydraulic mixer is
~iven by(26,33):

2.1
Il

where D is the diameter of the (impeller (m)"
N is the rotational speed of the impeller (S-l) ,

P is the dens; ty of the suspeas i.on (kg m~3)•

The actual hydrodynamic power, P, drawn by the impeller
of a mixex.'is invariably diffel'ent from PH' The ratio
P/PH is termed the power number, Np• Consequently the
actual power drawn by an impeller is given by(26,33):

2.2

The power number of an agitation system provides an
indication of the margin bet.wean the power that is
af,l,PI:l.edand. the power that is theoretically required to
t.urn the impeller.

powe:r'Y~.Snot the only criterion that is important in
mixing. The volume of the liquid or slurry moved per
unit time by the impeller is also important because
clearly it is the rate of movement of the li.quid (')r
slurry that will determine the de<}ree of mixing. The
rate of movement of the liquid is termed the pumping
capacity Of the impeller I Qdf and it is defined as the
volume of liquid (slurry) discharged through the impeller
per unit time. This is proportional to the product of
the tip speed of the agitator and its discharge area, the
proportionality constant being termed the discharge flo'\'1

u

number, Nd• The discharge flow number is therefore
defined as(33,39):

17



2.3

2.2.3 Circulation and·Types of Impellers

Ia the study of the suspension of solids in liquids, by
mechanical agitation, impellers maybe classed as either
radially or axially discharging. Radial flow impellers
discharge slurry (flu:Ld) from the impeller pe(rpendicular
to its axis of rotation. FOr axial flow impellers the
slurry enters the impeller "and discharges from it
parallel to its' axis.

'the criterion used when classifying an impeller as being,'I
either radial or axial flow type is the magnitude of thit
ratio of the power number to the flow numberI Np/Nd' '1?his
ratio is also an indicator of pumping efficiency of the
impeller in a given geometry. ic

An LmpeLl.e.r may be considered to be an inefficient
pump(33). 'Its pumping efficiency is defined as the ratio
of the discharge flow number to the power number, Nd/Np.

'the larger the ratio Nd/Npl the higher the pumping
efficiency.

Impellers w'ith low pumping '~ffici~ncies are called shear
type impellers and most radially disch~rging impellers
belong to this group. Impellers with high pumnd.nq
effici.encies are called circulation or flow impellers,
and axially discharging propellers and inclined (pitched)
blade turbines be] ong to this group. Thus axd.aL flow
imp~ller$ have higher pumping capacity than radial flow
impellers. The actions of radial and axial flow
impellers are shown schematLcal Ly in Figures 2.1 and 2.2

18
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resp~ctive,ly. Chudacek (34) reported that for complete
off-bottom suspension of solids, axially discharging
impellers are more efficient than radially discharging

o

lmpellers. Coetzee and Cloete(Z6) confirmed this
conclusion.

2.3 SUSPENSION CRI~ERION AND MODELLING

E'or an efficient mi"xing tank geometry, the factors
controlling the solid suspension should be identified.
Chudauak(34) has shown that scale-up parameters for-=- ... Ii

mixing are not constant, but are dependent upon the
mechanism of suspension. Two types of m:iterion of
suspension in agitated vessels can be defined as:

complete SU~E:mSiOn criteria in which the
behaviour of the last fraction of unsuspended solids
at the bottom of the vessel is, used:' as the
determinant
homogenous
attainment
homogeneity

of sUA11ensionspeed, and!J \\,\
suspans Lon criteri'l, - which use the
of certain degrees of suspension
in the vessels as ,a determinant of

suspension speed.

2.3.1 Complate Suspension Cx-itQria.
\

The first suspension t~riterion that will bel\ \ssed \'lUS

initially proposed by Zwietering (27,34') in i~lg'8. ,itt is
known as tp,e cOmI?lete-off-botto:ffi suspens Lon (t~$) crit-
erion. By this criterion, the critical suspension speed,
Nj(JI is defined as the minimumimpeller speed necessary
to ensure that no solids remain stationary on the bottom
of the tank ;for longer than 1-2 seconds.

Despite much research on suspension of solids in liquids/:
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the. best overa"ll cor r-el.at.Lonis still the one proposed by
Zwietering(27,33,35,36}, and the critical speed is given

:_}

by:

2.4

where S is a dimensionless particle suspension parameter.
Data for S are available in qzaphd.caL form for a variety
of impeller types, impeller clea:cances and impeller"":
vessel diameter ratios.

v is the kinematic viscosity,
d"is y~e particle diameter,
X is p.ercent weight of solids,
D is the impeller diameter,
g is the gravitational tonstant,
AP = Ps - PLI
where

Ps is the specific gravity of solids being
suspended and PL is the specific gravity of the
liquid.

The exponents of the parameters in the Zwietering's
Equation were found to be independent of impeller type,
vessel size, impeller clearance and impeller to vessel
diameter ratio. The dimensionless constant, Sf accounted
for the variations in the system geometry (27, 36,39) .

Bohnet and Neismak reported a CBS criterion
reproducibility of 2-5%but cautioned that if suspension
speed is determined only by observation of"O'the tank
bottom, this completely neglects the behaviour of the
remainder of the tank and that exact measurement of the
CBSbecomesdiff~"cult at higher solid concent r-at Lons(34) .
Other researchers proposed various fractions of solid
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suspension, for examp..e Standinger and Moser proposed
100~;suspension from the bottom of the ..tank over a shor's
period, and Hirsekon and Millet termed this rondition

i !

complete suspension in their \lork (34) . Chudacek(34)
proposed 98% suspension, which he claime? overcame the
difficulty of dis-proportionately increased energy
expenditure when suspending the last amount of
unsuspended solids in a baffled flat bottom tank.

II

2.3.2 Homogenous Suspension Criteria

This sDspension criterion considers the agitation speed
required to achieve a given degree of sus~~nsion",
homogeneity. A truly homogenousparticle distd bution in
an agitated tank is, however, nearly impossible t9
achieve in most solid-liquid systems (34) . 'T·he
determination of suspension speed by the homoqenous
criterion requires a numberof concentration measurements
at different locations in the vessel. Particle

(--j

degradation and interference of the flow pattern by the
sampling vessel du:dnf:3 sample withdrawal often pose

\i

difficulties in obtai~ing a truly representative sample
and h.::n..:ethi<;lmeasurement of concentration distribution
in n stirred vessel can be extremely tedious. Since
at:tainment of a homogenousdistribution of the solids in
CIP adsorption vessels (25,26) is not necessary, the
homogenous suspension criteria will not be considered
further.

2.3.3 Assimilation of Floating Solid parti'~"_~es

For the situation where the solid particles axe less
dense than the liquidl slurry in ~hich they \~.il:'~' to be
mixed, the particles tend to float. In such a case, an
equivalent criterion to Njs h\the Zwieter~ng' s Equation

\\~,
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may be referred to dS ~he speed to just assimilate the
solids. This is defined as the speed required to ensure
chat particles float on the surface of the liquid/slurry
for ~ period of time not longer tnan 1 to 2 seconds.

Nienow (37) said that this process is actually more energy
1'1tensive 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 solids.

Though the problem has not been studied extensively
Joosten et al (37) f 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, N~ to disperse the
floating solids:

2.5

where T is diameter of the vessel.

This equation was derived for solids in tne particle size
ra~.ge of 2 to 10 rom. They found that large D/T (O/T
=0.6) gave the minimum power. It was noted that
part.icles which are not easily \'lettedgive more problems
in the determi.nation of the speed and energy required to
disperse floating solids. Taking note of this
observation, precautions were taken in this iny-estigation
to wet the carbon particles properly. They were soaked
in water at least twenty four hours before use to

,>dislodge air entrapped in the particles.

2.3.4 Suspension Modelling

The extensive range of geometries and materials exa~ined
by ZT'lietering, coupled with the a~'lantage .of being able
to estimate 1'1js from Equation 2.4, for a wide range of
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conditions has resulted.1.. this equation being the one
recommended for design (36) of agitation equipment. .At
first sight, the purely empirical approach adopted
precludes any insight being gained into the mechanisms
responsible for suspension. However f "the :\actthat all
the parameters specifying the liquid and p~rticle
properties have the same exponerrts independent of the
agitation geometry at least suggests that the same
mechanism applies to all geometries investigated.
Several attempts have been made at modelling suspension
mechanisms with varied degrees of success.

Kneule, Kolar, Einenkel and Mersmann, and Musil and
Vlk(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 stirr~d tank was
hydrodynamically homogeneous. Their mode Ls were based on

I'

incomplete ener't~'Y.balances, since the energy losses
occur:ring in the recirculating liquid due to internal
friction and slurry/wall friction were excluded. This
omission constitutes a significant flaw in their models.

,.'}

f suspension models based on energy balances are to
succeed, the balance must take into aCCOUI"tthe follo"t'Ting
(34,36):

the energy required to suspend the solids in the
ascending stream in the tanJ periphery,
energy consumed in slurry/wall friction losses,
energy consumed in frictional losses in the slurry
along the recirc;ulation path from i.mpeller discharge
to impeller intake, and
energy gained by the recirculation stream from falling

(~- ' \

solids desc~nding towarq the impeller.
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The energy balance model.s would therefore have little
chance of success since not all of the above mentioned
energy terms can be satisfactorily quant.r.f Led , [I

Nienow and Miles (38) developed a mode:' for particle
suspension in slurries. This model depends on convective
flow near the base of the vessel. Assurr.ing Ubue is the
minimumaverage velocity independent of direction, t .••ac
is required to achieve complet.e suspension. The velocity
at any level, u, in the agitated vesseJ. based on many
experimental studies is given by(38):

2.6

where A is a dimensionless coefficient of propoz-ti.onaLi.t.y
which decreases rapidly with increasing distance from the
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
Ubaso with the lowest agitator speed for ~/ particular
vessel-impeller configuration. iI

If E is the' meanpower per unit mass (= P/pV) I where V is
the volume of slurry, and p is the dens.Lty of the slurry I

then using Equation 2.2 in Equation 2.S, gives:

Equation 2.7 suggests two thin~s, viz:

Ub3llC is attained at lower specific energy by usinc;: a
large diameter impeller. Alternati veIy I a Larqa r
slower impeller should enable particle suspension to
be achieved at lower values of E; and
a lower energy dissipation rate is required ~n large
scale systems compared t.o geometrically similar
smaller scale systems.
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CHAPTER THREE

MASS TRANSFER AND SCALE-UP MODELS

3.1 THE FILM MASS TRANSFER COEFFICIENT

In Chapt.er I, the mechanisms in~fluencing 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
pa.rticles may influence the overall kinetice of
adsorptiq-p. From the perspective of the classical film
diffusion model, the degree of agitation influences the
thickness of this film and hence the rate of mass
transfer through it.

3.1.1 Oe£inition

.'---J

In a continuum, if the concentrationef a given sp~cies
is different at different points and the species is
mobile then a mass flux, '¥, will be set up that will tend
to eliminate the concentration difference.

~The mass flux will be proportional to the concentratibn
difference, the proportionality constant being referred
to as the mass transfer coefficient. In the case 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 f1lm of liquid adjacent ~o the sutface. In
this case the "oefficient is termed the film mass
transfer coefficib')t, kft and is<?efined as follclVs:-

1. ,_
'(\.f 3.1
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3.1.2 Classical Film Diffusion Theory

This theory postulates a linear concentration gradient
across the film and diffusion of the species :i.n a
direction perpendicular to the surface on which the
species adsorb. Diffusion through the film can be
described by Ficks first law:

'P.. - D _d_C",,;,,<_x'_)
C dr 3.2

;\
'n

where 1)c is the diffusion coefficient, C(r) is th~'r'
concentration of the species at r which is the distance
from the surface into the liquid.

Assuming the carbon particles used are all spherical and
the flux of the diffusing species, 'P, is constant, and
integrating Equation 3.2 over the radial film of
thickness, 0, we obtain:

3.3

In this equat.i.on C is nowthe concent.ration in the bulk
liquid as previously defined. Fromthe definition of the
film mass coefficient, kff and Equation 3.3, it can be
seen that .according to ,the classical film diffusion
theory, kf = Dc/8.

3.1.3 Estimation of the :&"i1mMass T:r.ansfar
Coeffic;ient

The classical film mass transfer theory (2,19,20) assumes Ii, ,
equilibrium between Cn and the average adsorbent loading );

~_::.~ _".

or solid phase concentration, y, of the adsor:Qellt
species. The mass balance for a batch reactor of volume, ~.
V, containing a mass Mof adsorbent, is given by:
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_VdC Mdy
dt· dt

3.4

The rate at which the species are adsorbed onto the
adsorbent is determined by the flux through the film.
Therefore:

3.5

wheze A is the film area which is equal to the surface
area of the adsorbent particles. For spherical particles
of diameter, d:

A ... 6 Mp:-a
3.6

. where p, is the dry density of the adsorbent in air.
Hence:

3.7

'Where

p - 3.8

Equation 3.7 may be developed in two ways, viz:

the linear film transfer model where the adsorbate
concentration at the particle surfar:e
negligible aa compared to the
concentration C, at the initial,
adsorption, and
the non-linear film' transfer TIlodel in which the
liquid phase concentration at the pa::::ticle-liquid
·surface is not negligibl~ but assumed to be in
equilibrium with the solid adsorbat.e concentration at
the interphase. The equilibrium relationship can be
expressed using an appropriate isotherm model. This

c. is assumed
bulk liquid
moments of
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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, kf for the adsorption of
aurocyanide 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 models and concluded
that there was no justification to use the more
sophisticated non-linear film transfer model. This
appr.oach has 'been adopted by many workers (4,6,20).

Integrating Equation 3.7 with ell being equal to zero,
yields:

3.9

where Co is the initial concentration of gold in
solution. The film mass coefficient, k£f can therefore
be Jetermined from the initial slope of the plot of
lnC/Cot agai.nst time.

3.1.4 Problems of Intraparticle Mas$ Transfer
'\~.,

'~\
\j

Because there are potentia~t1.y )~ore than one rate
II

cO.L1trollingmechanism in the ~~~brption of gold onto
carbon, Equation 3.9 is valid only if film diffusion is
rate controlling. La Roux has studied this question in
some detail. He developed a two-mechanism model in which
film diffu~ion and intraparticle surface diffusion were
assumed to be rate controlling. He showed that in batch
adsorption experiments over long periods of time both
mechanisms needed to be taken into account and that
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intraparticle diffusion was more important. During the
initial period of adsorption, film diffusion was rate
controlling, but the intraparticle mechanism rapidly
started to influence the adsorption rate as the
concentration of gold on the carbon built up (2,6,19) .
The transition from film to intrapartic;le diffusion
control extended to longer adsorption periods the lower
the initial 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 ini-tial gold tenor of 8.73 ppm gold or lower, film
diffusion is the only rate controlling mechanism and that
it is rate controlling over a fairly extended period of
time (about 60 minutes). The important consequence ()f
this is that any experiment to determine the fil~
transfer coefficient must be done \'1ithlow initial gold
tenors and over adsorption periods significantly shorter
than one hour.

3.2 TH~ 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
hydrodynamics of the system on the mass transfer
coeffi.cient. This influence is commonly described by
means of correlations between relevant dimensionless

.'_ollumbers.

The dimensionless numbers that are most widely used in
these correlati~ are the Sherwood number, the Reynolds
number and the Schmidt numbe~.

'('he Sherwood number, Sh, represents the ratio of total
ma.3S transfer to mass transfer by molecular diffusion.
It is defin~d as (30):
where Ds the coefficient of molecular diffusion and L is
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Sh .. 3.10

the characteristic dimension of the system. In agitation
systems, it is usually take;n to be the di.ameter of the
impeller, D (30)"

The Reynolds number, Ref of the
charaoterize the velocity profile,

system is used to
and it is given by

(30) :

Re -
upL
T 3.11

where u is the particle-fluid slip velocity and J.L dnd p
are the visco~ity and density respectively, of the
liquid.

The Schmidt number, sc , which represents the ra:t;:ioof the
kinematic viscosity to the molecular diffusion
coefficient, D$( is given by(30) :

3.12

The most commonly used forms of the correlations between
,.

these dimension2J:ss numbers are those shown .in Equations
3.13 and 3.14 (30):

3.13

a~d

3.14

where A, B, K, m, n, .... s are constants..... ,
A commonly used form of Equation 3.14 is
eA~ression as stated in EquatiOn 3.15:

the Froessling

Sh .1 2 t, O. 72Rel/2Scl/3 3.15
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The Froessling Equation, though originally derived for
laminar bulk flow of fluid around a single particle, has
been found to be capaol,e of empirical modification to fit
data from R wide range of configurations and Lu.rbu.Lerrt,
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 tr2~sfer coefficient for a
CIP system could be estimated using one of these mass
transfer correlations discussed ubove. The main
difficulty of this approach is the decision on which of
the many mass transfer equations (as sti'\ted in Taple 3.1)
to use and >-ihat particle:'fluid slip velocity in the
Reynolds r-umbe r should be used. These choices are

N

difficult to make because the hydrodynamics of the
slurry-stirred contactors in CIP adsorption systems are
complex. A,o.ditionaldifficulties arise because:

the molecular dd f'f us ion coefficient of aurocyanide is
not known /' Jehns (6) assumed a value of 10-9 m2s-1•

Woollacott et a1(11) suggested tnat it would be no
greater than 1.8 x 10-9 m2s-1,

the viscosity term is also not known, though a number
of empirical equations CRist that could be used to
estimate it.
the conditions under which most of these correlation
equations were established either cannot be exactly
duplicated or do not apply. Variables that may
influence these correlations but at'..not fully
considered in the correlations .i.ric Lude the size
df.s trLbut.Lon of the solids, impelle:r:size, power and
flow numbers, tank geometry, viscosity, pulp density,
impelJ_pr speed, and adsorption pr opez-t Les of the
adsorbent.
the correlations are difficult to test because the
experiments are difficult to conduct with sufficient
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Table 3.1: Dimensionless Mass Transfer Relationships Beported for Stirred Reactors

• I';; Ref. Relationship Impeller Reynolds Slstem Characteristic IInvest~gatbr type no. ranqe S udied lenothr L
Hixson & Baum 30 Sh=O .16Re~2 Sea's Tur~~p.e ~ 6.7xl0· Dissolution vessel diameter

'.:_~~/ at 4 a 0
>.-

Hi.xson & Baum 30 ~2. 7xlO-sRe1,4Scc.s Turb,~pe s 6.7xlOs Dissolution vesseL diameter
, ~ at .4 0 P'-"

!.:-
Kafarov 30 Sh=1.91ixlO--"Re1.4Scu•5 ~~r~~~e ~~~~18~- Dissolution ~~llerdiamete"
Kafaro'l; 30: Sh=O.625Reo.62Sco,s Tur~~pe ~'~~lg~- Dissolution ~~fer

i =: at 4 ° ~ .ez;
30 Sh=1.22x lO-3ReSco.5 3-blady Dissolution ,..-,;, Kafarov ;~eller

I propeller - [i~lTnete--
,_gg~nso~,~, 30 Sh=O.0924ReScO.5 f)·...blade - Dissolution {~~ ~~:' IF!no fauna. turbine

Sh=0.052Reo.1I3·Sco.s
,

: ~~~;£a! 30 ····6-bladed - Dissolution L~ in ~~f 1'r}iinoR i . ;_TI
I

i Humphrey & 30 sh=O.0034Reo.87Sco.s turbine - Dissolution v&3sel diameter
I van Ness __ '. ;

Humphrev & 30 Sh=O .13Reo.S6ScP.5 propeller - Dissolution vessel diametervan Ness
Ak~plrl1n 6 ,Sh=cReo.5.scO.33 - - D;!'!~olnt:ion -

I
I I Sh=O. 77Reo.159Scl/3Latterman et 40 ~late - Adsorption {,articleal urbine d~amter

\1 C) vd and id refer to vessel and:~'im~~11erdiameter re"spectively.



degree of accuracy'.

Thf'labovz difficulties makethe determination of the film
I,'

mass transfi:r coefficilent from the" ddmens i.onj.ess l,

, -" 1/-":"" '
corr~Irat:ions impr:::'ctical and l.tnt'eliable. The usefulne~"§J

(i" "
of these correlations in the current stu~) lies in tbeir
claim to be able to describe m,9.SS trqin;::fer in systicms

"that are geometrically simil~r but of different scales.
How.this claim may be explcir:ed to develop scale-up
models is discussed in the next section.

3.3 DEVELOPMENT OF A SCALE-UP MODEL

3.3.1 Basis

In Section 1.5, the nature of 'the scale up problem was
discussed in broad t:e,tuts. It is now necessary to
consider the problem in de~ail.

At the root of the scale-up problem is the desire to
measurf. the film mass transfer coefficient under well
controlled conditions in a laborat~~ry environment. '1'0 be
;;lble to use the vaLues so measured in order to r}!lqedict
the value of the transfer coefficient in larger vessels
it is necessary to understand howthe differenCes in the
two situations wJ.ll affect the transfer coefficient.

"Such an underst.\ainding is quantified in the form of a
scale-up model.

In order to develop such a model, it is fL:st necessary
to identify the key factors that are different in the two
scales. It is not difficult to arrange that the
chemistry of the solution and the carbon used in the
laboratory exper Lment.s are the same as will exist at the
larger scale. In aO.dici0n the size and physical nature
of the solids - both ore and carbon. particles - can be

35



the same at the two scales. Thus the variables ~, Dsf P
(ih the dimensionless mass transfer correlations) will
be the sanie at the two scales.

Ii

What \'fill be different will the nature of t.he film
through which mass transfer is ::'r-king place. The
hydrodynamics of the system as manii€'<':tedin such things

c:

as the carbon.-solution slip velocity and the size and
nat..Llre of eddieS in the slurry affec·t the nature of the
film profoundly. The factOrs that influence these are
ehe size ~:ld rotational spe{~d,of the impeller and the
geometry of the impeller andi'-the mixirlg system. These
factors have been discussed already in Chapter 2. The
difficulty in developing a aca.Le+upmodel arises from tp.e
diffiC1..1lty of quantif.y;lng the .influence of these factq,rs
on the hydrodynamics icb the first instance and ultimat~ly

'<I

on the transfer coefiicient itself.

The mass transfer correlations described in ehe previous
section attempt to db this by means of dimensionless
parametet;5S that. have pl).ysical significance. 'rhe
differences in the hydrodynamics are accounted f.>r by the
Reynolds number and the differences in scale by the
characteristic length, L.

1n defining the Reynolds number, the usual assumption
made is that the particle-fluid slip velocity t u, is
pro~ortional to the notional velocity(26130,39) , as
stated in Equation 3.16.

u .. 1CND 3.16

where N is the rotational speed of the impeller" in
zevo l.ut.Lons per second. Substituting Equa.,.:ion3.16 an
Squaticn 3~:'15, f6r the same vessel geometry and sca Le,

3.17
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As the power is proportional to the speed to theothird
power I (Equation 2.2) I it :{:ollowsfrom Equation 3.17 that
the mass transfer coefficient should be proportional to
power to the exponent 1/6. Most workers who used the
theoretical dimensionless equations (Harriott, Sanger and
Deckwer, Glasbury, Oyama and Sindoh, and Coetzee and
Cloete (26))I found the\jmass transfer coefficient to be,
proportional to power input to the exponent of between
0.1 and 0.3 for various mixer geometries. This is
consistent with the value of 1/6 stated above.

\'J

Nienow (39) used the same approach when considering the
effect of different geometries. He used the more general
correlation Equation 3.17 to obtain:

3.18

Ht: found that Xl generally lies between 0.4 and 0.6 for
efficient suspension geometries and between 0.65 and 0.9
for inefficient geometl:ies. When these values are
substituted into Equation 2.2, it yields=

3.19

with X2 lying °between 0.13 and 0.2 for efficient
geometries, and 0..21 and 0.3 for inefficient geometries.
These values apply to systems in whi.ch the adsorbent was
fully suspended in the liquid.

r.atcerman et al (40) investigating the adsorption of
phenol from water onto activated carbon got a
relationahip for kf to be proporti~aal to the specific
power input to the exponent; of 0.149. They used only one
Lmpe.Ll.er=vea seL configuration but varied the particle
size of the activated.Carbon.

The success of the m~1S transfer correlations in
providing a workable basis for explaining the influence
of hyd,r.(:'!dYI'l.amicson the mass trc..insfercoefficient is
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encouraging and the use of these correlations in
developing a scale-up model will now be considered.

3.3.2

nc'l
I,.'.Derivation of scale-up Equations from Masa

Transfer Correlations
V 0The correlation equat.Lon that is mast amen'ableto the

deveLopment;of scale-up p'roceducea is Equation 3.13. If
this is expanded, the follo\'lingrelat.ion.shipis obtained:
k [L .. ~ ( NL2 P ) r (2) 4f

D, p. pDs
3.20

As already mentioned the terms D$' /..I, P will be the same
at the different scales and may be collected in a
proportionality constant, J, as:

3.21

Equation 3,.20 may be developed in different ways,
depending on whether D or T are used for the
characteristic length. The rotational speed, N in the
these correlation may be replaced using either t.hepower
input, P, 0".t the specific power i.nput,E.
To do this, Equations 3.22 and 3.23 are used.
P ce N3Ds

and

E
p

ex:
?

3.22

3.23

On this basis, the fallowing scale-up models can be
developed.
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i. J.. in both Sh and Re i~ represented by P;

3.24

and

3.25

=

ii. ,1... in.l2..>:')j;h§h and R~ is repre'~~nt!id j;?y T:
, ~'~

\
Equations 3~26 and 3.27 are obtained:

:3.26

and

3.27

iii. L 111 th§ S1;1, an5i in the Re i§ r§prSt~rxt~q RY T gang
D r,~§p~gt:ilvely.:.,

; I

Equations, 3.28 and 3 ..29 are o))tained:t

3.28

and

3.29

i~\~:'\1...,in the ......IDl.._angRe. i§ ,repr!isent!i!g b:!l, 0 ,slid .~,
re§pecti:vely;'

~) ~
Though t:his option has "been tried by some previous
\-!(,")rkex;sas shown in Table 3 .1, .;.t, does not explain the
re:al situation in a mixer. The Re takes care of the
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hydrodynami~s of the mixer and this depends more on the
impeller1.lsed. than on the vessel. In this light, option
ii is also quescionab1e.

IiThe various consnant a in these relationships a~ ~Ii c, m,
V11 '1121 W, z1l z:1 and zJ may be estimated using m~ltiple
regression analysis.

Other Approaches for the Devel?pment of a
'!

Scale-Up Model II Y
!~(

/;/
'.';

The relationship between kLt~nd the speed of agiTation
developed by Nienow(39) - Equation 3.18 may be derived
from the mass transfet correlattOnS, when the only
variable being changed is the impeller speed. Several
workers, however, have ignored the assumptions on which "
this relationship was developed and have suggested that
the kf may correlate only against the speed, power or

3.3~3

specific power ~t different scales.

These approacheS are entirely empirical and do not have
even the weak theoretical basis that tt.B mass transfer
correlations enjoy. This approach yields the following
~elationships - (Equations 3.30 to 3.32)!:
k; 0<: ~1f 3.30

vI)
;'/

kf 0<: plt~

and

kf 0<: EX.

3.31

3.32

It is known that the TID ratio influences the impeller
speed at which particles are suspended. It is probable
therefore that the TIn ratio will influence the mass
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transfer coefficient. Three further oempirical
\)relationships (Equations 3.33 to 3.35) maybe considered:

3.33

kt ex: p t) (Dj T) t4
r v

3.34
<~

and

kf ee sts (D/ T) e, 3.35

3.3.4 Summary

In the d:k.scussions so far I a number of potential scale-up
I)

models have been deve~pped. These are Equations 3.24 to
3.35. In Chapter 5 the usefulness of these models will
be tested using the experimental data described in
Chapter 4.

3.4 DE~ERMINATION OF TaE POWER TO JUST ASSIMILATE THE
CARBON

Nienow(39) I and Coetzee and Cloete (26) reported the
effect of conduct.Lnq mass transfer experiments at speeds
above and below that required t? ensu.re that all.
parti~les are fully mixed in the slurry. They reported
that as the speed Lncxeases the film transfer: coeffi.-.::ierit

0,:

increases rapidly up to the point where the adsorbent
particles are fully Lnecrpor-at.ed into the so.tut Lon,
Thereafter its value increases at!' a much slower rat.e as
the impeller speed increases. The phenomenon 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 1mpeller speed increases. Once
all the particles have been incorporated, the value of
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the transfer coefficient increas6$ only as a result of
the increasing intensity of agitation.

Nienow(39) suggesteq'i that .no matter what mixer geometry
is being used the hydrodynamics o~ a given adsorption
system should be very similar at the point at },lh.icha,11
the adsorbent particles have just been assimilated. The
film transfer coefficient aj: th~\,spoint - defined as kf,jll

should therefore have the aame v. .ue for all mixing
geometries. T\lis effect has found significant support
from severnl :iinvestigat.ors- Ni\·, and Miles (38) /' and
Coetzee and Cloet~((:.f6}•

Clearly the possibility that kf, ja may be scale
independent is most significant. The measurement .of kf, ja"
~nd the associated speed, Njal power, Pji? and specif~c
powerI Ejaf was therefore investig?i-Ati in this work. This
was done by plotting kf agaj '''' speed or powet' on
logarithmic scale. This ,results .1.u two s~ts of straight
lines that intercept at the ,\speed requireq to just
assimilate the carbon particles, Nja (39). The slope of
th> line for. the' speeds in excess of N'a is lower than
that of the line for speeds below Nj",.

The procedure adopt.ed in this wor.kwill r.owbe descrihed.
In '"Irder to est:~mate the value cf kf, jill Nja and Pjill the
relationship between kl,' and speed o~ power above and
below the (just-assimilated' pO,ipt needs to be

( J
established. As will be seen in Chapter 5, these
relationships manifest as straight lines when the
logarithm of kf ig; plot.ted against' the logarithm of N or
P.. Represent':' .g logarithm kf aN Yard logarithm P or
logarithm N as X, the following two relationships
therefore"apply:

y ...a t ~x
- 0 + 'Yx

for .~:-:
for x » xt

3.36
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where x, repr~esent'3the Nja or Pja, or eja• (J. and 0 are the
intercepts on the ordinate axis, and P and 'Yare the
slopes of the lines below and above xt•

1;n order to obtain accurate veLue s, a Fortran program
based on Least Squares Minimization of the errors between
the model and experimental points was written. The
program is able to estimate the Lntiez cept s W~\th the kf
3.xis (thus the values of ex. and 0), the two slibpes (the
values of P and 'Y)and the point of intersection of the
two lines, (xt1k,f.,ja). The stat.istical theory developed
and the program are outlined in Appendices 3A and 3B,
respectively.

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
modeJ.s developed could be tested statistlGally for
adequacy. Hence for exhaustive treatment of the process
of estima:tion of parameters, the process must follow the
following steps(42,43):

estimate the values of the parametersj
test statistically the degree to w}1ich the mod.el fits
the experimental data, and
estimate the errors in the parameters (ie the
cor.fldence intervals for the parameters) •

The analyses that were conducted are dd scus sed in Chapter
5.
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CHAPTER FOUR

EXPERIMENTAL

4.1 INTRODUCTION

The experimental work is needed to measure the dependence
of the mass transfer coefficient on the mixer geometry
and agitat~on intensity. In 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 coe'fficient
would therefore be the result of differences in geometry
and agitation intensity, Secondlfl, careful consideration
of which geometries should be tested was necessary.
Finally, the agitation systems themselves and the power
meaSL1rement procedures needed to be set up and tested.

4.2 'raEOESIGN or THE ADSORPTION CHEMISTRY

In the design of the adsorption chemistry, consideration
was given to the selection of the initial gold
concentration, deSigning the same solution chemistry rand
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 ppm. However, plants that process
leached calcines have much higher gold concentration. As
discussed in Chapt;er 3, the gold concentration of the
initial solution should be below 8 ppm in order to
minimise the influence of intraparticle diffusion on the
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adsorption rate.

4.2.2 Solution Chemistry

To ensure t.hat.et.he sc Lut.Lontchemi.s trv was the same in all
t~sts and that the $01 ...ions were relevant to plant
practice, synthetic solutions were prepared according to
the AARL'recipe (2, 19), namely:

Boric acid (H3B03) at .3.,1 gil,

Calcium Chlr-;.ride ·(CaClz• HaO)at 3.2 gIL,

Sodium cyanide (NaCN)at 200 mgll, and
Sodium Hydroxide (NaOH)at 1.75 gil to achieve a
solution pH of about 10. (A Knick pH-Meter 761
Calimatic was used for all pH measurements) .

The reagents were all of analytical grade. The gold was
added as pot.as sLum aurocyanide, (KAu(CN)2)' a pure

',.1

crystalline salt with about 68%gold. An appropriate
"quantity was dissolved inthe buffer solution to make its

gold concentration to between 3 andS ppm.

Distilled water was used in the preparation of the
solutions for the small scale tests. However, du~ to
'large volumes x'equired to fill the large scale vessels,
tap water was used in making up the solutions for these
tests. The solution was prepared at least a day before
use to ensure adequate formation of the aurocyanide
complex (2,19).

4.2.3 "Carbon

It was desil:able to use an activated carbon. that is used
commercially. A large sample of coconut based
activated r.arbon
Gold Plant 1. It
It was washed

was obtained from Western Deep Levels
was sieved to between 2.36 and 1.00 mm.
thoroughly with water and in 5%
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#
hydrochloric acid solution to remove all fines and then!
rinsed generously with water and dried at 1100 C. ?n~
day prior to eacn, test the required amount of the dr~e(f
carbon was taken and soaked in distilled water to rem('v\~
entrapped air in the pa'rticles. ",The quantity of carbo~\

\
used was the amour.c needed to achieve a carbon
concentration of 5 gIL of slurry.

. . ~
An attempt was made to det.ermf.ne the dens Lt.y of the
carbon using a pycnometer but failed. BeC'111c:;eof the
adsorptive properties of the carbon pa,rticles it was not
possible to get stable readings from the pycnometer. The

.=
density of the dried, activated carbon was, therefore,
es t i.mated by assuming that the particles were spherical -
the assumption made in the derivation of Equation 3.9.
The mass of a quantity of d. ~ed activated carbon was
measured, an9. the number of F,:ll:t.icles was counted (4).
From this, the densit.y, Pc oi was estimated using
Equation 4.1.

Density, Pa •

wheze Me is the mass of the carbon,
Nc is the number of particles of carbon and'
d is the mean diameter of these particles.

The, average density of, the carbon estimated in this way
was 762.~ kgm-3• Van Deventer(4), Le Raux et al(19) and
Van der Merwe(46) rE::ported 900, 818 and 838.8 kgm-3,
respectively. The va.Lue obtained in this work is
slightly lower than these values. However, the er:cor is
not important because it is consistent. All values of kf
reported in this thesis are offset by an amount
determined by the magnitude of the error in the density
of the carbon. However, it was/'considered preferable to
use these values for the mass tranSfer coefficient,
rather than to avoid the error by reporting values of the
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product of the mass transfer coefficient and the specific
film area. The scale-up procedure in both cases would be
the same.

4.2.4 Inert Solids
'\

It was necessar'f to use slurry instead Of solution ..!
because of the significant effect that' solid part':'cles
have on the film mass transfer coefficient, kfl (47). ,In
addition this was necessary because the scale-up
procedure to be developed must be applicable to normal
plant practice. Therefore, the solids used 'dere the same
for all tests and typical of plant conditions. A
synthetic sand (pure .silica, Si02) was considered but
rejected becapse it was too fine and it was not really a
typical plant sand. Instead, filter plant residue 1Fom
Western DeepLevels Gold Pla.nt 2 was used. The impadLof
any residual gold in this residue was considered
insignificant compared to errors that could arise from
using synthetic solids and/or wrongly sized sand. rrhe
filter residue was dried, mixed, sampled and stored in
plastic bags. The density of the\')1:r:ied sand was 2725
kgm-land its particle size distribution was as given in
Tab]!e4.1. The slurry density used in all kd.net.Lc tests
was 1.45 kgl-1, which is typical for ope.cating
pla.nts (9; 10) •
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Table 4.1: Particle size distribution of the solids used
for the slur.ry.

sieve size r~tained
..~

cumulat.ive% mass . %

(rq,;i.crometre) ,passing
-

+ 150 2.5 97.5._
,_

,,+ 90 17.9 79.6
'\

-1) 75 7.4 72.2
- ~

+ 0 72.2

4.3 GEOMEWRICAL CONSIDERATIONS
i,\
\II

Baffled flat" bot.t ome. open cylindrical vessels are the
most widely ~lmployedin South African C ~'9 plants. This

\l

type of vess~t was sel~cted for. this investigation.

The diameters of the ve sseLs used were 185, 305, 330, 690 .'
H

and 1200 mm. Th~ volume 0'£ the smallest vessel- 185 mm
diameter - was approximately 5 litres which is the
volume of beakers that are often used in laboratory
studies. The volume of the biggest vessel used was about
1360 litres. Facilit,ies were not available to conduct
tests in vessels larger than this ..

'I
Th~~.baffle design that was selected is given in 'rable
4.2. Due to the limitations of time and cost, the
ro.t.ios of the height of the slurry ~nd the height c·f the
impeller from the bottom of the vessel to the diameter of
the vessel were held fixed at 1 and 0.25 respecti v ~y.
These configurations are typical of South African
practice and no variations on't:hem were studied in this
work.

HydrOfoil impellers have been found to consumeless powet·
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than pitched blade turbines in keeping ore particles in
::0

euspens Lcnj i.O) , Consequently this has been the preferr:ed
type in many South African ClP Lns tall.atLons , No other
type was investigated in this study.

Hydrofoil impellers of diameters 110, 130, 142, 275 and
480 mm were obtained from Remix (J?ty)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.

Table 4.2: Ba;f;fleDesign for the vessels used .
c )1

No. of baffles
Width of baffles
H~:.j.gh't of baffles
Clearance above vessel base
Clearance from vessel wall

" 4

0.10'1:'*
T

O.()75T
O.02T

* T is the ~jameter of the vessel.

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 \'las calculated by maasur Lnq the torque exerted on
"the slurry due to the rotation of the impeller. In

o:r:derto be able to measure this torque, either the drive
arrangement or the vessel W(lS mounted in such a way that
it was f:cee to rotate. The force required to restrain
this motion when the slurry was agitated was then
measuxed , 'l'heforce was measured us":'nga RO'l)teOptelec
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Model 338 load 'ell. This had a maximumrange of 2000 g
accurate to 0.1 g.

(r

The load cell was ca.l.Lbz at.ed using loads of knownmasses.
The calibration curve and its equation are given in
Figure 4.1.

T~vodifficulties occurred in the measurement of the power
Lnpnt; for agitation, namely f;t:'iction and fluctuations :i.n/'1

the' force readings. These were overcome as follows:

4.4.1 Dealing with Friction

An estimate of the static frictional torque, tfdl was
obtained for the different agitat:Lon system's as described
in Appendices 2A and 2B. The dynamic frictional torque
would be less than tfd' rn the calculation of the powerr
however, it was assumed to be equal to 'tid'

Friction was accounted for I using the following
prro cedur e t

The torque e·.:er'ted on the load cell, 't1cl is given by:

4.2

where 11 is the perpendJ.cular distance from the axis of
the agitator to the point at which the force, I) F, is
applied to the load cell.

From a torque balance, the total torque, 't, applied to
the agitator is given by:

't .. 't lc: + 't frJ.c: 4.3
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The corresponding applied power is given by:

Power for eq itzetiLon, (W) N'" r .21C60 4.4

where N is the speed of agitation in revolutions per
minute, and the units of torqu~ are Newton met.res.

4.4.2 Dealing with Fluctuations

Due to the turbulent nature of the slurry in the mixing
vessel, the force exerted on the load cell fluctuated
considerably. Two measures were adopted in order to
obt af.n a satisfactory measure of the mean force exerted.
Firstly, the signal from the load cell was dampened
electronically. The circuit that was found most suitable
to do this is shown in Figure 4.2. This arrangement was
sufficient to dampen the fluctuations in the tests
conduct> in the sr,~all vessels (185, 305 and 330 rom
diameter vessels). In the two large vessels (690 and
1200 mmdiamet~'vessels), mechanical dampening was also
necessary. The systems used to do this are described ~.n

'_:'"
the next section.

4 • 5 TH& "AGI'rATION SYSTEMS USErJ
",\,

FOr each geometry needed to measure the film mass
transfer coefficient, at least six tests are required to
est.irnate the parameters in Equation 3.36.

185, :05 and 330 mm diamQter vessels

With these vessels, the torque required to restrain the
motion of the vessel was measured. The ves seLs were
mounted on a torque table, the movement of which was
restrained through a plate that rested against the load
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cell. The schematic diagram of this arrangement is shown
in Figure 4.3.

The friction in the table bearing was detel.-mined by
putting a string around the turntable while the impeller
was stopped and hanging different loads at the end of the
string over a small stationary bar. The fricti.'m on this
small bar was also estimated. The procedure is out.Ld.ned
in Appendix 2A.

= 4.5.2 690 and 1200 nun diameter vessels

The machand.ca),arra,.ngeme.ntsof these two mixing systems
are shown in Figures 4.4 and 4.5. In bo+h cases, the
dri ve 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 l.evel of power input in these vessels,
the fluctuations in the load cell readings were not
satisfactorily dampenedusing the eLect rond,cmeans alone.
It was necessary to employ mechanical dampeni.nq as well.
This was achieved using a spring and a dash pot system as
indicated in Figures 4.4 and 4.5.

The static frictior. in the system was estimated by
attaching a nylon string to the impeller and taking it
over a small bar and attaching loads of knownmasses to
its end. The details of the measurement are outlined in
Appendix 2B.

4.6 KINETIC TESTS

For each agitation system,
proceeded along similar lines.

the k.:i.netic experiment
The :required volume of
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synthetic gold-bearing solution was made up. The
required amount of the dry mine residue was char-qed to
this. The speed of the impeller was adjusted tel the
desired value. The temperature of the slurry was taken ..~
An initial sample of the slurry was' taken. The pre-
soaked carBon ~'Tas then poured into the slurry as qud.ck Ly

as possible and the time was noted. Samples were taken
every other minute for the first ten minutes. Each
sample was immediately passed through a 500 micron sieve
to remove carbon particles after which the sample vee
filtered. 'rhe gold concentrations of the samples were
later determIned using Atomic Absorption Spectrometer
(AAS) •

When conducting tests in the two larger systems G

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 sieVe to remove the carbon from it. The
physical arrangements are show in Figures 4.4 and 4.5.
In the case of the J200 mmdiameter vessel some tests
were conducted using the r~sidual slurry f r om the;
.>
previous tests. In such cases the gold concentration ','Of
the slurry was increased to' around the desired v~Huei
before the next kinetic test was started. This wa.?r,done
by adding pot.assium aurocyanide solution.

The film mass transfer coefficient was determined from
this data as described in Section 3.1.3.

4.7 REPRODUCIBILITY TESTS

Before embarking on the experimental program, the
reproducibility of the experimental procedure described
in the previous section was investigated. The tests ~Tere
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conducted in the 305 romd~ameter vessel using the 130 mm
d.iam~~er impeller. The f·:i.lmmass ·transfer coefficients
were det.ermi.ned four times at each of three agitation
speeds namely, 200, 400 and 600 rpm. Mine dump sand w-as
used tor the inert solids ne~ded to make up the slurry.
This sand was different from the one used in the rest of
the test-work. It was coarser and had. a different
~articl~ size distribution. In all other respects, for
'~f~ample\,he chemistry of the solution, the test procedure

",. \' ',,
employeti was as described above.

The results of the reproducibility tests al'e recorded in
(\

Table 4.3. The percent relative standard deviations of
the kf values for th~ 600, 400 and 200 rpm value are
3.2, 5.2 and 33.2 respectively. The result:.s' show
satisfactory';'reproducibility in the determination of kf
at 400 and 600 rpm. As shown in the table, the relative
standard deviations were :,<\ 3.3 and 5.2 per ceht
respectively. The relativeiy higher variance value of
kf at 200 rpm, can be attributed to the agitati!bn
inter},sity being insuffi.cient to f'llly assimilate the
carbi6n. Assimilation vf qarborl ....1111 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 mmdiameter impeller in the 305
mmdiameter vessel)

Agitation 600 400 200
Speed (rpm)

Test No. kt: x 105 kf X 105 - ke x lOS
\.;

1 3.91 3.09 2.22

2 1 4.12 3.00 1. 70
,:'" , :....

3 c' ;,1 3.81 2.92 1.21
..:._"
,\

4 '3.95 3.29 1.09

mean kt: 3.95
/

3.07 , 1.55

std. dev. 0.13 0.16 0.52
".

% r e l . std. 3.3 5.2 33.2
dev.

95% G. I. 3.95±O.21 3.091;0.25 1.53'.,·0.83
" i~,

95%C.I. 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 measurement s at 200 rpm. This
is expact.ed 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 deviations
ranging from 1.8 to 3.9 per cent.
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Table 4.4: Reproducibility in the estimation of power
input (130 romdiameter impeller in the 305 romdiameter
vessel)

-> (\~
Agitati,on 600 400 200
Speed (rpm) .c

.'

Test No. P (W) P (W) P (W)
- " ~

1 19.46 8.45 2.31

2 19.59 8.43 2.15

;) 20.12 .J ,. 8.47 2.16
-."___'

I,·
-_

4 19.83 9.01 2.12
.;~i ' .

MeanPower 19.83 8.59 2.191:',,---- JI '"

st.cl, dev , 0.37 0.28 0.085
\':

% relative 1.80 3.27 3.89
std. dey. ,

" .i.
95% 19~83±O.57 I I'..· 2.19*0.14c. I. t 3.59±0;45

J

95% c.r. is th:.~ 95% confidence interval.

4.8. RESULTS

The power data as calculated acc9tding to the procedure
given in Section 4.5 are presented in ~ppendix lA and
summarized in Table 4.5.

The data from the various kinetic tests conducted are
presented in Appendix lB and in Figures 4.6 to 4.14. The
film mass transfE;':~'coefficients calculated from the data

\ '.
according to the· procedure given in Section 4.6 are
presented in Table 4.6.
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Table 4.5: The power data
vessel configurations

~.

\\\u
jJfori!the various
II
I'

II
impeller-

-;::.:::~~/ '\
r ~\

Impeller+v-essel Speed Power spee~ Power
diameter (mm) (rr.:m) (W) (rpm) (W)

200 1.59 400 5.38
110 250 2.14 500 7.74
+ 270 " 2.64 550 ; 9.98

"1.85 300 3.33 600 12.23
110 300 2.75 500 7.94
+ 400 5.25 600 13.13

305 450 6.92 7DO 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
+ 230 4.14 500 21.65

305 300 5.25 600 39.64
110 300 2.45 600 15.08
+ 400 4.76 650 17.61

330 500 9.99 700 20.79
550 12.88 800 34.79
250 2.43 500 14.66

130 300
,

4.8,9 550 19.29
+ 350 7.58 600 24.35

330 390 10.9~. 650 30.65
200 2.16 400 15.25

142 250 3.88 500 21.86
+ 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 59.19 309 110.31- <.-
480 110 260.02 140 350.29
+ 1:25 297.44 150 421.02

1200 131 326.81 162 467.09._.
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Table 4.6: The film mass transfer coefficient obtaio;dtl
(~/

for the vari.ous impeller-vessel conf Lqurat.Lons

Impeller+vessel Speed kExl0-5 Speed kfx10-s
diameters (mm) (rpm) (ms-i) (rpm) :(ms-1)

o l'~i

200 ',' 0.43 400 3.90
110 250 2.67 500 4.05
',+ 270 3.00 550 4.17
185 300 3.69 600 4.20-110 300 L 89- 500 3.66
+ 400 2.86 600 3.80

305 450 3.36 700 3.97 ..

200 1.088 500 3.771
130 300 2.253 600 3.954
+ 350 3.902 650 4.108

305 400 3.389
142 200 1.135 400 3.654
+ 250 1.896 500 3.797

305 300 2.777 600 4.129
110 300 0.70 600 3.62

400 1.59 650~ 3.72+
330 5'00 2.36 700 3.86

550 3.30 800 4.13
250 C.51 500 3.88

130 300 1.20 550 3.97
+ 350 1.98 600 4.00

330 390 3.25 650 4.11
200 0.43 ' 400 3.66

142 250 o ,Cd 9 i'500 I;l 3.96
+ 300 1.88 550 4.10

330 350 2.79 640 4.30
<;~\275 149 2.21 261 3.67

+ 171 2.44 283 3.76
690 200 2.92 309 3.87
480 110 1.19 140 3.30
+ 125 2.10 150 3.39

1200 131 2.97 162 3.46
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CHAPTER FIVE·

DISCUSSIONS OF THE RESULTS

In this chapt.ez , the results obtained in .t.he
Lnve st.Lqat.Lonare discussed and compared with available
information.

'-~,

5.1 KINETIC b~TA
\:.\

Fig'ures 4.6 to 4.14 show clearly that the concentration-
time data represented by the simple film diffusion model
(Equation 3.9) represents the initial adsorption data
wall . Of the sixty three kf.net.Lctests conducted, only
five gave results that were not fitted well by Equation
3.9. The correlation coefficient for each line is given
in Appendix lB.
As expected, the data shows that the greater the speed of
agitation, the greater the magnitude of the slopes of the
plots.

5.2 THE INFLUENCE OF AGITATION SPEED AND POWER ON THE
MASS TRANSFER COEFFICIENTS

Figures 5.1 to 5.10 show how the film mass transfer
coefficient, kf, varies with the speed or (power input in
the different agitation systems tested. As can be seen,
when the data for a" given system is plotted usLnq
logarithmic scales, two straight lines,q,reobtained. As
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 assimilated. The data
was analyzed as described in Section 3.4, by fitting a
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bi-linear model (Equation 3.36) to the data.

Since repeat iaeaauz-emerrts were not conducted, no formal
test for lack of fit of the model (44) can be done.
However, the regression correlation coefficient does give

FboU\ quantitative and qualitative infori'if:z;.'":-ionon the
]'1 •

goodness of fit of the model to the experimental data
(44). A prograw used to determine the correlation
coeffid.ent of the model to the data is qi.venin Appendix
4B. As shown in Table 5.1, it is clear that the model
fits the data well.

Figure 5.1: Fittin~ the Bi-linear Model

impeller + Corr. Coeff. Corr. Coeff.
vessel diameter from Speed from Power

(mm) data # data *
110 + 185 0.9981 0.9870
110 + 305 0.9999 0.9999
130 + 305 0.9997 0.9988
142 + 305 0.9996 0.9998
110 + 330 o . 9'9'74 0.9922
130 + 330 0.9988 0.9998
142 + 33.0 0.9989 0.9987

_~~75 + 690 0.9988 0.9996
480 + 1200 0.9964 0.9999

# 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 by
fitting this model to the mass transfer and speed/power
data. The first 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 relationship between
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 coefficien2 and the
speed or power will have simple power relationship. This

!_I '

is born out in Figures 5.1 to 5.10. What is important for
scat.a-up is the value of the exponent on }:.IOItler(or speed)
in the relationship. Only the data above the just
as sLrrj.Lat ed point is relevant to this discussion.

As can be seen from Table 5.2, the exponents on flower, P,
or t.he specific power, E, (in Equations 3.31 and 3.32)
vary from 0.0736 to 0.1619. The mean value is 0.1225
with cl standard deviation of 0.035. The values found are
quite close to the range predicted by Nienow(39)
(Equa';:.ions 3.18 and 3.19) - that is 0.12 to 0.2. Values
found by other workers are as follows. Coetzee and
cLoete (26), in two sets of experiments, used prochem
impeliers and inclined blade turbines to adsorb sodium
onto i:-esins and silver cyanide onto activated carbon from
clear water and slurry. The values of the ex.ponents that
they obtained were 0.167, 0.203 and 0.265, respectively.
Lai\tet:'ntf'.net al (40), adsorbing phenol from clear water

\\
on~\o activated carbon using a plate turbine got kf to be

il

pr~portional to the specific power to the exponent of
Iio . ~\49.
\\
\\
\~\

The vii.Lues found in the current work are generally lower
than the values 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 adsbrption. The systems used
by the authors mentioned were also quite different from
the one used for the present data, and as would be seen
later, this can lead to significant variations 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. T14.evalues are
rather scattered and appead:'to have no dependence on
vessel size. This observation corroborates the
suggestions of Coetzee and Cloete(26), and Nienow and

-..'Miles (38) that the exponent of the power in the kf -

power relation above the 'just assimilated' condition is
constant and independ~nt of scale and geometry.

Table 5.2: Values of the exponents of E and N for the
var Lous imp"2!11erIvessel geometries- (N > Njll - Equation
3.30 and E > Eja - Equation 3.32)

vessel Impeller Exponent, Exponent,
diam"2!ter diameter Xl on N X3 on E

I

(mm) (mm)

185 110 0.1909 0.1026
, '-"

~,

110 0.2406 0.0768
305 130 0.3830 0.1529

142 0.2966 0.0970
'.'

,;

110 0.4654 0.1564 t "
330 130 0.2054 0.0736

142 0.3447 0.1450
690 275 0.1145 0.1362
1200 ~80 0.3234 0.1619

Plotting on one diagram all the data generated in this
work as shown in Figure 5.12, further supports such a
contention.

82



.-I

() 0
.-I 1.60
X

,.....
r..w 1.40
e_
o
,.J.) 1.20
J:
Il)
c
[ 1.00 *X 6-

CJ.l

M 0.80
X

Impeller + Vessel
diamel:.ers (mm)

* 110 + 185or UO .. 305
+ J30" 30S
6. 142 + 30S
o no + 330
X 130 .. 330
• 142'" 330
• 275 + 690
• foOO + 1200

250 500 150 1000 1259

Vessel diameter (mm)
1;

=

vessel diameter

83

Figure 5.11: The exponentcX3 (Equation 3.32) of E vrs



2
,..,....• '"E......
to..

10-5~
9
a
",'

6

S

...

3

rrnpel.ler + vessel
drame cer-s Cmm)

"* )( 110 + 185
.. 4HO.,. 305
x---x 130 .,. 305
0--E) g2 + 305
8---8.110 + 330
• -130 + 330
+---l 14-2 + 330
I:3----r:l 275 + 690
• • .t-BO + 1200

S 6 789 ,
10.1

2 3 ... S6~189

10°

Power input pel' unit mass (W kg-I)

2

:E'igure5.12: The effect of specific powe r input on
the film mass transfer coefficient for,the various
impeller-vessel configurations

84
;';



5.4 TESTING THE POTENT~ SCALE-UP MODELS

In the last section the relationship between the mass
transfer coefficient and the power was studied using data
from a given agitation system. The concluding remarks
and Figure 5.12 suggest that the simple relat.ionship
between kf and specific power that applies for one
agitation syst~m may apply to a different system. This
lends support to the scale~up model described previously
in Equt'ltion3.32. 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 rigorously.

,

This is done by conducting a\\re~ression analysis on all
\\ ",:./1the acquired data, above the.)'l,ust assimilated' point.

The scale-up models to be te§ted are Equations 3.24 to
3.35. The fou r' parameter models (Equations 3.28 and
3.29), howeveJ~, were not tested because the avad.LabLe..)
data was considered too few to make the estimated values
generally valid.

In the comparativ'/an~lysis to choose the best model from
among the potential scale-up models I the sum of the
squares of the relative errors between the predicted and
actual values at each data point wer~ determined to
ensure equal weighting to each point. 'rhe muLtLpLe
cotl~el,tion coefficient of the regression analysis, r,
for each model was also, determined. The best parameter
values for the~e mOdels as well as the relevant
regression statistics are presentert ill 1 5.3.

\, '\From the table, it is clear that EquatiOI';~s:.5~r and 5.2
represent the data best. It is not immediately obvious
whether. or not:Equation 5.1 is better than Equation 5.2
because although the correlation coefficients are fairly
similar I the former has three parameters while the latter
has only two. Both models have different degre-:s of
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Table 5.3= Testing of the Scale-up models

c'-
Model Expression x 105 Eqt.ation r. Mean of Sum of Std. Dev. of I
No. No. ,Squares of R.E. Mean of SSRE i

3.35 kr = ~.B54 Eo.:g7 (T/D) ° 089 5.1 0.930 5.848 x 10-4 5.576 X 10c-
4 i

3.32 kr = 4.124 EO•I05 /~ 5.2 0.907 7,617 x lO-~ 1.146 X 10-4

3.33 kf = 2.14 No.l15{'rID} -~.1,36 5.3 0.821 1.438 x 10-:1 2.544 x 10-'

3.24 kf = ,-J_. 012 Nl'·167 DO.06Z 5.4 0.773 1.760 x 10-3 2,. 381 JI~ 10-3

3.26 k{ "" 2.05 No.1T-o.Ol! 5 .- 0.753 1.870 x 10-3 2.93 X 10-3.0

3.30 kf "" 1.94 No.n ,"cc 5.6 0'''0748 1.948 x 10-3 2.90 X 10-3

3.25 kr = 3.10 6 D-Q·24~(Et/3T) 0.194 5.7 0.753 1.906 x 10-3 2.475 X 10-3

3.27 kr "" :3 .121 TO.O!):! (ED-S)0.035 5.8 0.722 2.110 x 10-3 2.940 X 10-3

3.34 k[ = 4.24 p-O.015 {T/D)-o.o5lr 5.9 0.356 3.838 x ~0-3 4.964 X 10-3

R.E. is the r~lative errors

I::
S,SREis sum of squares of relative errors

(,

("

';'/':'.:;~':::"::,,>
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C

freedom - and this, an lead to misleading conclusions.

A sta~istical test used by Mays and King(48) for
comparing models addresses C,his problem. The method
assumes that models A and B exist and have InA and rna
number of parameters respectively. If ina is less than rnA

then a statistic A.AB is defined. by:

i.' A.AB -
(SB - SA ) I (mA - [(IB)

S) (1'1 - mJl)
5.10

where SA is the sum of squares of the residuals due to
model A, Sa is the sum of squaee s of the residuals due to
model B. N is the number of experimental points
involved. The statistic A.AB may be used as aILmeans of
testing whether or not. model A is better than 'model B.
If "'AS is less than the E' (mA-mB), (N-mA) stat.istic at a gi~len
level of confidence, then model B is statistically b~tter
than model A.

The values ·of the relevant variables with Equation 5; 1
\\ '

being model A and Equation 5.2 being model B, are: I;,

SA -·2.7554 X 10-11, SB = 3.6515 X 10-'11 N = 33, ll.1A = 3,
rna = 2 and A.AB = 9. 756 •

"
F :om Statistical tables F1,30 = 4.17 (at 95% conf idence
level) and == 7.56 (at 99%confidence level). Since A.~:i

is significantly greater than. F1,30 at both 95 and 99 %
confidence levels, model A (the three parameter model is
statistically better than model B (the two parameter
model). The usefulness of Equation 5.1 is demonstrated
in Figure 5.13 by the fact that the data points all lie
within a 5%error band.
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5.5 THE FILM MASS TRAN'" 11\ COEFFICIENT AT THE 'JUST

ASSIMILATED' CONDITIO~

The values of the film mass transfer coefficient at the
'just assimilated' point, kt,jal have been estimated using
the bi~linear model. These vaLues are presented in Table
5.4. In Figures 5.14 and 5~15, they have been plotted
against the speed, Nja and specific power, Ejo!l that are
required to just assimilate the -;arbonparticles into the
slurry. It is clear that the values of kE, ja are very
similar despite the widely different speeds and power
inputs at which the 'just assimilated' conditions
occurred for the various impeller-vessel configurat1ons.
Nienow and Miles(38) came to a similar conclusion when
they plotted kf• js against the power per uni,t mass of
slurry for forty different impeller-vessel
configurations.

Table 5.4: kf, ja values obtained from the speed and power
data for the va):-iousimpeller/vessel geometr:i~s.

Impeller and kt• jo x 105

Vessel
diameter (rnm) From Speed data I:"'romPower data

,';

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 3.5~ 3.62
130 + 330 3.71: 3.84

,
142 + 330 3.57 2.52
275 + 690 3.64 3.64
480 + 1200 3.26 3.27 i'

This observation is important because it suggests that
k'~/:J1l is scale independent a fact that could be
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exploited in developing a useful scale· ~p procedure. To
test this hypothesis, the mean value of kfd.l 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 kf• ja = 3.52xlO-s ms "

with relative standard deviation of 4.62%.
using the specific power data, the mean kf, ja =
3.55xl0-s ms " with relative standard deviation of
4.94%.
using both speed and specific power data, the mean
kf• ja = 3.54 X 10-5 ms? with relative standard
deviation of 4.66%.

The standard deviation associated with the meas.urement of
the film transfer coefficient was shown in Section 4.7 tv
be in the range 3.3 to 5.2%. The standard deviations of
the estimates of the value of kf,)a are in the same range.
Clearly there iS1 t~erefore, no discernible difference
between the different estimates of kf,~. Nienow's
contention that kf, ja may be scale independent appears :to
be valid.

Before leaving this topic, a further question needs to be
addressed. Thi~ concerns whether or not there is
difference between the values of kf,~ estimated from the
speed data and the values estimated using the power data.

(\,
This question was considered by conducting a pairing
comparison. This assumes that the differenc~s between
the values of related data constitute a random sample
from a normal population, N(8, 0'0)' The pairs (Xl,I Yi)
(for i = 1, 2, ... 9) are independent, but Xi and Y1 within
the pair are usually dependent. Let Xi represent kf, ja

values from the speed data and Y1 the kf,ja values from the
power data (in Table 5.4). The paired difference dt is':
then defined as:
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5.11

The mean, 5, and standard deviation, aD' of the set of di
values are respectively -0.0356 and 0.061. The 95%
confidence interval for the mean, 0, can then be
determined. Using the t-Tables the value of to.02S, at 8
degrees of freedom is 2.306. Hence the 95% confidence
interval for the mean paired difference should be:

_ 0.0356:1:2.306 0.061
{9

5.12

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 t.estthe significance of the difference between the X
and Y data at a 95% confidence level (a = 0.05) the one
sided rejection region that requires t to have a value
'greater than to.os::::1.860, where

t - I S I I -0.0356 , - 1.75
laDln~ a 0.061/rg-

5.13

This is less th:::.nto.os = 1.860 and hence with 95%
confidence, it can be stated that no significant
difference exists between the two methods of ustimating
the kf,ja' This implies that kt• ja can be estimated from
either speed or power data without a significant error.

5,6 THE SPEED/POWER TO JUST ASSIMILATE THE CARBON

It is clear from Figures 5.1 to 5.10 that it is most
important that the degree of agitation is 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 carbon may settle and become locked
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in a sediment at the bottom of the tank. In the tests
conduct.ed in this work the carbon floated when agitation
was not sufficiently intense.

The bi-linear model allows an estimate to be made of the
speed and the power required to just assimilate the
carbon into the slurry. Although this information is not
directly relevant to the scale-up model, it is
nevertheless useful to know and so it will be discussed
i.nsome 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 ,- TID Speed Power Power per
vessel diameter Nja P ja unit mass

(rom) (rpm) (W) E;" (Wkg-1)
-110 + 185 1.682 288 2.86 0.40

110 + 305 2.773 472 7.86 0.24
130 + 305 2.346 365 7.22 0.22
142 + 305 2.148 329 5.95 0.18-110 + 330 3.000 570 14.60 0.36
130 + 330 2.538 404 12.74 0.31
142 oj. 330 2.324 371 10.72 0.26
275 + 690 2.509 255 90.37 0.24._
~80 + 1200 2.500 135 333.82 0.17

As can be seen in Table 5.5, for impellers of the same
,',

design, the larger the diameter, the smaller the power
per unit mass of slurry required to assimilate the carbon
particles. This is in agree.1llentwith the predictions of

\\suspension theory as outline~ in Chapter 2, (Equations
\:

2 .4, 2.5 and 2.7) .
Ii

Chapman et al (36) on analyzing Zwietering's data for
propellers of different diameters in the same vessel,
found Nju to be proportional 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 dd.araet.ezto t.hepower 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 nun
vessels, the following results were obtained:

For the 305 mm vessel:
N ex: D-1.45
Ja 5.14

and for the 330 romvessel r-

N ex: D-1.73
ja 5.:' 5

Looking at the data for the specific po~er input, the
following relationships were obta~ned:

For the 305 mm vessel:
E ex: D-l.04B
)a

5.16 .'

and for the 330 mm vessel:, <:.

5.17

Although the exponents of D found in this work (from
Equations 5.14 and 5.15) 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 to the assimilation of particles that
tend to float.

As Nienow(37) has indicated the subject of the
assimilmtion ~ ~ fl~ating particles has not been studied
adequat.eLy ; The most relevant wor.k that has been
reported is that due to Joosten et al (37) - Equation 2.5 .
.The values of Nja predicted using this equation are
compared with measured values in Table 5.6. (The
predicted :'values were calculated assuming that the
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density of the carbon was 762.9 kgm-3 (as explained in
Section 4.2.3». As c~n ~e seen, the prediction~ are
generally different from the measured values.

Table 5.6: Predicted and measured values for Nja

,

Impeller + Vessel Joosten's Nja from
diameter (rnm) Equation Exptal. work

110 + 185 234 288
110 + 305 584 472
130 + 305 398 365 .-f- - -142 + 305 323 329
110 + 330 675 570
130 + 330 458 404
142 + 330 366 371
275 + 690 308 255
480 + 1200 232 135

To investigate the influence of vessel diameter the data
from three agitation system was considered.
systems in which the TID ratio was similar.
for Eja and N ja for these systems are shown in

'l.'hesewere
The values
Table 5.7.

As can be seen from Figure 5.16, B14 and Nja are strongly
dependent on the vessel dd.ametier.

Table 5.7: The values of E~ and N~ for systems with
similar TID ratios

Vessel Impeller
diameter diameter TID Njl} Bja

T, (rom: Df (rom) (rpm) (Wkg-1)

330 130 2.538 404 0.311
690 375 n 2.509 255 0.240
1200 480 2.500 135 0.170
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The correlation relationships were found to be
5.18

and
5.19

for which the correlation coefficients were -0.987 and
-0.985 respectively. chapmr 1 et a1 (36) obtained a
rel~tionship similar to Equation 5.18 in which the
exponent was -0.28. Their work, howeve~, involved the
suspension of settled solids as ~pposed to the current
work in which floating so:J"idswer~ assimilated. However4-=

they cautioned that minor differences in geometry could
cause d(~,riationsfrom this value.

The data that has been generated may be used to develop
a correlation similar to the Joosten Equation (Equation
2.5) . Taking the form of that eq'fation, correlation
Equations 5.20 and 5.21 were obtained. Their respective
correlati~n coefficients were 0.987 and 0.624.

T 1,09
0<: (_) 0-0•770

D
5.20

and

5.21

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

5 •7 SOURCES OF ERROR XN THIS INVESTlGATIO!~

Errors .in the measurement of torque: In this work, the
static and dynamic friction in the bearings holding the
impeller shaft (or under the torque table} were assun.ad
equal. The problems associated 'l'lithaccounting for
friction have already been discussed.
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Errors arJ.sJ.ngfrom geometrica.l inconsistencies:
Strict geometrical similarity is an. essential
prerequisite for accurate scale-up study. For, example
the thickness of the impeller is not frequently reported
but it has been shown by Chudacek (45) "Coinfluence the
power number. He said even minute varLat.Lons in~;.blade
angle that; cannot be visually distinguished c can be a
source of error. For instance, he reported the results
of expez i.merrt s with two identical blades of equal
diameters. One had its blades set at exact.ly 45° and the
other at 43-44° due to a manufacturinq er:ror. The

"'\\
err9neoq;:: turbine gave a 4.6% lowe:r: value in the pqwer
numbers that could not be otherwise explained. This
highlights the importance of precision of ma.'1ufacturing
of impellers used in these tests.

Similar small geometrical inconsistencies in vessels of
different scales may be a cpntributing factor to the lack

./' ,

of agree~ent between the lS'cale-up relationshlp~ reported
by differerl'l; authors. In this regard, it must be
remembered that the 142 and 480 mmdiameter impellers
used in this investigation were rubber lined and all the
others were not,

Oifferellct)3 in power numbers: All the impellers used 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 , HoweverI the power numbers could be
estimated for each test conducted. This data is

The maximumand minimum valuespr~~septed in Table 5.8.
''',,".;

are 0-.36 and 1.14. As can be seen, all the power
j,r\,

numbers are greatE'r than the nominal V~'fue of 0.35 as
given by the manufacturer. j

Chudacek(45) indicated that power and flow nllffibers are
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dependent on
vessel height,

II
iatpellGr blade
seen ~n thG

impell~r clearance, impeller", diameter,
shape of the bottom of the .vessel and
geometry. Th,e causes of the vaz'Lat.Lons

,;;
mecsured power numbers' have

~-:_.;
not

invE:stigated.
;)

Changes in cyanide concentration: i,,.c.-~~~h the kinetic
experiments conducted in the ..1200 mmdiameter vessel, the
slurry from one test was used in t\,10 subsequent tests
(after aurocyanide had been added). On several occasions
the lengthy pe r.i.ods of agitation that were necessary
betw~~n.,. tests resulted in ~lxcessive dest.ru·cti~!onr- cif

I~

cyanide. This resul ted in an improvement Ln the
aasotpt ion rates due to ':he change in aoLutLori chemistry ..:.in larger scale tests>thecyanide levels were not ~lways
the same. The results from those in which excessive
destruction had occurred were discarded.
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Table 5.8: Power numbers determined for the various
mixing configurations (data above the 'just assimilated'
condition op.ly)

ImpeJ.ler+Vessel Speed Power IPower Number
diame':.er (mm) (rpm) Input (W}.'.. (dimensionless)

300 3.33 1.14
1.10 400 5.38 0.78
+ 500 7.74 0.5'7

165 550 9.98 0.55
600 12.23 0.52

11(1 500 7.94 0.59
+ 600 13.13 0.56

305 700 22.92 0.62
400 8.27 0.52

130 500 12.43 0.40
+ 600 19.31 0.36

:'05 650 27.9'6 0.41 ~,

142 400 11.31 0.46
+ 500 21.65 0.44

1-"
305 600 39,.64 o . 4 ~I- . -600 15.08 0.65
110 650 17.61 0.59
+ 7'00 20.79 0.56

~,

330 800 34.79 o .se-- ":"'-
500 14.66 0.47

130 550 19.29 0.47
+ 600 24.35 0.45

330 650 30.65 0.45
---..11-

400 15.25 0.61
142 500 21.86 0.45
+ 550 30.22 0.49

330 640 44.95 0.441---- . , - --
275 261 95.01 0.51
t 283 113.98 0.48

690 309 140.31 0.45.
480 140 350.29 0.75
+ 150 421.02 0.73

1200 162 467.09 0.64
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CHAPTER SIX

CONCLUSIO~S AND SCALE-UP PROCEDURE

6.1 CONCLUSIONS

The following concl usLc'as may be dr-awn from the work
reported!

The classical film mass transfer diffusion model was
found adequate to represent the rate data of
adsorption of aurocyanide onto activated carbon
during the initial periods of-the kinetic tests.
An incrF.lase in the power input for agitation leads
to an' increase 'i.d the mass transfer rate. <;Thiswill
also lead to an increase in the loss of carbon due
attrition. (This effect was not LnvestLqat.ed in this
work). In selecting the power .to be, applied for
agitation, one consideration is that a maximumrate
of mass transfer to carbon and a minimumloss of
carbon due to attrition s'hould be obtained. Hence
the power selected should be at least that required
to just assj_milate the carbon particles. At Lowe r
pover inputs, the mass trar s:!:er coefficient drops
off rapidly. At higher power inputs, only a small
increase in adsorption rates will occur at. the
expense of an increase in the carbon attrition rate
and power costs.
'rhe film mass transfer coefficient at the ' just
assimilated' condition, kf, ja.} constant and is
independent of impeller-vessel geometry. It maybe
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 specific power input
required to suspend the solids. Thus an impeller-
vessel configuration that is efficient for

102

1\



suspension is also efficient for the adsorption
process. The results show t.hat what is required is
a large low-speed impeller. Such a sys·tem will also
minimize carbon attrition.
Fo;: approximately equal vessel-impeller dia!"~ter

\_ -~
ratios, it was found that the' specific power
required to just assimilate the carbon particles is
propor~Jonal to the vessel diameter to the exponent
of -0.4615.
A sea La-up procedure has been developed from the
current investigation and is presented belcw.

'~

6.2 SCALE-UP PROCEDURE

From the results and discussions of this investigation,
the recommended scale-up procedure for the film mass
transfer coefficient in CIP adsorption syst.ems 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 occ~r or
will occur at full scale. The vessel and impeller
designs must be geometrically similar fOl. the
laboratory and full scale equipment.

2. Run kLnet.Lc experiments at (1 laboratory scale at
different speeds of agitation and determine the
cor re spondi.nq va rues of t!"~.:..specific power input. for
aqLt at i.cn . In the determination of the applied power,
frictional forces must be taken into account. From
the kinet.ic dat a , determine t.he film mass trans re r
coefficient at each speed investigated.

3. CorisLde.r only the data derived from tests ill which tbe
carbon was :f.ully assimilated into the slurry. Which
points these "are may be determined by referring to :1.

logaJ:ithmic plot of k, against speed or specific
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power. Fit these data to Equation 3.35 to obtain
values for K$f ts and ~6' From this work the values
for te and t6 were 0.117 and 0.089 respectively.

3.35

4. Use these values of Kil, ts and t6 to predict the values
of kf at a la.t'ger scale (as indicated by D and T) at
the level of specific power input, E that i~ to be, ,
installed.

5. Thee installed specific Fower, E, should be greater,.
than Bjo - the specific power re~uired to assimilate
all the carbon into the slurry. Th:e value of Eja
should be ;!>btained from mixer supplies or can be
estimated using Equations 5.20 and 6.1:

T ~.09
(_) D-O•771
D

5.20

BJa ... 6.1

(Note: Equation 5.20 applies to the situation where
t.he carbon tends to float. If the carbon tends to
settle, le~s power is required (37».

6. The kf obtained from step ,4 can be ~l6.bstituted into an
appropriate kinetic model so that the performance at
the full scale eIP plant can be simulated.

6.3 LIMITATIONS OF THE SCALE-UP MODEL

The model that has been developed is empirical and
ther~fore it may be valid only in the range of conditions
that has been investigated.

I-'-r

Th.e scal;;,;""up model has been developed for a specific
geometric configuration, namely:
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Impeller configuration:
:bydrofoil impellex:s with a blade angle of 20°,
some were rubber lined and others were not.

Mixer configuration:
flat bottomed cylindrical vessels,
slurry depth to vessel diameter ratio was 1,
the ratio of impeller height off the bottom to vessel
diameter was 0.25,
vessel diamete:r.svaried from 185 to 1200 mm.

Baffle configuration:
four vertical baffles used.
width of baffles was 0.1T, whexe T is the diameter of
the vessel.

The scale-up model that has been deve Loped may be
applicable to other configurations'; but these have ,;"hot
been tested.

6.4 RECOMMENDATIONS FOR FUTURE WOP~

This investigation is an initial attempt to model the
scale-up of typical CIP syst.ems, Ii) is obvd.ous that much

11 •

more research is required in tthis area. The following
areas in particular 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 test~d for
different configurations.
Tests should be conducted in systems with the same
geometry as empIoyed 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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5peeds. This will help to decide how far above the
\} I just assimilated' point" it will be economdcaI to
L' operate.

Regenerated carbon, which is commonly used in the
industry I should be used, Since the particle shape
and surface ,\rQughness are different from those of
virgin carbon, the scale-up parameters may vary from
those found in this W'o~.
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POWER DATA

Impeller diameter = 110 rom and Vessel diameter = 185 rom

speed Mean Load Actual l Meastlred Frictional Power
(rpm) Cell Reading Load Torque Torque (W)

(g) (g) (~lm) (Nm)
200 30.00 32.88 0.0441 0.0320 1.59
250 33.83 37.08 o 0497 0.0320 2.14
270 41.83 45.77 0.(1614 0.0320 2.6·i
300 50.50 55.21 t (J.0740 0.0320 3.33
400 63.50 69.37 0.0931 0.0354 5.38
500 76.75 83.81 I 0.1124 0.0354 7.74
550 %.1'7 102.78 0.1379 0.0354 9.98
600 108.75 , 118.67 0,1592 0.035 .. 12.23

Impeller diameter - 110 romand Vessel diameter: - 305 rom

!
~ ...

Speod Mean Load ,~ctual Measured Frictional Power
(rpm) Cell Reading \~\Load Torque Torque (W)

(g) "',g) (Nm) (Nm)
300 30.00 32.88 0.0441 0.0434 2.75
400 49.50 54.12 0.0726 0.0527 5.2J
450 64.33 70.27 0.0943 0.0525 6.92
500 72.17 78.81 0.1057 0.0460 '1.94
600 104..50 114.03 0.1530 0.0560 13.13
700 171.50 187.01 0.2509 0.0618 22.92

Impeller diameter'" 130 rom and Vessel diameter ...305 rom

Speed Mean Load Actual Measured ~.Frictional I?ower
~l:pm) Cell Reading Load Torque Torque (W)

(g) (g) (Nm) (Nm)
200 54.50 59.57 0.0800 0;0461 2.64300 83.33 91.04 0.1221 0.0434 5.20350 97.00 105.86 0.1420 0.0358 6.52400 101.75 H1.03 0.1489 0.0485 8.27500 123.83 135.08 0.1812 0.0561 12.43600 178.17 194.27 0.2606 0.0467 19.31650 259.50 282.86 0.3794 0.03:1.3 27.96
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Impeller diaU!ater = 142 rom and Vessel diameter = 305 rom
J'

Speed Mean Load Actual Measured. Frictional {'Power
(rpm) C~ll l-teading" Load Torque Torque (W)

(g) (g) (Nm) l\ (Nm)
,) -'

200 54.33 59.39 0.0797 0.0650 3.03
250 66.17 72.28 0.0970 0.0612 4.14
300 71.00 77.54 0.1040 0.0630 5.25
400 129.50 141.26 0.1895 0.0806 11.31
500 252.00 274.69 0.3685 0.0450 21. 65
600 370.33 403.59 0.5414 0.0895 39.64

(

Impelle~ diameter - 110 rom and Vessel diameter = 330 wm

Speed Mean Load Actual Measured Frictional Pm ..er
(rpm) Cell Reading Load Torque Torql.le (W)

(g) tgi (Nm) _u(!!tn)

300 31. 63 34.61.i 0.0465 0.0315 2.45
400 56.00 61.20 0.0821 0.0315 4.76
500 92.33 100.78 0.1352 0.0556 9.99
550 114.83 125.29 0.1681 0.0556 12.88
600 126.0{) 137.46 0.181\4 0.0556 15.08
650 133.67 145.81 0.1956 0.0631 17.61
700 1.50.75 164.42 0.2206 0.0631 20.79
800 240.83 262.54 0.3522 0.0631 34.79

Impeller diameter - 130 rom and Vessel diameter - 330 rom

Speed Mean Load Actual Measured Frictional Power
(rpm) Cell Reading Load Torque Torque (W)

(g) (g) (Nm) (Nm)
250 33.67 36.88 0.0495 0.0434 2.43
300 76.'07 83.72 0.1123 o .04\34 4 89
350 92.33 100.78 0.1352 0.0716 7.58
390 134.33 146.52 0.1965 0.0716 10.95
500 139.25 151. 88 0.2037 0.0763 14.66
550 176.83 '.92.81 0.2586 0.0763 19.29
600 212.83 232.03 0.3113 0.0763 24.35650 255.75 278.78 0.3740 0.0763 30.65
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Impeller diameter = 142 mm and Vessel diameter n 330 mm
./

" " ' ..",Speed Mean Load Actual Measured Frictional l?owe:r
(rpm) Cell Reading Load Torque torque (W)

(g) ,(g) (Nm) (Nm)
200 37.25 40.78 0.0547 O.0~84 2.16
250 68.17 74.46 0.0999 0.0484 3.88
300 90.33 98.59 - 0.1323 0.0650 6.20
350 129.50 141.26 0.1895 0.0650 9.33
400 198.25 216.1.5 0.2899 '0.0741 15.25
500 234.83 255.99 0.3434 " 0.0741 21.86
550 30B.17 335.,a8 0.4506 0.0741 30.22
640 408.17 444.80 0.5967 0.0741 44.95

c» Impeller diameter -= 275 mm and Vessel diameter ...690 mm

Speed Mean t.cad Actual Measured Frictional Power
(rpm) Cell Reading IJoad Torque Torque (W)

(g) (g) (Nm) (Nm)
149 283.50 309.03 ".12 0.126 3!5.04
171 I 309.50 337.35 2..31 0.126 43.62
200 360.50 392.90 2.70 0.126 59.19
261 447.50

I'
487.67 3.35 0.126 95.01

283 498.00 I! 542.69 3.72 0.126 113.98IJ
309 563.00 613.49 4.21 0.126 140.3\)

Impeller diameter - 480 rom and Vessel diameter ~ 1200 mm

Speed Mean Load Actual Measur.ed l!~rictional I:o~·!ci:
..

(zpm) Cell Reading Load TorqUe -, Torque;} (~l)
(g) (g) (Nm) (Nm)

110 2037 2219.16 21. 75 O\,r;23 2(,0.02
:25 20S1 2234.41 21. 90 0.'823 297.44
13.L ' 2154 ~346.61 23.00 0.823 326.81
140 '2161 2354.23 23.07 0.823 350.29
150 2433 2650.~3 25.98 0.823 421.02 ,
162 2502 2725.69 26.71 0.823 457.09

: . ~ -~-:

-.:::
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APPENDIX lB

DATA FROM KINETIC TESTS

Impeller diameter = 110 mm: vessel diameter = 185 mm

Speed (rpm) Time (min) Cone. (ppm} InC/Co
200 0 5.09 0

2 4.51 -0 ~'121(r
4. 4.41 -0.1434
6 4.26 -0.1780
8 3.96 -0.2510
10 3.80 -0.2923

slope of line = -8.19 x 10-3

correlation coefficient = -0.978
kf - 0.43 X ~O-5 ms..1

Impeller diameter = 110 mm: vessel diameter = 185 mm
r== f.Speed (rpm) Time (min) Cone. \)Jpm) InC/Co

250 /~~:) 0 4.23 0
2 3.60 -0.1613
1: 3.50 -0.18~4
6 3.35 -0.2332
8 2.71 -0.4453
10 2.49 -0.5339

slope (~ine = -0.050647 __ "--""i

co.rrEl'~ationcoefficient = -') • 972-
kf .... 2.67 X 10-5 U1S-1 -

iJ



Impeller diameter = 110 mm: vessel diameter = 185 m:n

Cone. {~~~m~)~ l_n~C~/~C~o__ ~1

o 5.01 0
2 4.28' -0.1575
4 3.88 -0.2556
6 3.44 -0.3160
8 := 'C 3 • 0 8 - (J • " h ~~5 ~

11 -'_1_, __ 1_o .......__ 2_. _8_3__ -'--_-_0_, :i..:,./,!,,_ _',
" ~slope of line - -0.0571 ~Ir---~--------------·------,,_-------"-----------------·~correlation coefficient = -0.997 11lr-k-!~~=~~~~~.O-O~X~1~o~--S~m-s~--1~~--~~--"---·-----------------1

270
Spef'd ~t'pm) .', 'l'ime (min)

Impeller diameter = 110mm: vessel diamet.ar = 185 rom

Speed (rpm)" Time (min) cor.c , (ppm) InC/Co.- ---
300 C 5.87 0

'- 5.01 -0.1584c:
4 4.12 -0.3540
6 3.54 -0.5057
8 3.42 -0.5402
10 2.85 -0.7225--.

slope of line = -0.0701-
COl -:-elationcoefficient ,- -0.98771----
kf = 3.6~ X 10-5 ms-1

Impeller diameter = 110 mm: vos seI diameter = 185 rom

Speed (rpm) Time (min) Cone. (ppm) InC/Co ,..-
400 0 4.38 o I!

2 3.60 -0.19J51
4 3.12 -0.3~~2
6 2.70 -0.48:JR
8 2.34 -0.6269

lJO 2.07 -0.7495
slope of line - -0.07406
correlation "coefficient == -0.997 .,-
kf = 3.90 X 10-5 ms?
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Impeller diameter = 110 mm: vessel diameter = 185 mIn

Speed (rpm) Time (min) Conca (ppm) (\ InC/Co
500 0 5.02 0

2 4.30 -0.1548
4 3.95 -0.2397
6 3.30 -0.41'95
8 2.76 c -0.5982
10 2.31 -0.7762-slope of line "" -0.0770.

correlation coefficient - -0.995
kf =: 4.05 X 10-5 ms-1

Impeller diameter -- 110 mm: vessel diameter == 185 rom
=-

Speed (rpm) Time (min) Conca (pp!l'\ rnc/c,
550 0 5.10 0

2 4.02 -0.2380
4 3.45 -0.3909
6 2.93 -0.5542
8 2.57 -0.6853
10 2.27 -0.8095

slope of line - -0.07932
correlation coefficient .- -0.993
kf - 4.17 X 10-5 ms'?

~
Impeller diameter = 110 mm: vessel diameter = 185 W~
r-

Speed (rpm) Time (min) Conca (ppm) InC/Co
600 0 4.97 0

2 3.92 -0.2373
4 3.36 -0.3915
6 2.86 -0.5367
8 2.45 -0.707:,
10 2.22 -0.8059

slope, of line - -0.07981
correlation coefficient = -0.993
kf =: 4.20 X 10-5 ms'?
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Impeller' diameter = 110 mm: vessel ddanet.er ::305 mm
h

Speed (:cpm) TimE? (min) Cenc. (ppm) rnc/c,
300 0 6.63 0

2 6.10 -0.0833
4 5.60 -0.1688

II 6 5.23 -0.2372
8 4.88 -0.3065
10 4.63 -0.3.1)47-

slope of. line = -0.03588 -
correlation coefficient :::. -0.996
kr :: 1.89 X 10-5 mR-1

Impeller diameter ::= 110 mm: vessel diameter ::305 mm

Speed (rpm) Time (min) Cone. (ppm) lnC/Co
"

->

400 0 5.58 0
2 4.96 -0.1178
4 ""z,. 4.46 -0.2240
6 3.87 -0.3659
S " 3.62 -0.4327
10 3.24 -0.5436

slope of line = -0.05435
correlation coefficient - -0.997 -.

kf = 2.86 X 10-5 ms?

I.' ~I ,Impeller diameter = 110 mm: vessel diameter = 305 mm

Speed (rpm) Time (min) Ccnc , (ppm) u.c/c,
t--

450 0 5.B5 0
2 5;10 -0.1372
4 4.57 -0.2469
6 3.°9 -0.3827
8 3.45 -0.5281
10 3.11 -0.6318

slope of line = -0.06302
cot=telation coefficient = -0.999
kf 10-5 ms"

,

= 3.36 x
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Impeller dib.meter = 110 IT'.ill: vesset diameter = 305 rom
w

Speed (rpm) 'rime (min) Cone. (ppm) G lnC/Co__-500 0 6.61 0
2 5.65 -0.1569
4 5.06 -0.2672
6 4.35 -0.4184,. 8 3.75 -0.5668
10 3.29 -0.6977

slope of lin~ = -0.06956.............----
correlation coefficient -0.999 "= - !.'j
kf = 3.66 x 10-5,ms-1

" ',.

Impeller diameter = 110 mm: v~ssel diameter = 305 rom

Speed (r.pm) Time (min) Cone. (ppm) InC/Co. _.
600 0 6.48 0

2 5.56 -0.1531
~ 4.89 -0.2815
6 4 . :~6 -0.4J.95
a 3.65 -0.5740

\\ 10 3.12 -0.7309
slope of line = -0.0722

~" -correlation coefficient -- -,0.999
k£ = 3.80 X 10-5 ms?

.,,'

Impeller diameter = 110 mm: vessel diameter = 305 mm

Speed_lEpm) Time (min) Cone. (ppm) rnc/c.,
700 0 6.14 0

2 5.24 -0.1585
4 4.58 -0.2931
6 3.76 -0.4904,
8 3.36 -0.6029
J o 2.90 -0.7501-slope of line = -0.07544

correlation coefficient = -0.998-
kf = 3.97 X 10-5 ms'"
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Impeller diameter = 130 rom: vessel diameter;: 305 rom
-

,\
Speed (rpm) Time (min) Conc. (ppm) InC/Co

200 0 5,1:84 0
2 5,1.59 -0.0438
4 5'~a§ -0.0876
6 5.H; -0.1238
8 4.98 -0.1593
10 4.72 -0.2029

slope of line = -0.02068
~","$~----""'__'"

correlation coefficient ;:: -0.998
kf ;:: 1.088 X 10-5 ms'"

Impeller diameter;:: 130 rom: vessel diameter = 305 rom

Spe~d (rpm) Time (min) Conc. (ppm) InC/Co
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 H.ne = -0.04281
cor re l.at Lon coefficient = -0.997
kf = 2.253 X 10-5 ,ns-1

Impeller diameter ;::130 mm: vessel diameter ;::305 mm

Speed (rpm) Time (min) Conc. (ppm) InC/Co
350 0 5.03 0

2 4.15 -0.1923
4 3.55 -0.3485
6 3.30 -0.4215
8 2.90 -0.5507
10 2.78 -0.5930

slop~ line = ....0.05876 ,

correlation coefficient = -0.980
kf ;:: 3.092 X 10-5 ms?

122



Impeller diameter = 130 mm: vessel diameter = 305 rrun

Speed (rpm) Time (min) Conca (ppm) lnC/Co
..

400 c 0 5.11 0
2 4.51 -0.1249
4 3.95 -0.2575
6 J 3.4,8 -·0.3842
8 3.07 -0.5095 "

10 2.68 -0.6454
slope of line ._ -0.064393
correlation coefficient = -0.9999
kf = 3.389 X 10-5 ms?

Impel:er diameter = 130 mrn: vessel diameter = 305 mm, ......

Speed (rpm) Time (min) Conca (ppm) rnc/c,
500 0 6.07 0

2 5.23 -0.1489
4 4.48 -0.3037
6 3.9.5 -0.4296
8 3.49 -0.5535
10 2.91 -0.7352

slope of line = -0.07165
co.r re Lat.Lon coefficient = -0.999-
kf = 3.771 x 10-5 ms'?

'.,-
Impeller diameter = 130 mm: vessel diameter ~ 305 mm

Speed (rpm) Time (min) Conc. (ppm) InC/Co- -600 0 5.'56 0
2 ..:1.82 -0.1606
4 4. t 1 -0.3200
6 3.57 -0.4609
8 3.21) ....0.5703
10 2.60 -0.7779

slope of line = -0.075136
correlation coefficient = -0.997-
kf = 3.954 X 10-5 ms?
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Impeller diameter = 130 mm: vessel diameter = 305 mm

Speed (rpm) Time (min) Cone. (ppm) InC/Co
650 0 6.35 0

2 5.37 -0.1676
4 4.56 ·-0.3311
6 4.07 -0.4448
8 3.39 -0.6276
10 \" 2.87 -0.7941

slP~e of line = -0.07806 --
correlation coefficient = -0.999- \

kf = 4.108 >t 10-5 ms'?
"-

!/

Impeller diameter = 142 mm: vessel diameter = 305 mm

Speed (rpm) Time '(min) Cone. (ppm) InC/Co-200 0 6.20 0
2 5.81 -0.0547
4 5.75, -0.0753
6 611 -0.12715.4 II
8 5.15 -0.1856
10 5.01 -0.2131

slope of line = -0.02157
I

correlation coefficient -0.993 <I,=
kf = 1.135 X 10-5 ms-1

Impeller diameter = 142mm: vessel diameter ; 305 mm

Speed (rpm) Time (min) Cone. (ppm) InC/Co
250 0 6.03 0

2 5.55 -0.0830
4 5.28 -0.1328
6 4.94 -0.1994
8 4.49 -0.294~10 4.19 -0.3640

slope of line = -0.036033 "-c-rr re Lat Lcn coefficient = -0.997
kf = 1.896 x !lO-5 ms'?
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\\
'<\ ,','Impeller diameter = 142 rom: vessel !)diam€teli[= 305 rom

Speed (rpm) Time (min) Cone. (~'Pm) InC/Co
300 0 5.89 0

2 5.24 -0.1169
4 4.82 -0.2005
6 4.27 -0.3216
8 3.80 -0.4383
10 3.50 -0.5205

slope of line = -0.052683 ~
correlation coefficient = -0.998
kf = 2.777 X 10-5 ms ?

Impeller diameter = 142 mm: vessel diameter = 305 rom
-

Speed (rpm) Time ,'!lin) Cone. (ppm) InC/Co
400 0 6.07 0

2 5.4,2 -0.1509
4 4.65 -0.2665
6 3.90 -0.4424
8 3.43 ·~O.5708
10 3.06 -0.6849

slope of ' . = -0.06943.ime -

correlatHon coefficient = -0.998
..lf~ = 3.654 x 10-5 ms"!

,~ ..

Impeller diameter = 142 rom: vessel diameter - 305 rom

Speed (rpm) Time (min) Cone. (ppm) InC/Co
500 0 6.08 0

2 5.22 -0.1525
4 4.5<1 -0.2811
6 3.90 -0.4440
8 3.36 -0.5931
10 2.98 -0.7131

slope of line = -0.072146
correlation coefficient = -0.999
kf = 3.797 X 10-5 ms'?
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ImpAller diameter = 142 mm: vessel diameter = 305 rom

Time (min) '<-' inc/c,Speed (rpm) Conc. (ppm)
600 0 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-slop~.of line := -0.0784.56

correlation coe.EficiEmt = -0.999
kf = 4.129 X 10-3 ms'?

,1
"

Impellar diameter = 1/10rom: vessel diameter = 330 rom
.:

/:

Speed (rpm) Time (mi~\) Conc. (ppm) InC/Co-
300 0 LL98 0

,2 4.87 -0.0223
4" , 4.75 -,0.0473
6 f. ' 4.63 -0.0729
8 4.50 -0 1014
10 4.36 -0.1330

slope of line = -0.01323
correlation coefficient = -0.998- -
kf = 0.7 X 10-5 lUS-1

Impeller diameter = 110 rom: vessel diameter = 330 mm
-

Sp~e<?.{rpm) Time (min) Cone. (ppm) rnc/c,
400 0 5.10 0

2 4.76 -0.0690
4 4.33 -0.1\?37
6 4.10 -0.2183
8 3.98 -0.2480

J 10 3.76 -0.3048-~ .~<
slope of line =: -0.0302 -correlation coefficient = -0.987

"-
kf = 1.59 X 10-5 ms " ..

//
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Impeller diameter = 110 rom: vessf;{ldiameter. = 330 rom
J)bul

Speed (rpm) Time (min) cchc . (ppm) inc/c,
500 ,

' ~~0. 0C 5.02
'} 4.::' -0.1433
4 4.06 -0.2122
6 3.72 -0.2997
8 3.4/! -0.3780
10 3.14 -0.4692

slope of line = -0.0448 ~
correlation coefficient = -0.994
kf = 2.36 x 10..5 ms:?

Impelle~~ diameter - 110 rom: ve.saeL diameter = 330 rom
::

Speed (rpm) Time (min) Conc. (ppm) inc/c,
550 0 5.60 0

2 4.46 -0.1262
4 3.92 -0.2553
6 3.43 -0,3888
8 3.06 -0.5095
10 2.72 -0.6207-

slope of line = -0.06267
correlation coefficient ._ -0.999~
kf = 3.3 X 10-5 ms'?

Impeller djameter = 110 rom: vessel diameter = 330 rom

Speed (rpm) Time ~in) Conc. (ppm) roc/c,
600 o 5.07 0

~ 4.22 -0.1835
4 3.57 -0.3508
6 3.20 -0.4602
8 2.86 -0.5725
10 2.50 -0.7071

slope of line = -0.06874,

correlation coefficient = -0.995- ........--~
kt = 3.62 X 10-5 ms?
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Impeller diameter = 110 rnrn: vessel diameter = 330 rnrn

Speed (rpm) Time (min) Cone .ii' (ppm) inc/c,
650 0 5.04 0

2 /) 4.15 -0.1943

I
<1

I
3.51 -0.3618

6 3.11 -0.4828
8 2.73 -0.6131
10 2.47 -0.7132--

slope of line = -0.07062
correlation coefficient = -0.993
kf = 3.72 X 10-5 ms-1

Impeller diameter = 110 rnrn: vessel diameter = 330 rnm

Speed (rpm) Time {min) Cone. (.ppm) InC/Co

~
700 0 5.06 0

2 4.29 -0.1631
4 3.72 -0.3057
6 3.23 -0.4469
8 2.80 -0.5898
10 2.40 -0.7239

slope of line = -0.07344
correlation coefficient = -0.9998
kf = 3.86 X 10-5 ms:"

Impeller diameter = 110 rnrn: vessel diameter = 330 rnrn

Speed (rpm) T~\ue (mil1) Cone. (ppm) lncLCo-1-.

800 0 4.,,99 0
2 4.22 -0.1676
4 3. ~8 -0.3045
6 3.0~ -0.4793
8 2.61 -0.6481
10 2.30 -0.7745

slope of line = -0.078·11
correlation coefficient = -0.999 ,

kf = 4.13 x 10-5 ms'?
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Imp}ller diameter ;::::130 mm: vessel diameter = 330 mm
Ir~ (ppm) InC/Co. 'Speed (rpm) Time (min) Conc.

250 0 5.03 0 .,

2 4.95 -0.0160
4 4.84 -0.0385
6 4.75 -0.0573
8 4.66

"
-0.0764

10 4.57 -0.0959
slope of line = 9.7071 x 10-3-correlation coefficient = -0.999 ,\

kf = 0.51 x 10~sms ?

Impeller diameter = 130 mm ; vessel di.ameter .-330 mm

Speed (rpm) Time (min) Conc. (ppm) lnC/Co

30e 0 4.99 0
2 4.75 -0.0493
4 4.56 -0.0901
6 4.29 -0.1511
8 4.15 -0.1843
10 3.98 -0.2262--slope of line ;::::-0.02281

correlation coefficient ;:::: -0.998- ' ._- ~.""

kf = 1.20 X 10-5 ms"!

Impeller diameter ;~ 130 mm: vessel diameter = 330 mm
\

Speed (rpm) 'l.'ime(min) Conc. (ppm) rnc/c,
350 0 5.04 0

2 4.76 -0.0572
4 4.29 -0.1611
6 3.98 -0.2361
B 3.71 -0.3064
10 3.51 -0.3618

slope of line = -0.037594 -correlation coefficient -0.996 .=-
kf -- 1.98 X 10-5 ms "
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Impeller diameter = 1.30mm ; vessel diameter = 330 mm
-r , ') " -

Speed (rpm) Time (min) Conc. (ppm) InC/Co
390 0 " 5.08 0

2 4.27 -0.1737
4 3.84 -0.2798
6 3.42 -0.3957
8 3.03 -0.5167
10 2.69 -0.6358

slope of line ::::: -0.06177
correlation coefficient = -0.997
i---

kf = 3.25 X 10-5 ms?

Impeller diameter = 130 n\m: vessel diameter = 330 mm

Speed (rpm) Time (min) Conc. (ppm) InC/e\)
SOU 0 5.06 0

2 4.16 -0.1959
4 3.61 --0.3377
6 3.12 -0.4835
8 2.71 -0.6244
10 2.40 -0.7459

slope of line = -0.07373---
correlation coefficient = -0.997~
kf = 3.88 X 10-5 ms? .

Impeller diameter = 130 ~~! vessel diameter = 330 mm

Speed (rpm) Time (min) Cone. (ppm) InEICo
"

550 0 4.97 0
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 -- -0.07.549
correlation coefficient = -0.997
kf = 3.97 X 10-5 ms ? ~,c';~"
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Impeller diameter = 130 mTIt: vessel diameter:: 330 mm
j='t: ,

Speed (rpm) Time (min) Conc. (ppm) rnc/c,
600 0 4.93 0

2 4.05 -0.1966
4 3.45 -0.3570
6 3.02 -0.4901
8 2.69 -0.6058
10 2.23 -0.7933-slope of line ::-0.07610--

correlation coefficient :.. -0.997
kf _. 4.00 X 10-5 ms'"

=a..:=

Impeller diameter -= 130 mm: vessel diameter = 330 mm

Speed (rpm) Time (min) Conc. (ppm) InC/Co
650 0 5.34 0

2 4.34 -0.2074
4 3.63 -0.3860
6 3.22 -0.5058
8 .2.73 -0.6709
10 2.42 -0.7915

slope of line = -0.07811
correlation coefficient = -0.996
kf = 4.11 x 10-5 ms?

Impeller diameter = 142 mm: vessel dic:.meter= 330 mm

Speed (rpm) Time (min) Conca (ppm) InC/C.!L_
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 10-3 -correlation coefficient = -0.978
kf = 0.43 X 10-5 ms?
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Impeller diameter = 142·rom: vessel diame'Cer = .330rom

Speed (rpm) Time (min) Cone. (ppm) InC/Co
250 0 5.08 0

2 4.95 -0.0259
4 4,'81 -0.0546
6 4.63 -0.0928
8 4.48 -0.1257
10 4.29 -0.1690

slope of line = -0.1681- .. -
correlation coefficient == -0.996
kr == 0.89 x 10-5 ms"

Impeller diameter = 142 mrn: vessel diameter = 330 rom

Speed r •..~ Time (min) Cone. (ppm) InC/Co
"300 0 4.22 0

2 3.93 ·-0.0759
4 3.73 -0.1282
6 3.36 -0.2326
8 3.25 -0.2659
10 2.94 -0.3662

slope of line = -0.03579
correlation coefficient = ~0.99t\

kf = 1.es x 10-5 ms?

'I\.

Impeller diameter = 142 rom: vessel diameter = 330 mm

Speed (rpm) Time (min) Cone. (ppm) InC/Co
350 0 4.62 0

2 3.82 -0.1901
4 3.55 -0.2634
6 3.23 -0.3579
8 2.87 -0.4761
10 2.66 "'0.5521

slope of line = -0.05304
correlation coefficrant = -0.990
kf == 2.79 X 10-5 ms-1
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Impeller diameter = 142 mm: vessel diameter = 330 mm

'\I,
400

Time (min) Cone. (ppm) inc/c,Speed (rpm)
o 5.07 0
2 4.25 -0.,,\764
4 3.65 -0.3286
6 3.23 -0.4509
8 2.84 -0.5795
10 2.50 -0.7071',II---------t-------....1-------..&------·-1I

-0.06953

()

slope of line =
correlation coetficient = -0.998

Impeller diameter = 14'"'mm: vessel diameter :,:330 mm

Speed (rpm) Time (min) Cone. (ppm) lnC/CJ
500 0 5.03 0

! , 2 4.18 -0.1851
~ 3.62 -0.3289
6 3.17 -0.4617
8 2.78 -0.5930
10 2.30 -0.7825-Ott___..,

slope of line :: -0.07527
correlation coefficient = -0.998
ke = 3.96 x 16:"5 ms'? -',

Impe::~er diameter - 142 rom: vessel diameter = 330 mm

Speed (rpm) Time "(min) Cone. (ppm) InC/Co
550 0 5.10 0

2 4.14 -0.2085
4 3.47 -0.3851
6 3.07 -0.5076
8 2.62 '-0.6661
10 2.31 -0.7920

slope of line = -0.0779,.
correlation coefficient = -0.996
kf = 4.10 X 10-5 ms:"
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,.
.~.'pnpeller ddamet.er = 142/mm: vesseL diameter = 330 rom

,~. I I

Spe~d (rpm) Time (min) Cone. (ppm) rnc/c,
640 0 4.99 0

2 3.93 -0.2388
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
correlation coe~ficient = -0.995

//
-','1\

kf = 4.30 :K 1;\D-s ms·1 !/ ;(l--a=wa-e- ., J_:
(/

Impeller diameter = 275 mm: vessel diameter = 690 rom

Speed (rpm.) Time (min) Cor.c . (ppm) rnc/c,
309 0 2.77 0 I2 2.34 -0.1686

4 1..,.98 -0.3358
6 1.71 -0.4824
8 1.50 -0.6134
10 1.33 -0.7337

slope of line = -0.073564
correlation coefficient = -0.998_' -
kf = 3.87 X 10-5 ms'"

Impeller diameter = 275 rom: vessel diameter = 690 mm

Speed (rpm) Time (min) ,Cone. (rpm) inc/c,
283 a 2.66 0

2 2.22 -0.1808
4 1.91 -0.3312• 6 1.69 -0.4536i 8 1.46 -0.5999

.. 10 1.29 -0.7237
slope of line = -0.071403
correlation coefficient =: -0.998 .
kf = 3.76 X 10-5 ms"
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Impeller dinmeter = 275 mm: vessel diameter = 690 rom

Speed (rpm) 'l'ime (min) Conc. (ppm) J.nC/Co

261 0 2.73 0
2 2.29 -0.1757
4 1.97 -0.3263
6 1.72 -0.4620
8 1.52 -0.5856
10 1.35 -0.7042

slOpe of line = -0.069806
correlation coefficient = -0.997-
kf == 3.67 X 10-$ ms ?

Impeller diameter = 275 rom: vessel diameter --690 rom
';Speed (rpm) (.!"rimE'l':(min) Conc. (ppm) InC/Co

200 0 2.71 0
2 2.35 -0.1425
4 2.08 -0.2646

i\ 6 1.85 -0.3818
8 1.74 -0.4431
10 \\ 1.53 -0.5717

slcpe of,line = -0.055393
"-

correlation coefficient = -0.995
kf == 2.92 x 10-5 f(1<,-1

Impeller diameter = 275 rom: vessel diameter = 690 mm
..,

Speed (rpm) Time (min) Conc. (ppm) inc/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
correJation coefficient = -0.997
kf = 2.44 X 10-5 ms'"
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<mpelle~ diameter ==
\',:1

275 rom: vessel diameter = 690 :mm

Speed (rpm) Time (min) Cone. (ppm) InC/Co
],.49 0 2.59 0

2 2.42 -0.0679
4 2."17 -0.1769
6 2.06 -0.2290
8 1.90 -0.3098
10 1.68 -0.4329

slope of line = -0.04203 ."
j

~"""''''',~

cor re Lat.Lon coefficient = -0.994
\~\]\:~ = 2.21 X 10-5 ms-1

..~"

Impeller diameter = 480 mm: vessel diameter = 1200 mm

Speed (rpm) f Time (min) Cone. (ppm) InC/Co
'(o"'$.:, •,162 t 0 4.18 0

2 3.53 -0.1690
4 3.09 -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
kf = 3.46 X 10-5 ms"

Impeller diameter = 480 mm: vessel diameter = 1200 mm

Speed (rpm) '.rime(min) Cone. (ppm) InC/CQ
150 0 4.17 0

2 3.72 -0.1142
4 3.20 -0.2648
6 2.75 -0.4163
8 2.45 -0.5318
10 2.24 -0.6214

".' slope of line = -0.064447
correlation coefficient = -0.997
kf = 3.39 X 10-5 ms "
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Impeller diameter = 480 mm: vessel diameter = 1200 ~~

Sp~d (rpm) Time (min) Conc. (ppm) rnc/c,
)l40 0 2.72 0

2 2.48 -0.0924
3\\

',\ 2.31 -0.1634
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
correlation coefficient = -0.997
k.; = 3.30 X 10-5 ms?

1:1:

Impeller diamet.er = 480 rom: vessel diameter = 1200 mm

Speed (rpm) Time (min) Conc. (ppm) In<:;:/Co
0 131 0 4.57 0

2 3.98 -0.1382
3 "

, 3.75 -0 •.1978, ,
4 " 3.57 -0.2469
5 3.39 -0.2987
6 2.21 ·'0.3532
7 3.06 -0.4011

slope of line = -0.056456
correlation coefficient = -0.997
kf = 2.97 X 10-5 ms?
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Impeller diameter = 480 mm: vessel diameter = 1200 mm
t.lSpeed (rpm) Time (mL1) Conc. (ppm) inC/Co

125 0 2.80 0
2 2.52 -0.1054
3 2.43 ': -0.1417
4 2.36 -0.1710
5 2.24 -0.2231
6 2.17 -0.g548
7 2.11 -0.2829

slope of line = -0.040087
correlation coefficient = -0.995
JiSf ::;; 2.10 X 10-5 ms" c

{)
/j

\-' .
• r

I "Impeller diameter::;;480 mm: vtt".jeldiameter = 1200 mm
~';4.,i_

_""',

Speed (rpm) Time (ldin) Cone. (ppm) inC/Co
1.10 0 3.89 0

2 3.65 -0.0637
3 3.57 -0.0858
4 3.51 -0.1028
5 3.45 -0.1200

;i
6 3.36 -0.1465
7 3.30 -0.1645

,

slope of line = -0.02269
correlation coefficient II

::;; -0.993 (I-~,
-~p;:::;~}kf = 1.19 X 10-5 ms'" '\~~-'
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APPENPIX 2A

DETERMI~TION Oir THE FRICTIONAL ~QUE IN '.1'HE TORQUE
\_,;

MEASURING EQUIPMENT - Small Vessels

PART ~~.A
)\
1

..)In 'thetests

BACKGROUND

on the 185, 305 and 330 mm diameter vessels,
the frict1.on generated by the four ball bearings in the
thrust bearing that supported th~ turntable would oppose
the torque applied to the table by the mixing v,rssel. To
determine this opposing torque, 'tfril measurements were

'~

conducted after each kinetic test. As shown in Figure
2A.l/)a torque was appli€ld to the turntable using known
weights. Some difficulties were experienced in getting
reproducible results. The system that was found to be
most reliable is the one shown in the figure'.

A tor.que was applied to the turntable by means of a
weight suspended! from t.he turntable by a string over a
polished bar. The sot:r:ingbetween the tu~ntable and the
bar was stretched and the we °ht was allowed to take up
tne tension. With this arrangement T2 is greater than T1•
These tensions are related by the formula:

2A.l

where ~ i< the Bollard frir,tion and ~ is the angle of
contact of the string over the bar (= n/2 radians in this
case) .

The applied torque, 'tappf is therefore given by:
2A.2

139
I "



T2
\urr.table r--- -'---'_~.~,---,.,,:---_L ~ strng ---<I~.-- cross bar

T1
t

MIS .t-

O suspended load

lMapp
T2 EJ::.---~---_~~-- sun, ;lded load

ELEVATION

string

.. ------ load cell

d I .. 150.00 mm

PLAN '1 • 136.88 mm

Figure 2A.l: Schematic diagram for tr.'!
deterIl'ination of the sta:.ic frictional torque
in the set-up for the 185, 305 and 330=mm
diameter vessels
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The load cell provides an opposing torque, "Cl.e' which is
given by:

2A.3

where Fie ~s 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 equilibrium value
where:

2A.4

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 Flc decreased with time and as the system moved
to equilibrium, ~he turntable moved marginally as shown
by the arrow M. 'fhe direction of table motion is
important because the frictional torque in the table
bearing would oppose such motion.

At equilibrium therefore,

"C 1e ... 't fr1 + "C "pp 2A.S

2A.6

M1c: - INTT + GRADT (M,.pp + Ms> 2A.7

where M~pp' Me and Mie are respectively the masses of the
weights, the string between the bar and the weight
recorded by the load cell and g is the acceleration due
to gravity (= 9.81 ms~).

By measuring Mic for a range of weights Mappf it is
possible to determine the lntercept with the Mic axi s
(INTT) and the gradient of the curve (GRADT). 'l'he
Bollard friction was determined in a separate expe:r:iment
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- the value obtaLned was 0.22 (see Part 2A.B) - but can
also be found from the GRADT using Equation 2A.8:

2A.8

Thereafter 'tfri can be determined from Equaticn 2A.9:
'C frl .. gil (INTT) 2A.9

PART 2A.B BOLLARD FRICTION

The value of the Bollard friction, ~, was estimated b}
suspending the weights from the load cell directly - as

I

shown in Figure 2A.2. From this it can be s.een that

2A.10

and so
2A.l1

The data~obtained is shown in Table 2A.l. (NOTE: the
values of Mia are negati VE~ because the strinsrwas pulling
on the load cell.)

)1Tabl~ 2A.l: Data f6r determination of Bollard Friction

j\llbPp+M~
401. 029 302.729 203.029(g) 151

))!Ii.a (g) -286.29 -2.16.57 -145.78 -11
Mapp+Ms J.03.029(g) 73.229 24.729

Mie (g) -74.96 -53.18 -19.41

:::-1
~
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suspendGd load

string -!
---T,+-2--..

load cell

Figure 2A.2: schemat.Lc cU ig:l. em fot' the
determination of Bollard friction on tb~ cross
bar
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The regression equation for this data was found to be

2A.12

from which ~ = 0.219.

PART 2A.C EXAMPLE OF FRICTIONAL TORQUE CALCULATION

Table 2A.2: Friction data for ki.net nc ·test on the 305 mm
diameter vessel and impeller dd.ams+e r of 110 rom at 300
rpm.

Mllpp+Hs
401.033 302.733 203.033 151.933(g)

'I. .... '

_,

Mle (g) 606.96 488.22 343.34 270.35

Mllpp+Mll
103.033 73.233 24.733(g)

Hle (g) 175.58 128.74 61.20

Table 2A.2 indicates the data obt az.ned after the kinetic
test on the 305 nw diameter vessel with 110 mmdiameter
impeller at 300 rpm. The regression equation for this

if data with a correlation coefficient of 0.998 is

2A.13

From which 'tfrl = 30.254 x 9.81 x 13.688 x 10-5 Nm
= 0.0406 Nm.

PART ~A.D CHECK ON THE VALUE OF THE BOLLARD FRICTION

l'he regression equations for the frictional tox:que t.hat;
were obtained after each kinetic test were examined. 'The
mean value of GRADTin these equations was ... 419g-1, the
-.ninimumand maximumvalues being respectively 1.33g-1 and
1.57g-1•
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Using Equation 2A.8 the values fpr J.L calculated from
these equations have a range (rni.n.Imumto maximum) of
0.123 to 0.229 with a mean of 0.165. These values are of
similar magnitude to the vaLue of 0.219 determined in an
independent experiment as described in Part 2A.B.
The zeLat Lve standard deviation on GRADT,,-~tl~S about 4%

, > , .... ~.

giving a relative standard deviation on the Bollard
friction of about 15%. Jrhere are two reasons why this

r,

high value (15%) is not a cause of concern. Firstly, the
tests were done at different times over a period of
months. Therefore .t.he frictional conditions in the.
different experiments were very likely to be slightly
different. Secondly, the value of the Bollard friction
affects the estimate of tfr! 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 Vessels

PART 2B.A BACKGROUND

The basis for determining the frictional torque in the
torque measuring system for the large vessels (690 and
1200 r;lmdiameter) was very similar to that described in
Appendix 2A. The only difference arose from the scale of
the equipment 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 bearings were used in the system
- one to support the dri.ve system and the other to
stabilise the impeller.
system used.

Figure 2B.1 illustrates the

~easurements to determine the frictional torque were
conducted several times during the series of kinetic
tests. Unfortunately the range of \\)'eightsthat were used
was too sm~ll and very inconsistent results were
obtained. The measurements were repeated after the
kinetic tests had been compLet.edand the results reported
below were obtained.

Unlike in the measurements on the small vessel system,
the tension in the vertical section of the cord (T1 in
Figure 2B.1) was greater than the t.ension in the
horizont.al part of' the cord (T2 in the figure).
Consequently I 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 i~ Figure 2B.l and the associated frictional
torque acted in concert with the torque exerted by the
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suspendadload
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gearbox
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1
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',1mpaller thaft

"
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·M\ ("1.,;}r--_ -';"__E-j--t-- spring
1~ Ie C:.. load cell

I CI::;0;:===:::--'0,..,--1-1 ...)1 load cell arm
I
I
I

,J
I

I(

Figure 2B.1: Schematic diagram for the
determination of the static frictional torque
in the set-up for the 690 and 1200 mm diameter
vessels
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load cell. Therefore:
1: 11: + 1:Ed .. 1:~pp 2B.l

2B.2

2B.3

In t.hi.scase 11 = 700 nun and d, = 26 nun for the 690 nun
vessel system and 11 = 1000 nunand de = 15 nunfor the 1200
mID vessel system.

'i

The load cell was not set at zero during these tests but
at an initial reading of Me when not under load. The
actual load measurep by the load cell, M1c/ was therefore
the difference between Mo and the registered load Mreq•

(Mreq was always smaller than Mo because the system was
pulling on the load cell. Therefore:

2B.4

2B.5

Plotting Mreq against Mapp + Ms will give value for the
intercept, INTT, and gradient, GRADD, as follows:

INTT _ M + 1:Ed
o ~

2B.6';

2B.7

from which
2B.8
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2B.9

PART 2B.B 690 mm Vessel

The data from one set of measurements is show~ below:

Table 2B.1: Friction data (690 mm Vessel)

~i..pp+Ms
2.00 .15. 06 7.18 10.50(kg)

Mreq (g) -1438.65 -1510.33 -1558.15 -1620.03

Mapp+Ms I 12.00 14.42(kg)
Mrea (g) -1646.72 , -1701.18

Mo = -1420. 90 g
The regression line for this data is
Mreg .. -1402.59 - 0.02071 (M ..pp + Us) 2B.10

The regression coefficient is -0.9989. From Equations
2B.8 to 2B.IO the frictional torque and coefficient of
friction for this set of data were found to be 0.1257 Nm
and 0.3719 respectively. 'faking the mean values from
four sets of measurements t.he following values were
obtained:
'tfri (690 nunvessel) == 0.126 Nm and
Jl = 0.37
The relative standard deviation on 'tfri was 0.8% and on Jl.
was 1.2%.
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PART 2B.C 1200 mm Vassel

The data from one set of measu~ements is shown below:

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

Mapp+Ms
13.37 20.10 25.90 31.34(kg)

Mreq (g) -1413.16 -1.454.56 -1503.86 -1541.70

Mapp+Ms 42.87
(kg)

Mreq (g) -1666.76

Mo = -1370.13 g
The regression line for this data is

2B.11

The regression coefficient is -0.993. From Equations
2B.8, 2B.9 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 r~spectively. Taking the mean
values from four sets of measurements the fcllowing
values were obtained:
ttli (1200 nun vessel) = 0.823 Nm and
J.I. .~ 0.364
The r~lative standard deviation on 'tfr1 was 0.7% and on J.I.

was 2.9%.

PART 2B.D CHECK ON BOLLARD FRICTION

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 '~:.J6; mmvess~l, and 13.37 to 42.87 kg for the 1200
/(mm vessel. The measurements that have been made are

therefore seen 'to be consistent.

)\

~
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APPENDIX 3A

BI-LINEAR MODEL - THEORY

'fheplot.s of kf.vrs speed or power input.take the form of the
graph shown in Figure 3A.l. The two straight lines intercept
each other at Xc and the slope~ of the two lines before and
after x, are f3 and 'Y respectively.

II

Figure 3A.l: A sket~h of the
relationship between the film
mass t:r.ansfercoefficient and
the power input for agitation
during the adsorption of
au.rocyanide
carbon

onto activated

Model: y - a + f3x
- ex + f3xt + 'Y (X - xe)

... 0 + 'YX
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where 8.. 0; + (~ - "() x,

Residual sum of squares S is the sum of SLr the
sum of the squa re s of the residuals at the left side 0:; xtf and
SRf t.'le corresponding value for the right sLde of Xtf so that:

k

$1, .. :E (Yi '''0; ~. P Xi) 2
1..1

(4)

and

TI

SR" I: (Y.;t - (X - PXt .~."( (Xl - Xe» 2
1..](.").

(5)

SO~UTION OF Tam MODEL EQUATION

Minimj,sing SR vdth respect to 1, by finding the partial
derivative of SR with respect to the parameter ,,(,

(6)

n n n

III -2 [E (Xl - Xe) Y.t - (a + ~Xt).E (Xi - Xe) - "(L (Xl - Xt) 2]
i..k..1 .t .. k..l j,-k ..l.

(\

\1

n n
:E (Xl. - Xc) Y.t _. (CX + PXe) L (X.t - Xt)

.;L .. j(...l t"k...l
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where A ..
n
L <Xi ~ Xt} 2 f
i ../(...l

n
13'" E (Xi - Xl:) Y,t I

1.. /(+1 !

n

l:;'C .. (IV. ··X)1\'.'1 e
1..k ...1

n n
SR" E (Y:t ... ex - ~Xt) 2. - 2'( '\' (Yi .• a _. ~Xt) (X.t - XI:)

1"k ...1 .t:r.l
n

+ "(2 E eXt - Xt) 2
1.. k .. 1

n.. :E (Yi" CJ, - ~Xt.) 2. ... 2"(B + 2"( (~,~ ~Xt) C .. "(2A
1../(..1

II..L (Yt •. a. .. ~Xt) 2 - 2"(13 + 2"( \0', + PXt) C ... 'Y~A
].,.k ... l

... n
2: (Yt . 0',
i.k ••

s I'll." .. S. +SRI, I ~I y.t

/)

Minimising ~'Y with respect to a and ~,
k n

.... 2 [~ (Y.t • 0', .• ~X,t) + ikl
"'i(E·· (G; j. ~Xt) C] ( C)
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u

o

k n
.. --2 [:E Xi (Y.t - ex .. PX.t) + Xc E (Yi - ex - PX~)

,1.. 1 " .t .. k..l

- CXt (,[3" (a. + Ax~) C) 1T 1-'"

k

- EX1
,t"l

x~(n - k) ) ]

For

k

- ~X:tt:!
2 C2 ~ 2

XI; (A, - 1'2 + k) - kt Xi.
1..1

*
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A

This last equation is minimised with rf(>spect to Xt, by
iteration. Depending on the accuracy required, theminimum sum
of squares of the residuals gives the best fit values of Xtf a,
~, l' and c
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APPENDIX 3B

C COMPUTER PROGRAM ~OR THE EStIMATION or PARAMmTERS
IN THE S:t-LINEAl't MODEL

C LF,;ASTSQUARES PROGRAM FOR THE BX-LINEAR REGRESSION
MODEL

\)

REAL *8 X(50),Y(50),ALPHA,BETA,GAMMA,DELTA,SSMIN
REAL *8 XTtJRN,XSTART,STEPSZ
INTEGER * 4 NORD, I,1ANS,NOSTEP
CHARACTER *80 !NNAME,OUTNAME

C OPENING FILES

WRITE(*,*)/P~EASE SUPPLY THE NAME OF THE FILE THE
& }{-Y VALUES'
WRITE(*,*)
READ(*,' (A80)1) INNAME

C

OPEN (10,FILE=INNAME, STA'l'U6='OLD' )
WRITE(*,*) 'WHAT IS THE NAME OF THE OUTPUT FILE'
WRITE (*,*)
READ(*,' (A80)')OUTNAME
OJ?EN(8,FlLE=OUTNAME,STATUS='NEW')

C

C 100
C

WRITE(*,*) 'PLEASE
READ (*, W) NORD
FORMAT (12)
WRI'rE (*r *) 'PLEASE INPUT VALUES FOR X Al~J) Y'
READ(10,*) (X(I) ,Y(l),!=l,NORD)

INPUT V~LDE FOR NORD'
I'
\)

c
C READ (5,101) (X(!),I=l,NORD)
,C READ{5,lOl) (Y(I),I=l,NORD)
C 101 FORMAT(6F2.2)

WRITE (*,*) f WRITE 1 IE'.YOU WANT LOG TRANSFER 0E'

$ X-Y, OTHERWISE 0'
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C WRITE (*,*) 'INPUT IANS'
READ(*,*)IANS

C 111 FORMAT,I2)

C TRANSFORMING THE VALUES

IF (IANS .NE. 1) GO TO 10
DO 1 I = l,NORD

1 Y(I) = ALOG{Y(I»
1 0 CONT INUE r-.

IF (~S .NE.1) GO TO 11
DO 13 I =l,NORD

13 X(X) = ALOG(X(I»
11 CONTINUE
2 CONTINUE

~'1RITE(*,102)
102 FORMAT('WRXTE LOWEST VALUE, STEPSIZE AND # OF

!STEPS FOR TRIAL TURNING POINTS')
READ(*,*) XSTART,STEPSZ,NOSTEP.

XTURN = XSTAR'f - STEPSZ
DO 3 I=l,NOSTEP
XTUru~ --XTURN + STEPSZ

CALL TURNPT(NORD,X,Y,XTORN,ALPHA,BETA,GAMMA,
&DELTA,SSMIN)

WRITE(~,105) XTORN,ALPHA,BETA,GAMMA,DELTA,SSMIN
WRITE (8,105) XTURN,ALPHA,BETA,GAMMA,bELTA,SSMIN

105 FORMAT(T2,}J·8~4,T14"E12.6,T27,E12.6fT40,E12.6,T53,
@E12.6,T66,E14.6)

3 CONTINUE
WRITE (*," 106)

106 FORMAT(/T2,'WRITE 1 IF YOU WANT ANOTHER TRY,
!O'fHERWIss 0')
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("J READ (* f *) IAi~S
C 107 FORMAT (!2)

IF (lANS .EQ. 1) GO TO 2
CLOSE (8)

CLOSE (10)

STOP
END

C THIS IS THE END OF THE MAIN PROGRAM

C SUBROUTINE BEGiNS

SUBROUTINE TURNPT (NORD,X, Y!XTURN, AI,PHA,BETA, GAMMA,
#DELTA, SSMIN)
REAL *8 X(NO:RD),Y(NORD),A(.2,2),B(2),

*ALPH.A,BETA,GAMMA
REAL *8 DELTA,SSMIN,DFIX,.SUM,TERM
REAL*8 XTURN,ASUM,BSUM,CSUM,DSUM,ESUM,

@FSUM1GSUM,HSUM
INTEGER *4 !,tLOWxNORD

AsnM :::: a ·BSUM ::::: 0 ·CSUM -- 0 ·DSUM := a ·ESUM ::::: 0 ·FSUM =: 0 ·
GSUM: == 0 ·
HSUM:= O.

K := 0

DO 1 1 := l,NORD
K == K + 1

IF (X(K) .GT. XTURN) GO
1 CONTINUE
2 K ::::'K - 1

DO 3 I := ilK
DSUM::::DSUM + X(I)
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ESUM: ESOM + X(I)**2
FSOM = FSOM + X(I)*Y{I)

3 HSUM::: HSUM + Yet)
ILOW ::;;K + 1
DO 4 ! = ILQW,NORD
DIFX = XCI) - XTURN
ASOM :::ASUM + DIFX **2
BSUM :::BSUM + D1FX *,¥(I)
CSUM = CSUM + D1FX
GSUM = GSUM + Yet)

4 HSUM == HSUM + Y(1)
TERM ;:::CSUM **2/ASUM - NORD
A(l,l) = TERM
A(1,2) = XTORN * (TERM + K) - DSOM
A(2,l) = A(1,2)
A(2,2) ;:::XTURN **2* (TERM + K) - ESUM
13(1) T SSGM *BSOM/ASUM - BSUM
)3(2) == XTURN * (CSUM * BSUM/ASUM -GSUM)-
A(1J2) == A(1,2)/A11,1)
13(1) "" 13(,1)/A(1,1)

"E'SUM

At2,2} = A{2,2) - A(1,2)*A(2,1)
B (2) =13 (2) - 13{1)* A(2,1)
BETA;:::B(2)/A(2,2)
ALP HA :::B (1) - 13(2) kA (1 , 2) / A (2 I 2)

DELTA :::ALPHA + BETA * XTURN
GAMM7I ::::(BSUM - DELTA * CSUM)/ASOM
DELTA :::DELTA - GAMMA * XTURN
SUM::: O.
DO 5 I ;::;:1/K

5 SUM;::;:SUM + (Y (I) -ALPHA - BBTA * X (1)) ** 2
DO 6 I = 1LOW~ NORD

6 SUM::- SUM, (;(1) - ALPHA - BETA *XTURN) ** 2
SSMIN "::,SUM ~'GAMMA ** 2 * ASUM
RETURN
END
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APPENDIX 4A

FI'.t'NESSOF THE BI-LINEAR ~ODEL

The residua:\. sum Of squares of a model fit provides a
quantitative measure of the fi1;ness of the mcdel; ,
For the models:

4A.l

"'O+'YX+B

Analysis of the variance summarizes ·.information related
to the sources of'variation in the data as:

DATA .. MODEL FIT + RESIDUAL 4A.2

This variation is quantified by squaring and summingthe
deviations as:

SST .. SSM 'r SSR 4A.3

where SST is the total variation, SSMis the variation
due to the model, SSR is the variation due to the error
(residual) •
Algebraically Equation 4A.3 is equal to:

4A.4

where Yi; = expel~imen·tal data L, Y ~. mean o-f the
experimental da~l.aand Yi :=: the preg,icted value of Y: 1.15i11g
the tt1."Jdel.
The value for SSR is the SSMINobtained duri.ng the
regressi9n d\E;lSCribedin A,ppend.ix3B (results of the bi-
linear regression program). Therefore SST can be
calculated from Equation 4A.4, and. SSMmay be found by

,)

difference. The squared multiple correlal:ion coefficient
R2, gives the propol~tion of the total variation of the
data which is explained by the model. The nearer R to 1,
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the more significant the fit of the model to the data.
It is given by:

SSM
'SST

The Fortran prog:t.'amused to
Appendix 4B. The values of R
Chapter 5.

41\.5

do this is outlined in
are given in Table 5 .1 in
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APPENDIX 49

c COMPU~Ea PROGRAM TO PETERMINE THE FITNESS·OF THE
BI-LINEAR MODEJ"

C A PROGRAM FOR TESTING THE ADEQUACY OF ~l'BE
C EI-LINEAR REGRESSION MODEL BY CALCULATING THE
C REGRESSION CORRELATION (JEFFICIENT

REAL *8 X(lO},Y(10),SSMIN,SY
REAL *8 YM,SST,SSM,RSQ
INTEGER *4 I
CHARACTER *80 INNAME,ODTNAME

C OPENING FILES

WRITE(*,*) 'PLEASE SUPPLY THE NAME OF THE FILE OF
! THE X-Y VALDES'
v.,TRITE(* I *)

READ(*,' (A80)!) INNAME
c

OPEN (10,InL.E=INNAME,STATUS='OLD' )
)~')

WRITE(*,*) 'W~T IS THE NAME OF THE OUTPUT FILEt
WRITE (* 1*)

READ(*,' (A80)')OU~NAME
OJ?EN(8, FILE=OUTNAlYJE,STA'l'US=,,'NEW' )

C READ! INPUT
WRITE(*,*) 'WHAT IS THE NUMBER OF REf.,")r<DS(X-Y

jc VALUES) I

READ(*,*) N

DO 10 I = 1,N
,.1

READ(lO,*) X(!),Y(I)
10 CONTINUE

C CALCULATtNG Y-MEAN
SY =: 0.0
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DO 12 I = l,N
BY == SY + LOG(Y(I»

12 CONTINUE
YM == SY!N

SST == 0
1:'0 15 I = l,N

SST = SST + (LOG(Y(I}) - YM)**2
15 CONTINUE

~'JJ.UTE'(8,*) I

C WRI'rE(6,51) SST
o

SSM = SST - SSMIN

RSQ == SSM/SST
22 WRITE (8,52) RSQ

WRITE(*,52) RSQ
52 ,FORMAT (T2,E12.6)

CLOSE (10)
II

o CLOSE (8)

STOI?
END
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