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ABSTRACT

III the first phaseof this st II dy. conducted ill the lal'oratory. the effect was cstoblishcd ofsolids
and defloccu innt content , as tocl! as lIIillillS temperature 011 ,'iscosity. orersi:e and particle si: c
distribution of the milled sllspe llsilm.

ln the secmld phase. indus irial tcst« were carried out ill u-hich mill illpllt oariablc« (iniiia!
solids content , dcftocculn ut content alit! clay mas» j1011' rate) were altered. and output tiariablcs
(density, {li~cosity, opcrsi=c and suspensiin: tctnpcraturc) wert' analysed.

a,l Ille ['asis of the industria! results, input alit! outpu! variables were correlated. which
enabled detem lillillS hml' dCII sity, mil! oversi=e alit! ,Iiscosily Ptlry unth time totten change» oCCllr ill
illplli mriablt·s. The stlldy allml's mltlllfsillg the fcasil,ility cfautomatic II lillillS operation control.
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1. INTRODUCTIO N

Contin uo us milling is becoming an ever more widespread technique in the ceramic
tile industry. It has allowed eliminating downtime associated with mill chargi ng and
discharging and, in principle, enabled increasing resulting suspen sion solid s content III;

however, it is not free of problems: formation of crusts on the mill inner wall, formati on
of large con glomerates of clay and mill ing balls (a d efect common ly kn own as "bolus" ),
accu mu lation inside the mill of hard- to-mill compone nts, etc. Moreover, continuous
milling demands greater process con tro l, since if some d eviati on takes p lace (in
suspension density, viscosity or milling oversize), it is necessary to make the correction
without s topp ing the mill , and the flexibility in mill ing time (res idence time) is much
smaller than in a di scontinuou s mill.

All these greater control requirements are in sharp contrast with th e fact that
operation is s till contro lled (or supe rvised) manually. Corrective mill adjustments are
based on manual measurem ent of density, oversi ze and viscosity determined bv an
ope ra tor. It is clear, therefore th at it woull be d esi rable to be able to fu lly au tomate the
process, which is in fact the tenden cy in other sec to rs 1' 1.

2.0BJETIVE

The objec tive of the study cons isted basically of:

- Establ ish ing the relation between the variables involved in milling, on a laborato ry
and industrial scale.

- Determ ining the ra te at which density, viscosity and oversize cha nge when feed
cha nges (system d yn amics).

-Th e u ltim ate aim of the stu dy consists of laying the groundwork for au tomation of
the milling opera tion, achiev ing greater cons tancy in operating va riables (dens ity
or sol ids content, viscosity and oversize ), and even for preventing possib le ano 
m alies in the milling operation from arising.

3. MATERI ALS AND EXPERIMENTAL PROCED URE

To conduc t both the indust rial an d laboratory tests, a red stone wa re composition
was used, made up of a mixture of Villar and Mora clays. The sus pe ns ion was prepared
using wastewa ter, to try and approach the industrial milling condi tio ns . Sus pe ns ions
made up in the lab oratory (by plan etary mill s) and industrial suspe nsions (p repared w ith
continuous mills) were used.

Suspension characterisation was d one using the following equ ip ment and
proced ures:

- Solids content: determined by oven d rying and subsequent weighing of the dry
oversize.

- Viscosity: capillary viscometer (Ford cu p), torsion wire visco meter (Gallenk amp )
and a ro tational viscom eter that allows charac terising the viscosity at di fferent
shea r ra tes.

- Particle size distri bu tion: measurement using a laser dispersion instru ment.

- Oversize: determined by the we t method with a 63 11m mesh scree n.
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4. RES ULTS AN D DI SC USSION

-1.1 TESTS COi\JDUCTED 0 :-..' A LABORATORY SCALE

II QUAU ' '//? 2002

Three groups of tests were conduct ed. The first one consisted of studying the effect
of the va ria tion of solids mass content (w) [kg dry soli d /kg suspension] on the fina l pro
perties of the suspension, holding deflocculant mass content (X) [kg deflocculant /kg dry
solid ], Th e second group of tests cons is ted of varying the defloccul ant fra ction, holding
the solids content. Finally the effect of milling temperature was studied.

I J

12

10

-e
~

"'~

6

2 +----~---_---~----~---~---__J
10 12

t tmim

FigliH>1. Relation p('tU't'''.l milling time I1Ild 1111155 Ol,t'r:,i:c

III 63 JI111 f/aboratory test).

Th e composition of the clay mixture used was kept constan t in all the tes ts and con
taine d : 65% Villar clay and 35% Moro clay, working at a 63% solids content and 0.4%
deflocculant percentage.

To d etermine the mill ing tim e requ ired to reach an oversize close to the one obtaine d
in the ind ustrial su spension , the cu rve w as determined that relates ove rsize to milling
time (Figu re 1). It is to be noted that kee ping the ov ersize constant does not gu arantee th at
mi lling will be simi la r in a lab oratory mill and in an ind ustria l mill, since it is necessary
to kee p in mind that geometri c and operating charac teristics (ball size, ro tati ng speed, e tc.)
are quite d ifferent. Thi s means that scaling up laboratory resu lts to an ind ustria l scale
needs to be done w ith due caution.

-1 .1.1 Ifaria ti oll Of solids conten t

Figure 2 plots viscosity and oversize versus solids content. It can be clearl y obse rved
that both variables are sensitive to ch anges in solids content. On increasing suspe nsion
solid s content the oversize is larger, possib ly due to the presence of a greater quantity of
material during m illing. There is a d irect relation between viscosity and overs ize.
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However, if a full parti cle size d istribution is determined (Figure 3), a decrease in
oversize is not found to be associated wit h a modification of pa rticle d istribu tion; i.e.,
milling, even on a laboratory scale, only reduces the size of the coarsest particles.
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Figure 2. vuriation afviscosity andoversize with solids content (laboratory tests),

4.1.2 Variat ion of deflocculant content

To study the effect of de flocculant conten t (X) on sus pension prop erti es, three
millings were per formed keeping the solids content close to that of the industrial
sus pension and varying the deflocculant con tent.

The qua ntity of initial deflocculant was the amount employed industrially. Based on
this average value two tests were conducted, in one decreasing and in the other increasi ng
the quantity of deflocculant present in the suspension by 0.1%. Figure .. plots oversize and
viscosity versu s the percentage of defloccu lant present in the suspen sion.
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As w as to be expected, th e variable that most changes wi th varia tions in
defloccu lant content is viscosity. The variation of viscosity w ith de floccul ant content is not
linear, just as occurred w ith solid s conten t change. Th e first stretch of the curve has a very
steep slope, which indicates that small variations in deflocculant conten t produce a grea t
change in viscosity. As the defloccul ant rises, the curve slope d ecreases.

The rest of the an alvsed va riables (density and oversize) do not alte r on va rying
defloccul ant content. Density is obviously constant, as initial solids content w as not
mod ified .
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Figure 4. Variation of z'i:::.cosity and oversize willi dej!occlIlan f content (laboratory tests).

4.1.3 variation of milling temperature

To study the effect of temperature on suspensio n characteris tics, mill ing w as pe r
formed after p reviously heating the ball mill and raw m aterials to 40 "c. The mill ch arge
corresponded to the average va lues tested before. Table 1 detai ls the resu lt, comparing it
w ith the one obtained at ambient tem pera tu re. The temperature ch ange produces a varia
tion in viscosity; however, after the suspension coo ls, viscosity is the sa me in both cases.
No change wa s observed in the other suspens ion properties , so tha t the only effect that
temperature has on the milling is a red uction in viscosity owing to the rise in temperatu
re, althou gh it would seem to be, a priori, a reversible phenomen on .

Test temperature (0C)

24 40

ro, (0/0) 62.4 62,4

X d(%) 0,4 0,4

P (glcm') 1.66 1.66

~ (cp) 1850 1600

R,, (% ) 8,4 8.5

Table 1. Results obtained 0 11 I1ilT'!l illg milling temp erature (laboratory lest s).
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4.2 INDUSTRIAL SCALE TESTS CONDUCTED

4.2.1 Test approach and data processing

CASTELL6N (SPAIN)

To relate the variations in feed to the changes in sus pension properties, a series of
alterations were effected in the ind us trial mill . In each action, on ly one va riab le of the feed
wa s altered and its effect on the resul ting suspension was analysed .

The actions were as follows:

I. Variation of so lids conten t.

2. Variation of deflocculant content.

3. Variation of clay mass flow (prod uction).

The sol id, wate r and deflocculant mill input flow rates were va ried in a ran ge that
wa s considered reasonable in standard ope rating conditions.

- Dry solid mass flow rate (rn ):
~ "I

- Water flow rate (Q "i):

- Deflocculant flow rate (Qd):

23,000 - 25,000 kg / h

11,000 - 13,000 l / h

250 - 400 l /h

Each va riable was modified, increasi ng and decreasing it, with rega rd to nominal
opera ting conditions. This meant a tota l of 4 cha nges in the settings. Each of these changes
was monitored for 30 minutes, taking suspension samples at the mill exit every 5 minutes.
The initial opera ting condi tions before each action we re character ised for 15 minutes to
make sure that before carrying out any action, the mill was working under steady
cond itions. All the suspens ion samples taken were analysed in the lab oratory,
determin ing their solids content, viscosity and oversize mass at 63 urn.

With a view to quantifying mill behaviour wh en a mod ification takes place in the
feed, it was attempted to relate each ou tput variable wi th the modified input variab les by
an equa tion.

In con tro l theory, the quan titative rela tion between inpu ts and ou tpu ts is
determined by a mathemat ical function known as the "transfer fun ction " . This function
allows param eterising two aspects of the response: on the one hand, it indicates the
ma gnitude of cha nge in an output variable on modifying an input va riable (it indicates,
for example, how much viscos ity changes on mod ifying solids content in a given
measure); and on the other hand, it indicates the velocity at which this cha nge takes place
(using the prev ious example, it quantifies the rate at which viscos ity cha nge s, un til
reaching a new steady value).

The form of the transfer function depen ds on the process bein g stud ied . However,
in most cases a simple equa tion is used, which depends on three parameter s, determined
by fitting the expe rime ntal data . Simply expresse d, the transfer function is the Laplace

1'. ci -22-4
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trans form of the fu nc tio n th at relates inpu ts and outputs. Thi s fu nc tio n is usually found
fro m a differen tial equa tio n [3[, such as :

dy' , ,
TPdt + Y = K p x (t - 8) (Ec. 1)

w h ich has been adopted in th is work . x' corresponds to the inp ut variable (in itia l so lids
con ten t, d efloccu lant con ten t, etc.) exp ressed as the difference betw ee n the in stant real
va lue and the nominal one; y' represents the output variab le (sus pension solids content,
temperature, etc.) also exp ressed as the d iffe rence wi th regard to the nominal va lue. The
parameters of the p attern to be determined exper imentally are K

p
' T r and 8, whose physi

cal meani ng is as follows:

K :
r

Rep resen ts the rela tion be tween the change in the outpu t va riable and the chan
ge in the inpu t variable.

T : Corresponds to mill response time. The la rger T is, the m ore slowly the system
p responds (mill) to input changes . P

8: This is the time that elapses for the outpu t va riable to sta rt p resen ting a change
due to the altera tion in the input variable.

Fig u re S gra ph ica lly illus trat es a d istu rb ance step in an in put variable (x') and the
response of an ou tpu t (y') as a fu nction of time. Moreover, the physica l mea ning is indi
ca ted of the th ree parameter s in volved in the transfer function .

y'( t)

t

X'(IU'--- _
t

Figllre 5. PhysicalllU'tIIlhlg (~f the parameters inuoloed ill the dYlll1mic model.

T
p

and 0 together qu an tify the velocity with which the m ill responds. Wit h a sharp
fast change in the form of a step in the input va riable, if 8 was zero, the m ill wou ld reach
63% of the m aximum response after a time equal to T and 86% afte r a time equ al to 2T

p
• If

8 was not zero, these responses (63% and 86%) w ould be reached respectivel y af ter time
8+T and 8+2T .

p p
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4.2.2 Modification offeed solids content

E{feet 011 suspension solids COli tent at the mill exit

CASTELL6N (SPAI:\I)

The input solid s content, under standard mill working conditions, was d etermined
starting from the nominal d ry solid, water and deflocculant flow rate va lues . The actions
cons isted in altering this by 1% in both directions. Table 2 gives the nominal flow rat es,
solids content (w) , and deflocculant content (X

d
) of the feed (the subscrip t i refers to it

being an input variable). The solids and deflocculant conten t flow rates were held steady.

The points plotted in Figure 6 corres pond to the experimental va lues found in th e
industrial test, and the solid lines to the va lues calculated theoretically from equation 1.
The sa me graph shows th e results of the two solids content modifications in the feed: that
of oi . increase ---> reduction (action lA) and that of ur reduction ---> increase (action 18 ). The

~ l 51

figure also plots the instant at which the first change occurs in the solids content (rise in
or . in action l A and decrease in w . in 18 ).

., 1 Sl

Situation m,i (kg ds/h) QWi (1Ih) Qdi (lIh) ro,i (%) x, (%)

Initia l 25000 12400 270 66.8 0.3

ffis i up 25000 13000 270 65.8 0.3

Initial 25000 12400 270 66.8 0.3

Wsi down 25000 11800 270 67.8 0.3

Initial 25000 12400 270 66.8 0.3

Table 2. N ominal mill input ratucs 011 modify ing solids content.

Tabl e 3 shows the va lues of the model parameters. The values of the param eters
found in the two actions (l A and 18 ) shou ld be the same, under ideal conditions; howe
ve r, the y are not partly because the mill does not beh ave exactly as equation (1) pred icts,
and partly also becau se the samples were taken every 5 minutes; there is th erefore a cer
tain lack of accuracv in the definition of"{ and 8.

, p

Parameter

Tp (min)

o(min)

Action l A

1.35

13.0

10.0

Action I B

1.15

10.0

12.0

Table 3. Parameters[aund ill the theoretical f its.

P. (; 1-226
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These resu lts are of great importance, since th ey allow cha rac terising m illing process
dynamics from a control poin t of view, i.e., they enab le qu antifying how fast the mi ll res
ponds on mod ifying th e input variables. Considering that most of th e response was rea
ched after time O+ 2Tp' this gives an approximate va lue of 35 minutes. Thi s is ob viousl y
whenever small departures from nominal opera ting cond itions are considered .
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Figure 6. Theoretical fit of 50lids content at the mill exit .

Effect 0 11 suspension oversize at the mill exit

Th e effect of inpu t solids content on suspension oversize mass is plotted in Figure 7.
It shows th at neither altera tion in so lid s content produces a de fined effect on oversize; this
alw ays stays arou nd the same value, albeit with certain sw ings.
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Figllra 7. Plot (~f orerei:e all rai~il lg input solids content,
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Thi s result differs from the one found in the laboratory tests, in which an increase in
sol ids content produced a rise in oversize. This d ifferen ce in be haviou r can be due to the
effect of ball size . In the laboratory mill , the smalle r ball size more efficiently reduces par
ticle size, w hile in the indust rial mi ll, the m inimum achievable particle size is possibly
already close to being achie ved with the ball distribu tion involved .

Effect 0 1/ suspension viscosity at the mill exit

The effect of modi fyin g so lids content on sus pens ion viscosi ty is show n in Figure 8.
The decrease in input solids content by a percentage point leads to a drop in suspension
viscosity of a round 900 cp; in contras t, raising so lids content by a point lead s to a rise in
viscosity of abo u t 2500 cpoThi s quite non-linear behaviour is characteris tic of viscosity. It
is in fact this beh aviour that lim its the use of equa tion (l) in study ing viscosity. Indeed ,
eq uation (l) is linea r and therefore, independen tly of the valu es of Kr' T and e, this equa 
tion pred icts that the magni tude of cha nge in the ou tpu t variable sho uld be the sa me on
raising or lowering the input va riable. In Figure 8, the solid line sho ws the resu lts obtai
ned wi th equa tion 1, providing a poor fit, particularl y in the action OJ" increase 
decrease.

Action OJ, ;:

up - dow n
o

o

- Time when the
: change was made, ~

0
0

0 0
0

0
0

0

0 Action OJ, ;:0
0 down ---> up0 0

10 20 30 40 50 60 70 80 90
t (mi n)

Figure 8. Theoreticalfit of ll i~co::o ;ty.
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Besid es measuring viscosity, thixotropy wa s qu antified as the measurement of vis
cos ity after a 6 m in rest of the suspension ( ~1(6 min» . The relation between bo th ma gnitu
d es (viscos ity: ~l (l min ) and 11(6 m in» is shown in Figure 9, w here the rela tion is observed
to be linear. This justifi es concentrati ng on viscosity to characterise the va riation in the
rheological sta te with cha nges in input va riables . Possib ly, if the change in the input
va riables had bee n bigger, this linear relation might not have held .
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Figure9. Relation betweell measured ['iscositt; afta 1 and 6 mill
slIspellsion rest OIl 1Il0d~~lillg 501 id~ content.

The v iscosity of a suspension can be relat ed to solids con ten t by means of a semi
em pirica l equation . Fo r concentra ted suspensions w ith Newton ian rheologica l behaviour,
th e equation used is th e Krieger-Doughe rty eq u ation 1' 1, w h ich can be w ritten as:

1:.. =(I_-.'l)-W]o.
/1 , <!>m

(Ec. 2)

w here :

u: suspen sion viscosity (Pa-s)

~ l , : viscosity of the su spend ing phase (w ate r, Pa-s)

[ ~d : intrinsic viscosity, related to particle shape and d efJocculatio n s ta te

(d im en sion less ).

¢: solid s volum e frac tion (d imension less )

¢m: m axim um solids volume fraction (d imension less)

O n occasions a va ria n t of the equa tion (2) is used , w ritten as follows:

( )

- W]

: = 1- <!>~ ((Ec. 3)

This has been the ex p ression u se d in thi s stud y, as it fitted th e experimen ta l res u lts
better.

1'.(;1 -:::::9
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The so lids volume fraction in a suspens ion (<P) is related to so lid den sity, sus pe ns ion
den sity and so lids content. It can be calcu lated from the following exp ressi on:

P•.- w,
<P = P,

1-(1-::},
wh ere:

Pw: water den sity [kg / m' ]

p : so lid den sity [kg / m' ]

(' l, : so lids content [kg dry so lid /kg suspe ns ionI

(Ee. 4)

The maximum particle volume frac tion in a suspe ns ion (<Pm) is related to particle size
di stribution (PSD) and to the suspension agglomeration state. In principle thi s rela tion is
not known, but it can be ass umed that , for a sma ll ran ge of variation in defloccul ant (w)
and oversize (R.,), given the relation between PSD and R,y and between agglomerati on
state and X

d
, it will approach the following linear exp ression:

(Ee. 5)

whe re:

<Pmo: maximum volume fraction, correspo ndi ng to X
d

= a and R" = O.

A d: facto r that relate s viscosity to defl occul ant content

A I{: factor that relates viscos ity to oversize

X
d

: sus pe ns ion deflocculant content (%)

R'3: milling ove rsize ma ss (%)

Subs titu ting equa tions 4 and 5 in 3, an exp ress ion is found th at relates viscosity to
so lids content, in which parameters [~], <Pm'" A d and A I{ are not kno wn

Using the expe rime ntal values, the foregoing param eters can be found by applying
a least squa res fit for viscosity. Thi s fit is sho wn in Figu re 10. The fit is observed to be quite
good. The va lues obtained were as follows:

[u] = 8.5

I'. GI - 23U
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FiSlIrc 10. Theoreticaltit t~fri~( l~ity i.6 th the Krieger- DOllg/lt'rly l'lflllltiml .

As the deflocculant content remained consta nt, <P
mO

and A d could not be de term ined
separa tely in eq uation (5). Furthe rmore, since A" could not be ca lcu la ted because the
va lues of R , we re verv sim ilar to each othe r and had no clear effect on viscositv, the

~ J J

assumption was mad e tha t A,,;O.

-1 .2.3 Modifi ciltioll of deflo cculant conten t

The va riations in mill input de floccu lant content were approximately ±O.05%. The
nominal values of the feed flow rates, as well as the solids and deflocculant content
ca lcu la ted fro m these fl ows are give n in Table 4.

Sit ua tion m,1(kg d sfh ) QWI (lIh) Q", (lIh ) Cl~ i (0/0) x, ('Yo)

Init ial 25000 12200 270 67.1 2 0.307

x, dow" 25000 12220 250 67.12 0.260

Initial 25000 12200 270 67.12 0.307

x, up 25000 12160 30N 67.12 0.350

Initial 25000 12200 270 67.12 0.307

T,lNt' -I.•\ 'o",iual mi ll inplit 0 11 " /(ld~fy;"g dt11occu!all1content.

Effe ct 011 S1I51'l' usio n ~oJid~ content and 0<" ('1"5;: (' at fire mill exi t

Figure 11 shows that, on al tering the defl occulant content , the solids content flu c
tuates by ±O.3%; howeve r, this fluc tuation cannot be associated with the changes in defloc
culant content. The presence of fluctu ati on s could be related to materia l accumu la tions
insi de the mill, w hich wou ld ge nera te heterogenei ties in the properties of the resu ltin g
sus pe ns ion. No rma lly these va riations are not important becau se the mat eri al ends up
bein g homogeni sed in the sto rage tanks prior to spray drying; however, they sho uld be
kept in mind when design ing the contro l system.

P. GI · ~J I
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Figure l1.E polutioll of solids content 01/ modifyillg dt:t7occlIlllIlf content.

The actions on the deflocculant did not significantly affect suspension oversize ,
Figure 12 shows how the oversize sw ings, w ithou t exhibiting any clea r tendency.
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Effect 0/1 sl/sl'e/1sio/1 viscosity at the mill exit

Defl occul ant content affects suspension viscosity, as shown in Figure 13. Decreasing
the deflocculant content ev idently ra ises visco sity, Together w ith thi s reasonabl e beh a
viour, viscosity is also obse rved to undergo short, abrup t va ria tions (local peaks ), These
peaks (plotted in Figu re 13 as crosses) are unrelated to an ything that could happen at the
mill input, since if thi s wa s the case, the peaks would be flatter (sma ller magnitude, and
last a longer time ), They could be due, as before, to processes rela ting to what happen s
insid e the mill (for example, the exit a t a given moment of material accumu lated inside
the mi ll, e tc.); in any event, the causes of these changes are not clea r,
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Figu re 13.Tlteoret icn!fit trit tt the Krieger-Dougherty eeuation.

Fitting the expe rimenta l data of this action to the Krieger-Dougherty equa tion is a
little deli cate. It is necessary to rem ember that as postula ted, in this equation parameter
<Pmdepends on defloccul ant content X

d
according to equatio n (3). The di fficu lty of calcu la

ting cj>m is that the va lue of X
d

is unknown (its con centrati on in a suspe ns ion cannot be
ana lysed in a simple way). For this reason, it was de cided to estimate it from the mill input
defloccul ant content, and use equation (l) to evalu ate its elapsing time. The T and 0
va lues of th is model we re assumed to be similar to those used in fitti ng the solids ~ontent
(T = 13 min and e = 10 min) . Th e value of K was conside red sim ilar to the one se t, as it
is"reasona ble to assu me that a variation of 'i% in mill input defloccu lant content w ill,
when a new steady value is reached, lead to a va riation of 1% in suspe ns ion deflocculant
con tent. The estim ated va lue of mill ou tp ut d eflocculant cont ent is plot ted in Figure 14.
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In thi s experiment the assu mption wa s made that A.=O(equa tion (5» as no correla 
tion had been observed between oversize and viscosity. Due to the fact th at Xd va ried, the
values of <l> mU' Ad and [~tl of the Krieger-Dougherty equ ati on could be independently deter
mined . The resulting fit is shown in Figure 13 (solid curve ). The va lues found for th e
parame ters were:

lJlmO = 0.523

Ad= 0.34

[~tl = 8.5

If these value s are compared with those obtained on vary ing solids content, it is
obse rved tha t [Ill is the same; howev er, the va lues of <l>mo and Ad are not consistent wi th
those determined in the first action (mo dification of solid s contents); in fac t, if <l>mo+AdX~ is
ca lcu lated from the previous da ta, and cons idering the value of Xd in the first ac tion, thi s
wou ld give <l>mo+AdXd=0.627 (com pa red with 0.613, which was the value found in the firs t
actio n). Th is means that <l>mo (or Ad) is not cons tant, possibly owing to a varia tion in the
defloccula tion state or a modification in the solid inpu t, in view of the fact that the first
and seco nd modifications were no t carried ou t on the same d ay. Ne ve rthe less, with the
data available it is no t possibl e to es tablish thei r relation with any other easily mea sura
ble va riable.

4.2.4 Modification of clay mass flow rate

With a view to establishing the effect of clay mass flow rate on suspens ion
p roperties, thi s flow was modified wh ile holding so lids and defloccul ant content.

Since at the moment of performing the action, the solid mass flow inp ut into the mill
was the maximum allowed by the facility (25,000 kg / h), the two di sturban ces consisted
of two decreases, then raising the result in two steps to the initial va lue. Table 5 presents
the no mi nal va lues in each situation.

As was to be expected, no significant cha nge occurred in solids conten t, oversize or
viscosity on varying clay mass flow ra te.

Situation 11I,; (kg dslh) Q"l (IIh) Qdi (IIh) ro,;{%) x, (%)

Initial 25000 12400 300 66.7 0.34

rn, down 24000 11900 288 66.7 0.34

m, down 23000 11400 276 66.7 0.34

md up 24000 11900 288 66.7 0.34

m; up 25000 12400 300 66.7 0.34

Table 5. .Nominal mill input rallies 0 11 l1Iod£fying clay mass flo./) rate.

P. GI • !3-l
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Effect 011 ~ llspt'llsiO Il temperature at the mill exit

Th e tem perature of the suspension at the mill exit was measured during the pre
vious act ions , no cha ng es being observed either on vary ing the solids con tent of the feed
or modifying the deflocculant content. How ever, during th is last action, a varia tion in exi t
temperature was detected.

Suspe ns ion temperature in creases on decreasing mill production, and d rops on
rais ing it aga in . Th is varia tion can be observed in Figure 15. The cha nge can be sim p ly due
to the d ifference between the en thalpy of the sus pe nsi on at the exit and th at of the feed
(t> H = (m ) w) cp(T-T) practica lly rem ain ing cons tant when production varies (w ithin
certa in lim its) . Th erefore, on decreasing suspension mass flow rate (rn), the ou tpu t
temperature sho uld rise (T).
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Figure 15. Effect of solids feed flow rate 011 51151't'115ioll temperature.

Using equation (1), it was attemp ted to find a relati on betw een both va riables. Th e
fit is shown in Figure 15 (solid line), and is qu ite good . The parameters of th e fitt ing equa
tion are detailed in Table 6.

Parameter Value

K p (OC/( kg /h)' I 0-' -0.45

Tp (min) 10.0

e (min) 20

Table 6. Parameters of the equation fitting "ciscosity.

The val ue of K
p

found mean s th at a change of a ton per hour in the solids mass flow
input into the mill p roduces a modification in suspens ion tem pera ture at the exit of 0.45
"c. The value of K is negative because on increasing prod uction, temperatu re decreases.
It sho uld be notedthat the val ue of e~2T is simi lar to the one found in th e other cases in
which the equa tio n was applied (1). p
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5. CONCLUSIONS

CASTELL6 1\: (SPAIN)

The study allows d rawing the following conclus ions :

- On a lab oratory sca le the effect has been stud ied of soli ds content, defloccul an t con
tent and milling temperatu re on viscosi ty an d oversize of the resulting sus pe ns ion.
The most significant results are that the initi al solids content affects overs ize, th at
defloccul ant content only affec ts viscosity (in par ticular it does not affect oversize),
an d that mill ing tempera ture does not a ffect any resulting suspens ion variable.

- It has been demo nstra ted that in the ind us tria l mill , there is a direct relation bet
ween feed and suspe ns ion so lids content. A simple model can be used to sim ulate
the be hav iour; the cha rac teristic resp onse tim e was about 35 minutes .

- The oversize on a 63 urn screen (l~",) does not cha nge with the cha ng e in so lids con
tent. This di ffers from the resu lt found in the laboratory, whe re it was observed th at
increasing (ll, also raised R" . The d ifferen ce in behaviour be tween the laboratory
mill and the industrial one cou ld be d ue to the different ope ra ting cond itions (ball
size and rota ting speed).

- Viscosity (u) increases on raising solids conten t (OJ). A sligh tly modi fied Krieger
Dou gherty equa tion can be used to establish the relation be tween u, OJ, and X

d

(de floccu lan t mass content). The ma ximum vo lu me fraction, under zero defloccu
lant concentra tion cond itions (rJ>mo)' or the par am eter that relates deflocculant con
tent to vo lu me fraction (A) , va ries over tim e, possibl y as a result of slight modifi
cations in raw ma teria ls or mill operating cond itions (leve l of ba lls, materi al accu
mulat ion, etc.). In any event, the Krieger-Dou gherty eq ua tion can be ap plied to
study the va ria tion in viscos ity with solids content and with deflocculant content,
if sma ll corrections are mad e in rJ>mO' wi th tim e.

- The modification of d efloccul ant content does not affect suspe ns ion oversize .

- Wh en mill prod uction increases, suspension outp ut temperature d ecreases, bu t
neither R" nor fl change (in the tested ran ge of production vari ation).

The work cond ucted es tablishes how qu ickly the mill responds to cha nges in input
va riables, and shows the presen ce of sporad ic fluctuati ons in suspe ns ion properties. Thi s
information will allow designing a contro l system that enables regulating suspens ion den
sity and viscosity by acting on the mi ll feed va riables .
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