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dynamics-Parl2: an empirical approach to modell ing of mil l
power draw

Power draw of wet tumbling mills and its chargerelationshipto

S. Morrel l

Synopsis
Part I of this two-part contribution presented a
mathematical rnodcl, based on the dynarnics of the
charge and tet.Ined the 'C-rnodel') for prediction ofthe
power draw of tumbling mills. Part 2 describcs a
simplcr, ernpirical rnodel (thc 'E-model') whose
perforrnance is based on that of the C-model. The
database of industrial ball-, serni-autogcnous and fully
autogenous rnills that was collected for the validation
of both rnodcls is described in dctail. The database is
used to assess the predictive capabilities of the E-
model, showing it to bc only slightly lcss accuratc than
the C-rnodcl dcspite its rnuch sirnpler structure.

The author is not aware of any work published this cenrury
that presents a model ( in dre form of an equation or set of
equations) of thc power draw of a \l'ide range of industrial
grinding mills under a rvide range of operating conditions
with convincing attendant evidence of its abilit_v to make
accurate predict ions. This lack of rclcvant cxperimcntal data
has l imited the practical appl icat ion of many of the attempts
that have becn made to model the porver draw of mil ls. Data
on the porvcr drau of grinding ni l ls are abundant in the
l r r c r ; t u r c ,  bu t ,  as  Hc r r i .  and  ,  n  \ r ' ^ r kc r , l  r cmJ r l ' c J ,  l hc l  c r c
' . . . too frequently unusable sjmply bccause one or more
essential variables have been omitted'.  The absence of pub
l ished results obtained f iom vigorous cxpcrimcntal tcst ing of
rhe various modcls has led to :r generrl  lack of evalual ion ()f

the val idit_v of the assumptions and hypotheses that underl ie
.u ,h  modc l s .  Ha r r , )  and  co  r vo rkc r . l  J rd  rna l c , cmc  c f l nn
Io evalul l te the performance of various porver prediclon
r'quations and, in so doing, devcloped luf lher r scmi
empir ical equation of their own. Hou'ever, sincc they uscd
manufacturcrs'  publ ishcd data, which thcmsclvcs werc
undoubtcdlv gcn.rated by proprietar] equations of unproven
validit ] ,  their equation remains unproven. To ensure that t ie
models that are described in the Nvo pafis of the present
contr ibution have a proven abi l i ty to predict accuratel,v the
oower draw of industr ial mil ls an extensivc database was
assemblcd. This part of the contr ibution providcs ful l  dctai ls
of the database, which is used to val idate ihe accuracy of a
relat ively simple empir ical model-thc E modcl- lvhosc
pcrfbrmancc is based on that of the C modcl describcd in
Pan l  2

Collection of grinding-mill.d4t a.; t

Alrhough small  laboratory mil ls provide an excel lent test-bed
to determine the functional rcla[ ionships bctween operating
condit ions end powcr dra\{,  good-quali ty dst! for ful l-scale
plant are required to determine whether such relat ionships
hold at the industr ial lcvcl.

The litcrature contains some data for industrial mills, bur
these are isola[cd cases and ol ien lack sufl lcient detai l  to be
useful for research purposes. The problem is compounded
by thc inhcrcn! dif i icult ies in obtaining accurate data.r In
1988 the author therefore began to assernble a database on
grinding nrills tiat could be used *'idr conlldence to develop
and val idate models of pou'er draw.

The minimum detai ls of a grinding mil l  that are required
to enable predict ion of i ts powcr consumption arc: diamcrcr
( inside l iners); length ( inside l iners); rotat ional speed; bal l
f i l l ing; total f i l l ing (bal ls plus rock); discharge mechanism
(grate or overflorv); and specific gravity of tie ore-

Details of these paramctcrs, as wcll as of the truc power
dra$, wcre sought for as wide a range as possible of mil l
dimensions, ore t lpes and operating condit ions. During rhe
course of their col lect ion a varicry of potcntial sourccs ol '
error \ \ 'crc encountercd, and these are described in the next
scctions.

Mill diarncter
_l 'he 

rcquired mil l  diamcrcr is th:rt  measured inside the l iners
rrther Lhan inside the shel l .  Houever, the diameter changes
ss the l iners u'ear. Inside-l iner diamcters can only be rcl ieblr
obtainccl b,y dircct mcasuremcnt fron] inside the n1i l l  at the
tinre of recording the power draw. Vidr a nunrbcr of ni i ls
the aulhor was ,ble to do this. In sonre instances inside-shel i
diameters only \ \ 'crc avai lablc and, in such cascs, lwicc the
nominal thickncss ol the hal l  \{orn l iner was subtracted from
rhc inside-shcl l  diamctcr.

MiU length
N{anufacturers often quote an 'cffect ivc grinding lcngth'
(I iGL) for a mil l ,  but i t  is apparent that manufacturers
dif lcr in thcir definit ion ol what this is. In sonle clses i t
appears to be the length of thc mil l  at thc bel ly ( i .c. thc
cyl indricaL sectjon) insidc thc shcl l .  In mil ls with conical ends
thjs is mislcading as i t  cf lcct ivel]  ignores the volume of dre
ni l l  qi thin the cnds. Sorne manufacturers take this into
account by specifying an EGI- that is bct* 'ccn lhc bcl lv
lcngth and thc length along the centreJine. In such cases i t
has not bcen establ ished how this lenglh is determined.
Vhenever possible enginecring drawings wcrc sought :rnd
both bcl l t  and centrc l ine lenglhs were determined. ln orher
cases direct mcesurement was possible- I f  neither of thesc
\\ as leasible, the manufacturcr 's tsGL was uscd. As with thc
mcrsurcmcnt of diamctcr, al lo\, \ 'anccs wcre nrade for Ihe
rhickness of the I iners.

N{anuscript hrst rcceivcd by lhc Insolulion ol Nlining and trlcrallurt-l
on : l  June,  1994i  revised manuscr ipt  rcccived o 2.1 August .  19q5.
P:rper published in I'ra ' In!L) MiL M.teil. (Sc.r. C, Mt,.rdlft,.cr'.
Er t r .  Alnal l . ) ,105,  January Apnl  1S96. i l  The Insi i rutron of  Minins
and Metal lurgt '  1996.
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Mill speed
Tbc most comnron mcthod for rcport ing the rolarional sp! 'cd
of the mil l  is as a percentagc ofthe cri t ical speed- This f igurc
is oftcn based on the number of revolut ions of rhe mil l
in one nrinutc and a nomiiral insidc l incr dintension. As tht
perccntage of cr i t ical spccd is proporrional to Dr) 5, the valuc
that is calculated using the truc insidc-l iner dimension wjl l
diflcr from this valuc.r \\.'henevcr possible thc rotational
spced, rcv mrn r,  was rccorded and drc percentage of cntrcal
specd at the insrde of the l incrs u'as thcn calculated.

Spccific gravity ofore and balls
L)i f ferent grades of steel and dif lereur manufacruring tech
niqucs result in bal ls of varying spccif ic gravit ies. Since no
inforrnation was sought on thc specific gravity of balls during
the course of dls research, a mcan laluc of 7.3 has been
useLi. In seni-autogenous grinding (SAG) aDd autogenous
grinding (AG) mills, in particular, thc specific gravir_v of rhe
orc has a signilicant cffect on the deosiry of rhe chargc and.
hencc, power dra! ' ,-  In al l  drc data sets held in the database
thc mean speci,ic gravit! of rhe feed ore has been uscd. lt is
possibleJ however, thar when blends of ore arc h]eiog trcated
a harder constiuent may be prcsent wirh a specific gravitl.
that dilTers from that of the rcst of rhe ore. In such circum-
stances rhe specinc graviry of dre ore in the mill \\.ill bc
differcnt from rhat of the feed orc.

Mill filling
The mil l  f i l l ing, or volunre of chargc in thc mil l ,  has a
significant eflect on the power draw. In ball-mills rhe filling
remains fair ly steady ove. t ime as i t  consisrs marnlv of srecl
bal ls. I t  is common pracricc for opcmtors ro chargc bal l-mil ls
with srcel bal ls according tr:r  a power scr point. Ouing io the
very stable power draws that are usually seen with bal l  mil ls.
this proccdure cnsures t i la the mil l  is alwavs charged (r

apprL)ximateh lhe samc Ievel. \Vhere dircct nrr. .asurerncnts of
thc bal i  f i l l ing rvcre not possible at the t ime $hcn poq'cr
readings wcre taken historical plant rccords wc(c uscd as !
source ofbal l  f i l l ing data. H(rwever, rn AG and SAG mil ls .hc
fecd orc contr ibutes signihcant qurnl i t lcs of rock to the'
grinding media. As a rcsuh, changes in the sizc disrr ibutiorr
and hardness of the fced ore will affeca the quantir\ ol ore in
thc mll l : ind, h.nce, thc power dralv. In al l  . iscs dirccl
mcasurements of thc loads wcre madc. Wirh AG and SAG
mil ls this enrai lcd running thc mil ls under srcrdr-sratc
condi( ions and then crash-stopping them under load.
.W1renel 'cr 

possible the mLll  was then cnter<d rtrrough thc
feed trunnion and measurcments of r jrc \ , | idth of rhe charge
\\ 'cre taken in threc places, togerher wirh insidcl iner
dimensions. From these mcasuremcnts thc vol l lmc of thc
load r.r as calculated by sinrple gron)eiry. ln a numbc.r of
cases access to rhc interior ol the mil l  rvas denied. In thesc
insrances photographs were takcn of the chargc against drc
grate ,nd t ie level of lhe chargc \{as dererrnined fronl
engrncering drar.vings of rhe grate and sinrple gcontetn.
Alternatively, a rod was inscrted inro rhe mil l  to rncasure dt(
l(rel of thc charg( belnw rhc fecd rrunri . '1.

SA(i-mil l  operations presentcd addit ional di lhculrres
because of dre bal l  f i l l ing, which, treiDg mixcd wrih the (rrc
chargc, \{as di l l icult  to est imate. In most cases mil ls werc
al lowcd to grind out and the bal l  f i l l ing was rhcn measured.
Hou'er,er, owing to the damage thar rhis procedure can cause
to thc l iners/ l j f Icrs, this !vas not always possrble. In such
cases operarors'cst imatcs had to be uscd.

'S!mL\rls and rheir mcanings are l lskd on t lgc C59.

Powcr draw
Plants r,ary *rdcly in thc 5-pe and complcxi4 of their lnsrru
mcnlat ion. As a result,  data on po\4'cr draw were avai l lble
f ionr a range of deviccs, including ki lowatt-hour nlcrel:-
po\ cr transducers and irn)trctc6, I f  mtrrc than one source oa
powcr data was avai lable at a panicular si te, a check uel
made on whet}Ier all soorces gave similar rc:Ldings. If rhr_1
did not, clcctr ical staf{ at thc plant were requesrcd to
lrrvcstigatc and correct thc di l lerenccs. In * lc rvenl th3r t ]r :
did not prove possiblc rhe data were nor tncluded in rh€
datgbase. I f  only one source of powcr measurement rva:
available, eflorts rverc orade to ensure rhrt independeri
chccks of thc accuracy of rbc powcr rcading rvc're madc ci ta
prior to the hcld study or shonly aftenlards-

Dctai ls ofdatabase

Ball-mills
l)ara rvcrc col lccred from.lt l  di lTcrenr mil ls, _vielding a rorl
of 4l data scls (scc Tablc I  of Appendix l) .  Po\r 'er drirs
vary from 6.2 ro 4100 kW, with a cortesponding range or
diaoreters l iorn 0.85 to 5.34 m- The majorir l ,  of rhe mrls
\\'ere of the ovcrflow lype, only d)ree relati\'eh sl)all mtlls l:
thc Do\' , 'er rrDge 97 420kW being grare discharge. 

' lk l

speed rangc of dre mills covered bv the dalabase ranges froE
6l to 8370 of cr i t ical.  1\ ' [ost, houcvcr, are in the rane:
70 ?5' l ;  of cdtical.

J\{i)l Iillings were rypically in rhe range 30,409;, lhou8!
values as high as 4870 and as low as 2070 wcre recordec
Apan from one sct of data for a pi lot mil l ,  mos! of rb.
dara lbr ioR f i l l ings relate to very large-dianerer mil l .
( >  4 .8  m) .

SAG rnills
Thrrq'one scts ofdala obtarned from 23 SA(l Drl ls ( ' l 'able:
ol Appendix l)  are held in the database. l) iamercn ran froc
1.75 to I0.20 rn, with a coresponding po\r 'er-dra\ i  ranqc.:
10.,1 10 000 kV. The large-diameter uoit  also hr\ (rne cl .n:
Iargest bal l  le.ads (167o) recorded in lhe databirse. al ih(\ug
its total l i l l ing was onlv l97o- Bal l  loads laried conside.abi i
f tom 3 to 25'7o, with a mcen of 129i,.

The spee<ls ol the SAG rni l ls varicC from as k.\r t i  {S I u:
to 89'% of cr i t ical,  wit i  a ntean of 757,. The )ou,speec nt:. .
was httcd wirh a variable spced drige and $.as opcrared:
this k'$'spced spcci l ical lr ' to gcnerare dara for the res. 'arc:

Progranme. 
- l  

l te high-s}.tcd mil l  is rn a S.rurh Atncan gc', :
p l aD t .

Includcd in thc SAG mil l  darabase arc four mil ls tor ' .r  hrr:
the masses of both drc ore and the ball charg. \r'er. mca-<urc:
b )  dumprnF  l he i r  t  on leD l .  and  u .  r gh tng  l h (D )  f h r (<  . ' l  r '  .
mil ls wcrc ful l  size units wi!h dimens)ons (diamer.r r lengri
n l  a .O8  m .  o .R l  n r . 7 .0 t  t  .  J . oo  m  t \ ee  cJ r l r ( r  \ \ , , r f  ao i
4. 16 m x 4.78 in, the drra for rhe lasr mil l  herng klnd:
pro' ided to the author t 'v Pendreigh.{ In addrrjon ro r l1r. fu:.-
size Ini l ls, data \\ 'ere obtaincd for e pi lor unrr.

AG mil ls
Autogcnous nri l ls arc t l te lcasr r.prcsenre.l  rn rh. Jatabr!
(cight data sers)j  rel lect ing their less common usc rhr
SA(l mil ls ( ' fxlr lc 3 of AppeDdix l) .  Despire rhrs. lhe ranr:
of dianlaters tiet q'as cc,r'ered in thc lielduork Fr\rgrarnm:
malchcd thar of the SAG rni l ls (L75 10.2 m). 1}le po$.:
rangc, however, was sl ightl l '  smallcr (9.1 3000 k\\ '
Included wct-e rwo mil ls whose cnrire equi l ibr ium conren..,
wcre wcighed snd sized l)ne a pi lor unl i  l rnJ rhc ()rher i :  u[-
r r i t b  d imcns ions  o f  5 .105  rn  x  5 -  l 8 I  m-5

a-t .
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Empirical power-draw model

' lhc 
avaiLatr i l i ty of thc database provided an oppo.(unirv to

develop an cmpir ical nrodel that is bascd on thc pcrfornrance
of the C-model2 but is of much simpler form. From thc
analysis of the lactors af l tct ing po*er dra* that have so Iar
bccn considered the foLlowing variablcs can be l isted as inf lu
entisl :  diamete., D; lengd), l ;  speed (fract ion of cr i t ical),  4);
charge density. t t .  r  and mil l  t i lLng. Jr

From analysis of the C-model cquations the underlying
relat ionships bct*ccn these variables and powcr draw can be
expressed in the fol lowing simplc form, which is similar to
that proposed by Harris and co-* 'orkers: l

Ne r  powc r  d ra rv  -  KD2  5L "p . (6  ( l )

whcre o rnd 5 arc non-l inear functions of l l l l ing and speed,
respecrively, D is mil l  diamcter. L" is efTective grnding
tcnfirh. pc is charge densicy and K is a crl ibrsf lon c(rnstanr
whose l ,alue depcnds on whether the mil l  has a f irr t .  or
overflou, discharge and which lumps togcdrer all other para-
meters and errors-

The rotarional speed and mil l  f i l l ing are related in a
complex manner to power draw owing to their inf lucncc on
the positions of (he toc and shoulder of the charge. Hence,
to determine the functions cr and 6 the response of the C-
modcl to both f i l l ing and speed was modcllcd empir ical ly.
In addition, the effecrive lcngrh of the miLl was defincd ro
take into accounr the effect of any cone-ends.

Effect of rnill filling on power draw
Fig. 1 i l lusrratcs the response of the C-nrodel to changes in
mil l  f i l l ing for a range of mil l  speeds. The power-drarv data
havc becn normalized with rcsf 'cct to the maxrrnum polr 'er
such thrt thc po',r ' r ' r  is in the rrnge 0 l . l r  i \  sccn rhat thc
f i l l rng at lvhich power draw rcrchcs a maxlt lu.n (.7",, ,)  is a
function of mil l  spccd, as was observed by Lid<Jcl l . '  

- lhc

valucs oi 7^,, .  for the speed rangc 50 I00ir '  of cr ir ical tver.
determincd i tcr i l t lvclv from the C-modcl, and lhe rcsufts rr.
given in Table l .

Frcxn the data in Tablc 1 Jn.,, can be represented as a
function ol O bl nreans ofthe polynomiai cxpression

J,., ,  = Z.SSOTO 2.2129q2 0.49267 (2)

Ir appears fronr Fit .  I  that the rclet ionship of power draw to
mil l  f i l l ing is approxirnately parabolic and, hcncc, that ir  can
be expressed as

Powcr - J, ( to J,) 13)

Dil lerentia(ing power draw \\ ' i th respect to Jt and sctt ing t(r
zcro tht- l i l t ing at which powrr is a maximurrr gives the
fol los rng expression [or J,, , ,*:

. . t t .c i t - .5
c lr. cril = .7
r fr. crit = .9

o.2

]
E

3
o

:
!
(I 0.4

0.2 0.3
Frac t iona l  mi l l  l i l l i ng

Fig.  I  Rc:ponsc of  C-model  i . )  ch.rnges in nr i l l  6 lhng

1ab le  I  F i l l r ng  a t  wh i ch  ne t  poue r  J r r *  r s  a  max imum

0.70.60.50.4

l:raction ofcritical Filins at maxirnurn

0 . 5

0 .?
( 1 7 5
0 .s

0 .455
o.492
0 .506
0 .50  r
0  490
0 . 4 1 2
{ ) . 146
0 .2  74

rC

I frhc IuncrionJr(o J,) is exprcssed as

d = j ,@ l) (6)

then, l iom cqualions 4 and 6, the rnaxlnlunl value of o is
grven by

a2
( j )

ln mtrdels such as Bond's7,8 and Austin's ')  o is a constant
rvith a value t: lose to unity which gi lcs, inconcctly, an
invarian! power nraximum at a mil l  f i l l ing of around 507u
(i.e.J,, , , ,  = 0.5). I t  is evident from'fable I that.7,,"* (and 0t
is, in fact, a functron of mil l  speed- From cquations 2 and r l  (D

can be represen!cd as

J,,,"_ ( 1 )

To cnsurc that thc expression given as equation b mrinlaincd
values ln a convenient range rcgardlcss of mil l  speed i t  *as
nornral ized xith respect to armrx. Hcnce, lhe cqualion $as
fe$ r i t tcn !s

t ((,) J,)

Ellect of mill speed on power draw
As with mill filling, thc power draw reachcs a maximunr at a
ccrtain mil l  speed, above which i t  reduces. 

' l 'his 
cff tct is

i l lustrated in Fig. 2, wherc lhe rcsponsc of the C-model to
rni l l  speed is plotted. I t  is seen that for mosr of the speed
range the response is approximately l inear and rhal ir  onl]
dcvrates t iom l inear as the speed at which r})e powcr drarv
rcaches a maximum is rcachcd. 

' l 'his 
speed, Q".". ,  is a

function of the mil l  l i l l ing. This can be sccD from i able 2,

(8)

=:f
2

rD  =  2  f 2 .qE6 lO  Z .Z l2eO2  0 .49267 ) ( 5 )
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cquation I prcdicted the valucs of$."* I isted in' l 'ahle 2. The
rcsult ing values of(r i , ,  arc also given in' fablc 2 

' fhe1'$crr

f ou r rd  t , ' h t  s rmJ ' l l  r c l a t r ' J  l , '  7  b !  t hc  cqua t i , ' l

O;.a .  -  0 .95 '1  0 .135 J r

o 5 0_G 0 7 0 . 8 0 9 1 . 0 t l

Frac t ion  o f  c r i t i ca l  speed

Fig.  2 Response of  C-modcl  to changes in mi l l  speed for  range of
mill f,lLings

.  
' l -able 

2 Specd at  uhich po$'er  is  a maximum

Fraction ofcritical speed at
tnaxrrnurn net power, 0max

Ilfiective grinding length
' l  

he effect of having conical cnd-sections in a mrl i  is to
incrcase I})c volumc of the grinding chamber and, hence, drt
power draw relative to that erf rhc cylindrical secrion alone
As the mil l  hJl ing in thc cyl indrical section of the mrl l  varies.
the lcnglh of thc cone-ends that is activel,y in use will also
vary. Thus, as the mill filling increases dre active or eftcctjve
lenglh of dre conc-ends increases lnd, hence, so uLIL the
amounl ol power drat lhe clrnc-ends draB rL. lalr le Io t ie
cyl indricl l  sectlon. I t  fol lo[s from rhis thar dte io cal led
'cffect ive gnnding lengdr'  (EGL) is not jnvarianr but is a
function of mill lilling. To illusffale this eliefi rhe C-model
\r 'as used to crlculate the power draw of the conc tnds as ?
function of the length of the concs and tie mill hLlmg of rhe
cfl indrical scct ion. The rcsults ar. shown in Fig. ] .  \r-here
thc power draw and length Lri  the cone end are .rprcssed
relat ive to those of thc cyl jndrical section (rhc poser drau
and lcngth of the conc-end relaic to the sum of t'orh cone
cnds). The gcometries of the cones at each end iver. the
same, rvith fccd- and discharge-trunnion diamercr:.qual ro
0.25 of rhe miLl diamcter. I t  can bc seen from Fig. I  rhat rhe
fraction c' f  porver draw aitr jbulable ro lhe cone-end rncre!sei
I tnearly l i th increasing cone lengrh. Thc rate of rncrease.
however, is a strong function of t}tc mill hlling of rhe qlin
drical secrion.

The relat icrnships i l lustrarcd in Fig. j  *ere moJellcd br
the equation

P,,, ,c , .r  
- ,  l  14.7i( I  7,) L.--.r  I  l

wherc 1'. . ,nr..1 is thc rat io of dlc power draw of b, '- \  cone
cnds to that oi thc cyl indrical section and 1 .,n. ,"t  i !  :hr ra(r.
of the length rrf  both cone-ends to lhar lr f  rhe ir lrnJrica.
section- Equatron l2 can no\\,  bc iDcorpor: l t(d int,r ar:
exprcssion lbr an clfective grLndrng length s. frrLL,-,',r:

/ . .  L t  r  .  2 .28J ,1 r  J ,  l i ' r  l  '
\  t l

0.0 0.2 0.4 0.6 0.8 1.0

Fela t ive  cone length

Fig.  ' )  I ' rcdicrron ofC-model  of  rc l : l rnnship of f . lar i !e (  ie F. ,ge:
dr !w io re lat ivc.onc lenglh

Fractionar !niU
Iining,./,

0 . q 4 0 i
0 . 9  2 l 0
0 . q  I  l 5
0.91\)o
0 . 8 8 6 5

whcre values ofI and sssoclrtcd values of 0n.,, ,  as predicrcd
br dre C model, are grvcn.

' fo 
provrdc a speed function,6, thar rcprcsenred rhc spceLl

trends cxhibited by thc C-modcl the fol lowing expression

6  - 0 ( l  ( l  O l , ^ ) e  / ( o ; . '  q ) ) rq )

v|here,4 is a constanl and Q;,x is relalcd rr,  Q-,,  (scc belr)\r).
This form providcs a l inear rcsponse over lnuch 01 rhe specd
rrnge bur al lows a raprd reducrion in po\{er dra!\ 'above a
ccnain speed. Equation g has a form similar to l ]dld's spced
function, uhich can bc arrenged as

Bond  spccd  f unc t i on  =  S ( l  I l  0 .9J  [ 2  
ro  o !  0  J r

(9e )

' l 'he 
form of equarion g was derivcd l i {rm drat uscd to

describe the posit ion of dle toc (see Psrr 1i i :

U r  - 2 . 5 1 0 ; , 1 : 7 o b  7 ,  I  r '  r ' "  
"  I  

. l r l

' l 'he 
exponential [orm oI this eqtrat ion giv! 's a rclarirelv small

changc in the toe anglc ovcr nost of t i rc range of mil l  speed.
At elelsted speeds, ho\a'ever, the angle of the roe changes
rapldly as the chargc bcgins to ccntr i fuge. I l  rs this novemcnt
of the toe thlt  dorninaccs the FoNcr dca* rcsp,rnse of chc
r:r i lJ to speed and, as e result j  the po\rrr bcgins ro l : t l l .
Equatlon 9 provides a si lni lar responsc- to changes i l  speed
J}le constan! I  in equarion 9 was r lcrcfore assumed ro take
the samc value as in the exponcntial tcrm in equation l0 and
was set at l9-42. 

' fhe 
paramcter O;.o, was rhcn adiusred unri l

B

o

i U

' :
!

cf

'  j=0.01
r j=0.1 0
' j=0 20
' J-0.30
' j=0.40
. j=0.50



where Ze is eifect ive grinding lcngth, zd is mcan lcngrh of thc
conc-cDds (r.e. t l .5 x (centrel ine lcngrh c\ l indrical sccrron
lenglh)), Z is lcngdr of tht '  c1' l i rdrical section and 4 rs
f r a . t i ona l  n r r l l  f i l l r ng . ' I d r c  cyh r r J r i t : t l  s t .  t r nn

Calibration of empirical modd
The empir ical modcl (E-modcl) can now be wrir ien as

Gross powcr. kW = No lLrad po',r'cr + (,(:rl 5 Z" p.cO)

( 1 4 )

N o  l o a d  p o u c r '  =  l  o 8 1 2 o i [ O ( 0 . 6 0 i L , t +  L ) ) t )  u 2  ( ] 5 )

-/,(n .7,)
ct. -- ( 16)

0( | ]  =  2  (2 .9863Q 22t29a2 0 .$261)  ( t i )

6  =  A ( l  i l  Q f , , " . l c r e a ? ( { - ^  r , ; ( 1 8 )

.  ( l e )a ; , a \ = 0 . 9 5 4  0 l l 5 i

(  . , r . , \r "= r l r+2 .28? ,L r  x l ; ] (20)

y,po(r  r .+ r .up, , )+ Jn(pn pu){ r  e)
* -  x  
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r c  =  r l r+  r  28 t r  l r  T r l  
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(2t)

and ,(_is the cir l ibrat ion consranr.
Thc dilTerence trctween the porver rlraws of grate- and

overflorv-discharge mills was rciatcd rn l,art 12 to thc
prescncc in thc lattcr of a slurry pool. In rhe C-model the
efTect of this pool $,as incorporatcd by calcularing the
buoyancy force that j t  exened on lhc chargc. In rhc E model
thc cffccr is incorporated in an empir ical n)anner by f i t t ing -(-
to grrrc and ovcrl lo!v rni l ls independently. For overfforv mil ls
,( irva: found to be 7.93, rr 'hcreas for gratc nrr l ls lhc valuc ls
9 .10 . ' f he  r x l i o  o i  d r c  t u ' o  ca l i b ra r i on  l ac to r s  i s  L l 4 ,  wh i ch
alnost exactl l  nr ir tche5 Bond's correction ftclor lbr grarc
drschargc mil ls.

Accufacy of model
' l 'he 

mcair rclalr! 'c en-or and standard dc\i ! t ion of thc

5 0 0 0

(.")

(r)

Ir is 4

( . 58

o  2 0 0 0  4 0 0 0  6 0 0 0  8 0 0 0  1 0 0 0 0  1 2 0 0 0

Pr ed icled power dra\tu \V,

I j -n1odcl  rcsulrs compar ison ol  obsc^cct  rnd pr td ict td porcr  Jr : rus for  (a)  bal l  mi l ls ,  ( r l  SAG and AG ni l ls  and r . )  3 l l  mi l ls



Tablc I  Accur:rc! ofC-modcl and l l-model

Conclusions

.  By incorporaring a descript ion of lhe shape and motion of
" the charge a matlematical modcl ( lcrmed rhe 'C-model ')

was devcloped to predict the porver draw of *et tumbliDg
mil ls. Comparison with operetional data held in a largc and
comprehensive darabase that covers AG, SAG and bal l-mil ts
in the power range 6.2 l0 000 k\v demonslrared rhar the
modcl provides a high dcgree of accuracy. lt was shorvn to
predict the obsewed intcraction betwcen speed and mil l
f i l l ing in the po*,er-draw response of the mil lsb as well  as dre
diffcrcnces benveen rhe power draws of grate discharge and
overfl ou-discherge mills-7

By empir icat l ,v describing the responsc ol rhe C-modcl a
much simpler model. thc E-nrodel, was devclopcd and rvas
found to bc onl l  n)argLn3lly lcs: accurate. B0th r,Lrdcls can
e:si l l  trc incorporated into a sprcrdsheer. Tlrerr L.pcration
caD be checkcd using )e workcd examples providcd 'n lhe
appeDdices Io Pans I and 2 and can be val ldrtcd bv
relercDce to rc database of industial mil ls that is descnbL'd
in dctai l  in !his pan of thc contr ibutron-

The succcssful abi l i ty ofthe C model to predict accuratel l
the power dra\t ofsuch a wide rangc oi mil ls is attr ibutablc in
part to the incorporation ol-a descriprion of the dynamics of
the charge and vindicalcs comnlenrs dral lvere mede bv
' l 'aggart 

50 years ago."r I{ou'ever, thc rvav in rvhich dtc
charge dynamics are described need nor be complex. Thls
was shown in thc development of the E modcl. rvhich is
enrpir ical ly bascd on the responsc of rhe C-Inodel ver suflcr:
vcry l i t t le in irs abit ir ]  !o f take accurarc predict ions ofpo$er

l( is concluded that thc models d)ar have becn d(\cr ibed in
Parts I  and 2, togedler wi(h the derai led data that \ 'erc used
to val idatc them, overcomc the shoficomiDgs r) l  prevlous
alrcmfrts Io prcdicl the powcr dra[, of mil ]s accurircl ! .
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Sl"rnbols

D l) iameter ofcyl indrical section oim,l l  rnside lmers, n:
.D Fractional porosrt l '  of charge

JB Fraction of mil l  volume occupied bl bal ls (rncludin!
voids)

-7, Fraction of mil l  volume occupicd b\ '  bal ls and coars.
ore charge ( including voids)

K l-umped paramctcr used in cal ibrarion of nlGiel
1- kngth of cyl indrical section oI mil l  insLde l iners, m
Lc I-ength of cone-end, rneasurcd l iom (-{ irnd.ic3

section, at radius o{ t
LJ l-cnqrh of conc-cnd, m
/  F r ' l ; . r , u F  o n n l ' n r  l l  n a r h  -

S Fractronal  sol ids contcnl  (bv ' , .o lunte;  of  crscharc.

s lu r r ]

U Fract ion of  gr inding media |ordege . )cc! : . red b\

s lurry

Greek

o,  oJ Empir ical  paramelers

o Fract ion of  cr i r ical  speed

0-"*  Fract ion ol  cr i t ical  spccd at  rvhich por |cr  Jras r :

maxin1um

0.r .  Angular  d isplaccment of  ioe posi( i , rn 3r  n: i t l  !hc l i

radlans
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Standard devir ( ion
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Appendix l-Mill databasc

' l 'able 
I  Bel l  mil l  database (4J data scts from 40 mil ls)

Discharse Inside- l iner d imensions,  nr

Diarneter BcI]'lcngtb C€ntre-line

lenelh

Mi l l  spccd

Rev min-r i," Crirical

Mi l l  t i l l ing

Bal ls ,9;  
' I i , ia l ,  

V"

Orc Gross
spcci f ic  power,
grawity kW

5 . )1
5_3,1
5 .34
5 .34

5 .29

.l s7
4.117
4 . U 5

4 . 1 i
4 .68
4.4 |
4 .3  8
1 .35
'1  t 2
. l  t :
, 1 .  t 0
1 .87
3 .85

3 .55
3 .54
3 .50
1 .50
I 4 9
t . t E
1 0 5
L05
I 0,1
2 .10
2 .65
2 .64
2 .60
: 6 0
:  5 :
2 . l 0
2 .29
L i l
t . 1 t )
0 .85
0 .85

3 .68
L). ft 5

8_69

u . 6 9

8 . 6 9

u .  b g

8 . 5 4

I.l. E4
r.l ri4

E,S(I

5 . q  l

6 . 2 6

7 . 0 1

5 . 6 1

6 . 1 0
'7 .45

6 . 5 6
7.0.1

5 . 4 9

5 . 9 2

6 . l . {

5 .  q 0

4 . 8 l
,1.87

4 . 8 8

4 .',7 5
1 4 2

,t 6l
-1 :l

3 . 0 5

4 . 6 1

3 .10

3.6r)
4 . 5 1

3.1()

' I  2( l

2 . 1  1

2 7 0
1 . 5 2

1 . 5 2

5  5 3

r . 5 2
ll. ri.t

8.69
8 .69
8 .69
8 .69
It.54
'7. i2

s .84
E 8 J

7 .92
6.21)
7 . 0 1
5 .64
6.I  l . )

1 . 1 5

6 5 6

; . 0 4

5 1 9

5 . 9 2

6 . 1 4

5 . 9 0

4 .  U E

1.4'l

4.88

1 . 1 5

1 . 4 2
(, .11

.1 0:

1 . 2 1

3 . 0 5
,1.81
, t .40

l . 6 o
,1.5 7

1 7 0

: l . .zo

2. .1.1

2.7 r)

t . 5 2

t . 5 2

t . 5 2

8 S 1

2S
26
21
2 1
31
40
l0
2 1
ti)

28
32
.1E

3 5
30
3 8
l 8

2 ;
t 0
l l

42
4 l
3 5
l1

.15

7 1
3 6

4 l )

t 5
l a

l 5
.10

40
2 0

:15
20
.t )J

2 S
26
21
2 3
l4
'10

JO
t t '
l o

28
32
48
35
30
38
38
4 5
l4
27
30
l l
40
42
4 l

3 5
)1
) 9

+0

l8
l6
13
i1
40
) 5

t5
40
4t)
20

l 5
l 0

Overflo!v

Oscdlo$
()vcrfiow

Ov€rfio"

O!er i loN

Ovcr lLr*

Overllo\r

Overflo\r'

Ovcrllow
Ovcr{tow

Ovcrflo\l

Overfi.\r'

Ovcrllow

Overflo!v

O!crnoq

O!crnow

Ov.r t lo! !

Ovcrlloq
(lrare

Overnorv

Ovenlos

Ovcrllow

I{rnrmu rn

t t  1 6
I l .  l i l

I  l . l 6

1 3 . t 6

t 3 . 2 i

t 2  8 1

t 4 I t

I 3 . t i l )

t l l t

l 1  0 . 1

l 1 0 t

I  l . ? o

1 1 . 0 8

1.1.8E

t  5 . 1 4 )
1 , 1  r g

l 5  5 7

t 5  L l

l 1 . f  l

I  b. r r ( )

l 3  5 5

t 6 . 1 6

1',7 20

l 6  9 5
l 6  t - l

l 7  0 0

I r \  I |

l ;  r ) S

1 9 .  r ;

1 8 . 7 e

: 0 . 0 8
1 U . 2 : l

l g  6 ?

l 8 l 0

l 7  . ) s

l l  f i ;

: t  L l

t t  0 1

2 o . t ;

l 2  5 t

t 2  5 7

l T  I i

I l  7 l )

3 2  5 7

'11

1 1

t-1

7 )

t-2

7 0

1 5
t-2

7 a

1 1

i 1

6 l

7 2

1 1

7 5

7 0
1 l
' i5

1 5

1 1

6 3

i 2

1 7

1 5

i4
1 5

7 l

7 1

7 0

8 2

1 i

7 i

7 0

1 5

N :
N J

lJ l

7 1

i l

' 7 3  t 2

6 l

t i l

i . 2
) . 2
1 .2
3 .2

'  i . 2
2 . 6
2 . 6
2 .6
2 . q
2 .63
2 .8
2 .8
4 . 1

2 .1
2 .12
2 .6
2. ' ,?
] , I
) . 51
2 .8
2 .6
2 .8
2 .7
2 .4
2 .15
2 . 1
2 . 1

4 . 5
3 . 5
2 .65
2.',7
2.u
2 .65
.1.5

2 . 1
l 7

2. r'
2 . i
2 .q
2 .9

: . 9  8
2 .60
4 . 5  0

1.r69.0
1549 .0
3  38  5 .0
l 2 5 l . 0
4100 .0
3828 .0
J225 .0
:900 .0
l t 0 l . o
2550 .0
20  50 .0
18,10.0
2300.0
1900 .0
2026.0
1850 .0
r800 .0
Ib00 .0
1525.O
L  075 .0
1 t00 .0
842 .0
970 .0

1029 .0
9 2 1 . 0
820 .0

I  i 5 0 . 0
81.1.0
000.t)
5  80 .0
,175.0
,199.0

31,1.0
420 0
400.0
1.1?.0
: i '5.0
:q9  0
2 l t . 0
91.O

1 0  t . 0
10 .0
6 .2

l48 r l . 8
6 .2

.1100 .0
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2 Scmi autogcnous grinding mil l  database (31 dara scls l iom 23 mil ls)

Dischargc l rs idel inc.d imensions,m

mechanism Diameter Belly length Ccntrcline

length

Mi l l  speed

Rcv Inin I 
"4 critical

Mil l  f iUins
Bals, % Total,  %

Ore Gross

specific por{cr,

gravit! k\1'

Gratc

Gratc

Gratc

Gratc

Grurc

Gratc

Grate
(lrate

Grate

Gratc

Gratc

Grate

Grare

Gratc

Gratc

Grate

Gratc

Gratc

Gratc

Grate

Grate

Gratc

Grare

Grate

Grate

Gratc

Gratc

Grate
( l rate

Grrrc

I,tinimum

I,taximum

1 0 . 2
9 . i 9
9 . 5  9
9 . 5  9
9 . 5  5
8 .18
7 .73
1 .23
? .09
7 .05
7 .05
6 . 5  1
6 .50
6 .26
5 .82
5 .80
5.:)0
5 .08
5 .05
4 . )5
4 .  I 6
4 . t 2
4 . t 2
4 .05
4 .05
.1.05

4 .05
3 .q0
LlJ5
\ . 7 5
l  ? 5

5 .92
t . 7 5

1 0 . 2

1 0 . 5  5
10 .2 ,1
t0.24
10 .09
10 .67
I  1 . 6 9
1 0 . 6  5
1  1 . 8 0
l  l . 9 l
t  t  . 2 i
t t  2 )
t t ' 7 7
\2 .44
l2 .00
14 .20
14.22
l3.0.1
1 2 . 3 8
1,1..19
l5 .2  ' )

t 8 . 4 5
i  5 .61
1 5 . 6 1
t5.9i
I 5 . 9 7
I 5 . 9 7
1 5 . 9 ?
r  6 . ; 5
r  0 . 1 5
21.91
2.1 9.1

I LIt9
t 0  0 9
2!t 9.1

8 0
'75

'75

'74

7lJ
llt)

7 0

7 5

7 5
' 7 1

l l
' 7 1

1 5

1 l

8 l

8 l
7 1

7 i '

t '5

8 q

7 5

i 5

7 6

i 6

7 6

t-6

7 8

4ii

; 8

? 8

14.',7 t

4 8

u9

1 0 0 r 3
790O.t l
57q0  4
i t 0 0  0
63r)0. l
.1000 (

1800  |
l9l0.r: '
1900 1:
2 : l g  0
1500 a,
972.1

r  228 .0
1200 .0
28-10 0
2 tO0  ( .

328,1 a
20{]0.4,
2 0 ) l I
l 066  a
I t)6l. l
1 2 l t . i
I O l 2 . i
638  a
-1J0 i
; ( 16 ,
6S ; . ,

t l t ) i
{r1.1 ,

l l ,

l 0  !

i 0 l

l0 (1  I  I

4 . O l

4 . 2 7

1 . 2 7

4 . 1 5
' L 2 6

3 . 4 6

3 . 0 0

2 . 1 1

3 . 6 6

3.6fr

2 . 4 1

2 4 2

2 . 5 0

5 . 6 5

5 . 6 5

1 . 9 5

6 . 8 2

5 . 9 9

4 . 8 5

1 . 7 8

5 . 0 2

5 . O 2
.1.60

4 . 6 0
.1.60

,1.60

5 .  1 0

5 . 6 9

0 . 4 5

0. '15

1 . 2 2

0. .15

1 . 9 5

7 . 5 6

5 . 8 6

5 . 8 6

5 .  E 6

6 . 1 5

5 . 0 0

3 . 4 6

3.00

3 . 6 6

1 . 6 6

3.02

2 . 5 0

5 . 6 5

5 . 6 5

7 . 9 5

6. rJ2

5 . 9 9

4 . 8 5

4 . 6 8

5 . 4 2

5 . 0 2
4. t'0
4 . 6 0

4 . 6 0

4 . 6 0

5 .  l 0

5 .  b 9

0.6.1

0.6.1

1 . 6 2

0.6,1

1 . 9 5

t 9
' t4

l 9

5

t , l

l l

l l

) 2

T 2

3

6

l 3

l 0

l 8
t 2

t'7

t 2

l 0

22

22

8
,7

6

6

2 5

t 2

8
.t

t 2

3

2 5

l 9
l l
1 4
l 9
2 5
t 8
I I

2 1
3 t
T2

2 l
2 l
13
27
30
l t
2 l
29
3u
3 )
22
26
'7

i 1
12
i1
t 2
23
24

24

l8

2.u
2 . 6
2 6
2 . 6
2 .90
2 .65
2 6
2 1 2
3 . I
2 .65

3 6.1
2 . 7
2 .8
2 .4
2 .8
2 .85
2 bti
2 .65
2 .7
2 . i
2 .1
2 .1
2 . 1
2. t^
2 i
l . l  t
: . 8
2 . 6 4

2 . 8 1
: b 0
,1. I tl

' fablc 
J Autogenous gri lding mil l  d:rtabasc (cight date sets frur six mil ls)

Discharse Inslde- l inerdimenslons, In

rnechanisrn Diameter Bell],length Centre-line

length

Mi l l  speed

R e v r n i n ' % C r i t i c a l

MiU f iUing

Ilaus, % Total, "./"

Ore Gross

speci f ic  poqer.

Sravir) k\\

Gratc
Grstc

Grnte

( l rate

( l rarr

Gratc

Grarc

r  0 .20
9 .50
7 .  1 0
7 .  l 0
6 .19
6..1q
5 .  u
\ . 7 5

6 .7  2
| . 7 5

10 .20

1 0 . 0 6

1 0 . 7 0

I  l . 4 1

I 1 . . 1 1

t 2 . 1 5

t 2 . 4 5

I  LO, l

2.1 q4

1 3 . 1 9

I 0 . 0 6
2.1 9,1

i 6

7 8

1 2

7 2

1 5

1 5
'71

7 8

74. lJ9
'72

7l t

1 0 ,  ' 9  i

; ; r l  L

l  l  -10. f

9.n l  i

I  l ' r .1. i

t l  l 1  i

ll0{ 'll L

4 . i  l
4 4 5
2 .17
2 .1 i
2 .25
2 .25
5 . t 8
0 .45

3 .02
0..15
5 . t 8

7 .  1 8

1 . 1 7

3 . 1 1

2.,18

2. .18

5 . l u

0 .  b 4

L q 2

o . 0 4

7 1 8

26
l l
t 2
t o
21
l 9

28

22
l 0
l l

l b

2 q 0

4 n
3 i ;
.1

1

4 . 1

2 o i

l 0 9

L o i

4 ot)

0

0
0

0
0

o
o

C t l
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Appendix 2-Worked exarnple

' lb 
i l lustratc the usc ol drc i i -modcl a workcd cxanrplc ls

g i vcn  t h . t  r c l a l cs  l { ) .  SA( i  m i l l .

Input datr
' l 'o 

cxccutc the modcl ccrtain Llcsrgn and opcrating dara arc
required. These rvere sumrnarrzcd rn Part I  ( iable I of
Append i x  2 ,  page  C53 ) . i

( lalculat ion steps

I CLtlcttlate charge densirl,', p,
lnput data: ' ) , .  -  2.75i pB - ?.8; -7,- 0. l5; -7r - 0. l ;  pr. -  0. '195
A s s u m e l _ r - l a n d ] ] = 0 . 4
I . r om cqua t ron  2 l :  p ,  =  1 .2 j  , '

2 Caltulat, lillng .froiction, n, und:pe lntction, it
l npu t  da ta r i  -  0 .35 ;  0  -  0 .72
From equation l7: (I)  = 1.02
From equation l6 a - {).225
From equation l9i Q;,",  -  0.90?
From cqua t i on  l 8 ;  5  -  0 .7  I  3

1 ( Jl ,ulrt ,  ,Lf, . t t . ,  gn,,Jtry l . t tpl . .  J
Input d.tar Jr - 0.35; L =,1; 1-.1 - (centre-l ine lengrh bel ly
lcngth), '2 = I nr
From equation 20: 1-. -  .1 52 m

1 Calculute no load f,tr-,cr
I n p u t d a t a : D = 8 m ; Q = 0 . ? 2 ;  1 -  =  , 1 m ;  1 - d = l r n
From equetion I5: no-lo:rd po$er - 322 k\\r

-s (,'.r/r'rrla re gross toilrr
lnput dete: l)  -  8 m
I ' r om p rcv ious  ca l cu la t i ons :  p .  -  3 .237 ;  1 - .  :  . 1 .52  m '  ( /  =

0 .2 :5 ;6  =  0 .718 i  no  l oad  po \ \ ' c r  -  l 2 l  k \ \ '
L- ise K - 9.I  for grate-dischargc mil ls
Irrorn rquetion 1,1: gross pou'cr - n. load p(Jlvcr + ((1)r i

1 - c p . 1 l b ) = 4 2 1 6 k W

'1hc 
calculat ion stcps lbr .  bal l  mil l  arr idcnl ical t() lhose

grvcn aho\ 'c. Ir  should bc noted rher I i)r  b: l l l -mil ls rhc rotal
l iact ionaL mil l  l i l l ing should bc set I .  drr srnrr !elLrc es thc
brl l  l racl ional mil l  t i l l ing i .c. -7, - .7f i  In addit ion. t i rr
orcr|o\!  dischergc rnrl ls 1{ = ?.q8
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