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ABSTRACT

This lnvestigation attempts to obtaln a betber

understanding of flow behavior of a plamented dlsperdglon

in a ball wmill.

A power-law fluld wmodel was used to approximate
the rheologlcal behavlor of the mllled fluld. To cor-
relate power data on each of 276 milled disperslons,
this model was used together with power number, Reynolds

number, Froude number, and some geometrical variables,

Laboratory size stainless steel Jars contalning
stalnless steel balls from 1/8 to 3/4 inches 1n diameter
were used to mill a pigment/binder/solvent system at

variousg speedes for different perlods of time,

A correlation of power number as a functlon of &

modifled Reynolds number, Froude number, and mill dlameter-

t,o-ball dismeter ratlio was Tound.



APPROVAL OF THEBIS
BALL MILLING OF NON-NEWTONIAN DISPERSIONS
BY
BARRY 5. MILLER
FOR
DEPARTMENT OF CHEMICAL ENGINEERING

NEWARK COLLEGE OF ENGINEERING

BY
FACULTY COMMITTEE.

APPROVED§__

Newark, New Jersey

April, 1967

11



TABLE_OF_CONTENTS

Page

Abstract i
Approval Page i1
List of Figures v
List of Tables vi
Introduction 1
Theory 2
Non-Newtonian Fluids 2
Viscometry 6
Dimensional Analysis 10
Gourse Pursued In Study 15
Apparatus 15
Method of Attack 17
Regults 18
Equipment 18
Dispersion 18

Data 16
Gorrelation 19
Disgcusaicn of Resulta 20
Coyrelation Analyelsa 24
Reynolds Numbep 25
Froude Number 26

Flow Behavior Index, n 27
Geometric Variables 27
Dispersion Quality 28
Conclusions 30
Recommendations 31
Nomenclature 32

References 34



TABLE_OF CONTENTS

FPage
Appendix A. Detalls of Apparatus, Procedure A-1
and Calculations

General A=l
MLlling Bystem A=
MAL1ding HEaqulpment A=
Ferranti-Bhlirley Rotational Viscometer Aty
Appendlx B, Raw Data for Correlation Bl
Appendix C. Raw Data for Determining K and n G-1
Appendix D, Mechanleces of a Ball Mi11 D=1

Appendix K., Pilgments in Binders B2



Figure

Mpurs
Mpdre

Meure

Meure

Meure

Fleurs

fleure

6o

Ta

Be

LIST OF FIGURES

Definition of Differential and
Apparent Viscosity

Gons/Flate Visoometer
Bohematlic of Apparatus

Loy Np ves lop By
Wi 0% 5 '

log Np ve. log Ngg
Ny s

log Np  we. log NR@
Npple5

(0,5 gal. MALL)
(1.1 mal MILL)

(1,5 gal ML11)

8) 0,5 and 1.0 gal. Mllle on

Roller
b) 1.5 gal. M111 Unit

Tine Diagram of Ball Path

D2



Table B:

fable Os1

Table =2

LIST OF TABLES

Milling Data

Natlonal Bureau of Btandards
0ils Viscometric Datsg

Milled Dlispersion Viascometrice
Deta

Page
B-2
=1

vl



ITNTRODUCTION

Ball milling is defined (10) as grinding of the mill
base accomplished by rotating the mill and its contents
about the mill'e horizontal axls at a rate sufficlent to
1ift the balls to one aide and then cause them to rolil,
glide, and tumble to the lower side. There have heen
gome papers written on the mechanies of a ball-mill
(3, 16, 12); hut a literature sesarch revealed little at-

tention given to establishing & power-fluld flow relatlonship.

This study le an atlemph Lo eghablish a ouantitative
relation between power sonsumption and geometirle, kinetic,
and fluid property pavamsters of non=Newtonian dispersions.
Non-Newtonlan dispersions were clicsen for study since
these occur more freguently in the industries using ball
milling; Newtonlan behavior will merely be considered

ag a spetial case of the non-Newtonian fluld model.,



THEORY

A, Non-Newtonlan Flulids

(1) General description. Ideal viscous bodies

exhibit flow, with the flow rate being a function of
stress. There are two types of flow that a viscous
body can exhiblt. One ig flow in sghear and second 1s
the flow phenomenon whilohi oceurs when the volume is
changed upon applyling oy relleving compression., The
viecosity in shear 1s the cammeonly known one involved

in flow phenomena, and i1t w#ill be Adlscussed here.

An ldeal viscous body cannot gustain straine for
long,; since these are relisved by flow., RExtremely vis-
cous materials way exhibit slastle strain for a considsy-
able time, which 18 short with respest to the time nesded

for apprecilable Flawe

The applied shearive shtyesss Lo ahear rate ratio
for ideal viscous bodieg la ealled the viscosity. Bee
Fig. (1) for a diagrammatic definition of differerntial
viscosity (13). Differential viscosity,/ﬁéd, is the
glope of the tangent to the curve at any point. The
usual viscoslty 1s derived from the slope of the line
connecting the curve point with the origin. This is

called the apparent viscosity//%a(IZ)a
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Figure 1. Definitlon of Differential and Apparent Viscosity



The best known ideal viscous body is the Newtonian
£luid, for which the viscosity eaefficientyﬁﬁ', ies a
gonstant. The kinematic viscosity ?”i which is direatly
pbserved in capillary tube viscometers where the stress
comes from a fluid head on which the viscosity is being

determined, equals the viaaosityzﬁ divided by the density.

Newtonian behavior is exhiblted by fluide in which
the dissipation of viseous energy is due to small wmole-
gular collisions. Most gases, liquids and solutlions
of low molecular welght come into this category. Notable
pxceptione are collodial suspengions and polymeric solut-
fons where the moleculayr apecies are larger. Thege
fnon-Newtonian® fluide show warked deviations from New-

foriian behavior.

(2) Pseudoplastic flulds. From the group of non-

i

Newtonian time independent viscous flulds, concentration
will be focused on peeudoplagtis fluides since they best
degoeribe the hehavior of tha pigmant/bimdaﬁ/%mlvant

system,

Pseudoplastic flulds ghow no yleld value and the
typical flow curve for these materials indicates that
the ratio of shear stress to shear rate falls progress-

ively with shear rate and the flow curve becomes linear



The logarithmic plot of shear stress and shear
rate for these materials iﬁ.ﬁften found to be linear
with a slope between zerc and unity. As a result, an
empirical functional relation known as the power law is
widely used to characterize flulds of this type. This
relation, which was originally proposed by Ostwald (9)
and has since been fully described by Reiner (13), may

be written as

(1)
ﬁf is a measure of fluld consistency; s 18 a weasurs aof

the degree of non=Newtonian behavior.

The apvarent viecpsity for a power law fluld may
be expressed as
Mo = “”égif
5/;‘ ¥t
(2)
This behavior is characleristic of suepensions of plament
particles and polymer solutions. The physical interpre-
tation (5) of thls phenomenon 1is probably that with
increasing shear rates the pligment particles are pro-
gressively aligned; 1instead of the random intermingled

state which exists when the fluid 1e at rest the major

axes are brought into line with the flow direction.



Vigcosity continues to decrespe with increasing shear
rate untll no further glipgnment glong the streamlines

ls possible and the flow curve then becomes linear.

Pseudoplastic fluilde have been defined as time=
independent flulde and this implies that the molscular
allgnment takes place instantaneously as the shear rate
is increased or at any rate, sc qulckly that the time
effect cannot be detected using ordinary viscometric

techniques,

B. Viscowmatsy

(1) General. A yotating body, iwmersed in a liquld,
experiences a retarding force (drag). The drag's mag-
nitude is a function of the body's rotational speed. In
using viscoeity equations, it makes no difference whether
the body or centailver is rotated, the relatlonship between

shear strass and rate is the same.

Theoretically, one movahle and one statlonavy pap-
allel plate syetem ahould serve as an ideal device fop
measuring viscosity (1l1). Practically this is difficult
since thereare two problemse to overcome; filrst, pre-
venting the fluid from spilling out the sides; second,
continually moving top plate from bottom plate in a
practical manner. Thege two problems are overcome 1in

a modified form in the band, rotating coaxial cylinders,



(2) Cone/plate viscometer., This instrument, de-

picted in Fig. (2), consists of a flat platé and a
rotating cone with a very ocbtuse angle. The cone's

apex just touches the plate surface and the fluid fills
the narrow gap formed by the cone and plate. I the
angle ¢ 1s small Sin = K , and the average gap width is
correspondingly small A& , the whole sample will be
subjected to a constant sheay rate and the end effects
(sometimes sipnificant in coaxial cylinder viscometers)
will be negligible (17), This simplifies the analysis
of non-Newtonian fluldeg because 1t glves the apparent

viscoslty as a function of sheayr rate directly as follows,

The linear velocity, V¥ , of any point on the cone
is proportional to the pradiusg to that point, /- is
given by

Vo= T

(%)
and the gap width at radiusg /L is 7K, and the shear

rate at radiue L is

(4)
This means that the shear rate 1ls constant through-

out the sample and independent of fL .
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Purther
Y= W/

if ¢ 1s small. (5)
Sincea@afﬂ?and y is constant we have that 7

is constant.

Therefore
. wlfi’ d a - N ' . G
M= / rntdn de = LR7A
f ) 3
(6)
where M 18 the measured torgue per unlt helght of liaquid,
nerice
7 3
e f'\.-" e
/ ji?ﬁﬂ%?
(7)
and
,,;,/1’7;{¢ = «..:{‘?: e _{TZ ‘“«uﬁfﬁww
' yooW z2gat
(8)

Bquation (8) gives the apparent viecosity at a
shear rate given by m%k. Alternatively the flow curve
can be constructed by plotting the shear rate, X

y

against the corresponding shear stress, Z directly.
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C. Dimengional Analysis

The motion of a fluld san be defined in terms of
length (L), time (T), mass (M), and force (F); however,
mass and force are related by length and time as in
Newton's second law of motion thereby reducing the systenm

tO F‘“L"‘"Te

In a ball mill fluld wmotion and properties can be
expressed in the same dimenslons; therefore, similar
fluld motion in two different mille can be related to

each others.

Similarity ie the underlying principle of dimensional
analysis. There are three lLypes:

(1) pmeometric - esimilarity exiets when corvespinding
dimensions have the same valilos

(2) kinematic - similarity exists 1T the patterns
of motion are allke, and 1{ velocitles at corresponding
polnts have the same pvalio as velocitles at other cor-
regponding pointa.

(%) dynamic = pimilayity existe 1T there is kinewmatle
similarity and Lf the ratio af wmasses and forces are sgual

to those at corresponding points.

Variables which affect fluid motion in ball milling
are:d
(1) Linear dimensions such as mill diameter and

length.



(2) Fluid properties such as density and viscosity.
(3) Kinematic and dynamic flow characteristics

such as RPM and power input.

Buckingham's P1 theorem which states if one varlable

depends upon a number of independent variables, they may
be expressed as
F(a,DH, 0L p, v, e N, Py) =0 (9):
The general equation beacomess® (15)
0w v T 0 TG sesseer ) E00(10)
Using ball diameter d for the reference length, the
mill rotational speed N, and P for the fluld density,

the values of the ¥/ terms can be evaluated as Follows:

77 (for mill diameter Db) = dyﬁ R4 j)gi L (11)
e g X ENY 2 ® e b o e D
Therefore
L X o HE -] 80
T4 =y L Z £ 0
Wi Z 20 (13)

Therefore

1]
Q

x =1 (14)

2. Assume fdrst form of infinite series adeguately
express data.

11



and

T = 4a/D

Similarly T, , T, ard T4
YH dJe and 4]0

(15)
are

respecitvely. (151)

5 (k)= LA (L) L0 7o

and

7 & @

vy & 1

X = 2
and e = AN

Similarly - JAse o
5 y 7y A;‘q/é‘f\/@j 775

Oombining

| d’d j d’ jaz,

(16)

(17)

(18)

(18%)

The term chavacherizing the force of viscoslty 18 the

Reynolds number&V@Jz

. -__-_-0/2/\/ _
Ne, = 4N

PN p
Pz

(20)

(since;%;yfz% )

Thlis Reynolds number expression 1s for Newtonlan

fluids. in which the viscosity doesn't vary with shear

12



rate; however, in the non-Newtonlan case viscosity varies
with shear rate and a different viscosity model is needed.
It is assumed in this case that & power~law fluid model
fits or

T =gyn
where n 1s the flow-behavior index (8) and charascterizes
the degree of non-Newtonian behavior and K 18 the fluid
consistency index (6) applying this relationship along
with Bird's (2) and Metzner's (6, 8) analagous Reynolds
numbers for non-Newtonian pipe flow and agitation, a new

ball mill Reynolds number is defined as

;2. 2N,
Mo, = d- AN P
g / J
K 4
(21)
However, this now Introduces the dimensionless number n
a8 &4 new term, The term characlterieing the gravity force

ie the Froude number (Ng,):

W

(22)
The term dENBP/? characlteriges the bagle flow pattern.
Bincs F is expressed in mass ot forsee and the power

term 1s usually more useful in the numerator the power

Pge
j; /v3 ch

number can be written

Np =

(23%)

13



and the ball mill power equation 18

Ny = el ) ! (404 5 (4T

(24)

14
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COURSE PURSUED IN STUDY

A. Apparatus and Procedure

The apparatus used is shown schematically in Fig. (3).
A one=half hp motor drove the rollers using the small and
medium mille; the large will had ite own one~half hp
motore Speed was measured manually with a tachometer;
torque was measured with a Chatillon dynammometer, The
fluld density was determined with a hydrometer; viscos-
ities were determined with a Ferranti-Shirley cone and

plate viscometer.

Three alzea of mille uaing four ball dlameters at
two loadings varying rotatlonal speeds through several
grinding times were used in the experiments, The range
was
M111l lenglh = 0.46 = 0.83% feet
Mill dlameter = 0.46 - 0,83 fest
Mill mpeed = 45 = 00 R¥PM
M111 loading - 28 - BO%

Ball size - 1/8 = 3/k inahes

Milling time - 15 - 3840 minutes
The power dats were calculated as shown in appendix A.

The milled fluids viscosity was determined from shear
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stress and shear rate data gotten frow the Ferranti-

Shirley viscometer. See appendix A for detalls.

B. Method of Attack

The path chosen was asgumption of a functional flow
equation (T = KX ") which is valid over the range of
sheayr rates found in hall willing (100 = 20,000 &Gémi)
and is the range over whioh T and vere determined. Then
applying dimenslional aralyeis as shown previocusly in order
to develop a corvelation. The limitations are as follows:

(1) Only one speoific gase i& covered.

(2) It applies only over a defined shear rete rangé.
But the correlation can probably be expaided to cover
other cases and shear rate ranges, and 1t is a good

“example of a pigment/binder/solvent system used in many

ball mills.



A. Eguipment
The Ferranti-Shirley viscometer was checked with

Newtonianl fluide to assure confidence in the non-
Newtonian fluid measuremente, This technique 1s dis-

cussed in appendix 4 and the results are in appendix C.

The average deviation in shear stress-shear rate
curves for the experimental dispsrsion flulds was in
the same range as the known Newbtonlan oils; that is

from 1=F5%

Be Dispersion

The system of pigment/binder/solvent was chosen
because 1t has wide applicability in the pwint, coatings,
finishes, and graphlc arts industries. The components
are plgment, Neo Spectya Mark I carbon black (Columbla
Carbon Co.); hinder, Elvacite 2008 acrylic resin (E. I.
DuFont Go.); solvent, dlmethyl ketone (acetone, Flsher

Seientific).

A8 this system was milled undér various conditions
for different times the flow behavior and fluid consistency

indices changed as shown by the data in appendix B. This

1. National Bureau of Standards olls with published
viscometric data.

18



change in consistency curve during milling is certainly
typical of preparing any dispersion which is non-New-

tonian in character.

C. Data
Three hundred and sixteen experiments were planned
but because of some encountered difficulties only two

hundred and seventy-six were run. The following ranges

WEre COVEred =

Ball diameter 1/8 - 3/4 inch
Mi1ll diameter 5% -~ 11 inches
L/D ratio 1

M1i11l speed 45 -~ 90 RPM
Charge loading -3

Time 15 -~ 3340 minutes

D. Correlation

From an analysis of variance of equation (24) the

model became
N = 4 () () (3)0)7

(25)

and usling the data from the two hundred and seventy-six
experiments, the constant and exponents were determined,

therefore, the new reletionship became

=028 &, L &2
Mo = 19070 (Ne)” " (24)

(26)

19



DISCUSSION OF RESULTS

This equation
, . «0.2F, s -
/vp - /(%/7(‘//\[&7) (/\/Fr)ﬂéb @/J)SA,‘Z&

(26)
represents a relationship hatween power needed in &
ball mill and the variables upon which 1t depends.

Equation (26) can be put in general terme such as

‘ = 5,24 . 20
W%m = /907 (Ne) " (1) T
(27)
or | . .
“”jiiiékw - 7£ (/@é@/ 40/%<)
(28)

»»»»»

g parameter should ylexd a gﬁ@up of parametyric lines

with a common elope. This L& shown in Ple. (4,5,6),

Bquation (25) and Pig. (456 repregent the end pro-
duct of thie investigation. Bome factors did not ap-
pear in the final correlation as were pre-supposed 1n

the dimensional analysis model. This and other points

20

will be discuseed in the subsequent parts of the discussion.
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This correlation is, of course, based on only one
pigment/binder/solvent system, and other data is needed
to support it as a general relstionship. But it is
certainly of much value that even a specific system in
& ball mill can be described in this manner. Unfortunately
only laboratory size equipment was used and many geometricl

and mill speed variables were overlooked.

A. Correlation Analvsls

Bince an analysis of varisnce, as part of the re-
gregeion stastlehd computed, shows that about 60 percant
of the correlation is from the Reynolds number, and about
20 percent each from the Froude number and B/d ratio, the

other dimensionless terms werse inelgnificant and omitted.

Aleso, an F test showed thal the wmeans of the data
for the respective factorsg wae different on the 99 per-

sent confidence level.

The residusl standard evror wag 0,42 which is well
within the 2.0 pange needsd Lo he mure (95% confident)
that the correlation 4id nol ocesur by chance.

A correlation, not described in the dimensional

analysls section, tried to incorporate a time factor in

1. Since L/D ratio was one for all the mills used, the
L/d represents both L/d and D/D.
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the form of (Nt)w along with the Reynolds and Froude
numbers and the other gecmetriec ratios. But an analysie
of variance of the correlation showed that the (\.‘&It)‘W
term wae insignificant as well a8 the other factors
previously determined insignificant. A4lsoc the residual
standard error was higher, bhut the constant for the
equations as well as the Reynolde, Froude, and D/d ex-

ponents varied by less than 5%

Since no previous corprelation sxlsts For ball mills
there 18 no data to check the correlation within this

GCaBEe

B. Reynolds Number

Many forme of the Reynolds number have been pro-
posed and used 1in squations for beundary layers, flulde
lzation, Torm drag, agitation; clagsification of solid

particles and now ball milling.

As can be seen in Flg. (4) the Reynolds number
varies from about (10)*3 o (10)® whish is an appreci-
able rangej however, no yegimes such as laminar, trang-
ition, and turbulent appear in this case. There are
not many pointe lying in the 7 100 range snd perhaps

1f there vere the flow regimes might be recognized.

Since this Reynolds number was composed for a ball



mill there is no basle to compare with to determine 1T
and when the three reginmes exist., It has been shown

that in pipe flow a Reynclde number of < 2100 repree
sented the laminar region, and similarly in agltation

a Reynolds number of 20-285 (7)) represented laminar flow.
Perhaps further work is needed in ball milling to deter-
mine where the three regimes exist; as it is possible
that most of the data gathered here falle into transition

range where Interpretation ies difficult.

¢. Froude Number

This group represenie a vatlo of the kinetic energy
forces to the gravity forees; Lt sccounts for the gravity
force's part in determininz fluld motion. 8ince ball
milling lg a constant tumbling action of balle beine
1ifted against gravitly and then Talllipg over each other
as 11 breaks-up the chaprge, it wag fell that a ¥Frouds
numbsr would probably be gignificant in correlating pover

and fluld flow dala.

The vange of Froude numbere i& from sbout (10)

=
o
fomt?
Pose
LA
pe g
e
&
ol
o)
ot
i
gy
o
-
faes
—E
&

ta (10)7F, which mean they sre small aumbers
ball milling case. The numbers are in this range because
the ball diameter is small and the mill speed is relat-

ively slow (as compared to agltation stirrers). But,



nevertheless, the Froude number is an important factor in

depleting a ball mill power-fluid flow relation.

Do Flow Behavior Index, n

This index, n, was uged in the dimensional analyils
model because 1t 1s dimensionlsse. and wae hoped it would
prove to be an important parameter., However, it showed
to be of little significance, The reason is since n is
contained in the Reynolds pumber and it has such an
important role in the correlation; n's independent
effect hag probably been reduced. It may beé possible
to separate the effect of n into its independent and
Reynolds number part, but it was not tried in this

investigation,

E. Geometric Variahlepn

It wae found that the mill diameter and/or mill
length to ball diameter patic 1g a significant factov
in corvelating power and Fluld flow data. The mill
diameter's and length's indepsndant effect could not be
determined because mills of 1/D ratino one were the only
ones used, In a more complete study L/ Dratios of other
than one should be chosen to separate each variable's

effect.

The effects of H/d and @/d proved to be negligible

in this correlation. Both H and C are dependent upon

ar



charge loading since only % and 3 loadings were tried
their effect proved to be unappreciable here. But if a
higher and/or broader range was chosen their effects

might become significant,

P. Dispersion Quality

Pigments, binders and solvents are milled together
to form a dispersion sinee they are not all soluble in
each other. But the suspenslion formed has certaln pro-
perties which make it desirable or indesirable. As an
example, if this dispersion is milled for 60 minutes
a covering powerl of 0,80 is measured, but 1f milled
for 240 minutes 1ts covering power increases to 2,00
which i8 the specification then this milling time 1s
vequired. However, the viscogity of this dispersion is
lowsr than recuired then some alteraltion 1s needed in
elither milling variables op Ffommulatlion Lo change thils
relationship. Also, the suspenslon may not be stable
undey the milling conditiens and agaln some alteration
in willing or formulating is needed to bring this pno-

perty within speciflceatian.

The above examples show that quantitative and qual-

itative numbers are difficult to put on dispersions as

1. Covering power is defined here as the optical trans-
mission density of a 1 mil thick sample of dispersion

28

measured with a yellow light source on a diffuse densltometer.



a measure of thelr quality. In the sampleg covering

pover varied from 0.40 to 2,50, and stabilitye was in

the <« 5 minutes to 7 30 minutes range., The flow
behavior and fluld coneistency indices varied from 0,21

to 0,90 and 0,06 to 73,20 respsctively. But no correlation

was found with the milling variables.

2, ©Stabllity is defined as the time (mlnutes) required
to break the suspension into & residue and supernatant
on a centrifuge at 175 RPM.

es
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CONCLUSIONB

Based on the work presented here, 1t is concluded

that:

l. The assumption that a pigmented dispersion can
be described by a simple power-law model has led to a

power-fluid flow correlaticon for ball willing.

2. The effect of mill diameter (or length) to ball
diameter ratio is significant in describling the powepr-

fluid flow relationship.

%, Milli charge loading, Tlow behavior index, and
time factor were not signifieant in effecting the power-

fluld fleow relationship in this study.

%,  HNo distinct regimes of flow were found in this

study's correlation.
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RECOMMENDAT LONB

8ince there is no previous work in this aresa of
ball milling I hope others will elaborate on this study

and try
l. A different pilgment/binder/solvent system.
2. Different shape and alze equipment.

3, To obtain higher Reywnolds numbeys and determine

if there exists three regime [lowe

4, To separate the effect of n into ite Independent
and Reynolds number parts

5. BPilatant fluids,

5., To correlate the milling process with dispersion

qualitye.



32

NOMENGLATURE

a Radial distance, (ft,)

C Height from mill wall to charge, (ft.)

D Mill Diameter, (ft.)

d Ball dismeter, (ft.)

P Force (lb., force)

r, £l Unspecified functions

g Gravitional acceleration, (Ft./sec?)

ge Conversion factor, (1be masa=Tt/Llb, FOrce-sec, <)
H Charge depth, (fi.)

hei,;Jsk Unspecified exponents

i¢ Fluid consletensy, (1bs Porce-s8c, /T, ©)

l,m,n Unspecified exponents

L Mi1l length, (i)

M Measured toyqus/unit height of liguid, (lbe Forcesft.)
N Rotational spead, (vev./win.)

Np Power number, (dimensionless)

Nﬁe Reynolds number, (dimenslonless)

Ny Froude number, (dimensionless)

7l #low behavior index, (dimengionless)

P power, (ft.-lbs, force/min.)

r Radial distance, (ft.)



O
A}

T Shear stress, (lh. forse/Tt. #)
t Tme, (min,)
v Linear velocity, (Ft./sec.)
WXV s Unspecified exponents

2

Greek Letlers

i, Gons/plate angle, (vadiana)

¥ Shear vate, (sen."t)
/é{;/‘z/i/fl Viscosity, (1he mwa/flws«ﬁu)
Density, (1b. nass/ft.”)
Shear stress, (1b. force/ft.g)

Angular velocity, (rad./sec.)

AR

Kinematic viscosity, (ft.2/sec.)



2e
e

4o
5e
6o
Te
8.

17.

18'
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APPENDIX A, DETATILS OF APPARATUS, PROCEDURE AND CALCULATIONS

A. General

A dynammometer was used o measure milling power
requirements, a rotational viscometer was used to deter-
mine viscoslty characteristics, and a Hydrometer was used
to measure fluld density. Thie section includes a descrip-
tion of equipment, methods, and calcoulations used in this

WOrke

B. Milling Svstem

Three stainless steel ball mills of 5%, 7, and 11
inches in diameter wsre usadig The two smaller mills
were run on driven rollers whereas the larvgey mill had

ite drive and variable spesd ayatem.

The milling balls were Type 430 stainless stesl

and had diameters of 1/8, %, 3/8 and 3/4 inches.

O. Milling HBquipment

(1) Deseription and progsdure. Fee () 4llus-

trates the wmounting of the miile on the vollers, and

also the larger millis compact unit.

l. These mills were desgigned with a length/diameter
ratic of 1, and correspond to 0.5, 1.0, and 1.5
gallon sizes respectively.



Figure 7.

o

E__..i

v

o

and 1.0 gale Mills on Roller

gal. Mill Unit

(b)



In order to measure the %4orque exerted on the mill
charge a steel thread was attached from the roller shaft
over & pulley to a chatillon dynammometer so that the
force could be measured., The forces were measured with

the difference taken to determine the net force.

A compact tachometer (JACQUET) was used to deter-
mine the speed during the milling cycles. No drifiting
in speed was noted over the milling range except at

gtart and finish,

(2) Calculations. The resulfts obtained from the

preceding procedure were used to ssleulate the power

numbers.
The power trangferred to the wmill charge is related
to speed and toraue by the followingt
P=277TA
(A1)
The torque (Z), however, is the product of the force

(W) exerted on the dynammomeler scale times the radius

of the roller shaft (K). Thus,
P =27 RWN

(a2)



The power number 1is

Np=—Lfe = 27 KW
J /1//9 J‘S/Vfﬁ

(43)

Therefore, with the dynammometer reading, roller
shaft speed and radius, milling ball diameter, and fluid

density one can calculate the power number&ag

D, Ferranti-Shiriey Rotational Visgometer

(1) Description and Precedure. The rotational visco-

meter used to measure Tluld properties wae a cone/plate
(Ferranti-Bhirley) type. A complete description is
gontained in (18).

A water bath with a temperature control was attached

to the cone and plate of the viscomeler and left elirculating

for 15 minutes before using. & sample is placed on the
plate in tﬁe radius of the solvent inclosure ring. The
plate 18 then ralsed until it just foushes the coney; thig
hag heen pre-determined by running the viscometer without

any fluid. The gear lever is placed into the high range

2. Power numbers in this work were calculated on the
IBM-1620 Computer,

A4



and the speed selector is moved to 10 RPM. A response
is seen on the meter scale and recorded; this repeated

through 1000 RPM range,

(2) Calculations, The raw data is the speed in

RPM and the scale readings which can be converted into
ghear rate and stress as fﬁllﬁWE3§
T (shear stress) = 26,185 (scale reading),
Dynes/am®
¥ (shear rate) = 17,25 (RPM), 0™
Using the pover-law model of
s Ky (a4)
and taking logarithms
log T = log K+n log ¥ (A5)
Thus a plot of T va. ¥ on log seales would give & slope
of n and an intevrcept of K. This was done by feeding
the raw data into the IBM-1620 computer using the fol-

lowing pyrogramsi-

3¢ These constants have been pre-~determined for the
particulsr cone and plate by the manufacturer.
Using a National Bureau of Standards oil merely
veriflied this part.



POWER~LAW FLULD CONBTANIS

1 Read 100, Al, A2, B, BL, B
100  Format (243, ¥ 10.7)
10T Format (243, F13.5, Fl1.5, Fl2.5)
102 Format (7H Run No., 7% 1HK, 18X, 1HW, 7X, 8H RESIDUAL 1)
Print 102
BZ EXP¥ (B) 000005
Bl Bl (000005
5 B L 000007
Print 101, Al, 42, BZ, Bi, B
Go to 1
End

And the values of K and n were gotten. The average

deviations being from 1-5%



APPEADIX B, .

AW, DATA FOR,_CORRELATION

B ],



APPENDIX B, TABLE B

Rux P N d P n K DL H C
1 115.1 55 010 52,6 60 1.13 B8 05 43
2 8,3 .96  3%,30
3 58,1 W47 3,32
4 54,9 63 0.33
5 50,8 .49 1630
6 114.7 021 B3,0 62 105
7 B6.0 68 0460
8 58.0 61 Te 24
9 Ba:,3% «68 0.82

10 5le3 78 0.13

11 1141 031 B63 80 Re23

12 B6.H .52 2.82

13 BEeD 583 3el2

14 R0 64 0,97

15 A6 T 0430

16 111.0 062 BO.B (B2 1eTl 06

N Ra. B GB1 Gy 20

18 RAe.3d 470 06,

19 59.6 .56 2.38

20 59.6 .58 1.13



Run

147.0

146.3

146.0

70

+Q010

«021

<031

062

563

532

55+ 6

Bh B

61

o T8
o TH

o TH

079
A8
.78
.65

47

0.39

0.31

1,61
Lo T4

1630

Qs 17

031
04l

B,

« 58

«05

06

B=3



Run

41
42
43
bl
45
46
47

94,6

943

94.0

9 1 ] ‘Q

N

45

<010

021

s 031

068

56@2

570

B2 3
576

A9 B 36

BE 153

556 1.11
N Ql 56587

%83 0351

AT 6,38

SR 310

JBE hB2
B8.TT

)

w0
i
1Y

3L 30,53

27 41,92

DL

« 58

05

06

Hwdl

43



Run

61
62
63
64
65
66
67
68
69
70
T
72

T4
75
76
T
78
79
80

153.8

153.0

152.5

1484

55

. 010

«021

<ol 3],

062

56.1

56

3. 24
6.51
1.65
1,80
2.91
G hd
3.05
1.91
079
0«33

- 4

8

had
O W

L
O
‘Q

141
0,18

1.60

oL

58

+ 10

+le

«29



81
82
83
84
85
86
87
88

90
91
92
93
94
95
96
97
98
99
100

196.0

195.0

189,0

70

010

«021

031

;068

T3

«T5

76

68

s B4

<58

O.42

0.29

0.19
139

043
O 31

1.06

D,L

« 58

«10

ma

B-6

« 29



101
102
103
104
105
106
107
108
109

126.0

125.4

125,0

1217

45

010

<021

+031

062

59,6

58,1

5T.2
B9 R

Bl
59 f
e

B35

594

i

42,81

3. 31

1.06
41411

4,11

49,66

D,L

+ 58

« 10

R

B=7

¢ 29



Run

55¢ 3

55.0

53.5

75

«010

021

062

53e1
56,0
5960
56.2
5l.7
52.8
583
59.6
52,0
B0 .8
5848
B0
B8, 6
B8 b
B4 e
B0 &7
B2, 6
Fbe
59.6
59.6

D,L

46

oo

« 04

B-8



141
142
143
144
145
146
147
148
149
150
151
152
153
154

1.58
159
160

70.0

69.6

675

65.9

95

<010

<021

<031

<062

JTa
45

87

.80

137

4,23
1.09

3.61
1119
0,086
Q.13
0+39

11,80

2,07
021
046
2.98
3622

D,L

46

<Ok

0

B-9

o 34



161
162
163
164
165
166
167
168
169
170
171
172
173
NG
175
176
LT
178
179
180

4k, 3

44,0

42,8

416

~3
had
k22

6

0

{82

»010

021

«031

062

«010

021

n

D,L

+ 46

o O

108

B=10

o 34

+ 23



B-11l

o}
<2

Run P N 4a }) n K D, L

181 73.3 75 021 53,8 (64 0,67 46,08 25

182 50,9  ¢45 4,00

183  T1.5 031 52,0 457 2,74

184 54,6 B0 Lok

185 566 (60 1. 36

186 B2¢3 68 0. %4

187 5lel W65 0,38

188  69.4 062 50,9 75 0,28 + 10

189 Ble7 B0 0.32

190 586 60 1s64

191 BTG AT .42

192 BT«% o509 1437

193 9%,% 95 L0100  BBO (6L 138 08 2%
194 BB TR O¢33

195 BB o7 0,29

196 Rl 68 1+13

197 Blsh 80 041

198 98,7 95 0Bl B3B8 .52 BB U6 OB 23
199 54,8 .71 056

200 52,8 .73 Ou43



201
202

92.7

90.4

37.9

59,0

95

60

#5821

031

062

«010

02l

52.0
5049
5Le 7
52.8
B0

519

514
5049
55,1
58,7
58,9

f9, &

[.o1
T
W

@
e
W

«55

0,28
0.56
1.38
0,29
0440
0,28

D,L

J46

.08

«1.0

B=l2

23



57.1

55¢5

37640

57345

fad
—
no
&

g

60

60

031

062

2010

021,

Q31

B-13

546 ) 008 @23

«10

83 145 L4



372.0
369.7

3135

31140

310.0

60

+031
062

«0L0

021

7

2.4
5ledt
560
5645
Ble3
50«8
5649
5769
Bbe
550
540

B6 e

DL

.83

145
+ 160

o145

B-14

A1



B-15

310.0 50 .031 52,9 L3  19.62 .83 145 41
308.0 L0628 Bd.2 71 1e3%2 « 160

469.0

—~3
p¥:4)

eolc’ 56@\% @1&2 25@46 =@145

46640 021 Bb.E .32 7.3

46440 ’ «03)  BB.2 <30 29,8%
BEe¢B  ¢30 30,11
B2 o 48 ho6p



P N
464,0 75
461.5
22%5.0 50
235.8
251.0
284,0 60

031

062

<010

+021

031

062

.010

o
-
ny
no

1036
1460
18.62
4.82

D, L

o8

2

145
«160

13

< 80

B-16

A



Hun

284 .0

281.2

2800

3770

e
—3
(A
©
1T

370.8

60

«010
021

<062

010

.062

53
5a.8
B0
R0
B, 3
55,0
£, @
Bt 3
54,9
51.6
55.1
51.9

5le3

K

D;L

83

B«l17

H @
T3 .62
, 80
W13
.80



APPENDIX C. RAW DATA FCR DETERMINING K_AND n

Three Wational Bureau of Standards' eile were used;
the raw data is shown below, The listed viscositles of
these olls at 25°C are

oil D - 0.025 polse
oil 0 ~ 0,087 poise

oll d « 0,184 polse

v
4,
SereT5h, e g

OIL SOALE READINGE AT RPM OF

10 B0 100 200 300 400 ROO AO0  TOO  BOO 900 1000

&
o>
RN
>
k]
el
p S
R -t

p S
Lt
na

Ho 0,8 2,8 4,6 90,9 1%0 18,2 38,3 97,0 33.0 3.5 39.0 42,0
g

J 2.3 644 13%.0 2

b5 6.0 Tel 9,2 10,8 1103 127 136

o 40,7 BAB 6%.1 BO.1 90:6 10%.8 113.8 1814



W

L

TABLE C-2

200

5.0
9.0
54
1.5
2+1
5.5

300

8.5

10.3

Tolk

700

13,4
16,0

1745
18.6
19.0
11.2

1060

17.8
19,0
12.1
6.6
7.0
18.0
18.9
1844
10,4
11.6
1947
19,7
22,3
2.8
13
15.0
84.9
85,0
29,0
13.2



Run

21
22
23
24
25
26
ev

NR

NR

NR

NR
NR

10

1:9
5.0
3,6
4e 9
4.3
2.7

100

4.2
3.7

2.5
4.0
4.2

200

65:}.
4.7

48
80
8.2
5.9
7.1

5¢3

300

8.1

5.9

9¢3

148

9,4

b5

8:3

8.3

Loy
[
L

12.0
BT

12,9
19.9

15.8
12.8

172

25,0

17+0

104

-

1,6@,3

164

S00

20,0

17.2

21.0
32,9

19:3%
a6, 0
X
1760
1843
12.6

1000

-2.%6

19.0

22.1

35.8

Ft
Ji
<

no
™
©

o
no
5 ES
P 0O o



BEun

NR

NR

NR

NR

10

2.1

3.1
6o7

5.0

Be 3
107

100

3.0

4.3
17.0

12.9

200

11.0

4,0

9.9

300

133

s
k<3
5

=

AT
«Qr
N

110

15.0

1043

27+0

176

19.1

127
3046

225

22.5

300

26,0

10. 4

14.7
371

23.1

1000

27 .0

10,5

15.2
38.1

29,6

23.2



Run

T3
“{14.
Th

76 1

77

79
80

10

1.7
6o
lel
1.0

2¢1

2.6

3.6
8.9
2.1
1.8
3¢5
4.6

hoh

Tel
5.2

300

7.6

10.2

700

l2.7

S00

11.9
23.1
8.1
6.7
11.8

1463
1641

14.7

1000

15.2



Run

81
82
83
84

86
87

97
08
99

100

NR

NR

NR

NR

NR

NR

NR

10

2.8

1.9

1.5
5.1

2s1

2.0

100

4.3

3.2
8.3

4ol
1.9

8,1

5.8

s el
L3 L3
A0 ey

3.1

200

6.2

47

4.3
104

4.2

300

Bel

5¢5

EOO

12,1

8¢6

79

19.0

18:4
8.7

700

1643

129

10.2
25.6

1638
7.2

10.4

gc0

20.1

171

12.1
310

200
8.1

1000

T4 B
12:4

Sad
A5
L o3

ot

12.9



Run

e
; =
o W,

L7
118
119
120

NR

- NR

NR

NR

10

8.1

242

4.7

549

6@6

160

13.0

4,0

6,1
13,0

13.2

200

16.0

5.6

T
1565

300

17.8

3
<
(o)

17.9

500

19,9

10.7

1141

e
T
Y

[

el
o
Lo
a8

19.9

700

23,0

14.0

17.0
22,7

Lhe3

19.8
37.6

167

N
DD
»

o

(N
P
)

w
oo
-

-3

23¢3

900

16.0

18.6
6.2

179

24,1
4y 4

29.9

1000



Hun

121

10

3¢5
269
3.1
2.7
1,0
2.0

100

Te2
5.7
5ol
4.0
1.7
5,2
561
8.7
22
2.4

5¢0

200

10,0
840
7.0
5.0

500

14,4
14,0
11,1
10,0

4,8
14.8
12.9

700

171
18,1
12.8
1465

5.7
19.7
15.8
R4,

9.7

goa

1000

T B TiE
£ o A
ar % £

e LAY et

[
._\'!
L]

N

a8



Run

NR

NR

5 NR

10

3.9

4.8
59

8,1
8.9
Le7
1s1

100

20.2
5.6
24
2.9

200

8.1

765

84
12,0

25,6
174

-
il

oW
S
e

16,2
5.9
8,0
bk
Bl

6.8

300

10.7

1lel
1241

9.5

700

15.7

17.1

20,1
9.2

44,2
0.7
1Le4
156

900

24,2

21.0

1000

254

22.1

27.6
39.8

61l
38,2
16.8
19.9



Run

166
167
168

10

2¢5
1.5
0.8
9.1
1.6
0.8
3.0
2.0

1.8

10,7

ot

100

6%0
2%8
].76

1404

(SN
€
\d

fE
]
O

top!
L)
(@)

(o)XY [

O W

300

500

13,1
8.0
4.9

19,6

10.0
746

147

11,8
B0

7.0

2es 1

18.0

13140

12.0

6.3

o
«

j.
12,0

13.2

ho

700

500

L4
17:8

16.7

1000



Run

181
182
183
184
186
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200

10

1.0
1.8
4.8
2,0

100

241

3.7
3.9
5ed
5.9

4.7

200

59

5.1

- =t

= o > oy 1 O
- £ - £ €, ] 3
3 o S TR« B N

3
L3
o

500

700

G500
15,4
14,0
277
18:1
196k

9,8

T+9
17.1
2244
a0 2
18, F
1645

m
Foed
B

o

202
16,8
B6a1
167
440
20:9
20.0

1000

17.0
15.2
296
19.2

MR

1041

¢-11



Run

NR

NR

10

0.8

240

0.8
Eoh
2.9

1.1

100

2.1
403
8.1
2.0
1.1
203

Pe3
2.8
43
hol
5.0

13:0

Aal

1:6
12.8
5.7
2.1

200

3.4
740
10.6
3.0
1.4

5.2

4ol
5.9
5.8
6.0
4,0
16.0

N
R
G

14,0
8.0

2.9

300

500

Tel
13,0
21,0

6.1

4o

6.7

8,2
Te9
11.0
1065
7k

197

1049

19.0
Vo2
662
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Run 10 100 200 200 500 700 900 1000
261 3.8 6,0 7.0 8.2 11.5 14,2 17.3 20.2
262 4,5 7.3 11.0 15,0 21.5 28.7 35.0  39.%
263 2,6 5,9 8,2 10.1 12.8 15.7 17.9 18.9
264 6.1 9.0 12.9 15,2 21,3 23.0 23,8 241
265 3.1 6.7 7.0 8,0 10.1 16,1 19,4  20.1
266 3.6 5.9 6.8 8,1 11,2 14.0 17.0  18.7
267 9,1 14,4 16,0 17.6 19.6 22.2 240 24.8
268 5.8 8,5 9,0 11,8 1%.2 16,4 18,5 19.0
269 h,7 8,1 10,9 13,2 18,0 22,2 26.1  27.0
270 4.3 6.0 7.0 6.5 11.8 17.0 18.6  19.5
271 4,0 6.0 6.9 8,0 10,2 13,7 16.2 16.8
a7e 7.0 9.7  10.8  1Led 144 22,3 27.%  30.2
273 6.2 10,9 13,7 1B.2 20,8  24.3 30,0 33.6
274 b2 5.9 Tol 9.0 11:5  14.9 18,3 19.0
275 45 640 740 B.7 11,0  l4.2 17.8 20,0
276 hodh 5,9 Te2 o 1143 14.0 0 1743 19,8
277 .8 9.6 104 11.8 154 22,3 27.8 30,1
ars 6.7 94 10,1 11:0 15,8 21,9 21+ % 29,2

279 4.4 5.7 T.2 8.6 11.8 15.1
280 4.0 6.1 6.8 8.2 10.1 13.6 16,1 16.7
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APPENDIX D, MECHARICS CF 4 BALIL MILL

The forces responsible for grinding in & ball milil
are grinding (12)
by abrasion due to balls rolling over each other
with the grind in between them.
by application of pressure due to the ball's
welght; however, this 18 included in abrasion factor.
due to balls impacting sach otheyr and the mill

shell with the grind between them.

At slow speeds grinding by abrasion is most prominent
wheresas grinding by impact ineresseg In lmportance as
mill speed inecreases; thervefore, a mich dlfferent dis-
peralon should be gotbten al the slovest and fastest spesds

with sverything else vemaining sonstant.

Theoretically (16%, the patteyrn of ball and grind
movement in the will may be Pollowsd from Fig. (8).
When the will lining ig rough and 1te egpeed {8 close Lo
eritical, balls and grind rise Trom the lower mill part
up along a cireulay pathiy then, from points losated on
curve AAi, they drop along & parabolis path. In thely

fall they pass through polnts located on curve BEL.

From the grind movement pattern in a mill rotating

at close to critical speed, it's evident that grinding

D-1



Figure 8,

Line Diagram of Ball Path

Do

“



De3

action occurs hecause of grind and hall collisions with-

in thely dropping zonss,

At slower speeds; the halls may bhe consaldered as
rolling one on the ather. Thie action ls deplcted by
path 601 in which the halls ave gradually 1ifted up on
one mill side to a higher and kigher level until a point
18 veached in whieh it has no aupport Trom below. At
this point the balls cascads falling and tumbling ovey
each other along the sloping surface @Gl to the lower
mill side. The grinding action occurs because of abra-

sion due to rolling action of the balls.



APPENDIX E. PIGMENTE IN BINDERS

In ball milling pigments in binders three individual
processes (4) take place
*Plement wetting with the binder
sapglomerates bresk-up

*dispersion stabilization,

If dispersion depended on welting power solely, 1t
would be sufficient to grind plgments with solvents;
however in organie solvents Uhe plgments are flocoulated,
Even though the original agglomerates would be destroyed,

floocules would bulld up durdng milling.

Using Rohrer's (14) determination for optimum grind
composition as a guldeline a aysten of 10% plement,
5% binder, and 85% solvent was pelected. Blnee no com-
mercial application was intended for the diepersion the
pelection of the grind compositlon did not play a major

vale in the sxperimentaltiane
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