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€e most i.mportant characteristics of an individual particle are its: T
’f)uevmt}ﬂ—ur? : aeﬁhe}pu:)i,\)\:f) W—)atts-!'éuﬁéﬁ—yﬂaui!_\j

* Particle Composition: Whiﬁ? determines. such properties as density and conductivity, provided
0o

that the particle is completerﬂ/qinlfo?mﬁ. In many cases, however, the particle isEfJchllgus or it may

consist of a continuous matrix in which small particles of a second materi}I are distributed.
>
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range!! ”aﬁflﬂm}i'c/e's;zetf Mixjure
= Particle Size: which affects properties such as the surface per unit volume and the rate at which

a partlclej/vill settle in a fluid \ W
Gt 2

diameter
. i hape: which may be regular, such as spherical or cubic, or it may be irregular as, for

example| with a piece of broken glass. Regular shapes are capable of precise definition by

mathematical equations.
)tjéjzlg-; JLo c;‘gja_o_]:_’b
» Operations systems of particles include storage in hop}:)ers, flow through orifices and pipes, and \
metering of flows. Je,sgn, with usizg math ! and solve ,_-}—ro__u.é_l____eslwa*___hhj.
> It is frequently necessary to reduce the size of particles, or alternatively to form them into
aggregates or sinters. Mo meteriols hoe 4o be crushing ©f 'E’/tlfmj‘“ml:

w ”’b'more solidgﬂéd there may be a requirement to
the particles.

» Sometimes it may be necessary to mix
’..-.__ 0 -
separate a mixture into its com ponents or according to the sizes of

wWe howve Pro'blems itk the Plo of solid s=o We
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»eot"j (e The sphere oﬁ‘he same projec

agd.,‘\e (c) The sphere of the same surface area

L Eex

articles
p The simplest shape of a particle is the s here (because of its symmetry) 1 |
xactly the same from whatever directton it is viewed and by, 14
:,racs‘ | e S Fer

= Sphere particle looks e
the same manner in a

= Frequently, the size of a particle_ of irregular shape
equivalent sphere “although the particle is repres
according to the property selected

orlentatlon
tar

E;Jf)ped in “terms of the size ofy ©°
ented by a sphere of different i

fluid, irrespective of its

= Some of the important sizes of equivalent spheres are:

me volume as the particle.
as the particle.
per unit volume as the particle.

f the same area as the particle when projected on to a

(d) The sphereo
; ir;l)e pg@fndicular to {L’dlreglon of mqtion. O NEVIN TR PEELY) e S
‘ted area as the partlcle as viewed from above,when

éﬁung in its poﬁ\s!gg&of mJa>pmum stability such as on, a mlcro ‘capeﬁ..sltde for example.
e sphere which will just pass through t’h’e same suze of square @ertu@.@ghe
particle, such as on a screen for example. —» B

(g) The sphere with the same settling velocity as the
D A e 01 /80 1o s Poete- bt

(a) The sphere of the sa
(b) The sphere of the same surface area
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Describing the size of a SiIlEle

microscope slide will affect the
projected image and consequently
the measured equivalent sphere
diameter.

ieve measurement: Diameter of a
sphere passing through the same
sieve aperture.

. Sedlmentatlon measurement:
\5’ Diameter of a sphere having the
qp same sedimentation velocity under

the same conditions.
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particle
Regular-shaped particles
Shape Sphere Cube Cylinder Cuboid Cone
Dimensions Radius Side length Radius and Three side Radius and
height lengths height ¢
e The orientation of the particle on the
22
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SURFACE
DIAMETER

ACTUAL \
PARTICLE

Comparison of equivalent sphere diame

: VOLUME O

SURFA!
VOLUM
DIAME

DIAMETER




Feret’'s Sta_ff;ff cal
diameter

hich aré
shavi | lines W
eSinll . Feret’s statistical diameter i< the mean distance apart of two parallcethe Orlentatlon of
tangential to the particle in an arbitrarily fixed direction, IFFESPECtNe e de
e of ap each particle coming up for Inspection. /w/v\,./’ 3(()-%0 <3
Nt size 1 meaSure
: ) hich is 2
= A measure of particle shape which is frequently used is the M( W s

of how spherical (round) an object is):

i surface area of sphere of same volume as particle

y e - N0ificE .ma of particle
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Other properties of the partlcle which rquay be of
importance are whether it is cry talline or amorphous;}»
whether it is porous, and the“g : s-surrace,

mcludmg roughness and presence of adsorbed films.
‘rw -2

/‘J & rgs}a”m e CJ,LP (w2 U/-l)/goclw’%dr Feret S diameter

:79’3;@’/)/ Gmorphou.i

“Calculation of
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“2Calculation of i
Sphericity

3= : 6V
Sphericity @; is defined as & = — P

where V,, is the volume of the object, A;, is its surface

PP
l area, and Dp 1s the diameter of a sphere with the same volume (nD,*/6).

For a sphere of diameter d, V, = nd’/6, A, = nd?, D,= d, and so @, = 1.

For a cylinder of diameter d and length L, V,= nd?L/4, A, = ndL + nd*/2 , D, = (6dL/4)"?,

For a cube of width a, V, = a’, AI', = 6a%, and c= 2a°, and so

—

a\ _(z (”3)_
= (6/{)(?’_33)\632)_(6] =0.806

http://en.wikipedia.org/wiki/Sphericity




High sphericity

Low sphericity
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Sub:Angular Sub-Rounded Rounded

Angular

Cobbles 64-256 mm
Boulders > 256 mm

Granules 2-4 mm
Pebbles 4-64 mm

Very Coarse Sand §

1.0-2.0 mm

Coarse Sand
l/>-1.0 mm

Medium Sand
Ya-Y/2 mm

Fine Sand
1/8-1/4 mm

Very Fine Sand

1/16-1/8 mm
\
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a %’é’?ﬁicf sieves, each
|1€
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- Sreve analysis may be carried out using 5
lower sieve being of smaller aperture s‘i}e. opening I

Generally, sieve series are arranged so that the ratio of aperture C{l;‘f’ 5
A2 _sizes on“consecutive. sré’ffjelsl"i‘s: 2 212 or 21*"4 according .to the ™2
519 closeness of sizing that is requ:redﬂ\'ﬂ}le‘a% 61‘;};)5'?"“85 in any
i279 /one screen in the series is twice that of the openmgs in the next .
nge e ween 3vand 0. 0&!’15|n (76 mMmm
meter). WrLs| aparkarsite c el alssa)i dnC)

I dalalls mesh number)s'9
g dl.g.i_.}CLn.ljl
e sieves may either be mounted on a vibrator, which should

be designed to give a degree of vertical movement in addition

to the horizontal vibration, or may be hand shaken
:‘5...7&- Gflﬂﬂl-nhaﬂ_xbf, Par]-:cie Al

e ——

3 Passing of particle through an aperture depends not only upon
its size, but also on the probability that it will be presented at
the required(orientation) at the surface of the screen.

- mesh. @&JMM 3, Led® S, wdele sacede oSy ) LA

M. Saidan

Qpartore size: 356,559 | was 2 T a) diee U
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number are needed to specify t
increment, one for the screen throug
her on whic

fraction passesgland the Ot :
' otained, thus the notation 14/20 mean though 4 A

14 mesh and on 20 mesh”

= Since particles on any one sC
the screen immediately ahead of it, then two J)-j,. =i

he size range of 3 g § \

2 mﬁ?

leve SHEdE

.
.
-
[

),al—or on We Jrc;\\(@, MGSM\TQFOE\)@ I\O% mngej.\f’

K



}

Screenin : b |
Mistake ol erentation sl [oed e ’%:
- resadt
g ("ﬂﬁ;c:e»ﬁc‘f; frmm S o TEEAIES w,}(_\,_/z.; —_ 1':\
The efficiency of screening is defined as the ratio of the mass of material which passes Mo
the screen to that which is capable of passing. 5 . ate
Capable A ot oV 3)

ksl gpesdo
This will differ according to the size of the material.
| yas gV g25CY —
f particles of a given size through the screen
size on the screen at any instant

<y — 4o (D

"
A0

)

B A

it may be assumed that the rate of passage o
is proportional to the number or mass of particles of that

A

-
L

icular size on the screen at a timexX,, then:

It Thus;){f w is the>t/nass of particles of a

— —Fw
wher x is a constany for a given cize #nd shape of pacticle and %rl aivem\ sereen.
Th;\’:% the mass O%ﬂl’[ii‘[i‘s (wy — W3 PassIng the séteen in timeN is giyen by:
/
s
In kt
)
—kt
uH = w, €

or:
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Microscopic analysis (1-100 @ ssiessiucisaes
){:Ui}’)"//‘blcl ’q.ii,l&}—ﬁu:_ 4 pa ' RS

pnl _ SRS = ¢ Sultace Hrea s

= Microscopic examination permits measurement of the projected area of the particle and

also enables an assessment to be made of its two-dimensional shape.

= Automatic methods of scanning have been developed. By using the electron microscope,
the lower limit of size can be reduced to about 0.001 Hm.
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rticle size
Jistribution

I,i particulate systems consist of particles of a wide range of sizes
s A quantitative indication of the mean size and of the spread of sizes of particulate systems

should be given and represented by means of: —s ' hove aport size Prem — be
5y el

eke:

v acumulative mass fraction curve,
ceives. Ubi—udy

in which the proportion of particl

is plotted against that size (d).

es (x) smaller than a certain size (d)

size, the size analysis will be obtained as a

In most practical determinations of particle
the proportion of particles lymg wﬁhm a

series of steps, each step representin

certain small range of size. \)\ S‘* SO
/% xdj S? -~

» From these results a cumulative size alstrlbutlon can be built up and this can then be
ided that the size intervals are sufficiently smalls

approxlmated by a smooth curve prov




Size distribution curve — cumulative

aSIS }( C.utmﬂf.l&[ut.

| = The distribution of particle sizes can be seen
/ | more readily by plotting a size frequency
.'t curve, in which the slope (dx/dd) of the
ff r cumulative curve is plotted against particle

size (d). [,‘.O,;y&lrfué'\&ﬂ]&?}{ v

1.—L_+MJ_' 'H"'?f

% Prackion of materil Hot lase),

e is p{om. O

:
L

= For naturally occurring materials
will generally have a single peak.

= For mixtures of particles, there may be as
many peaks as components in the mixture.

= [f the particles are formed by crushing larger
particles, the curve may have two peaks, one
characteristic of the material and the other

characteristic of the equipment.
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Comparison betweel
distributions

0.5

fu() (by number)

For a given population of ,ﬁ
distributions by mass, number and
can differ dramatically.

of
L LET
e

the size spectrum into size ranges, s
distribution becomes a histogra?.

f5(x) (by surface)

12
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ow to apply these equations to mixtures of
mlxtures should be screened and sorted

constant size).
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FRACTION SMALLER |
THAN STATED SIZE

CUMULATIVE MASS

Q

5580 S
10 20 30 4 60 70 80 90

{a) b}

| Péﬁcfe—size distribution for powder: {a) differential analysis; (5) cur

i

LR e

L

¢ | v/ Cumulative analysis i§ mare

0 10 20 30 40 50 60 70 80 90|
PARTICLE SIZE, pm "PARTICLE SIZE, pm. \




Specific Surface Area of
Mixture

= |f particle density and sphericity are known in each fraction, the surface ’

particles is calculated by:

y 6 o 0%, 4 Gx,_, E
" Byp,Dps DebpDre L0505

6 ult xi Cduﬂﬂ:j'

———
—s

QP =1 D-pi cdlone 4

where subscripts = individual mcrcmcnts | ;.
x, = mass fraction in a given increment "ﬁ
n= number of mcrements gl |

H\.--.»—

smallcst and largest particle diameters in mcre :

-~ T
beljey ;:& recieve



Average Particle

Size | e
= The average particle size of mixture particles 1S most prot

surface mean diameter

6{ N
C - M"‘ Jolume -="—'-"‘ oA
gufaz @, AyPLp n(

expressed by volume.

9,0 b .
P esn Siomnekeyr : h
= Substituting the equation of surface area in the above equation, then
& e
B 0
S (/DD
i=1
/ :

= If the number of particles in each fraction is known (N;) , instead of mass fractiong_-f_:

the arithmetic mean diameter is used: " Y
= £ il
DH gy i f=1 B

Where the (N,) is the number of particles in z N.
the entire sample j=1 !

|
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assessment 2 spoalad te ot YRS
i . — s 20 |
mf& fw mt_s*_“;""f‘-"i‘-w Avei-age article i <
Screen opening ass fraction diameter i0 2
Mesh B‘,;, mm ()_.) ‘:'Zf‘i;rtamed Xis increment, D,;, mm
-7, DPF:G"J& PG-‘HC.I@
4 468 o T 0000~ 52E — i
6 3.3279%, o _0.0251% 4,013 c///"v_}
B 2.362 ot 0.1250 ;j_i‘ii N’L\' |
10 1651 = 3207 2,007
14 1.168 0.2570 1409 oo Ja *’&
::fg 0.833 0.1590 1.001 ,./{/”" :
0.589 0.0538 o711 ©- -
35 0417 0.0210 0.503 lomle A
48 0.295 0.0102 0.356 He e
65 0.208 0.0077 Gy~ l;)‘:’ <
0.147 0.0058 0.178 ower gy
0.104 0.0041 s 4.6 LA
0.074 0.0031 0089 2I% Pmm Sanple
— 0.0075 0037 |-251—= =1 :

&=+25 |59/, [(Fom sample has a orticle size P
anles &y S oene clmmefer op‘_) l.001 5@ |




Cumnlabve Cumslabive F-L—r—‘ /
fne=k

Gkl
o ), and
Y core € 265 g/mm and 2
Lake o %h in p
in the previous SH?E is 2650%;1‘%1 bctwi::n and N:nlfen b
Using the table ":t}, of the Pa,zld;r theﬂ?lﬁ?lcters P‘;;;(fb_mesh ]?:;remenf; g
S1 g™ ‘. i
vnartz. The den L Q}' — 0»-‘_5 squam m thc 150 OO_mcSh 5
factors are a = cula (@) A 0 e 150
. n L :
Sdoe ) D, c?i;: D,, (@ f " of particles i
£r. an.z, f the tot
[raction o




_.____‘_“::'// Univ. of Jordan/ Chem. Eng. Dept. 1 ﬁ

jEms  AEE— —— ———————— Iy
| Pal"thUlate S'Olld ln }Dahcw:or DP Selid Mlc!es \ BLAH Al

BUIk o Storage ia banks.
shed || « The properties of solids in bulk are a function of the properties of the individual particles
lape including their shapes and sizes and size distribution, and of the way in which the particles
1in interact with one another,,””

5!

= Pparticulate solids present considerably greater problems than fluids in storage, in removal at
a controlled rate from storage, and when introduced into vessels or reactors where they
become involved in a process, f Aiguid qus  our et > e

Spaces when bwo solid pticles Poce eacl afher “—
= One of the most important characteristics of any particulate mass is its gmdage}(the fraction

pcr
1at

of the total volume which is made up of the free space between the pam les and is filled

with fluid. pc. reusity: withia o parbicle 0 5._,&% e of€2 gve'. Plec eioow
) ik \w\% on §3Y Seais bethean solid PrrHc‘c

> Low voidage ==== high density of pac mg of the particles:
‘v’c?uda}: ::JEL‘JCq.'-'Es witly lowesig particicSi ze B Q,Mu_,_,_.,}'_h wohal) g 4

= The way in which the particles pack depends not only on their physical properties, including
shape and size distribution, but also on the way in which the particulate mass has been

introduced to its particular location. orfentation — G2 R 5lS o IS »
@L‘Aﬂkv‘j I [.i' ,-1_5 202 --J'J}_) 'J'J—ﬂ'—}‘nj.)'“-‘_",'-"b—'—} T k‘
}f isometric particles = pack more densely than long thin particles or plates 15;:»@:#; Ak

» The more rapidly material is poured on to a surface or into a vessel, the more densely

| ;)f”n't k. . | ; S
j ;?J”'J L pi: ;sgmeb’u ‘Sphaﬁcai Packnj nele c)EJLFr fuj{ vbrvj&l? LL‘DP £ 3
w8t
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Jore 4= =

esult of which the

“L‘:‘!‘ @4.17 b ﬂ“ﬂi{l IL- ynv&
Fb/&fcle ’ e

(e
L Agglameration arises from interactio

to one another to form clusters. 6 e
r\' - '?'-t-—-' l’ v &5/1
€,

= |f the particles tend to agglamérat poor flow propgrties may be exp
b L Priction™ )

of the material is in the form of particles

bstantially from isometric form, it may

n between particles, as @ r

ected.

= |f a significant amount smaller than s
the particles deviate su be inferred tha

characteristics will be poor:

Hon 7%\
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Mechanisms leads EOy\;

- Causes oF = _ 4
agglomeratlon — . _ularly if the particles are 10Ng and gy
Leng/hin.—1. “Mechanical interlocking. This can occur partic R pletely i terlocked. \
: ' shape, in which case large masses may become ¢
c:—l)_ i C'-X.'Spfﬁc&i ) : Van der W
Lowo 2. Surface attraction. Surface forces, mclrli?égé rly where particles are very fine (<1g,
_wM, " substantial bonds between particles, pa is high. In general, freshly for

! — A . e
tﬁj e TR per-Uﬂ'; Vc)tlslrrs gives rise to high surface forces
surface, such as that resulting frorg_eigrt:cletgighjl : =l

of Solukion: enlorge diomebe~  _» p : ‘ tween B,
“bPlastiCﬂ__—_;_WElding- When irregular particles are in contact, the forces be the partjq

R _
& h pressures develo
A9 +,% will be borne on extremely small surfaces and the v?\? hlE }‘E ~ Ao ped pi5:
e fi&:’( X : - : e e (}pf) P '\up) }3)\ !;j\ >
=5 =¥ give rise to plastic welding. ¢ f (o) BP0 w)t”"u\/ 7 = ;&
P EE%I Solubow:! 20 & = Packic e 5 = : ,
— s .J{Ilectrostatic attraction. Particles m'ﬁy become charged as th

?y and significant electrostatic charges may be built up, particularly on fine solids.

% - wob & conbeat ] : ol

Effect of moisfure. Moisture may have two effects. Firstly, it will tend to collect nearg
. & points of contact between particles and give rise to surface tension effects. Second_fl'.
e may dissolve a little of the solid, (which then acts as a bonding’)agent on subseqyg

Cltmet it evaporation. Salakion: A;ng X
c
ot | 6. Temperature fluctuations give rise to changes in particle structure and to

botlv eetndm :
cohesiveness.
=9 te2))

§Ofm.: Auv{’/
e l}p@)@t’ Ghi el
%M—J @ unils. oty B




: 3o
= P — é‘:ﬁy‘"‘)
Resistance to shear and tensile
forces whseisg shen BB uRG - ol

- A particulate mass may offer a significant resistance to both shear and tensile forces,
either when there is agglomeration and even in non-agglomerating powders,

= The greater the density of packing, the higher will be this resistance to shear and
ion. - well ki ]
enson. avs ity ‘_"JJ 71: QIE-DT:nems{oﬂc{E’T

= The magnitude of the shear and tensile strength of the powder has a considerable effect
on the way in which the powder will flow, and particularly on the way in which it will
discharge from a storage hopper through an outlet nozzle.

5!‘12@"? , pr:‘cﬁfnn T, Dtdb l




[Angles of repose and of

friction Tl S, T e

« Arapid method of assessing the behavior of a

parﬁculate mass is to measure itsw

if solid '; poured from a nozzle on to a plane surface, it will form an approximately conical
heai_ Shcitiie a;f,'e bﬁi";‘jee". the sloping side of the cone and the horizontal is the angle of
@re‘ffx’. it 7 T e o e
«—pynamicangle of repose == the poured angle.
w5 Static angle of repose == the angle of slide
ﬂ}}' 793> L 2 kj g

-flowing solids, to about 60° with solids with

_L‘:/Angfés of repose vary from about 20° with free
poor flow characteristics. In extreme cases of highly agglomerated solids, angles of repose
which contains no particles smaller

up to nearly 90° can be obtained. Generally, material
than 100 um has a low angle of repose.

ders with low angles of repose tend to pack rapidly to give a high packing density

= Pow il
almost immediately. 7 Angle of
” repose




Angle of
friction

! OT:) Flowing solids

il s e i M’PW L’

ok i

__Stationary solids

—

.:.'.'.'-7‘-—-:-'1--

- Angle of friction

," ) e \v

9/;-&5 L=
= ""'-/ s, ) Y
W)‘}) ddﬁ)ﬂg[:dylﬁljw?}/(.ﬂﬁ

Read Coulson & Rishardson, page 24
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Flow of solids 1n g S .

= Frequently, solids are stored in hoppers ¢
which are usually circular or rectangu_far 4
in cross-section, with conical or tapering

sections at the bottom.

= The hopper is filled at the top and it
should be noted that, if there is an
appreciable size distribution of the
particles, some segregation may occur
during filling with the larger particles [

tending to roll to the outside of the piles ;
in the hopper.
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Particles discharge from the
ho pep\l_([_‘_‘,»g,;r; Vessed ~we 3L b Le

In general, tall thin hoppers give better flow characteristics than sho
use of long small-angle conical sections at the base is advantageous.

rt wide ones and the

<mooth surfaces give improved discharge characteristics.

Monel metal cladding of steel is frequently used for this purpose. ! ):n}
po:+.‘c{ eSS ,é_J ;5@ {;:‘of? : L._.-'-TP:?N“"-"—'H":“J’ 4
Ideal mass flow -1‘-;2'; Bridging” actable arches “ aas

“piping” or “rat-holing”
) et B T R e v

=]

e ECD 8 &
A AThb

Read Coulson & Rishardson, pages 26 -27 Q\u?-‘-*“’“K =




Flow of solids through (g | |

orifices olleckivediamet
T 3 0 2raa ke el SSCOS D o
S ke )

where: Q‘_ 1s the mass flowrate.
ps is the]density of the solid particles.

d.gr is thefeffective diameter of the orific orificefparticlefdiamete
g is the acceleration due (o gravity, and
= The discharge rate of solid particles is usually controlled by the size of the orifice or the
aperture at the base of the hopper, though sometimes screw f rs or rotatin ble

B is the acute angle between the cone wall
feeders may be incorporated to encourage an even flowrate, p:&/~s J& 1L e G2 2

J SIS Slowest fake (S Ehe Limd
discChiose rate ¢ -0 «— Piston. =

0
actual orifice diameter less a gorrection which is equal to

= The effective diameter is the

between 1 and 1.5 times the particle diarheter— cPpeckive Jiameter = actual X 15/
= |t has been found that fhe attachment of a discharge pipe of the same diameter as the
orifice immediately beneath it increases the flowrate, paticularly of finesolidsi— P
——’-.O(“l ice 1

= Another method of increasing the discharge rate of fine particles is to fluidize the particles

in the neighborhood of the orifice by the injection of air.
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o4, transducers co‘VéEd by flexible diaphragms flush with th

d 7conveyed \ ‘

mme——'

1 Sl j()/-A-P\J_) y’;f&voﬂ q)j—«u

the b
conthopli)er may be supported on load cells so that a continuous record of the mass of
ents may be obtained as a function of tir}eg» : ‘

Alternatively, the level of the solids in the hopper may be con i
e walls of the hopper. T

indicates whether there 3

tinuously monitored usj

diaphragm responds to the presence of the solids and thus
solids present at a particular level. he
foet _ @ Bt
The problems assocnated with the measurement and control of the flowrate of solidsal c
much more complicated than those in the corresponding situation with liquids. \
- ] °
le size, size range and shap_ ol §

The flow charactenstnc&wull depend, not only on partic
also on how densely the particles are packed,ln addition, surface and ele_.
Il exert a strong influence on flow behavior, an ?

properties and moisture content a
combined effect of these factors is almosumpnsﬂble to predict in advancet N\
P2 ‘———-VC«"‘} Cuwve dw) Clo@fskd'ou" .‘\

M\jm}.nﬁ\w_ﬂ\/\oy"godc‘e Q[Z fq.dvq.ho,) @
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Methods for flow Seckide I35 2

VvV Jdis J,'s—'-u d inpw._x)‘
% Inedsurement = e T S
Ftttmg an orifice plate at the discharge point from the hopper.

' Usmg a belt-type feeder in which the mass of material on the belt is continuously
measured by load cells for example or by a nuclear%n{::er which measures the
degree of absorption of gamma rays transmitted vertically ougli\ the solids on the |
belt which is travelling at a controlled speed. \& v |

= Applying an impulse method in which a solids stream impacts vertically on a sensing |
plate orientated at an angle to the vertical. The horizontal component of the resulting
force is measured by as load cell attached to the plate.

Flow Control 7 \7

_ “t48

The rate of feed of solids may be controlled using screw feeders, rotating tabl 5
or vibrating feeders, such as magnetically vibrated troughs. —® ’@f}]

Volumetric rates may be controlled by regulating the speeds of rotation of Sf%
feeders or rotary valves. oy IS

lec
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Conveying of i % G
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= G.raw.ty chutes—down which the solids fall under the action of gravity.

= Air slides—where the particles, which are maintained partially suspended in a channel
by .the upward flow of air through a porous distributor, flow at a small angle to the
hornzgg&al.;)_b Looted area | _SliellD L saliidcins

= Belt con\f:eyors——where the solids are conveyed horizontally, or at small angles to the
horizontal, on a continuous moving belt. |

= Screw conveVEFs—in which the solids are moved along a pipe or channel by a rotating
helical impeller, as in a screw lift elevator. - cgle LG MU so9

= Bucket élevators—in which the particles are carribd upwards in buckets attached to a

continuously moving vertical belt (See Figure 1.16. page 29, Coulson & Richardson)

Vibrating conveyors—in which the particles are subjected to an asymmetric vibration

and travel in a series of steps over a table. During the forward stroke of the table the

particles are carried forward in contact with it, but the acceleration in the reverse

stroke is so high that the table slips under the particles. With fine powders, vibration of

sufficient intensity results in a fluid-like behavior.
Pneumatic/hydraulif conveying installations—in which the particles are transported in

a stream of air/water. \




Belt conveyors
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Screw conveyors

M. Saidan




Vibrating conveyors

M. Saidan ¥
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‘lo [ movement Aame Nl:lu b.;.,a
A. Convective mixing, in which groups of particles are w 9 ~ B

DL I8
moved from one position to another, G e,o“";,’:;y 2)
5 Porbicles o B is dominonk!) so ik dfPuses et 2
B. Diffusion mixing, where the particles are distributed
‘/over a freshly developed interface,

A. Shear mixing, where slipping planes are formed S bime!/ '8

t} WPl B P slelodsl 5 5Lp das
NG ) w2 :

* These mechanisms operate to varying

extents in different kinds of mixers and with
different kinds of particles.

2o o
= A trough mixer with a ribbon spiral involves
almost pure convective mixing, and

= asimple barrel-mixer involves mainly a form
of diffusion mixing.
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\ | = The standard deviation s (the square root of the mean of the squares of the individy;

The degree of
mixing
= |t is difficult to quantify the degree of mixing, 37&)??*7"

i d deviation—fthet must be
ctatisticad onalysis — > glandosd devi o m'?e!!

|
2.5 = e o : time from a mix
. n composition among samples withdrawn at any time , .
£. Statistical variation i p . . Ll 3 a
~ " commonly used as a measure of the degree of mixing of solid particles. Ll D - Suasasls

deviations) or the variance s2is generally used.

No perfect mixing: just a degree of randomness in which two similar particles may well b

side by side

» No amount of mixing will
lead to the formation of a
uniform mosaic.

swj

L
» Just overall uniformity but
not point uniformity

u\""\ﬁ -w'

Y Conagl acheive it " aee gleas o [ AS L._._J-séd’




ybime has to be obtimized to obtain the best degree of miXiag- |

For a completely random mix of uniform particles:

106 Ay
Loty mixed 15(1 - p)
oniihe est = ie— Sr2 =%

A esreedl n — iPorticles
where s? is the variance for the mixture. p 1s the overall proportion of particles of one

colour. and n is the number of particles in each sample.

However, in a completely unmixed system

unm'uxeal 8
at £:-0 — 5o = p(l — p)

mixe/ W \/’(_,5 )’J

which is independent of the number of particles in the sample




When a material is partly mixed, then the degree of mixing may be represented by some

term b l)’\,
i ( @)\f") \

Jeree op So
m-t)(m‘a. (So 0 s2)
| g e
(55 —$7)

= For diffusive mixing, b will be independent of sample size provided the sample is small.

s With convective mixing, 1 — b depends on the size of the sample

M. Saidan




Exampl

&
R
The performance of a solids mixer was assessed by calculating the variance occurring in the
mass fraction of a component amongst a selection of samples withdrawn from the

mixture. The quality was tested at intervals of 30 s and the data obtained are:
s

5
sample variance (—) 0.025 0.018 0.019
——————-/
mixing time (s) 30 120 150

If the component analyzed represents 20 per cent of the mixture by mass and each of
the samples removed contains approximately 100 pafticles, comment on the quality of
the mixture produced and present the data in graphical form showing the variation of the
mixing index with time.

)
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Solutio
n

For a completely unmixed systen:
s2=p(l—p)= 0.20(1 — 0.20) = 0.16
For a completely random mixture:

s2=p(—p)/n= 0.20(1 — 0.20)/100 = 0.0016

The degree of mixing b is given by equation 1.35 as: b= (s;— s2) /(s — s7) In this case, b:
(0.16 —s7)/(0.16 — 0.0016) = 1.0l — 6.313s% The calculated data are therefore:

1(s) 0 60 90 120 150
7 0025 0006 0015 0018 il
b 52 5 S |
€ Y 0852 0972 0915 089 4  0.890
NI
et




b

1.0 -0.020
2 >
2
£ 095 ks
D ©
(o) >
g —-0.010 2
5 £
8 0.90 &

85

e 0

0 30 60 90 120 150
Mixing time, t(s)

It is clear that the degree of mixing is a maximum at t= 60s




I
The rate of
mixing
Mixing involves thaining an equilibrium condition of uniform randomness, the relation
between b and time might be expected to take the general form:

where c is a constant depending on the nature-of the particles and the physical action of
the mixer, as well as on: mMixing =ha ls . 553 speed G

(a) the total volume of the material/
(b) the inclination of the drum,

(c) the speed of rotation of the drum,
(d) the particle size of each component,
(e) the density of each component, and
(f) the relative volume of each component.




Solid Particles & i

Lol

w—————

Separation

Separation depends on the selection of a process in which the behavior of the materj;

significantly influenced by some physical property.

meainly Jmity _
Sieving method is used if a material is to be separated into various size fractions. Sing
depends primarily on the size of the particles, also other physical properties such as|
shape of the particles and their tendency to agglomerate may also be involved

Separation depends on the differences in the behavior of the particles in a movingfi
nd in this case the size and the density of the particles are the most important factorsz

shape is of secondary importance.

Other separation processes make use of differences in electrical or magnetic properti
the materials or in their surface properties.

M. Saidan




1

or ko exltract Sclidsi)

. Solids are ren'.\ove-d f.rom. fl-uids in order to purify the fluid although, in some cases, and
particularly with liquids, it is the solid material that is the product. ’

. Separation processes are:
Precepibation ! Chemicod reaction reswdts ja prg.(“c_t Heat isn't soluble <o L’j 3'“”} T salthele does
o )

T N
» Sedimentation, in which the solids are allowed to settle by gravity through the y| couiin”
é;.l liquid from which they are removed, usually as a pumpable sludge. I c~M=d3i
sedimehtation’

o Pitrerpaper/mesh

>/F|Itrat|on, in which the solids are collected on a medium, such as a porous material
\ \_r‘:, or a layer of fine particles, through which the liquid is pumped.
v!

4 Vi s
7 » Centrifugal seB’éfLalil:ion in which the solids are forced on to the walls of a vessel

which is rotated to provide the centrifugal force.
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where j = 0.5 for fine particles, where Stokes’ law applies, and
J = 1 for coarse particles where Newton’s law applies.
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Exampl -

¢
€ 015 mm to - 0.065 mmijs

' i-e range 1o . ok
A mixture of quartz and galena ofSi?]gS';ehindered settling process. What is the miﬂimun“

separated into two pure fractions u i i ensity of ;
apparent density of the fluid that will give this separation fihe density ofgalendisil

kg/m3 and the density of quartz is 2650 kg/m3.

_ L 0.5
Stokes’ law applies 0.065 (73(}0 — p)

0015 A

Newton’s law applies 0.065 (750{) A p)”’

:O z
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Read Coulson & Rishardson, pages 47-48
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to Clone’ =

e
he hydrOC\ﬁ:gone or liquid cyclone

Read Coulson & R|Sﬁ§_rd/so_n pages 49-56
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Sieves or
screens

Trommel | o \!0\&@

pages 56-58

Read Coulson & Rishardson,

Dy fog dust
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Flotation -, g-oiy portices

= The separation of a mixture using flotation methods depends on differences in |
surface properties of the materials involved.

= |f the mixture is suspended in an aerated liquid, the gas bubbles will tend to agh
preferentially to one of the constituents—the one which is more difficult to wet by,

liquid—and its effective density may be reduced to such an extent that it will rise to/
surface.

FLOTATION PROCESS

Slurry

Agitator







- reduction by Crushing

Introductio- zjure »

3 d it is often necessary eithert,
" Materials are rarely found in the size range required, and i

decrease or to increase the particle size.
\ @ceodiny o he PPl

L__I,he type of machine needed for size reduction/increasing depen

the feed and of the product, but also on such properties as COMP

| ;' herd brittleness and stickiness. ‘ - : wert Lo
= : s¥Hcky - ; . '
» “Size reduction or comminution is an important step in the processing of many sol

ds, not only on the sizeg
ressive strengt

materials:

v’ To create particlesin a ceLtain size and shape
o !"\.-\l-o.c
e

v' To increase the Sﬁrﬁ_e_a_tegécﬁg_iI_ab_l_e_for next process 3

v/~ To liberate valuable minerals held within particles

# 1 S . =
o S=cis  asdagmasia
k&ﬂ Size reduction process : extremely li.'/r,'iﬁrﬂv-mv}enswe and is a ver

inefficie
During the course of the size reduction processes, much energy is ®penf

[plastic d‘eformatio)rl]and this energy may be regarded as a waste is it‘do

macturej —~ |
. I
T T A AR Plasktic P‘v:“’é"‘l
h’jﬁ ] ?jf n[epormﬁon
AR ey (AR BRSSP
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Particle Failure S

) L
Mechanisms | | V L

= Stress-strain behavior Porcegiven  o—sm
” | %
prot?
4 : x eSS 2
¢ | astic — Plostic S’t;uﬂ i
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ﬁlj h OJ‘llri ujh ) V Qs ci'\wle not onj 7 “‘:)_BA ~ a0 = Fig. 4.1 Stessstnain diagram for vanions fodds
'ko— T 4.1 ofe b f_ AT l;,:IEIL-E"Y - melasng defoamataf

i C.}:’\ uh\)ﬁu g (E = elastsc Lout; ¥ = yvield point; B = tirakonz pomt; O-
= &0 i 3 tepoa of doctiliny; (1) = bad, stiomg. bnale maeail (1) = hod, imcnp Suctle mateaal (3) = %0lw
desctile martenial aod {2) = 3@, weal batile cuareoal } (Afrer Lovcn and Benom (137903

Cleastic—s plastic —s ..,
= Strain energy : energy stored in a body under tension

- not uniform but concentrated in splits, cracks, hollow parts, L
foreign inclusions, displacement ‘ 8

® The energy required to affect size reduction is related to the internal’;’ structure
material and the process consists of two parts, first opening up any small A ad
already present, and secondly forming new surface. i A




efficienc

L iz reduction is a very inefficient process and only betw
een 0.1 and 2.0 per cent of the

ener plied to the machine appears as increased surface energy in the solids. 9 7. o b &
> .ot thed
we c.n\j need

ncy of the process is very much influenced by the manner in which the load is

s The efﬂcie
appl]&d and its magnltude. i PMHC!e&‘-:‘):@ A L ]
e Sy = o
e ol
ry important depending, for example, on 2\

Gz 1
in addition the nature of the force ‘exerted is also ve
1

whether it is predominantly a compressive, an impact or a shearing force. If the applied force

erial is compressed, energy is

i« insufficient for the elastic limit to be exceeded, and the mat
/stored inthe particle. (12w elashic J
" c A e 8 O—Je 2l s Js)
ds again to its original condition without

d, the particle expan

» When the load is remove
ears as heat and no siz

doing useful work. The energy app

e reduction is affected.

however, and in order to obtain
n excess of the

lly be of a very |5

« Asomewhat greater force will cause the particle to fracture, ‘ '
the most effective utilization of energy the force should be only slightly i

: : rticles will genera
crushing strength of the material. The surface of the pa . T gt
: ) cce is initially taken on the high spots, with the reRElY 2t SR

irregular nature so that the fo e

high stresses and temperatures may be set Up locally in e}} ;
. a= e t? Z
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Breakage of Singl_e —

partlcles | |
« Al large lumps of material contain cracks and size reduction occurs as a result of crack
Emparggamn that occurs above a critical parameter, F, where /?

Y, {SJ =
e 7.3/ 4|
L
where: a = &racl/c/]ength,
T = stress, and
Yy =7 oung’s modulus.

» At lower values of F, elastic deformation occurs without fracture and the energy input is
completely ineffective in achieving size reduction.

» The method of application of the force to the particles n:ay affect the breakage pattern.
actwie mMechanisms:,
» The four basic patterns are: practe - — =

. ol I ahap)
(a) Impact —particle concussion by @ single rigid force. — r A
(b) Compression —pa rticle disintegration _by two rlgld fgrces.T ks -
(c) Shear —produced by a fluid or by part{cle —pa.rtlcle mteracllon. ._; ai;;:—a i
(d) (1)Attrition —arising from particles scraping agalistont anotErotes
surface. — Porkicle aad) ¢

’.___—_______4———’
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= |t is_i_ﬁ'n_pb_ssible to estimate accu

s

Energy for size

__-_-__-___-_._,—-—'_'_ -
ction Prom siz——== ired |
redu L urately the amount of energy required in order to effe,

size reduction of a given material,

= A number of empirical laws have been proposed:

ffect a small change dL in the size of uni

which states that the energy dE required to €
the size. If p = —2, then integration gives

mass of material is a simple power function of

% -P"W"l kg
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Kick's

K
&v?tmm \'\.P-——»W Conversion

lJaw € Kw
dE
7 el
If p=—1, then:
b= Clnﬂ

and, writing C = Kg [
L
E=KgfIn—

2

the energy required is directly related to the reduction ratio L1/L2
red to crush a given amount of material from a 50 mm

d to reduce the size from12mmto6r

= This supposes that
which means that the energy requi
to a 25 mm size is the same as that require

enst 9y needad Lo reduce particle €12e e, [

{5 e Sewme o3

N—)
to reluce Rr’om Gowu . So—

% 1;‘_,
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Bond crushing law and work -
index ©

Bond has suggested a law intermeds et

ggesica a mediate between Rittinger’s and Kick® :
s X o 2 nd ch‘\ ls W ;

p = —3/2 in equation Thus: s laws. by putting

where: o e

the reduction ratio. Writing € = SE;, then:

100 ]___l__
E-':'—E,' 'E qll:

Bond terms E; the work index, and expresses it as the amount of energy required (o
reduce unit mass of material from an infinite particle size 10 a size Lo of OO jums that
is g = oo. The size of material 1S taken as the S1Z¢ of the square hol¢ through which

80 per cent of the material will pass-
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~ Exampl ]

at the average size of particle is redy |
ergy of 13.0 kW/(kg/s). What would; |
terial of average size 75 mm to.

€
' uch th
A material is crushed in a Blake JaW crusher s

i n
from 50 mm to 10 mm with the consumption of :me i
the consumption of energy needed to crush the s

average size of 25 mm:

a) assuming Rittinger’s law applies?
b) assuming Kick’s law applies?

Which of these results would be regarded as being more reliable and why?

Solution

a) Rittinger's law.

This is given by: E=Kgfltl L) —(1/L)]
Thus: 13.0 Kg fe[(1710) — (1/50)]
and: Kpfe=(13.0 x 50/4) = 162.5 kW/(kg mm)

Thus the energy required to crush 75 mm material to 25 mm is:

E =1062.5[(1/25) = (1/75)] = 4.33 KJ/kg







Energy 77!
qtilisation

Energy is utilized in crushing as follows: why Process is inePPicient -

(a) In producing elastic deformation of the particles before fracture occurs
(b) In producing inelastic deformation which results in size reduction.

(c) In causing elastic distortion of the equipment.
(d) In friction between particles, and between particles and the machine.

(e) In noise, heat and vibration in the plant, and
(f) In friction losses In the plant itself.
is usefully employed.

t 10 per cent of the total power

= |tis estimated that only abou




:@Ere of the material to be
crushed

1. Hardness
2 Structure
3. Moisture content
4. Crushing strength
‘5. Friability
6. Stickiness
7. Soapiness

= The choice of a machine for a given crushing operation is influenced by the nature of the
product required and the quantity and size of material to be handled.

« The more important properties of the feed apart from its size are as follows:

& recieve




The Mohr Scale of Hardness

the Mohr scale in
whi
Mohr Scale of Hardnes‘SCEth

sing hardness in
der as hard. The

n order of increa

Materials are arranged i
ft and the remain

first four items rank as SO
\\Ml\\.ei} = \..ol:;

s
k-salt or gypsum

“Rock

3.C
4. Flyorspar
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Solid Particles oi.oven:
Separation

= Separation depends on the selection of a proc

significantly influenced by some physical property.
madaly Jmiby

ess in which the behavior of the materil

= Sieving method is used if a material is to be separated into various size fractions. Sincej
depends primarily on the size of the particles, also other physical properties such as th

shape of the particles and their tendency to agglomerate may also be involved

n the differences in the behavior of the particles in a moving fluid,

» Separation depends 0
f the particles are the most important factors and

and in this case the size and the density o
shape is of secondary importance.

f differences in electrical or magnetic properties of |

= Other separation processes make use O
\

v the materials or in their surface properties.
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ment Miouke

or Lo extract Salids!l

fluid although, in some Cases, and

m 50“(?5 are removed from fluids in order to purify the
particularly with liquids, it is the solid material that is the product.

4

- Separation processes are:
Precapibation ! Chemicol heoction reswits jn 'Proluc,t that isn't soluble so L,'j

>» Se entation, in which the solids are sllowed to settle by gravity through the
ble sludge. j

3 é,l liguid from which they are removed, usually as a pumpa

Sr-.u; U It sdirels Ao F

¥ " [y paper mesh

4 ):/Filtration, in which the solids are collected on a medium, such as a porous material

,'\‘.,y\ \ng; or a layer of fine particles, through which the liquid is pumped.

A4 IS Seg - |

" » Centrifugal separation in which the solids ar
which is rotated to provide the centrifugal force. %

&W ,495’})
. ’/J,' ~ ))\ g

e forced on to the walls of a vessel

C APECS + oPecCs.
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by settliv V‘lﬁ’d@M«”MtuL&u@\wM LSa),ols

into its constituents, or to Separate a m:xture of particles of the same material into a

number of size fractions.

Pos Yicle s\ee : -
“—‘_@ U (pA =0 / Pluid
3,29, dy Pg — P
where j = 0.5 for fine particles, where Stokes® law applies, and
J = I for coarse particles where Newton’s law applies.
J
o NEE
=4 .
4t j—_),',‘e i po e =)
Coelse . 6259

A ids25 0.5 Za pl
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Exampl
15 mm to 0065 mm is T_Qh:
e g size range from (.)-O proceSS- What is the min’\muhe
d settling o density of galena is 75y

a hindere

A mixture of quartz and galen
this s€

separated into two pure fractions using
apparent density of the fluid that will 8IV€
kg/m3 and the density of quartz is 2650 kg/m3.

paration? Th

Stokes’ law applies

Newton’s law applies Sl
0.015
p = 1196 kg/m’

fThus, the required density of the fluid is between 1196 and 2377 kg/m3.w

M. Saidan
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[Centrifugal
'@separators
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! o .,..' Clear Dall‘rvery.q ﬁrles
; = : 2 ax
i ng'%f' R ‘L\ = 8 : 7.
¥ Xe\ Inner cone /.‘ y

;. Coarse pariicles "
.\. retumedto :f ¢
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Read Coulson & Rishardson, pages 47-48 _ H"“ )

! \_ \ / / Quter cone
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Coarse and fines
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I The hydrocyclone or liquid cyclone

sF neg i & o
l-lsp,_ [ Read Coulson & Rishardson, pages 49-56
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ges 56-58

Read Coulson & Rishardson, pa

Rotating Mesh Dem

Nozzle

Dy fog dust
Control System
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Control System
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Flotation — fceiy!

mixture using flotatio
the materials involved.

n methods depends on differences j,
1

= The separation of a

surface properties of
serated liquid, the gas bubbles will tend to adh

ts—the one which Is more difficult to wet by

if the mixture is suspended in an
tent that it will rise to

preferentially to ONE€ of the constituen
liquid—and its effective density may b

surface.

e reduced to such an ex
FLOTATION PROCESS

| Bubbles
- #
Slurry
Agitator Tai&ings
i 22l0a A -




o







Intl"oductlo - redﬁf%ﬁn bﬂ Crushi ing

n fren necessary either,

Materials are rarely found in the size range required, and it is ©
decrease or to increase the par‘tlde size.
> Bccordisy o Hhe PPt ] ot only on the size,
= The type of machine needed for size reduction/increasing dependS’ nompressive streng
thB_fEEd_aﬂ_d__oi_tthmducL but also on such pl’Opert“g"S a2kS
- e
Iyt e [brittel = pakeraf J, Ssin Properkies W&’,Dlmrqﬁe dss’ = & &

i of many so
Size reduction or(comminution is an important step in the processmg
F=—t+—)

materials:

v’ To create particles in a certain size and shape

¥ ey / To increase the surface area available for next proiis%f?;
ol2i 1onffi

v> To liberate valuable minerals held within particles
LT s Zy’Jrlﬁ)“""SK‘

9 Size reduction process : extremely energy-intensive and is a very mgf‘hment proce |
#2Ylocs L \

During the course of the size reduction processes, much energy is expended in causmg
[plastic d‘eformatlcﬂand this energy may be regarded as a waste as it does not result! ugj

fracture i
ighly energy  — Plastic i

d epormﬁo A



Particle Failure MO B
] \“\naﬂ
Mgtchanl_sms V _a
ress-strain behavior Porcegiven — o—uuge ' ) 5 p‘
lilasb{(‘-—a Plach '\: 7355 ro!
. 44— oud - — o Cudloco —aQJ,j;»L:,S sufface © oo \ﬁ) woak
_____& bl‘iH-eJ i —seasy to break
= T mw)

ﬁ‘fjjé—" [::‘i-jk. ZVQS Hole not cn\j&:fpacf NS A ko ﬁj.
= .t 2 el guame
: “ == Fig. 4.1  Steis-suain 4o for ¥ s foods
= L}?M \ Js’f’“‘ {E = elactic lumt ¥ = viekd pe-i: B -h-ui;:a;l:w::l: O-E'-““ b a‘“m. E-Y = uselastie defoimatz
{9[(—20 ‘Iv 1 A i rpoa of ducnliry. (= taard. sfiong, brinle materisl, (2} = hood, wESnE Suctle praterial, (3} = wf
5 ‘C_'_'BPIO.SL”IC < doctbe pavierial aud () = =8 weal bnale nuarevial } (Adre L orcin e Blervom o LSTHY
s

= Strain energy : energy stored in a body under tension

lijh

- not uniform but concentrated in splits, cracks, hollow parts,

foreign inclusions, displacement

= The energy required to affect size reduction is related to the internal structure
material and the process consists of two parts, first opening up any small fissures th
i

already present, and secondly forming new surface.



pefficiency
[= Size red““;;’;d'st;tzzr:nEl]r'l;-:-:ficient Process and only between 0.1 and 2.0 per cent of the
Chine appears as increased surface energy in the solﬁfs?& /.o f the

b
% f th _ we. on\j need b reede
The efficiency of the process is very much influenced by the manner in which the load is

_ _ : A%l
applied and its magnitude. 11 Potticlels niesUnmd M Es Weab

ans D2 i e e
In ad

ditif.)np the natur'e of the force exerted is aIsg:n very important depending, for example, on @\
whether it is predominantly a compressive, an impact or a sh?'earing force. If the applied force

is insufficient for the elastic limit to be exceeded, and the material is compressed, energy is
stored in the particle.  _p(3) 4 elaskic i
e A EI 92 B o2 R L Js)
» When the load is removed, the particle expands again to its original condition without
doing useful work. The energy appears as heat and no size reduction is affected.

» A somewhat greater force will cause the particle to fracture, however, and in order to obtain
the most effective utilization of energy the force should be only slightly in excess of the
crushing strength of the material. The surface of the particles will generally be of a very
irregular nature so that the force is initially taken on the high spots, with the result that very
high stresses and temperatures may be set up locally in the material.

Jw_&l}f; Strain J(E, moXimum enelgy Qs_‘?a:z_ﬁi\_i\_CP)‘).
DR g o e
53 L et Lhedp,  piiis bual On gte




|Breakage of single

parti cles
= All large l-um ps of material contain cracks and size reduction occurs as a result of crack
p_,l,_p_aﬁg_:m that occurs above a critical parameter, F, where ;?
)*51_‘):“3

-\ ==

where: a = rack/féngth,
T = stress, and
Y = ouh‘g’s modulus.

» At lower values of F, elastic deformation occurs without fracture and the energy input is
completely ineffective in achieving size reduction.

| » The method of application of the force to the particles may affect the breakage pattern.
> The four basic patterns are: roctule wnechanisms,

(a) Impact —particle concussion by a single rigid force. —, " lab!
(b) Compression —particle disintegration by two rigid forces.__, PRI
(c) Shear —produced by a fluid or by particle —particle interaction. _,  o%s

(d) (J)Attrition —arising from particles scraping against one another or against a rigid
surface. _, Porkicle 2aly T

_.—







Rittinger’s
law ¢

first postulated in 1867, is obtained as:
S-}-g-f:\g_ﬁ.{:ﬁp malerio

. Kf’. 1 1)
o ”"(L: L

Since the surface of unit mass of material is proportional to 1/L th
law is that the energy required for size reduction is directly propo
in surface.

e interpretation of this
rtional to the increase

E= P/m°

where P is the power required, me is the feed rate to crusher




0-""1'Qr0m k?———»b\l conversion

t 1 aQw C Kw

dE sty
dE st
§f p = —1, then:
1
E = Cll‘l-——l
LA

and, writing C = Ky f.:

i ) Ll
¥ E — K T e ln. "
i K Je I

2

-

= This supposes that the energy required is directly related to the reduction ratio L1/L2
which means that the energy required to crush a given amount of material from a 50 mm
to a 25 mm size is the same as that required to reduce the size from 12 mm to 6 mm.

by S50 |00
Comordlen Sbabiz Lo ant Lo e odue oy CiEE SilEn

L -

S

!
— Enclgy neeclaﬂ to reduce po.rHc,Le :\2e Bcsva \Svo-sag ‘7;5-\\“—-” \
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Bond has suggested a law interme
p = —3/2 1 equation Thus:

where: L

the reduction ratio. Writing C = 5E,;

i
E:E,./(jg)(l_ %
1 g2

diate between Rittinger’s and Kick’s laws, by putting

, then:

Bond terms E, the work index, and expresses it as the amount of energy required to

reduce unit mass of material from
IS ¢ = oo, The size of material is

| 80 per cent of the material will pa

an infinite particle size to a size L, of 100 jum, that

taken as the size of the square hole through which
SS.
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' Exampl :
: her such that the average size of P

A material is crushed in a Blake jaw Crusi= 50 kW/(kB/S)'_
from 50 mm to 10 mm with the consumption of energy of 1 ge size

ial of avera
the consumption of energy needed to crush the same mater

average size of 25 mm:

article is reducg | |
wWhat would | ¢
75 mm to 3

a) assuming Rittinger’s law applies?
b) assuming Kick’s law applies?

" Which of these results would be regarded as being more reliable and why?
Solution
a) Rittinger's law.
This is given by: E=Kpf(l/L)—(1/L)]
Thus: 13.0 Kg fe(1710) — (1/50)]
and: Krf. = (13.0 x 50/4) = 162.5 kW/(kg mm)

Thus the energy required to crush 75 mm material to 25 mm is:

E = 162.5[(1/25) — (1/75)] = 4.33 KI/kg







e

Enersy il
 Energy S ytilized in crushing as follows: why Process is jnefficient s

(a) In prodUCing fflastic .deformation of the particles before fracture occurs.
(b) In prod'ucmg inelastic deformation which results in size reduction.

(c) In causing elastic distortion of the equipment.

(d) In friction between particles, and between particles and the machine.
(e) In noise, heat and vibration in the plant, and

(f) In friction losses in the plant itself.

[s [tisestimated that only about 10 per cent of the total power is usefully employed.




= The choice of a machine for 3 given crushing operation is influenced by the nature of the

product required and the quantity and size of material to be handled.

» The more important properties of the feed apart from its size are as follows:

Hardness

Structure
Moisture content

1
2.

3.

4. Crushing strength
5. Friability

6. Stickiness

/. Soapiness






Types of Crushing
EqUipment c rusher 3,258 V-

Coarse crushers

Intermediate crushers

Fine crushers

'r’—._Staﬂ de crusher
Dodge jaw cr r
Gyratory crusher
Other coarse crushers

Crushing rolls

Disc crusher

Edge runner mill
Hammer mill

Single roll crusher
Pin mill

Symons disc crusher

Buhrstone mill
Roller mill
NEI pendulum mill

Gmﬁn mill
o nn!l (Lopulco)

Ball mill

Tube mill
Hardinge null
Babcock mill

f Read through page 106 -137 R&C Reference Book




Caarse
Crushers

The Stag jaw crusher
! =
J,,;?' = - " ........................ ’ﬁﬂ;f:.,,w
LAQ 3 P S s O jawe faces & cheek plates
Buthes

& wistchangealis

-------------- - Spelle? Cushion
. - IR Reverskis sang iaw lace

Frhe Dodge jaw crusher




(Coarse
ICrushers #s6..004,

The gyratory crusher

Continusus -hoii)[l_

Rotary materials breaker \




Intermediate
crushers

The edge runner mill

ey, Lo

——

The hammer mill
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Intermediate
crushers

R

iy ‘ s W
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Outpt
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Crushing rolls \

\

Q

Ehe single roll crusher




Fine
crushers

[The Szego grinding milﬂ

Particle to be
crushed and ground

Helical grooved
roller

Flexible wire rope
Grinding cylinder

Main shaft

Materialto be ———~_
ground fed inte =
grinder

Flexible wire rope ——
shaft

Helical grooved
rolier of
hardened steel
rolates counter
clockwise

Grinding cylinder
of hardened steel
stationary

Ground material e
leaving grinder i



R —

B —
e R L U
e . e £
e G BT B
;/‘a\’ff 2’L'E‘J' '?"/Lé ’
| il

Compara five

periphe.fa{
[ The ball miU £pecd

}

Comparative
ratio of volume
of balls to volume
of material

M. Saidan

33 mls 20mis 1.3 mis

125 mm balt 90 mm ball

crushing crushing 2
50 mm material 25 mm matenal 1
=15.6:1 = &7 .1 |



gall mill: Factors |
prodUCt = f:gil:teigng the size of the

.':'a" The rate of feed. With high rates of feed
the mill for a shorter time.

is in » less size reduction is effected since the material
i \’\‘\3\\ 2\oa rate — 5 ¥mtime R Crus\\inj s low —elis) h}\;
| ) The properties of the feed materi S alA 2

b) erial. The larger the feed the larger is the product under

} -~ given operating Coniijﬂons. A smaljer size reduction is obtained with a hard material.

i 3 au\':’_‘) 2 A=,y s as

-c) weight of balls. A heavy charge of balls produces a fine product. — tadestays 2 aalh e
| _ 38058\ %7

"d) The diameter of the balls. Small balls facilitate the production of fine material although

they do not deal so effectively with the larger particles in the feed. For most economical

operation, the smallest possible balls should be used.

| Pl Elo?hfdepb' —slofe Sl las |
“¢) The slope of the mill. An increase in the slope of the mill increases the capacity of the

plant because the retention time is reduced, although a coarser product is obtainned.

Increasing the freedom of discharge of the product has the same

'f) Discharge freedom.
JJJ‘USI'/OP’";M}S':' !

i
effect as increasing the slope.—»



Factors Inﬂuencm
(ol )as), ]Jl_,,__‘_g?:,, mlﬁ%}?}iSlZ

e of the product
| .a,;,cfg,- A Lol LaSia) sia Zf )

- GCUQJL_.LL& | v
e i

low speeds of rotation, the balls simply roll over one

oy : Ined. At slightly higher speeds, the balls are projected
short distances across the mill, and at stijj| higher speeds they are thrown greater distances

and considerable wear of the lining of the mill takes place. At very high speeds, the balls are
carried right round in contact with the sides of the mill and little relative movement or
grinding takes place again. The minimum speed at which the balls are carried round in this
manner is called the critical speed of the mill and, under these conditions, there will be no
resultant force acting on the ball when it is situated in contact with the lining of the mill in the

uppermost position, that is the centrifugal force will be exactly equal to the weight of the ball.

S8 Lay b 307,
(h) The level of material in the mill. Power consumption is reduced by maintaining a low level
of material in the mill, and this can be controlled most satisfactorily by fitting a suitable
discharge opening for the product. If the level of material is raised, the cushioning action is

increased and power is wasted by the production of an excessive quantity of undersize
material.










_j_z__g_é;llal‘ gement of
articles

| = The finer the particles, the greater is their specific surface, and the gravitational forces
. acting on the particles may not be great enough to keep them apart during flow.

| = The flowability of particulate systems can sometimes be improved by the use of “slidants”,

which are very fine powders which are capable of reducing interparticle friction by forming
surface layers on the particles, thereby combating the effects of friction arising from surface
roughness; they can also reduce the effects of electrostatic charges.

Fine particles may be difficult to discharge from hoppers as particles may cling to the walls
and also form bridges at the point of discharge.

a critical factor since very fine particles may be exhaled, and very large
effect on health. In this respect, it may be noted that the
d by asbestos is largely associated with the size range and

| = Particle size may be
~ particles may have a negligible
particular health hazard impose
shape of the particles and their tendency to collect in the lungs.

e increased from molecular dimensions by growing them by
lts. Here, dissolving and recrystallizing may
e. It may be noted, that fine

"= The size of particles may b
crystallization from both solutions and me
provide a mechanism for controlling both particle size and shap

particles may also be condensed out from both vapors and gases.




|Size enlargement e DBEE Lk
processes hoctie 23 5 s e

e e e

Spray drying In this case, particle
size is largely determined by the }-'5_31 (2 s 9; A DS iss)

size of _the dropl.et of liquid or o ,ngaltq
suspension,  which may bpe w, disperser
_controlled by a suitably designed

spray nozzle. The aggregates of Ef’;’ie,
dried material are held together S
as a result of the deposition of
small amounts of solute on the cental—

: - ‘gasdisperser

Strface of the particles. For a | @ = e
given nozzle, the drop sizes will
be a function of both flowrate
and liquid properties, particularly

o Inlet flue
. gas (upper)

viscosity, and to a lesser extent
of outlet temperature. In ¥
general, viscous liquids tend t0  jiifiegs
form large drops yielding large B

aggregates. Pressue =
a4z o be
16O eroduet discharos

o
h»\ﬂ o

' R s




e —
~

.-+ Size enffargement

e
pI"@CE‘SS@S P of a tall, nar
\_\.XS\U“B d into the top h t l
Prilling in which relatively coarse droplets are ir‘:tr'f.“-'du_ce his results in somewnat larg,
tower and allowed to fall against an upward flow of air. This

particles than those formed in spray dryers.

: ssive layers
esidence time, that is the time over wh[ch Su{igethis s t\i
solids are deposited. These are used, particularly with large particles.

rapid circulation within the bed gives rise to a high level of inter-particle impacts.
Pug mills and extruders that is a combination of

ribbing and shearing and mixing. Densification and
extrusion are both achieved in a single Operation.

The feed, which generally has only a small water
content, is subjected to a high energy input which
leads to a considerable rise in temperature. The
action is similar to that occurring in an extruder.
High degrees of Compaction are achieved, leading to

the production of pellets with low porosity with the
result that less binder s required.

-INDUSTRIAL series:




rion may be achieved by he.

era
e formation of pil

materials, agglom
layers. FOT th

the surface
equired.

:;e:ated temperatures: with many
mera're;ult of which softening occurs in
sheets and di_sc:S, high temperatures arer

7

mpaction forces, it my
in the tableting machines used for prod \

d into dies, either with or withou

= Pressure ¢ i
R ompaction: If a material is subjected to very high co

formed i

4 (c)e;i irr:to sheets, briquettes or tablets.

Pt pharmaceuticals, the powder is compr
ition of a binder. i

paction i

e completion taf:easy Tlso be achieved in roll processes, includi i
without producing any Shg a7 bet\iveen two rollers rotating a’é thc uding briquetting,
aring action. In pellet mills, a moist f Zsame speed —that
4 eed is forced th 23
rough ¢

holes where th '
e resistance f i i
the walls of the dies orce is attributable to the friction b
_ etween th
e powder ¥

A
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— Mechanics of Particle
Motion

= Forarigid particle moving through a fluid, there are 3 forces acting on the body

-The exte;rnal force (gravitational or centrifugal force) ./ LA P
- The bdoyant force (opposite but parallel direction to external force) /—— A%l

- The drag force (opposite direction to the particle motion) ¢LS)Z,.,..L:
—_— )

. Fluidi'zsed particle
i

Flu_id flow




mainlyaﬁﬁects Lhe drag jo‘ s ../

Op ‘Hﬂe ObJeci'

i

g-ﬂ;—";__—- <







L oya nt fO
< of the fluid dis
nal force.

olume of the partlcle |

\SM \mé

3ss of fluid displaced is e

is the density of the fluid. Th_e' b'uoyant'_ffcaircev is--gii?é'n by

. mpa, |
F b'—' — e e 3 ..

2 u?p A

- f*" =

icient, Ay IS the projected area of the particldin

is the drag coeff
ﬂow direction.

€ perpendicular to the
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trifugal field
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icle relative to the fluid afd
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Termmal Velocﬂyf,% 9

| settling, 9 |s constant

In gravitationa
The acceleration |

The particle ¢

maximum attainable under the circum
This maximum settling velocity is called t?[_rr‘nlnal \Yj

uickly reaches 3 constan

(9.81m/52)

ero.
a) decreases with time and approaches z

t velocity which is the

stances.
elocity.

Drag Force

Gravitational Force



hencal particle of dlamete p,. Ov; o
ir aI velocity is given by |

1 s, i

itution of m and A, into the equation for u, gives the equation
ity settling of spheres

4-9 D p(pp p) (12)

\i:tciev
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'acceleratlon is not constant |f the
ct to the fluid.
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. Particle Reynolds Number

u - velocity of fluid stream

ub,p D.: diameter of the particle
15 P p : _
Re = p : density of fluid
5 JL : viscosity of fluid

> For the case of creeping flow, that is flow at very low velocities relative to the sphere, the
Navier—Stokes equatci;:i EIY& ik 59‘555
Prction Lull' N 5 RIDLE ™ (i) skin friction: 27 pudu

Drag &b JF =3mpdu (ii) form drag: 7 pdu } i

» This equation is known as Stokes’ law and it is 3

: pplicable only at |
particle Reynolds number and deviations becom yatvery ldw valucg of th

¢ Progressively greater as.Re increases :

|



I mu

R B
D.QL'\’” 2 D(wid, V-V
49/

O‘L’ 9 « As R, increases, sKin friction
becomes proportionately less
and, at values greater than
about 20, flow separation
occurs with the formation of
vortices in the wake of the
sphere.

* At high Reynolds numbers, the
size of the vortices
progressively increases until, at
values of between 100 and
200, instabilities in the flow
give rise to vortex shedding.
‘ The effect of these changes in
1 the nature of the flow on the

S e
~ force exerted on the particle js

!‘;__dl

| NOW considered.




t must be moving at its terminal velocity with respect to the fluid.

[

' most satisfactory way of representi ng the relation between drag force -
velocity involves the use of two dimensionless groups:

> Reynolds number Re(=udp/p)-
) in which R’ is the force per unit project
5 the direction of motion. A

-

: BT . : ) NESSRETR )
T (G :/‘ £ 9 _.-'... ,I _. il fiath :




orm of drag coqu‘ic:ent often dcnoted by the symbol Cp- Frequently, a drag
p is defined as the ratlo of R’ ) Lpu?.

- g
€0 that C') is analogous to th ﬁR/pu ) for pipe

ous to the Fannmg fl’lCtlﬂn. J
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[Region (@) (104 < Re’ < 0.2T|

- - ’ -
At very low values of the Reynolds number, the force F is 8IVED by Stokes’ law:

R
- pu? udp

' rrr I ey s o T e o . R; e
this region, the relationship between — and Re’ is a straight line of slj';_
R ! put .

2
o 3” “’d“ & recieve




’
Thus: . e
pu*

Stokes’ law

" up to about 1000:

Areasonable approximation for values of Re

B RNl 015RYY)

pu’ I/
. 12:;# a+ 0 15Re’° 687




IIn this region, Newton’s law is applicable and the value of R'/pu® is approximately

constant giving: et |
§ R’
— =022 \/
! pu-

R = 0.22pu’
P= 0.22puz%nd?‘ — 0.055d*pu*

;-Hegion d) (Re' >ca2x1 0°)

undary layer changes from streamline

When Re’ exceeds about 2 x 10°, the flow in the bo |
the rear of the sphere. The drag force

| to turbulent and the separation takes place nearer to

i

pu®
R' = 0.05p0u*

i 0.0125md>pu>

At Cairdlan




e, ' ity, i ity will increase
= |f a spherical particle is allowed to settle in a fluid under gravity, Its velocity

until the accelerating force is exactly balanced by the resistance force.

= The accelerating force due to gravity is given by:

= (grd’)(p: — p)g

where p; is the density of the solid.
The terminal falling velocity ugy corresponding to region (a) is given by:

Or if the particle has started from I 3
rest, the drag force is given by : (z7d Yps — p)g = Am pdug
A
(o o dg { :
uy = ——(p; —
o¥° o o

Ihe terminal falling velocity corresponding Lo region (c) is given by:

Fa

(%er"”)(p, —p)g = 0.0ﬁﬁfrdzprf% Under  Qi€fmina S
conditions, Velocities aresael
(ps — p) high enough for £ Re® &
o approacﬁfﬁ_llgﬁ,' with! the
particles: generally =
industry.




Tr=r

Assumption
S

In the expressions given for the dra
assumptions have been made:

5
2 force and the terminal falling velocity, the follow;

’ A That the settling is not affected by the presence of other particles in the flum} ]
| . condltlen is known as “free settling”. When the interference of other partlcles_

e, the: "ro,cessl.;known as “hindered settling”. =

o
“aay
T 1



i a particle of material A of diameter d,, and density P Stokes’
minal falling velocity Ug, is given by equation 2

lop = 18

The condition for the two terminal velocities to be qu
(=t o
dy  \Pp—

If Newton's law is applicable, equation 3.25 holcls and:
_' L 3dug(pa—p)
Upa = >

; = L, 3dpg(pp—p)

and
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| "ﬂey Table 3.4. Values of log Re’ as a function of log{(R'/pu

M Sairlan

| 2yRe™) for spherical particles
\ o 5 Daiena 0.5 0.6 0.7 08

i N 3.620

3919 2ol 2017 2216 2315 2414 2513 2612

B o007 1105 1203 1301 1398 © 1495 1591

1874 1967 0008 0148 0236 0324 0410 0495

0738 0817 0895 0972 1048 1124 1.199 1273

1491 1562 1632 1702 1771 1839 1907 1974

MI2236° 2300 2363 2425 2487 2548 2608

2841 2899 2956 3013 3070 3,127 3.18a

ot




mr S?O Lgfm‘ and v1sco§lt}* 10 mN sfmé' &5

golution

For a sphere:

From Table 3.4:
Thus;
k|

'10810 24 2 = 1.384
logy Rep= 0222

" 2 x 0 0{1043 X 826(7870 82(])9 31
7 310 % 1092

=7242

1.667 x 10x 107

Ho = 30 x 0.0004
= 0 ODI m/s or 51 mm!s




| I-Non—Spherlcal Particles
Mt i
i -
1 04— N 1
\i\ - i
N\t
£ 1000 N i
NN AL
- =¥ J
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. IR e
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> AONN ]
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10 N NS | y=022
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"B D v=10
‘-"""-.,.____ ] ¢
=cal |
0'3,001 0.01 91/ 1 10 100 1000 104 105 106 |
0.4 ‘ 08 Single particle Reynolds number, Rep !
02 o6 |
i | . ' ] number Re, for particles of sphericity
Figure 1.3 Drag coefficient Covels Retytloliiifalent vohfme dIiJameter)
. ¥ ranging form 0.125 to 1.0 (note Rep US€s -




cal particle:

* total drag force, F = Ro37 dy = (ps




B R
Heywood
Approach

= A mean projected diameter of the particle dp is defin
having the same area as the particle when viewed fro

stable position.

ed as the diameter of a circle
m above and lying in its most

» Volume=K’'d 3
P

If d,, is the mean projected diameter, the mean projected area is er;f /4 and the volume
is k'd3, where k' is a constant whose value depends on the shape of the particle. For
a spherical particle, £’ is equal to /6. For rounded isometric particles, that is particles

in which the dimension in three mutually perpendicular directions is approximately the

same, k' is about 0.5, and for angular particles k” is about 0.4. For most minerals k' lies

between 0.2 and 0.5.




Table 3.7. Corrections

te logRe as a functzon .of :"Iog[(R -_'}pu'

non-spherical particles
logl(R'/pu®)Re?}  K'=04 k=03 k=02
2 0022 | 000 7 1d0%
1 —0.023 —0.003 +0.030
0 —0.025 -0.005 +0.026
1 0027  -0.010 +0.021
2 —0.031 —0.016 40012
25 0 ‘ool 0.000
3 —0.038 —0.032 —0.022
35 —0.051 —0.052 —0.036
4 —0.068 —0.074 —0.089
45 —0.083 —0.093 —0.114
5 —0.097 ~0.110 —0.135
55 —0.109 0195 015
6 —0.120 e .

M.saidan
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‘Table 3.8 Corrections to log Re! a5 a function of (log(R"/ pr2)Re'~1} for
non-spherical particles ‘

| A r—1
log{(R'/pu”)Re™" | K =02 k' =0.1

AN 21

h

ol
+0.149
10114
- +0$082}_____. :_ o

+0.056

+0217
10175
10133

061

+0.289
10231
+0.173
+0.119

10.072

+0.033

40038 400

+0.007
—0.003
L0007
—0.008
—0.010
—0.012
=003
-0.014

N LN O .--I--Ih.ill’\)li.»-)l'ﬁl:[hl-b
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= Most of technical process, liquid or gases flow through beds of solid
particles. 993, Liquid

e BPIPIGE il M 105 S sli e haa pele—
-\*hfmﬂhj rmb@’ | - 7
Soli,_l

(ot

\ single fluid flow through a bEdan grar nular solid il
4 m;j.Ja“G*‘_a-u SPG @ bed o \92-5'“"2";9: é\J.aL‘l’J';'MH

_hase.ﬂ countercurrent flow of iquid and gas through packed columns
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Darcy Law and

Permeability

e Permeab&fv measurement is conducted to determine the surface power

v >
_ E‘" Darcy’s Law: the average velocity, as measured over the whole aréea of the bed, is
N;‘f irectly proportional to the driving pressure and inversely proportl0n3| to the
Pl ‘fthxckness of the bed. T
(o o[_‘ Pgmil-rwit’{ff- fo
et Ped.

? | Hfay oL AP 3K
c-‘f 2'/// @ e [ Hjﬁ.‘( pul M

where —A P is the pressure drop across the bed.

[ is the thickness of the bed,
u. 18 the average velocity of flow of the fluid, defined as (l/A)(dV/dt)

A is the total cross sectional area of the bed,
V' is the volume of fluid flowing in time t, and
K is a constant depending on the physical properties of the be(| and ﬂ |

where u is the viscosity of the fluid and B is termed the permeability WCIEm 1 _
bed, and depends only on the properties of the bed. acie e f




— }".
Specific surface and

- . o OS |
VOldage ,Mif’ often be characterised by the spe

. bed of particles can . B

lume of bed when the part

The general structurc of : :
surface area of the bed .Sp and the l’mclmna} Vol o
Sp is the surface area presented 10 the fluid per unit ¥O

are packed in a bed. Its units are (length)"l.

ﬂl-}:l block &

= \Voidage/porosity (g) -The fraction of the volume of the bed not occupied

material. It is dimensionless and given by;

- volume of the bed — volume of particles
volume of bed

i volume of particles
¥ volume of bed
Nolume pmc}:on o} pacticles - | ¢




_ &P—om bd now parFrdef :
. !
surface area of the particles (S or -

r 3

w

:.ECIfIC su rfa_ce. afrea .bf'the particles equals to the surface area of a particle
- divided by its volume. Its units are (length)”-1

o S

S of &) ol‘ av: ot W

2 S, : surface area of a particle in m2

v, V,: volume of particle in m3
WE @ specific swfoce osea ol bt S
= rhicle

= D, : diameterin m

,fq;,,f/ . Puticles as a"hole




~ olume P cyfinder 9
_so"ﬁh-.
3 cube

QoMCaQ

ince (1 — &) is the volume fraction of particles in the bed,

_a”—"":,,]-—-s)m (1—-8)
— @\9 bl
L fgat sphee
b e s
hf: rat:o of total surface area in the bed to total volume of bed (void volume plus
o




Example
_ .02 m and @

A packed bed is composed of cvlinders ' ' er D i
A packed be I 3 ers having a diamet il the

length /2 = D. 'The bulk density of the overall packed bed is 962 kg
density of the solid cylinders is 1600 kg/m®,

(a) Calculate the void fraction e,

(b) Calculate the eftective diameter D, of the particles.

(c¢) Calculate the value of a

Solution:  For part (a). taking 1.00 m’ of packed bed as a basis, the total mass of
the bed is (962 kg/m*)(1.00 m?) = 962 kg. This mass of 962 ke is also the mass of
the solid cylinders. Hence, volume of eylinders = 962 kg /(1600 keg/m?) = 0.601
m’. Using Eq. (3.1-6),

volume of voids in bed _ 1.000 — 0.601
total volume of bed 1.000

= 0.399

For the effective particle diameter D, in part (b), for a cylinder where /i = D {1y
surface arca of a particle is |

% 7 2) EJD_ (ends) + mD(D) (sides) = rD?

The volume v, of a particle is




L

-= D =0.02m
D

= D = 002 m. For part

™




~* The internal surface area is equal to the surface area of particles
» The free space is equal to that in granular bed.

e free space in the bed is assgmed to consist of a series of ’g"ji’slf‘?

AR
i m _
i Ko o @




B — o)

ume of voids filled with fluid e iothe fractionalyaid
ted surface area of the bed

cross-sectional area normal to flow
~ wetted perimeter

aulic mean diameter)
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eamline and turbulent flow

equation applies to streamli o
3 deqd the anpaF: ogy with a.mhne flow conditions, though CARMAN and others have
:en_ Y pipe flow to cover both streamline and turbulent flow
conditions through packed beds.
in this treatment a modified friction factor Ry/pu?, is plotted against a modified Reynolds
imber Re;. This is analogous to plotting R/pu? against Re for flow through a pipe

The modified Reynolds number Re; is obtained by taKing the same velocity and charac-

ctic linear dimension d), as were used in deriving equation 4.9. Thus:

Rel—
4




EEE— N
eecmr— \

(CAP)e=RiSI( =0
e e

e R

Thus &, e o ol E(]- e) puf -

and




'Cammn lound tImt whcn R
his data for the flow
[ PpProximately by

7 BT T o
! /P”: was ploned against Rel using lov'lrit(f:uld
through randomly packed beds of solid pam;l:r*:l Lot
a smgle curve (curve A. Figure 4.1). whose ge

R ; =011
— = 5Re! Ui 0.4Re;
pu;
100 \\
©
10 \
hﬁ' N Curve B/’N\E‘
T / &"-’?(
T X
= 1.0 2
: / Curve A AN
o5 _ m-% 0
q:, s / T Curve G
f
* a 0S0lid particles
X ]Hings
001 0.1 1.0 10 100
- Uep
l‘"]dﬂ { Wt hn 1. o i -;' r ‘ it Pl i - ey

.-«g%**‘” ;

j.:i.lrl

M.Saidan
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[ pecon

:I-!, AS ll]c \r
jes more st

[ not the si
E‘,':poreS- anc

yme in all the ag )

priee. Thus. the flow starts toHecome turbulent in the larger

| subsequently in successiv ¢ G
successively smaller poreS as the value of Rey increases.

alue of Rej increases from about 2
anificant and the s) fine,

& ¢ - Slope of the plot gr: ‘
, | ) ot gradually changes

_ e Rey of I A e
B rlt ﬁ _)O ﬂjﬁ plot is approximately linear. The ;
sreamline flow 1o complete turbulent flow is very eradual

to 100, the second term ip-€quation 4.16
om —1.0 1o about
1ange from complete

Scause flow conditions are

[ Rings. which as described later are ofterf used in industrial packed columns. tend to
deviate from the generalised curve A Figure 4.1 particularly at high values of Re,.

7

This ec

packings
for these materials. He

SawisTowskl'” compared th
discussed later) pid h

ftion is plotted

Zeults obtained for flow of fluids through beds of hollow
as noted that equalion 4.16 gives a consistently low resu

roposed:

__‘.Ri]_.::SREE_I +R€1_0'l /7 (

2

| pH | i /

as curve B in Figure ol

M. Saidan
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Ergun semi-empirical e
correlation |

For flow through ring packings whicl
- : = L8 A C dS O 1 . n 1 1 1 ‘
packed columns. Ergunt!® nhmﬁmd T T e e s
LAInNead a o ) [ 111 -
i a 2ood semi-empirical correlation for pressure drop

—AP (la= (,)2 : 2
—15( )" H (1 —e) pu;
7 150 ERE o @ (4.20)
Writing d = 6/S (from equation 4.3); N )
AR uS(l —e)
e e FS R 1
Slpu2 | —e i pit; e
R
or: —L _ 417Rej' +0.29 (4.21)
PU1

—_—

|
}

e C in Figure 4.1. The form of equation 421 is somewhat

similar to that of equations 4.16 and 4.17. in that the first term represents viscous lasses |
which are most significant at low velocities and the second term represents Kinelic energy \
losses which become morc significant at high velocities. The equation is thus applicable
over a wide range of velocities and was found by Ergun to correlate experimental data

well for values of Re /(1 —e) from | to over 2000. N .

This equation is plotted as curv
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Figure 4.2, Variation of Kozeny's constant K” with voidage for varigy







) | packed
Columns

s Packed columns consi
st of shaped particle i
. : s S contained withi
coh:(mn, their bs-zhavlor will in many ways be similar t:;hal:c?f i
packed beds which have already been considered.

Packed towe £
with one anot;; i bringing two phasesiin contact = o S
- er and there will be strong interaction between  Hold-down

the fluids. plate
Normally one of the fluids (liquid) will preferentially \L/et the \
packing and will flow as a film over its surface; thelsecond .
fluid (gas) then passes through the remaining volumL of the =

=

column.
= An example of the liquid—gas system is an absorptioj process \

where a soluble gas is scrubbe
means of a liquid.

d from a mixture of/gases by

Packin
SUppo

(Gas -—-—l

= |n the construction of packed towers, the shell of the column ™
may be constructed from metal ceramics, glass, of plastics \
mounted truly vertically to lﬁﬂd

material. The column should be
help uniform liquid distribution.




| The gas injection plate is designed to
provide separate passageways for gas
and liquid so that they need not vie for

This is achieved by providing the gas
inlets to the bed at a point above the
level at which liquid leaves the bed.

passage through the same opening.

g Cross partition
= ings
—— Brick lining ;
G h
el : :
= Grid bar |
Packingis | support plate 55335.1
dumped over : Wil
77, _courses of Mid span g
T cross-padition support

rngs

Gas is distributed

directly into packed

bed - no hydrostatic =

head - gas and liquid ,’r
llows through/
separats upening?
in plate

Gas-inject"ion —
support plate

/
/

; /
M. Saidan /
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f

" At the top of the packed bed a liquid distributor of suitable design provides for y |

uniform Irrigation of the packing |

v" A “hold-down” plate is often placed at the
top of a packed column to minimize
movement and breakage of the packing
caused by surges (sudden increase) in
flowrates.

v" The gas inlet should also be designed for
uniform flow over the cross-section and the
gas exit should be separate from the liquid

inlet

» Columns for both absorption and distillation
vary in diameter from about 25 mm for
small laboratory purposes to over 4.5 m for
large industrial operations; these industrial

! columns may be 30 m or more in height.




can be divided intg four pag@216-2’)_1)

] @ gS 3
B ckin ids, and structured : AN classes—
Pagkiﬂgs’ gt Packings, Ses—broken solids, shaped \

L orous solid should be used if the
i Nons when the packing dries, as this

L por€
Sackiﬂg EIements'

" channeling that Is non_ul:mc:iom'] distribution of liquid across the column cross-
sections is much less marke with shaped packings, and their resistance to flow
. much less- : TSI |
shaped packings also give a more effective surface per unit volume because

i face contacts are reduced to a minimum and the ﬁ\;fn flow is much improved
[ su ;

I compared with broken solids.

re i : |
cans a.ny r'f'k of crystal formation in the
EIVe rise 1o serious damage to the




ge obtainable with these packing

J;ack]ﬂg
? Tl

ida i
1 : es from about 0.45t00.95 H\.

II / |
! .~ high and uniform void | \
obtalf e . : age and/to prev .

I pthe packings into a tower full of Hq{ﬂd. A \\

dum
ckings, which are relatively easy to fabricate, are usually used in columns of square

(» O d frequently in cooling towers.

Sectio n, an

| They may be made from wood, plastics, carbon, or ceramic materials, and, because of the
[ |

relatively |

arge spaces between the individual grids, they give low pressure drops.
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Fluid flow in packed
Ccolumns 3

Pressure drop

i/

® The drop in pressure arising from the flow of a

single phase through granular beds is considered $Y ey

and the same general form of approach is usefully

adopted for the flow of two fluids through packed
- columns.

Pressure drop

Loading (X) and flooding (Y) points

I Hold-up

Read through R&C pages 222-228 |




