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ABSTRACT.

The effect of the speed of rotation on the
surface profile in a rotating cylinder of free flowing
materials has been studied and a modified version of
Gow's cquation, which takes into account the contact of
the granules is presented. The effect of particlec size
and bulk density on the surface profile hzes been
determined.

The flow of granular material from feed hoppers
through circular orifices has been studied and a
relationship between the rate of discharge and more
important wvariables of the system has been derived.

Finally, in the case of an inclined rotary
cylinder, the effeet of cylinder variables such as length,
diameter, slope and speed have been investigated for a
wide range of materials. A theoretical analysis based

on the cyeclic motion of the granular bed is presented.
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NOMENCLATURE,

Symbol, Dimensions.
Ao Cross-section of the circular-aperture. L2
Sqg. Ft.

a Static Angle of Repose. Degrees. -

{5 Surface Dynamic Angle of Repose. Deg. -

C1 Chord-length at feed-end. &, L

Cn Chord-length at exit-end. »t. L

¥ Internal dynamic angle of repose.Deg. -

da Mean sieve diameter. Ft.

D Internal diameter of the rotating
cylinder. Ft.

€ Voids. -

il Surface shape factor. -

B Frictional Forces. ML/TQ

g Acceleration due to gravity. L/TQ

H Granular material head in feed- L
hopper. .,

k Volume shape factor., -

ke Volume shape factor ef -
equidimensional particle.

L TLength. -

m Flatness ratio. -

n Elongation ratio., -

) Revolutions per minute. -

1\TC Critical revolutions per minute, -




Ve

ﬁg Bullk-density. 1bs/C.Ft. M/L3
Qt True-density. 1bs/C.Ft, W3
Q; Relative-density. -
ol Coefficient of Friction. -
Q Discharge-rate. 1bs/sec. M/T
S Cylinder inelination Deg, -
temp. Average time of passage through T
rotary-cylinder. (Empirical).
Yineo. " " " (Theoretical).
Hp The angle showing the difference between «
the slope of the bed and the slope of
cylinder, Deg.
qﬁ Slope of the bed in rotary cylinder.Deg. -
v Peripherical speed. L/T
Wa Apparent Weight. M.
o Mngular Velocity Radius/sec. ’l/T
ic Acceleration along x-~axis I/ p2
yc " " yeaxis I/ 2
IC Moment of inertia of a rolling body MLQ

round its centre of gravity c.
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SECTION TI.

CHAPTER 1.

1. Introduction.

When a cylinder partly filled with a free flowing
granular material is rotated on a horizontal axis at low
speeds, the granules begin to rise in circular paths,
concentric with the circle of reference of the cylinder and
finally having emerged out of the bed slide down the inclined
plane which constitutes the surface of the bed. The bed
may thercfore be considered to be in two parts, the one
rotating with the cylinder and the other sliding as a thin
layer over the rotating portion. In this state the bed
is said to be cascading.

When the peripheral speed is gradually increased, the
surface profile of the sliding-mass begins to change and
to develop a hump. This is due to the material being
projected from the wall of the cylinder towards its centre,
the motion being described as cataracting.

Still further increase in speed results in the
entire charge adhering to the walls by centrifugal action.
The speed at which this occurs is termed the critical or

centrifuging speed and may be calculated from the equation:

N, = 76.6]1/D | (1)
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where N, = Revs. per minute (eritical)

D = Internal diameter of the cylinder (ft.)

The present study of the behaviour of granular
material in a cylinder rotating at low speeds, relates to
cascading motion only. A considerable amount of work has
been carried out by Davis [1], von Steiger [2], Gow,
Campbell and Coghill [3], White [4], Conner [5] and Rose
and Sullivan [6], on the theoretical aspects of cataracting
and centrifuging but relatively little attention appears
to have been given to cascading.

The object of the present work wae to concentrate
on that aspect of the granular motion which has so far
been little explored. Attention has been focussed on the
nature of the surface profile of the granular charge in the
case of fiwo materials e.g. coal, felspar, sand, limestone
and magnesite, having a specific grvity range of from 1.42
to 345 g./cc. The effect of particle size (as defined
later) which plays »n important role, has also been

included in the study.



2, MAngle of Repose, Bulk Density, Particle Size
and Shape Factor,

Before considering in detail the movement of a
‘granular mass in a rotary cylinder, it is necessary-to °
take account of properties of particulate material-which. .
may be expected to.influemce -its movement. - Of these -the -
angle of repose, the bulk density and the shape-factor are-..

“the most important,

Angle of Repose. - {Definition).

This property is connected with the frictional
forces operative when the particles of a granular mass move
relative to one another, If we consider first a single
particle B (Fig.l), resting on an inclined plane PQ, the
weight of the particle mg acting #ertically downwards may
be resolved into two components, namely mg cos 0, acting
normally to the plane and mg sin 6, acting tangentially
to the plane, where the angle © gives the slope of the
plane. The latter force tends to cause the particle to
move down the plane but as long as the particle is at rest,
it i{s resisted by an equal and opposite force known as the
tangential friction force. As the slope of the plane is

gradually increascd, a point is reached at which the
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tangential force just balances the frictional force and any
further increase causes the particle to move downwards.

If Q represents the gngle of the plane at this time, then:

Frictional Force _ y
“Normal Force = tan (b - F' (2)

anditjj;called the Dyn, Coefficient of Friction. The
angle @ may also be called the Surface Dynamic Angle of
Repose.

It may be noted that once the particle is in
motion, it will continue to move down the plane even if the
angle Qiis somewhat reduced. This lesser angle defines
the Sliding Coefficient of Friction,

A considerable amount of work has.been done by
Wilson [7], Crossthwaite [8] and Cain [9] on the effects of
earth preésuro on the angle of repose, in an attempt to
verify the earlier theory of Rankine [10] on stability of
loose carths. Richter [11] measured the static coefficient
of friction for straw, hay, corn, etc. to provide data for
chute design. Later Holbrook and Fraser [12] showed that
for a given size distribution the coefficient}of friction
depends upon the particle shape and for given shape upon
the size distribution.

Fowler and Chodzeisner [13] have proposed a
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general correlation for the coefficient of friction, the
roughness of the surface, the partcle size and shape and

its relative density.

_ . 0.2110 0.5 '
= tn@-= -l 0.3436(8/a,)%*° + 0,0171 @,
f + 0.1834 (3)

where }L coefficient of friction of the material
@’= surface dynamic angle of rcepose

=
i

roughness index of surface in cns.

Sf = gurface shape factor
Ry = relative density
da = particle diameter, cm.

Angle of Repose.

According to the methods of measurement [14-22],
three values of the angle of repose of 'any given material
may be obtained, These arec designated as the static
angle 6f repose, the surface dynamic angle of repose and

the internal dynamic angle ol repose.

Static and Surface Dynamic Angle of Repose.

When a powder flows from an orifice on to a
horizontal plate it forms a cone and if the distance between
the orifice and the apex of the cone is kept constant so
that the distance of the free fall is at all times constant,

then whilst flow continues the cone will be found to have
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a base angle Q}(see Fig.2) which is defined as the surface
dynamic angle of repose. When flow ceases the cone
settles to & more stable configuration with a base angleat ,
which is defined as the static angle of repose.

The static angles of repose for coal, felspar,
sand, limestonc and magnesite, for fine ranges of particle
sizes, arc given in Table 1.

Table 1.
Surface Static Angle of Repose as Punctions of

Particle Size.

No. Material  Sp.Gr. Static Angles of Repose (Degrees)
(Particle Size Mesh B.S.S.)
(22-30) (30-36) (36-52) (52-60)

1 Coal 1,420 40 39 375 36 .
(18-36) (36-60) (60-85) (85-100)

2 Felspar 2.070 39 37.5 37 3645

3 Sand 2.620 36.5 35 34.9 35

4 Limestone 2,660 40,5 38,5 37 36,6

5 Mognesite 3.332 38 57 3545 3545

It will be noted that the static angle of repose
in all cases tends to diminish with the decrease in particle
size but there is no obvious relationship connecting the

angle with the specific gravity of the materisal,



Internal Dynamic Angle of Repose.

Visual observation of the movement of granules
in a slowly rotating cylinder indicates that the grgnules
follow approximately circular paths as shown in Pig.3.
When the granules reach the surface of the mass which is
inclined at angle Qb, it slides down the surface under
the action of gravity. This may be seen in the photographs
in Plates 1 and 2, which relate to the speed of 2,5,10,20,
40 and 60 r.p.m. A close examination of the photographs
indicates that there is in fact a sliding wedge of material
shown in Fig.3 by ABB'. The angle ¥ made by AB' with the
horizontal, is called the internal dynamic angle of repose.,
Bearing in mind the nature of the movement in a
rotary drum, it is proposed to use the surface dynamic
angle of repose as a measure of frictional force operative

in a rotary drum (see also Chapter 2).
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The Bulk Density.

The bulk density of a granular material is
governed by the methdd of packing of the granules, their
size distribution and shape. It gives the measure of wvoids

(=g in the mass and hence is related to porosity by :
- — Ra |
€ = ( Re ) (a)

where € voids, e; = bulk density (1bs/c.ft.)
and G = true density (1bs./c.ft.).

There are several methods for determining the
bulk density, all of which, however, depend on filling a
container of known dimensions under carefully specified
conditions. The method employed in this work was to pour
the material into a glass cylinder of 1.25 cm. diameter
and 100 cc, capacity from a funnel, the end of the funnel
resting against the cylinder wall until the cylinder was
half-full. Its contents were then weighed.

Measurements were made for five materials over a
range of particle sizes, the results bheing summarised in
Table 1 (see Appendix). In the table the column headed
"Particle size" refers to the arithmetic mean of the sieve-
range (B.S.S5.) and gives the average diameter for non-
spherical particles [23-25 ].

The results in the form of bulk density e,, VS,
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particle size d, and log ( EL) vs. log (da) are shown in
Pigure 4 (a) and (b).

It will be seen that the bulk density increases
with the particle size but bears no obvious relationship
to the density of the material. The slope of the lines
for sand and coal are steeper than that of felspar,
limestone and magnesite.

The relationship between the bulk density and the
particle size for the materials examined may be represented

by the equation :

_ n
where QL_= bulk density (1bs./c.ft.)
d, = mean sieve diameter (ft.)
K, n = constants for a given material,

Values of K and n are given in Table 2,

Table 2.
To. Material X n
1 Coal 2.381x10° 0.2401
Pelspar 1.868x10° 0,1405
3 Sand 4.9% x10° 0.2401
4 Limestone 1.587x10° 0.1405
5 Magnesite 2.456510° 0.1405

Cocking [26] and Roller [27] have studicd the

density as a funotion nf particle sirze and the latter has
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represented his results by the equation :

€ = x (/)" (6)
where d = diameter of the particle,
K,n = constants for a given material
and & = +the same as defined before.

Shape Factor,

The study of the effect of particles on bulk
density would@ be incomplete without referring to the shape
of the particles.

Methods of expressing shape by means of linear
dimensions of a particle have been discussed by Heywood
[28,29]. The theoretical relationship derived by him for
geometfic shapes and subsequently modified for irregular
shaped particles, are explained in brief in the following
paragraphs,

The two importent shape-coefficients, frequently
mentioned in literature, are the volume coefficient, k,
and the surface coefficient, f, as defined by the following

equations:

= 3
Vo= k.4, (7)
and S = £ .47 (8)
where V = volume of the particle; S = surface of the

particles dp = projected diameter; k coefficient hased

on volume; f = coefficient based on surface area.
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According to Heywood, the mean projected
diameter of the particle, dp, is the diameter of the circle
when the particle is viewed from the direction vertical
to the plane of greatest stability (area of the circle
being cgual to the projected area of the particle). If
L, B and T represent the lergth, breadth and the thickness
of the particle, in decreasing order, then L/B (=n) is
called Blongation Ratio, while B/T (=m) has been termed
the Flatness Ratio. Both m and n may also be referred to
as the 'proportions' of the particle. Thus, if a particle
is to bc zompletely defined, its geometric shape (approx.)
and proportions must be considered. . together.

In order to correlate the coefficients f and k
(see equations 7 and 8), Heywood considered three simple
geometric shapes, e.g. rectangular-prisms, tetrahedra
and ellipsoids. Since the mathematical approach is
comparatively simple for rectangular prisms, he developed
his theory on the following lines.

Consider a cube with each side equal to unity,
then its volume is 1 cubic gﬁﬁﬁ (i.e, 12 = 1), surface 6
sq. units and projected area is 1 sq. unit. Since the
projected area for the cube is given, the projected

diameter may be worked out on the following lines:
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2
t (d.)
**gf2- = 12 = 1 sq. unit
= , 4
whence dp = - (9)

For an equidimensional particle (i.e. cube),

equaticn (7) can be rewritten in the form
vV = ke . (dp)3 (10)

where ke 1is the coefficient based on an
equidimensional particle

V and dp have their usual significancec.,
Substituting the wvalue of dp (equation 9) and V in equation

10, we can get the value of ke :

ke = — = e
) (dp)3 s(Ji/n )°
= 0.696 (11)

Similarly, substituting the value of (dp) in equation 8,
and solving for 'f', we get
surface agea of cube

(a,)

= —6 = 4.0 (12)

2 (1/n)°

£ =

Thus for & cube ke = 0.696 and £ = 4.72,
Next, cut a slice of thickness 't' from thc above
cube, parallel to the horizontal plane, to give a so called

'flattened! particle. It will be seen that dp remains
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the same but the volume will be reduced say by a factor 'm'
(m iz the same as defined before) and so will be the surface
but by a different factor. The volume, surface area and
the projccted diameter of the slice may be expressed as

2

Velume = I x t cubic units
Surface = 2L2 + 4Lt sq. units
Projccted area = IL° and 6y = I:~/4/n.

Since the value is reduced by a factor 'm', the volume

coefficient may be expressed as :

k = original volume 1
(d )3 m
b
i.e. k = ke/m (13)

The surface coefficient for the slice may be calculated,
by first calculating the surface coefficient for the
'remaining cube! and then subtracting this value from the
value of 'f! for the cube.

Thus £ (for remaining cube)

= purface area of the remaining cube

2
(ap)
= Total surface area - surface area of slice
(a )%
2 2 IR

= 6L° = 21° = 4Tt = 41" - 41t =

‘ 2 -2 4

L x 4/n L

= (1-4%L)n = 7w (1-1/m)

(L/t = B/T = m).
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The surface shape coefficient for the slice !'f!
is given by :
| £ o= 4,71 - (3.14 - 2214
1.57 (1 + 2/m) (14)

Now, elongate the cube into a square prism of

length 'n' (n is the same as defined before) such that

n >1 and let the particle rest in its plane of maximum
stability. Its Vﬁlﬁ% will then become n cubic units,
surface (2 + 4n) sq.units, projected area = n sq.units and
the projected diameter 4, = ./17;75. Then the volume

coefficient is given by the expression

X = volume - n
(a,) (Ji/mm)>
1 1
= — x ————
Jn 3
(a,)
. _ ke .. I
1.§. k = I (¢ for cube 1/(dp) = Xke) (15)
Also, £ = Surface area
(4,)2
Y
= 2+ 4n
n(J3/m)°
= 2 + 4n 6 5
6 x n (J4/n)
= 1;%322 x 4,71 (s for cube, T = (TT%7E)2
= 4'.71)
or £ = 1,57 (2n + 1)

n (16)
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Pinally, in the case of a rectangular prism with
dimensions n.a, a and a/m (where a is a constant) when

n.a, a and a/m are in order of decreasing magnitude, the

p.

volune of such a prism is given by %.a cubic units, surface

2 (1 +n+ mn
2a“ ( = ) 8q.

4y = [i.a j(4/n).

as units and projected diameter

Both the volume and surface coefficients k and f

may be worked out as follows:

3
k= volume = n.a” o 1

(dp)3 m n1'5 X a3 * (M;'4‘/TC)3

m no°? * (J4ﬁw3

e

.. 1 -
R (.(-7——3”_., e ke ) (17)
surface area
2
(a,)

_ 2 a® (1 +n + m)
m

n.al (4 4/n)°

i.e. k =

s

and

_2f1+n+m ], 6 )
z (f4/m)
6 n

Since 6/(.‘/4/1t)2 = 4,71 for a cube, the above equation

reduces to

(18)

i
ey
n
-3
L
oy
+

a3
B
< |+
ey
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In equation (18), by introducing a constant ;!
and raising the flatness-ratio m to the power b, i.e. (m)b,

Heywood proposed a general form of the type:
_ c' n+ 1
f = 1,57 [ 1 +(I—nTb . (-—n ) ] (19)

The equation (19) has been simplified further in
view of the fact that the rectangular prism are rare and
as‘suoh a constant value of 1.333 for b was considered to
£it in the above equation without introducing much error,

Equation (19) may now be rewritten as :

_ c! n + 1
£ = 1,57 [ 1+ 7333 (== 1
c! n+ 1
= 1,57 + 1.57 ;f3—33- . == (20)
Since
ke = k. m. n0°> (17)

which gives

Substituting the value of ml*333 4n equation (20), we get:

£ = 1,57 + 1.57 ¢' (k/ke)1*333 | 2—“—'—%33 (21)
n [ ]
The factor (1,57 C!' . -——Tlggg ) in equation (21), may be
ke™*

expressed by the coefficient C, to give the final equation :

£ = 1.57 . 0. k133 x (o2 L)
n L
= 157 + 0 (£2 )13 B2l (22)
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where £ = gurface shape factor of an irregular
shaped particle,
m = flatness ratio, B/T,
n = elongation ratio, L/B,

and ke and C are constants depending on the shape
of particles.

Table 3.

Values of ke and C for various geometric shapes.

No. Geometric Shape ke C
1. Angular
Tetrahedra 0.38 3¢3
Prismoidal 0.47 3.0
2. Sub-Angular 0.51 2.6
3, Rounded 0.54 2.1

In the present work, about twenty-~five granules
were picked out at random from samples of coal, felspar,
sand, limestone and magnesite (-18 +36 mesh, B.S.S.,) and
their length L, breadth B, and thickness T, determined by
measurement with a travelling microscope according to
Heywood's method and the approximate geometrical appesrance
noted. The corresponding values of both the volume
coefficient ke and C, were read from Table 3 and substituted
in equation (22) to obtain the values of the surface

coefficient, f, which appear in Table 4(a)




No.

v~ e

the diameter of the particle, 4

Material

Coal
Felspar
Sand
Limestone
Magnesite

28.

Table 4(a)

Surface Shape Coefficient (f)

2.70
2457
2.713
2.487
2.780

Assuming that the roughness index E is equal to

. the values of the surface

shape coefficient from Table 4(a), when substituted in

equation (3), give the coefficient of friction and

consequently the surface dynamic angle of repose of the

corresponding materials,

These values have been compared

with those obtained experimentally, as shown in Table 4(b):

No.

v oS~ W o=

Material

Coal
Telspar
Sand
Limestone
Magnesite

Table 4(b)

Coeff. of Surface Dyn. - ¢

friction Angle of ReposeV¥  (observed)

(calculated) (Caloulatedg Degrees

DeBrees(approx) |

0.5806 30.25 34,5
0.5885 30,50 3545
0.6009 31,0 34,0
0.6069 31,0 37.5
0.6114 31.75 36,0

Prom the above table, it will be seen that the

calculated values of the surface dynamic angle of repose based

on equation (3) for different materials, are lower as compared

with the experimental values.
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CHAPTER 2.

1. Description of Apparatus and the Experinental

Procedure fcr Studying Cascading.

The apparatus used for the study of casecading in
a rotary cylinder is comparatively sinple. A line drawing
is shown in Pigure 5.

It consists of a pyrex glass cylinder A, about
0.5 fect in length and 0.33 ft. in internal diameter which
is mounted on a Bijind-Flange F, welded onto a horizontal
shaft passing through a ring-bearing and coupled to a
0.25 H.,P. (4.C.) motor M, through a small gear-box G. The
motor is connected to the mains via a rheostat, which affords
a means of controlling the speed. The wheole arrangement
is assemblcd on 6~-inch channel iron mounted on a wooden
base 2.5 ft. x 0,75 ft. The free end of the cylinder is
fitted with a flat glass plate, held in position by a
brass ring B. The solid charge usually represents 25%
of the cylinder capacity.

Before carrying out an experiment, it is important
to set the cylinder in a horizontal position since slight
chenges in level will modify the profile of the moving
charge., The cylinder is set in motion and its speed

adjusted with thchelp of a rheostat and a stopwatch,
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While the ceylinder is in notion, the gngle of the surface
of the charge with the horigontal is measured with the
help of a circular protractor, held against the glass

plate S, in a vertical position such that the centre of

the protractor is in alignment with the foot of the charge.
To check whether or not the protractor is in a horizontal

position a plumb-line is used.

2. Variation of Surface Profile of the Cascading lass
with Specd.

It has already been mentioned that when granular
material in a rotating cylinder is cascading at low speeds
(1,032 to 2.064 ft./min.), the granules slide smoothly down
the ineclined plane of the surface and the surface profile
reriains practically plane. The angle of this plane to
the horizontal gives the surface dynamic angle of reposc,
as shown in PFigure 6(a) and photographs No.l in Plates
1 and 2,

When the cylinder speed exceeds about 2 ft/min.
( 2 repuom, ), the upper part of the free surface first
becomes irregsular as shown in Figure 6(b) and at speeds
above 5 r,.pete @ distinet hump AB develops, inposed on

the planc surface (Figure 6(c)). Turther incrcasc in




FIG. 6
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speeds docs not produce any appreciable change although
the hump becomes more pronounced and the angle of the plane
sectlon of the surface dininishes. This makes 1t possible
to study the effect of speed on the surface dynamic angle
of rcpose ( Gh) and this has been done using coal, felspar,
sand, limestone and magnesite in size ranges, -18+36,
~36+60, -60485, and -85+100 mesh B.S.S. [23). In all the
experiments the charge was maintained constant at 25% of
the cylinder volume and the range of speed covered was
from 2 to 70 r.p.m. (i.e. from 2 ft/min. to 70 ft/min
ApPPYoXe ). The angles were measured while the cylinder
was in motion, by means of a protractor. It will be seen
from Table 2 (sce Appendix) and from the curve in Figure
7(a) that the value of  diminishes with the speed of
rotation for all sizes and that save at the lowest speccd {}
diminishes with particle sizes.

Similar results obtained for sand, felspar,
limestone and magnesite are summarised in Tables 3, 4, 5
and 6 (seec Appendix) and plotted in Pigures 8(z), 9(a),
10(a) and 11(a).

On plotting speed vs. 1/@ , a linear
relationship is found to exist in all cases. (See Figures
7(b), 8(b), 9(b), 10(b) and 11(b)). We can therefore

write:s
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—-%}—C - % - 4 (23)
where N = speed of the cylinder in r.p.il
NC = critical speed of the cylinder

Q = surfacc dynamic angle of repose (deg.)

A and B = constants depending upon the nature of

the material and the particle size.
Values of A and B are given in Table 5.
It has not been found possible to rclate either
A or B to any specific physical properties of the material
but it may be noted that B/A is approximately constant
for all the moterials studied and that B increases with
particle size as shown in Pigure 12 (a2) and (b) (Sce

also Table 7, Appendix).
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TABLE (5)

VALUES OF EMPIRICAL CONSTANTS 'A' AND ‘B’

TRUR Li8-36) MESH (36 -60) MESH 6O -85) MESH (85 - 100) ME SH
DENS|TY
IMATERIAL
" wsoer| a | 8% | a8 | A | 8 PL| A e [8g] a] e]8L
Q1€ - 30 O C30-36) (36-525 C52-Co ) Coo-85>%
. COAL 88 .51 11962 42.055 35.155 (.0164 35.942 36.360 0.9373 34.259 365371 0.3231 29.073 35N

2.

4.

5

FELSPAR 129.2

SAND 165.6

LIME STONE 166.0

. MAGNESITE 208.3

1.4738 53.4 36.294 1.143 40.605 35039 0785 27.135 34.430 —

0.919 32.224 35.096 0.6796 23.787 35.001 0.5004 \7.430 34.820 0.779% \2a.%64 25-1%6

1.335  49.840 37.389 0.9358 347772 37.9¢8 0.8074 29904 B7.037 6. 6209 22.885 37.432

1.196 43.610 36.630 1.0286 B6.M2 35.6% 0MV77 26.166 36.405 0.543 19.673 36.230

OVERALL AVERAGE VALUE.

CX) S1ZE DISTR|BUTION OF COAL

0.6355 21.80 5 34.3449

of (%).35.796
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CHAPTER 3.

1. Free Curved Surface.

It has already been shown (see Plate 1) that the
planc inclined surface of a granular bed, in a slowly
rotating cylinder, is made up of two distinct parts, namely
AB and BC (Figure 6). As the speed increases, the lower
part BC remains plane while the upper part changes its
profile as may be seen in Plates 1 and 2 for coal and
nagnesite. L set of these curves for coal (~18+22 mesh
B.35.5,.,) are shown in Figure 13(a) and with curves buperposed
in Figure 13(b)e Figure 13(a) also shows that the
increase of speed results in the position of the point P,
point of departure of the granules from the cylinder Wéll,
shifting to higher levels,

The theory underlying the trajectories of the
particles is complicated and must take into account their
free-flight, mutual interactions and changes in apparcent

weight due to their peripheral speeds.

2. Free Rlight.

Let us assume that the particle efter leaving the
cylinder wall at P (Figure 14a) follows a curved path,

without coning into contact with other particles and
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finally drops back to the main bed of particles, under the
action of gravity. DLet 8, be the angle of departure [5]
of the particle and V ft./sec. its velocity. Resolving
the velocity V, into its respective components along the

x-axig and y-axis, we get:

Velocity component in the direction of x-axis
= x' = YV cos © (24)
Velocity component in the direction of y-axis
= y' = Vein 6 - gt (25)
Integrating equations (24) and (25) with respect to time %,

we gets

W

/rx' = /»V cos 8 or X Vt cos & (26)

2

il

Vt sin 6 - 3gt
(27)

/

and fy‘ =]Vsin9—g,/'t or y
_ J

Tlininating t between equations (26) and (27) and solving

for y

2
y = x tan 6 - E£%5 (28)
2 V- cos ©

The above expression is that of a parabola and When solved
for x and y, at speeds 20, 30, 40, 50, 60 and 70 T.pP.n.,
the results tabulated in Tables 8 (a2), (b), (c), (d), (e)
and (£) (see Appendix), are obtained. The corresponding

curves are shown in Figure 15 (a), (b), (c¢), (4), (e), (),
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together with those obtained by actual experiment and a
third set calculated by a method due to Gow which is
referred to later,

It will be seen that approximate agrcement
between the calculated and the empirical curves is obtained
only at higher speecd, viz. 70 r.p.nm. It would appear,
thercforc, that mutual interaction of the particles is
playing en important part in determining the form of their

trajectories.

3. Gor's Equation and Pushing Effect.

Gow, Campbell and Coghill [3] have criticisead
the concept cf free flight and stressed that the granules
while describing curved paths remain in contact with each
other, in such a way that cach exerts a pushing-effecct on
the one immediately in front of it. This results in a
"greatcr throw" when compared with that due to free-flight
only. The final relationship given by thesc workers is
bascd on the assunption that the velocity of a granule
renains cssentially constant over the ascending part of
the curve and is virtually the same as that of the rotating
cylinder,

In Figure 14(b), where the granule is at a given
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position, on the ascending part of the curved path, the
forces acting on it are the centrifugal force g%_ acting
in a radial direction and the weight of the granule ng,
acting vertically downwards. When the granule is in

flight, the two forces are in equilibrium, i.ec.

Zme— =  -mg cos B (29)

R is the radius of curvature of the curved path and may be

expressed by :

R = [1 +2(QY/d§)2 ]3/2 (30)
d“y /dx
1
Ao c0s 0 = & = [T (ay/an) 1172 (1)

where dS 1is a small distance over the curved path.
Both the values of the radius of curvature R and cos 6,

when substituted in equation (29), yield the following

results:
_gﬂ/Zg _ [Ll ;23(,(3%2]2{)2]3/2 ] {1 + (Clly/dx)g 11/2
1 + (dy/dx)® ’
a%y /ax®
or a2y /ax? oA 2)

1 + (ay/dx)?
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Integrating Equation (32), we get :

tan~t dy/dx = - g/Vz,# x + C
In this equation g/Vz. X may be expressed in degrees, so
multiplying by 57.29, we get :
tan~t dy/dx = -57.29 g/V2 . X + C
or dy/dx = tan [-57.29 g/V2 . X + C] (33)

When x = 0, y = o, equation (33) reduces to

dy/dx Tan (C)

and hcnce € = © [+dy/dx = tan ]

Thus when the value of C is substituted in equation (33)

we get: dy/dx = tan (6 - 57.29 g/V2 . X)
Integrating the above expression, we get:
\IL -
¥ iétln cos (& - 57.29 g/V2 . x)}+ oL (34)
At origin O, where x = 0 and y = )0, the above equation

reduces to give,

ve |
¢t = - e [1n cos © (35)
Thus equation (%4) may be rewritten as :
V2 g
y = = [1n cos (& - 57.29 T e X) }

V2

s [1n cos (0)]
2

O'Q!<i

| 4
[ in cos (6 - 57.29 g/V2 . X
cos ©
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2

2
ory = 2,3025 g— logyg cos(8 - 57.29 g/V". x)

cos ©

(36)

The abcve expression represents the ascending
part of the curve traced by the granules after leaving the
shell, The curved paths have been worked out for 30, 40,
50, 60 and 70 r.p.m. and are tabled in Tables 9(a), (b),
(c)y (a) ¢(e). (seb” Appendix). See also Figure 15 (b=f).

It will be seen that the curves give a fair
representation of the trajectories for speeds up to 40 r.p.n.

and thercafter diverge to an increasing extent.

4. lModificd Gow's Equation.

An attempt has been made to modify Gow's equetion
gso as to take into account friction effects between thez
particlcs,

Referring to Figure 16(a), let a spherical granule
of radius r roll down an inclined plane at angle ©. 0X
represents the X-axis and 0Y the y-axis, both being in
the same vertical plane. We have then the following

three cquaticns of motion [30]

n¥, = Wsine - F (37)
m yc = Wecos & -R (38)
and I 6 = FxEY (39)
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where mg = weight of the body, (w)
ic = Acc. along x-axis.

c = Acc, along y-axis.

y
© = Angular acc. of the spherical granule.
Ic = Moment of inertia of the body,
F = Prictional forces,

R Reaction to the normal forces.

Since there is no sliding, the velocity at the
point of contact 'A' at any time is zero, i.e. the point
A i1s the instantaneous centre of rotation. Thus the
angular velocity 8 of the rolling body can be expressed as
%c/r, which on differentiation yields & = ¥ /r. Substituting

~this value in equation.(39) we get :

I, x ic/r = Fxr (40)

Eliminating P between equations (37) and (40),

(m + Ic/re) (k;) = mg sin 6 (41)
whence
e _ g 8in ©
X, = (42)
¢ 1+ ic2/r2

where iC is the radius of gyration of the body with
respect to its geometric axis. The ratio
1/1 + icz/rz, in the case of spherical bodies
is equal to 5/7.

Substituting the value of the said ratio in equation (42),

we get :
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io 5/7 x g sin 6 (43)
Again, when the value of io is substituted in equation (37),
we get,

mx5/7Tgsin® = mg sin 6 ~ F

or F = 2/7 mg sin © (44)

Referring back to Figure 16 (b), where a
particular granule leaves the surface of the rotating
cylinder at 0 and describes the curve 0OCB. Assuming that
there is no slip between the granular mass and the cylihder
‘wall, then the granule P will be moving with the same
velocity as that of the shell, remaining in contact with
the granular mass.

The forces acting on the granule, the centrifugal
force E%i the weight of the granule mg, and the friotional

forces, can be expressed by the following relationship:

Frictional Forces Coefficient of Friction

Normal Forces

i.e, BF/N = poor F= px0N (45)
Substituting the values of the respective forcses, we get
2
F o= P'(g%— + mg cos ©) (46)
But P = -2/7 mg sin 6 (see equation 44), then we have:

-2/7 mg sin & = —— t mg cos 8)

or 1/cos 8 x R = =(2/7 p tan 6 + 1) g/V2 (47)
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since cos € = 1 2
4/1 + (dy/dx)
na p o= [y (ar/e0?] 3/2
d“y/dx
47
equation (35) becomes,
2 2
a“y/adx , = - g/V2 l 2 taq79 + Ta (48)
1 + (dy/dx) #

This is precisely the same form as obtained by
Gow in equation (32) and when developed on similar lines,

the final relationship obtained may be expressed as follows:

2 2 |
_ e ¥ cos (6 - 57.29 x g/V°. K.x)
where X = 2 tan 9 + Ta
% (49)

Equation (49) represents the ascending part of
the path traced out by the outermost layer of the granules,
taking into account the frictional characteristics of the
material under examination.

Employing equation (49), the co-ordinates x and y,
as they appear in Tables 10 (a), (b), (c) and (d) for 40, 50,
60 and 70 r.p.m. (see Appendix), have been graphically
presented in Figure 15 (c¢), (d), (e) and (£). These
graphs indicate that unlike Gow's equation the modified
form gives rather better agreement with the experimental

curves,
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5. Effect of Apparent Change in Weight of Particles
on their Trajectories,

The apparent weight of a body in a rotating
cylinder is a function of both the centrifugal force and
its position on the periphery.

Congider a granule lying on the inner surface
of the cylinder, When the cylinder rotates, the granule
begins to move along the shell, in the direction of rotation
and reaches a height determined by its weight, the friction
between the particle and walls of the cyiinder and the
speed of rotation. Since the sliding friction is smaller
than the static friction, this position will be unstable
and the particle will tend to return to its original
position., When the particle is in some position P

(Pigure 18), its apparent weight is given by :

Apparent weight = Wa = mg (1 +.¥§ cos 8) (50)
where Wa = apparent weight in grams,
V = peripheral speed in cm/sec.,
e = the angle subtended by the granul e P
at the centre 0,
g = gravitational constant.

The above relationship may be expressed in a more convenient
form :
Wa = mg ( 1 + 0.561 x 10™° D N2 cos Q) (51)

where Wa = apparent weight in grams, D = diameter of cylindef‘
in cmey N = r,p.m., and 6 = the angle as defined above,
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APPARENT WT.AS FUNCTION OF R.p.M
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With the help of the above equation, the apparent
weightes of one gram of granular mass were calculated for
speeds ranging from 20 r.p.m. to the critical speed when
the value of angle 6 and the distance of the particle from
the centre of the circle are given. These values have been
graphically presented in Pigure 17 (a), (b), (c) and (d).

It will be seen from the curves that in a
cylinder of radius 5 cm., rotating at 70 r.p.m., the
apparent weight of the granule when the angle © is

116 degrees, comes to about 0.87 grams.

6. The Proposed Construction.

Knowing the stetic angle of repose of the
material and the maximum value of 6' for any given speed,
it is possible to construct the profile of the moving bed
in the following manner:

Tet AB represent (cee Figures 19 and 20) the
surface of the material at its static angle of repose and
let HOP represent the maximum value of the angle 6'. P
will be the point of departure of a particle originating
at the periphery.

1, Referring to Figure 19, with O as centre, describe
5 semi-circles of radii 1,2,3,4 and 5 cm.,
concentric to the cirecle of reference.
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P
.

doin P with 0, to cut the semi~-circles in P', P",
P¥ and P,
3, From P, P', P", P"énd Pmarop perpendiculars to

meet the horizontal line OH at L, L', IL", L and 1"

4, With A,C, D, ..., the points generated by the
intersection of semi-circles and the static
surface AB, as centres and radii equal to PL, P'L?',
P* ", ... describe arcs to cut the semi~circles
in Uy Ry Sy eev

5. Jdoin P, U, R and S to give the curve PURS - the
curved surface,

The above construction is graphically presented
for coal and magnesite (-18+36) mesh B.S.S., at 10, 20, 40
and 70 r.p.m. in Figures 19 and 20. It will be scen that
the constructed curves are in fair agreement with the
experimental ones. It may also be seen that the construction
is not possible at 5 r.p.m. where the point P lies Too close
to B, i.c. the dynamic surface is situated very near to the
static surface AB.,

It will further be noticed that the constructed
curves are somewhat higher in position than the experimental
ones which means that the change in apparent weight along the
constructed curves is smaller than the experimental ones,

The valucs of apparent weights along both types of
curveg, iL.e, the constructed and the experimental ones, can
readily be compared by making use of Figure 17 (a2), (b), (c)
and (d).
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SECTION 2. 67.

CHAPTER 4.

1. Introduction.

In setting up apparatus for studying the passage
of granular material through an inclined rotary cylinder,
it is necessary to arrange for supplying the material at
various uniform feed-rates. The simplest method is to
allow it to flow from a hopper through an orifice of known
size, taking advantage of the fact that the rate of flow
is known to be independent of the head of material above
the orifice. As it was proposed to use a wide range of
material in the experiments, it was necessary, however,
to determine the effect of such factors as the density,
the orifice diameter and particle size, on the rate of
flow ¢r discharge,

A survey of the literature indicated that
although a considerable amount of work had been published
on the flow of solids through orifices and numerous
empirical equations suggested, there was no well esteblished
theory which would enable a feed hopper to be designed

from the first principles.
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2. Literature Survey.

The earliest work on solid flow through orifices
appears to be that of Ketchum [31] in 1911, who used a
glass lined container, fitted with a circular orifice and
showed that the discharge rate Q, was proportional to the
cube of the orifice diameter and was independent of the
head H.

Later in 1929, Deming and Mehring [14] while
studying granular flow through apertures, propoéed the

following equation:

q = 1,66 02+7 . Qo .
pl34.6 + (67.4 + 444 sin % ¢ ] [3,_/D+0,130-0+161p]
N (52)
where Q = discharge rate in grams/sec.

D = orifice diameter in mm,

d. = particle diameter in mm,

Qa:= bulk density, grams/cc.

po= coefficient of friction

& = angle of repose - degrees
and fﬁ = (180-2a), cone angles.

The above authors used conical bottomed cylindrical wvessels,
with the angles equal to (180-2d ), where s¢ is the angle

of repose. Thus it would appear that for every material
under test, the cone would have to be altered according

to the angle of repose, Their work was limited to one
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material, namely potassium nitrate over a wide range of
particlce size, i.e. 8 to 100 mesh, the potassium nitrate
particlcs being spherical. Thus the proposed relationship
includes only a bulk-density term, the true density
remaining constant, a circumstance which limits its
application.

Takehashi [32] in 19%3, carried out a series of
experiments on a wide range of materials such as sand,
leadshots, vegetable seeds and different mixtures of sulphur
and sand and showed that the velocity of flow V of the
granules through an orifice depends on the orifice diameter,
the particle size and the coefficient of friction:

- klexD
VT E00 + ald/D) (53)

where V = velocity of the emerging granules in ft/secc.
k and a= constants depending on the materials used

D, d, and p have the same significance as described
earlier.

Pakahashi has not defined the function f(p) and it will be
noted that hisg equation contains no terms involving the
truec or bulk-density.

Newton, Dunham and Simpson [33] in 1945, showed
that for catalyst particles of 0.1 to 0.2 inches in diameter

the discharge rate Q, through a flat bottomed cylinder
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containing an orifice, may be expressed in terms of the

orifice diameter and the material head :

Q 0.141 D296 4 gO0-04 (54)

f

1.80 D096 , y0.04 (55)

where Q discharge rate in 1bs./sec.

T = discharge rate per unit area of the
cross section (1bs/(sec)(sq.in.)

H = material head. H is in fect and D is in
inches.

Both the above mentioned equations show that
contrary to the findings of many other workers, the flow
rates have a debendenoe on the head H.' The aﬁfhors have
moreover pointed out that both the equations are only
applicable when the ratio D/da exceeds 6; lower values of
ratio either tended to block the orifice or make the flow
irregular,

The most comprehensive work on gravity flow of
spherical solids is that of Rausch [34] in 1948, who

arrived at the following correlation:

0.3
Q = 0.294.0. 0, . AO/%—%(} x (D/d,) (56)

where C depends on the ratio D/da. Por D/da = 12,3,
the value of C = 0,91. :

He used tubecs of 3 to 8 inches in diameter and the orifices

1/16 to 2 inches diameter and obtained data for particles
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of bulk density ranging from 45.5 lbs/c.ft. (radish seed)
to 420,5 1bs/c.ft. (lead shot) and particle diameter from
0,005 inches (iron powder) to 0.6 inches (steel ball
bearings).,

Shirai [35] in 1952 showed that for sand, quartz
and earth powder (30 to 150 mesh) flowing from vertical
glass pipes 0.5 to 1 inch diameter, through orifices

ranging in size from 2.3 mm. to 9.0 mm. in diameter:

5
Q = 0.472 x Qaj—g}% (57)

where Q, sy D and p have the same significance and
are cxpressed in F.P.S. units.

Brovmn and Hawkcsley [36] in 1953 studied
qualitatively the mechanism of flow from a hopper through
an crifice and showed that there exists at lecast five
distinct regions of movement in the hopper.

Franklin and Johanson [21] in 1955 studied the
effects of the variables density, orifice and particle
diameter, the material head and the angle of repose. The
nmaterials employed covered a wide range of specific gravity
(isee from 7.34 1lbs/c.ft. for puffed rice to 676 lbs/c.ft.
for lead shot), which were shown to give flow rates
expressed by thc following equation:

2 €: « p2+93 -
(6.288u; + 23.16) (d_+1.889)

(58)

Q = 1.66 X 10—
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where Py = coefficient of friction based on the
inte:nal dynamic angle of repose.

Q, et’ D anc 4, are as already defined
D and d, are both in inches.

The suthors used the conventional drum-method for
determining the internal dynanmic angle of reposc and showed
that this angle is smaller than the surface dynamic angle
of repose.

Fowler and Glastonbury [37] in 1959 studied the
effects of thc variables density, orifice and particle
dinmeter on the discharge rate, using different shapes of
orifices, namely circular, ellipsoidal, rectangular, square,
pentagonal, hexagonal and triangular. By use of

dimensional aralysis they arrived at the equations

Q = 0.236 0, & /ngh (Dh/wé)o'185 (59)

= area of the orifice (sq.ft.)
), = hydraulic diameter (£t)

4 X cross—section
perinmeter

where

o e
[®]
it

il

d_ = spherical diameter of the narticle,
Tt may be noted that the proposed relationship does not
take into account either the true density or the frictional
characteristics of the material.
Brown and Richards [38] in 1959 measured the flow

of spherical glass beads (0,03 to 0.1 cm. in diameter),



rounded yellow sand (=12+36 mesh) and sharp grey sand
(-18+120 mesh rangc), for a number of flat-bottomed
cylindricaﬁ vessels ranging from 1.45 to 14.6 cm, diameter,
through circular orifices from 0,112 to 5.03 cm. diameter,
located at’the centre of the base.

Based on their experimental results, they have

shown that' the discharge rate Q could be expressed as

follows:
Q = 2.240°° x g (60)
| J&
|
where: Q = discharge rate in tons/hour '
| V = mean linear velocity = Q/thAo (em/sec)
D

and Dh have the same gignificance as before
but are expressed in cms.

The proposéd corrclations have been summarised in Table 6
which shows that the equation proposed in the present work

is in good agreement with the observed wvalues,
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Table (6).
Orifice Dianmeter D Ft. = 0-03125; Cross Section AO.S.Ft.

=0.715 x 10'3; Particle size da Ft. = 2-541 x 10'3;
True Density-: 1bs/C.Ft. = 165°127; Bulk Density 1bs/C.
Ft. = 104+5; Cone Angle = 120.

No. Authors  Equations Proposed. Coeff.Q Q
- - e of obs. cal.
Friction 1bs/ 1bs/

gec. 8Sec.

e 0.6745 0.615 0.514

z 102 x 106°

1..Deling & Q =
Mehring. 1.66 D2'?

1 (34.6+(67 -4+444-Sin¢)] [ng- 130-0-161u]
27y

g/sec.
2. Newton, Q = 6 0.0 - " 0-775
Dunhanm & 2.9 .
Simpson. 0.141 D x H 1bs/se0.
3. Rausch., Q = - " 3-62
0-294 C.PEiAO-/g%-——-]a)n%(% )07 =10
a
4. Shirai. Q = . ) 0.6745 "  0.416
5 =2
O.472_pa../§—£-— x10

5. Franklin Q = o 2.93 0-65 " 0.293
and 1.66 x 10 Py D x152
Johanson g rgEH 2316713, +1+689)

1bs/sec.

6. Fogler Q = 0.185 - " 3-92
an . =
Glaston- 2°36%$Ao',2g3h (Dh/d) x10
Bury. s

' 275 276

7. Present Q = 0.6745 6+64+5 O+642

Worker,

9-302x107°p, %" ° 030/, 4 ) %102 x10°
A Gq

et et e
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3. Desecription of the Proposed Feed Hopper.

The fecd hopper ctonsists of a2 vertical glass
cylinder A, onc foot high and 0.51 ft. in internal
diometer, as shown in Figure 21. The lower end of the
eylinder is connected to an inverted brass cone (B) by
a flangced joint, the cone-angle being 60 degrees,

The brass cone is fitted with a one inch
diemeter outlet pnipe; accormodating a butterfly valve (D),
which controls the feed rate to the rotary cylinder.

In order to study the flow through apertures,
circular brass discs with different sized perforations,
namely C.25, 0,375 and 0.5 inches, were inserted in tvhe

apex of thc cone, 2s shown in the diagran.

Tegting the Output of the Feed Hopper.

The output of the feed hopper can be tested
either by instailing the perforated discs of the known
aperture sizc of simply using the butterfly valve (V).
Thz first appropch is preferable since the aperturc is

well defined anfl of symmetrical forn.

The owtput for a given aperture may bec messured

quitc simply. |The perforated dise¢ is plugged (plug not

shown in the diegran), The feed hopper is then filled
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Testing the Output of the Feed Hopper.

The output of the feed hopper can be tested
either by installing the perforated discs of known aperture
size or simply using the butterfly wvalve V. The first
approach is preferable since the aperture is well-defined
and of gymmetrical form.

The output for a given aperture may be measured
gquite sinply. The perforated disc is plugged (plug not
shown in the diagram). The feed hopper is then filled with
the material under test and its surface levelled. The
plug is removed and the time of discharge of 500 cec, of the
material together with the change in the material head are
noted, This step is repeated about ten times, till the
level of thc material in the hopper falls to the base of the

cone .

1. Experimental Results.

(1) Effect of the Head of Feed-Material.

In order to study the effect of the head on the
discharge rate, four materials, nanely, rape seed, coal,
sand and haematite, the properties of which are given in
Table 11, of particle size distribution (—18+22) mesh B.S.S.,

were uscd. The results for 0.25, 0.375 and 0.5 inches
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diameter orifices are summarised in Tables 11, 12 and 13
(see Appendix) and are shown graphically in Figure 22 (a),
(b) and (c). The data shows that the discharge rate Q is,
in all cases, independent of the head H but very nearly

dircetly proportional to the density.

2. Effcct of Particle Size.

The discharge rates of sand having a size range
(-18+22), (-18+44) and (-100+120) mesh B.S.S., were

mcasured for three orifices and the results are tabulated

below:
Table 7.
Effect of Particle Size on Discharge Rate.
Wo. Particle 1/da Discharge Rate Q 1b./sec.
Size. for QOrifice Diameters
i, ft. 0.25 in. 0,375 in, 0e¢5 in.

1 2.541 X1072 0.394x10° 0.615%107% 2.75x107%  8.35x107°
2 1.981 x1072 0.505x10° 1.75 x10°2 4,0x107%  11,5x1072
3 0,454 %1072 2.2 x10° 1.9% %1072 5.73x10°° 12.4x10" %

On the basis of the above table, when the
discharge rate, Q, is plotted against the reciprocal of
the particle size, 1/da’ a set of converging straight lincs,
over a particlcé size range -18 to + 44 mesh is obtained
(see Pigurc 23), Beyond +44 mesh, the linecar relationship

between the discharge rate and 1/da ceases to hold and
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at the sane time it will be noted that the rise in the
discharge rate when the perticle size diminishes from =44 to
+120 nesh, is insignificant. This might be duec tc an early
stage of bridging or arch-formation, which results in an
'hindered~-flow'! of the naterial, The effect, nemely the
bridging or arch-formation over the discharge orifice,
becomes nore pronounced when the particle size is reduced
further, Thus, when the sand of +200 mesh was used, no
flow could be obtained, which apparently is due to complcte
bridging or arching over the discharge end.

In the present work, which is limited to a particle
size distribution of (~18+22) mesh B.S.S., no great error
will be introduced by assuning the discharge rate to be

inversely proportional to the particle size das

Qo 1/(3.a (61)

%e EBEffect of Orifice Disaricter.

In Figure 24, the discharge rate ig plotted against
the orifice diameter for different materials, based on
Table 8, A log=log plot indicated that the discharge rate

can be expresscd, in terms of the orifice diameter, by the

equation
Q = k (D)3° (62)
where It = a constant depending on the moterial under
examination,

Q and D hove the usual significance,
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Table 8.

Effeet of Orifice Diameter

No. Material Particle
Size.
a, Ft.
1.
1 Rape secd 2.8x107° 2.
2 Goal 2.541x107° 1.
2,
3.
3. Sand 2,541x107° 1.
2.
3,
4. Hocmatite 2.541x107° 1.
2.
3,

4, Iffect of Density.

The qualitative effects

85.

on Discharge Rate,

Orifice Discharge
Diameter Rate
D TFt. Q 1b,/scec.
0.02083 -
0.03125 0,885 x10™2
0.04166 2,85 %1072
0.31 x107°2
~d0 .- 1.5 %1072
4.75 %1072
0.615 %102
-d0 .~ 2,75 x10~2
8,35 %1072
0,997 %102
~30 .- 3,59 x10°2
10.8 %1072

of density can bc seen

fromr an inspection of Figure 24, in which the curves for

four meterials are in order of their densities. Taking

the density of rapeseed as datum and assuning the discharge

ratec to be proportional to the density, the set of curves

shown in Figure 25 is obtained.

Though the elinination of

density hias brought the curves close together, it is clear
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that sonc other factors probably the coefficient of friction
and/or the particle shape is influencing the discharge rate,
That a linear relationship exists betwecen the discharge

rate and the density is shown by the lines in Figure 26,
Confirmation of this relationship may also be obtained
indirectly fron equation (62), where the value of k is

found to vary with the density of the relevant material,

in accordance with the equation:

- 1.09
ko= K (gy) )
Bauation (62) may therefore be rewritten: '
2

where K = a constant equal to 0,195 x 10

5 Friction Effeccts on the Discharge Rate,

It is obvious that the discharge rate will depend
to some extent on the interparticulate friction of the
naterial and some evidence of this relationship is given
by this work., Thus, when the discharge rate Q is plotted
against 1Au, where p is the coefficient of friction based
on the surface dynamic sngle of repose (see Table 9), a sct

of converging straight lines (Pigure 27) is obtained,
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Table 9.

Variation of Discharge Rate Q with Coefficient of
Friction, pn.

No. Material Discharge Coeff, of l/p
Rate Friction
Q 1b/sec. p (Dyn.)
1, -
1 Rape seed 2. 0.885 x10 2 0.7265 1.38
3., 2.85 x107°
2 Coal 1. 0.31 x107°
2. 1.5 x107° 0.6873 1.46
3. 4.75 x107°
3 Sand 1. 0.615 x1072
2, 2.75 x107° 0.6745 1.48
3. 8.35 x107°
4 Haenatite 1. 0,997 %1072 .
2. 3.59 x10°° 0.6248 1.6

3, 10.8 x10~

5. Dimensgional Analyegig and Correlation.

It hes been shown experimentally that the discharge
rate Q depends on density, the orifice diameter, and the
gravity éﬁ These quantities may be expressed in

dimensional form as in the following table:

x the particle size and the coefficient of friction,
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Table 10.

Dinensiong of Different Variables involved.,

No. Name of quantity Symbol Dimensional
Fornmula
1. Discharge Rate Q w1
2. Density ¢, VA
Ja Orifice Diemeter D L
4 Particle Diameter d, L i
5. Porces of Gravity g LT

It will be seen that we have five variables and
three fundamental kinds of units. There are, therefore,
two dimensionless products, one of which is‘(D/da). out
of the remaining quantities we are particularly interested
in Q, which can be combined with only three other quantities
in order to get a dimensionless product. We will select

et’ D, g, to get :
¢ = [ (€% x (P = (g)° ]
.04 Mz Tl = 2 [ x TPTOTIR x g2

Equating indices

a = 1
b+c¢c =32 = 0
2c = 1
whence a = 1, b= 2,5 and ¢ = 0.5,

Hencc thcsccond dirensionless product will be Q/G’JG % D27

X 80.5’ giving a final solution as
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Q‘;"'}Q}?TS'“'EO-S = Xk (D/a,) (65)

It has been shown as well that the discharge
rate Q is inversely proportional to the coefficient of
friction p. It is possible at this stage to introduce u

in the above cquation (65), to give an expression of the

type
Q D
= K - (66)
()t pee? g0.5 Ay
The value of X con be determined by plotting -_——Ji-?——
{lt D2.5 g0.5

against (Dépda) as shown in Figure 28, Its valuc when
66
substituted in cquation (54) gives a final rclationship

as given helows
0 = 9.302 x 102 (7 p2*5 £95 (p/ u a,)  (67)

where Q, ?t’ g, Dy, pu and da have the same significance
as described earlier.

The cverall deviation of the above equation 67

is + 2.5% 2s shewn in Table 11,
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—m TABIE (11) ) e

, , , . N

; Particle |Density ! Coeff. of! Crifice Orlflce o | i ' '
N0 Material lzszulcze da |1ps/C.et ! friction | Diemstr Cross - 32221“3" o F“g" ? LD LD Cor

Lo 29 r i . o ; . . i ! .

‘ ateria Qt‘ JM(Dyn)/u- |D, Ft. iecglOIacJ 1bs/sec. | ft\ D2 D25 ‘( /da})_.w(da —~ ) 155/5cc.

3| i " |

_,L__ ! 0.02083 «O 341x10 - ; - 0,688;;1('))4} 7.4l _ 10.34 -

' _3 § _3 =2 —L’. { T A g
1. Rapeseed 1 2.8x15° |71.170 [0.7265 (0.03125 |0.715x10°|0.885x10 0.127 {L736x10" | 11.15 ,  15.35 0. 995x10

| C.OLLEE |1 365157 2.85x10° | 0.199 [3.542x10%° 14.90 .  20.6 }2.75x16
ke 4 . - : ; — .- -
B ‘ 02083 0.31x102 C.C93L 7.86 § 11.5 0.337x10°

! 4 ; i -
2. iCoal 2.5,x10° | 88.651 | 0.6873 ©.03125 | — do —N.50x10° | 0,173 | — do —i12.32 | 17.9 1.45x10°

i , ) i , f : _é )
. | 0.0L366 L.75x15° | 0.266 116,40 25.9  iL.L8x10

M : -7 t + -

) i X ' ! )

: : — { . -

; 10.02083 . 0.615x15° | ©.105 . 7.88 11.7 10,6242}:102

¥ -+ ' - w—— !

| i % | _ ?' ? ; _

3. |Sanc o518 165,127 {0.6745 | 0.03125 | — do —2.75x10° 0.170 | — do — |12.32 16.3 32.76;(102

: g ) ‘ - M =

5 L 0,04166 | 8.35x15° 0.251 16.40 2.l [7.55x107°

§ : > 1 ...: -

; 0,02083 | 0. 997x15° | 0.115 7.88 12.6  11.01x102
S & NE S S S - “"f' e - SO S
‘Li._gaematrite 2.54x1C j211.2.528 0.6248 §C.03125 ’—(‘!_o "§3.59x15 l 0.151 1,___ Ao - ’12032 . 19.8 gu.38xl(32 i.
e S | 0.0L166 10,8x10° | _0.221 16.50 | 26.3  j11.95x10° |

% Overall Deviation # 2.5%
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SECTION 3,

CHAPTER 5.

1, Introduction.

The motion of granules in a cylinder rotating
on a horizontal axis, has been described in the first
part of the thesis. When the cylinder is ineclined,
the situation is altered; in the normal case the
granules after rising in circular paths concentric with
the cylinder, slide down the free inclined surface of the
charge at an angle approximately equal to the angle of
the inclination of the cylinder. The cylinder is in
fact acting as a conveyor, the rate of conveying being
related to its speed of rotation and its angle of
inelination. |

The time of passage of a granular material or
its residence time in the cylinder depends on a number
of variables, the more important of which are the
cylinder length and diameter, the number of revolution
per minute, the slope of the cylinder and finally the .
dyn. angle of repose of the material. The effect of
these variables on the average time of passage has been
studied by a number of workers and several correlations

have been proposed. But as will appear from the
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literature survey, there is still a serious lack of data
relating to the behaviour of different materials,

In this work, the effect of the more important
variable on the time of residence, has been studied for
a number of materials inecluding granular - starch, coal,
felspar, sand and haematite of specific gravity ranging.
from 114 to 3888 g/cc and for a particle size range
(- 18 + 22) mesh B.S.S. (The physical properties are
given in Table (14) in Appendix).

An attempt has been made to analyse the
problem and derive a relationship between the time of
passage, the dimensions of the cylinder and the

properties of the feed-material.

2e Titerature Survey.

One of the earliest studies of the operation
of a rotary-kiln is that of Sullivan, Maier and Ralston
(20) in 1927. They employed kilns 7 feet long and of
four different diameters namely 3, 6, 11% and 19%
inches. The interior of the shell was made 1rough by
coating it with material under examination. Though
their measurements of the angle of repose covered about
eleven materials with a value of the angle varying from

24.4 degrees for lecad-shots to 55.6 degrees for saw-dust,
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the kiln performance data given by these authors
gppears to be limited to two materials namely sand and
quartz. The empirical equation proposed by these

authors is:

DN S
where t = Time of passage minutes.

L = Length of cylinder f£t.

D = Diameter * " ft.

S = Slope of " " Degrees.
> = Dyn. angle of repose.

N = Revolutions per minute.

The use of angular measure rather than a trignometric
function in the above equation is said to give "more
exact figures".

Ginstling, Zilberman and Gvazdev (39) in
1939, while studying the movement of reactants
employed in the manufacture of Sod. sulphate
(2 Nael + Hy80, —— Na,80, + 2Hcl), in a 26 feet
long by 2 feet diameter rotary kiln, inclined at an
angle of 4.7 degrees, showed thrt the time of passage
could be expressed by:
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t = k L Hys. (69)

3TT+5 DN tan o

where k = A constant depending on the physical
properties of the material amd the
volume of the hold-up. For Naecl,
it was found to be 2.95,

Dy, N and S, have the same significance as

already defined.

Smith (40) in 1942 proposed an equation for
co-current and counter-current dryers fitted with 18

flights:
6 kL

o —— (70)
DN S
where k = A constant which changes from 0.2 to
0.5 for counter flow and 0+2 to 0.7
for parallel flow, according to the
combination of the material
characteristics and air velocity in
the dryers,
and D, N, S are as already defined,
According to the author, the value of k originated as a
factor of ignorance and remained a factor of experience,

The values of k for both the co~-current and counter -

current air-flow, when the number of flights is 18,
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vary as indicated above,

Prutton, Miller and Schuette (41) in 1942,
employed & number of materials including saw-dust, sand
and Fuller's earth, in a stainless steel cylinder 4 feet
long and 8 inches in diameter, fitted with flights and
a driving mechanism to give &a speed variation of 2.1

to 632 R,P.M; they showed that:
kEx L

t2ee— Iny (71)
DN S
where k = A constant depending on the number
of flights and their design. Foxr
6 flights k¥ = 3.3 and for 12 flights
k = 4.5,

m = A constant which depends on two
factors namely the material
characteristics and the method of
operation i.e. for co-current flow
m varies from 0-015 to 0:045 and for

counter~current flow, its value

changes from 002 to 0.08.
The other symbols have the same significance

as given before,
Bayard (42) in 1945 pointed out that the time
of passage through a rotary-cylinder, could be
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calculated from the cyclic-motion of the granules, if

the number of such cycles over the cylinder length is

knovwn, His experimental observations were confined

to a 4 fecet diameter by 30 feet long kiln, incliped at

a slope of % inch per foot length and rotating at 2

R,P.i. Based on these experiments, he showed that:
0037 ( &+ 24) T

t = (72)
D W S,

where S1 = Slope of the cylinder in inches
per foot of the cylinder length.
and %, ®, T, D and W are as already defined.

For a better understanding of heat-transfer
within a rotary-dryer, Friedmann and Marshall (43) in
1949 laid more emphasis on the study of the factors
which directly influence the hold-up and dusting in a
rotary-dryer. They used a 1 foot diameter by 6 feet
long stainless steel cylinder, fitted with 8, one-inch
by 5.5 feet evenly spaced flights.

When the feed-rate F was plotted against the
rate of rotation N, for a given hold-up, they found
that F varied with N, raised to a power varying from

0-78 to 0-98, The general form of their equation is:
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0.294 ®

x=-—7y-9-—DN.S1 (73)

where x = Hold-up as a percent of the
dryexr volume.
P = Peed-rate C.Ft./(hr)(sq.ft.)
(Dryer's cross-section).
and S‘I = Slope of the cylinder expressed in
feet per foot cylinder length.

Since t = %‘-O%—F— , the equation (73) may be rewritten:
. 0176 L (78)
- —5g— 74
DN S‘I

Pickering, Feakes and Fitzgerald (44) in 1951
developed a theoretical equation based on the cyclic

movement of the granules in a rotary cylinder emnd showed

that:

. L ¢ 9/2 L Sin 6 (75)
180 Sin © A DN oin o

where 6 = The angle subtended by the bed at
the centre of the cirele of
- reference.
Other symbols are as defined before.

When © approaches 90 degrees, as a close approximation,
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the kiln formmla may be reduced to:

L &i
, . LSin @

(76)
"D N Sin S

In order to determined experimentally the
effect of R.P.M. (1 to 4) on the residence time, the
authors employed a small rotary kiln 11 feet in effective
length and 16% inches in diameter, the inside being
lined with fire-bricks. Their results showed that the
time of passage t, is inversely proportional to the rate
of rotation N.

Saeman (45, 48) has given a theoretical
equation for the time of passage of a material through
a rotary cylinder. For non-uniform hold-ups i.e, when
the slope of the bed is greater than the slope of the
cylinder, he finds:

L sin {

= =y (8, + 17Cos P7 (77)

where \!/ = The difference between the slope
of the bed and the cylinder, i.e.
©- 5= ¢ Radins.
Other symbols are as defined before.
Tor uniform hold-up, where the slope of the bed virtually
equals the slope of the cylinder, equation (77) has been
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gimplified to:

(78)

Table (12)

Comparison of Proposed Correlations
Sand (- 18 + 22) Mesh B.S.S.

L = 21 feet, D = 0:3386 £t., S = 4 deg.
R.P.M. = 10, Q = 340,

No. Name of Proposed Corre-~ Time Time
Authors. lations. of of
pass=- passsg
age age

(Obse=(Calc-
rved) ulated)

e

1. Sullivan 1445 1.65
Maier & ’ t = %’-%ZIS’-}-&-
Ralston.,
2. Ginstling " 147
and t ='%ﬁ2%§%"§‘
Zilberman.
30 B&yal‘d. .b - 0.037 (e + 24)11 " 1'64
DN S1
% 4. Friedman 0.177 T, " 2.03
uw &Ild -b = : 0'9
Marshall., DN S1
5. ZXresent . . 15 " 127
osenT 4 o 1e181(sin (-0.434)1
L DN Sin (S + 2)




THEO.

Pickering,
Feakes
and

Pitz-
gerald.

Saeman,

Present
Worker.,

.b

Table (12) - Contd.

T Sin @
TDn Sin o

L Sin ¢
FDN S,

L sin 3

7DON Sin (5 + 2)
.._..—.._..._.2
Dh1 - h

xJ ]

2 D
[bh, - 8,° -/Dh, - B,
x (1 - =l

0-326 T, Sin G
DI 5in (8 + 2)

when h1 = 0-144'

1
h2 = 0'04

1445

104.

162
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3.
Comparative Study of the Proposed and Existing

Correlations.

In Table (12) the various empirical and
theoretical equations referred to above as well as those
resulting from the present work, are tabulated for
comparison. The empirical equations given in the table
may be expressed in the form:

I* £ ()

t o= Ke —
DN £ (8)

(79)

where exponent 'x! varies from 1 to 1.5 and
exponent 'y' varies from 09 to 1.

Similarly all the theoretical equations may be written

in the form:

. k. L £ (B) (80)
C puw £ (8)

It will be seen that the time of passage in
equation 1 to 4 is directly proportional to the length
I of the cylinder, whereas in equation (5) (Table 12),
the time varies with length, raised to power 1-.5.
sullivan and Co-workers (20) do not appear to have made
an experimental study of the effect of cylinder length
and have argued that the effect of length of the kiln

is self evident. "The rate of advance per foot is what
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is being measured, so that the time of passage is
directly proportional to the length". The authors
have not mentioned whether t ec I under all conditions
of movement of the granules? In Chapter (VI), it has
been experimentally shown that t ec I only when the
hold-up is moving under 'sliding-motion of granules!
and if the hold-up is moving under cascading action,
the relationship t e Iﬂ'5 will hold. The reasons of
this variation are discussed.

In equations 1, 2, 3 and 5 (Table 12) the time
of passage is inveisely proportional to both the
diemeter and the speed of rotation; In equation 4 the
time is inversely proportional to the diameter and to
the power of the speed varying from 0-78 to 0+98,

There is general agreement in all the
correlations as to the effect of the cylinder slope.

Table (12) shows that in the empirical relation-
ships, the dyn. angle of repose {3 s appears in different
forms, Sullivan and co-workers (20) show that the time
of passage t is proportional to the square root of the
dyn. angle of repose (5 . Since Giristling used only
one material, his equation does not embody the dyn.
angle of repose, which in faet is incorporated in the

equations constant.
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Bayard's equation shows that t is directly
proportional to the angle (3 and he appears to have
derived the expression 0.037 ((54-24) by plotting the
constant k for different materials against the
respective angle of repose, which must have yielded a
linear relationship.

The abgence of a term interpreting the angle
in equation 4 (Table 12), may be due +to the presence of
flights in the cylinder.

It is interesting to note that the ratio Il/D,
where I is the length and D is the diameter of the
cylinder, varies from 4.2 to 28 as shown in the following
table,

Table 13.
The ratio Cylinder Length L/Cylinder Diameter D.

No. Wame of Worker. L/D.

Te Sullivan, etc. etec, 4.2 to 28,
2. Guistling. 13

3. Prutton, etec. etc. 6

4. Bayard, 75

5. Friedmon and Marshall, 55

6. Present Worker. 6+0

An examination of the theoretical equations 6,
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o (%
7 and 8 (see Table 12), shows that the product (§%E%—9

appears in all the correlations. In addition,
. . . P 1
Pickering's equation indicates that t o TS !

Saeman's correlation suggests t ©C %— while the
2

. e s 1
present correlation indicates that t oc ETETE ’
o L } . Though the relationship
Sin (S + 2)

t oc S QS o) 0 has been verified experimenta}ly

in the present work for a number of materials (see Figs.
31, 32), Pickering an& Saeman appear to have depended
on the results of Sulliven and co-workers to test the
proposed equations.

In equation (8), ' represents the length of
the inclined bed, which may be expressed as L Sec %’
where L is the cylinder length and the angle s& is the
difference between the slope of the bed ¢> and that of
the cylinder S. The same =2quation also accounts for
the variation of bed-depth down the cylinder and for the
number of the cycles N', comnpleted by a granule before
reaching the end of the cylinder. For a constant hold-
up (25% of the cylinder volume (approx.)), the proposed

relationship may be reduced to:
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0-326 ' sin @

% (81)

"D W sin (8 + 2)
An overall examination of both the empirical
and theoretical sets of equations will reveal that the
number of varisbles which determine the time of passage,
with the exception of the present theoretical corre -
lation, is almost the same. In two of the empirical
equations, namely those proposed by GinStling and
Friedman, the term (5 is missing, due to either the
presence of flights in the cylinder or to the fact that

only one material was used in correlating the variables.
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CHARTER 6.

1. Description of Apparatus.

The general set-up of the apparatus used in the
present work to examine the effects of variables, on the
average time of passage of granular material through a
rotary-cylinder is shown in Plate 3 (a) and (b).

A glass cylinder C, 2.1 feet long and 0339
feet in diameter, is supported by four 1.5 inches
diameter rubber rollers W fitted onto the frame F,

One of the rollexrs is driven by a motor Mmr, through

a gear-box G for obtaining variations of speed. Both
the cylinder and motor are mounted on the same base,
the slope of which can be altered by the help of a
slotted guide-bar SF, fitted with lock nut.

The glass-hopper, H, is connected to a one-inch
pipe through a butterfly valve V, to supply feed to the
rotating cylinder at a desired rate.

A Clinometer IM (Plate 3 (b) ), has been
incorporated to measure both the inclination of the
hold-up as well as that of the cylinder. The
clinometer consists of a ¥-inches wide by 3 feet long

aluminium angle bar, screwed to a pair of one-inch
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horse-shoe magnets MM, Between these two magnets, an
8~inches protractor PR and a sliding 2.5-inches spirit
level., is fitted for level adjustments. Both these
magnets slide freely in a vertical plame over two

6 x 1-5 inches steel platforms PP.
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2. Experimental Procedure.

Tn order to find the time of passage of material
through the cylinder, the cylinder is first set at the
rcquired inelination with the help of the clinometer,

The motor is then switched on and the speed of the
cylinder is adjusted to the desired R.P.M.

The hopper is then filled with the material
under test and the necessary feed rate adjusted by means
of the valve V, It will be noticed that after the
maberial is spread along the cylinder length, it begins
normally to cascade in the manner described in Chapter
V. When the system has attained a state of equilibrium
and the material is cascading, a known volume say - 500 ces
of the discharged material is collected and weighed.

If x 1bs is the weight of the material discharged in y
minutes, when the hold-up in the cylinder is z 1bs, then
the average time of passage is given by:

Yy X 3

t = ————— minutes. (82)
x

3. Path of the Granules through the Inelined Cylinder.

During the passage of a granular material

through the cylinder, the particles move under the
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influence of centrifugal, gravitational and frictional
forces, The relative magnitude of the forces may vary
with the speed and the inclination of the cylinder, the
nature of the surface of the granules and cylinder walls,
and the shape and the density of thc granules. The
path traversed by the granules in any particular system
will depend on the resultant of these forces.

Visual observation shows that one or other of
the following systems may be established:

1. The whole bed may traverse the cylinder by
cagcading.,. In this case the thickiess of the bed
progressively diminishes towards the exit end of the
oylinder and there is a pronounced end-effect at the
gxit-end, It is probable that during cascading there
will be slip between the granules and the wall of the
cylinder, the degree of slip depending on the
cogfficicent of friction between the granules and the
walls of the cylinder. A typical example of the
cascading is shown in Plate (4).

2, The whole bed mey slide down the cylinder with
little or no relative movement of the granules, In
these circumstances the bed is found to be of uniform

thickness in the cylinder save for a short length
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near the entry and the exit where the end-effects may be
noted. Plate 7 (a), (b), (e¢) and (d) shows typical
examples of sliding.

3, Cascading and Sliding.

In this case material near the feed-end is
transported by cascade action but at some point
cascading gives place to sliding. Typical examples
are shown in Plate (5) and (6).

The time of passage of the material and the
old-up in the cylinder, will be governed by the mode

of tramsport of the particles.
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4. Ezperimental.

As already described, the variableswhich were
examined experimentally, are:

1. Inclination of the cylinder and the bed.

2., Length of the cylinder.

3. Diameter " "

4, Speed of rotation.

5. Dyn. angle of repose,

In addition to the above, certain other aspects
o bhe granular-motion, in a rotary cylinder, which
effect the time of passage, have been studied and are
discussed later. They are:

1. Effect of Feed-Rate on Hold-up and the

time of passage.

2. Bed slope vs kiln-slope.

Tho materials listed in Table (14) (see
- Appendix) were used, For each material two sets of
experiments were usually carried out, one with 4 degrees
slope and 2 R,P.M. (1 £t./min) and the second at the
same slope but 10 R.P.M. (10 £t./min.). In
determining the effecet of cylinder inclination on the
time of passage, various inclinations from 1 to 10

degrees were used. The choice of both the speed as
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well o8 the cylinder-inclination is in accordance with
usual lriln practices where the slope varies from 2 to
4 degrees (sometimes 2 to 4.7 degrees) and the speed
limit covers a range of 18 to 36 ft./min. (46) for
kilns and 30 to 150 feet for dryers (47).

Experimental Results,

1« Effect of Cylinder Inclination:

The effect of cylinder inclination S, on the
avercge time of passage t, was studied for inclinations
ob 1 to 10° and for two different speeds i.e. 2 and 10
R.P.JH.  The results for%different materials are
presented in Tables 15 (é), (b), (c), (d) and (e) and
16 (a), (bv), (c¢), (d) and (e) (see Appendix), and shown
graphically in Pig. (29) and (30). Both these figures
indicate that as the slope increases, the time of
passage decreases and that the decrease in the time of
passage is more pronounced from 1 to 5 than from 5 to

10 degrees.
It will also be seen that the relative position
of the curves, with the exception of felspar, is in

order of the surface dyn. angle of repose (5 of the
materials, as indicated by the following table.
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Table (14).

Time of passage vs Dyn. angle of Repose.

R.ril, = 2, Cylinder Slope = 4 degrees.

No. Material, Size Distri- Dyn. angle  Time of

bution. of Repose Passage.

@ y Deg. Minutesf
1. Haematite. (- 18 + 22) 37 8e32
2. Felspar, mesh B.S.S. 355 (4.92)
3. Starch. 35 T07
4, Coal, " 345 - 6.92
5. Cand, 34 6-76
Se Gravel(spherical)" 31 4434

Since the value of the dyn. angle of repose of
felspar, is close to that of starch and coal, it would
be expected that the relevant curve would be somewhere
close to those fadr coal and starch. Actually the curve
for felspar occupics the lowest position in the series.
The cxplanation of this abnormality appears to be
associated with the effect of the combination of
'cascading and sliding' movement, which in case of felspar
is much greater than with the other materials.

In accordance with the theoretical analysis,
when't’ is plotted against 1/sinqb , where t is the time
of passage and ¢> is the slope of the bed, a set of
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straist lines (see Figs. (31), (32) ) is obtained.

It will be noted that insw2ad of taking the
slope of '@ cylinder, t has been plotied against the
slops of tie bed ¢b , which will be shown later, to
eque’. (S + 2)0 for a hold-up of approiimately 25 percent.
of the ey.iinder volune,

fiffect of Cylinder-Inclination when the bed is Sliding.

The time of passage of the granular material
has also been studied when the whole bed is sliding down
the cylinder. The results for felspar and sand have
been tabulated in Table 17 (a) and (b) (see Appendix)
and graphically shovm in Fig. (33).

These results indicate that save at one-degree
cylinder slope, there exists a linear relationship
between t and 1/Sin S, where t is the time of passage in
minutes and S is the slope of the cylinder in degrees.

Thus it will be secn that the effect of slope
is similar in both the cases namely under cascading-motion
and sliding-motion of the bed. For the same cylinder
inclination the time of passage with sliding system is

shorter than in a cascading system.
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Effect of Cylinder Length,

It would at first sight seem probable that
neglecting cnd-effects the time of passage of the
material would vary directly with the length of the
cylinder, In this work instead of using a number of
cylinders of different lengths to determine the effect
of length, only one cylinder was employed, the following
procedure being adopted. The systém was first
brought into equilibrium with material flowing through

it, at a constant ratae. The motor and the feed -

valve were then shut off simultaneously and a portion

of the hold-up over a given cylinder length measured
from the outlet-end, was drawn off, weighed and its time
of passage calculated according to equation (82). This
procedure was repeated each time changing the length over
which the hold-up was withdrawn, until the entire

cylinder length was covered.

Separate series of experiments were carried out

for cascading and sliding beds.

Te Cascading Beds.,

The results are summarised in Tables 18 (a),(b),

(e), (d), and (e) end 19 (a)y (v), (e), (d) end (e) (see
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Appendix), which have been graphically presented in
Pigsy (34) and (35). Both these figures show that
the placement of the curves is in order of the dyn.
angle of repose, save in case of felspar. At low
speeds the effect of the angle of repose is more pro -
nounced than at higher speeds, where presumably the
effeet of 'slip' becomes significant.

A log-log plot shows that when the material is
cascading, the relationship between the time of passage

t and the eylinder length L, can be expressed by:

t =X (1)1*? (83)

This result is contary to the experience of other
workers who have shown or have assumed that t+ eo¢ L.
Since most of fhe experiments described in
this thesis have been carried out with approximately 25%
hold-up of the volume of cylinder, it was felt that the
volume of the hold-up might have some effect on the
relationship between t and I. Consequently, experiments
with about 10 percent hold-up under cascading
conditions were carried out with results tabulated in
Table (15) and plotted in Fig. (36). A log-log plot
indicated that even at low hold-up such as 10%, the
relationship t o¢ I'°2 will hold, when the bed is



134,

moving under cascading conditions.

No.

Te
2.
3.
4.
5.

Table (15)

Effect of Cylinder Length on the Time of Passage,
(Cascading Motion)
Coal.
Hold-up = 10% (aepprox.), R.P.M. = 10, Slope 4°
Cylinder Length Feed Rate Hold-up Time of

Pt. 1bs/min. 1bs. Passage
Min.
0.5 0-797 0.187 0.238
0-75 o 0-328 0+412
10 " 0485 0.610
1+5 " 0-828 1032
175 " 1-031 1+30

2e Sliding Beds.

In order to determine the relationship between

t and 1L, under sliding conditions, experiments were

carried out on coal and sahd (- 18 + 22) mesh B.S.S.

The results are tabulated in Tables 16 (a) and (b) and

graphically presented in Fig. (36).
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Table (16).

Effect of Cylinder Length on the Time of Passage.

(under Sliding-Motion).

R.P.M., = 10, Slope = 4°

(e)

No. Cylinder Length  Fsed Rate  Hold-up Time of
Ft. 1lbe/min. 1lbs. Passage.

1. 05 0-532 0-141 0+265
2, 075 " 0-219 0412
3. 1.00 " 0313 0590
4. 15 " 0+50 0+940
5. 1-75 " 0570 1.120

(p)
S4D,
T 0+5 1391 0.235 0.169
2. 075 " 0391 0-281
3. 1.00 " 0531 0.381
4. 145 " 0.814 0585
D 1-75 " 0-938 J+675

Fig. (36) indicates that t varies linearly
with L i.es t o L.

In continuation of the study of the sliding-

wotion of the bed, experiments were &lso carried out on
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felspar and sand to show that the time of passage under
'sliding-motion' is shorter than the 'cascading-motion'.
The results in Table (17) indicate that for felspar the
time of passage under cascading-motion is 1+494 minutes
and under sliding-motion 0-.722 minutes and for sand they

are 1-.653 and 0.553 minutes respectively.

Table (17).

Sliding Motion vs Time of Passage.
R.P.M. = 10, Slope = 4°

(a)
FELSPAR,
No. ZFeed Rate Hold-up Time of Time of
1bs/min. 1lbs. Passage. Passage.
(s1iding). (Cascading)
1. 1215 0.876 0.721
2., 1-528 1.096 0+715
3. 1930 1426 0+739
4, 24530 1797 0-712
5. 3865 2.813 0.727

Av: 0.722 1.494
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(b)

SAKD,
No. Feed Rate Hold-up Time of Time of

1bs/min. 1lbs. Passage. Passage.

(81iding) (Cascading)
1. 2360 1281 0-544
2., 3.240 1968 0557
3. 4-860 2609 0-537
4. 5558 3016 0543
5. 6-479 3+813 0.587
Av: 04553 1653

These results also show that under sliding
conditions the effect of increase in feed-rate (for
felspar 1215 to 3.865 1lbs/min. and for sand 2.36 to
6479 1bs/min.) on the hold-up is not very appreciable
but its efflects on the granular *build-up' near the
feed-end is quite distinct. Moreover, unlike the
geometrical profile of the bed moving under cascading- .
motion, the hold-up in the cylinder is uneven and
irregular in shape,

In the case of cascading, the granules move
along circular arcs and in this way the distance
travelled by a particular granule in contact with the

glass-wall, over the whole cylinder length, would be
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the sum of such arcs. Since the direct measurement
of arc-length is not possible, we have summed up the
corresponding chords, i.e. the lengths over which the
granules slide on the inclined surface of the bed.

Let these chords be denoted by Cqs Coy 03, coence 011.

Assuming that they have the same convergency ratio as

shown by the convergent geometric series x,, X,, X3,

secccss where X Xa eeseeee are the 'advance~
41 1 X1r Xoy Xg

ments' along the foot of charge as will be defined in

Chapter VII, we may sum up the series C;, C,, C3.......

CT1 with the help of the equation 211
: &

N
C1/1 . (1 =), where C; is the first term of the

!
series, r the convergency ratio and N +the number of

the chords. This equation when solved gives
C

g
. C

= 11+2 feet (approx.).
C
1

These chords have also been summed up by an alternate
method i.e. by plotting the ‘advancements! X1y Xpy X3
R P along the foot of the bed, as indicated in

c
Fig. (37). The value of fc by this method comes

C

1
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out to be 10.5 feet. Thus it will be seen that if the
material is truely cascading i.e. the cascading is not
affected
/to an appreciable extent by slip, the length covered
will be approximately 10.5 to 11.2 feet, in a cylinder
2+1 feet long, whence it can be concluded that the time
of passage will vary with some power of the cylinder
length i.e. tec IP; where n will always be greater than
one. Experimentally, it has been shown that n = 1.5.
The study of the effect of the cylinder length
on the time of passage has been supplemented using a
5¢5 feet long by 108 feet diameter steel cylinder.,
The results both for cascading as well as sliding motion,
have been tabulated in Table 20 (a) and (b) (see
Appendix) and graphically presented in Fig. (38).
These results confirm that for cascading the relation -
ship t o0 I'°° and for sliding t ¢ I hold and are in
agrcement with the set of experiments carried out with

the much shorter glass-cylinder.



w . i
o
1 i 1.
R G
9 ,, v :
Awfit A..; e P
- o
5 -
* ,
3 R
4 = _
@..,ﬁD.; TR G P
—r
| AT R
o
r~= .

EROM | EXIIT

Ao (51

o8

Ml
k.
B
B )
mmzl . A
O
" ﬁ:

By _ )
P UBNRE SURSE S JEUSS I
S

s




_ T - v
_ ; : !
[T USROS UURE FRURE DURE SUREN SRR SURE SUUOL S S RTINS DU
| V w R e REREEN
, : : _ - : : : :
W _H | = w # : { : ! | _ ‘
R SRS e U R S - PR IR SRS S [P . ',
_ | w m h : : ...ﬂ e -.A..». H w
“ — : “ : el : bt 5
A 3 . L | |
! ;
*

LB

........

..........

e

........

........

14

........

.....

X1T END! FT,

Lo . .

........

............

. i

OM E

......

31 S

i

STARCH

ISTANCE: FR

O

_TIME OF PASSAGE NS Ex‘j%m ERILENGT

. A SRS VUV TR UURNE SR NSNS SRS SO SRR SR DOURR SO
L d
W ' “ : -
R _ RN N N .
. ! m '
i

S =
[o.9]

-5

as

S < X< SO A~ - S

sve

,W,Ew




L b tm.,t....h.:iW‘A: U P, :_,A.wit Ceha ....A“...i,
: !

‘.“'T‘ ——

H

JIUUISE P

!
i

: i .
i :

i

i
)
'

!
N : - [ TS (T B IREEE TEE RS EOUE ERNR S
: : Ihﬁ.ﬂ.»t.rﬂ;!. RS S ST .,X”'—A..._M:.l R e = iy
T W

1
i

|
|

b
'
T -
s
i

+
1
'
'

SLIDING

’“"+."*’ “‘j;"."“ "’1"' ""‘;"* .

EXIT

o

N XL |
AN
| 1\
N RN N i .
m _, N BERE
m — . N ‘.e.m:N .I - - -
: 01 :

i
i
'

1
'

ERO

+
— F_.
P
t
)
‘
v
1
!

rH

!
:

NG

""‘i"*"

) ISTANCE!

i
1
i
4

-t

PSEAG
0
s
L

1
!
3-
!
]
!

I B i,.0>5;_4

p

IME_OF

et
T :
H .

{

1

H

H

|

o

. kYLiNDER

-1
1
1
T
P
» *
.
I
:
1
+
;

UL RS S0t

4
RE
I
i
1

1
!
i
1
b
i
\

. 1
FUNIIUY PRI W PR
i

PO
[P SUSUN

i
|

R i

1

b «..,M.m S -m

A= :

RN DR TR TS S

1
i

!
1
+
!
i
4
it
1
i
i
+




S ERs Seees Sranl apand Roasd

T o
e

|
I
1
B
.
]
i
\
B WES i R
™
¥
]




- S o o ﬂ { ! : ; | |
; ; : : M ! ! i : : | _
, : ' . : ' 1 ! , : 1 - :

” : w M | _ m | # L _, _
" “ e i ; I R EI T B et m , .
i ! ' : : : ' | ! : i i q
i ! ; “ ! : m ! __ | ! |- !
S _ . ; cpet . e SRR R AL S 3 ‘I.T
. ! ! t H 1 ! !
; ‘ : | N A :
|T_ F : T . : “ » '\1 o : :
m // NG e

i :

i RO T I A W G
T “ . T I A m w m w “ i i
L : - N SO Y s SOUE I ST R 2 e SOPSAUNY JUSSE SEUUS .0
! " A W w/ | L " m i B 5
v " v ” A_ " _ m _. *
D 4 ,ﬁ : -\ | i | , " “ _ !
| SN \ \ : m_ | | _ w | W
| INONS A T T
nn | N NN EENEEEREEEE P w
“ , ; ENAN RAAEE ! | k i A I A
A m : SR I / e N e e Aﬁ
| ! A w . /“ PN | : ! i i ;! :
M : ! ; Pl \. ! R

W :

f

| N
EEaREENE
0 OO T RN 1
T ! |
1 M H
N I B N
NEREE
HpE w !
- B_ IR AR W

i

W4

. { : i

CYLINDER | ENGTH

- TIME_OF| PASSAGE ' -

P ' ) ,"[i
Mz., w DS SRS Fa W . .
A v ~ H LR
| ! P , &
e
i Pt s S SR R L S e <
A (0 n
g P lm m I ,_,.SL
s e s R e I S HA
b ! _” e,
| b Ll
I




145.

Effect of Cylinder Diameter.

Three cylinders having the same length but
different diameters namely 0.166, 0.25 and 0-3386 feet,
inclined at 4 degrees and rotating at 10 R.P.M., were
used to examine the effect of diameter on the time of
passage. The experimental results summarised in
Tables 21 (a), (b), (e¢), (d) and (e) (see Appendix)
and shown graphically in PFig. (39), indicate that as
the diemeter increases, the time of passage decrecases.
This is due to increase in the peripherical speed with

diameter., Fig. (39) also shows that:

t oc % (84)
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Effect of Cylinder Speed.

The results showing the effect of cylinder speed
on the time of passage, over a range of 1 to 60 R.P.M.,
have been summerised in Table 22 (a), (b), (e), (d) and
(e) (see Appendix) and plotted in Fig. 40 (a). A curve
through the experimental points yield asymptotes both
at the higher as well as the lower speeds.

Further when t+ is plotted against 1/l\T, a set
of converging straight lines (approaching the origin
when N is infinitely large) as shown in Fig. 40 (b),
is obtained. |

When the speed of rotation is increased beyond
say 60 or 70 R.P.M. and centrifugal forces become
important, it is anticipated that the time of passage
will gradually increase and will eventually become large
at speeds above the critical speed of the cylinder,

(135 ReP.M.). The gotted portion C.D.E. of the curve
in Pig. 40 (B) illustrates this point. At high feed-
rates and high speeds, 1t would be expected that there
would be a concentric layer of granules rotating with
the cylinder but not moving horizontally with a

cascading core of granules travelling towards the exit

end,
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Effect of the Dynamic Angle of Repose.

The dyn. angle of repose of the material gives
a measure of the friction between the granules and the
wall of the cylinder and hence the distance a granule
will rise along the wall of a rotary cylinder.

Referring to Fig. (34) or (35), where the
time of passage t of a number of materials, has been
plotted against the length of the cylinder L, it will
be noted thet the relative position of the curves, with
exception of vhat for felspar, is in the order of the
dyn. angle of repose, as shown in Table (13). TFelspar
which has a dyn. angle of repose 35+5degrees, gives a
low value for the time of passage -~ an anomaly which
has already been noted and explained.

Wnen the time of passage t is plotted against
Sin (5 (Table 18)., a straight line as shown in Fig.

(41) is obtained indicating that:

t e Sin (85)



No.

2.
3.
4.
5.
6,

151,

Table (18).

Effect of Dyn. angle of Repose on the Time of

Passage.

R.P.M. = 2 and 10; Slope 4°

Material.

Haematite.
Felspar.
Starch.
Coal,
Sand.

Gravel.

Dyn.angle Sin Time of Passage.

of Repose Minutes.,

Dogrees. (RiPoiied)  (A.E.m10).
37 06018 8+32 122
35¢5  0.5807 ( 4.920)  ( 6-722)
35 0-5736 T-07 0-933
34-5 05664 6-92 0872
34 05592 6+06 0.552

31 05150 434 -
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5. IEmpiricel Equations.

The experiment results just described have
shown that the time of passage t, is related to the
cylinder variables as follows:

t eC I (for sliding).

715 (For cascading).

1/D "
1ﬁ "
Vsingh v
Thus for cascading we may write that:

1.5
t =k, L (86)

D W Sin

In equation (86), k, will partly depend on
the dynamic angle of repose (3 of the material,
Thus when the value of k, for different materials as
indicated in Table (18) are plotted against Sin E5
(see Fig. 42), we get a straight line relationship

expressed by the equation:

k, = 1.181 (Sin @ - 0.434) (87)

The value of k, when substituted in equation (86) gives

a correlation of the type:
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14181 (Sin(B - 0.434) T1°5
t = (88)
D N Sin ch

Similarly, for sliding, the average time of passage is

given (based on Tables 18 and 19) by the following

equation:
2.57 (sin ¥ - 0-517) T
i DN Sin © (=) (89)
where
t = Time of passage in mts.
GB = Dyn. angle of repose Degrees.
L = Length of the cylinder F+t.
D = Diameter of the cylinder Bt
¢ = Slope "o DED, Degrees.
Table (19).
k, and kq as function of Sin @ .
No. Material. SinQ5 kc _ kg .
(Cascading) (Sliding)
1e Haematite. 0+6018 0+194 0206
2. Telspar., 05807 (0+115) (0-122)
3. Starch. 0.5736 0-165 0+157
4. Coal. 0+ 5664 0+161 0147
5. Sand. 0+5592 0141 0.088

G Gravel. 0.5150 0101 -
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6, Xffect of Feed Rate on Hold-up, the Bed-Depth and
the Time of Passage,

(1) T™e effeet of the feed-rate on the hold~
up or the bed-depth was experimentally studied for coal
of particle size distribution (- 18 + 22) Mesh B.S.S.
The results appear in Teble 23 (a), (b) and (c) (see
Appendix) and plotted in Fig. (43) which shows that the
profile of the beds does not change and that in all
cages the depth of the bed (or the hold-up) diminishes
rapidly near the discharge-end. The *end-effectt is
related to the hold-up and for large values of hold-up
may extend to one third or even one half of the length
of the cylinder.

It should be noted that this end-effect is
"not related to the omnset of sliding but is associated
with the bed that is cascading throughout the whole
length., From Pig. (43), it will also be seen that
for a given cylinder slope and rate of rotation, as
the feed-rate increases, the hold-up also increases
from 15% to 28% of the cylinder volume (see also Table
24 in Appendix).

(2) The effect of feed-rate on the time of

passage were studied for coal and sand, at different
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cylinder speeds and inclinations. The results which
appear in Tables (25) and (26) (see Appendix) and
graphically presented in TFigs. (44) and (45). Both
these figures indicate that F o8 &, where F is the
feed-rate in 1bs/min and X, the hold-up in 1lbs. A
further examination of Table (25) and (26) will also
indicate that the time of passage is independent of the
feed-rate (and consequently the hold-~up).

Referring to Fig. (45), it may be seen that
for 2 R.P.M., if the slope is increased from 2 to 4
degrees, the hold-up will fall from 2¢4 1lbs to 1-7 1bs
when the feed-rate is 1.5 1bs/10 minutes i.e. for a
given feed-rate, increase in cylinder slope will

diminish the time of passage.
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7. Bed Slope vs Cylinder Slope.

The effect of the feed-rate on the slope of
the bed is evident from the previous experiments i.e.
as the feed-rate increases, the bed slope will also
inecrease.

When the cylinder is rotating at a given
speed, with a hold-up amounting to 25% of the cylinder
volume, it has been observed that over a cylinder
inelination range of 1 to 10 degrees, the difference
between the slope of the bed ¢© and the cylinder
slope S, remains practically constant, (see Tables
20 (a) and (b) ).

On the basis of these results, the relation-
ship between gS and S for a 25% hold-up can be

expressed as:

¢,= S + 2 (90)
where

P

s =" " "  cylinder Degrees.

i

Slope of the bed Degrees,
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Table (20).

Cylinder Slope vs Bed Slope.

(a)
Coal (- 18 + 22) Mesh. B.S.S. R.P.M, = 10.
No. Feed Rate. Cylindexr Slope S Bed Slope
1lbs/min. Deg. Deg.
1. 0+303 0 2
2. 0-332 1 3
3. 0.806 2 45
4, 0-906 3 5
5. 1.330 4 6
6. 1425 5 6.5
7. 1:425 . 6 7+5
8. 1.475 8 10
9. 2345 10 11.75
10. 2°210 12 14
1. 3.985 15 17
()
Gravel (+ 18) Mesh B.S.S. R.P.M, = 10,
1. 2400 0 2
2, 2°830 1 3
3. 2175 2 4
4. 3.620 3 5
S5e 4.660 4 6
6. 3445 5 1
Te 3.770 6 8
8. 3175 8 9.5
9. 8.790 10 12
10. 15850 12 14
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CEAPTER 7.

Theory.

1. Angle of Slide (or Descent) vs Angle of Inclination
of Cylinder. (A geometric analysis).

Referring to Fig. (46), BRAM is a cylinder
rotating at a speed of N R.P.M. and inclined at angle
S to the horizontal.

Iwo situations may arise, in one case the
surface of the hold-up material, is parallel to the
cylinder and in the second case it is inclined to the
horizontal HH at an angle 95 . The former situation
is less co mon +hile the latter corrcsponds to usual
kiln~practice. It will now be shown geometrically,
that the angle of slide (to be defined later) in each
case is equal to the slope of the cylinder S and not
the slope of bed §5 . It will also be explained why
the slope of the bed {# rather than the slope of the
cylinder S, has been incorporated in the proposed
theoretical analysis.

For ordinary hold-ups it will be noted that
the surface indicated by the line EE is parallel to
the cylinder wall AM. EE when produced back meets the
horizontal line HH in K, giving an angle EKH equal to
angle AMH, the slope of the cylinder S. Produce BA Yo
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meet the line EH in L and from Z drop a perpendicular
o the line HH at ¥. Since triengles LEF and LEK are

both right angled, it can easily be shown:

ingle LEF = Angle BKL = Angle S (91)

where the angle LEF may be called the

angle of Blide or Descent of Particles

or Granules.
Thus it is easy o visualise that for small hold=ups
i.e. where the hold-up surface is parallel to the
cyviinder wall, the angle of slide or descent is equal
to the slope of the cylinder.

In the second case, let EE' represent the
inclined surface o the bed which whén nroduced back,
meets the line HH in P, to give an angle B PH (= ¢ ).
Again from B drop perpendicular E:F’ on Hi at F'.
The triangles LE’F' and LE'P are not equiangular, and
consequently the angle LE’F', the angle of slide, is
not equal +to the angle TPE = ;5 ). But the triangles
LEF and LE’F' are equiangnlar and hence the angle of
descent, in the second case also is equal to the slope
of the cylinder S.

Thus it may be concluded that whatever be the

hold-up, the angle of descent is always equal to the
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slope of the cylinder.
Taking this argument further, it i1s possible to
show that there exists a relationship between the

angles 96 and S such as:

b =s+p (92)

where ’b = Angle between the slope of the
bed and that of the cylinder.
Degrees.
?5 and S are as already defired.
It has been shown experimentally (see Chapter VI) that
for hold-ups 25/ of the cylinder volume, the value of
the angle VD is approximately 2 degrees. Hence

sﬁ =8+ 2 (93)

How the hold-up effects the number of cycles of

a granule over the cylinder length, may be seen from
the triangle XEY and XE’Z. In these triengles XY
represents the advancement per cycle when the hold-up
corxresponds to EE and XZ shows the advancement per

cycle when the hold-up rises to B'E'. Thus it will be
seen that for large hold-ups, the advancement per cycle
is greater than for low hold-ups i.e. X2 > XY, at
the feed-end of the cylinder. This means that the

number of cycles diminish with increase of hold-up.
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From the foregoing discussion, it may therefore
be concluded that:

(1) The angle of descent is equal to the slope of
the cylinder, whatever the hold-up may be.

(2) For 2 given hold-up the angle <'6 is related
to the angle S5, by the expression ;5 = 3 +5l; ,
the value of \,'fj for hold-ups 25% (approx.)
being nearly equal to 2 degrees.

(3) The number of cycles made by a granule
traversing the cylinder depends on the hold-up

or the angle 95 .
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(b)

a)
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Theory.

The theoretical treatments so far proposed, have
already been discussed in brief. It will be noted that
practically all the correlations (excepting Saeman's)
are based on the assumption that the slope of the bed is
equal to the slope of the cylinder. This assumption no
doubt simplifies the solution but appears to be contrary
to the usual kiln practices where the bed is inclined at

an angle greater than the slope of the cylinder.

2. Number of Cycles over Cylinder TLength.,

When the slope of the hold-up is equal to that
of the cylinder, it is relatively simple to find the
number of cycles per unit length of cylinder, because
the 'advancement'! of the granule along the foot of the
charge per cycle remains unaltered (Fig. 47a). When
the slope of the bed is greater than the slope of the
cylinder, this 'advancement' per cycle diminishes as
the granule progresses towards the exit-end of the
cylinder (see Fig. 47b).

Let us now consider Fig. 48 (a) where a

cylinder of length I and diameter D, inclined at angle S
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with the horizontal, is shown rotating on its axis OO',
in the direction indicated by the arrow,. ABRM represents
the inclined surface of the hold-up material and the
location of the points OO' is such that they lie in a
plane at right angles to the axis of the cylinder.
From 0 and O' drop perpendiculars to meet AB and RM in
C and C'. Join C and C’. Again drop perpendicular
from C to meet the horizontal line AF in F. The
angle BAT will then indicate the dyn. angle of repose
of the material, coin F and A with C and assume that
both the lines C'F and C A lie in the same horizontal
plan.

From the right angled triangles CFC' and CFA,

it is evident that

CF =CC Sin @ =T Sin ¢ (94)
and CF =CA 8in @ =01/, 8in G (95)
Eliminating CF from equations (94) and (95), we getb:

DA shows half the path of the granule sliding
down the inclined surface, Since C’A is horizontal,
the angle DAC will be a right angle, CD, which is
obtained by producing C'C to join AD in D, shows half
the advancement of the granule per cycle along the foot
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of the charge. Thus from the right angled triangles
DAC and ACC

(0a)°
D= —r (97)
ac
Since 204 = O, = AB and OC' = C1/,. Sin ¢ these
" 1 2° Gin ¥ ?

values when substituted in equation (97) give:

' .
20D (= 48') = €. %;-?T—g)— (98)
where AA’ = Advancement per cycle, along the

foot of the charge. (Fig. 9b).
¥ = Slope of the bed. Degrces.
(5 = Dyn., angle of repose. Degrees.
Cq = Length of the chord AB.

Referring to Fig. 47 (b), it may be recalled
that as the granule progresses through the rotary-
cylinder, the distance AA’ moved per cycle, diminishes
along the T oot of the charge in a manner such that
' s oa'a" s a"a"S oo and so on. Pig. 48(c)
indicates that the free surface of the bed ABRM
resembles a trapezium, whose sides BR and AM, when

produced back meet at Q where the angle AQB is equal to
2. IF AB is denoted by C, end RM by C, and the height

of the trapezium be h, then we may write:
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c, - C C
tan P = 2B . 11 (99)
2h 8L

where L' =1 Sec.yl
and the other variables have the same
significance as explained before.

Let the increments AA', A'A", A"A"', ------

be denoted by x,, Xp, X, --=---- x, ; equation (98) can
be rew ritten in the form:
gin &
*1 =0 SIme
% = C gin &
2 2° §ini§
x. = Q Sin £
37 73" Bin @

Sin #
T = O SImo

Sin P

0= Co Fmw (100)
In equation (99), it has been shown that
01 = Cn

tan ¥ =

=~ , Whence it is possible to develope
2 L

the following series:
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(Cn+2Ltanb")

-~
[t

Co = Cp +2tan ¥ (T - x)

(C, + 25 tan ¥ )(1 -etan\&.g% )

]

Sin #
Qtanj‘.g-;—ﬁ-—@— ).
C3=C1.(1-2tan3‘.g—;%—éﬂ- )2

= O/l. (1

N Sin &
Cy = 01.(1-2tan0*.g-ﬁ—<,:- )

1
N
B
ol
Yoo
2 P
B
=
B
t
. ¥
=
O
—

C, = Cqe (1

Substituting the values of C1, 02, 03 ------ and Cn in

series (100), we get:

Xy = 01'%%

Sin ¢ Sin &
X2= 01.-83_-11—.—6 (1-2tan}f.m )

e o 2L (-2t L )

x, = 01.%2—%- (1-2tan3".siﬁé e -1
(102)
Series (102) is obviously a converging Geometric~Series,

with a common-ratio r equal +to:
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Sin £
r=1-24%an ¥ E’l——@—

-1 - . 1, giﬁg (103)

In the light of the foregoing analysis it is

now possible, to determine the number of cycles N', the
granule will complete before dropping out of cylinder.
In a converging geometric-series, the number of the

ternms N', constituting the series, is given by the

expression:
o log (1) - log (a) . (104)
log (r)
where
N = Number of the terms in the
series.
1 = ILast term in the series.
a = First term.
r = Common Ratio.
Example.

A glass cylinder 2+1 feet in length ard 0-3386
feet in diameter, is rotating at 2 R.P.M. The slope
of the bed is 6 while that of the cylinder is 4 degrees.
If the bed-depth at the feed and discharge-end, is 0.144

ft. and 0.04 feet respectively, how many times would a
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granule cascade before falling out Qf the free-end?

The dyn. angle of repose of the material being 34 Degrees.
01 and Cn’ the chord~lengths at both the ends
of the cylinder can be worked out with the
help of formula:

Cq =2 ‘th1 - h1é

]

0-336 ft.

2

Cy = 2 ~/Dh2 - hé

0-218 ft.

Since .he number of the cycles or cascades is

given by the expression:
. log (1) - log (a)

= + 1 (104)
log (x)
where a = 01. %%%—Eg— = 00627 ft.
1.-0.8m % 50007 £t
- n* STE"E?_ ’
and T = 1 - 01 B Cn . Sin g = 0+9895
5L oin
&

Substituting these values in the above equation, we get:
+ log (0.0407) - log (0+0627)
N = + 1
log (0-9895)
- 260959 - 2.79787

T.99542

)

42
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Thus a granule moving in contact with the cylinder wall,
under the above conditions, will cascade 42 times before

falling out of the free-end.

3. Time of Passage through Rotary Cylinder.

The preceding analysis can now be utilised to
find the average time of passage of a granular material
through an inclined rotary-cylinder. We Imow that each
cycle of granular movement, consists of an arc S and
chord C (fig.48 (b) ) and that the time spent by the
granule in moving down the inclined plan (along the
chord C), is negligible as compared with the time
gspent on the arc S. Thus if we sum up all such 'arcs',
the analytical expression for the time of passage can be
worked out in the following manner.

From elementary geometry, the length of the

arc S, can be expressed as:

S =D .9/2
- D 8in~! VA (105)
where

® = The angle subtended by the arc
S or chord C1 at the centre of the

circle of reference, ° G,
(Radians. )
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Assuming * that the convergency ratio r, of the tarcs'
is the same as that of the granular ‘advancements' along
the foot of the charge, the 'arcs' may be summed up with
the help of the following expression,generally used for

summing up convergent geometric series:
1
_ a i
Sm = T_:.-Zi'.'—— (1 - I ) (106)
where Sm = Sum of W terms.

a8 = HFirst term.

r = Converxrgency ratio.
N' = Numbexr of terms.
But & = 8 =D Sin~' %1/
. c, - C
Sin 8 1 ny,Sin &
Tel-2tmy. gp o1 - ) )
N = Numbexr of cycles.

= 42,
These values when substituted in equation (106), we get:
-10
D. 1/D !

. 1 - & 10
Sm C1 - C Sin ¥ 2 ( =) (107)

'Slﬁ.ﬁb

In equation (107), Sin™] C1/D may be expanded into the

following sexries:

* Tor explanation, plecase see discussion.
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C C
sin? 01 - ()« C1/p)? , 3C1/p)°
6 — 40

when - 1 < c’I/D < + 1
. .. =1 C * C
Assuming Sin 1/D is equal to 1/D we get:
I'sin@® '

S, = — 1 - 2V (108)

Sin g C1 - Cn

When the above equation is divided by ( x D), the number
of !circumferences!' can be expressed as:

1
I Sin C '

Number of circumferences =

TD Sin g Cy - C ]
(109)

If ¥ is the number of revolutions per minute of the

rotary-cylinder, then the time of passage is given by

the following equation:

L'sin @ c, '

Time of passage t = J1-2V] (110)

= DNSin ¢ C, - Oy

Since it is difficult to measure 01 and Cn the chord

lengths at the feed and the discharge ends,they can be
expressed in terms of bed-depths h1 and h2 and the above

equation may be re-written to show:

* See discussion.
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r' sin @  /on, - n° (127
* T R on s P /TR = H° - /Th, - B,
(111)
where t = Average time of passage. mts.

Dyn. angle of repose. Degrees.

i

Slope of the bed. Degrees.

(
g
I]‘

U

L Sin »b , Where L is the length of
the cylinder. Ft.
D

|

Diameter of the cylinder. Ft.
h1= Bed-depth at feed-end. Ft.

h,= Bed-depth " Discharge end. Et,

r = Comnvergency ratio.
N' = Number of cycles.

For 25% hold-up when h1 = 0144 ft, and hy =

0«04 ft., the above relationship is simplified to the

form:

0.326 I Sin QB
t = (112)
DN Sin &

4, Discussion.

The theoretical approach to find out the time

of passage of free flowing granular materials through
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inelined rotary kilns/dryers, is based upon the
geometrical movement of the granules lying in immediate
contact with the shell.

Pickering, Feakes etc. etc. (44 ) gave an
analysis based on the assumption that the slope of the
bed is equal to the slope of the cylinder, which is
contrary to usual kiln-practice.

Seaman's analysis is rigid and takes into
account the difference in slope between the bed and
cylinder.,

The present analysis differs from the previous

ones in that it takes into account not only the slope
of the hed g , but also the number of the cycles N
and the bed depths h1 and h2 over the cylinder ends.
It has been assumed that the arecs S4y S5, S
belong to a convergent geometric series and that the
convergency ratio 82/81 of the arcs is the same as that
of 'the advancements', x2/x1 along the foot of the

charge. This assumption has been made owing to the
lack of an analytical expression for the convergency

ratio of the following series:
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s, = D sin™' (%1/)

S, = D Sin™ (°2/5) = D s—m”[ 1/5(1 - 2 tan ¥ m@)
- - o]
S5 = D sin™ (93/) = D s G1/,(1 - 2 tand - @)2
- Al 7 3
s, = D sin” (%/;) = D sin~" G171 - 2 xsiﬁﬁﬁ
- in % \n-
5, = D Sin 1(Cn) = D Sin~ [ ‘l/D(‘l -2 ta.nxsig@ & 1‘

(113)
The convergency ratio' r may be expressed as:

-1¢C Sin &
r=S2/S _ Sin [1/D(1-2tan\o’-s-§_€%—-€b-)]

1

. C
Sin ( 1/D ) (114)

Though with the help of equation (114), it is possible
to find out the numerical value of the ratio r it seems
difficult to obtain emy analytical expression which could
be used in subsequent analysis. Thus there is no way

out except to assume that the series 545 8o, S

5, is a convergent geometric series and that its

convergency ratio is the same as that of the tadvance-

ments' along the foot of the charge.

Again in course of summation of the arcs S1, B

S3 -------- S,y the first term of the series namely

n’

N\
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D. Sin™! ( C'l/D) has been simplified to D (01/D).

Since the angle Sin~7 (01/D) is about 160 degrees,

this simplification introduces an error of about 15%.
The overall deviation between the observed and the

theoretical values is about = 25%.
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Bulk-density as function of Particle~Size
No. Material Psrticle  Log(ds)  Bulk-Density Loz(y)

Size (da) (&)
19.666x10 3,2936 55.2 1.7259
15,125x 5.1796 49,8 1.6972
1, Coal 11,758% 3,0700 46,0 1,6628
8.980x 4,95253 44,6 1,6493
7.0:23x 4., 8477 41,8 1,6212
20,9L7x 3.5204 78,9 1.8971
11.,042x 3,0429 72,9 1.8627
%  Felspar 7.,040x 4, 8477 68.8 1.8248
104.,5 2,0191
91,1 1,9595
5.  Sand ~~-do-- ~=do-- 79.0 1.8977
72,0 1.8574
81,5 1,9101
4, ILimestone —-do-- —— Q- 78.2 1.8932
73.6 1.8669
70 1.8451
106.2 2,0261
5. hagnesite --do-- --do-~ 90.%2 1.9552
86.8 1.9386

84,2 - 1,9354
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COA

VARIATION WITH SPEED OF THE SURFACE DYNAMIC ANGLE OF REPOSE '@

TABLE (2)

CYLINDE

RhinDER SPEED

Ratio ofCyL~

C18-30) MESH

(30-36) MESH

(3¢-52) MESH

Cs2-60) MESH

€o—35) MESH

SPEED [To craTicaL ° * o

HNO N 7 - e° /e ¢ l /e @ e ¢ e
\ 0 —_ 34 — 24 — 34 — 33.5 — 33.5 -
2. 2 0-015 34.5 0.028%99 34.5 0.02%839 4.5 0.0289% >4 0.0294) 34 0.0294\
3. 5 0.0374 24 0-0294) 34 0-02991 24 0.02941 33 6.63030 32 0.03\2%
4. 10 0.674% 3D 0-03030 325 0.03060 32 0.03125 S 0.0631285 31 0.0322%
S. 20 015 3.5 0.03175 31 0.03225 50 0.63333 29 6.03448 ey 0.0
6. 30 0- 2243 29-5 0-03391 29 6.0344g 2% 0.0 %57 a7-5 0.0%637 25 0.04
1. 40 6. 2990 28 003571 27 0.03703 26 0.03346 2s 0.04 23y 0.04343
8. So 0-3738% 26.5 0.03775 26 0.0384¢ 2s 0.04 23.5 0.042 22 0.04545
9. 6o 0.4486 25.5 0.63923 25 0.0490 24 6.6M66 22.85 0.044¢ 20 o0.0%
\0. 70 0.5233 24.5 0.04083 2s.5 0. 642 2% 0.0434% 215 D.oAsS> 19 s.0%263
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TABLE (3)

FELSPAR variation with speed of THE SURFACE DYN. ANGLE OF ReposE '

. cv;v%;: :A{% %?’EL; cns-.%) MESH C36-60) MESH |C6o-853) Mpsy C85-100 MESH
.| (R0 ;OPEQ'D N/l.l‘ % D VQ Q"o y@ Q ‘/@ Q y@

\. ° - EYY — 35 B 34.5 -

2. 2 o.0\5 385 0.02%2 - - - -

3. S 0.0%14 5 6. 062851 - - 3% 0.0%%

A 10 0.074% 34 8. 0294\ 33.5 6. 06297 31 0.63215

s, 2o 0.5 33 0. 3030 22 0.623125 29 0.0%44% PN

6. 3 5.224% 32 0.0B\2Y 3p 0.06333 27 6.05To4

1 Ap 6.29%0 30 0-63333 2¢.5 0.035%0 25 0.04

8 So 0.373%% 29 0.0%44% 26.5 6. 637715 2% 0.045%4%

9. Go 0-44%6 2% 0-0%51) 25 6.040 22 0. 0AGAK

‘0. ) 0.5233 21 0. 65704 24 0.041( 2\ 6.04762
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SAND

TABLE C4)

VARIATION WITH SPEED OF THE SURFACE DYN. ANGLE OF REPOSE '’

N g A O ey C%-36) MESH C36-60) MESH | C60-35) MESH | (8§-lo0) MESH
NO.| ¢rem) Logp <o crITH
N femspen] 5 B | € | | @ o | ¢ | Ye
1% o - 34 — 34 ~ 23.5 — 33 —
2. 2 0.0\5 34 0.02899% B4 00234\ 34.8 0.028%% 3.8 ©.0297
3. ) 0-0374 34 6.02899 33 6.03030 33 6.0 38 32 c.0%2%
4 1o 0.074%¢ 32.5 0-6%06 31\ 0.6%224 20 0.0 333 9.5 0.0 139}
s 20 6.\% 30 0.0333 27 0.6%704 26 ©.0%84¢ 25 ©.04
6. 30 0.2243 22 0-0357 28.X 0.03923 24 ©-04\67 23 0.04% 4%
Y- 4o 0.29%0 26 6.0 3844 24.5 Ovack3 2.8 0.04(53 20.8 0 .04%%)
. So 0-313% 24.5 0.04083 22.8 6.0444¢ 2o 6.0 \8 6.085S%
9. 6o 0. 448¢ 23.% ©.042 o1 ©.04762 V- S ©.0540% \6 0.662S5
o 1o 0.5233% 22.% &.0446 20 0.0S v o.e58s2 \AX  4.06%F%




LIMESTONE

- TABLE(S)

VARIATION WITH SPEED OF THE SURFACE DYN.ANGLE OF REPOSE e’

. c:i;;’;sﬂ gé;;os:{é)é‘; Ce-36 ) MESH czc—:o) MESH CGo-85) MESH (ss_:“) MESH
N N/ C'o.| V@ ¢ HE @° /@ ¢ /@
I 0 _- 37 _ %65 — 36 — I —
2. ) 0015 IS g.02667 3| ©.02702 36 0-02178 ¢ 0.0277%
3. 5 0.0374 k14 0.02778 3 0.0277% 35-5 0-02%\7 3s 0.02857
4. to 0-0748 35 6. 62357 3y 0. 02%57 34 0. 0254\ 3% 0.0%050
5. 2o 6.150 >4 0.029 A\ %315 0.0297 32 0.0%\2% 2 0.0%226
¢ 30 0.224% 325 0.6%06 3 005225 295 00339} 27 0- 05704
1. 40 0.2990 30.5 0.0%279 28 0,055 T\ 29 0.03WA oy 0.04
8. S0 0-9738% 29 063448 27 005704 25 0.04 2% 0.04%A%
9. 60 0.44%86 2% 0.0357) 26.5 005923 235 0-042 22 0.045AY%
lo 70 b.5233 265 0.05116 24 b-04167 22.5 0.04446 20 0.05




MAGNESITE

_ ”
VARIATION WITH SPEED OF THE SURFACE DYN.ANGLE OF RepOse '@

TABLEC6)

CYyLINDER

RATI0 OF Cy LN

C8s-lo0) MESH ﬁ

no | sPeed DER SPEED Cg-36) MESH C34-606) MESH Cbe-859 - MESH
(R.P-m) [To CRITICAL ° 1 ° y : \ )
N fered NACL @] Yo | R /e | © e | @ | e ]
L 0 —_ 5.5 — | 35 —_ 34.5 — 4.5 —
2 0-01\% 3¢ 0.02767 355 0.02817 38 0 02%57 B 6.028 3
3. S 6.0374 3.y b.02817 35 0.62657 345  0.02899 24 00294
4. 10 0-074% 34.5 0-02%99 34 6-0294) 3% 0 -0%0>p 2 0.0B\28
S. 20 6.150 33 0.03013D 32 0.6%25 3) 6.0M25 29 6 .0%4A8
. 3D 0.224% 30.15 0-63279 2.5 0. 0359) 29 0.0344% 285 6.0332%
7. 4o 0.299%0 29.5 50339\ 2% 0.0357) 2¢ 0.03844, 238 6.042
8. 50 0-3128% o8 0.037) 24 0.035844 24 6.0416) 2.5 0.04454
9. 6o .44 84 26.% 6.0377Y 24.5 0.040%2, 22 0-045a¢ 9.5 0.08\38
1o 18 0-5233% Y 0.04 AT O 042D 2\ 004742 \§-§ O -0540N
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Table(7)
®» as function of a) Particle-Size(dy) and b) the ratio
of Bulk-Density to True-Density.

!y
No. Material B Particle Bulk-Density

Size, I't.

_4
42,055  19.666x10 0.601
35,942 15.195x% 0,562
34,250  11.758x 0.519
1.  Coal 20.075  8,980x 0,503
21,805  7.049x 0.472
53,400 20.917x 0.610
40,050  11.048x 0.564
2. Felspar o 1g5 7 042x 0.532
— 5.252x —-
32.224 0.631
. A*
5.  gand 28.787 4o 0.544
17,430 0.471
13,564 0.498
49,840 0.489
34,772 0.471
Zl‘. leestone 290904 '-'-d.O"'- 0.4‘4:5
22,885 0.421
43,610 0.509
5. Hagnesite °°*7 %  __do-- 0,433
26,116 0.411

19,673 0.404
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Table(8)
Farabolic Theory of Free ~ Flight,
Coal(~18+36) liesh B.S.S.

(a)

=10,5 Cm/Sec,): Angle 0=77 Deg,

. P.ii= 20 (
¥ = 4,3315%- 87,.4 x2

o, X v

1, 0.0 0.0

2. 0.1 -0, 437

S 0.2 -2,625

4., 0.3 ~6,567

5. 0.4 -12,2564
(b)

R.P.Li.= 30(=15.75 Cm/Sec,) ; Angle O= 76 Deg,

v = 4,011x - 34 x°

WO, X v

1, 0.0 0.0

2, 0.1 +0,064
3. 0.2 ~0,558
4, 0.5 -1,857
5, 0.4 ~3.836
6. 0.5 ~6,495
7, 0.6 ~9,814
8. 1,0 -29,989

(c)

NerHe=40(=21 Cm/Sec.) ; Angle © = 75 Deg,
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v = 5,732 % - 16.6 X

20, X v

1, 0.0 0.0

2, 0.1 +0.021
3o 0.2 +0.082
4, 0.3 -0,374
5, 0.4 -1,165
6. 0.5 -2.284
7 0.6 -4,114
8, 0.8 -7 .634
9, 1.0 ~12.868

(a)
R.1.1i = 50(= 26.25 Cn/Sec,) ; Angle © = 72 Deg.
Y = B.077 x - 7.46 ¥

110 X y

1, 0.0 0.0
2, 0.1 +0.233
3. 0.2 +0.317
4, 0.3 +0,242
5, 0,4 +0.372
6. 0.5 ~0,212
7. 0.6 -0.844
8, 0.8 -2.318
9, 1.0 -4, 383
10, 1.5 ~12.2

(e)

R.P.M. = 60(=3L.5 Cm/Sec.) ; ingle © = 68 Deg.
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[}

v o= 2,475 x - 3,53 X~

lo. % ¥ ¥
1, 0.0 0.0 0,0
2, 0.1 +0.212 +0,179
3. 0.2 +0,354 +0,313
4, 0.3 +0,485 +0,429
D, 0.4 +0,425 +0,502
6. 0.5 +0.356 +0,538
7. 0,6 +0,.213 +0,540
8., 0.8 -0,28 +0,448
9. 1.0 ~-1.055 +0,193
10, 1.2 - +0,197
11, 1.5 -3.237 -1,038
12, 2.0 -9.169 ~5.055
13, 3,0 -24,345  -10,042
()
R,F.k.= 70(=56,7 Cm/Sec.) : Angle © = 63 Deg.

v = 1,963 x - 1.77 %

For different values of x and y, see Table(8) e
under column Y .

Table(9)

Gow's Theory,
Coal (-18+36) .iesh B.S.S.
(a)
R.P.M. =30 (=1575 Cm/Sec. ) ; Angle © = 76 Deg.



Cos ©
Fo. X N y#
1, 0.0 0.0 0.0
2o 0.1 +0,228 +0,.265
Se 0.2 +0,.021 +0,413
4, 0.3 +0,.3561L -
5, 0,4 - +0.566
6. 0.6 - +0,0606

(b)

Il .i.li.= 4021 Cm/Sec.) ; Angle 6 = 75 Deg,

y = 1.0356 |Logyy  ====pz=-gz==-%

For given values of x, the calculated values of y
are tabulated in the above table(a) under the column

0%

Y .

——

(c)

R.1.li. =b0 (=26.25 Cm/Sec,) ; Angle 6 = 72 Deg.,

y = 1.6 [Lom 99§£35§-gh§x>}

No. x oy il

1. 0.0 0.0 0.0

2o 0.1 +0,303 +0,266

Do 0.2 +0,426 +0.387

Ay 0.4 +0,6456 +0,635

5, 0.6 +0.,766 +0,796

6. 0. +0.82 +0,913

7. 1.0 - +0,960



(a)
itePLine= 60(=531,5 Cm/Sec.,) ; Angle © = 68 Deg.

Cos(6 - 56.6x)
Cos ©
The values of the co-ordinate y calculated with the
help of the above equation are tabulated in Table 9 (c),
under column i;.

y = 2,328 Loglo

(e)
R.1.Mo= 70 (=536.7 Cm/Sec.) ; Angle © = 63Deg.

y = 5.18 | Logo Cos(@ - 41,7x)

Cos ©
N
Ho, X y
1. 0.0 0.0
2 . 0.1 +0,181
O 0.2 +0,337
4, 0.4 +0,575
5, 0.6 +0,764
6, 0.8 +0.902
7o 1.0 +0,993
8. 1.5 +1,010
9. 1.75 +1,075
Table(10)

Modified Gow s Equation
Coal (-18+36) lesh B.S.S.
(a)
Kok di.= 40(=21 Cm/Sec,) ; Angle & = 75 Deg.
Co-efficient of friction= 0,8391; K= 2,27
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¥y = 0.457 | Logyy Cos(© -289x)

Cos ©
10, x v y*
1. 0,0 0 0
2. 0.1 0.196 0.21
3, 0.2 0,259  0.317
4, 0.3 - 0,374
5, 0.4 - 0.397

()

H.P.M.= 50 (=26,25 Cm/Sec,) ; Angle © = 72 Deg.
K= 2,05

y = 0.79 |Log Cos(g —72.5x) ]
os

The values of the co-ordinate *y’ for given values
' may be seen in Table 10 (a) under the column 5%

-

(c)
R.P,M.=60 (=31.5 Cm/Sec.) ; Angle © = 68 Deg.
K = 2,03,

y = 1.148 | Logy, Cos(6 -115x) ]

Cos ©

o, X y y*

1. 0.0 0.0 0.0
2 0.1 0.192 0.169
S 0.2 0.276 0.296
4, 0.3 0.4 0,394
O 0,4 0,451 0.467
6. 0.5 0.482 0.522
T 0.6 - 0.557

8. 0.8 - 0,597
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(a)
R.F. M.z 70 (=36.7 Cm{Sec.); Angle 6 = 63 Deg,
K = 1,673,

y = 1.74 Log, Cos(g - 35.7x)
os

The values of y calculated with the help of this
equation are given in Table 10(c) under column y.

Table (11)

Discharge- Rate_Q Vs, Head
(Orifice Diameter= 0,25 in.)

(b)
Coal (-18+22) liesh B,S.S.

Fo. lead Time of Discharge Digcharge
Ft. of 500 cc,(=0,914 Ibs,) Ragé Ibs/Sec,
1. 0.916 4 iinutes 40 Secs. 0.00327
2. 0.844 4 30 338
S 0.760 4 4.5 320
4, 0,656 4 50 315
5, 0,552 4 55 310
6. 0,438 4. 55 310
7. 0,344 4 55 310
8. 0,250 4 45 320
9, 0,157 4 0 50 ", 315



198,

(c)
Sand (-18+22) iesh B.8.S.
10 Head Time of Discharge Discharge
Ft, of 500 CCs(=1.775Ibs.) Rate Ibs/Sec.
1, 0,907 4 Linutes 50 Secs, 0,00612
2 0,803 4 4.8 616
3. 0.708 4 50 612
Lo 0.604 4 50 612
o, 0.511 s 50 612
6, 0.396 4 48 616
7. 0.302 at 50 612
8. 0.208 4 4.8 616
Q. 0,094 4 48 616
10. 0.021 4 i 50 " 612
(a)
Haematite (-18+22) Mesh B.S.S.

1. 0,913 2 " 43 0.00997
2. 0.840 2 43 Q97
3, 0,755 2 43 "
4, 0.657 2 43 "
5, 0.552 2 43 "
6. 0.439 2 43 !
7o 0,343 2 4.3 "
8, 0.248 2 4.3 "

“ BOO CC's = 1.625 Ibs.
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Table (12)

Discharge Rate © VS, Head
(Orifice Diameter=0.375in.)

(a)

llapeseed (+18 ) Mesh B.S.S.

Yo, Head Time of Discharge Discharge
Ft, of 500 CC'S(=0,713 Ibs) Rate Ibs/Sec.
1. 0,896 1 liilnute 21 Secs, 0,00881
e 0.790 1 20 893
B 0.697 1 20 893
4, 0,625 1 21 881
5 0,521 1 20 893
6, 0.4.57 1 20 893
7. 0,365 1 21 . €81
8, 0.250 1 20 893
9. 0.136 1 20 893
10, 0,073 1 20 893
, (v)
Coal (-18+22) iiesh B.S.S.
1, 0.905 60 Secs. 0,01562
2. 0.813 60 152
B 0,710 68 158
4, 0,583 58 188
9o 0.500 58 158
6. 0.396 59 165
T 0.281 58 158
8, 0,208 60 152
9. 0,104 60 152
10, 0,021 55 156

% 500 CC's =0.914 Ibs.
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(c)

Gand (-18+22) iiesh B.8.S.

170, Head Time of Discharge Discharge
It, of 500 CC's(=L1.775Ibs) Rate Ibs/Sec.
l. 0,905 1 kinute 5Secs. 0.0273
2. 0.803 0 55 323
3. 0,710 1 0 296
4., 0,604 1 3 281
5. 0,521 1 2 286
6, 0,406 1 5 275
7. 0,302 1 4 277
3, 0,208 1 3 281
9. 0,094 1 5 275
10, 0,021 1 5 2753
N (a)
Haematite (-18+22) ilesh B.S.S.
1. 0.906 45.5 0,0357
2. 0.804 46 353
3, 0.707 45 361,
4, 0,603 45 361
5, 0,512 46 353
6. 0,396 46 353
7. 0,300 45 361
8. 0,209 46 353

< BOO CC's = 1,625 Ibs,
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Tabl

Discharge Rat

e (13)

e Vs, dead

(Orifice Disa,
a

=0Q5 ina)

Rapeseed +18 lesh B,5.5a

Head
rt,
0,916
0.833
0,750
0.656
0.587
0,490
0.396
0.292
0.166
0,092

Time of Discharge
of 500 CC's(= 0,713 Ibs)

25
25
23
2b
26
26
26
<b
26
26

()

Seconds

£
Coal (-18+22) liesh B.S.S.

0,207
0,833
0,740
0,595
0.5

0,407
0,324
0,250
0.146
0.062

20
19
20
20
19
20
19
20
19
20

Seconds

% 500 CC's = 0,914Ibs,

Discharge
Rate Ibs/Sec,

0,0285
0.0285
310
285
274
274
274
285
274
274

0.0456
481
456
456
481
456
481
456
481
456

201,
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(c)
Sand (-18+22) Hesh B.S.S.

ilo, Head Time of Discharge Discharge
t, of 500 CC's(=1,775 Ibs.) Rate Ibs/Sec.
1. 0,976 21.5 Seconds 0.0826
2. 0,792 21 846
3, 0,740 21 846
4y 0,604 21,5 826
5, 0.5 21.5 826
6. 0,407 21 846
7. 0.29 21 846
8, 0,198 21 846
9, 0,094 21,5 826
(a)
Haematite® (-18+22) liesh B.S.S.,

1, 0,897 15 Seconds 0.108
2 0.792 14.5 112
3, 0.696 15 108
4y 0,623 15.5 105
5. 0.520 15 108
6. 0,456 15 108
7. 0,360 14,5 112
8. 0,254 15.5 105

<« 500 CC's = 1.625 Ibs.



Table (14)

rhysical Properties of the Granular Materials

203,

Ro. Haterial liean Sieve True-Density Bulk Anglé
Dia, Ft, Ibs/ C.FT Density of
Ibs/C.Ft,.Repose
(Dyn.,)
-3
1, Starch 2.541x10 71,17 50,3 35 Deg.
2 Coal i 38,651 51.4 34,5
5. Felspar " 129,651 86,4 35.5
4, Sand v 165,127 100,7 34
"
5. Haematite " 242,728 91,6 37

% Haematite appears to be porous. To obtain cascading

it was washed and dried.
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Table (15)
Effect of Cylinder Inclination on the Average Time of
Passage
(R.¥. .= 2)
(a)

Cranular~ Starch
ilo, Slope § _ & Feed Rate Hold Up Time of . .

Deg., Sin(S+2) Ibs/Min, Ibs, Passage &, " tteo,
(2) (b) (c) (a) (e)  (£)Anutes.(.) (n)
1. 1 19.120 0,157 2.876 13,350 11.2
2. 2 14,326 0.316 3.016 9.560 8.35
3, 3 11,467 0,316 2.219 7.01 6.7
4, 4 9.570 0,381 2,219 5,82 5.53
5. 5 8.203 0,447 3,328 5,22 4,78
6. 6 7,183 0,508 2.266 4,47 ... 4,48
7. 7 6.393 0,572 2,344 4,11 3,72
3. 8 5.666 0,678 2,674 3,95 3.5
9. 9 5,241 0.651 2,297 3,64 3.1
10, 10 4,810 0,797 2,266 2,85 2.8

(p)

Coal
1, 1. " 0.181 2,375 13.10 13.9 10,9
2, 2 "’ 0.265 2.485 9.36 10.5 8.2
3. 3 " 0,332 2.578 777 £.33 6.6
4y 4 " 0,423 2,687 6034 6.9 5,5
5. 5 " 0,443 2,437 5.51 5.8 4,7
G 6 " 0,372 1.876 5.04 5.2 4,1
7, 7 " 0,443 " 4,83 4.6 3,7
8. 8 i 0.664 2.688 4,05 4,1 3.3
9, 9 " 0,712 " 3,78 3.8 0

e
0,766 2,437 3.18 3.5 2.8

=
o
.

[
o
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(c)

Telspar
L LTSS ) S S P O AT o 4%
2a 2 14,326 0.529 3,000 9.120 8,42
3 3 11,467 0.426 3,256 7.630 6,73
4y, 4 Q.57 0,475 2,344 5.875 5,63
a. s} 8,203 0,607 3,187 5,200 4,82
6. 6 7.183 0.656 2eD 3,810 4,18
7. 7 6,399 0.71L3 2.25 3,160 3,75
8. 8 5,666 0.965 2.175 2.250 3,32
9. 9 5.244 1.091 2.25 2,060 3,08
10, 10, 4,810 1.171 2.125 1.810 2.82
(a)
Sand
1. 1 0,288 3,312 11,50 10.8
2. 2 0.386 3,718 9,65 8.1
3, 5 0.378 3.078 8.14 6,5
Ay 4 0.618 3.892 6,30 5,4
5. 5 _ 5o 0.618 3.468 5.62 4,6
6, 6 0.59% 2.625 4,39 4.1
7 7 0,722 2.500 3,47 5.6
3. 3 1.298 4 3,08 3.2
9, 9 1.390 4 2.88 2,96

l—.\
(@]
=
O

1,495 B3.29 2,17 2,71



(e)

(e) (£)
4,062 15,60
3,782 11,81
4,312 9,78
4,250 7.71
3,766 6 . 4dk
4,625 6.03
4,125 5,26
4,000 4,77
3,625 4,33
5,000 4,27

Haematite
(a) () (c) (a)
1. 0.261
2 0,335
3o 0,439
4, 0.552
5, m—mmd O ——— 0.586
6. 0.764
7. 0,382
8. 0.837
9, 0.837
10, 1.173
Table (16)
Effect of Cylinder Inclination on the

Passage.

(R.P.M.= 10)
(p)

(@
O
o
[

=

©
P OR
~

|

(b)
Slope S
Deg,

(e) 1
Sin(542)

19,120

(a)

Feed Rate Hold Up

(e)

Ibs/Min, Ibs.
0.415 1,297
0.587 2,063
0.664 2.047
0,687 2,187
0,486 1.455
Av.

(£)
Time of
Passage
Min,
3,220
5.520
3,080
3,185

2,985
5,198

206,

(n)
11.6
8.6
6.87
5.8
4,98
4.35
3.88
3. 44
3.18
2,92

Average Time Of

2.18



(a)

4,

(b)
2

(c)
14,326

11.467

9,570

8.205

7.183

(a)
0.867
0,737
0.623
0.832
0,815

1.106
1,076
1,106
1.022
1.048

1.172
1.328
1.528
1,483
1.423

1,533
1,475
1,475
1.423
1,285

1.735
1,993
1,896
1,895
1.8956

(e)
2.2053
2,000
1.516
2,078
2,063

Av:

2.399
2.513
2o 544
2.109
2.297

Av:

2.297
2,547
2.453
2,797
2.828
Av:
2.6606
2.516
3,000
2,141
1.995

Av:

2.562
5.,094
2.875
20484
3,031

Av:

(f)
2,546
2,710
2,440
2.5
2o 0%
2,546
2,130
2,140
2.120
2,066
2.190
2.129
1.960
1.920
1.846
1,966
1,985
1,935
1,735
1,716
2.030
1,506
1.620
1.70
1.480
1.655
1.5156
1.310
1,595
1,491

" (h)

1.64

1.09

0,94

207,



(a) (b)

7 7
8. 8
. 9
10, 10

Tclspar,

(e)

6,593

5,666

5,241

4,810

(a)
1,993
2,005
2,095
2.095
2,210

2.490
2.348
2,210
2.548
2,348

56,070
2.850
2345
5,070
2345

(e)
2 o 34k
2.687
2,891
3,031
2.953
Av:
3,000
3.063
5.000
2,797
3 .000
Av:

3,562
5,031
2.500
3,581
2,500
Av:
5,031
3,000
3.1256
3,051
3,093
Av:

(£)
1.175
1,287
1,378
1,445
1.584
1,323
1,205
1,305
1,355
1.192
1,280
1.267

1,163
1.065
1.065
1,152
1.058
1,098
0.800
0,753
0.853
0,762
0,776
0.788

(R)

0.73

0,65

0,60

208,



deo

(o3}

(e)
19,120

14,526

11,467

9,570

8,203

(a)
1.094
1.111
0,937
1,094
1,132

0,528
1.094
0.937
1.490
1.490

0,468
1.425
1,642
L.642
1.823

1,510
1.823
1,931
2,048
2,983

1.213
1.262
2.185
2,345
2 .52

(e)
3.469
3,406
2,750
5,562
3,235

Av:
1.423
2.923
2,703
3,694
3.219

Av:
0,891
2,720
2,750
3.047
3.591

Av:
1.859
2.562
3,141
3,203
4,391

Av:
1,454
1.500
2,735
3.266
3,485

Av:

(£)
3,170
3,060
3,010
3,200
3.1560
3.118
2,690
2,680
2,890
2.480
2,160
2,08
1.900
1.905
1.68Q
1.860
1.860
1,841
1.415
1,401
1,630
1.562
1,462
1.494
1,200
1.190
1.250
1,390
1,380
1.282

1.70

1,34

1.12

20‘9 (]



10.

(®)
6

7

8

9

10

(c)
7.183

6,393

5.666

0,241

4,810

(a)
1.638
2,520
2,618
2,980
3.280

1.770
2.425
5.280
2.980
3.640

1.630
2,110

2,850

3,885
6.560

2.185
2.730
5.470
5,280
4,680

2,520
2.980
4,090
6.560
6,560

(e)
1.797
2,970
2,932
3,500
3,625

Av:

1,422
2.187
3,078
2.923
5,016

Av:

1,410
1.892
2. 4:84
3,375
5,187

Av:

1.693
2,073
4,468
2,266
b44202

Av:

1.828
1.937
2.923
4,250
4,551

Av:

(£)
1.0956
1.175
1,114
1.175
1,105
1,132
0.815
0.902
0.937
0.982
0,827
0.892

0,697

0,898
0,870
0.877
0.79%
0.824
0.774
0.760
0.816
0.692
0,732
0,754
0,725
0.650
0.715
0.693
0,691
0,694

(h)

0.75

0.66

0.61

210,



Sand
(a)

L,

ca

(B

(b)

1

(c)
19,120

14,326

11,467

9,570

8,203

7.185

(a)

()

0.865
1,128
1,555

0.868
1.5585
1,996

0.885
1.865
2,593

1,558
2,558
3,250

1.298
1,946
2,780

1,342
2,593
5.535

1.298
1.946
2,780

(e)

3,051
3,562
4,875

Av:

2,250
4,281
5,078

Av:

1.875
3.781
5,203

Av:

2.562
3,973
5,437

Av:

1,641
2.641
3.780

Av:

1.703
3,094
4,500

Av:

1.641
2.641
3.780

Av:

(£)
5,610
3,170
3,140
5,273
2.610
2,760
2,550
2,64
2.12
2.06
2.05
2,073
1,645
1,670
1.646
1.6563
1,266
1,360
1.550
1.321
1,270
1,192
1.275
1.242
1,265
1,360
1.350
1.321

(h)

2.16

1.62

1,30

0,92

211,



Sand
(a)

8.

10,

Haem

atite

[CA N OV I
o L ] L] a L]

W 0o~ o oo
.

[

5
*

(p)  (e)

8 5,666

9  5.241

10 4,811
__u_do____

(a)

(d)

3. 540
4,330
5.560

3,110
5,560
6,484

5,060
6.484
8.650

(e)

0.837
1,172
2.190
2.190
2.190
2.190
2,190
2,710
2710
2.710

(e)
2.969
3.782
4:,'719
Av:
2.406
4, 454
5,357
Av:
4,422
5,375
6.219
Av:

5.187
3.520
4,687
4,187
3.782
5,078
2,516
2,156
2.156
2.000

(£)

0.842
0.778
0.849
0.823
0,774
0.801
0,827
0.800
0,795
0.829
0.720
0,781

3.815
5.000
2,158
1.920
1,724
1.390
1,145
0.927
0.794
0.757

212,

0,64

0.59

0.54

2.32
1.72
1,57
1.16
0,99
0.87
0,77
0.68
0.63
0.58



Table (17)
Lffect.of Cylinder Slope on the Average
Passage.( Sliding liotion)

R.P. k. 10
] x (a; d Rate Hold-U
o Sag?e ° ~5in(s) IS:/Mii.e %bs: P
(a) () (e) (a) (e)
Le 1 o7, 30 0.844 1.828
2 2 28.6 0.858 1.468
D 3 19,1 1.610 1.892
4, 4 14.35 1.156 0.923
5, 5 11.5 1.818 1.422
6. 6 9.57 1.818 1.250
7 7 8.23 L4894 1,078
8. 8 7Te1l7 2.070 1.000
9. 9 6.4 2.330 0.891
10, 10 5.76 2.140 0.827

(b)

Sand
1. 1 0.985 2.000
2. 2 0.797 1.375
Oe 3 1.346 1.516
4, 4 1,780 1.563
5. 5 oogom.. 1.780 1,312
6o 6 2,657 1.5R23
7o 7 2.657 1.42%2
8, 8 3. 500 1.500
9. 9 3,000 1.344
10. 10 3,500 1.281

Time of

Time Of
Passage.
Min,

(£)
2.170
1,710
1.175
0,800
0.784
0.624
0.555
0.483
0.421
0.385

2,030
L.730
1.125
0.880
0.738
0.575
0,536
0.428
0.3856
0.366

213,



Table (18

214,

nffect of Cylinder Length on the Average Time of

Passage, ( Cascading Motion )

Star

Ho.

a)

v

a
[ 4

S
8

(
1
2
3.
4
6
7
o

10.
11,

Q
o]
Y
=

.

SR S B R B - B I
L ]

P
B O
. e

ch

Length

't.,

()
0.167
0.333
0.499
0,664
0.833
1
1.167
1.333
1,499
1.666
1.833

S o g

];{.:E).I.'.'I.:- 2

(a)
R.P.lie= 2
Feed Rate Hold Up
Ibs/1in. Ibs.

(c) (a)
0.305 0.039
i 0.1258
f 0.226
i 0 o B4
1" 0’5
" 0.641
i 0.828
" 1.031
" 1.281
i 1,561
i 1,844

(p)

0.289 0.039
" 0,117
b 0,203
! 0. 344
" 0.500
" 0.633
) 0.797
f 0.985
¥ 1.185
" 1.391
! 1.594

Slope= 4 Deg.

Time of
Passage
in,
(e)
0.128
0.410
0.742
1.128
1.640 ~
2.102
2.710
34380
4,190
4,970
6,050

S3lope= 4 Deg.

0.135
0,405
0.703
1.192
1,730
2.190
2,760
3440
3.990
4,810
5,510

temp,

(£)

0,149
0,432
0,778
1,190
1.675
2.200
2,770
3.5390
4,040
4,720
5,510

theo,

(g)
(0.:28)
(0.85)
(1.275)

1.695
2.130
2,56
2,98
3,41
3.82
4,26
4,68

0,434
0,870
1.300
1,740
2.170
24610
4.040
3.480
3,910
44330
4,780



T'elspar

(a) (p)
1. 0.167
2. 0,333
3o 0.499
4, 0.666
S, 0.833
6. 1

e L.187
8. 1,833
9. 1,499
10. 1,566
1li. 1.833
Sand

1.

2o

3.

5. ———d o= =
6.

T

8,

9,

10.

11,

0.598

RaPﬂTY’ic
(e)

0.586

i

fi

R.r.H,

(e)
=2 Slope = 4 Deg,
(a) (e)
0.070 0.120
0,157 0.268
0.266 0,153
0.4106 0.693
0. 547 0.934
0,750 1,278
1.000 1.703
1.327 2.250
1.683 2.860
2,149 3,640
2,583 44360
(a)
=2 Slope = 4 Deg.
0.078 0.131
0.196 0,327
0. B 0.575
0.5 0.913
0.782 1.308
1,094 1.821
1,488 2.365
1,783 2.962
2.196 3,650
©.6::0 4,380
3,047 5,070

(£)

215,

(g)
(0.465)
(0.932)
(1.400)

1.865
2.34
2.80
3.26
BTk
4,20
4.66
5.14

(0.428)

(0.856)

(1.280)
1.71
2,14
2,57
3.00
3,43
3.85
2,28
4,72



216,

(e)

Haematite RoF . = 2 Slope = 4 Deg.

(a) (b) (e) (a) (e) (£) (8)
1. 0,586 0,094 0,165 (0.461)
2. i 0.281 0.494 (0.921)
3, " 0,516 0.907 (1.380)
e i 0.782 1.335 1.835
Be o _do——- i 1.1.56 2,035 ____ 2,310
6. i 1,532 2,695 2.77
7. " 1.985 3,490 3,22
8 i 2,468 4,340 3 .69
9, s 2.938 5.170 o e
10. L 3,469 6.100 4,60
i1, | i 3.876  6.820 5,07

Table (19)

Effect of Cylinder Length on the Average Time of

rassage.(Cascading liotion)
R.P.ii. = 10 Slope = % Deg.

a)

Starch

1. 1,927 0.047 0.029 0.085
2, W 0.156 0,099 0,178
3. i 0.297 0.188 0.255
&, i 0,468 0.296 0.339
5, =——do-—- ¥ 0.625 0.395 _— 0,426
6. i 0.781 0.493 ' 0.512
7. i 0.78: 0.621 0,596
8. i 1.219 0.770 0.682
a, L 1,532 0,967 0,764
10. i 1,782 1,120 0.852

11, i 2.000 1,263 0,936



/\lo
s e ° S i (o]
~ 1
}_I

©

L] o

o

O @ N O g o P
L]

()

O

——d0=——

930

(p)

(d)
0,039
0.129
0.258
0.426
0,613
0,764
0.943
l1.172
1.375
1.595
1.860

(e)

0,047

0,203
0.336
0.570
0,782
L.031
1,281
1.578
1.782
2,234
©.641

(e)
0,029
0,097
0.194
0,521
0.462
0.568
0.710
0.833
1,037
1,200
1,400

0.243
0.108
0,17
0.2956
0,405
0,535
0.655
0.817
0.923
1l.188
1.370

(£)

(g)

0.087
0,174
0,260
0,548
0,432
0.522
0.608
0,696
0.78%2
0.860
0.966

0,093
0.186
0.280
0.373
0,446
0.5660
0,662
0,748
0.840
0,932
1.030

2L,



(p)

= O ——

—— QO ——

(e)

(a)

(a)
0.094
0.250
0,153
0.609
0,923
1.266
1.516
1.875
2.297
2.593
4.125

(6)

0.063
0.219
0.423
0.687
1.047
1.423
1,797

2.250

2,797
5,281
5,827

(e)
0.036
0.096
0.175
0.235
0.356
0,488
0.585
0.756
0.886
0,996
1.201

0,038
0,084
0.165
0.264:
0,402
0,546
0.689
0.864
L.07:k
1.260
L.470

(£)

e e .

218,

(g)

0,085
O.171
0.256
0,342
0.428
0, 514
0,600
0.686
0,770
0.856
0.944

0,092
0,184
0.276
0.367
0.462
0.554
0, 64l
0.738
0.828
0.920
1.014



Table (20)

Effect of Cylinder Length On the average Time of
Passage, (STEEL CYLINDER)

Cyl inder length

S,

5 I't,

Diameter = 1.08T%.
R.P.M.= 3,25

(a)

CASCA DING IOTION

Sand (18+28) iiesh B.S.S.

Mo,

Gl oo
o [ -3 -] ]

-]

a

[ RN AV IS oo
a o o @

°

MO O~ B 0 B o . LN

Slope S Cylinder Feed Rate Hold Up
Deg. Length Ft. Ibs/liin, Ibs,
2 1 2 1.5
B it 375
§i 5 it 6.25

L b 9.5
H 5 14
3 1 2.5 1.5
ii 2 1 4..25

!
i 5 ' 6.75
i & " 10
H]
i 5 14,25
Sand (sircon) (p)
SLIDIMG MOTIOW

2 1 2 1.75
i 2 i L. 0
i 5 " 6.5
it h_,_. i 9
i 5 i 11.25
3 1 37 2.5
g 2 it 5.25
if 3 i 8.5
i L i 12.25

5 i 15.50

o1
o

Time of
Pagsage
Iiin,
0.750
1.875
3.125
4,750
7,000
0.600
1.700
2.700

4

5,700

0.875
1.875
04280
2o O

5,625
0,667
1.k

2.27
3.7
.12

2193,



Iffect of Cylinder Diamcter on the Average Time of

Tab

le (21)

R, P.lH.= 10

o, Diameter D I/D

Passagc.

Starch
.

1o 0,187
2. 0.25
Do 0.339
Coal
1.
2. ~-do—-
Se
1.
2o ~~do--
B
1.
2 ~=do~=
Se
Hacmatite
1.
2e (o~
S

6,000

4,000

2.952

—_——do~—

TG Y o

——JO—-

G [ Y,

Slope = 4 Deg.

IPeed Rate Hold Up Time of

Ibs/10 iiin, Ibs.

L1.354
5,720
10.7

2.15
9.86
11.73

2.75
6,930
29.880

3,650
5,960
15,58

2.830
10.080
21.920

- v —

0.568
1.378
l . 'ﬂ:OO

0.718
1.406
2.297

l o 09‘.:’:‘-

1.578
4,391

[AC I ol
- L]

b= Q0

O M

\ae

1.313
2,849
2,187

o
o
N p

Passage
Min,
4eR0
2959

1.351

5.5‘:}0
2.400
1.900

3.975
2,270
1,462

3.915
2.493
1,645

dao 475
2.655
1.920

2.87
1.85
1.37

220,

2.22
1.48
1.09

2.39
1.569
1.17

2,20
1.47
1,10

2.37
1.58
1.16



Lffect of Cylinder Specd on the Average Time of

Table § 22)
Passapge,
Cylinder Slope = 4 Deg.
(a)
Starch

(2)  (©) (e) (a)

To, R.P,ill, I/IY Fecd Rate

() Ibs/ iiin.
La 1 1 0,200
2. 1.5 0.667 0.241
3. 2 0,5 0.316
L 2.5 0.4 0,350
5, 8 0.125 0.732
6. 15 0.067 0,763
7. 20 0,050 1,220
8., 26 0,040 1,143
9. 30 0.033 2,033
10. 35 0,029 1,926
(p)
Coal
1. 101 0.221
2. 1.5 0,667 0,205
3, 2 0.5 0,327
A 2.5 0,4 0.319
5, 7  0.143  1.208
6. 10 0.0L0 1,735
7. 15 0,066 1,899
8. 20 0,050 2,210
9. 25 0.00 2,345

(e) (£)

Hold Up Time of

Ibs. Passage

iiin,

2.850 14:425
2,297 9.53
2234 7.07
1,958 5.60
1.321 1.902
0.907 1.185
0.938 0.769
0.625 0,547
1,047 0.515
0.828 0.431
2.907 13,130
.14l 8.880
2,260 6,920
1.700 5.330
2.655 2,200
2.580 1.400
1.953 1.030
1.840 0,743
1.328 0.567

(g)
%

€MPe

13.63
9.10
©.82
5 o 4ud
1,95
1.36
0.9L
0.68
0.585

221,

(h)

S 0.

11.10
7 ¢::0
5.58
4 .43
1.39
0674
0,55
0 o 4
0,37
0.32

i1.2

T 4T
5.60
deg 7
1.60
1.12
0,747
0,560

0,447



(a) (v) (c)
10, 30 0.033
11. 35 0,029
12, 40 0,025
13, &5 0,022
1, 50 0,020
15, 55 0,018
16, 60 0,017
Telspar

1. 1 1

2. 1.5 0,667
S 2 0.5
4o 2.5 0,4
5. 7,750,129
6. 10 0.1
7o 15 0,067
8. 20 0,05
9. 25 0,04
10, 30 0,033
11, 35 0,089
1=, 40 0,025
3. 45 0,022
1, 50 0,020
15, 55 0,018
16. 60 0,017

(a)
3,520
3.620
5.680
975
4,975
9.970
9,970

—— e

(c)

0.290
0.410
0.394
0,358
2.5

2¢5

1.933
1,726
2,980
2,730
5.282
2,675
s 675
4,675
6,570
6,570

(e)
1,578
1,266
1,828
1.328
1.156
1.891
10547

2.85
2.8
1.9583
2,437
4, 047
3.25
2,187
1.562
2,156
1.507
1.6567
2.281
2.0
1,782
20w
2.25

(£)
0,475
0,349
0.321
0,267
0,232
0.190
0.155

9,850
6.820
4,920
4,080
1.620
1..300
1.131
0,905
0,723
0.560
0.505
0,487
0.427
0.380
0.370
0,343

(g)
0,454
0.389
0,341
0,303
0.273
0,247
0.227

—~——QO——

222,

(h)
0.373
0,320
0.280
0.2560
0,224
0,204
0.187

11,20
.48
5,61
4o 48
1.45
1.12
0,749
0.561
0,448
0.374
0.320
0.280
0.250
0,284
Q4205
0,187



223,

(a)
Sand
(a)  (®) (c) (a) (e) (f) (g) (h)
1. 1 1 0.37L e 268 12.05 10,8
2 1.5 0.667 0,519 e BK7 8.35 7.2
S 2. 0.5 0,87 2.95 6.06 Ol
deo 2.5 0.4 0.599 3.037 85,06 4e B2
Se 8.8 0,113 2,430 e BT 1.825 1.83
6o 10 0.1 2.598 3.625 1. 1.08
7. 15 0,067 2,360 2,375 1.010 0.72
Se 20 0,05 202420 1,970 0.892 0454
9. 25 0.04% 2 ¢ u30 1.656 0.682 —~—en O.d3
10, 30° 0.033 54385 1.891 0.561 0,36
il. 35 0.029 3¢ 540 1.693 0,478 0.31
12, 0 0.025 5.6580 Ced 0.450 0,27
13, 2B 0,022 5.650 2.219 0.399 0,24
14, 50 0.020 5,650 1.860 0,335 0,216
15. 55 0.018 5,650 1.693 0,305 0.197
16, 60 0.0L7 5.650 1.562 0.281 0.18

(e)
Hacmatite
1, 1 1 0.273 4,594 16,95 11.62
2. 1.5 0.667 0,4l 4,625 11,15 7,76
3. 2 0.5 0.542 2,516 8.32 5.81
e 2.5 044 0,735 e 644, 6.33 4:465
O, 8 0,125 1,774 5,056 2,075 1.46
6. 10 0.1 1.774 2,578 1,460 —ewe 1.16

Te 15 0.067 L.%%4— 2,047 1.163 0,776



o,

(a)
1.
2,
3.
5.
G

(c)

(e)

() (d) (e) (£)
20 0.086 1L.774 1,516 0.861
25 0.04 2,430 1.673 0.688
30 0.035 2,430 1,106 0.578
35 0.029 R2.348 1,094  0,4B0
0 0.025 3,520 1.532 0,534
e 0.022 3.520 1,34k 0,381
50 0.020 3.5620 1,141 0.324:
55 —_— - - -
60 0.018 & .520 0,937 0,265
Table (23)
Hold Up Vs, bed-Decpth
Coal
R.P.dile = 10 Slope = 4 Dieg.
(a)
Percent Bed Cylinder
Hold-Up Slope Length Ft.
Deg.
(v) (c) (a)
15% 5 0.25
i i 0.5
i i 0.75
i i 1,00
il i l°5
Y ¥ 1.78

(g)

224,

(h)
0.881
0.465
0,387
0.353
0.291
0.259
0,232

0.194.

Bed-Depth

Pt.

(e)

0.042
0.063
0,067
0.073
0.078
0.083



225,

(b)
(a) (v) v (e) (a) (e)
1, 22, 6% . 7 5,75 0,063
2. i N i 0,083
3. " " ——(O=—m 0,094
,20 5 it 0.1'04_‘
5. i i 0,1L
6. it f 0.119

(c)
1. 28% 6 0.073
2. g | 0.08.%
3, i i —~3 0=~ 0.109
o H =? 0.114
5, " x 0.13L
6. " i 0 .141

Table (24)

Peced Rate Vs, Hold-Up & Bed Depth,

(a)
Coal (-18+22) licsh , R.P.l.=10 , Slope= 4 Deg.

Ho. Pced Rate Bed Slopc Hold-Up % Hold Time of

Ibs/ilin, Deg. Ibs, Up Passage
(a) (v) (c) (a) (e) (f)
1. 0,332 s 0.316 G Q47 0.995
2. 0.797 %eb 0.766 Q.776 0.963
3e 0,948 5 0.907 11,561 0,956
Asy 1,172 5.5 1.094 13.945 0.936
S, 1.328 5.6 1,269 16.177 0,955



(a) (b)

6. 1.533
7. 1.809
8D 19992

Sand (-184+22)

)

liesh B.S.S.

1. 0.708
2. 1.287
Se 1.556
R 2.290
S. 2,995

3.75
4o D
.75
Le'TH
5,75

1,407
1,786
l.812

0,906
1,675
1.892
2,782
5,812

(e)

17,934
22,766
23,098

8.874
10,840
12.265
18.036
2L, T21

226,

(£)

0,913
0,983
0.912

1.28
1.30
l.22
L.22
1.27



227.

Table (25

Effcet of Feed Rate on the Hold-Up and the Time of

Passage.,
COAL
(a)
R.P.M.= 2 Slope = 2Deg.
o, ggeﬁ.Rage per H;%d Up Time of
dinutes, B
Tbs. PiooaRs.
1. 1.812 1.468 8,11
2e 1.897 1.978 8,32
S 2.035 1.719 8,46
dia 2.066 1.782 8.32
S5a 2.850 2.406 8,42
(p)
R.PLH.=2 Slope= 4 Deg.
1. 2.215 1.375 6.22
2. 24490 1.578 6,32
S 2.655 1.657 6,24
ey 2.850 2 6.58
5, 34980 2,562 0 o e
(e)
R.P.H.=3 lope= 4Deg,
l. 3.270 1.567 5078
2. e 240 2,016 k75

e 5,380 2.531 g 70



Table (26)

SAID
(2)
R.PM.,= 2 Slope= 2Deg.
Feed per Hold Up
10 Hinutes. IBs,
Ibs.,
2.590 2,532
34540 By Bl
g 875 24312
(p)
R.P .= Slope= < Decg.
2.225 1.5
3.890 2.65'7
5.560 3,813
6,:84 xalb3
6.710 718
. (e)
RePolie= 17 Slope= 2Deg.
5.560 0,860
84650 1,304
12,970 1.9563
16.6 2.782
19.490 3.172

Effect of Tecd Ratc on Hold Up and the Time of
Passage,

Time of
Passage.

Iiin,
Q.77
9 .46
9,42

6.75
6.82
6.87
6.88
7.02

1.550
1.556
1.510
1.678
1.630

228.



(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

(11)
(12)

(13)
(14)

(15)

229.
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