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PART I

BASIC PROBLEMS

CHAPTER 1

INTRODUCTION

Automatic control of particulate processes is an
important subject not only as a means of promoting pro-
duction safely and efficiently, but also as a means of
protecting the environment from dust contamination.
However, in the existing circumstances, satisfactory
control of particulate processes is not easy, nor is
it common practice. Generally a control system in- ,
volves detection of the process variables which are
considered indicative of the state of the process, and
manipulation of appropriate variables, by some final
control device, to maintain the process in the desired
condition. 1In these functions, manipulation of the
process variables can be made in response to a signal
from a controller whose output varies according to
predetermined control actions and settings. Such
controllers are widely used in the operation of fluid
and other processes, and in principle, should be ap-
plicable to the control of systems involving particles.
The control theories used in the fluid-systems are also
applicable. Therefore, the most important areas in
which problems may arise in the automatic control of

particulate processes are the primary measuring means



and the final control means; namely, in the develop-
ment and operation of measuring devices for the

powder flow rate, and powder feeders. This chapter
will review progress in the fields of powder feeders

and measuring devices.

1.1 Final Control Means: Powder Feeders

The final control means in particulate pro-
cesses is regquired to control the powder flow rate
according to the manipulating signals. Any‘kind of
powder feeder may be used for this purpose. However,
it is desirable for satisfactory control that the
feeder has a quick response, linear static proper-
ties, and reproducible static properties. To obtain
these properties, it is necessary that the supply of
powder from the hopper to the feeder proceeds smooth-
ly in "mass flow". But this is not achieved easily
and has been studied as a problem in the design of a

hopper.7’ 11, 18, 19)

Recently, studies on the flow
pattern in a system where a hopper and a feeder are
combined as a unit, were taken up by some investi-

14. 17, 19)

gators. A particular powder feeder may

not besuitable for every kind of powder. Therefore,
there @re a greater variety of feeders L, 2z 10,189)
used in particulate systems, than is general with
fluid systems. Available powder feeders will,

basically, ,control the discharged volume, not the
mass, flow rate of the powder. As far as the mass

flow rate of powder fed in a major process is con-
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cerned, therefore, the flow rate must be checked by
a mass flow meter. A belt-scale and hopper-scalg’ 2L
have this mechanism. Studies concerning feeders with
weighing mechanisms, have been reported%s’ 16) It is
recommended, at present, to install a subsidiary con-
trol loop using a mass flow meter such as the Impact-
Line mass flow meter?o)

Auxiliary control of the final feed mechanism is
one of the most important points in control of a
particulate process. A feeder without a minor con-
g when the

rate of the change of the environmental conditions

trol loop, however, will be practicable

is slow. Response of a main process under conditions
of changing process variables will involve a time
delay. When the time delay is large, and the time
lags of the final control device and the primary
measuring element are the same or higher than that of
the main process, it will be difficult to control the
process with this control system. In fact the pro-
cess may become unstable. The characteristics of the
feeder must, therefore, be known beforehand, also
whether the feeder is accompanied by a minor control
loop, or not.

The characteristics of powder feeder, as a
final control means, have not been investigated
adequately. The first problem in the application
of a feeder as the final control means is, therefore,

to analyze its static and dynamic characteristics.



1.2 Measurement of Powder Flow Rates

As reviewed by Beck et al?) and Iinoya et al%3)
there are many methods for the measurement of powder
flow rate, e.g. weighing methods, nucleonic method,
Coriolis force method, static electrical capacitance
method, impact force method, and so on. Among the
weighing methods, the belt scale and hopper scale are
well known. For the study of the dynamic character-
istics of the various feeders considered in this dis-
sertation, the Impact-Line mass flow meter was used.
This particular flow meter belongs to the group
utilizing the impact force method. The force pro-
duced by the impact between a powder and an inclined
plate is in proportion to the mass flow rate of the
powder. The mass of powder adhering to the plate
affects the vertical compchent of the force, but does
not affect the horizontal component. Therefore, zero
drift of the meter due to the adhering powder is
eliminated when the horizontal component is used. The
time constant of the system including a recorder is
about 0.4 sec., and the accuracy is satisfactory.

It is essential for the measurement of powder
flow rate that the flow-meter does not obstruct the
flow of powder, and that it has no moving parts.

The obstruction of the flow may cause blockage, and
the moving parts may suffer damage by the dust.
These troubles will also affect the operation of
the main process. If these points are taken into

consideration in selecting the measuring instruments,



measurements of the flow rate in one-phase powder
flow may be carried out with fairly good accuracy.

On the other hand, measurements of the flow rate
in two-phase flow, especially in gas=-solid two-phase
flow, under the existing circumstances, leave much
to be desired. However, demands for development in
such measurements have become stronger. As reviewed
by Boothroyd et alj’ &)
might be used for the measurements such as pressure

there are many methods which

drop method, electrostatic method, optical method,
heat flux method, hot-wire anemometer method, etc.
Not one of them, however, can satisfy all demands. A
new method has been reported by Beck et al?) They
determined the velocity of the powder flow from the
transit time of the naturally occurring flow noise
pattern between capacitance transducers installed at
two points along a pneumatic conveyor. This method
does not obstruct the flow. The chief difficulty in
the application of this method is the complexity of
the treatment of the data.

Other potentially-useful methods for measure-
ment without obstruction of the flow are the
detection of the pressure drop over a straight-pipe-
line and the measurement of the naturally occurring
electrostatic current. In systems handling large
particles, the former is available with fairly good
accuracy, but it has not proved satisfactory in sys-
tems involving fine particles. The electrostatic
method must be further examined, experimentally and

theoretically. Measurements of the gas flow rate in



gas-solids two-phase flow is also one of the impor-

tant outstanding problems.

1.3 Scope of the Dissertation

Some of the objectives of this research are

as follows:

1. To clarify the problems peculiar to particulate
processes, namely the determination of the mean par-
ticle diameter and the scatter of the data due to the

particle-size-distribution.

2. To analyse the static characteristics of various

feeders.

3. To analyse the dynamic characteristics of

various feeders.

4. To examine the methods available for measuring

the mass flow rate in air-solid two-phase flow.

Part I, consisting of Chapter 1, 2, and 3,
discusses the basic problems peculiar to the parti-
culate processes. The purpose of Chapter 1 is to
provide a framework for the two major subjects with
which the dissertation is concerned, namely, the
final control means of the control systems, and
measurement of the powder flow rate. A further

purpose is to outline the subsequent contents of the
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dissertation. Chapter 2 discusses the mean particle
diameter in relation to the analysis of a particulate
process, and Chapter 3, the scatter of the experi-
mental data attributable to the particle-size-dis-
tribution.

Part II describes the experimental and theoreti-
cal studies of the final control means, namely,
powder feeders. Chapter 4 presents the experimental
studies on a screw feeder, Vibra screw feeder, Flo-
tron, and a belt feeder. Chapter 5 examines the
static and dynamic characteristics of a table feeder.
Chapter 6 deals with a rotary feeder.

Part III describes the experimental and theo-
retical studies on the measurement of the mass flow
rate in gas-solids two phase flow. Chapter 7 discus-
ses the Venturi-type gas-flow meter, as a basic
device for measuring the powder flow rate in two-

phase flow.

References

1) Boki, R. et al., "Saikin no Funryutai Kyokyu
Sochi (Modern feeders for powder materials)"”,
Kagaku Kogaku, 26, 530 (1962)

2) BRAoki, R. et al., "Funryutai no Choso to Kyokyu
Sochi (Hoppers and feeders for powder materi-
als)", Nikkan Kogyo Co. (1963)

3) Beck, M. S., and N. Wainwright, "Current indus-

trial methods of solids flow detection and



6)

7)

10)

11)

12)

13)

W,

measurement", Powder Technol., 2, 189 (1968/69)
Beck, M. S. et al., "Particle velocity and mass
flow measurement in pneumatic conveyors”,

Powder Technol., 2, 269 (1968/69)

Boothroyd, R. G., and A. S. Goldberg, "Measure-
ments in flowing gas-solids suspensions-Part I",
Brit. Chem. Eng. 14, 1705 (1969)

Boothroyd, R. G., and A. S. Goldberg, "Measure-
ments in flowing gas-solids suspensions-Part II",
Brit. Chem. Eng. 15, 357 (1970)

Brown, R. L., and J. C. Richards, "Principles

of powder mechanics", Pergamon Press. (1970)
Gericke, H. R., "Metering of bulk material”
Aufbereitungs-Teckn. Nr. 1, 19 (1971)

Hashimoto, Y., "Funtaino Jid5—Keiry5—Sachi ni
tsuite (On the automatic weighing of powder
materials)", Kagaku Kogaku, 32, 1062 (1968)
Hyde. R. w., "Feeders and feeding mechanisms",
Chemical Engineers*' Handbook (J.H. Perry), 3rd.
Ed. p. 1370, McGraw-Hill (1950)

Igarashi, H., and R. Aoki, "Hopper karano Rya-
shitsu (Flow from hopper)", Kagaku Kogaku, 28,
698 (1964)

Iinoya, K., and K. Goto, ”Funryﬁtai no Kenshutsu
to Seigyo (Instantaneous measurement and control
of the solid flow rate), J. of the Japan

Associ. of Automatic Control Eng., 7, 646 (1963)
Iinoya, K., and H. Masuda, "Funtai Ryﬁrya no
Keisoku to Seigyo (Measurements and control of
the powder flow rate)", Kagaku-Kogaku no Shinpo
5 (Advanced Chem. Eng., No. 5) Chap. 8,

8



14)

15)

16)

17)

18)

19)

20)

21)

Edited by the Society of Chem. Engrs., Japan
(1971)

Johanson, J. R., "Feeding", Chem. Eng., 76, 75
(October 13, 1969)

Kloven, P., "A Novel, gravimetric feeder for
powder and granular products", Paper presented
at the ISA-70 (October, 1970)

Lordi, A. C., "Adjustable-speed feeder drives",

Instrumentation Technol., 15, 46 (January, 1968)

Miles, J. E. P. and C. Schofield, "Techniques
for controlling the flow rate of dry solids",
Paper presented to symposium on solids handling,
Inst. of Chem. Engrs. (September, 1969)
Stepanoff, A. J., "Gravity flow of bulk solids
and transportation of solids in suspension",
John Wiley & Sons Inc. (1969)

Schwedes, J., "FlieBverhalten von Schuttglitern
in Bunkexn", Verlag Chemie, Gm bH (1970)
Watanabe, K. and T. Inagaki, "Impact Line
Ryuryokei ni yoru Funryutai Ryuryo Jido-Seigyo
no Jitsurei (Installation of automatic control
of powder and granular materials by Impact-Line
flow meter)", J. Res. Assoc. Powder Tech., 7,
538 (1970)

Zanetti, R. R., "Continuous proportioning for
the food industry", Instrumentation Technol.,
18, 42, (March, 1971)



CHAPTER 2
MEAN PARTICLE DIAMETER IN THE ANALYSIS

OF A PARTICULATE PROCESS

2.1 Introduction

What has been said previously about the mean par-
ticle diameter is not definite enough and this vague-
ness has caused much trouble. When studying the
experimental data obtained for the same particulate
process, for example, it is found that some authors
employ the arithmetic mean diameter, others, the
geometric mean diameter or the mass-surface mean
diameter, and so on. Practically, the value of mean
diameter varies so much depending on the definition
employed, that in some extreme cases, even an assumed
mean diameter may be used to bring the experimental
data (measured values) into good agreement with the
estimated values (theoretical values). If such is
the case, one cannot tell whether the theoretical
value is correct or not.

Another problem may arise as to what mean
diameter to employ in quoting some of the results
reported by other investigators. One may only
apply such definitions as have been generally used,

namely the arithmetic mean diameter, the geometric

10



mean diameter, and so on.

Another problem to be solved is how the theo-
retical and experimental results for mono-disperse
particulate processes are to be applied to a poly-
disperse particulate process.

A solution to such problems as pointed out
above is to develop a definition for the mean dia-
meter, which allows the value of the mean particle
diameter to be estimated with high accuracy.

In an apgfoach to this C. E. AHgpeeb and his

collaborators defined the mean particle diameter

2., 3) has commented on

in general form. S. Miwa
their results.

In this chapter, the author, from a consider-
ation of these studies, defines the mean particle
diameter in terms of the linear estimate of the
process variable, and shows that it may be used to
determine the mean diameter in any process. Alter-
native methods for determining the mean particle

diameter are given in detail.

2.2 Definition of the Mean Particle Diameter

2.2-1 The experimental value of the process

variable

To describe the state of the particles sampled,
two parameters, "mean" and "variance" of the dia-

meters are necessary, even if other conditions such
as temperature, moisture or the shape of the

particle are considered to be constant. The fre-

11



quency distribution of the particle size is, there-
fore, a function of diameter Dp,mean m and variance

2
S

f=¢f (D, m, s?) (2.1)
P

Generally, the particles sampled vary in each ex-
periment, the experimental value Y being a function
of at least two variables, m and s?., With inter-

action term y , Y will be expressed in the form;
Y (m, s? = Jo y (D) f(Dp,m,sZ)de + vy (m,s?)
(2.2)

Here y(Dp) represents either a mono-disperse
particulate process variable or a one-particle
process variable. The first term of the right hand
side, being linear estimate, can be put in the form;

2y _ @ 2
Y (m,s ") i Y(Dp) f(Dp,m,s )de (2.3)

Of course, the term /[-- de can be replaced with

T when a discrete system is concerned.

2.2-2 Linear estimate §(m,sz)

Generally, the linear estimate y varies with
the method of measurement such as weighing the

particles or counting the particles and so on. Just

12



for a simple example, take the case of six spherical
particles with the same specific gravity. Four of
the six have a diameter 1, and the remaining two
have a diameter 2. Each particle follows the

equation;

y = y(D_) e.g. 1f the process (2.4)
P follows Stokes' law *
= K D2
N D

and has no interaction with any of the others (cf.
Table 2.1).

Table 2.1 : Description of the six particles

Particle dia. 1 1 I 1 2 2
Process variable Y1 Yy Y1 Y1 Yy Yo
weight ratio 1 1 1 1 8 8

vy = 15, vy, = 30)

Then the experimental value on the countbasis is;
(o) _ 4 2 - 2 L
YU = Yyt Yt 3¥, tiy, (2.5

(mean on count basis)

Here y, stands for y(Dpi). On the other hand, the

experimental value on the mass basis is;

{ad _ 4 2x8 _ 1 4
Y = moxey Y Y Iroxrey Y T3 N1t 5 Yo
(mean on mass basis) (2.6)

13



If Yy = 15 and y. = 30, it is clear that Y(O) = 20

and Y(3) = 27 from the last two Egs. (2.5) and {2.86) +
So, in spite of the fact that the process is the
same, the experimental values obtained by the dif-
ferent methods are not the same*). In this example,
the experimental value can be estimated only by the
linear term. So from this example, if one wants to
estimate the experimental values on any basis, it is
found desirable to express the linear estimate in

the form;
= [B) _ (B),, _ (o) LB (0) B
y = % T y= L £ Dpy/ % £ Dp (2.7)

If "R" in the above equation is 0, the estimate is

on the count basis, if "g" {5 1, on the length basis,
if "g" is 2, on the area basis, if "B" is 3, on the
volume (or mass) basis. As discussed above, these
values are different from each other. The method
used, therefore, has to be stated definitly, and

the experimental wvalues have to be compared with the

estimated values on the same basis.

2.2-3 Definition of the mean particle diameter

By use of the linear estimate, the mean par-
ticle diameter will be defined by the equation;
-1

Dp= y (y) (2.8)

*) Note that the mean particle diameter of the six
particles cannot be determined at this point.
See also § 2.4-3.

14



2.2-4 A method of applying the definition term by
term

When the process variable vy is given in the form
of the summation of several terms, it is convenient
to apply definition (2.8) to each term. That is, if

the process variable y is expressed by the equation;

n
y = Yoy, {2.2)
j=1 (3)
Then the mean particle diameters are given by the
equation;
- _ - - -
Do) Yy Wepn ) 3=li203 .o

2.2-5 A graphical method

Now consider the case that the process variable
y cannot be expressed in a simple equation of D _,
or cannot be expressed in any equation. In suchpa
case, if the process variable can be expressed
graphically or in a table, the mean particle dia-
meter may be obtained directly by use of definition
(2.8). Take Fig. 2.1l to explain this method
generally. In the figure, g(Dp) is a function of
Dp , €.9. Reynolds number, Nusselt number, Peclet
number, Sherwood number, Inertia parameter, and so
on, and here it is called the characteristic para-

meter of the particle diameter.

1.5



monodisperse
particulate process

Process variable y
Y

Characteristic parameter g Bp)

Fig.2.1 Graphical method

YA

monodisperse
particulate process

2 m

Fig.2.2 General idea of experimental data
in the (s?, m, Y)-space
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From Eg. (2.7), the linear estimate § is given
by the equation;

¥ = E £, v( gi{by; 1) (2.11)
Having calculated y, the characteristic parameter g
of the mean particle diameter is obtained as shown
by the arrows in Fig. 2.1. Then, from this value,
the mean particle diameter can be determined by the
following equation;

-1

Dp =g (9) (2.12)

2.3 Discussion

2.3-1 On the definition of mean particle diameter

The following discussion shows that definition
(2.8) is adequate in scope and is of considerable
importance. The discussion is based on the assump-
tion that there is no interaction between particles.
From Eg. (2.2), it follows that;

2y - % 2 - O 2
Y(m,s°) = { y(Dp)f(Dp, m,s )de v (m,s?)
(2.13)

From this equation it is found that the experimen-
tal value Y(m, s?) is a function of m and s?. Hence,
the experimental value Y (m, s?) may be expressed as

a point in the (m, s?, Y)-space (cf. Fig. 2.2).

17



52 : \_
Dp=const D.. =const.

P

Fig.2.3 Relation between the mean particle
diameter and the experimental data

Dy —

Fig. 2.4 Experimental data represented
by use of the mean particle diameter
based on definition (2.8)

18



This is interpreted as implying that if one point

(m,s2) is given, as by sampling the particles, one
experimental value Y(m,s?) will be given. If the

mean particle diameter is given in accordance with
definition (2.8), it is given by the equation;

D, = vy (¥(ms?) =y (¥(m,s?)) (2.14)
So, Bp = const. gives a curve in a (m, s?)-space, and
from the definition, the experimental values Y (m,s?)

on this curve are constant, that is;
Y(m,s?) = y(ﬁp) = const. (2.15)

From the above discussion, it may be concluded that
the experimental values Y(m,s?) have a constant
value y(Bp) on this mean particle diameter Bp(cf.
Fig. 2.3). This is applicable when the experimental
values are studied using the mean particle diameter
(cf. Fig. 2.4). On the other hand, any mean particle
diameter that is defined other than by Eg. (2.8) has
no such characteristic property as mentioned above.
Such mean diameters will be discussed briefly here.
Generally any one of these mean particle diameters
may be formulated with a certain function y(m,s?) as

follows;

y ' (Y(m,s%))/ ¥(m,s?)
(2.16)

D_ = 5p/ P (m,s?)

19



Therefore,

Y(m,s?) = y( w(m,sz)'ﬁp ) (2.17)

The above equation means that 5; = const. cannot
give a constant experimental value. I? other words,
the experimental values on the curve Dp= const. vary
with each (m,s?). Fig. 2.3 shows the general idea.
Note that if a wrong mean particle diameter is used,
the values obtained, even from the most careful ex-
periments, will turn out to scatter as shown in Fig.
2.5. Without any data as to (m,s?), scarcely any
satisfactory results may be obtained from the ex-
periments. The following example will help to make
the above discussion clear. A random sampling is
carried out from log-normal distributed particles
(cf. §2.3-3). Then an experiment is made on the
process to conform to the equation;

e

= KD? 2.18
y b ( )

The mean particle diameter to conform to definition
(2.8) is;

vy 1Y) = /T;mKD;f(°’(lnDp

D
P

Il

m,sz)dlnDp/K

14

Il

exp (m+s?) (2.19)
(for Q1 shown in Fig. 2.8, Ep = 57.4 microns)

The experimental value Y(m,s?) is expressed as;
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Fig.2.7

The length mean particle
diameter and the experi-
mental data in the
(s?, m,Y/K)-space



Y(m,s?) = K T p2eeod 2y = KD?2
(m,s°) Lo s (lnDp,m,s ) dlnDp KD

(2.20)
(for Q1, Y/K = 3295 microns? )

If Bp = const., the experimental values Y (m,s?)
have a constant value KE;, independently of the value
(m,s?), and are correctly represented by Eg. (2.18).
Such a process as discussed above is shown in Fig.
2.6. On the other hand, if some other mean particle
diameter, for example, the length mean diameter;

_ - €0)

B = f D¥f (InD_,m,s?)d1lnD_ = exp (m+s2/2)

© P p p
(2.21)
(for 01, 5; = 54 microns)

is used, the relation between 5; and ﬁp is as

follows:;

P

D

exp (m+s?)exp (-s2/2) = ﬁp/exp(sz/Z)
(2.22)
Y(m,s?) used in the general discussion is exp(s?/2).

From Eq. (2.17) or Egs. (2.20) and (2.22), the

following equation is ocbtained.

Y(m,s?) = y( w(m,sz)ﬁé) = K {w(m,sz)ﬁé}2

]
K-exp(s?)D 2
p(s®) "

1l

2.2



&F,

|
Y(m,s?) /K = Dp2 exp (s?) (2.23)
This is shown in Fig. 2.7. As shown in Fig. 2.8, the
.}
results represented by Dp vary with the variance s?.

Therefore, even if the length-mean particle diameter
1

Dp is constant, the experimental values will scatter
through the variance of powders. 1In general, this
scatter has a bias. 1In this example, the experimen-
tal values are always larger than K-D; when 5; is
used. In Fig. 2.8, corresponding experimental values
for the kinds of powder often used in experiments
are indicated by the designated symbols. These
powders have fairly small variances. However, the
results show'about 10 % error. When 5p50 is used
instead of Dp , the results become worse, and the
errors are 20 % or more.

It is most important in determining the mean
particle diameters term by term (cf. 82.2-4) that
the experimental value is compared with another only
at the point where all the mean particle diametergsg(g)
coincide with one another. When the process variable
is expressed in more than two terms, therefore, it is
better to deal with the data using both the mean and
the variance. Note that even in such a case, when
the graphical method is introduced (cf 82.2-5), it is
adequate to study the data with the mean particle
diameter or with its characteristic parameter g(ﬁp).

From the above discussion it is clear that to
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Experimental value

I~

U
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I G2
0 = |
0 50 100 150
Dp ( microns )
Fig.2.8 Experimental data represented by use of

other mean particle diameters than the
correct one - e.g.; the Tength mean
diameter
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use a properly defined mean particle diameter is very
important, not only to study the various experimental
values systematically but to attain satisfactory

results with little scattering in the data.

2.3-2 Comments on the use of mean particle diameter

The mean diameter being defined by the linear
estimate, the process variable estimated using the
mean diameter is a linear part of the variable. The
non-linear part of it, therefore, has to be discussed
separately from the linear part.

Especially in the case where the process
variable depends both on the feed and on the product
particles, careful consideration must be taken on
the linear estimate. When the mean diameters defined
term by term are used, the linear estimate is given

by the equation;

Yy =25 fmi T3 ¥Pomi, Popy !

(2.24)

where the suffixes F and P refer to the feed and the
product, respectively. Therefore, the effects of
the overlapping of the two frequency distributions
are left out of consideration here. In the case
where each particle of the product cannot be larger

than it was before passing through the process,
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= . £y E @)Y Cpr) Ppp)’
Dy (F)<Dy, (p)

must be subtracted from the estimate.

given by the equation;

Y=y 2 Ty Y Py

D )<D

p(F p(P)

Then Y is

Dp(P)) + v

(2.28)

Conversely, when the term "larger than" is replaced

with "smaller than" the summation should be carried

out on D > D

p(F) p(P)’

2.3-3 Log-normal particle size distribution

It is convenient to make use of the log-normal

particle size distribution;

(1nDy

f(1nD ,02%2) =
( p,u )

N

1
V2mo?

where,

= [71nD f(1nD 2 =
u I = ( p,u,o )dlnDp 1nD

26
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[, (1nD, - ) 2 f(lnDp,u,cz)dlnDp (2.28)

g = 1 1n (2.29)

nDy (84.19) Dy (50%)

(0) - (a)

Then, the relation between y and y is as

follows;
7 (u,02) = 120 )02 ) (1nD_,u,02)d1nD_/
~eo¥ 12p 7 Pp p p
{:D;f(°) (1nD,u,0%)dLnD,

— = (0) 2 )
= D )f , )

LY ( p) (1nDp u+ac?,o )dlnDp
= 30 (u+as?,02?) (2.30)

That is, if the estimate is made on the count basis,
the estimate on some other basis can be calculated
with this equation. In more general form, Eqg. (2.30)

reads
7@ 02y = $®) (1 + (a-b)o?,0?) (2.31)

If the estimate is made on any one of the bases
therefore, the estimate on another basis can be
calculated with this equation. Figures, too, may
be of use in the transformation (cf. Fig. 2.9).
Let us take the process of terminal velocity for

example. TIf the fact that the particles are of
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Dp(SO%) =5 (W), Dp(84.l%) = 8 (u), and pp = 3

(g/cm?®) is known, one may obtain p= 1nD

p(50%)
1.61, and ¢ = lnDp(84.l%) - lnDp(SO%) = 0.47. Now,
the Stokes' law, v, = {g(pp_pa)/18ua}D§ is applica-

ble. This equation corresponds to the process
variable y. Then on the count basis, one may have;

_ glp_—p0,)
v(g) =223 o2 e(0)gynp
181 P
glp —p.)
= __E___E_exp (2“4—20‘2) (2.32)
18u
a

On the other hand, applying Eg. (2.31) to (2.32),

Gés) (on the mass basis) will be

g(p_-p.)
3) = __uexp {2 (u+302%) + 20%} (2.33)

1811a

From ny = 0.00018 (g/cm sec) and Py = 0.0012 {g/em?),

5(2) and Gés) will be 0.35 (cm/sec) and 1.33 (cm/sec)
respectively. The difference between these two
values is due to the fact that they are not on the
same basis. For comparison , the calculated mean
particle diameters are 6.24 (u) on the count basis,
and 12.1 (u) on the mass basis. If Géo) and Gés)
are calculated using these values, it is found that
they coincide with the above mentioned values 0.35

and 1.33 respectively.
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2.4 Exapmles

n
2.4-1 y = 1?131 ang& (cf. §2.2-4)

One may have Y4) = Kj Dgéby inspection, therefore

= _ /ol} 5 — . R
Y3y = ) /R and vy = Ky Ly fiPps

Then Eg. (2.10) reads

= : fous oy Vo
D_,. . Z.f, .Yk Y% = ( rep%) O
p(3) (KJ lfl pL/ ]) ( D ) '

J Ly 25 3, sssvnsimwsadsn n (2.34)

2,4~2 ny = L + Dp/d—l/(l + Dp/d) (cf. 82.2-4)

As the first term is a constant, it is omitted for

now, then y(l) = Dp/d and y(z) = -1/(1 + Dp/d),
therefore
yio.=d-y 7 = I f. D_./d o= —d(1+1/ )
(1) (1) "4 (1) § i PpifCr Y2 Y(2)
and
Y ()= " Z{fi/(l + Dpi/d)}

From Egq. (2.10), we have
D = ) , -
p(1) d Zfl Dpl/d T po,
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B =-a{1+—"f y-_1 _4 (2.35
p(2) £
: f
5 i z
Dos d+D
1+ B P
d
Here, Bp(l) = Zpo is the length mean diameter, but

Dp(2) has never been taken into consideration before.

2.4-3 Example of six particles (cf §2.2-5)

In this section the graphical method (cf. §
2.2-5) will be explained in a less abstract way.
Here the six particles (cf. §2.2-1) will be dealt
with again. Now put vpa/ua = 10, and Dpl = 1 and

Dp2 = 2, and one may have Rel = 10 and Re2 = 20.
On the assumption that the process variable y is
obtained as in Fig. 2.10, ﬁe(o) = 11 and §é3) - 15

are found from the figure. They were represented
as g in §2.2-5. It is found that R, = Dp Vo /Uy
and then g ' (g) = uaﬁe/Vpa. It follows that

Bé°) = 1lu_/vp_ = 1.1, and Béa) = 15 u_/vp_ = 1.5.
These results are interpreted to mean that the
estimates of this process are 20 on the count basis
and 27 on the mass basis, and the mean diameters of
the particles (six particles) are 1.1 on the count
basis and 1.5 on the mass basis. Experimental
values for this process may be plotted at the point
of mean diameter 1.1 on the count basis and 1.5 on

the mass basis, and they may be compared with the
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estimates on their respective bases. A comparison
such as described above is the most systematic and

proper way to deal with experimental and estimated
values.

2.4-4 Application to other physical processes

The procedure discussed in this chapter may
be extended to other physical processes. The con-
clusions reached when this is done are listed in
Table 2.2, should have wide application. They wer
obtained through the method described in §2.2-3 an
§2.2-4. To use these mean diameters effectively,
must be kept in mind that they may be used to ex-
press the quantities in the left hand side of the
equations in column 2, but not to express other
quantities such as the square of them, a function

them, and so on.

2.5 Conclusion

The mean particle diameter is defined as
y'1(§), where y-1 is an inverse function of the
mono-disperse particulate process variable and ¥
a linear estimate of the poly-disperse particulate
process variable. When the mean particle diameter
determined using the definition have the same
values, the linear parts of the process variable

also have the same values even if the parameters
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- e.g. mean and variance - are not the same. If the
experimental data are studied by use of this mean
particle diameter; therefore, no scattering in the
data due to the wrong use of the mean particle dia-
meter is observed. On the other hand, use of other
mean particle diameter will lead to unsatisfactory
results with scattering in the data. Thus, the
various experimental data may be systematically
studied only by use of the proposed definition.
Futhermore, when the size distribution is log-normal

in form, it is found that the linear estimate on the

uw "

a" basis with the mean u is the same as on the "b"
basis with the mean p + (a - b)o?, where 02is the
variance. As is clear from this fact, the determi-
nation of the mean particle diameter is much simpli-

fied.

Nomenclature

Dp particle diameter

£ particle size distribution

g(Dp) characteristic parameter of the
particle diameter

m sample mean particle diameter

S sample standard deviation

s experimental value

y process variable

§ linear estimation

B basis number (8 = 0 for the count
basis, and 8 = 3 for the mass basis)
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Y (m,s?) interaction term, Eq. (2.2)

1)

2)

3)

population mean particle diameter
viscosity of air
density of air

population standard deviation

certain function of m and s?, Eg. (2.16)
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CHAPTER 3

. SCATTER OF EXPERIMENTAL DATA
DUE TO PARTICLE SIZE DISTRIBUTION

3.1 Introduction

One of the most important subjects in the study
of particulate process is why the experimental data
obtained for the process scatter more widely than in
other processes. With regard to this matter, it has
been said that the scatter may arise from agglom-
eration, adhesion, and some other causes. But there
has never been any explanation that satisfactorily
accounts for the cause.

It is sure that such complicated phenomena as
agglomeration, adhesion, and others may be some of
the causes of the scatter. More fundamentally, how-
ever, the scatter might be attributed to the size
distribution of the particles.

Another cause of the scatter is that the mean
particle diameter is often determined rather care-
lessly. The results scatter, if studied by use of
an incorrect mean particle diameter. This is not
scatter in the ordinary sense. No curve fitted to
these data by various curve-fitting methods re-
presents the properties of the process.

In this study the undesirable scatter due to

wrong use of the mean particle diameter is eliminated
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by use of the correct mean particle diameter.
Another sort of scatter due to the size distribution
is theoretically discussed. The scatter caused by
the size distribution will be found negligibly small
if the size distribution of sample particles is
obtained for each experiment. Usually, however,
only the size distribution of population particles
is obtained. Consequently, the theoretical value

of a process variable can be estimated by use of

the population parameters (the mean and the variance,
for example). It is expected, therefore, that the
data will scatter around the estimate (the theore-
tical value). Practically, as will be discussed in
this chapter, there is some bias. It will be
negligible, however, if the sample size is fairly
large in number.

One of the most interesting problems here is
how many particles should be sampled to attain
satisfactory results. Generally, the approach to
the problem is very difficult. The following dis-
cussion is, therefore, based upon the assumptions
that the particle size distribution is log normal,
and that the interaction between particles is
negligible. Then the experimental value Y(m,s?) of

prccess variable is given by;
Y(m, s?) = y(m, s?) (3.1)

where y is a linear estimate.
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3.2 Distribution of the Sample Mean Particle
Diameter

A simple but most important process may be
written in the form;

y = KDY £3:2)

where K, o : const. # 0
This chapter deals only with the process represented
by the above equation. If the distribution of sample
mean particle diameter is obtained, the distribution
of experimental data is known from the relation;
-

¥ = Ry (3.3)
For this process, the population mean particle dia-
meter on B-basis (for the count basis, B = 0 and for

1)

the mass basis, B = 3) is given by the equation .

Dé:y-l(Y) ( ) 1/0"
B o 0 2
_J1 Kpo Dp f(lnDp, u ; O )dlnDp
¢ /P £(1nD (°)  52y41nD
p pl U 7 p
5 exp.(u(o) + co?) = exp. ( u(B) + %02)
(3.4)
where ¢ = B8 + o/2, and u(°)+ Bo?= U(B) (3.5)

and u(0)

number distribution of the population and o? is its

is the logarithmic mean diameter for the
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variance;

i K94

P lnDpso

[ee]

{2 nD_-£(1nD_, 1) 52ya1np

On the other hand, the mean particle diameter of

the random sample of size n is shown by;

Bp = exp(m + cs?) (3.6)
_ 2
where m = E—E%EP—— and s2 = = (1nDy o) (3.7)
’ n

It may be assumed that the sample size n is

sufficiently large. Then, by statistical theory6),

x? = (n/c?)s? follows a normal distribution with the
mean Vv = n - 1 and the variance 2 v. Therefore, the

simultaneous distribution ¢ (m, s?) of m and s? is

given by;
d(m, s?) = —2— [ Boexp) B (my 7))z
g3v/2m N 2v L 202
- 1 mgel yy2) (3.8)
4v ¢? J

The subject of this section is to seek the distri-
bution of the mean particle diameter. It is found
from Egq. (3.6) that the equation Bp = const. gives
a curve in (m, s?)-space. Now for the sake of
simplicity, the natural logarithm of the mean

particle diameter, lnﬁp, is used instead of Bp. Then
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the distribution of lnﬁp can be obtained if the simul-
taneous distribution of m and s? is rewritten for
that of 1n5p and s®. This will be shown in the
following paragraph.

First of all, from Eg. (3.6), the following
equation is obtained.

dlnﬁp = dm + cd(s?) (3.9)
Therefore,

d(s?)dm

d(s?)M\dm = d(s2)Ad1n5p - cd(s?)Nd(s?)

d(sz)Adlnﬁp (3.10)

where symbol d(s?)Adm denotes the outer product of
d(s?) and dm. From Eq. (3.10), the simultaneous

distribution may be rewritten as follows.

o oo}

1 =17 { ¢(m, s?)d(s?)dm

<o

— ® 5 - 2 2 2 A
= [w{'{ ¢(InD, - cs?, s®)d(s )} dlnD, (3.11)

(here symbol Ais omitted as usual). If a certain

function f(lnﬁp) is defined by;
b~ - = _ _ ] ) 5
f(lnDp) z { ¢(lnDp eg?, 82)d{(s?) (3.12)
it is evident that the function f(lnﬁp) satisfies

the condition;
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“f£(1nD )dlnD = 1 3.13)
f_w(np)np (

Therefore, it represents the distribution of lnﬁp
The above simple and definite method is the
first developed to obtain the distribution of lnﬁp,
as far as the author knows. And it is the basis
of the whole theory in this chapter.
Before proceeding with the problem of determin-
ing the distribution, it may be convenient to

introduce a dimensionless quantity k by the equation;

=D _/D’ .14

K p/ o (3.14)
Then, Egq. (3.13) is rewritten as;

[o £(lnk + lnﬁé)dan = 1 (3.15)

That is, the distribution f is also the distribution
of 1lnk, which is denoted by fan,
namely;

fan = f(lnk + lnDp)

If k= 1, the mean particle diameter of the sample

coincides with that of the population. This fact
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shows that the experimental value coincides with
the theoretical value. This will be discussed in
detail in the next section. It is better to use
the distribution faninstead of f(lnﬁp) when
comparing the experimental results with the theore-
tical.

Now the distribution fan
carrying out the integration of Eg. (3.12) as follows;

can be obtained by

_y?
fan = — /?____“_-e 2.0(z2)
ov2m V/2c?0%+ 1
2 1
where, ¥ vn(lnk + co?/n)
ov2c?0?% + 1 ;
/A ir(:a 16)
n .
z ¥ - (2clnk + 2c?cg? + 1)!
/5f2c202 + 1) :
!
_z2? j
and d(z) = 1 [Ze 2 dz ; w=n J
2T

(see also Appendix A)
This sampling distribution shows the bias,
Bé{exp(—coz/n) - 1}, which has been studied by

other workersz’3’4)

, only numerically.
Equation (3.16) will prove useful when the
problem "how many particles should be sampled in an

experiment” is discussed.
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3.3 Number of Particles Required in an Experiment

The distribution of experimental value Y is
obtained by use of the distribution £, . If b'a
denotes Y(u(o), 0%), ratio A of Y(m, s?) to Y 1is

related to k by the following equation.

>
I

* = B A% = g% 17
Y/Y (Dp/Dp) K (3 )

For a certain function fln therefore, the follow-

)\I
ing equation is set up.

flnk d 1lnx = o flnk d lnk

So, if the function flnkis defined by;

£105 = £1,,./0 = £(Ink/o + lnﬁé)/a (3.18)

it satisfies the relation;

[ £1.,d 1k =1 (3.19)

Therefore, flnx represents the distribution of ln).
By use of the above distribution, the proba-
bility P( tel < §) that experimental data may be

in the range of relative error -8 to +8§ , is
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obtained.
The relative error is defined as

= 1 {2.20)

Therefore, the probability P(ie1< §) can be

evaluated as follows;

I+ 8
In¢148) [
P(ileig §) = flnk d 1ln) = fan d lnk
i
In¢1- &) Indi-6)

{3:21)

When studying the problem "how many particles should
be sampled to get a satisfactory result", the follow-

ing assumption is acceptable.

(3.22)

1ol

It may be assumed that n is larger than 50. Then

from Eq. (3.16) it can be shown for the whole range

of lnk that (cf. Appendix B);

- 2 =
z > {/2c26% + 1 - 28 _ve }-//E (3.23)
ol V2c? o2+ 1 4
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However from Eq. (3.22), the following relation can
be obtained;

2 w2
+
§ & g < 2cc0 1

la| 2/c?

And therefore;

26/a2

<< Y2c?c? + 1
o2c?0? + 1

Then Eq. (3.23) reads;

z > V/2c?0c? +1 -/

T
1

- Y

N B
\V4
(O]

Therefore, ¢ (z) % 1.

This simplifies Eg. (3.21) as ‘follows.

s S/ 0‘502
P o~ L L ’ e 2 dlnk
ov2c?0? + 1 Vo 8/ o
1 - e _p? p?
= 2 de - e - 1?7
e e dpn  ezdp - ez dp)
=1-20 ( -|u]) (3.24)
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where,

u = /n § (3:25)

ac V2c?0? + 1

Another expression of Eq.(3,24) is;

o( -|u]) =_1_§_P__ (3.26)

If P is given, u can be obtained from the
above equation, and the number of particles n is
determined from Eqg. (3.25). "n" thus given is
defined as "the number of particles regquired" and
denoted by n,. Then from Eq. (3.25);

log n, = - 2 logd + logw (3.27)
where,
w = u? a? o? (2¢? g% + 1) (3.28)

(see also Fig. 3.4)
Parameter w is given numerically, if the probability

P is assigned and the variance c?of the population-
particles, the exponent o of the process variable,
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and the basis number B of the experiment are known.
Practical use of this equation will be shown in
§ 3.4.

3.4 Example

Following example will be of help in understand-
ing of the theory developed in the previous section.

Example;
particle size Dp(50%)=5[u], Dp(84.13%)=8[u]
parameters u(°)=l.61(ug="éXpu(°)=5[u] )
0%2=0.2209 (0=0.47, 0= expo=1.6)
process variable y=KD§ (0=2) (3.29)

Eg. (3.29) represents a process that follows
Stokes' law. From Eqg.(3.4) the population-mean
particle diameter ﬁé is given by;

Bé = exp(l.61 + 0.2209:c) (3.30)
Basis-numbers 'B' for the count and the mass are 0
and 3, respectively. The exponent a is 2, and

Eq. (3.5) gives;

(0)

c = 1, and c

(3) _ 4
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(0)

denoting c on the count basis and c(s), on the
mass basis. From Eq.(3.30), therefore, the popu-
lation-mean particle diameters are 5'(0) = 6.24 [u]
and Bé(a) = 12.1 [u]. On the other ﬁand, from

Eq. (3.6) the sample-mean particle diameters are

given by;

Béo) = exp(m + s?) and 5;3) = exp(m + 4s?)

Therefore,

(o) _ exp (m + s?) (3) _ exp (m + 4s?)
6.24 1251
The distribution fan for the count and the

mass bases can be obtained as shown in Figs. 3.1 and
3.2, respectively. P(|e|] < 0.05), which is the pro-
bability that the experimental data may be in the
relative error +5%, increases as the sample size n
becomes larger. This is shown in Fig. 3.3.

The number of particles required in the experi-
ment can be determined for the given requirement
that p% of data should be in the region of relative
error + g%, where p and g are given numerically. In
this example, the parameters w on the count and the
mass bases respectively are given as functions of u

as follows:

st 1,27 and wb ¥ = 7. 139? (3.31)
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When 95% of the data is reguired to be in the region
of the relative error +g% (where g is arbitrary).

for example, u = 1.96 ffom Eg.(3.26). In this case
Eq. (3.31) gives w(o) = 4.87 and w(s) = 27.4, as shown
in Fig.3.4. From the figure or from Eq. (3.27), "the
number of particles required" is determined as
follows;

n, (0) (95%, +10%)=487, n, (*) (958, f10%)=2,740,

n, () (953, +5%)=1,900, n, (*) (958, +5%)=11,000,

e 0 6 9 0 0 8 6 6 0 o 7 e 6 8 9 8 6 6 ¢ 0 0 0 ¢ ¢

where n*(s) (p%, *g%) denotes the number of particles
required in B-basis experiment when the requirement
is that p% of data should be in the region of rela-
tive error +g%. For any probability P, n, will be
obtained in the same manner. Just for reference,
n,(95%, +5%) is rewritten in terms of weight as

specific gravity pp = 2 g/cm3 as shown in Table 3.1.

Table 3.1. Weight of particles required in
the experiment (cf.Example in §3.4)

P(le| < 0.05) = 0.95, o4 = 1.6
7%f(°)D§ *) Count basis Mass basis
1 micron 2x10 ° mg 1.2x10°° mg
10 micron 2}(10—3 mg 1.2x10"° mg
100 micron 2 mg 12 mg
1 mm 2 g 12 g
1l cm 2 kg 1.2 kg

; 50 wt% diameter
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It is found from Fig. 3.4 that if 50,000 parti-
cles are used, 95% of the data will be in the region
of relative error 1% on the count basis, and +2.5%

on the mass basis.

3.5 Discussion

The first discussion concerns the number of
particles that should be sampled to attain satis-
factory results. Eg-.(3.27) gives a part of the
solution of this problem. The number of particles
required is graphically shown in Fig.3.4, in which
w 1s the only parameter. The figure shows that the
number of particles required, n,, increases with the
value of w and at the same time the scatter of the
data also increases. These facts suggest that the
parameter w shows the amount of scatter. It is given
by Eqg.(3.28). From the equation it is known that the
scatter of data increases as the exponent 'a',
variance 'c?' or basis number 'B' increases. In the

(2) (0)

previous example w was larger than w Compari-
son between Figs. 3.1 and 3.2 shows that the scatter
of the data in Fig.3.2 is wider than in Fig.3.1.

The parameter w is in direct proportion to u?
as shown in Eqg. (3.28) or (3.31). And u increases
with P. Consequently, the parameter w increases if
more of the data are included in the given range of
error. This fact suggests that the scatter increases
relatively to the given range of error, and that u

shows the amount of scatter relative to the range.
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From the above discussion it is found that the
scatter of data is related to the standard geometric
deviation Gg’ experimental basis -count or mass -(re-
presented by parameter B), and the exponent o which
represents the process itself.

The results described above are quantitatively
applicable only when the log-normal distribution is
valid, but qualitatively they may apply when other
distributions are used.

Our next discussion is about whether the various
assumptions given in deriving Eq. (3.27) are appro-
priate or not. The extent of application of the
equation will also be discussed.

One of the assumptions is that sample size n is
larger than 50. From the fact that particles with
sample size of less than 1,000 are very rarely used
in the usual experiments, this assumption is accept-
able. When the sample size is small and the standard
geometric deviation is larger than 2 for some reason,
however, special care should be taken. As shown in
Fig.3.2, there is some bias in the sampling distribu-
tion of 1lnk. Fortunately, whencq is smaller than
1.6 (0 < 0.6), or the dispersion exponent for Rosin-
Rammlar size distribution is larger than 2~3, in a
loose sense of the word, no special care is required
about such bias. Outside of the above-mentioned
range, the number of particles required is larger
than n, which is determined by the method developed
in this chapter.

The next assumption given in deriving Eq. (3.27)
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is that §/|a|<<o. This assumption is easy to use, for
it is independent of parameter 3. However, it is not
always necessary, because sample size n is much
larger than 50. In short, the condition that para-
meter z in Eq. (3.16) is larger than 5 is sufficient,
because the relation, ¢(z)= 1 is valid. If this
remark is taken into consideration, there will be no
ambiguity about the assumption.

Further discussion is concerned with the assump-
tion that the population follows the log-normal size
distribution. The log-normal size distribution has
various advantages which were revealed by Hatch and
Choate.s) In most cases, size distribution is skewed,
and it can be approximated by the log-normal distri-
bution, which is of practical use.

Only the process that is represented by Eg. (3.2)
has been studied in this chapter, but this equation
can be used to represent other processes locally.

The application of Eg.(3.27) to other processes will
be therefore very interesting. The study of this
possibility will be the subject of future work.

From the example in §3.4, it may be said that
the error due only to the size distribution is not so
large as we usually experience. However, data with
a little error are sometimes obtained when particles
that have high fluidity are concerned. In such a
case the theory developed in this chapter applies
well and Eqg.(3.27) is useful in examining the data.

In the process where fine particles are dealt with,

adhesion and agglomeration may be the principal
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causes. They may bring about some change in the
"effective" mean particle diameter in the process.
Also, the particles may interact with each other.
Further investigation into these problems is

necessary.

3.6 Conclusion

In the particulate process that can be expressed
by the equation y = KD;, the scatter of data caused
by the size distribution increases as the standard
geometric deviation 'og' (= expo) of population-
particles, parameter "B" representing the experi-
mental basis, and exponent 'a' representing the
process itself, increase.

The number of particles required to get a
certain per cent of the data in a certain range of
error changes depending on the amount of scatter.
And the number of particles required increases as
the scatter increases. At the same time the number
increases relatively to the magnitude of error re-
quired in the experiment. This can be represented
by use of parameter u. When u increases, the number
increases, too. If the log-normal size distribution
is valid, all of these facts can be expressed by
Eg.(3.27) with only one parameter w= u?a?c?(2c?0? +1).
It is possible to use this equation in calculating
the number of particles required in the experiment,

and also in estimating the error when the number of
particles is given.
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Appendix
[A] Sampling distribution of mean particle diameter

In the general case, simultaneous distribution

is given by6)
n-1 n-3
n (0), 2 n 2 2 n .2
== (4'"-m) ( 5) 2, ~5—7s
6 (m,s2) = 2B ¢ 20 2 (g—ﬂ -e20
ov2m 527 (B=1y o2
2
(Pe=1)

If n is odd, and can be written n = 2k + 1, k

1,2,....c0¢..., the above equation reads;
k -
/a B CEL LB ) oy 24s2)
2 2 i 84y 20
¢(m,s%) = —=—— 177 - ©
oy 2nT (k) ‘'Y
(A-2)
From Egs. (3.4) and (3.6), we have;
1nD = u(o) + ¢ o2 (A-3)
P
1nD_ = m + cs? (A-4)
P
b’ /B =1’ - m+ clo? -s?) (A-5)
P P
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Therefore,

g {(u -m)? + s?}
2=
n 2 n 2 _2y.2. DEZ 4
= ———(1lnk + co?) - —(1 - 2clnk - 2c’cg®)s®- 50T
2o 202
(A-6)
If we put;
a? - o} & (A=)
/n|c|

substituting Egs. (A-6) and (A-7) into Eq. (A-2), the
following equation is obtained, by use of Eqg. (3.12),
as the sampling distribution of lnk.

n

k+l -=——%(lnk+co?)?

_nT2 e 20 w k-1 -xt-7t2

£ = St e dt
16 gy K,k 0
o Y2me27 | e| T (k)
(A-8)
where,

% = /n (1 - 2clnk - 2c?g?) (A-9)

20| c|
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Eq. (A-8) can be rewritten by use of Weber's function

D_) (x) as;
2
E%l —Egr(an+C02)2 %—
£, = n e e” D_ (x) (A-10)
nK
g R o c|¥
[B] Derivation of Eq. (3.23)
From Eg.(3.16), we have
z EJ/ o (2¢ 1lnk + 2c?0? + 1) (B-1)
2(2c?0?+1)
The range of 1lnk is
In(l - ) < olnk < 1n(l + §) (B-2)
This can be approximated by
-8/lal s 1nk < §/]a (B-3)

Moreover, it can be assumed that c is positive,
because if ¢ is negative then the following deriva-

tion can be made over by reversing the order.
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When 1nk > 0, the value of z satisfies the following

relation, from Eg. (B-1);

z2/2c202+1/52‘- >/-r2—1 > 5 (o n > 50)

(B-4)

On the other hand, when -&/|a| < 1lnk < 0, we have

P 2
z > {V2c?%0% + 1 - 28/c } & {B-5)
|a|v2c?02 +1 2

This is Eg. (3.23).

Nomenclature

c B + /2, Ef. [3:5)

Dp particle diameter

ﬁp sample mean particle diameter

Bé population mean particle diameter
e relative error defined by Eq. (3.20)
f(lnﬁp) sampling distribution of lnﬁp
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1nk

Y(m, s?)

y(m, s?)

sampling distribution of lnk
constant, Eg. (3.2)

logarithmic mean diameter for a random

sample of size n (sample mean), Eg.(3.7)
sample size

number of particles required in an

experiment
probability that the experimental data

may be in the range of relative error
-5 to +¢

preassigned probability, [%]
preassigned relative error, [%]
sample standard deviation
/ns/{acv2c?0? + 1}
experimental value

process variable

linear estimate

n . (2clnk + 2c?0? + 1)
2(2c?0%+ 1)
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constant, in Eq. (3.2)

basis number (B = 0 for the count basis,

and B = 3 for the mass basis)
relative error

dimensionless mean particle diameter of
sample:
D_/D.
P/ p

Y/Y = k& , Eq.(3.17)

logarithmic mean diameter for the number
distribution of population (population

mean)

geometric mean particle diameter
= n = 1

specific gravity of particle
population standard deviation
standard geometric deviation
error function

_ /n(lnk + co?/n)
o/2c?0? + 1

simultaneous distribution of m and s?2
(n/v?)s?

u?020? (2c%0? + 1)
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PART II

FINAL CONTROL MEANS: POWDER FEEDERS

CHAPTER 4

EXPERIMENTAL STUDY ON THE CHARACTERISTICS

OF VARIOUS FEEDERS

4.1 Introduction

The applicability of several powder feeders to
the control system of a particulate process is ex-
amined in this chapter. Step responses of these
feeders are obtained experimentally, and discussed
briefly. Powder feeders used in the experiments are
a screw feeder, Vibra screw feeder, Flo-tron, and a
belt feeder. The mechanisms of these feeders will

be described in each section.

4.2 Apparatus and Experimental Methods

Fig.4.1 shows the apparatus for studying the
dynamic characteristics of the feeders. Mass flow
rate responses to step changes in the operating
variables were detected by a powder flow netert’2r3)

(Impact Line Flow Meter, which, as mentioned already,
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Fig.4.1 Schematic diagram of experimental

arrangement
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detects the horizontal component of the impact
force.). The detected signals were amplified and
recorded. The time constant of this system is
about 0.4 second.

The properties of the powder materials used in
this study are shown in Table 4.1. The angles of
repose shown in the table were measured by the

injection method using a 150 mm$ disc.

Table 4.1. Properties of the powder materials

mass median angle of bulk
materials diameter repose density
[microns] [degree] [g/cm3]

quartz sand

(No. 8) 68 38.1 1.23
ﬁiii%ﬁﬁaiii?o— 350 40.9 1.58
g:i:i%?igZTbo_ 7.5 38.0 0.541
SZiiiﬁhYle“e 3500 35.0 0.545

4.3 Screw Feeder

The screw feeder used is shown in Fig. 4.2.
Powder is extruded by a rotating screw. The operat-
ing variable of interest in this feeder is the

number of revolutions per unit time of the screw.
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Fig.4.2 Screw feeder
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‘pitch = 34mm )

Fig.4.3 Static character-
istics of a screw feeder

Fig.4.4 Step response of
a screw feeder

(quartz sand No.8)
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Fig. 4.3 shows the static characteristics of the
feeder. This figure indicates the fact that the
discharged mass flow rate is in proportion to the
rate of revolution of the screw in the range of this
experiment. The response of the mass flow rate
following a step change in the rate of revolution of
the screw is shown in Fig. 4.4. The dotted line in
this figure shows the results calculated by the
following equation.

3 2

0.66a3° ML) | 3 95@W(E) | o 4, IW(E) | gy
at?® dt? at

= 2.17N (4.1)

where W(t) is the mass flow rate, and N is the

number of revolution per second of the screw. This
equation represents a 3rd order time delay. As found
in Fig. 4.4, the detected mass flow rate fluctuates
periodically with fairly large amplitude. The period
of this oscillation corresponds to the time for one
revolution of the screw.

4.4 Vibra Screw Feeder

The Vibra Screw Feeder used is shown in Fig. 4.5.
Vibration is introduced at the hopper and the screw.

The screw of this feeder is helical. The operating
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Fig.4.5 Vibra screw feeder
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variable studied is the number of revolution per
unit time of the screw. Fig. 4.6 shows the static
characteristics of this feeder. The discharged
mass flow rates for coasely powdered calcium carbo-
nate and for guartz sand No. 8 are in proportion to
the number of revolution per second of the screw.
But this linear relationship between the mass flow
rate and the rate of revolution does not hold for
fine calcium carbonate powder. The mass median
diameters of the calcium carbonate used are 350 and
7.5 microns respectively. The response of the mass
flow rate following a step change in the rate of
revolution of the screw is shown in Fig. 4.7.
Oscillations in the mass flow rate are the resultant
of two components. One of the two arises from the
revolution of the screw itself, and the other, from
the vertical vibration applied to the rotating
screw. When the rate of revolution is small, the
amplitude of this oscillation is fairly large, but
it becomes smaller as the rate of revolution in-
creases. This may be attributable to the fact that
the screw is helical and its center axis is empty.
Under condition of large mass flow rate, powder can
flow through the central space. Therefore, the ef-
fect of the rate of revolution of the screw on the
oscillations in mass flow rate may be small, and
this is reflected in the fact that the amplitude

of the mass flow rate oscillation is also small.
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4.5 Flo-tron

The Flo-tron used in this experiment is shown
in Fig. 4.8. Powder is fluidized on the vibration
plate, and is discharged from the lower part. The
operating variable used for this feeder is the
applied voltage. Fig.4.9 shows the static charac-
teristics. The relation between the discharged
powder flow rate and the applied voltage is non-
linear. The response of the mass flow rate for a
step change in the applied voltage is shown in Fig.
4.10. This response has a time delay of first
order when the applied voltage is small. When
applied voltage is high, however, it becomes oscil-
latory. The discharged mass flow rate is very
sensible to the height of the powder in the hopper.
Therefore, it is necessary to control the powder
pressure in the hopper if constant feed properties
are to be obtained. Segregation of particles was

also observed.

4.6 Belt Feeder

Fig.4.1l shows the belt feeder. The operating
variables of interest in this feeder are belt speed
and gate opening. Fig. 4.12 shows the response of
mass flow rate to a step change in gate opening.

The response is proportional to the magnitude of the

change following step increases in the gate opening,
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Fig.4.11 Belt feeder
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but this is not so for step decreases of the gate
opening. This phenomena will be analysed in the
next section. The static characteristic will also

be predicted theoretically.

4.6-1 Analysis of the step response of the belt
feeder

Fig. 4.13 shows the shape of the powder bed on
the belt. ¢l is the angle at which powder is flow-
ing down from the belt. ¢2n.¢5 are angles of the
powder bed after crumbling. In general, the belt
speed is very low, (1.63 cm/sec in this experiment),
so the effect of speed on these angles is negligible.
Then, it is possible to put

¢l ~ ¢2 o WG " ¢5 = 9 (4,2)

Usually this angle ¢ is smaller than the angle of
repose. Now, assuming that the shape of the powder
bed is as shown in Fig.4.13, analysis for the step

response may be carried out as follows:

(i) When the gate is lowered

Fig.4.15 shows the shape of the powder bed when
the gate is lowered. The discharged mass flow rate,
W(t), is the mass per unit time which goes through
an imaginary plane inclined with angle ¢. This may
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Fig.4.14 Time axis embedded in

the belt feeder system
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t=0 c'
x=0 vt > x(t)
Fig.4.15 Shape of the powder bed
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Shape of the powder bed

Fig.4.16

(gate opening ; small - large)
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be read that the plane goes through the powder bed
in the opposite direction with the belt speed v, as
shown in Fig.4.15. Until the moving plane reaches
the position bb', the mass flow rate W is constant.
If the initial point of the time axis is taken at
b', the area S(t) of the moving plane at time t is
obtained from Figs.4.14 and 15 as follows:

{ B+ m(t)} 2(t) (4.3)

S(t) =
where,
Hl v
i(g) = sin ¢ 2 cos o e
and
m(t) = &(t)/tan o (4.5)

Therefore, Eg.(4.3) reads after some manipulation,

2 H.wv
s(t) = Y CLESNCE g - - bt
4 tan a cos?¢ 2 cos ¢ tanacos¢sing
H.B H.*®
1 il
+{ + } (4.6)
sin ¢ tan o sin? ¢
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And the step response W(t) is obtained as follows:

W(t) = s(t)pgvsin ¢
3 ' H
v tan¢ 3 B l 2
ZTanacose B’ £ - stang+—=—3%} v ppt
tanacoso
Hy
+{B * , }Hlva (4.7)
tanasing

(ii) When the gate is raised

Fig.4.16 shows the shape of the powder bed when
the gate is raised. The mass flow rate W is con-
stant before reaching the position A_y, and is also
constant after passing over the position A+0.
Therefore, the step response is proportional to the
gate opening.

In this treatment, the width of the powder bed
has been taken as constant as shown in Fig. 4.14.
This approximation is satisfactory under the ex-
perimental condition but in higher speed operation
it may be necessary to modify the width B and
height H.

4.6-2 Prediction of the step response detected by

weighing



In this section, the step response detected by
the weighing method is predicted. It is assumed
that the scale, such as load cell, weighs the mass
of the powder which is just on the scale. Following
the procedure in section 4.6-1, the mass is obtained
as a function of time t. Then the mass flow rate
detected by the scale can be predicted as a guotient
of the mass and s/v (= At), where s is a width of
the scale. The results are as follows:

Hs = H
(I) When s < T ¢ (8 g l)*
tan ¢
(I-1) For, 0 < t < s/v, (0 < T < S)*

Detected mass flow rate W(t) will be given by

H

= s liansauha &8 4 fok Ly ,og ¢2
W(t) 35tanqa v th + {EEBtan¢ + g—}v th
H 2Vp
1
+ BHlvpB + L B (4.9)
tang

(I-2) For, s/v < t < (H2 - Hl)/v tang, (S < T < 1)

*) dimensionless representation,

_ tan
S = E——_—g- sy T = B (4.8)
g = Hy = By
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W(t) = v3than¢-t2 + (B tan¢ + 2H; - s tan¢)v2th

H 2
_ B tan¢ 1 1 2
+ (BHl 5 s + Tang His + 3tang.s )VpB
(4.10)
Hs — H Hy = H
_ 1 2 1 . s
(I=3) For, amg S < VEams * v
(L<T<1+S§8)
1 81 _ B tany
W(t) = - —:,,—-s-tanqb-v”tha -+ (tan¢ T35 - ) )V3th2
BH i 2 Hy?
2 2 1
+{ — tang + 2H; s tang = Tand + B tan¢
BH
- 11,2
}V th
s
BH, H, - H H,-H :
1 2 1 B tan¢( 2 1
= 5 sjvog + T3 tan ¢ s} vog
H_~H H.* B —H vp
g 1 2 1 _"B
- Btan¢ ( tané + s)veg * tang {tan s ¥ S} S
Hyvpy H,-H g H,~H
1VPB 1 _ 21
*sleams t o) - Pveslemg v )
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H, - H.y°
tan¢ { 2 l} 1 .
+ Is VpB San d) + 3 tan ¢ S

2 2 il 2{ 2 l} B
T s VPB { tan ¢ } By tan ¢ s SIS
Hy = 8y
(II) When s > = § ¢ (s > 1)
By = Hy
(I1-1) For, 0 < t < —— , (0 < T < 1)
v tan ¢
Mass flow rate W(t) is given by Eqg. (4.9)
H, = H
2 1 S
(II-2) For, T TEn g S t < S (L < T < 8)
H, + H Vet
wie) ={2—++ 8} —2 + BHyvp,
tan ¢ S
H,%vp H, - H, _ Bvp
# L B 4 ) l} B . (H, - H,)
tan ¢ tan ¢
H - H N p g_ 2
4+ 2 1 B (H 2= H,?)
tan ¢ s tan ¢
2
, B tan¢{-H2 Hl} I HleB‘{HZ Hl}z
2 s tan ¢ B S tan ¢



H., - H.,®
tan Q 2 l}
+ 3s VpB { tan ¢ (4.12)

(II=3) Por, % <t < = 4+

<l

r (SSTSl +3)

Mass flow rate W(t) is given by Eg-(4.11).

Whep h o= Hl' mass flow rate Wl is predicted by
the equation:

1
i

W, = (B + H, / tan ¢) & (4.13)

1VPp

For h = H the mass flow rate is

2’

W2 = (B + H2 / tan ¢) H (4.14)

2Vey

Then, the dimensionless expression will be given by
the following equation:

\

w(t) - Wy
W] = —= (4.15)

Wy = Wy

4,6-3 Discussion of the belt feeder

The comparison between the theoretically pre-

dicted step responses and the experimental results
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is shown in Fig.4.12. When the gate is raised, the
experimental result shows a small delay. This

delay is attributable to the measuring system. When
the gate is lowered, it is found that the coincidence
between the experimental and predicted results is
very good.

Fig.4.17 shows the prediction of the step
responses detected by the weighing method. With
regard to the responses of a belt feeder, the pre-
vious studies dealt only with the dead time, or
distance-velocity lag. But from Fig.4.17, it can be
seen that the width of the scale causes a serious
delay in the detected responses. This fact must be
taken into consideration in the automatic control of
a particulate system.

Further discussion is concerned with the dead
time observed in the response. A powder bed may
crumble after a step change in the gate opening.

In which case the dead time does not equal L/v,
where L is the distance between the gate and the tip
of the belt, and v the belt velocity. The correct
dead time can be obtained through a geometrical
consideration allowing for the crumbling of the
powder bed. 1In this experiment, the difference
between the correct and the apparent dead times has
reached 5 seconds. Dead times of this order may
become significant in the automatic control of

multi-component mixing processes.
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4.7 Conclusion

The static and dynamic characteristics of a
screw feeder, Vibra-screw feeder, Flo-tron, and a
belt feeder have been studied experimentally. As
the result of this study, it is found that these
feeders have transfer lags in their dynamic chara-
cteristics. The gate-operated belt feeder has a
noticeable dead time. These dynamic characteristics
are not favorable for control purposes. The step
responses of the belt feeder have been analysed
theoretically with particular consideration of the
shape of the powder bed on the belt. It is also
shown that the weighing method for detecting the
powder discharge rate of the belt feeder has a
serious time delay in the response because of the
crumbling of the powder. This fact must be taken
into consideration in the automatic control of a
particulate process, such as a multi-component
mixing process.

Nomenclature
B width of the powder bed, Fig.4.14
H height of the powder bed
2(t) length shown in Fig.4.14
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m(t)

S(t)

w(t)

(W]

1)

2)

= &(t)/tano, length shown in Fig.4.14
number of revolution per unit time
area of the moving plane, Fig.4.15
width of a scale

time

belt speed

discharged mass flow rate
dimensionless expression of W(t)
angle, tana = tan¢/sin¢

bulk density of powder

angle, (¢ = ¢14~ ¢5), Pig.4.13
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CHAPTER 5

TABLE FEEDER

5.1 Introduction

A table feeder is generally used as a continuous

2) and

type powder feeder. Kuwai. et all), Toyama
Muchi et al3)

a table feeder. Kuwali et al examined the mechanics

studied the static characteristics of

of the feeding process. However the mechanism is
very complicated and has not been elucidated fully
yet. The effect of the table friction factor on the
discharge rate was studied by Toyama. This effect
may be avoidable if there is a gap between the table
and the scraper. Muchi et al were concerned with the
estimation of the discharge rate as a function of the
scraper position. These studies on the table feeder
were carried out only for very slow revolutions of
the table.

This chapter will be devoted to the static and
dynamic problems of the feeder over a rather wide
range of operation. The characteristics of the
feeder when the scraper is operated, and the chara-
cteristics when the number of revolution is varied,
will be discussed in §5.2 and §5.3, respectively-
§5.4 is concerned with the fluctuation of the dis-

charged mass flow rate which is observed by a flow
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meter. A detailed explanation of the step responses
observed when the scraper is operated, will be given
in §5.5. Further discussion about the relation be-
tween the dynamic characteristics and the powder pro-
perties will be given also.

5.2 Characteristics of the Discharge Rate when
regulated by the Scraper

5.2-1 Apparatus and experimental methods

The table feeder used in this study is shown
schematically in Fig.5.1l. The diameter of the table
is 23 cm. The distance between the lower end of the
hopper and the table (denoted by H, or called skirt
clearance) is adjustable. The radial distance of
the scraper from the center of the table (denoted by
R, or called scraper position) can also be varied
incrementally. Experiments were carried out for the
range of 4 cm < R < 9 cm, and 3 cm < H < 5 cm. The
effects of variation in the inserted angle of the
scraper were also investigated. The level of powder
in the hopper was maintained in the range where the
effects of varying level were negligible.

The apparatus used for studying the dynamic
characteristics of the feeder was described in §4.2.

The angular velocity of the table was maintained
constant at 4.62 radians per second throughout the
experiments. The properties of the powder materials
used in the experiments are summarized in Table 5.1.
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Table 5.1 Properties of the powder materials

particle mass
bulk angle of friction median
density repose factor diameter

Material pB[g/cm3] 7;[degree] u=tany;[——] [microns]

il 0.794 33.3 0.657 980
seed

and Mo.5  1.36 35.5 0.713 440
Quartz . 1.23 38.1 0.748 68
giigiﬁgte L. 58 40.9 0.865 350

5.2-2 Preliminary observations

When the feed table is turned, particles flow
down with helical trajectories out of the hopper,
but after travelling some distance they have the
trajectories of concentric circles. Particles out-
side the scraper are discharged from the feeder.
The inserted angle of the scraper is usually fixed,
however it was varied in the course of these ex-
Periments. When the angle is not zero, a dead zone
in the flow of particles is observed at the tip of
the scraper. The dead zone is unstable, and its

growth or disappearance may be observed. As the
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Fig.5.2 Effect of inserted angle
of scraper on mass flow
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dead zone grows it affects the mass flow rate as
if the scraper position R was smaller than the
actual R, which means that the mass flow rate be-
comes larger. Fig.5.2 shows the effect of the
inserted angle of the scraper on the discharged
mass flow rate, in the steady state. It can be
seen that the mass flow rate varies appreciably
with the inserted angle Y. For large R, the effect
of inserted angle is small, because the amount of
particles contributed by this effect is small.
However, the effect becomes more serious when R

is small. As mentioned above the dead zone is
unstable, and causes the deterioration of the con-
stant feed property of a table feeder. 1In this
regard, the scraper should be inserted tangentially
to a concentric circle, that is Y = 0. Then, the
dead zone disappears and constant feed properties
may be obtained.

5.2-3 sShape of the powder bed and the mass flow
rate

In this section, the shape of the powder bed on
the table will be represented by a theoretical equa-
tion. The discharged mass flow rate is also repre-
sented by an analytical equation, where the shape of
the powder bed is taken into consideration.

From the preliminary observations, it can be
said that a particle, just before reaching the
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scraper, moves in a concentric circle. Now the
equation representing the shape of the powder bed
can be obtained by giving consideration to the

forces acting on a particle. As shown in Fig.5.3,

hopper Fig.5.3 Forces acting
on a particle

frictional force

6(r, w) — centrifugal force

LS scraper
gravitational

force

these forces are gravitational, centrifugal, and
frictional. If the friction factor is denoted by
U, the following force balance equation can be

written:

mug cosf - murw?sin® = mrw’cos® + mg siné
(5.1)

This equation indicates that the angle 6 is a func-

tion of position r and angular velocity w. That is,
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_ 2
tan 6 (r, w) = £ (5.2)

g + prwz

When w = 0, this equation reduces to tan 6(r,0)= yu,
which means that the friction factor p is a tangent
of the angle of repose.

Now, from the definition of tan 6(r, w), the
following differential equation is also established.

2

%% - - Mg - T (5.3)
g + urwz

Integration of this equation under the condition:

gives us

y—Y-—{1+—}19—+—“—r—‘”—+l(r—R)
W ' g + pRw? u
(5.4)

which is the equation for representing the shape of
the powder bed. When R denotes the scraper position
and Y denotes the height of the powder bed at r = R,
the discharge rate W will be given by the following
equation.
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X Y
Ppuw ) ,
W= 55— {) mrdy - TRdy }
0 0

By use of Eq. (5.3), this equation can be rewritten
as follows:

=..p.]§._ j __9_‘_2‘2)dr_.YR} (5.5)
R

g * prid

In this equation, rp represents the maxXimum radius
of the powder bed, which can be obtained as r for
y = 0 in Eg. (5.4). Eg.(5.5) may be integrated to
yield

pBw 1 2
W= [+ D= (53) C(52) (m-®

3 2
1n & & Hrp®

g + usz

l/ g 2 _ p2 g
+ = (2 (¢ R)+(
2 (uwz) u uwz)

- 3_1%. (rpm® - R?}) - YR? ] (5.6)

This is the equation for predicting the mass flow
rate, where the shape of the powder bed is taken
into consideration.

Equation (5.6) may be rewritten as a dimension-

less expression as follows:
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pBU) R ua
14+ ZR,
3 M 4 &m
+ (73) 1 }_ R
H 1+ Uz 3u
(5:7)

Where Z is a centrifugal effect number (sz/g), and
Rp is the dimensionless maximum radius of the powder
bed ( rm/R).

5.2-4 Experimental results and discussion on “i -
shape of the powder bed and the discharce

mass flow rate

The shape of the powder bed was projected or-
screen by means of a beam of parallel light unde
steady state conditions. The projected profile was
transcribed onto rectilinear graph paper. These ex-
perimental profiles,6 are compared with the calculate’
ones in Fig.5.4, which shows satisfactory coincidenc=

Fig.5.5 compares the measured and predicted mass
flow rates. In this prediction, measured Y values
were used. If the shape of the powder bed is appro-

imated by a trapezium;
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y =Y - tan 6 « (r - R) (5.8)

then an approximate equation for mass flow rate may
be written as follows;

Pp¥  y2 Y

_ 1
W= 2 tan o (§ tan 6

+ R) (5.9)

where 6§ is a constant angle, but not the angle of
repose. Predicted results obtained using this equa-
tion are shown in Fig.5.6. From a comparison between
Fig.5.5 and Fig.5.6, it can be recognized that the:
shape of the powder bed must be taken into considera-
tion when the angular velocity w is large. Equation
(5.5) or (5.6) was examined under the condition of
w = constant for the purposes of this section, but
the subject will be discussed further in §5.3 with

varying angular velocity.
5.2-5 Dynamic characteristics and analysis

In accordance with the conclusions reached in
§5.2-2, the scraper was inserted tangentially to a
concentric circle, and was mounted so that it could

be moved successively from one position to another
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along a selected diameter of the table. A step
change in the position of the scraper produces a
change in the discharge rate, which is recorded
as shown in Fig.5.8. There are two types of res-
ponse according to the kind of powder material and
the operating conditions. These factors will be
discussed in detail in §5.5.

Fig.5.7 shows the approximate shape of the
powder bed after a step decrease in the position of

the scraper.

scraper

Fig.5.7 Shape of the powder bed
after a step change in
the position of the scraper

In this context the term decrease means that the
scraper blade is moved closer to the center of the
feed table. RAOG is a final section of the initial
bed. The mass flow rate at which the powder enters
the face ABCO is ’
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- 1
WO = T R (yo + '§ R tan 8) (5.10)

and the rate at which it leaves the face DEO is
Wyy = ﬁ% rp1° w tan 9 (5. 11)

where rp ., is the maximum radius OE. 1In addition,
powder flows down from the hopper at a flow rate
denoted by Wy, which may be equal to the mass flow
rate at the steady state. Now, from the material

balance, we have

* =
Hy® & Wy = Wgs (5.12)

Combining Egs. (5.10), (5.11) and (5.12), the max-
imum radius rp; is obtained as follows:

3 Yy 6 WH
rmp = RY/ 1 + + (5.13)

R tan 6 R3pBw tan 6

Therefore, when the table turns once, the height of

the powder bed at r = R is given by
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8 3y 6 W
R ('V{+ 0 4 —elis = 7] Ban B

R taneg R¥pow tand
(5.14)
Then, the height of the powder bed at r = R, at the

n-th revolution will be represented by the following

equation:

3 yn-l+ 6 WH

R tanb RspBw tan®

3
yn=R( 1+ —l)tane

{(B.15)

The mass flow rate corresponding to Y, may be ob-
tained from the following equation:

2

‘ Ppw Y Y
W B n 1 n

n - T2 tano (§ tan o T R) (5.16)

When Yo and Wy (= W) are given beforehand, the step

response can be predicted by Egs. (5.15) and (5.16).
The comparison;, between the experimental step res-

ponses and the predicted ones is shown in Fig.5.8.

Both the derivative and proportional tyo»e responses
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quartz sand No. 8
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Fig.5.8 Step responses of a table feeder
w=4.62 [rad/sec]

Theoretical line is obtained
by Eg.(5.15) and (5.16).
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are represented satisfactorily. The theoretical line
will be smoothed, if the crumbling of the powder bed
shown as AGED in Fig.5.7 is taken into consideration.

5.3 Characteristics of the Discharge Rate when
regulated by changing the Rotational Speed of

the Table
5.3-1 Apparatus and experimental methods

The table feeder used in this study is shown in
Fig.5.9. As described already, in accordance with
the results obtained in §5.2-2, the tip of the
scraper is inserted tangentially to a concentric
circle, and the blade mounted so that it moved
along a selected diameter of the table. 1In this
study, the scraper is fixed at several positions
corresponding to pre-selected values of R, and the
rotational speed of the table is varied in the
range of ¢y = 0~ 3 rad/sec. Responses to step
changes in the rate of revolution are obtained with
the apparatus shown in §4.2. The powder materials
used are quartz sand No.5, quartz sand No.8, glass
beads, and millet seeds. Their properties are shown
in Table 5.2.
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Fig. 5.9 Schematic diagram of
a table feeder
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Table 5.2 Properties of the powder materials

Bulk Angle of Mass
density repose median dia.
Material pB(g/cma) f, (degr) PESO(microns)
Queriz spnd 1.36 35,5 440
No. 5 ‘
Quartz sand 1.23 38.1 68
No. 8 :
Glass beads 1.47 24.0 438
Millet seeds 0.79 33.3 980

5.3-2 Static characteristics

A set of results showing the discharged mass
flow rate as a function of table velocity in the
steady state is shown in Fig.5.10. It is found that
the mass flow rate is in proportion to the angular
velocity w up to 1 rad/sec. Within this operating
range, the approximate equation (5.9) is applicable.
For the limit of the range, where the mass flow rate
is proportional to the angular velocity, the corre-
sponding centrifugal effect number Z is about 0.005.
As the dimensionless expression (5.7) for the mass
flow rate also contains the dimensionless maximum

radius Ry of the powder bed, the limit is also a
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function of Ry. However, the centrifugal effect
number can be used as an approximation of the limit.
In practice, the operating range of the table feeder
seems to be in this region.

On the other hand, the mass flow rate at higher
angular velocity (0.02 < Z) can be estimated by Egs.
(5.4) and (5.5). For rather low speed revolution,
(0.005 < 2 < 0.02), the shape of the powder bed out-
side the scraper may be approximated by a straight
line. Then Eg. (5.5) gives the following equation:

wY
6

)

W = (T*t+ ¥R = 2 R2) (5.17)

where ry can be obtained as r for v = 0 in Eq.(5.4).
The mass flow rate calculated by this equation is
represented by a solid line in Fig. 5.10. The dotted
line in the same figure shows a fesult calculated
using Eg.(5.9). It is recognized that Eq. (5.7) can
be used with fairly good accuracy when the angular
velocity w is smaller than 1 rad/sec (Z < 0.005).
However, for higher values of w this equation may
not be applied. Conversely, Eq.(5.17) is applicable
to rather high values of w(0.005 < Z < 0.02). The
lower accuracy of the estimation for samll R means
that the approximation for the shape of the powder
bed deteriorates due to the curvature in the shape
of the powder bed.

It is also found that the mass flow rate in-

creases exponentially in the range of w >2 rad/sec
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as shown in Fig.5.11. .

5.3-3 Dynamic characteristics

Responses of the discharged mass flow rate to
a step change in angular velocity of the table are
shown in Fig.5.12. It is found that the responses
are divided into two groups as in the case of
§5.2-5, and they are:

(1) Proportional type response (Fig.5.l12-a)
(2) Derivative type response (Fig.5.12-Db)

Proportional type responses are observed when the
scraper position R is small. Derivative type re-
sponses are observed at large R. When the angular
velocity of the table is decreased step wise, these
two types of responses are also observed. If the
shape of the powder bed does not vary due to the
step change, the bed height Y at the scraper does
not vary either, and step responses of the propor-
tional type are observed. However, a sﬁep increase
of the angular velocity brings about an expansion
of the powder bed. This expansion may arise from
the tangential force r|dw/dt|, which acts on the
powder bed in the reverse direction to that of re-
volution?) On the other hand, a step decrease of
the angular velocity acts so that the tangential
force on the powder bed is in the dire:tion of
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Fig.5.12 Step responses of a table feeder

(Rate of revolution was changed)
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revolution, and the powder bed shrinks. The effec-
tive time of this action may be very short. 1In this
short period of time, the shape of the powder bed
varies, and gradually tends to that of the steady
state. Expansion of the powder bed brings about an
- increase of the mass flow rate of the powder, and
the shrinkage brings about a decrease. Therefore,
the responses will be derivative in nature.

When the scraper position R is small, the ef-
fect of the force r|dw/dt|is also small. Apart
from this fact, the distance between the tip of the
scraper and the discharge part of the table is
large. Therefore, the response in this case is
made smoothly while the powder moves along the

scraper, and thus loses its derivative nature.

5.4 Fluctuation of the Mass Flow Rate

Periodic fluctuation of the discharged mass
flow rate as shown in Fig.5.12, was observed using
the Impact-Line flow meter. It is found that the
period coincides with that of revolution of the
table. This section discusses the cause of this
fluctuation and the relationship between the ampli-

tude and the rate of revolution of the table.

5.4-1 Cause of the fluctuation
To avoid complication, the Impact-Line flow
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meter and the motor drive were removed from the
system. The table was turned slowly by manual
operation, and the discharged powder was sampled
for each rotation of 60°. That is, six samples
were collected each revolution. The fluctuations
determined in this way are shown in Fig.5.13. The
lines in this figure indicate the sinusoidal nature
of the results. These preliminary data show that
the cause of the fluctuation is in the table feeder
itself. The observations concerning this fluctu-

ation are as follows:

[Summary of observations]

(1) The recorded mass flow rate can be approximated
by a sine curve whose period coincides with that of
the revolution of the table.

(2) The edge of the table makes a vertical-sinu-

soidal motion with amplitude of about 1 mm. The

horizontal motion is negligible. As a result of

this vertical oscillation, the gap between the table

and the scraper varies periodically, the period co-

inciding with that of the revolution of the table.
The observed behaviour could originate in a

number of ways. These are listed below.

[Possible causes]

(1) The connection between the table and the shaft

of revolution is not perpendicular.
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(ii) The shaft of revolution is not vertical
(iii) A combination of the above causes.

(iv) The center line of the hopper does not coincide
with that of the table.

(v) The center of the table makes a circular motion

because the shaft is bent slightly.

(vi) The center of the table makes a elliptical

motion.
(vii) The scraper is not horizontal.

(viii) The rotation of the motor drive has some

irregularity.

None of the postulated conditions (i), (ii),
(iv), (v) or (vii) causes fluctuation of the dis-'
charged mass flow rate in the steady state. 1In the
case of (vi) or (viii), the fluctuation will arise in
the steady state, but these situations conflict with
observations (1) and (2). Situation (iii), however,
may cause the fluctuation in steady state, and also
satisfies the observed facts. This may be explained
as follows. /

The powder bed shown in Fig.5.1l4-a, will turn
to Fig.5.14-b after a revolution of 180° of the
table. It is assumed that the table is horizontal
in Fig.5.l4-a, in which case angle o = %r and the
powder bed is stable. The dotted line in Fig.5.1l4-b
shows the powder bed turned through 180°. 1In this
situation, the angle B < Yr, and the powder bed
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(a)

Horizontal

(b)

d=¢,
B<yp, (Stable)
3> ¢, (Unstable)

Fig.5.14 Explanation for the cause of the
fluctuation in mass flow rate

would appear to be stable. However, the angle

Y > 9&, and the powder bed crumbles to take the
shape indicated by the solid line. Consequently,
the powder bed becomes stable. A further rotation
of 180° is denoted by the dotted line in Fig.5.1l4-5,
where the powder bed is also stable. It is clear
that the discharged mass flow rate fluctuates peri-
odically in the steady state. The observed facts(l)
and (2) are also satisfied.

5.4-2 Amplitude of the fluctuation

Fig.5.15 shows the variation of the amplitude
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of the fluctuations as a function of the angular
velocity w of the table. It is found that the
amplitude increases linearly with w at small w, and
that it decreases in the range of w = 1.5 ~ 2.5
rad/sec. The amplitude increases again, at higher
rotational speeds. The data shown in Fig.5.13 are
represented by A'sin¢, where ¢ is the angle of re-
volution. Then the fluctuation AW of the mass flow

rate will be represented by the following equation:

AW = A sinwt, A= A'w (5.18)

‘because the following relation is applicable.

T T/w
Jé.A'sin¢d¢ = ‘JA Asin wt dt (5.19)

0 0

Noting that the data shown in Fig.5.13 are inte-
grated values over 60° of revolution, the measured
amplitude A" shown in the figure satisfies the

following equation:

$+3
A" = | f A' sing do|
¢
= | -~ V3 A" sin(¢ + % ) e
= /3 A (5.20)
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Therefore, the relation between the measured ampli-

tuder A" and A is as follows:
A=-—A" w (5.21)

Amplitudes A calculated by this equation are shown
in Fig.5.15 with dotted lines. It is found that the
calculated and experimental amplitudes are in good
agreement up to 1 rad/sec.

The trend of the amplitude over the whole range
may be explained as follows:
Let Tifand T, denote the time constants of the measur-
ing system and of another system respectively. Then
the amplitude A in the low frequency range will be

given bys)

A= 2 (5.22)

/1 + (le)2 V1 + (Tzw)2

where the time constant Tl is about 0.4 second. It
may be assumed that

Tl ~ T2 = (5.23)

From Eq. (5.22), it is found that the amplitude

becomes a maximum at w = 1.8 rad/sec. In a higher
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frequency range than this, (wT >> 1), the following
equation may be applicable

Kekw

(Tw) 2

A =

(5.24)

because the mass flow rate increases exponentially
as shown in Fig.5.11. Eqg.(5.24) can be rewritten as
follows:

A=K {1 + ko + (kw) ® + (kw) ® + veeee }/(Tw)?
21 3!
2 3
sg{E &+ 2R } (5.25)
21 T 31 T2 ‘

This equation means that the amplitude A increases

monotonically with w in the higher frequency range.

5.5 Intercepted Height of the Powder Bed as a

Function of the Scraper Position : Y-curve

Some complementary explanations for the step
responses of the discharge rate regulated by the
scraper will be given in this section. As described
in §5.2, there are two types of responses according
to the kind of powder material and the operating
conditions. It is shown that the factors affecting
the responses are typified by the height of the bed

121



at the point of interception with the scraper in the
steady state. The height as a function of the

scraper position is herein called the Y-curve.

5.5-1 Measurements of Y-curve

The table feeder shown in Fig.5.9 was used in
this study. The motor drive was taken off, and the
table was turned slowly by manual operation. After
turning the table for a while the steady state was
attained, and the height Y was measured. The
measurements were carried out varying the scraper
position R and the skirt-clearance H. The powder
materials used are listed in Table 5.2. Flowabili-
ties of these powders increase in the order quartz
sand No.8, guartz sand No.5 and glass beads.

Fig. 5.16 shows the Y-data for the quartz sand

3 4 5 6 q 8 9
Radial position of scraper R (em)

Fig.5.16 Y-data as a function of R
(quartz sand No.5)
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No.5. 1In this figure, the Y-data is represented as
a function of the scraper position R. Another re-

presentation of the Y-data is obtained, when a new

variable X is introduced, defined by the following

equation:

H

X =R~ Yo T Tan Pr (5.26)

where X is the relative position of the scraper with
respect to the intersecting point D as shown in Fig.
5.19-a.: In this equation, r, denotes the inside
radius of the hopper outlet pipe, and fr is the
angle of repose of the powder. Fig.5.l17-a shows the
replotted data for the qguartz sand No.5 using the
relative scraper position X. The Y-data for the
various skirt clearances H are almost fully repre-
sented by one curve. Fig.5.17-b and c show the Y-
data for the quartz sand No.8 and glass beads, res-
pectively.

5.5-2 Explanation of the step responses of the
discharge rate regulated by the scraper
. *)
The slope of the Y-curve in the range of X < 0
is nearly equal to the angle of repose for the quartz

*) Strictly speaking, in the range X < Xc. Xc can
be determined by Eg. (5.27).
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sand No.5, is smaller than the angle of repose for
the quartz sand No.8, but larger than the angle of
repose for the glass beads. It can be shown that
the differences of the type of step response are
attributable to these variations in the relation
between the slope of the Y-curve and the angle of
repose. Consider the case shown in Fig.5.18, where
the slope is always smaller than the angle of repose,
just as for quartz sand No.8. As the Y-curve re-
presents the height of the powder bed relative to
the scraper position in the steady state, it is in-

dependent of step change in the scraper position.

~— Fig.5.18
hopper

Explanation of the
step responses of the
discharge rate regu-
lated by the scraper

On the other hand, the powder bed is affected by the
step change. When the scraper position is A or B

in Fig.5.18, the corresponding powder bed in the
steady state is denoted by a or b. This is clear
from the definition of the Y-curve. When the scraper
is moved quickly from position A to B, the powder bed

is not affected for the time of one revolution and is
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also denoted by a. Therefore, the height of the
powder bed at that time is indicated by y, on the
line BB. From this fact and the significance of the
Y-curve, it is clear that the height of the powder
bed y decreases from Y to Y. Wwith the revolutions
of the table. 1In this case, the step response is of
the derivative type. In a similar way, the step res-
ponse for the range where the slope of the Y-curve is
larger than the angle of repose, can be shown to be
of the time-delay-type. When the slope of the Y-
curve is equal to the angle of repose the step res-
ponse is of proportional type.

In this way, the differences between the type
of the step responses become explicable. The res-
ponses following step decreases in the scraper

position R can also be explained in a similar way.

5.5-3 Explanation of the effect of the powder

properties on the Y-curve

The following discussion is concerned with the
significance of the Y-curve. When the powder bed on
the table reaches the scraper, part of the powder
bed is separated and discharged and the remainder is
rotated with the table again. The powder bed cut by
the scraper crumbles. If the upper part of the
crumbled powder bed is included inside the discharge
pipe, powder stored in the hopper flows directly
onto the table through the action of gravity. The
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critical scraper position Xc may be assumed as X
which satisfies the condition that the area of ACEF
is equal to the area ABCD in Fig.5.19-a. Then, the
following equation may be written.

Xc - Yc / tan %r

So
(5.27)

Ye

/2 §, H tan Pr

where, 50 denotes the length AB. Now the Y-curve can
be divided into two parts by fixing the critical
position Xc¢ such that it satisfies the condition that
the relative scraper position X is larger than the
critical position Xc, or alternatively, that it

satisfies the condition X < Xc.
(£} X = Xe (€. Fig.5.1l9-b)
In this case the length 6., Fig.5.19-b, is ob-
served on the powder bed cut by the scraper. The
powder bed spreads out further as the table continues
to turn. The maximum spread-out léngth in one re-
volution of the table is denoted by Sy That is,
during a single rotation the spread length varies
progressively fromaal to 52. This means that the
particles are receiving the energy required for the
spreading motion from external sources. This work
E will be a function of the position § of a particle.
Assume that the work E is represented by the follow-

ing equation:
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Fig.5.19 Relation between the Y-curve
and the spread out length
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dE / a8 = ke® (5.28)

Make the further assumption that the work Eq received
in one revolution of the table is constant. This is
a fairly important assumption, but in view of the ex-
perimental results obtained, e.g. Fig.5.21, it seems
reasonable. Then, if the scraper is not inserted,
the total spread-out length § after the N-th revolu-
tion will be given by

8
f §* ds = KNE (5.29)
0

Carrying out the integration of this equation, the

following expression is obtained:

I .
P 3 In N + TF I

In {kE,(a + 1)}
(5.30)

This equation means that the log.-log. plot of the
total spread-out length § vs. the cumulative number
of revolutions N is a straight line, the slope of
the line having the value 1/(o + 1). Fig.5.20 shows
the experimental results obtained. The data may be
approximated by a straight line, and the slope of
the line is about 1/4. Therefore, as far as these
data are concerned, the assumptions made above are
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admissible, and o = 3. From Eg.(5.30), the constant

kE, is obtained as follows.

1

kKE. = 1 a+l

¥ T ) (30 (5.31)

The situation when the scraper is inserted as
usual is dealt with similarly. In this case, o = 3,
N = 1, and the interval of the integration is GIv62.
Therefore,

P
a §%ds = kB, = % 5y (5.32)
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The spread-out lengths 61 andd2 are represented by
the following equations:

6l=x+—Y__ ————.L F
tan ¥r 4H tan Pr
tan $r

The relation between X and Y can be obtained by
carrying out the integration of Eq. (5.32) as follows:

2 o
x=—X 4 X + /R + /B

tan ¥r 4H tan Pr

where, (5.33)

(A) =( HS ,* tan*r +/H2608tan7’r . yl?2 >
B 2y? B 4y* 33.45 .16

A comparison between the calculated and experi-

mental results for the quartz sand No.5 is shown in
Fig.5.21. The value of 60 used in this calculation
is 3.5 mm which can be obtained from Fig.5.l17-a.

The coincidence found between the calculated and the
experimental results is satisfactory. As with the
quartz sand No.8 and the glass beads, direct determi-
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Fig.5.21 Comparison between the calculated
Y-curve and experimental results

(quartz sand No.5)

Eqg. (5.33)
o = = = g B39

nation of the values of 60 cannot be carried out from
Fig.5.17-b and c¢. However, assuming the trial value
of 60, these Y-curves will also be represented by

Eg. (5.33).

(IT) X < Xc (cf. Fig.5.19-c)

In this case powder stored in the hopper flows
onto the table under the action of gravity. The rate
at which the powder flows down may be affected by the
length:

2H tan Pr °2
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which is contained in the discharge pipe and shown

as AB in Fig.5.19-c. 1In the case of a powder of high
flowability, the powder downflow-rate will increase
with the length (Y?/2H tan Pr - §,) because of the
inertia of the particles. Therefore, the total
spread-out length P will be approximated by the
following equation:

8o = & +K{-———Y—2——~"'5} (5.34)
2 0 2H tan ¥Pr 2

where, K is a positive number. This equation may be

rewritten as

$ 2
- 0 + K Y

1+ ¥ 1 + ¢ 2H tan ¥r

P [5.35)

In the case of a powder of low flowability, namely an
adhesive powder; the powder flow-rate will decrease
with the length (Y2/2H tan¥r - §,) because of the
adhesive force of the particles. In this case, the
total spread-out length 62 will be approximated by
Eq. (5.35) with "negative" «. Differentiating Eq.
(5.35) with respect to the parameter « gives

89 _ { 2 - 50} L (5.36)
2H tan ¥r (1 + k)2
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From Eq.(5.27), the right hand side of this equation
is positive for Y > Yc. Therefore, the total spread-

out length §, increases with the parameter . When

Sy

= &g it can be seen from Eqg.(5.35) that «

0.

These results can be summarized as follows:

, $ 2
X = - LA O B 4 ]

tan ¥r 1+ ¢ 1 + 2H tan¥r

for X < Xc (5+.37)

where,
> 0 : for powder of high flowability
such as glass beads
(-1 <) «{ = 0 : for powder of moderate flowability

such as quartz sand No.5

< 0 : for powder of low flowability
such as guartz sand No.8

(5.38)

For k= -1, the corresponding real situation will be

the failure of the discharge.

From Eqg.(5.37), following equation is obtained:

tan ¥r - M4 = > 0
H {1+ (1 - ﬁ)}z

(5.39)
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Further, it is easily shown that:

hday
|3%! = tan Pr, for k = 0 (5.40)
Therefore,

dy
laszl > tan %r , for ¢ > 0 (5.41)

and,

dy
|lgx| < tan ¥r , for k < 0 (5.42)

From the above Egs. (5.40 ~ 42), Eq.(5.38), and the
discussion in §5.5-2, it can be said that:

(1) the step response for a powder of high flow-
ability is of the time-delay type,

(ii) the step response for a powder of moderate
flowability is of the proportional type,

(iii) the step response for a powder of low flow-
ability is of the derivative type.

As described above, the step response of the
discharge rate regulated by the scraper has been
shown in relation to the properties of the powder
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materials and the operating conditions. The follow-
ing discussion is concerned with the mechanism of
powder discharge. For this purpose, the following
experiments are carried out.

The feeder is operated until a steady state of
discharge is attained, colored particles are then

added to the hopper. Steady state is attained again
B

after sufficient revolutions. Then a dilute solution
of Japanese isinglass is added slowly tg@ the hopper.
When the solution becomes hard the powdér bed is cut.
Fig. 5.22 shows one of the results obtained following
the above procedure.

The white part in the figure is a dead zone.
Particles move along the black part and are dis-
charged. The border line between the dead zone and
the moving zone is approximated by the slip lines)'
calculated for the horizontal powder bed on which
pressure is applied. The distribution pattern of
the applied pressures is of isoscales triangle form,
and the direction of the pressures is inclined down-
ward. As the calculated slip line and the experi-
mentally obtained border line are coincident, it
seems that the powder bed of the table feeder
receives a similar pressure. Then the particles at
the shoulder part of the powder bed will be pushed
up, and in the case of a large spread-out length, the
particles will be piled up in this region. This
phenomenon is observed for both the gquartz sand No.8
and the glass beads when the skirt clearance H is
small, as shown in Fig.5.17-b and c, where Y is
higher than H.
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Fig.5.22 Discharge of powder
from a hopper
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5.6 Conclusion

From the above examination of the static and
dynamic characteristics of a table feeder, it i

concluded that:

1. In order to get a constant feed rate of high
stability, the scraper should be inserted along the

tangent of a concentric circle on the table.

2. The static characteristics, namely the relation
between the discharge rate of the powder and the
scraper position or rate of revolution of the table
in steady state, can be estimated with fairly good
accuracy if the shape of the powder bed is taken

into consideration.

3. The shape of the powder bed can be estimated
from a theoretical equation, Eqg. (5.4).

4. The dynamic characteristic of the discharge
rate when regulated by the scraper, may be derivative
in nature, where the relative scraper position is
large.

5. When the relative scraper position is small,
the dynamic characteristic will be of time-delay,
proportional, or derivative type for powders of high

flowability, moderate flowability, or low flowability,
respectively.
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6. The dynamic characteristic of the discharge rate
when regulated by changing the rotational speed of
the table is of derivative nature, if the scraper
position and the effect of the force r|dw/dt| are
large.’

7. Any inclination in the installation of the table
will cause a fluctuation in the mass flow rate.
However, this fact suggests that the feeder may be
used as a sine-wave generator for studies of powder
flow rate. The experimental relationship between
the amplitude of the fluctuation and the angular
velocity of the table has been obtained and explained
analytically-

8. The relation between the height at which the
scraper cuts the powder bed and the relative scraper

position is explained analytically.

9. The relationship, the Y-curve, depends on the
powder properties. A parameter is introduced for
taking the nature of the powder into consideration.
The pérameter is positive, zero, and negative for
powders of high flowability, moderate flowability,

and low flowability, respectively.

10. The internal part of the powder bed is station-
ary in the steady state. Particles move along the
upper part of the powder bed and are discharged. The
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border line between the dead zone and the moving

zone is approximated by a specific slip line.

Al

All

Nomenclature

amplitude of fluctuation of discharge

rate, A = A'y

amplitude of fluctuation of discharge
rate as a function of the angle of

revolution

amplitude measured following the procedure
in §5.4-1, A" = /3Aa'

energy regquired for spreading the powder
bed

energy received in one révolution of the
table

skirt clearance, c¢f. Fig.5.1 or 5.9

constant

constant
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I'm

Xc

radial position of the scraper, cf. Fig.
5:1 or 5,8

=rm/R

radial distance from the center of the
table

maximum radius of the powder bed
time constant

discharge rate of particles in steady
state

mass flow rate of particles from the
hopper to the table

discharge rate of particles at n-th

revolution

mass flow rate of particles through the
cross section ABCO in Fig.5.7 at n-th

revolution

relative scraper position represented
by Eg. (5.26)

critical-relative scraper position given
by Eq.(5.27)

height at which the scraper cuts the
powder bed in steady state
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Yc

o, Br Y

8 (r, w)

Y for the case of X = Xc

height at which the scraper cuts the
powder bed at n~th revolution

angles in Fig.5.14
spread-out length, c¢f. Fig.5.19
spread-out length in the case X = Xc

spread-out length as a lower limit of the

integration of Eqg. (5.32)

spread-out length as a upper limit of the
integration of Eqg-. (5.32)

angle of the powder bed in Fig.5.3.

O(r, 0) represents the angle of repose

parameter representing the properties of

a powder
tan $r

bulk density of particles
angle of revolution of the table
angle of repose

angular velocity of the table
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CHAPTER 6

ROTARY FEEDER

6.1 Introduction

A rotary feeder is a simple powder feeder which
is widely used as the final control device of a par-
ticulate process. However, comparatively little is
known of its static and dynamic characteristics.

The discharge mechanism of this feeder is such that
the particles flow into the feed chambers of the
rotor and are discharged through the exit pipe after
a half revolution. In view of this mechanism, it
seems that the discharged powder flow rate will in-
crease with the rate of revolution of the rotor
until the flow rate becomes equal to the discharge
rate from the hopper without the rotary feeder, when
the flow rate could be expected to remain constant.
However in actual operation the flow rate gradually
decreases with increasing speed of rotation before
reaching the discharge rate of the powder from the
hopper. This is attributable to the fact that the
discharge of powder from the rotor is not perfect,
part of the powder being raised again by the rotor
blade. This fact will be confirmed by high-speed
photography.

144



In this chapter the discharge mechanism is dis-
cussed and the experimental results examined. In
addition the relationship between the discharged-
mass flow rate and the rate of revolution of the
rotor is studied with particular attention to the use
of actual poly-disperse powders. Step responses of
the discharge rate are also obtained.

6.2 Prediction of the Volumetric Efficiency
6.2-1 Theoretical study

The following discussion is based on the assump-
tions that:

(1) The rotor space is fully filled with the powder.

(2) No powder crumbling in a block occurs in the

discharge process.

When the rotational speed of the rotor is very high,
the impact force of the rotor blade will obstruct the
inflow of particles. Then assumption (1) will not be
applicable. However this problem is not dealt with
in this study. On the other hand, assumption (2) is
not admissible in low-speed rotation. However in
this case the powder in the rotor space will be dis-
charged fully and the analytical results will not be

affected by failure of the assumption.
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Consider the coordinates r and 6 shown in Fig.
6.1, together with a third coordinate z, shown in
Fig. 6.2. A particle is constrained by the surround-
ing particles, such that the motion of the particle

is represented by the following equation:

g _ yoe’s g cosb _{é - g sine}up -3 Cy _r Pa
dt2 m 4 Dp Op

(6.1)

where, m de..ctes the mass of the particle, and Up
the inter-particle friction factor. S represents the

Coriolis' force and is given by
S =2m wit (6.2)

CD denotes the drag-coefficient and is usually repre-
sented by a complicated function of the Reynolds'
number. However in this case the drag-coefficient
o is approximated by the Stokes' equation:

C EE e DD eeeeemacenmntm— (6-3)

When the particle diameter Dp is large Eq.(6.3) is
not applicable. However, under these circumstances
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Fig.6.1 Trajectory of a particle
in a rotary feeder

[~ : . z
1T
RSN .
T
Re : /I?z 7=/, coscx
RC X I Lsino(=/?25"m69
blade J,

Fig.6.2 Relation between 6p and z
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the fourth term of the right hand side of Eg. (6.1)
is negligibly small, and Eqg.(6.3) can be usedl).
When t = 0, the particle is on the line OA in
Fig.6.l. The relation between the time t and the
angle 6 is represented by the following equation:

= 0i - wt (6.4)

where 6i is <« AOC, which is constant. Substituting
Egs. (6.2 ~ 4) into Eqg.(6.1), the following equation

is obtained:

r + 2Ar - rw? = g cos(ei - wt) + Hp g sin(g, - wt)

(6.5)

Hi

where, A S Jpw + 9u,/D 24 (6.6)

P P

This differential equation is solved to yield
alt a2t

r(t) = C,e +C, e + C3cos(6j - wt)

+ C4 sin(ei - wt) (6.7)
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By use of the initial condition: r(0) = RO’
r(0) = 0, the integral constants C, ~ C, are
determined, namely:

R S
1 —.EI:EE{ ayRy + (C4u + a,Ci)cos 65

C, = —2 {a.R, - (a;C, + C,w) 64

"2 T a-a, Yo 1% T SgHrees By
= (aCy = Cjw) sin 83} (6.10)
g(uPA - w)

C3 - (6.11)
2w (A2 + p?)

gu A - w)
c, = - —F—— (6.12)

2w (A% + w?)

Now assuming that the trajectory of the particle is
represented by Eg. (6.7), the volumetric efficiency
of the rotary feeder may be obtained as follows.

At 6 = -8, (OB in Fig.6.l1l) or to put it in

another way, at time tp given by
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a certain particle will pass over the point B. The
initial position R, of this particle is given by

t.a t.a
01 0%2 | (.
. _‘Rz —.Cse +‘C6e 'C3°°590'+'C4Slneo
¢ Toaz _ toag -
(ale a,e ) / (al a2)
0000010(6-14)
where,
c. = — 1 {(cC,w + a,C,) cos 6
57 a;, = a 4 2 3 0
1 2
= (Cqw = a,C, ) sin eo} (6.15)
O, B gt {(a,C; + C,u) cos @
€= a; - a, 173 4 0

= (a,Cy = Cyw) sin 6, } (6.16)

Under some circumstances Eq. (6.14) may give values
for Rc that are less than Rl’
the rotor. However this is impossible physically,

the inside radius of
in which case Rc can be equated with R,. Then the

volumetric efficiency n of the rotary feeder is re-
presented by the following equation:
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volume occupied by the discharged powder
total effective volume of the rotor

2 2 - —
_.2.'rr.L(.R2 Rc‘) 2n<SL(,R2 Rc)

= - - (6.17)
21TL(R2 = Rl ) = 2n6L(R2 = Rl)

where n is the number of the blades, & is the
thickness of the blade, and 2L is the width of the
blade.\ When the exit hole is rectangular, Eg. (6.17)
is applicable without modification. However, in the
general case the exit hole is circular for convenient
connection of a pipe. 1In this case, eo(= ei) is
changed in the direction of z. Therefore, R, and Rc2
in Eq.(6.17) must be replaced respectively by the
following expressions:

(6.18)

As shown in Fig.6.2, the relation between 6, and the
coordinate z is represented by

i = = - 2 .19
sin 6, = R, v 1 (z/L) (6 )
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ﬁ& andyﬁzr can be obtained by numerical integration
of Eq.(6.18) using Eg.(6.19). Then the volumetric
efficiency may be estimated by Eg. (6.17).

As far as the particle size is concerned in the
discharge process, the size distribution must be
taken into consideration. This is accomplished with

Eqg. (2.7), namely,

n = zf(Dpi) n(Dpi) (6.20)

6.2-2 Apparatus and experimental methods

The experimental set-up used for the measure-
ment of the discharged mass flow rate from the
rotary feeder is shown schematically in Fig. 6.3.

mental arrange-

LJ-J6° " ment
X

R, Fig.6.3 Schematic dia-
*""'m /® . gram of experi-
N

hopper

rotary feeder
VS-motor
coupling
controller
photo probe
amplifier
recorder

@1
=l

o~Noautbk W
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The pwoder flow rate is determined by sampling the
powder for 20 ~ 60 seconds. The number of revolu-
tions of the rotor during the test period is recorded
through the photo-probe. When the rotational speed is
very siow, the number of revolutions is determined
by counting. The powder materials used are wheat,
millet seeds, quartz sand No.8, quartz sand screened,
and quartz sand-ultrafine. The properties of these
powder materials are summarised in Table 6.1, where
the inter-particle friction factor Hp is calculated

2)

from the two-dimensional drain angle .

Table 6.1 Properties of the pwoder

materials
density bulk drain inter- angle
materi- of density angle particle of
al particle (2-dimen- friction repose

Pp OB \ sional) factor
[g/cm®]  [g/cm®] " *
[degree] =€anP[—.][degr]

Millet

coad 1.31  0.789 41 0.87  33.0,4

Wheat 1.26 0.715 39 0.81 30.0

Quartz
sand
No. 8

2.64c 9, 38 74 3.50 38.3

Quartz
sand 2.64¢ 1.276 70.2 2.77 26.2,
screened

Quartz
sand 2.645 1.029 87~90 s 49.6
ultrafine
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The size distributions of these powders are shown in
Fig. 6.6. Two sets of rotary feeders, shown in Fig.
6.4, are examined in this study. When the quartz
sand-ultrafine is used, a vibrator is installed at
the hopper to prevent bridging of the powder.

Fig.6.5 shows the experimental installation
for the measurement of particle trajectories. Trans-
parent vinyl chloride boards were used in several
parts to allow visual observation. Powder is poured
into the feed space of the rotor, in such a way that
a striped-pattern is made with vari-colored particles.
The particle trajectories are recorded by a high-speed
cameré operating at 64 frames per second. The rate of
revolution of the rotor becomes constant immediately
after the feeder is started, the time lapse being
determined by counting the number of frames.

6.2-3 Results and discussion

One of the results obtained by high-speed
photography is shown in Fig.6.7. Erom such photo-
graphs the positions of the colored particles were
measured and compared with the theoretical trajec-
tories. The results are shown in Fig.6.8. The
initial position R, required for the theoretical
calculation was determined from the striped-pattern
just before the exit. The coincidence between the
theoretical and experimental trajectories for the
case of the millet seeds is satisfactory. Differences

between the theoretical and experimental trajectories
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Fig. 6.4 Rotary feeder
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Fig.6.5 Schematic diagram of a
rotary feeder for measure-
ments of particle trajectories
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Fig.6.6 Size distribution of solid
materials (RRS)
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Fig.6.7 Particle trajectories
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o Ry=2.60[cm] © R,=3.98[cm] theoretical curve

s R,=341[cm] © R,=4.71[cm] ---- Position of blade
(a) Millet seed, N=72rpm

o Ro=3.06 [em]

) Ro= 3.22 [cm]
2 Rp,=3.85 [cm] s Ry=4.13 [cm)
s Ry=4.71 [cm] s R,=4.79 [cm]
N =83 [rpm] theoretical curve - - -- position of blade N= 103.5 [r.p-m]

(b) Quartz sand

Fig.6.8 Particle trajectories
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in the neighborhood of the center and of the blade
are attributable to the effects of the blade, such
as electrostatic force or adhesive force. However
this effect decreases with the progress of the
discharge process. Therefore the estimation of
the volumetric efficiency will not be affected.
Powder crumbling in a block was not observed in this
case.

In the case of quartz sand, coincidence between
the theoretical and experimental trajectories is
good for high-speed revolution, but the agreement is
not goo@ for low-speed revolution. At low speeds
the powder does not fall even if it is just above
the exit hole. However once discharge begins, the
whole of the powder is discharged instantaneously.
From this fact it seems that the inter-particle
friction factor up varies with the progress of the
discharge process. The adhesive force between the
particles and the blade also affects the process.

These experiments on powder trajectories also
confirm the hypothesis that part of the powder is
raised»up again by the blade at high-speed revolution.

Figs.6.9 and 6.10 show some of the results on
the volumetric efficiency n, and wn, respectively.
Coincidence between the theoretical and experimental
results up to 100 rpm is satisfactory. However, at
higher speeds of revolution, the experimental data
are smaller than the theoretical values, and de-

crease with increasing speed of revolution. This can

be attributed to:
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(1) blade action; the impact force of the blade
obstructs the inflow of the powder. Under these

circumstances assumption (1) fails.

(2) wvariation of the inter-particle friction
factor; centrifugal force and Coriolis' force com-
press the powder, and the effective friction factor
becomes large.

A theoretical curve calculated with large Hp is
shown for reference purposes in Figs. 6.9-c and

6. 10=c:
The nature of the blade action is an interesting

problem, but in practice the rotary feeder as the
final control device should be used at low speeds of
revolution in which case the effect of blade action
is negligible. The maximum angular velocity ¢ will
be approximated by /§7§;.

The following discussion will be concerned with
the effect of particle size on wn. Fig.6.11 shows
the calculated results for the case Hp = 3.5 It is
found that the effect is large when the particle
size is small but that it becomes smaller as the
particle size increases. This observation means that
the drag force by air is smaller than any other
force in this size range. Therefore, the effect of
the particle size may offer no problem for systems
using large particles. On the other hand, systems
using small particles must be dealt with according to
the method proposed in §2.2 or Eq. (6.20).

Fig.6.12 shows the calculated results concerning
the effect of the dimension of the rotor on wn. From
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the figure, it is seen that the volumetric efficiency

decreases with increasing rotor diameter.

6.3 Step Response

Step responses of the discharged mass flow rate
were studied by use of Impact-Line mass flow meter.
Typical result is shown in Fig.6.13. Fluctuations in
the instantaneous mass flow rate are fairly large.
However, the variation of the mean of the mass flow
rate is approximated by a first-order time delay-

The time constant for the rotary feeder used here was
found to be in the range of 4.5 ~ 5.5 sec.

8 T
- N=45 3 55rpm
£6 AN --——;\\,JZ
£ -\ A /V 33 kg/min
2 »
—y -
3 r g
< [
2 -
27 x
hglmin,
0 *raaarn

0 10 20 30
t (sec)

Fig.6.13 Step response of a rotary feeder

AW = 6{1 - exp(-t/5.4)}
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6.4 Conclusion

In view of the study on the rotary feeder des-
cribed above, it can be concluded that:

1. The discharge mechanism of this feeder can be
represented by the use of particle mechanics, in
which Coriolis' force and the frictional force

between particles are taken into consideration.

2. The volumetric efficiency can be estimated by
using the theoretical equation derived from an analy-
sis of the discharge mechanism.

3. When systems involving fine particles are dealt
with, the particle size distribution must be consider-
ed.

4. The inter-particle friction factor Up Will vary
with the progress of the discharge process. However,
the Qhole discharge process observed during this
study has been explained with a constant Up obtained
by determination of the two-dimensional drain angle.

5. The volumetric efficiency decreases with in-

creasing rotor diameter.

6. The dynamic characteristic of this feeder is

that of a first-order time delay.
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For practical application of this feeder as the
final control means low speed operation is recommend-
ed because of the higher stability and the linear
property of the static characteristics.

Nomenclature

Cl’ C2, C3, C4, C5, C6= constants

CD drag coefficient

Dp particle diameter

f(Dpi) particle size distribution on the mass
basis

L (width of blade) /2

m mass of a particle

n number of blades

N number of revolutions per unit time

Ry initial position of a particle

R, inner radius of rotor

R2 outer radius of rotor

Rc critical radius for a drained particle

S Coriolis' force

Y total volume of a rotor section

r, 6, z coordinates
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1)

2)

thickness of a blade
efficiency of a rotary feeder
0 angles in Fig.6.1
viscosity of air
internal friction factor of particles

bulk density of particles

density of air
particle density
. two-dimensional drain angle

angular velocity
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PART III

PRIMARY MEANS

MEASUREMENTS OF THE MASS FLOW RATES
IN GAS-SOLIDS TWO-PHASE FLOW

CHAPTER 7

. MEASUREMENT OF GAS FLOW RATE
BY USE OF A HORIZONTAL DIFFUSER

7.1 Introduction

The measurement of the mass flow rate of solids,
or of the flow rate ratio for solids to gas in a two-
phase system is complicated by the fact that the
measured value such as pressure drop along the pipe-
line is also a function of gas flow rate or velocity.
Therefore the gas flow rate must be measured simul-
taneously by an independent method. A procedure is
available for measuring the gas flow rate after
separation of the solids from gas, but clearly it is
desirable to make the measurement on the two-phase
system with as little interference as possible to the
flow pattern.

Farbarl), Barth et alz)Goto et al3), and Sakata4),
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examined the possibility of using a diffuser to make
such measurement on a two-phase system. They con-
cluded that pressure-recovery in the diffuser de-
creased with increasing solids rate. However the
manner in which the error varies with the distance
along the diffuser has not yet been determined, as
was mentioned by Sakata.

This chapter will examine the nature and extent
of the error, and if it is the case that the error
offers a problem, methods for estimating the error
theoretically, and design methods for minimizing the
error. In particular, it is shown that there is a
design method for reducing the error to zero.
Following the suggestion of Goto et al, the investi-
gation is carried out for the horizontal part of a

pneumatic conveyor.

7.2 Theoretical Approach

If it is assumed that the particles are uniformly
suspended, and in rather low concentration, the wall-
friction of particles may be regarded as negligible
2)'3). Therefore, the following momen-

5)

in a diffuser
tum balance eguation is obtained.

- d Py = paudu + mp_ udv (7.1)

As far as Eg.(7.l1) is concerned, the right hand side

may have to be modified to account for the efficiency

of conversion of momentum into pressure. This may
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not be necessary, however, for dealing with the
relative error, because the efficiencies for the
first term and the second term may be nearly egqual.
The relative error is defined by the following

equation:
v M
f udv f uv 'dx
E=m 0 el R (7.2)
— m —a———-————— — X °
f udu f uu'dx
Yo 0

where, U, and vy denote the gas velocity and the
particle velocity at the inlet of the diffuser,
respectively. The prime represents the derivative
with respect to the coordinate x. In this equation,
the denominator shows the pressure recovery for gas
flow alone, and the numerator shows the additional
recovery by the solids momentum.

Assuming the incompressibility of gas flowing in
the diffuser section, the velocity u can be expressed

by the following equation;

u

g = 0 ) & = tan © (7.3)
(1 +olx)?2 r

where 26 is the diverging angle of the diffuser, and
r is the inside radius of the inlet tube.

On the assumption that the wall-friction of
particles may be neglected in the diffuser, the
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particle velocity v is given by the following equation

o f motions):

. Cplu =)+ Cy(u - v) /3
v = (7.4)
v

where, Cl and C2 are constants which are given by

u
c, = 18 —2 (7.5)
D “p
P P
and,
2/ 3
U D_p
c, = 3 2"" { P a} (7.6)
D
p “p Ha

In Eg.(7.4), the drag coefficient appeared in the
study of Tawaykun et a15) is used. However, the
results obtained in this study are valid even in

6)

cases where other drag coefficients are used.
Fig.7.1 shows the velocities u, v and the trend of
the relative error calculated by numerical integra-
tion using Schiller and Naumann's7) drag coefficient.
Particle velocity Vo at the inlet is smaller than the
corresponding gas velocity Uq s because the particles
have been affected by wall friction in the straight
pipe section just before the diffuser. On entering

the diffuser, the particles are accelerated by the
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gas, and the particle velocity v increases
until it is equal to the gas velocity u.

Then, the particles are decelerated by the

fp= 3.5¢/km3
Dp= 60 =

=

0=
ms=
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w
o

—_
(o]

1
£ 20t !
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inlet
Fig.7.1 Velocities u, v and the

trend of the relative error
(numerical integration)
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gas. After v is reduced to the initial velocity Vo
it approaches gradually to the gas velocity u. On
the other hand, the relative error monotonously in-
creases with the coordinate x. This trend of the
error is analytically explained by Egs. (7.2), (7.3)
and (7.4).

From Eq.(7.2), it can be seen that the error is

zero at x = xo or v = V07

. v,
- udv

- 0 _
Ex0 =M ——— = 0 (7.7)
' jﬁ udu
L

Applying L'Hospital's theoreom to Eg.(7.2), the
limiting value of the error as x »« is given by the

following equation;

uv
uu'

1lim E = m lim (7.8)

X300 X0

These results can be summarized as follows:
The relative error caused by the solids adged to the
gas flow is a monotone-increasing function of the
coordinate x. The error is zero at Xg1 negative for
X < Xg4 and positive for x > X,. Further, it never

exceeds the value of the mass flow ratio m.
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Therefore, 1f theposition x, can be estimated in
some way, the gas flow rate in suspensions may be
measured very accurately. Now, assuming that X is
determined, the residual error arising from the dif-
ference between the measuring point x and X, may be
estimated from the gradient of the error curve at the
position~x0. Taking the equation Exg = 0 into con-
sideration, the following equation holds in the

neighborhood of Xy

E=m ———— ¥~ 2 (v0 - v) (7.9)

If the relation; Vg TV ]véo | Iz - Xy) 1is substi-
tuted in the above equation, Eq.(7.9) reads;

uXO
B 2m ———— |ugo| (% - Xq) (7.10)

Note that Exo = 0, and hence the differential form
of this equation is

dg Uxg
e P 2 vy | (7.11)
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Eliminating v'xo by use of the equation of motion (7.4),

the more explicit form of Eg.(7.11l) is obtained as;:

P 2/ Ug (Va=Vgn)
*0 Do P, a vy (8g2=usg)
N 2 %)

If the position X is determined, Uxy can be calcu-
lated from Eqg. (7.3). Therefore, the gradient of the
error is calculable with Eq. (7.12)

Now, the second term in the square brackets of
the above equation is smaller than unity when
von < 3 x 10* [cm/sec. microns] in the case of
pneumatic conveying. On the other hand, when
oDy > 3 x 10%, the gradient of the error is fairly
small. In practical applications, therefore, the
second term in the brackets may be regarded as neg-
ligible. From this fact and the relation; ug> vy
> Ux # Eg. (7.12) may be simplified as follows;

% xq Dpzppv0

This equation shows that the error presents a
problem when the inertial force of a particle is

smaller than the viscous-force of the fluid.
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The next problem is to estimate the position at
which the error vanishes. From the above results
concerning the gradient of the error, the second
term of Eq.(7.4) is seen to be negligible. Then
Eq. (7.4) may be rewritten as

v' = Cq (u/v - 1) (7.14)

8)

A first approximation by Picard's method gives

e
- —} - x] (7.15)
a(l + x)

Qlc.'
o

_ 1

When the velocity v given by this equation is sub-
stituted into Eq.(7.14), an analytical solution with
higher accuracy will be obtained. However, the
result is very complicated, and proved to be useless
in practice.

Now, the equation for x, is obtained from Eqg. (7.15)

0
where v = VO:

o

o

aX,. = 1- 9% , where, %o

0 5 (7.16)

This equation shows that the first approximation of
X is determined by the dimensions of the diffuser
and the velocity ratio ¢,. The characteristics of

176



" the powder are not included explicitly in this
equation.

7.3 Apparatus and Experimental Procedure

In this experiment, a pneumatic conveyor line
operated under negative-pressure is used. The ex-
perimental set up is shown in Fig. 7.2. Two cyclones
are installed for recovery of the solids. 1In the
downstream side of this conv yor, there are installed
a Western type Pitot tube, a flow-control valve, and
a bag~filter. The diffusers used are shown in Fig.
7.3. Their diverging angles are 5°, 7°, 10° and 15°,
respectively. The selected diffuser is placed in
the horizontal section of the piping allowing the,
appropriate approach length. In order to charge the
solid particles into the conveyor, a table feeder is

used.

Table 7.1 Properties of the powder materials

materials mass median mean particle density of

dia. Dp50 dia. a partisle

Lo el QE{mlcrons] QE[g/cm ]
Qggrgz Hang 51 45 2.65
Glass beads 55 52 2542
Vinyl 1.41
Chloride 115 108
Flour 57 28 1.44
ggagtz semnd 380 295 2.65

L77



Fig.7.2

Schematic diagram of the
experimental setup
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Fig.7.3 Diffusers used in the experiments




Fig.7.4 Size distribution
of the solid
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Materials used are quartz sand No.8 (fine), glass
beads, vinyl chloride powder, flour, and quartz sand
No.5 (coarse). The properties of these powders are
shown in Table 7.1, and their size distributions are
presented in Fig. 7.4.

The powder flow rate is checked by weighing the
amount of powder collected in a measured sampling
period of 15~ 200 seconds before and after each ex-
periment. Air flow is monitored by the Pitot tube,
and strain-gauges, transducers, and an on-line hybrid
computer (CLAOP 2000) are used for measurement of the
pressure difference. The system used for these on-
line studies is shown schematically in Fig. 7.5.

The pressure difference is converted to an
electrical signal by the transducer. Any noise,
which is taken to be those signal components having
a frequency higher than 10 H,, is cut off by use of
the analog part of the computer. The analog signal
is then converted to a digital signal, and the arith-
metic mean of the sampled data is typed out as the
corresponding pressure value. This on-line system
saves the time required to take the data, and reduces

personal errors.

7.4. Results and Discussions

The analytical values calculated by Eq. (7.13)
are compared with the results of the numerical inte-
gration obtained by the digital computer (FACOM 230-
60). Fig.7.6 shows a set of the results on the gradi-
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Comparison between the
gradient of the error
obtained by numerical
integration and that
calculated by Eq.(7.13)

Fig.7.7
Comparison between Xo

calculated by Eq.(7.16)
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ent of the error. When particle size is small, the
right hand side of Eq.(7.13) gives a little larger
value than that calculated numerically. It is,
however, sufficient as far as the estimation of the
magnitude of the error is concerned. Fig.7.7 shows
the comparison between X calculated by Eqg-(7.16) and
X obtained by numerical integration. When particle
size is large, the coincidence of the analytical
result and numerical one is not good. The disagree-
ment is not serious, however, because the gradient of
the error itself is very small in this case.

The relative error E has been defined in rela-
tion to the pressure difference measurements. Now,
the corresponding relative error for measuring the
gas flow rate is introduced as follows;

ez Sm - Q (7.17)

where, Oy is the flow rate estimated by use of the
pressure difference APy, and Q is the actual flow
rate of the gas. As the pressure difference is in
proportion to the square of the gas flow rate, EJ.
(7.17) may be rewritten as:

—— 1
e =/ APy / bpg - 1= 3E (7.18)
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That is, the error e for measuring the gas flow rate
is about the half the error E.

The 'results presented in Fig.7.8 indicate the
magnitude of the error. Calculated values are shown
by lines. The mean particle diameters defined by the
following equation are used in the calculations.

= 1
D = — (7.19)
P V/r 2

ifi / Dpi

When the particle size distribution is log-normal,
Eq.(7.19) is equivalent to

- ) 2 .
Dp = 1n (Dp,__.,0 - g—- ) (7.20)

where, ¢ = 1ln Dp84
diameters of the quartz sand No.8, the glass beads,

- 1nva50. The mean particle

and the wvinyl chloride powder are calculated using
this equation. The particle velocity v and the
velocity~-ratio ¢0 are calculated from the pressure
difference measured at the straight pipe section just
before the diffuserg). The variation of these values
in the experiments made under constant dynamic pres-
sure, is so small that the mean values are used.

The calculated values for the quartz sand No.8
and the flour are fairly large as shown in b) and @)
of Fig.7.8. These differences between the experimen~
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tal and the theoretical results may be attributable to
the agglomeration of the finer-particleslo). Pof Y&~
ference, the mean particle diameter determined by the
reverse calculation are, approximately, 70 and 90
microns for quartz sand No.8 and flour, respectively.
In the case of the vinyl chloride powder and the
glass beads, the calculated errors agree with the
experimental data, as shown in a) and e) of Fig.7.8.
In these cases, it is assumed that agglomeration has
not occurred, because the vinyl chloride particles
are fairly large on the one hand and the glass beads
have good dispersibility on the other.

Fig.7.8-d) shows some of the results obtained
using diffuser III (g = 5°). 1In this case, the error
becomes negative with increasing particle velocity Vs

and mass flow ratio m. This phenomenon may arise
from the separation of the fluid from the wall*). As
the flow disturbance is aggravated by the particles,
the separation occurs more readily. When the sepa-
ration sets in, pressure recovery becomes smaller,
even though the dynamic pressure is constant. When
the diverging angle is fixed, this phenomenon occurs
more easily at smaller mass flow ratios as the par-

ticle velocity becomes higher. As shown in Fig.7.8-e),

*) If we assume that this phenomenon arises from the
failure of original assumption, that the wall-fric-
tion of the particles is negligible in the diffuser,
we cannot explain the fact that the phenomenon is not
observed when the diffuser with small diverging angle

is used.
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however, this phenomenon cannot be seen in the ex-
periments with smaller mass flow ratio and lower
particle velocity, even when 6 = 7.5°. Further,
this phenomenon depends on the shape of the particle,
and occurs more readily for quartz sand No.8 than for
glass beads.

Fig.7.9 shows the experimental results proving
the existence of a position X at which the relative

error is zero. Calculated values x are also

, 0,c8le.
indicated in this figure. From these results, it is
found that the coincidence between the experimental
and the calculated X is very satisfactory. Fig.7.9-
c) shows the experimental results obtained when the
measuring position x is shorter than the X estimated
by Eg.(7.16). In this case, the error is negative as
estimated by the theory. These data are similar to
that of Farbar, Barth et al, Goto et al and Sakata.
The following discussion is concerned with the
effects of powder properties on the magnitude of the
error. The difference in the magnitude of the error
obtained by several authors using the coarse par-
ticles, may arise from differing values of (x—xo).
That is, the error can be fairly large, even if the
coarse particles are used. The equivalent difference
(x—xo), which gives rise to an error of equal magni-
tude for the systems 1 and 2, is given by Eq.(7.21),

which is developed from Eq. (7.13).
2
- . v
Rl LY ={9PE}.{QP2}.{ 02} (7.21)
(x = x5); APy d (e} UV
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In this equation, as the particle velocity vy is
limited by the gas velocity, the effect of the powder
properties on Vo is small. However, the particle
diameter Dp and the density pp are independent of the
flow conditions. The error involved in an experiment
using coarse and heavy particles may, therefore, be
smaller, when the difference of (x-xo) is kept the
same, than in the case of fine, light particles.
However, a large difference (x—xo) may cause a large
error, even if heavy and coarse particles are in-
vestigated.

Summarizing the above discussion, the published
data for large particles, and the results of this
study for small particles, have been explained con-
sistently taking into account the nature of the
variation in the magnitude of the error and the fact
that there is a position at which the error vanishes.
Eg. (7.8), showing that the error does not exceed the
mass flow ratio, will prove useful when a low mass
flow ratio system as a dust collector is involved.
The remark by Goto et al that the larger the diverg-
ing angle is, the smaller the error will be, may not
be very important in the design of the diffuser. It
may be more desirable to design the diverging angle
less than 7°. In the system using large particles,
the velocity ratio ¢0 is constantll’lz)
course to the mass flow ratio m and the gas velocity

u. The position x, can, therefore, be estimated

without re-

knowing the properties of the particles and the

dimensions of the diffuser.
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7.5 Conclusion

From the study in this chapter on the measure-
ment of the gas flow rate in gas-solid suspensions
by use of a diffuser, it is concluded that:

1. The relative error for the measurement is a
monotone-increasing function of the measuring
position, and the value of the error approaches
that of the mass flow ratio.

2. Thete esists a position at which the error
vanishes. This position, X, can be estimated by
using Eq. (7.16).

3. The residual error, when the measuring position
does not coincide with Xgr is estimable with Eqg.
(7-13).

In general, the error may be large in systems in-
volving fine and light particles. In case of coarse
and heavy particle systems the error may also be
large, if the above remarks are not taken into

consideration.
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AP

APa
Qm

Nomenclature

constants, Egs.(7.5) and (7.6)
particle diameter

mean particle diameter, Egs. (7.19)
and (7.20)

relative error defined by Eq. (7.2)
relative error defined by Eq. (7.17)
particle size distribution

pressure recovery of gas-solids
suspensions flowing in the diffuser

pressure recovery of gas flow alone
gas flow rate calculated by APp
actual gas flow rate

inside radius of the diffuser inlet
pipe

gas velocity

particle velocity

coordinate in axial direction

position at which the error E or e

vanishes
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Greek letters

2)

3)

constant determined with ¢ and r, de-
fined by Eq. (7.3)

half of the diverging angle of the

diffuser

viscosity of the gas
density of the gas
density of the particle

velocity ratio defined by Eg. (7.16)
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CHAPTER 8

CONCLUSION

The characteristics of powder feeders and of the
methods for measuring the gas flow rate in gas-solids
two-phase flow are studied. The basic problems
peculiar to particulate processes are also discussed.
The significance of the mean particle diameter in re-
lation to the analysis of particulate processes and
the scatter of the experimental data attributable to
the particle size distribution are discussed in Part
I. The static and dynamic characteristics of a screw
feeder, Vibra screw feeder, Flo-tron, belt feeder,
table feeder and a rotary feeder are studied in Part
II. The venturi-type Gas-flow meter used generally
fof measuring gas flow rate in gas-solids two-phase
flow is examined in Part III. As a result of this
study it is recommended that it be used as a basic

device for measuring the powder flow rate in the

two-phase flow.

The main results obtained in Part I are that
the mean particle diameter is one of the most impor-
tant factors in the analysis of the data obtained
using poly-disperse powder, and that the particle
size distribution can cause appreciable scatter of
the experimental data. The mean particle diameter
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is defined most ekactly by

Dp = y ' (¥) (2.8)

where y~! is an inverse function of the mono-disperse
particle process variable and § a linear estimate of
the poly-disperse particulate process variable. If
the experimental data are studied using this mean
particle diameter, the scattering arising from the
ambiguous use of the mean particle diameter is elimi-
nated. On the other hand, the scatter of data caused
by the size distribution may increase with the stan-
dard deviation and other factors. When the size
distribution is log-normal and the process is repre-
sented by '

the distribution of 1n Bp I 5; is given by

£(ln D_/D. ) = /n e7q><z)
o/2n1 /2c?g? + 1
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where

i v/n(1n Bp /Bé + co? /n)

? =

o/2c%g? + 1

i D
z = (2¢ 1In £ + 2¢262 + 1)
2(2¢c?202% + 1) D

- _%é
and o (z) = —%:- e dz
Y21 Y-

This sampling distribution shows a bias,

Bé{exp(—CGZ/n) - 1}. Fortunately, this bias becomes
rapidly smaller with increasing number of particles
n. The number of particles required to ensure that
a desired percentage of the data is within a desig-

nated range of error is given by
log n, = -2 log 8 + log w (3.27)

where,

w = u?0?0?(2c?0? +1)

1 - P(le|l < 8)
2

¢ (-|u]) =
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and P(|e| < §) is a probability that the experimental
data may be within the range of relative error =§ to
+8§. It is possible to use this equation in calcula-
ting the number of particles required in an experi-
ment, and also in estimating the error when the
number of particles is given.

Part II gives the results on the characteristics
of several kinds of feeder. It is found that almost
all of these feeders have delay-times. In addition,
the table feeder shows a derivative response in a
particular operating range. Because of this, a table
feeder is well suited for use as a final control

means.

It is found that the shape of the powder bed on
the table can be represented by the following

equation:

§ 2
e 12 g + pRw?

The relationship between the discharge rate of the
particles and both the scraper position and rotation-
al speed of the table in the steady state, can be
estimated with fairly good accuracy provided the
shape of the powder bed is taken into consideration.
The dynamic characteristic of the discharge rate

regulated by the scraper is of derivative nature
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when the relative scraper position is larger than Xa
determined by

X, = 80 - Y /tan ¥r (B.27)

This characteristic is attributable to the fact that
the slope of the Y-curve is larger than the angle of
repose in the above case. The different type of step
response under various operating conditions can be
explained on the basis of the relation between the
slope of the Y-curve and the angle of repose. The

response can be approximated by the following

equation:
pBw y yn

"n = 5" tan o ] ( 3 tan o TR (5.16)

where
3 3y, _ 6W
v. = R \/€,+ Bl + ! - %} tan 0
B R tan 6 R3pBw tan®
........ (5.15)

It is also found that the Y-curve depends on the
properties of the powder. This fact is represented

by a parameter K;
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positive, for powders of high
flowability

Kk is zero ; for powders of (5.38)
moderate flowability

negative, for powders of low
flowability

The dynamic characteristic of the discharge rate
regulated by changing the rotational speed of the
table is also derivative in nature, when the scraper
positien and the effect of the force r|dw/dt| are

large.

An inclination in the installation of the table
causes a periodic fluctuation in the discharge rate
of the particles. This fact suggests that the table
feeder may be used as a sine-wave generator for
studies in the dynamic characteristics of a particu-

late process.

The discharge rate of particles from a rotary
feeder inherently fluctuates. However the mean dis-
charge rate can be estimated as shown earlier. The
motion of a particle in the rotary feeder can be ap-

proximated by the following equation:

g%z . S ; 3. r Pa

— = 1?2 + g cosp - (= - g sing)y,, = —Chz— —

dt2 o P4 PPy Py
(6.1)
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where, MWp denotes the inter-particle friction factor,
S denotes the Coriolis' force and Cp denotes the
drag-coefficient. The volumetric efficiency can be
estimated up to 100 rpm. The effect of the particle
size distribution on an estimation can be represented
by

n = ZE(D;)n (D ;) (6.20)

It is also found that the dynamic characteristic of
the rotary feeder is approximated by a first-order
time delay.

The main results obtained in Part III are that
the relative error for the measurement of the gas
flow rate in gas-solids two-phase flow is a monotone-
increasing function of the measuring position, that
the value of the error approaches that of the mass
flow ratio, and that there exists a position where

the error vanishes. This position can be estimated
by

1 - ¢
)

G|<1
=]

[

axg = ¥ where ¢O = (7.16)

The residual error, when the measuring position does

not coincide with Xq is estimable with the following

equation:
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%E; £ 18 I —t (7.13)
Xg ~ D _2p. Vv
p PpYo

The physical significance of the mean particle
diameter and the scatter of data due to the particle-
size-distribution have been clarified. The relation
between the properties of the powders and the chara-
cteristics of the powder feeders, and the important
factors in the measurement of air flow rates in gas-
solids two-phase flow have also been obtained.

The results reported in this dissertation are
of interest in many ways and it is believed that they
will be useful to engineers who seek information
about the physical phenomena involved, as a basis to
their design of a control system for a particulate
process. Further studies into the measurement of
powder flow rate in gas-solids two-phase flow are
needed to attain more satisfactory control of

particulate processes.
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