ISSN 0288-4534
CODEN:KONAE7

KONA

POWDER SCIENCE AND
TECHNOLOGY IN JAPAN

0. d (9

Published by The Party of Powder Technology (JAPAN)

S o

g mingraph of Mg0 paricles alt



KONA is aimed, as its subtitle indicates, to introduce annually the recent works on
powder science and technology in Japan to the interested parties in the world. It consists
of the English version of reports and reviews carefully selected out of the latest papers
which were originally written in Japanese.

KONA is distributed without charge to senior researchers, institutions and libraries in this
field throughout the world under the sponsorship of Hosokawa Micron Corporation. Within
these limits the editors are always glad to consider the addition of names to the mailing list.

Explanation of the Cover

“ ¥ »; This Chinese character is pronounced as “KONA”’ in Japanese and means “Powder”.
“ #%. > onthe front page was written by the late Mr. Eiichi Hosokawa, founder of Hosokawa
Micron Corporation.

Editorial Board

Naoya Yoshioka

Masafumi Arakawa

Masuo Hosokawa
Koichi linoya
Genji Jimbo
Yasuo Kousaka
Kei Miyanami
Takeo Yano
Tetsuo Yoshida
Tohei Yokoyama
Editorial Assistants
Shigesumi Kobayashi

Toyokazu Yokoyama
Tomoyuki Yamaguchi

(Professor Emeritus of Kyoto University) Editor in Chief.
(Professor of Kyoto Institute of Technology)

(President of Hosokawa Micron Corp.)

(Professor of Aichi Institute of Technology)

(Professor of Nagoya University)

(Professor of University of Osaka Prefecture)

(Professor of University of Osaka Prefecture)

(Professor Emeritus of University of Osaka Prefecture)
(Professor of Chubu University)

(Managing Director of Hosokawa Micromeritics Lab.)

(Hosokawa International Inc.)
(Hosokawa Micromeritics Lab.)
(Hosokawa Micromeritics Lab.)

Publication Office and Owner of Copyright

The Party of Powder Technology (Japan)
in Hosokawa Micromeritics Laboratory
9, Shodai-tajika 1-chome, Hirakata, Osaka 573 Japan

(Complimentary Copy)

Printed in Japan



NS o4
Sl
\\ \ (=
o~ 0
ot 2
Qosi@‘*
Q>
\(\O
KONA Powder Science and Technology in Japan No.3 (1985)
Contents
A Laser Diagnostic Technique for Sauter Mean Hiroyuki Hiroyasu, Masataka Arai
Diameter of Fuel Qil Sprays and Tsugio Kishi ... ................. 2

Comparative Data of Particle Size Distribution
of Flake Like Particles by Various Methods

Deposition of Charged Aerosol Particles Flowing
through Parallel Plates

Relationships between Particle Size and Fracture
Energy for Single Particle Crushing

Process of Forming Seamless Capsules by
Concentric Nozzle System

Numerical Simulation of Pneumatic Conveying
in a Horizontal Pipe

Simulation of Moving Granular-Bed Type Heat
Exchanger

< Review >

Experimental Examination on the Shear Process
of Powder Bed

Behavior of Submicron Particles Suspendingin a Fluid

Tableting and Granulation of Pharmaceutical Materials

Informational Articles

Masafumi Arakawa, Tohei Yokoyama,
Tomoyuki Yamaguchi and TakawaMinami. 10

Hiroaki Masuda, Shunya Ikumi

and Takashilto .................... 17
Yoshiteru Kanda, Shigeru Sano,

Fumio Saito and Saburo Yashima . ... .. 26
Toshiyuki Suzuki, Hideki Sunohara

and Ryosei Kamaguchi .. ............. 32
Yutaka Tsuji, Takao Oshima

and Yoshinobu Morikawa . ... ......... 38

Tadayuki Minoura, Shun-ichi Mizukami,
Hiroyuki Kohama and Takayoshi Asami .. 52

Toshio Oshima and Mitsuaki Hirota . . . .. 63
Yasuo Kousaka . .. .................. 69
Yoshiro Funakoshi .. ................ 76
.................................... 83

See page 25 for description of the cover photograph.

v

V,.l



A Laser Diagnostic Technique for Sauter Mean Diameter of Fuel Oil Sprays

Hiroyuki Hiroyasu and Masataka Arai
Department of Mechanical Engineering
Hiroshima University*

Tsugio Kishi
Mitsubishi Heavy Industries, Ltd.**

Abstract

A laser diffraction system was used to obtain the history of the Sauter mean

diameter of an evaporating fuel spray.

The errors due to the characteristic properties of the laser diffraction method were
examined by using many kinds of sprays. Then, the application procedure was estab-
lished by using a micro-computer system. The sectional Sauter mean diameter was
introduced to examine the overall evaporation rate of a spray in hot air. The Sauter
mean diameter of gasoline, kerosene and heavy oil sprays were measured. The Sauter
mean diameter of an evaporating spray increased once and decreased at the end of

the evaporation.

1. Introduction

Evaporation rate of spray and time-resolved
Sauter mean diameter of evaporating spray are
the controlling factors which determine a com-
bustion rate of a spray and the characteristics
of its flame. To predict the spray combustion
phenomena, we wanted to find the evaporation
rate of an individual droplet in a burning spray.
But due to the difficulties of measuring a drop-
let size in a buming spray and a statistical
analysis of a droplet size distribution of an
overall spray, we cannot obtain an evaporation
rate of a fuel spray in a burning state or in a
hot stream. Therefore the knowledge of the
spray evaporation was first supplied by the
measurement of the volumetric evaporation
rate of a spray in a hot stream”~¥. Since
a lack of knowledge of a droplet size distri-
bution cannot be derivated from a volumetric
evaporation rate, it can not predict a spray

* Shitami, Saijo, Higashi-Hiroshima, Hiroshima, 724
TEL. 0824 (22) 7111

** Akunoura, Nagasaki, 850
TEL. 0958 (61) 2111

Received April 1, 1985

combustion phenomena.

In recent years, the new laser diagnostic
technique which is called the laser diffraction
techniques was developed®~7. The purposes
of this report are to present one of the appli-
cation technique of a laser diffraction system
(ST-1800 particle analyzer) to an evaporating
fuel oil spray, and to present the method of
measuring a sectional Sauter mean diameter
which presents an average Sauter mean dia-
meter at any sectional area of a spray. Next,
a time-resolved Sauter mean diameter of an
evaporating spray was studied in fuel oil sprays.

2. Application of a laser diffraction system to
a fuel oil spray

2. 1 Laser diffraction system

An optical technique which is based on the
Fraunhofer diffraction makes the on-line
measurement of particle size distribution pos-
sible. When a spherical particle is illuminated
by a parallel beam of monochromatic coherent
light, a diffraction pattern is formed, super-
imposed on the geometrical image, this pattern
being large compared with the image. The first
diffraction angle on which 84%of the diffrac-
tion light is gathered, is expressed as follows:

KONA No.3 (1985)
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where: 6 = diffraction angle of the first peak
A = wave length of monochromatic
and coherent light
X = diameter of a particle

If a lens is placed in the light path after the
particle and screen placed at the focal plane,
then undiffracted light is focussed to a point
on the axis and diffracted light forms a pattern
or rings around the central spot. Movement of
the particle does not cause movement of the
diffraction pattern, since light diffracted at
angle 6 will give the same radial displacement
in the focal plane irrespective of the particles’
position in the illumination beam. The ‘far
field’ diffraction pattern thus produced is
known as a Fraunhofer diffraction pattern.

If, instead of a single particle, we have a col-
lection of particles of different sizes, then the
diffraction light from these particles is the sum
of the contribution from individual particles.
If a detector is used which is divided into a set
of circular rings, then each of these rings will
define a characteristic particle size. In the prac-
tical approach, the Rosin-Rammler distribution
1s first assumed as a particle size distribution
and the pattern of the diffracted light from
assumed particles is calculated. Next, the com-
parison of the assumed diffracted pattern and
measured diffracted pattern is made. The most
fitting Rosin-Rammler equation is defined by
the least square estimating method by reiterat-
ing the above procedure.

The measuring system used in this work is
shown in Fig. 1. The monochromatic and co-
herent light of which the wave length was

3

Atomizer

Multi-element
photo-detector

He-Ne laser

e
Beam expander 5
processorl

Signal
processor2

Teletype

Fig. 1 The measuring system
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0.6328 um and power was 2mW, was radiated
by the He-Ne laser. The laser beam was expand-
ed by the beam expander to a parallel laser
beam of which the diameter was about 6 mm
and illuminated spray particles. The focussing
length of a fourier transform lens was 300 mm.
The diffract light was detected by the multi-
element photo detector. The detected signal
was analyzed by the signal processor 1 (DEC,
PDP-8/A) according to the program developed
by Malvern Instrument Ltd. The signal processor
2 (HP, System 45S) was used to obtain a Sauter
mean diameter and further knowledge of a
spray size distribution mentioned later. The
theory and detail processes of the laser diffrac-
tion method have already been reported by
the pioneers in this field.

2. 2 Fitting error of a distribution curve

It was considered that there were two dif-
ferent error sources in a measuring system used
in this work. One was a fitting error of a Rosin-
Rammler distribution equation, and the other
was an error due to multi-diffraction by parti-
cles which were spatially dispersed in the laser
path.

In the routine work developed by Malvemn
Instruments Ltd. for ST-1800 particle analyzer,
the following Rosin-Rammler volumetric distri-
bution function was used:

1 dv _ g ,x F! X 8
X X, (Xp ) exp{—(yp—) } (2)
where: v = volume of particles
X = diameter of particle
Xp = characteristic diameter where
it can be seen that a weight
fraction 1/e (=0.368) is larger
than X, and 62.3% of the par-
ticles are less than X,
8 = measure of the spread of the

size distribution

The fitting error of the Rosin-Rammler func-
tion to a spray distribution was tested first. To
avoid a multi-diffraction by the particles, the
particles which were disposed two-dimensional-
ly on a glass plate were used. The used particles
were glass beads which were relatively mono-
disperse particles and paint particles which
were sprayed a far distance from a glass plate
and have almost the same size distribution



T
=== by Photo
—— by ST-1800
Glass beads

0.03F ™\

0.02¢

Volume distribution (dy/dx) /v [#m ']

0 50 160

Particle diameter X {xm]

Fig. 2 The comparison of the distribution curves

as a fuel oil spray. Figure 2 shows the compari-
son between the Rosin-Rammler distribution
curves obtained by ST-1800 particle analyzer
and the distribution curves obtained by the
micro-photographs of particles. The fitting
error is larger for the glass beads than for the
paint particles. It was considered that the dis-
tribution of the glass beads was more mono-
disperse than the distribution of the paint
particles and the analyzing program of ST-1800
was developed favorably for poly-disperse
particles.

The physical meaning of the Sauter mean
diameter X, is more directly connected with
an evaporating phenomena of a spray than X,
which was introduced as a characteristic dia-
meter in the Rosin-Rammler equation. There-
fore, in this work the Sauter mean diameter
X3, was printed out as the final output of the
particle analyzer. The relation between X,
and X, was obtained by the definition of the

Sauter mean diameter and the Rosin-Rammler
equation:

X
X, = _P_l (3)
r B;
B
where: [I":= gamma function of 8

Equation (3) was only accurate if the particles
were distributed from an infinitely small size to
an inifinitely large size. But in a spray, there
were lower and upper limits of the droplet dia-
meter. Then the Sauter mean diameter of a
spray had to be obtained as follows:

A‘} )

V,.l

Xp
X3dn
X = 238 4
X%dn
X(l
where: X, = lower limit of diameter

X, = upper limit of diameter
n = number of droplets or particles

If the size distribution of X was expressed as
the Rosin-Rammler equation, there was some
difference in the Sauter mean diameters ob-
tained by the equations (3) and (4). For ex-
ample, X, was 40 um and g was 1.5 in the
Rosin-Rammlier equation and the lower and the
upper limits of diameter were 5.7 um and
562.9 um according to the arrangement of the
multi-detector shown in Fig. 1. The Sauter
mean diameter obtained from equation (3) was
14.9 um but 24.5 um was obtained by equa-
tion (4). It was considered that the difference
was due less to the weight of the smaller size
particles than X,. Therefore in this work, the
Sauter mean diameter obtained by equation (4)
was used in the further analyses.

Table 1 shows the X,, § and two kinds of
X3, of the glass beads and paint particles which
were used in Fig. 1.

2. 3 Error due to a multi-diffraction

The error due to multi-diffraction was in-
trinsically unavoidable as long as a spray was
being dispersed spatially. The experimental
apparatus used for the investigation of a multi-
diffraction is shown in Fig. 3. The main appa-
ratus consisted of a throat (2) which controlled
a flow rate of glass beads, stratified nets (3) for
making uniform flow of glass beads and one
pair of shutter (4) to control a width of the
glass beads flow which was illuminated by a
laser beam.

Table 1 The analyzing results of glass beads
and paint particles

Glass beads | Paint particles
X3, by micro-photograph 99.1 um 39.8 um
Xp 102 um 56 um
§ 8.6 2.1
X3, by the equation (3) 94.4 um 33.1 um
X3, by the equation (4) 94.7 um 36.3 um

KONA No.3(1985)
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Fig. 4 The effect of mass flow rate on the Sauter
mean diameter

Figure 4 shows the effect of the flow rate of
glass beads on the measured Sauter mean dia-
meter. X3, shows a Sauter mean diameter
obtained by the equation (4). At the low flow
rate, the Sauter mean diameter was consisted
with the results which were obtained by measur-
ing the glass beads on the glass plate. Therefore
at the low flow rate, the effect of the multi-
diffraction could be neglected. It was clear that
by increasing the flow rate, the multi-diffrac-
tion effect increased and the Sauter mean dia-
meter decreased. If the multi-diffraction occur-
red the diffraction angle always increased and
it meant that there were some more small

KONA No.3 (1985)
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particles in the laser path. Other experimental
results are shown in Fig. 5. In this figure, Mg =
const. means that the mass flow rate per unit
area is constant. And Sg = const. means that
the total mass flow rate measured in the con-
dition of the slit width # = 30 mm is 5.53 mg/
(s-mm?) and the flow rate per unit area in-
creases being in inverse ratio to the width of
the slit. In other words, the total number of
particles illuminated by the laser beam is con-
stant. Decreasing the width of the slit, the
Sauter mean diameter of Mg=const. increased
and at ¢t = O it would consist with the results
obtained on the glass plate. But the results of
Sg = const. showed almost the same value at
any width of the slit. It was considered that
if Sg was constant, the effect of the multi-
diffraction was the same and it was independ-
ent of the width of the slit.

The many kinds of air blast atomizers and
pressure-type nozzles were used to make the
other kind of spray to calibrate the laser dif-
fraction method. Finally we concluded that the
Sauter mean diameter which was obtained by
this analyzer (ST-1800) with the slit for a fuel
oil spray was about 30% smaller than that ob-
tained by the direct photograph method. There-
fore, we used the signal processor (2) in Fig. 1
to correct the final data.

3. Sectional Sauter mean diameter of a spray

3. 1 Measuring apparatus for fuel oil spray

The error due to the multi-diffraction should
not be neglected to use this system to measure
a fuel oil spray. The Sauter mean diameter of
a fuel oil spray could only be calculated from

DN

Y 4

>



\\
°
Z
£
I
el
e
Slit
Laser detector

J’—\/\\,

Fig. 6 The experimental apparatus to study a spray
evaporation

local Sauter mean diameters which could be
measured by the Ilaser diffraction method
mentioned above. Figure 6 shows the experi-
mental apparatus used for the study of spray
evaporation. This apparatus consisted of a wind
tunnel, an air blast atomizer, a slit and the laser
diffraction system. The atomizing condition
was determined by flow rate of atomizing air
W,, flow rate of atomized liquid W, and air
orifice diameter D,.

3. 2 Calculation of a sectional Sauter mean
diameter

A local Sauter mean diameter and a droplet
density were not constant in a spray. Then to
know a sectional Sauter mean diameter which
presented the overall Sauter mean diameter of
droplets that existed in any sectional area of
a spray, it was necessary to measure the distri-
butions of the Sauter mean diameter and the
droplet density in this sectional area of a spray.
The droplet density of a spray at any location
was calculated by the following equations:

(5)

t ©
It 1}
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(6)
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Fig. 8 Radial distribution of the dimensionless velocity

where:  p = droplet density, g/(m? air)
S = dispersion, g/(s-m?)

U = velocity of droplet, m/s

A = sampling area, m?

Q = sampled mass of droplet, g/s

A droplet in a spray had its own velocity which
was different from another droplet. Since in a
spray atomized by an air blast atomizer, the
droplet velocity was almost the same as the
atomizing air velocity. The gas velocity meas-
ured by a hot wire method was used as the
droplet velocity in this study. The dispersion S
was calculated by a sampling area and sampled
mass of droplets which were captured by an
isokinetic sampling probe.

One of the results of the measured disper-
sions is shown in Fig. 7. The dispersion on the
spray axis took the highest value and it de-
creased by increasing the axial distance from
the atomizer. Figures 8 and 9 show the dimen-
sionless expression of the velocity and the dis-
persion at L, = 80 mm, 160 mm and 300 mm,

KONA No.3 (1985)
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respectively. The solid lines were the calculated
results obtained by the following Gortler’s®
equations:

Y oyfiros1ac R Y Un /Uy "1)2}2
U, R, 0414
(7
f?i: 1/{1+0.414(1§2 : Sé"if;f -l )|
’" 1 ' (8)
where: R = radial distance from a spray axis
Subscript m = spray axis
Subscript 1 = any position except a
spray axis

R,v, Rgy., R,y = radial distance
where u or S or p took the half
value of the maximum

The estimated distributions of the velocity and
the dispersion fit well to the experimental
results. Therefore, for the simplification and
rapidity of the experimental procedure, equa-
tions (7) and (8) could be used instead of the
full experiments. If these equations were adopt-
ed, the measuring positions of the velocity and
the dispersion were reduced to two points,
that is, the positions on the spray axis and one
of the other points. Usually, the position where
U or § took the half value of the U,, or S,,
was used as the position 1 respectively. The
droplet density was calculated using equations
(7) and (8) or the experimental distributions
of the velocity and the dispersion. The droplet
density obtained from Figs. 8 and 9 are shown
in Fig. 10. The estimated results expressed as
the solid line also fit well to the calculating

KONA No.3(1985)
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results based on the measured U and S. There-
fore, equations (7) and (8) were used in the
following analysis.

The sectional Sauter mean diameter X;,
could be calculated by considering the droplet
density, as follows.

z ?X?p(Rj)An(Xi: R;j)

X, = 9
Y I EXIeR)AR(X,R) )

The outline of the calculating procedure is
shown in Fig. 11. This procedure was program-
med in the signal processor 2 in Fig. 1 as the
routine work.

4. Sauter mean diameter of evaporating spray
4. 1 Water spray

Sauter mean diameter of evaporating spray
in a hot air stream was studied by the laser dif-
fraction measuring system mentioned above.
The effect of the ambient temperature T, on
the sectional Sauter mean diameter along the
spray axis is shown in Fig. 12. The sectional
Sauter mean diameter increased by increasing
the axial distance from the atomizer. The
effect of the ambient temperature on X3, in-
creased by increasing the ambient temperature.
It was considered that the evaporation rate of
every droplet increased by increasing the am-
bient temperature. According to the theoreti-
cal analysis studied by the authors®, it was
considered as follows: When the air tempera-
ture was high, the relatively small droplets in
the spray evaporated quickly before the rela-
tively large droplets in the spray being heated
up to the beginning of the evaporation. There-
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fore the increment of the sectional Sauter
mean diameter at T, = 250°C was larger than
at T, = 20°C. Figure 13 shows another result.
In this case, the flow rate of atomized water
was lower than in Fig. 12. When the ambient
temperature was 250°C, the sectional Sauter
mean diameter increased from 26 um up to
46 um and it was suddenly impossible to
measure because of almost all of the spray
droplets evaporated completely.

4. 2 Fuel oil spray

The sectional Sauter mean diameters of an
evaporating spray of fuel oils were very im-
portant to know for the spray combustion
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Fig. 13 Sectional Sauter mean diameter of water spray
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Fig. 14 Sectional Sauter mean diameter of a gasoline

spray and a kerosene spray

phenomena of these fuels. So in this study,
gasoline, kerosene and heavy oil were chosen as
the high, medium and low volatile fuel, respec-
tively. Figure 14 shows the results of gasoline
and kerosene spray at room temperature. The
initial Sauter mean diameter of these sprays
were almost the same. The sectional Sauter
mean diameter of the kerosene spray was not
changed along the spray axis, but that of the
gasoline spray increased rapidly. Figure 15
shows the results of the heavy oil. In this case,
the fuel temperature 7, was 90°C because at
room temperature the viscosity of heavy oil
was too high to be atomized.

Figure 16 shows the effect of the ambient
air temperature on the sectional Sauter mean
diameter of the kerosene spray. When the tem-
perature increased from the room temperature
to 50°C, the tendency of the increment of X3,
along the spray axis increased, but this effect

KONA No.3 (1985)
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was not clear at temperatures higher than 50°C.
In the condition of T, = 150°C, the sectional
Sauter mean diameter increased once but after
some axial position it decreased.

5. Conclusions

The laser diffraction method developed by
Malvern Instruments Ltd. was modified to
measure the sectional Sauter mean diameters
of sprays. The modified points and the experi-
mental results are as follows:

(1) The multi-diffraction effect of this system
could not be avoided. Therefore, the some

KONA No.3(1985)

correction factors and the slit were used to
measure the Sauter mean diameter of a fuel
spray.

(2) To know the sectional Sauter mean dia-
meter of the spray, the theoretical analysis
and the routine program for this analysis
were made.

(3) The distribution of the Sauter mean dia-
meter of the fuel sprays was measured. The
experimental results showed that the Sauter
mean diameter in the evaporating spray in-
creased and then decreased along the spray
axis.
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Introduction

Comparative Data of Particle Size Distribution
on Flake Like Particles by Various MethodsﬂL

Masafumi Arakawa
Department of Inorganic Materials
Kyoto Institute of Technology*

Tohei Yokoyama, Tomoyuki Yamaguchi
and Takawa Minami
Hosokawa Micromeritics Laboratory**

Abstract

The results of the particle size measurements by several methods based on different
principles are almost equal to each other as far as these methods are applicable, when
the powder is considered to be made of sphere shape particles. However, there are
some questions about the particle size measurement of irregular shape particles such
as plate or needle like powder. Using mica powders as samples of the thin plate like
particles, we compared the results of particle size measurements based on six different
principles; optical microscope, sieve, sedimentation balance, photo sedimentation,
Coulter counter and Microtrac. The measurement of the particle thickness by the
mono-particulate film method gave a relation between the thickness and the projected
diameter of mica particles classified by microsieves with a high accuracy. From this
relation, the volume of the plate like mica particle was obtained and then the sphere
equivalent diameter was calculated. We compared the particle size distribution based
on this sphere equivalent diameter with the results measured by the other methods.

expression of the particle size; for spherical or

It is generally accepted that a knowledge of
the particle size is the most essential in powder
processing. For particle size measurements,
there have been a lot of publications?, reviews,
and reports, and various kinds of measuring
methods and equipments have been successive-
ly developed in these days.

It is unfortunate, however, that the effect
of sensing principles of the equipments on
measured results has been little studied. This
arises from the difficulty of obtaining a suitable

* Matsugasaki, Sakyo-ku, Kyoto, 606
TEL. 075 (791) 3211

** 9, Shodai-tajika 1-chome, Hirakata, Osaka, 573
TEL. 0720 (§7) 3721

T This report was originally printed inJ. Soc. Materials Science,
Japan, 32, 966-970 (1983) in Japanese, before being trans-
lated into English with the permission of the editorial com-
mittee of the Soc. Materials Science, Japan.
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near-spherical shaped material, the size of it
may be in good agreement, but for irregular
material with lammellar, flaky, or acicular
shape, comparison of data obtained by differ-
ent equipments has been little carried out.

Computer-aided equipments which can out-
put resultant data through printer have been
widely used for particle size analysis. For these
equipments, constants concerning some of the
particle properties such as particle shape con-
tained in the theoretical equations are relative
values which are characterized by standard
material, however there has been no suitable
procedure developed for particles with irregu-
lar shape.

The aim of this study is to compare the
particle size distributions which are obtained
by several methods having different sensing
principle by using a mica powder that is easy to
estimate its shape irregularity.

KONA No.3(1985)
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Fig. 1

Photomicrographs of classified mica particles

2. Experimental
2. 1 Sample

The material used for this work was a ground
product of refined Canadian phlogopite to-
gether with synthetic mica in part, which had
been separated into less than 150 um in ad-
vance. These particles were separated by
standard sieves and precise sieves (Micro sieve)
to be used as samples. Typical photomicro-
graphs of them are shown in Fig. 1, in which
the particle shape may be regarded as a hexa-
gonal platelet similar to a crystal habit of mica.

In addition, ground calcium carbonate and
colundum were used as standard particles for
comparison since their shape might be con-
sidered to be almost spherical.

KONA No.3(1985)

2. 2 Particle size analysis

The methods for determining particle size
used in this work are as follows:

Sieve

A set of JIS testing sieve with woven cloth was
used to separate particles larger than 105 um.
For particles smaller than 105 um, Micro sieve
manufactured by electroforming method was
employed with an opening of 63, 45, 32, 20,
10, and 5 um.

Optical microscope

Since a flaky powder like mica tends to flat-
ly spread over a slide glass, its two-dimensional
image can be obtained by optical microsocpe.
In this work, we determined Feret’s diameter
which is one of the unidirectional particle size.

In addition, the individual dimensions such
as length L and breadth W of 200 particles
selected randomly from the separated fractions
were measured to obtain the relation between
elongation ratio L/W and particle size.

Sedimentation balance

For this method, a conventional procedure
was employed with sodium hexametaphosphate
solution of 0.2% in concentration. This method
offers a diameter of sphere which falls in the
medium with the same density and velocity as
the particle in question. The diameter obtained
in this way is well known as Stokes’ diameter
and its distribution is based on particle weight.

Photosedimentation

This method also adopts the same medium
as that for the sedimentation balance, provid-
ing Stokes’ diameter of particles. However, the
particle size is dependent upon areas of the
projected shadow because this method is based
on the intersection of the light beam which
passes perpendicularly to the settling direction
of the particles in suspension.

Coulter counter

This method measures size distribution of
particles suspended in an electrolyte by the
presence of a fine particle in a little orifice
placed between two electrodes. This size dis-
tribution is based on particle volumes because
the particle size is given as a diameter of the
sphere which has the same volume as that of
the particle in question. The apparatus used in

11



this study was Coulter counter, Model TA 1I,
which includes a microprocessor that outputs
data of the particle size distribution through
X-Y recorder.

Microtrac

As is well known, Fraunhofer diffraction
patterns of particles take place when the moni-
toring zone in suspension is projected by a laser
beam which is transmitted perpendicularly to
the stream direction. The particle size distri-
bution, which is based on volume of equivalent
sphere, is obtainable by use of the principle
that an angle distribution of its diffraction in-
tensity is a function of particle sizes. This ana-
lyzer presents calculated results through a
printer with the aid of microprocessor.

Monoparticulate film method

As reported in the literature?, this method
measures an average thickness of particles
which are hydrophobicized and dispersed so
that a monoparticulate film may be formed on
the water. It provides a dimension which is de-
pendent upon the particle shape; for near-

99.9 /O °/D/ /A ]
)
f
e}
99 J :/D/ 7
a4
=]
I / ]
95 d / £
E 90 - O/ u/ /A 7]
o -y
5 8sof o/ o 4 ,
3 VAV
? 70F f j A 4
3
o 60F o / 7
>
Z s0f / .
g 40 4 /’ / .
‘3 30} g A _
” 20 / 4
f// 149—1054m o
10} /]/A 45— 32um © .
5L o/‘:' a 20— 10um a ]
7
1F _
0.1 : s .
1 2 3
L/W [—]

Fig. 2 Distribution of elongation ratio on mica
particles

12

LN
By
Lo 4
100 MB2NC @ O
FVP-1 A
JET @]
80
D
Q
5 60
g /./
§- ./O-O
40+ [
o —27°
o _—0H
20+ 0
0 i 1 1 i 1
0 20 40 60 80 100

Particle size [um]

Fig. 3 Relation between the particle size and the
aspect ratio (Symbols show the types of crusher.)

spherical or near-cubic materials an average size
is obtainable, and for flaky-shaped materials
like mica an average thickness. The method of
microscope or sieve offers a plane size of par-
ticles, so the degree of relative thickness can be
given by use of the ratio of plane size to thick-
ness, namely the aspect ratio.

The detail description of the individual
equipments mentioned above is to be referred
in the literaturesV.

3 Results and discussion

3. 1 Particle shape

Figure 2 shows typical distributions of the
elongation ratio L/W obtained from the photo-
micrographs of the sample powder which were
separated into three fractions. It was found
that smaller sizes of such particles might give
slenderer figures with the mean value of L/W
ranging from 1.3 to 1.8.

On the other hand, the mean thickness of
the sample powder was determined by the
monoparticulate film method. This sample
powder consisted of a ground product given by
three pulverizers with different mechanism?
and the fractions which were made by Micro
sieve. By dividing the cumulative 50% diameter
obtained by sieve by the thickness, one can get
the aspect ratio. In this procedure, /72 times
the sieve opening must be used for the particle
size determined by sieve, because a flaky parti-

KONA No.3(1985)
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cle pass diagonally through a sieve opening in
square shape. As indicated in Fig. 3, plots of
the aspect ratios against the cumulative 50%
diameters show the linear relation expressed
as

Aspect ratio = 0.36 D5, + 16

where Dgq
diameter.

These results state that a particle of mica
powder may become more slenderer and rela-
tively thicker in its figure as its particle size
decreases.

(1)

represents the cumulative 50%

3. 2 Accuracy of Micro sieve separation

The accuracy of Micro sieve separation was
evaluated as follows; the mica powder was
sieved into three fractions (Sample A of 20 to
32 um, Sample B of 32 to 45 um, and Sample
Cof 45 to 63 um). Then we determined Feret’s
diameters of 1000 particle images selected
randomly from the photomicrograph of each
fraction.

The particle size distributions obtained in
this way are shown in Fig. 4. It is found that
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sieving

these distributions were all regular, covering 20
to 80 percent of the distribution width within
the size range of /2 times the sieve opening
used. This implies that a flaky particle like
mica can pass diagonally through a square sieve
opening as pointed out previously, despite
having a considerably wide range of the elonga-
tion ratio. Thus Micro sieve was found to have
sufficiently high accuracy for comparison in
this work.

3.3 Accuracy of the monoparticulate film
method.

To evaluate the accuracy of the monopar-
ticulate film method, specific surface area was
determined in two ways. The material used in
this work was the ground mica powder having
the particle size distribution shown in Fig. 5
and the mean thickness of 2.4 um determined
by the monoparticulate film method.

One of the ways for obtaining specific sur-
face area is to make a particular solid model
which may characterize a mica particle having
a platelet figure. The cumulative 50% diameter
of 40 um, as indicated in Fig. 5, was used as
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a mean diameter of the particles, though it
might be doubtful whether this assumption was
suitable for such a broad particle size distribu-
tion or not. Using this diameter, the dimen-
sions of the solid model were calculated as
shown in Fig. 5. The breadth was considered to
be v/2 times the mean diameter; the length to
be 1.5 times the breadth, judging from Fig. 1.
With these values, the whole surface area of
296 x107* ¢cm? and the weight of 9.58 x 1078 g
of the model particle were calculated, and thus
the specific surface area of 2964 cm? /g could
be obtained.

The other was given by calculating the
volume of particles which were spread over the
water to form a monoparticulate film. The area
covered with the particles was 1650 cm?/g,
with the packing ratio of 0.9. Hence the specific
surface area could be calculated to be (1650 x
0.9 x 2) + 110 = 3080 cm? /g, where the value
110 represents the total of the side areas.

The specific surface areas obtained in these
ways were found to have fairly good agreement,
and this suggests that the monoparticulate film
method could be reliable for estimation of
particle shape characteristics.

3. 4 Comparison of measured particle size
distributions

By use of the procedures described in Section
2.2, particle size distributions of the same
sample powder were determined to distinguish
the difference in the expressions caused by the
sensing principles. The results were compared
using a sphere equivalent diameter as the same
dimension and physical meaning since the
particle size obtained in this work was based on
the diameter of a equivalent sphere except the
case of optical microscope and sieve.

Photomicrograph

Aswell known, a Feret diameter of projected
two-dimensional micrographic images of par-
ticles has the tendency to be consistent with
the arithmetic mean diameter of breadth and
length when sufficiently large number of par-
ticles are counted. The mean value of the dia-
meters may be considered to be little larger
than the size which is determined by Micro
sieve.

In this work, diameters of standard particles
were calculated for the criterion of comparison
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as follows; the particle volumes of each frac-
tion of the sample A, B, and C were obtained
by using the frequency distributions of the
Feret diameters with an interval range of 2 to
5 um and the thickness calculated from Eq.(1).
By considering a sphere which had the same
volume as the particle in question, the required
diameter was obtained. The particle size distri-
butions of the sample are indicated in Figs. 6
to 8, together with the distributions obtained
by the methods mentioned above.

Sedimentation

The particle size distribitions given by sedi-
mentation balance and photosedimentation
were found to have satisfactory agreement with
those of the standard particles, but the ranges
of the distributions covered were relatively
wide. This reason may be considered as follows;
small particles in suspension have tendency to
fall down in various positions in the Stokes
region of particle motion. It is supposed that
the falling speed might be maximum when a
particle was oriented perpendicularly to the
streamline owing to the minimum flow resist-
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ance and, in turn, it might become minimum
when the particle was oriented horizontally.
Therefore the sedimentation method seemingly
tends to provide a relatively wide distribution
of particle sizes, even if the particles to be
measured are actually monodispersed.

It should be noticed that an extraordinarily
large number of particles apparently existed in
the coarser side in the coarsest sample C. It is
possibly because the orientation of the par-
ticles remained during the falling period since
the settling depth was relatively short and the
agitation flow was not negligible. This effect
will be more noticeable when a particle was
faced perpendicularly to the beam path.

Coulter counter

It is generally known that the values measured
by Coulter counter may vary according to its
aperture size. The result obtained in this work
shows that a smaller diameter of the aperture
might permit the particle size distribution to
approach the standard distribution, as illus-
trated in Figs. 6 to 8, where the value in um
unit refers to a diameter of the apertures used.
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The following problems should be noticed,
though no sufficient discussion has been made
in this work; no suitable standard material for
calibration has been obtained and the value
measured by this method is considerably de-
pendent upon the magnitude of the electrical
charge which does not seem to be distributed
uniformly on the surface of a mica powder
with two-dimensionally crystalline structure.

Microtrac

Microtrac permits liquid suspended with
particles to flow down fast at the detecting
zone which is placed perpendicularly to the
path of a laser beam. In this case, flaky parti-
cles like mica tend to be oriented in parallel
with the streamline or perpendicularly to the
beam path, rotating arbitrarily around the
streamline. Thus the particle size obtained in
this way is larger than the Feret diameter. On
the other hand, the size is smaller than the
sedimentation diameter since the sedimenta-
tion methods allow the particles to settle with
random attitude.

The results obtained in this work might
support the tendency mentioned above, though
it is not always possible because of the differ-
ence in sensing principle of the individual parti-
cle size measuring method.

As explained above, adequate comparison
requires other information than geometrically
equivalent diameter of a particle, unless the
particle shape is fitted to the set-up condition
of the equipment to be employed. This is
understandable from the fact that for near-
spherical particles like ground calcium carbon-
ate or colundum, a relatively unitary particle
size distribution independent of the measuring
equipments could be obtained as shown in
Fig. 9, except the case of Microtrac which
would tend to provide a coarser distribution.

4. Conclusion

In this work, a mica powder with flaky shape
was used to find the effect of irregular shape
on its particle size distribution by use of 6 par-
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ticle size measuring equipments with different
sensing principles. For comparison based on
the same dimension and physical meaning, the
sample was sieved into several monodispersed
particle fractions by precise sieve and the di-
mensions of the particles were determined by
microscope and the monoparticulate film
method. The accuracy of these methods was
discussed before the particle size distribution
of spheres which had the same volumes as
those of the particlesin question were obtained.
By using these sphere equivalent diameters, the
results were compared together with the distri-
butions obtained by the other methods; for
photosedimentation, the basis of a particle size
was changed from area to volume.

The result of this work is that a particle size
measuring equipment which is more sensitive
to the orientation of irregular shape particle
would give more deviation of particle size
distribution from that of the standard material.
This was ascertained from the comparison with
the measured result of near-spherical materials.
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Deposition of Charged Aerosol Particles Flowing through Parallel Plates’

Hiroaki Masuda, Shunya Ikumi
and Takashi Ito

Department of Chemical Engineering,
Hiroshima University *

Abstract

Deposition of unipolarly charged aerosol particles flowing through parallel plates
has been investigated both theoretically and experimentally. The equation of motion
for the particles was solved numerically in consideration of the Coulomb force, image
force, particle-inertia force, and fluid-velocity profile. Then the deposition efficiency
was calculated based on the limiting trajectories of the particles.

It was found that the calculated deposition efficiency, assuming a laminar flow,
was a little smaller than the corresponding analytical solution obtained for the plug
flow distribution. It was also found that the effect of the image force and particle-
inertia force was negligible in the experimental range. The experimental deposition
efficiencies for charged fly-ash particles were well explained in so far as the actual
velocity distributions were taken into consideration.

1. Introduction

The deposition of charged aerosol particles
suspended in the air flow is enhanced by the
effect of electric field caused by the particles
themselves. This effect, called the space-charge
effect, may be applicable to practical use such
as dust collection. The reduction of the collec-
tion efficiency due to back discharge in an elec-
trostatic precipitator has become a serious prob-
lem in recent years. This problem may be suc-
cessfully solved and the collection efficiency
will become predictable to considerable extent
when the dust particles are precharged and
then captured with the aid of the space-charge
effect.

The deposition of monodispersed, charged
particles on the circular tube due to the space-
charge effect has been studied analytically by
Wilson!® and experimentally by Kasper?,

* Shitami, Saijo, Higashi-Hiroshima, Hiroshima, 724
TEL. 0824 (22) 7111

t This report was originally printed in J. Soc. Powder Tech.,
Japan, 20, 670-676 (1983) in Japanese, before being trans-
lated in English with the permission of the editorial com-
mittee of the Soc. Powder Tech., Japan.
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Adachi et al.?, and the author et al.” These
experimental results are found to have reason-
able agreement with the analytical solution
derived by Wilson. Adachi et al. have also
studied the effect of image force. For the de-
position of charged aerosol particles in parallel
channel flow, the effects of space charge and
thermal diffusion have been studied by Ingham?®
and Chen? , the effect of image force by Yuet
al.'*12 and the studies on the gravity effect
has been reported elsewhere® . Unfortunate-
ly, however, there have been a very few reports
which analyze these problems synthetically.

In this paper, the deposition efficiency of
unipolarly charged aerosol particles flowing in
a parallel channel was theoretically determined
based on the critical particle trajectory, which
is obtained through numerical integration of
the equation of motion for the particles. In the
numerical calculation, the effects of space
charge, image force, particle-inertia force, and
air-velocity profile were taken into considera-
tions. Further, the deposition of unipolarly
charged fly-ash particles was experimentally
investigated, and the results were compared
with the theoretical predictions.
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Fig. 1 Adopted coordinates in the calculation of
particle trajectories
diameter and C is the Cunningham’s slip cor-
2. Theory

Assuming a plug flow, a parallel plate model
of L in length, 27, in width, and 2X, in space
between the plates is considered with the co-
ordinate system illustrated in Fig. 1. When uni-
polarly charged aerosol particles flow into the
model channel, the X-component of the inten-
sity of electric field at the position X, is given
by the foliowing equation:

E:’Nquo/eo @)

where &, is the particle number per unit space
volume, g is the electric charge on a particle
and e, is the air permittivity. The Y- and Z-
components of the electrostatic field are negli-
gible in the following analysis. Also, the electric
force on a particle is given by

Fequ=Noq2Xo/eo (2)

If the particles are assumed to be monodis-
perse, the Coulomb force F, on a particle is
unchanged throughout the movement. For this
case, X-component of the particle velocity is
determined by the force balance between the
force F, and the fluid resistance given by the
Stokes law, as follows:

_ F.C _N,g*°CX, _
"T3muD, 3muDye,
The parameter a in Eq. (3) is defined by the
following equation:
_ Ny,q¢*C
- 3nuDpe,

a X, 3

(4)

where u is the air viscosity, D, is the particle

18

rection factor. Thus the displacement of a par-
ticle in the X-direction is

dX =vdT=aX,dT (5)
By integrating Eq. (5),
X, — X, =akX,7 (5-a)

where 7 is the average residence time. The de-
position efficiency 7 is defined as

n=X, —X,)/X: =ar/(1 +ar) (6)
By use of the following definitions:
N, =¢,/my.q =q/m,,1=L/U,,
and m, = %D;Pp
Hence Eq. (6) is rewritten as follows:
g*Djp,c, LC
n = A128u§]y €0 o
H_q D} ppc,LC
18ulye,

where ¢, is the mass concentration of the parti-
cles, m, is the particle mass, § is the electric
charge on a unit mass of the particles, U, is the
average air velocity, and o, is the particle den-
sity.

Although the particles are assumed to move
along the plate (in the Y-direction) with the
average air flow velocity, the effect of the
actual velocity profile should be taken into
consideration in a practical use. In addition,
the inertia force and the image force should
also be considered for relatively coarser parti-
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tively.

Assuming that inlet air flow is fully develop-
ed so as to form a laminar velocity profile and
the gravity effect is negligible, the equations of
motion for particles are:

for X-component

d?Xx dX

3nuD
3 =F,+F+ P(U, —
& Dopo g ~Fet Bt =2 (Ux— )
(8)
for Y-component
T e, A2Y 31rquU_g 9
6 PPParr T ¢ O a7 @)

where F, is the Coulomb-force given by Eq. (2)
and F; is the image force given by the following
equation:

_¢’ X, X 5 Qn+1)X ]
" 4me, |(XF — XY n{Qn+1)X? - X2
(10)

If the air flow is assumed to be laminar, the air
flow velocity is expressed as

for X-component

U,=0 an
for Y-component
3 = X2
Uu,==—U,{1 —-{=— 12
creleRE @

By substituting Egs. (11) and (12) into Egs. (8)
and (9) respectively, the following non-dimen-
sional equations will be obtained;

d’x _ CF,+F;)  dx

- LW+ h) dx 13

dr*  3auD, U, dt (13)
2

pYY 23 oW (14)

ds? 2 dt

where x = X/X,,y=Y/X, andt=U,T/X,.
The particle-inertia parameter P is defined as

_Dprp U, C (15)
18uX,
The Coulomb-force parameter K, and the

image-force parameter K; may be defined by
the following non-dimensional forms;
_ Nog?’X,C

2= (16)
3nuD, Uy e,
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Using the above parameters, Eq. (13) is re-
written in non-dimensional form as follows:

dx_ . X

sz K,x, + K’[(—l—xZ)
S (2n+1)x dx
=1{(2n+1)2—x2}2] dt (18)

The numerical integration of Eqs. (14) and
(18) in combination yields the particle trajec-
tories. Considering the particle which travels
from the initial point X, to the boundary
point (X = X,) at the outlet of the parallel
channel (Y = L), the deposition efficiency can
be determined by the following equation;

1
u,dx
= L" . N T
n=— 5 Xo ¥ 5%
j u, dx
0
where u,, = Uy/ljy.

In this study, the numerical integration
based on the Runge-Kutta-Merson method was
applied to Eqgs. (14) and (18) for various initial
conditions in order to obtain the deposition
efficiency by use of Eq. (19).

Equations (14) and (18) show that the de-
position efficiency n is a function of P,
K., K;, L, and X, . Figure 2 shows a typical set
of correlations between n and K, when K; =0
and L/X, = 100. All the curves using the para-
meter P indicate that n increases with an in-
crease in K,, approaching the dotted line as P

decreases. This dotted line represents the
1 T =T TTTY T T Ty I—J_
-t L/X,=100 gp—— P
L LE=0 Qe //f
R 2K p=0
/
2 L x
] s ,/
2 05
= V4
Tt 7/ 0°
c o // /
o
a = 1
1%
O O L 1 1 Ll 1 1 i LLil 1 1 1 L 11)
107 2 5 107 2 5 107 2 5 10°

Coulomb-force parameter K. [—]

Fig. 2 Effect of inertia parameter P on the deposition
efficiency (as a function of Coulomb-force
parameter K,)
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Fig. 3 Effect of image force parameter K; on the
deposition efficiency (as a function of Coulomb-
force parameter K )

analytical solution derived from Eq. (7) based
on the assumption of plug flow. The influence
of particle inertia becomes dominant when P >
0.1 and the slope decreases as P increases.

The effect of image force on deposition ef-
ficiencies for P=0 is shown in Fig. 3 by use of
the parameters of K; and L/X, . Figure 3 em-
ploys the same coordinate system as that of
Fig. 2 and the dotted line also represents a
solution for plug flow. Although #n increases
with increasing K;, the influence of image force
is reduced as K, increases; such an influence
may be almost negligible when K, > 0.1. The
effect on deposition due to image force is en-
hanced as L/X; increases;in other words, when
the plates are made longer or the clearance be-
tween the plates narrower.

By dividing Eq. (16) by Eq. (17), the ratio
of the image force parameter K; to Coulomb-
force parameter K, is expressed as

K 1

e, S S 20
K. 411’N0X:i} ( )

Figure 4 shows the ratio n/n K;=0 88 @ function
of K, with the ratio K;/K, as a parameter under
the conditions of P=0 and L/X, = 100, where
K, =0 represents the deposition efficiency for
K; = 0. The ratio 77/”1(,-:0 increases with in-
creasing the ratio K;/K,. This means that the
influence of image force may be conspicuous
with decreasing the particle number concentra-
tion and/or the space between the plates in
consideration of Eq. (20).

3. Experiment

3-1 Experimental apparatus and method

The outline of the experimental arrangement

20

LN
By
-8
4 T LI | TTTT T L T T 7T
L/X,=100
P=0

T

£ 3

=~

~

=

2

s

-

Q

C

ko)

g}

>

& 2

3 o, \ N

®

& o, \

0 \
K\
0_07 Q‘\
1 et Z :
10° 2 5 107 2 5 10"

Coulomb-force parameter Ke {—]

Fig. 4 Deposition efficiency-ratio n/nKi:O as a function
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is illustrated in Fig. 5. The powder material
used for this work was JIS test dust No.10 of
fly ash with the density of 2.39 g/cm?® and the
mass median diameter of 3.5 um having the
geometrical standard deviation of 2.18 (JIS Z-
8901). After dispersed with a mixer-type dis-
perser (made by Shimadzu Seisakusho Ltd.) at
a constant feed rate with a table feeder (made
by Sankyo Dengyo Co., Ltd.), the sample
powder was unipolarly charged with the Boxer
charger (made by Sankyo Dengyo Co., Ltd.),
before being introduced into the test zone.
Some of the sample particles were deposited on
the test plates and the others which passed
through them were captured with a glass fiber
filter (made by Toyo Roshi Co., Ltd.). The de-
position efficiency was given by

n=(W,— W,)/W, 21

where W, is the weight of the sample dis-
charged out of the table feeder and W, is the
weight of it captured with the filter. It was
observed that there was no adhesion of parti-
cles on the disperser wall and the deposition
except for test plates was negligible (which was
less than 3% of the total captured amount).
The feeding rate of the table feeder fluctuated
to some extent; the variation was about 5%

KONA No.3(1985)
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Fig. 5 Schematic diagram of the experimental arrange-

ment

during 1 min operation with a range of 10 to
400 mg/s.

Figure 6 shows the outlook of the test plates
with 39 cm height, 18 cm width, and 1 m
length in which several steel plates were ar-
ranged in parallel and mounted with PVC hold-

Fig. 6 Photograph oftest plates (upper and connection
parts are dismounted)

KONA No.3(1985)

ing spacers on top and bottom sides. The space
between each test plate was to be varied with
the spacer thickness. The flow after the charg-
ing zone was enlarged toward the deposition
zone and the disk of 4 cm diameter with the at-
titude perpendicular to the air flow was mount-
ed at the center of the enlarged duct.

Electric charges on aerosol particles were
measured with a Faraday cage and an electric
meter (made by Takeda Riken Co., Ltd.) as
illustrated by the dotted line in Fig. 5. In ad-
dition, the size distribution of aerosol particles
was determined with a cascade impactor (made
by Nippon Kagaku Kogyo Co., Ltd.).

3. 2 Experimental results and discussion

The particle inertia parameter P and the
image force parameter K; were observed to be
up to 1072 and 107¢, respectively. Thus, the
effects of such parameters would be negligible
in the numerical calculation. When it is as-
sumed that P = 0 and K, =0, K, multiplied by
L/X, gives the following new parameter a7
which is independent of the space between the
plates.

L _ @’Dippc,LC _

KL 4
X] 18[1Uy€0

ar (22)

The relationship between ar and 75 is shown
in Fig. 7 where the dotted line represents the

21
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mental deposition efficiency (as a function of
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analytical solution for plug flow and the solid
line represents a calculated result for laminar
flow. The deposition efficiency increases with
ar and the experimental results are somewhat
smaller than the solid line as a7 > 1.

It has been recognized from the laboratory
deposition experiment that the deposition ef-
ficiency may depend upon the plate material.
In this work, we employed aluminum as well as
PVC to examine the spacer effect. The result
suggests the effect of the spacer material would
be negligible as shown in Fig. 7 where the
symbol e represents the measured value which
was obtained by use of aluminum spacers.

It should be noticed that the actual velocity
distribution of air flow would differ from the
assumed one such as laminar or plug flow dis-
cussed above because of a lack of flow uni-
formity caused by the duct enlargement.

One of the velocity profiles at the inlet of
the test plates measured by a wire anemometer
is typically illustrated in Fig. 8. This figure,
which is based on the non-dimensionalized co-
ordinate system that corresponds to each inlet
section in Figs. 1 and 6, implies that the flow
velocity might be maximized at the center and
the backward flow due to flow separation
might take place near the wall. These phenome-
na are caused by the influence of duct enlarge-
ment, and they should be taken into considera-
tion in a practical use.

The deposition efficiencies obtained from
the modified flow distribution and the experi-
mental flow distribution based on the actual
profile indicated in Fig. 8 are also shown in
Fig. 7. The latter curve provides a lower limit
of the deposition efficiency because the flow
development in the test plates may gradually
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Fig. 8 Experimental profile of flow velocities at the
inlet of test plates

form a laminar velocity profile. The experi-
mental results are found within the range of
the theoretical predictions, and thus the in-
fluence of the actual flow distribution may
possibly justify the deviation of the experi-
mental results from the theoretical solutions.

The experimental relationship between de-
position efficiency and plate space 2X, at
ar = 4.2 is shown in Fig. 9, where the solid
line represents a theoretical solution based on
the assumption of the laminar flow. The de-
position efficiency was found to be independ-
ent of the plate space except that 2X; = 1.2
cm. The deposition efficiency at 2X, =1.2 cm is
close to the theoretical solution, and this agree-
ment might result from the flow rectification
effect of the parallel plates.

It is well-known that electric discharge takes
place in atmosphere when the electric field of
more than 30kV/cm is applied. If this discharge
occurs between the aerosol particles and the
channel wall, the deposition efficiency may be
reduced because of immediate disappearance
of the electrostatic force on the particle. The
intensity of electric field formed by charged
particles in the channel is given by Eq. (1)
when the space charge density is held constant

KONA No.3(1985)
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at the inlet. This intensity increases to the
maximum value very near the wall, and thus its
maximum value will be in proportion to the
plate space. In this work, this intensity was
found to be up to 10kV/cm when no steel plates
were inserted (in other words, only the outer
case of the test box shown in Fig. 6 was used).
Although it was ascertained that this intensity
was smaller than the critical value for initiat-
ing atmospheric discharge, experimental studies
were carried out on the distributions of particle
charge and particle concentration of charged
acrosols at the inlet of the test plates by use
of a Faraday cage.

The particle charge distributions at the inlet
of the channel along the X (width) and Z
(height) directions are shown in Figs. 10 (a)

A
Ve.

and (b) respectively. The symbols © and A in
the figure denote the sampling in forward and
in backward directions, respectively. With the
sampling in each direction for the region where
flow separation took place, it was found that
the particle charge distribution in the chamber
was nearly uniform. Consequently, it is reason-
ably considered that no electric discharge be-
tween particles and a wall of the equipment
might take place.

Figures 11 (a) and (b) indicate the distri-
butions of particle concentration in X and Z
directions, respectively. The curve represents
the velocity profile at the inlet of the parallel
plate chamber. Although the particle concen-
tration slightly increased near the wall, the cor-
relation between particle concentration and
velocity profile was not found.

It this work, the influences of deposition by
gravity and by diffusion calculated from the
equation derived by Marcus® were found to
be up to 1% and up to 0.01%, respectively,
showing that the influences might be reason-
ably neglected.

4. Conclusion

The deposition of unipolarly charged aerosol
particles flowing through parallel plates were
investigated both theoretically and exper-
mentally.

Summarizing the results of this work:

(1) The deposition efficiency increased with

x10°° (a) (b)
10 T T T T T T T T T T T T T T T T T T
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Fig. 10 Experimental results on the specific charge of
particles (at the inlet of test plates)
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increasing the Coumb-force parameter
and the theoretical solution based on the
assumption of laminar flow was slightly
smaller than that for plug flow. When
the image force and particle-inertia force
were negligibly small, the deposition ef-
ficiency was expressed as a function of
the unique parameter ar which did not
depend on the space between the parallel
plates.

(4) The experimental deposition efficiency

was slightly smaller than the theoretical
one obtained by the assumption of
laminar flow. This fact could be explain-
ed to some extent by considering the
actual flow distribution.

(5) The distributions of particle concentra-

tion and particle charge were found to
be nearly uniform, and the electric dis-
charge was not observed.

KONA

(2) The deposition efficiency decreased with Nomencrature

an increase in particle-inertia parameter . . .
P. The influence of the inertia was, how- C: Cunpmgham’s slip Corre?tlon factor [”3‘ |
ever, reasonably negligible if P was less ¢, : particle mass concentration [kg/m”]
than 0.1 D, : particle diameter [m]
(3) The image force affects the deposi- E : intensity of electric ﬁeld, [vi “21]
. . . F, : Coulomb-force on a particle {kg:m/s*]
tion efficiency when the image-force L f ol K 2
ter is lareer than 10~ and the F; : image force on a particle [kg-m/s®]
parameter g K, : Coulomb-force parameter [-]
Coulomb-force parameter was smaller K, : image-force parameter (]
than 107" The effect becomes large L - plate length [m]
with increasing L/X, . It should be noted m, : particle mass [kg]
that the image force could be dominant N, : particle number concentration [1/m3]
when the particle number concentration P : vparticle inertia parameter -1
and the plate space were very small. q  electric charge on a particle [C]
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Explanation of the cover photograph

& 2

The cover photograph (by TEM) shows (
very fine particles of magnesium oxide 128 62.2°
(MgO) with the magnitude of 10000X. d=2.111 d=1.491
When ground down to sub-micron size, MgO(200) Mg(OH) (111)
this material becomes highly active on
the particle surfaces, although it is rela- ‘E
tively stable before grinding from the = Sigm .
chemical point of view. Brought into MgO (111)
contact with water in the air, it is rapid-

ly tumed into magnesium hydroxide T Ea T

Lgs a1 i
35 40 45 50 55 60 65 70

(Mg(OH),) with an acicular shape, as 26 [deg]
shown in the photograph. The X-ray
diffraction chart on the right verifies

such a reaction.
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The importance of fracture characteristics in
determining optimum design or operating con-
dition in comminution process has been ex-
tensively recognized in various industries. The
energy required for grinding materials or the
grinding resistance is generally expressed as
a function of particle size through size reduc-
tion. As well accepted, however, prolonged
comminution has the tendency to show the
finite limit of size reduction peculiar to the
equipment used®. This is not only due to the
absorption of the energy into powder bed and
the reduction of energy distribution for each
fractured fragment, but also due to the increase
in fracture strength resulted from size reduc-

T This report was originally printed in Kageku Kogaku
Ronbun-shu, 10, 108-112 (1984) in Japanese, before
being translated into English with the permission of the
editorial committee of the Soc. Chemical Engineers,
Japan.
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tion, that is, the effect of size on strength.
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Relationships between Particle Size
and Fracture Energy for Single Particle Crushing*
Yoshiteru Kanda
Department of Chemical Engineering,
Yamagata University™®
Shigeru Sano
Ichinoseki Technical College**
Fumio Saito
Department of Chemical Engineering,
Yokohama National University***
Saburo Yashima
Research Institute of Mineral Dressing and Metallurgy,
Tohoku University* ***
Abstract

An experimental study of single-particle crushing at slow compression rate was
carried out for two kinds of glassy and five kinds of natural materials. The specimens
were almost spherical particles of 0.5 to 3.0 cm in diameter.

The relationships between particle size and fracture energy (strain energy) were
calculated by using the results of the size effect ranging from about 10 cm to 0.0030
cm of single particle crushing, as shown in the previous papers. The experimental
results are summarized as follows:

1) The fracture energies obtained were larger than the values calculated from the
theoretical equations for limestone, marble and gypsum.

2) For natural materials, the specific fracture energies rapidly increased with de-
creasing particle size within the range of particle size smaller than about 500 um.

Introduction

In the present paper, the relationship between

compressive strength of spherical specimens
of 0.5 to 3 cm in nominal diameter and frac-
ture energy was experimentally investigated.
Furthermore, the energy required for single
particle crushing and the specific fracture
energy was calculated by use of the experi-
mentally obtained relationship between com-
pressive strength of spheres with an approxi-
mate diameter range of 30 um to 10 c¢m pre-
sented in the literatures'®:!® . The result pro-
duced was that specific fracture energy in-

* Jonan 4-3-16, Yonezawa, Yamagata, 992
TEL. 0238 (22) 5181

** Hagisho-takanashi, Ichinoseki, Iwate, 021
TEL. 0191 (24) 2121

**¥ Tokiwadai Hodogaya-ku, Yokohama, Kanagawa, 240
TEL. 045 (335) 1451

****  Katahira 2-1-1, Sendai, Miyagi, 980
TEL. 0222 (27) 6200
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creased with increasing particle size, showing
a remarkable rise especially within the finer
range of the particle size.

The experimental or calculated results ob-
tained in this work were based on the condition
where spherical or near-spherical specimens
were fractured under static compressive load®.
However, the actual fracture is accompanied by
the phenomenon that irregularly shaped parti-
cles are fractured under dynamic or impact
load. Therefore the results of this paper will be
available in practice as far as the difference
between the ideal and actual phenomenon is
taken into consideration to reasonable extent.

1. Sample and experimental method

The specimens used and their mechanical
properties are listed in Table 1. The relation-
ship between compressive strength of spheres
and fracture energy is studied by experiment
and calculation by use of the nominal diameter
and number of specimens® prepared as indi-

Table 1 Properties of samples

Samples  plkg/m®] Y[Pal »[-] W;[kWh/t]
Quartz glass 2.20x10% 7.35x10'° 0.16  14.8
Borosilicate

glass 2.33x10% 6.12x10'° 0.21 15.2
Quartz 2.62x10% 8.71x10™ 0.16  13.3
Feldspar 2.55x10% 5.87x10* 0.26 12.4
Limestone  2.70x10% 6.80x10'° 0.32 9.4
Marble 2.70x10% 5.34x10'° 0.30 6.7
Gypsum 2.30x10% 3.78x10'° 0.32 6.3

Table 2 Nominal diameter and number of specimens

prepared
Nominal diameter [cm]

Samples 0.5 10 15 20 25 30
Quartz glass 20 20 20 20 20 —
Borosilicate glass 20 20 20 20 20 20
Quartz 20 20 20 20 20 —
Feldspar - 20 20 20 20 -
Limestone 200 20 20 20 - -
Marble 20 20 20 20 — —
Gypsum — 20 20 20 20 —

“ Yamaguchi‘) reported that 20 specimens must be re-
quired for one point to obtain the confidence limit up
to 95% by use of granite. Qur study is for the time being
is based on his results which might depend on the ma-
terial kind.
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cated in Table 2. Fracture experiments were
carried out with Simadzu universal testing ma-
chine, Model REH-30, to obtain load-displace-
ment variation which was presented on an
X-Y recorder through differential transducer.
The manufacturing procedure and its accuracy
of the specimens, and the experimental method
were fully described in the literatures®?.

2. Calculation of fracture energy

When the sphere of x in diameter is com-
pressed between parallel plates as shown in
Fig. 1, the elastic theory provides the displace-
ment A as a function of the load P as follows:

9 11— ¥
A=2{— (=5

2
16 x ) P (h

where v is Poisson’s ratio and Y is Young’s
modulus. For an overall or net energy for
fracture, various definitions have been pro-
posed*®, though the final concept has been
never obtained yet. In this paper, the term
energy required for fracture is defined as
elastic strain energy accumulated in a particle
until the fracture will take place. That is:

) x

w|wn

1
3P

E-= JPd(A)=O.832(1_V 2)

Y
Accordingly, the fracture energy per unit mass
E/M is given by

E _ 1
5 =499 —(

2 2 5
Loviys £ y3 (3)

X

AREARNVANRANNN

T

Fig. 1 Crushing of sphere
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where p is the particle density.
The compressive strength of spheres™ was
presented by Hiramatsu el al.? as

_2.8P

7x?

Substituting Eq. (4) into Eq. (3), E/M is deter-
mined from the compressive strength as follows:
2 5

E 1 2 12 5.3
— =0.897 3 (——)'§
i 0.897p 173 ( % )

The strength of material, which is well
known to be sensitive to its stracture!® and
thus dependent upon its size, is generally ex-
pressed asb?

N 4

(5)

S=(S,V,m)V ™ (6)

where S, is the strength of a specimen having
a unit volume ¥V, and m is Weibull’s coefficient
of uniformity with the value greater than 1. As
shown in Eq. (6), the effect of specimen
volume on strength decreases with increasing
m, and the material becomes perfectly uniform
in the limiting case as m = oo™%

By use of Egs. (5) and (6), the fracture energy

and the specific fracture energy at size x are
rewritten respectively as follows:

2
smss 1 2%
E=015.63m. 3m (IY” )
L% 3m-5
(S V™) -x ™ (7N
E_ R
i 0897165 p5 ( 7 ).
(So Vo™’ - x ™ (8)

The ratio E/M increases over the finer region
of x with a decrease in the coefficient m or
the lack of uniformity of the material in
question.

3. Experimental results and discussion

3. 1 Experimental results of compressive
strength of spheres and fracture energy

The typical values of E/M of borosilicate
glass, quartz, feldspar, and marble plotted

#  The value S can be calculated under compressive load
which is applied on points even if the shape of particles
are irregular.

*%  This does not imply ideal material without flaw alone,
but uniform one which has the various kinds of flaw.
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against the strength S are shown in Figs. 2 and
3 by using all the specimens of Table 2. The
straight lines in these diagrams represent calcu-
lated solutions derived from the values p, Y,
and » in Table 1% which were experimentally
obtained.

It is clear from Figs. 2 and 3 that the agree-
ment between the experiment and the calcu-
lation seems to be satisfactory and thus these
materials can be considered as semi-elastic
solids. The similar tendency was also given for
quartz glass. For marble, on the other hand, its
experimental values are greater than the calcu-
lated line as indicated in Fig. 3. This reason was
stated in the previous paper'? as follows; the
authors numerically integrated the load-dis-
placement curve to obtain the whole fracture
energy and determined the ratio of the energy
required for plastic deformation to the whole
energy by use of extrapolation. The calculated
ratio in the case of marble was about 0.63, and
this implies that the fracture energy measured
would consist of the large amount of plastic
deformation. From this reason, the experi-
mental values might be greater than the calcu-
lated solutions.

For limestone and gypsum, the ratios were
0.55 and 0.78 respectively and both of their
experimental results gave greater values than

T

T T
Borosilicate glass

10°F

S {Pa]

Fig. 2 Relationships between strength § and specific
fracture energy £/M
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10°

E/M [J/kg)
>
T

P Marble

5 ] 1 1
10° 5 107 5 10°

S [Pa]

Fig. 3 Relationships between strength S and specific
fracture energy E/M

the calculated solutions, though not schema-
tically indicated here.

Summarizing the above discussion is that
when the material has plastic characteristics,
the fracture energy obtained experimentally
is greater than the calculated solution. There-
fore Eq. (5) will be available for estimating
the fracture energy, only when the portion of
plastic deformation energy and elastic strain
energy can be determined in advance as stated
in the previous paper'?.

3. 2 Relationship between particle size and
fracture energy

By use of Egs. (7) and (8), Weibull’s coeffi-
cient of uniformity m yields the fracture energy
of a single particle E and the specific fracture
energy E/M. A typical relationship between
the specimen volume and the strength present-
ed in the previous paper!? isindicated in Fig. 4,
which shows a set of line segments obtained by
the least squares method. Such a relation was
found to be expressed as a single straight line
with a constant slope for glass materials and as
a set of line segments with plural slopes for
natural materials®. In any case, however, the
resultsimply that the strength will increase with

KONA No.3(1985)

decreasing particle volume or particle size.

The calculated solutions of E and E/M by
use of Eqgs. (7) and (8) and the values of m
in the previous paper'® are plotted against
the particle size x in Figs. 5, 6 and 7. The
values of E and E/M are expressed as a straight

X [cm]

w_ 5 107 5 10 5 1 10
10 TT TT T LA} T T T TT T 5| 1
10°

© 10*
a
[0107
10° 1 1 1 1 1 1 1 1

] i
10%10710°10°10*10°10%10" 1 10 10* 10°

V {cm3]

Fig. 4 Variation of strength S with volume of
specimen ¥V for quartz

T T T 10
~ —10°
— _1071
Borosilicate
glass
>
< —
R 4107 2,
= S
~
3]
10° (- 107
10° - 10"
10° + —10°°
10 1 1 1 10-°
5 107 107 1
X fem]

Fig. 5 Relationships between size x and specific
fracture energy E/M or fracture energy F

#* It seems that the relationship between volume and strength
for glass material shows the similar tendency when the same
manufacturing procedure as that of natural materials are
employed. The detail of this is under examination.
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3 1072 10" 1 10

107
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Fig. 6 Relationships between x and E/M or E

line for glass material as shown in Fig. 5. On
the other hand, they are revealed as a set of
line fragments with different slopes for the
natural materials as indicated in Figs. 6 and
7. Such a discontinuous distribution is con-
sidered to result from the following procedure;
first, the relationship between specimen
volume and strength was determined in view
of a representative straight line which indicates
the most acceptable points in the fluctuated
values obtained in this work. Then the line
segments which were to result in the mini-
mum probable error over each size range in
question were determined. From this reason,
the end points of each line segment were sepa-
rated although the particle size distribution was
continuous. In practice, however, the corre-
lated line may pass continuously near these
end points.

It is clear from Figs. 6 and 7 that the ratio
E/M of natural materials remarkably increase
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Fig. 7 Relationships between x and E/M or E

with a particle size less than 500 pym, and this
implies the large amount of energy required
for producing fine particles.

The results obtained in this work are based
on the ideal fracture experiment under static,
compressive load. It should be noticed that a
practical fine comminution is accompanied by

a fracture of irregular shaped particles under
dynamic or impact load and the values v, Y and
S in Egs. (6), (7) and (8) are dependent upon
the loading speed!V. It should be also remark-
ed that these results will be available for prac-
tical use only if the condition used is reason-
ably restricted.

Conclusion

The relationship between compressive
strength of spheres and fracture energy was
experimentally investigated under static com-
pressive load by using 7 kinds of specimens of
0.5 to 3 cm in diameter. Furthermore, the
values of fracture energy per a single particle
and unit mass of the particles with a diameter
range of 0.0030 to 10 cm were calculated by
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O$ use of the relationship between particle volume W; : Bond’s work index [kWh/t]
> (particle diameter) and strength which had Xx : particle size [cm] or [m]
been previously reported. Summarizing the Y : Young’s modulus [Pa]
results of this study: A : deformation of specimen [m]
1) The fracture energies were larger than - g:;sssi?n Zfr:U:cimen [k /rfl;%
the values calculated from the theoreti- e yorsp 5
cal equations for plastic-like materials References

such as limestone, marble and gypsum,
while these values were in reasonable
agreement for quartz glass, borosilicate
glass, quartz, and feldspar.

2) For natural materials, the specific frac-
ture energies rapidly increased with de-
creasing particle size within the range of
particle size smaller than about 500 um,
and this implies the large amount of
energy required for producing fine
particles.

Although the results obtained in this work
are based on the ideal fracture behavior and
seem to differ from the actual one, the result-
ant tendency may be reasonably available for
practical use.
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Process of Forming Seamless Capsules by Concentric Nozzle SystemT

Toshiyuki Suzuki, Hideki Sunohara
and Ryosei Kamaguchi
Morvishita Jintan Co., Ltd. *

Abstract

Adaptation of the natural phenomenon of drop formation has resulted in the de-

velopment of forming seamless capsules.

The encapsulation behavior of gelatine in coolant fluid has been studied using
a concentric nozzle. The major assumption was that capsules were formed through
a wave-like instability in the concentric streams of extruded core, shell, and coolant

fluids.

Predictions of flow rates and fluid properties were compared with experimental
results and were shown to be in reasonably good agreement. It was found that for a
given set of flow rates and fluid properties optimum conditions could result in form-

ing uniform size capsules.

1. Introduction

One of the advantages of a capsule is to
apparently treat formless liquid as a solid
form. A soft capsule which is formed by
concentric nozzle system based on an orifice
method is called a seamless mini-capsule, and
has been widely used for a variety of industries
such as food, pharmacy, and so on. This capsule
shows excellent powder characteristics of
fluidity and packing behavior since it is formed
to have spherical shape. However, the influence
of physical property on capsule formation
process has been scarcely investigated. This
paper presents experimental findings on this
influence with the acid of a fundamental
model concept.

2. Experimental equipment

The experimental equipment used in this
work is schematically illustrated in Fig. 1.
Shell liquid and core liquid stored in each

* 1-30 Tamatsukuri, 1-chome, Higashi-ku, Osaka, 540
TEL. 06 (761) 1131

+ This report was originally printed in J. Soc. Powder Tech.,
Japan, 20, 723-727 (1983) in Japanese, before being trans-
lated into English with the permission of the editorial com-
mittee of the Soc. Powder Tech., Japan.
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tank () and @ respectively were introduced
quantitatively into a concentric nozzle &) by
gear pumps 3 and @ and discharged out of
the tip of the nozzle so that a jet flow ® could
be formed in a guide tube @. When the flow
of coolant oil filled in this guide tube was
laminar, the stable elongation of the jet flow
would be permitted to make sequential forma-
tion of resultant capsules. In this process,
moreover, a vibration ring () was equipped to
form uniform size capsules.

On the other hand, the coolant oil to be
used for forming capsules by cooling was intro-
duced into the guide tube @ mounted at the
center of a cooling cylinder (), after being
cooled in a heat exchanger (. This liquid
accompanied by formed capsules was trans-
ported through a cooling tube (2 , before being
made to be separated from the capsules by
separater @ placed at the outlet of the tube.
After this separation, the liquid was stored in
a coolant oil tank (9 and returned to the heat
exchanger through a pipe @9 by gear pump (9.

3. Experimental procedure and results

In this work, the influence of each liquid
flow rate and shell liquid viscosity on capsule
formation process was experimentally investi-
gated. For simplification, the core liquid, the
shell liquid, and the coolant oil will be called

KONA No.3 (1985)
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Fig. 2 Schematic of capsulation
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40 Transmission rod
{) Ring

{2 Cooling tube

{9 Separator

{% Coolant oil tank

{9 Coolant oil pipe

{8 Coolant oil pump
1D Heat exchanger
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V,.l

l (shell liquid flow)

/ 3rd liquid flow
(coolant liquid flow)

D
‘—_7\3/

__© @ Inner nozzie
@ Outer nozzle
(® Guide tube

Schematic diagram of apparatus

liquids 1, 2, and 3, respectively, in this paper.

The formation of capsules is schematically
outlined in Fig. 2. The jet length L is con-
sidered to be a distance where the jet flow of
liquids 1 and 2 is capable of maintaining its
stability. In this case, the diameter of this jet
flow at the point which is L/2 distant from the
tip of the nozzle may be reasonably regarded as
a standard dimension of the flow; however it
should be noticed that the diameter at an arbi-
trary point is dependent upon the vertical
distance in the flow.

Relationship between jet diameter d; and
capsule diameter d,

The influence of jet diameter 47, on capsule
diameter d, was experimentally studied under
the conditions listed in Table 1. As shown in
Fig. 3, plots of the results hardly deviated from
the single straight line which demonstrated that
d. would be twice as large as d;. It is found
that this result might be in good agreement
with the solution derived from the Rayleigh
theory for instability of liquid jetsV.
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Table 1 Experimental conditions
I1st liquid 2nd liquid 3rd liquid
Condition flow rate flow rate flow rate
q1 lg/s] q2 lg/sl q3 [g/s]
1 0.653 0.531
16.6
S I
: ) 36.0
4 0.374 0.531 457
5 0.281 0.531 ’
55.4
6 0.194 0.531
8.0 T T T
.
6.0 ~
B
E
~5
2 40} -
5
o Condition | Key
3 1 °
a 2 .
S 50k 3 a |
. 4 R
5 =]
6 ]
1 I 1
0 1.0 2.0 3.0 4.0
Jet diameter d, [mm]
Fig. 3 Correlation of capsule diameter d, and jet
diameter d;
Capsule formation

Consider a typical capsule model during its
successive formation as illustrated in Fig. 4.
Provided that the distance between the suc-
cessively formed two capsules (pitch P) is
assumed to be the length of the cylindrical jet
flow required to make one capsule, the follow-
ing equation is given:

d 3
i}ﬂ ) 1)

7 2

As shown in Fig. §, the experimental results
based on the conditions presented in Table 1
seem to be little apart from the linear relation
of Eq. (1). It follows that Eq. (1) could reason-
ably relate the jet diameter c_z'} and the capsule
diameter d,., which was also confirmed by
Dabora?. From Eq. (1), the capsule diameter
d, can be rewritten as a function of pitch P as
well as jet diameter d,. as follows.
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Fig. 5 Correlation of capsule volume and jet volume
3 B
d, = (7 d,- P) (2)

This equation states that capsule diameter d,
can vary with jet diameter d; alone, if pitch P is
held constant. Pitch P may be held constant, if
vibration is applied to the jet flow. By the way,
under the conditions listed in Table 1 the en-
capsulation processes observed is schematically
illustrated in Fig. 6; the capsule diameter de-
creased with increasing the value of g;. On the
other hand, it was found that the jet diameter
d; increased with increasing the values of g,
and/or ¢, .

Relationship between flow rate ratio (q, +
q:)/qs and jet diameter d;

From the facts mentioned above, it can be
known that liquids 1 and 2 might be positive
factors for rising the jet diameter (7] and liquid
3 might be a negative one. Figure 7 shows the
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Fig. 7 Correlation of jet diameter d; and flow rate
ratio (g1 +42)/qs

dependence of the flow rate ratio (¢; +¢,)/q5
upon the jet diameter E,

When it is assumed that all the liquids are
Newtonian and flow at the same rate, the
following equation can be given:

ql-}-&:

A1 T
71

Y2 4 a—jz V3 max

3)
where vy; is the specific weight in g/cm?® for the
i-th liquid. The maximum flow rate of liquid 3
is expressed as

V _ 8q3

3max 2
nysds

4)

The experimental condition employed in this
work was thaty, =v, =1 x107% g/mm?, 75 =
0.94 x 107 g/mm?, and d; = 20 mm. Thus
Egs. (3) and (4) can be rewritten as the follow-
ing relation:
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Fig. 9 Relation between capsule mean diameter d,. and
flow rate ratio q,/q,

gii =188 q: tq,

qs
It is obvious from Fig. 7 that the plots ob-
tained experimentally in this work is in good
agreement with the solution of Eq. (5) indi-
cated as the dotted curve. This suggests that
the assumption in the above was consistent
with the result of this work.

(5)

Relationship between flow rate ratio (q, +
q.)/qs and capsule diameter d.,.

To find the dependence of the flow rate
ratio (¢, *+ ¢.)/gs upon the capsule diameter
d., another encapsulation experiment was
carried out under the condition of the tempera-
tures of 22, 80, and 10°C for liquids 1, 2, and
3 respectively and the concentration of 25%
for liquid 2. The experimental condition and
the result are indicated in Table 2 with the
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schematic illustration of Fig. 8. It is found
from this figure that the flow rate ratio (¢, +
q.)/qs was approximately proportional to the
capsule diameter d, with a region of 0.02 <
(g, +g2)/gs < 0.06. This implies that there
could be an optimum flow rate ratio for forma-
tion of the capsule with a uniform diameter.

Influence of flow rate ratio q,/q, on mean
capsule diameter d,

As shown in Fig. 9, the mean capsule dia-
meter d. was almost independent of the ratio
of the flow rate of liquid | to that of liquid 2,
q:/9:.

Influence of liquid 2 concentration on mean

capsule diameter

The mean capsule diameters are plotted
against the concentration of liquid 2 as a func-
tion of (g, *+¢,)/qs in Fig. 10. It is found that
the diameter decreased with increasing the
concentration and this tendency became more
remarkable as (q, t+ g,)/q, increased. This is
probably because the spherical formation of
the capsules was enhanced both by the increase
in the surface tension of liquid 2 due to the rise
of its concentration and by increase in the flow
rate of liquid 3 which resulted in reduced jet
diameter.

The physical factors investigated in this
work were the flow rate of the liquids and the
viscosity of liquid 2 and they might be also
dependent on a more fundamental factor, i.e.
temperature. Therefore further study on the
influence of temperature should be required
to control the capsule formation process more
precisely, although only the restricted range of
the temperature effect was investigated in this
work.
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4. Conclusion

It has been little known how the two kinds
of liquid are discharged out of the concentric
nozzle into another liquid in a jet flow. In this
work, we investigated the influence of these
three liquids on the diameter of capsule formed
in this solidification process in order to eluci-
date such a complicated fluid dynamic behav-
ior. The results of experiments and observa-
tions are summarized below.

1) The capsule diameter d, is about twice

as large as the jet diameter d;.

2) The capsule diameter d. is dependent
upon the pitch P as well as the jet dia-
meter (7,-, and thus d, may be held con-
stant if vibration is applied on the flow
to fix the value of P.

3) There is an optimum flow rate ratio
(g, + q.)/qs which yields the capsules
with a uniform diameter.

4) The capsule diameter d, decreases with
an increase in the viscosity of the shell
liquid.

5) The diameter of stabilized capsules may
be determined when the velocity of the
jet flow coincides with that of the cool-
ant oil.

Based on this work, we intend to investigate

the influence of other physical factors such as
temperature, specific weight, and so on.
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O$ Table 2 Flow rate ratio (g1 +¢2)/q3 and capsule diameter d,
Liquid flow rate Flow rate ratio Capsule diameter d, [mm)]
1st liquid 2nd liquid 3rd liguid (g1 +q2)/q3 Minimum Mean Maximum
q1 [8/s] q2 [g/s] q3 [g/s] -
0.1473 0.3057 38.107 0.01189 2.70 3.80 4.30
0.3180 0.3057 30.203 0.02065 2.10 3.90 5.95
04318 0.4151 30.203 0.02804 2.10 4.35 5.25
0.3180 0.3057 14.395 0.04332 3.95 5.49 7.00
0.4318 04151 14.395 0.05883 5.75 6.71 8.10
0.5171 0.4972 14.395 0.07046 3.25 7.01 9.85
0.5740 0.5519 14.395 0.07821 3.00 7.35 9.50



Nomenclature

d. : capsule diameter

d. : mean capsule diameter

d; @ jet diameter

d; : inner diameter of guide tube

L : jetlength
P : pitch
q: - flow rate of core liquid

q2 : flow rate of shell liquid
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[mm]
{mm]
[mm]
{mm]
[mm]
[mm}

[g/s]

[g/s]

PN
A GCY 4
qs : flow rate of coolant oil [g/s]
Vimax : maximum velocity of coolant oil [mm/s]
v1 - specific weight of core liquid [g/cm?]
72 @ specific weight of shell liquid [g/em?]
vs @ specific weight of coolant oil [g/cm3]
References
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2) Dabora: Rev. Sci. Instr., 38, 502 (1967).
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Abstract

A numerical simulation was attempted for pneumatic conveying of solids in a
horizontal pipe. Trajectories of individual particles were calculated using equations of
motion. In this simulation, the fluid drag, lift force due to particle rotation and
torque on the rotating particles were taken into consideration. The friction loss due
to collision of particles with a pipe wall was also calculated using impulsive equations.
The pressure drop due to the presence of particles was obtained from the fluid drag
acting on the particles through the momentum theorem. To avoid sliding motion of
particles on a pipe bottom wall, a model of abnormal bouncing was newly proposed.
Several parameters concerning the abnormal bouncing were determined empirically.
It was found that the particle flow predicted by the present simulation agreed with
measurements regarding particle distribution, pressure drop and particle velocities
including angular velocities. In addition, this method was applied to find the effects
of particle size, pipe diameter, particle density and so forth. Since particle diffusion
due to the air turbulence was neglected in this analysis, the case of fine particles
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© Numerical Simulation of Pneumatic Conveying in a Horizontal Pipe

was not investigated.

1. Introduction

Technology of pneumatic conveying was de-
veloped in the middle of the 19th century for
transportation of grains. Although a number
of investigations have been carried out by
many workers to improve facilities and refine
design procedure, appropriate prediction of
pressure drops is not still easy. This is because
development of various industries has been in-
creasing the number of solid materials to be
conveyed and their properties of friction against
a pipe wall depend largely upon each material.
Therefore, it is very difficult to establish a
unified theory quantitatively predicting the
phenomena.

The methods of analysis for pneumatic con-
veying system may be classified into the follow-
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ing three stages.

(1) One-dimensional analysis (highly em-
pirical)

(2) Numerical analysis based on individual
particle trajectories, by neglecting the in-
teraction between the particles and fluid.

(3) Numerical anatysis based on individual
particle trajectories, by taking the inter-
action into consideration.

The first method

The analysis based upon the first method
has been conducted by experiment depending
upon the material and the condition. Although
many monographs and papers describing this
approach have been presented and various
empirical factors have been introduced into the
equations for pressure drop, the mechanism of
friction between particle and wall is not direct-
ly considered.

The second method

A trajectory of each particle is calculated
numerically by computer simulation, where the
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values of mean particle velocity and pressure
drop can be obtained as an ensemble average
value.

It should be noticed that this method as-
sumes that fluid motion is not affected by the
presence of particles except for the loss of pres-
sure energy; that is, the relationship between
particle and fluid is a “one way path”. This as-
sumption is contradictory to the measure-
ments by Laser Doppler anemometer even in a
dilute-phase conveying?-¥?. Fortunately it is
known, however, that the assumption of the
one way path causes no serious errors in pres-
sure loss.

The third method

The analysis based upon the third method
can also be carried out by computer simula-
tions. As one of the simulations for single
phase flows, the Navier-Stokes equation is
usually used, by taking momentum exchange
between particles and fluid into consideration.
Although this method has been already used
for several analyses of two-phase flows, more
research will be necessary before it is applicable
to pneumatic conveying. This is because there
are several barriers to be overcome.

First, the situation of pneumatic conveying
which differs from other types of two-phase
flows is that collision of the particles against
the wall should be dealt with. The collision
reduces kinetic energy of the particles. The par-
ticles which lose the kinetic energy are acceler-
ated by fluid through the drag force which re-
sults in the loss of pressure energy of the fluid.
If the problem of the collision remains un-
solved, the numerical solution of the Navier-
Stokes equation pursued in detail will be mean-
ingless. Therefore it is a pre-requisite to clear
up the collision problem in the second method.

Secondly, the pipe flow used in pneumatic
conveying is usually turbulent, and turbulence
is also greatly influenced by the presence of
particles. The problem how to deal with the
interaction between turbulence and particle
motion is beyond the scope of the present
knowledge of pneumatic conveying, though it
is interesting from the viewpoint of fluid me-
chanics. The difficulty due to turbulence could
be avoided, if some convenient assumptions
and models would be adopted in analyses.
However, the third method based on such

KONA No.3(1985)

A
Ve.

7
-
ud

simple assumptions is not regarded superior to
the first or second one.

The object of the present paper is to apply
the second method to particle flow in pneu-
matic conveying. For convenience of computer
simulation, the discussion is limited within the
condition; particles used are assumed to be
spherical because calculation becomes simpli-
fied, and large because they are little affected
by fluid turbulence.

2. Outline of the present simulation

The behavior of particles transported in a
pipeline is simple in a sence that particles are
discharged from a feeder to a pipeline and travel
under the influence of fluid-dynamic and gravi-
tational forces with occasional collision against
the wall. This is all that should be taken into
consideration in the simulation. However, each
particle shows a different trajectory, because
the initial position and velocity have different
values and the collision also causes a kind of
randomness even in the case of spherical parti-
cles. This problem will be discussed in the later
section. In the present simulation, the initial
conditions of particle motion are given by ran-
dom numbers. When equations of motion are
given as well as equations of energy loss due
to collision, the whole motion of each particle
can be calculated. Practical data required for
design works such as mean particle velocity,
distribution of particles and pressure drop are
obtainable by averaging the results of the
calculation for many particles.

Fluid-dynamic forces acting on the particles
are drag, lift and viscous dissipation of particle
rotation. Existing knowledge of fluid mechanics
gives sufficient information on these forces and
thus one has no difficulty in estimating them.
On the other hand, the effects of collision are
difficult to estimate. If the particle size is much
smaller than the pipe diameter, it can be as-
sumed that the particle collides with a flat
plate instead of the curved plane of a pipe wall.
Change in particle velocity due to such colli-
sion can be estimated by using impulsive equa-
tions with the coefficients of restitution e and
kinetic friction f. The coefficients of restitu-
tion and Kkinetic friction are dependent upon
both the materials of particles and pipe wall.
These values are obtained in an experiment
where a particle falls on a plate if the material
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of the test plate and the pipe wall is the same.
On the other hand, friction factors used in an
one-dimensional analysis must be determined
by the actual data of experiments.

The similar calculation was already applied
to the simulation of pneumatic conveying in-
cluding pipe bends®. The results were satis-
factory with respect to the effects of bends.
However, this simulation neglected a factor
which was necessary to enable the particies to
continue bouncing motion. Therefore when
a particle repeats the bouncing motion many
times in a horizontal and long pipe with the
coefficient of restitution e less than unity, the
incidence angle of the particle against the wall
decreases till the particle begins to slide on the
wall. In the present work, artificial irregularity
is assumed in the bouncing motion to prevent
such sliding so that the simulation is applicable
to a long pipe.

3. Collision between a single particle and wall

Consider a three dimensional collision of
a spherical particle with a flat plate as shown in
Fig. 1. When the coefficients of restitution and
kinetic friction are given, particle motions be-
fore and after the collision can be estimated by
solving impulsive equations. This may be based
upon classical dynamics. To solve the collision
problem, the following assumptions were used.
(1) Plastic deformation and fracture are ne-
glected.
(2) There exists a period when the particle
slides on the plate.
(3) Once the particle stops sliding motion, it
slides no longer.
(4) The friction between the particle and plate
obeys Coulomb’s law.

V=(V.V:vV2)

w=(mx,wy,wz)

VO =(VX.VYLVE)

Fig. 1 Collision of a spherical particles with a flat plate
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(5) The distance between the center of particle
mass and contact point is kept constant a
throughout the process of collision.

The process of collision is divided into two
periods: the period during which the material
in collision is compressed and the period during
which this compression is released. The former
and the latter are called the compression and
recovery periods, respectively. The coefficient
of restitution e is defined by

PENACHRAS (1)
where J,,(l) is the normal component of the im-
pulse of the force which acts on a particle in
the compression period and J,,(z) is the one in
the recovery period. Coulomb’s law says that
the impulse of the friction force is the product
of the impulse of the normal force and the
coefficient of kinetic friction f. Thus when the
particle slides on the X-Z plane, the impulse J,
of the friction force is expressed as

Ji=—ex flyi—ey [Ty k )

where i and k are unit vectors corresponding to
X and Z directions, satisfying the following
relation

2 a—
ey te =1

(3)

Signs of €y and €, are defined to be equal to
those of V@ +aw® and O —auQ, respectively.
In general, the particle comes into collision
incorporated with particle rotation. Thus U(O),
the velocity of the point, on which the particle
is in contact with the wall is the sum of the
velocities of translation and rotation, that is,

UO=vO+rxw
= (VO +awi+VOj+ (VP —awP)k
4)

The impulsive equations have different forms
according to the following three cases.

(1) Case I: the particle stops sliding in the
compression period

(2) Case I: the particle stops sliding in the re-
covery period.

(3) Case IlI: the particle continues to slide

throughout the collision.
The procedure to obtain the solution of Case I
alone is shown in the following.
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Og% Table I Collision of Case I
=
(0) (1) 2)
before the . iod iod after the
collision compression perio recovery perio collision
the particle
-
slides
() n ) \
velocity V|(°) Vl(s) 1% 14
‘ l
angular  w(©® w® w w
velocity
impulse J® Jo 7@

Table 1 shows the velocities, angular veloci-
ties and impulses for each moment and period
which must be considered in Case 1. The
known variables are only V@and w® All the
velocities have three components correspond-
ing to X, Y and Z directions, and thus there are
18 unknowns regarding these velocities.
Furthermore, the impulses J (S), JD and J® are
expressed as

JO = ey fIQiI+IO e, fIPk (5)
JO = J;p i+JOj+I0 k (6)
JO=JDi+ed +IM)j+IP k (7)

The above equations means that there are 6 un-
knowns regarding the impulses. Therefore,
unknown variables of Case I total 26 at the be-
ginning, since €, and €, are added as unknowns.

Considering the momentum exchange at
each moment, we have the following equations.

M(V(s) . V(O)) =J(S) (&)
MV -v9)=y® )
MV-V) =@ (10)
[(@O—®) = —rxJ©® (11)
[(@—w®)=—rxJ® (12)
Iw—@)=—rxJ? (13)
The boundary conditions are
VO +rx w(s)]t=0 (14)
Virxe=0 (15)
[V+rxwl, =0 (16)

KONA No.3 (1985)

It is found that there are 26 equations (Eq. (3)
and the three components of Eqs. (8) to (16))
are given for 26 unknowns, and then the prob-
lem can be solved if V@ and @@ are known.

The solutions of Case I are shown in the
column (1) of Table 2. The condition that the
particle stops sliding in the compression period
is also shown in terms of the inequality in the
same column which is deduced from the fol-
lowing condition,

I >0 JP>0 (17)

The solutions of Case II and Case I, which are
the same to each other, are shown in the
column (2) of Table 2.

4. Determination of the coefficients of restitu-
tion and kinetic friction

Table 2 also provides a method of estimating
the coefficients of restitution and kinetic fric-
tion if the particle velocities before and after
collision are known. Consider a particle falling
from a certain height to a plate inclined at the
angle ot a to the vertical line as shown in Fig.2.
That is, a two-dimensional collision with zero
w® is dealt with. Velocity ratios Vi /¥y and
Vy/ VY(O) can be measured by using photo-
graphic method such as a camera or others. The
coefficient of restitution is given by

e=—V, VO (18)

The ratio Vy/ V,f,o) depends on a, e and f, i.e.

tan e < ﬁ’ V! VO=1—f(1+e)tan o
2 ©-3

tan a > 7f(1+e)’VX/VX 7 19
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The velocity ratios calculated by Egs. (18) and
(19) using assumed values of e and f are indi-
cated in Fig. 3 to be compared with experi-

mental results of other workers. Figure 3 (a)

42

presents the results of collision between a steel
ball and plastic plate®. It is found that e and f
in this case take the following values,

e=00932, f=0.09

(20)

Table 2 Solutions of the impulsive equations

condition velocity angular velocity
5 2 V.
V= —( V)EO) = g))) Wy = g
© 7 5 a
Vy )
1 R A S = _,y© =,
R vl Tf(et+1) Vy eVy Wy = Wy
_S 0,2 (0 . x
VZ_T(Vé to— wy ) Wz =
V=V %exfle+ DV | wy=wl® - 2i e fle+ 1)V
a
)
2) |— <Y <o = _ey©® =w®
( ) 7f(e+1) lVl VY eVY OJY (A)y
5
V, =V +ezfle+ )V wp=wgt = exfle + VY

V1=V @ +0w®y + (7O _ 100

€y = (

V)((O) taw,

(0)

VL 6= — a1y

B Vy/(_v)?)

[
X

ViV

V(YY)

o
X

ViV

Fig. 2 A particle colliding with an inclined plate

1.0
————— O -O=0- - -Q--—-o--o--c]>
0.9k o /
e=0.932 LB
08k f=0.10 A
e=0.932 0.09 a
0.7F 0.08 A A
0.6
0.5 1 i i 1 1 1 I 1
0 20 40 60 80

e=0.875% e=0.875
—mgmm £ O =0 e O e
Fay
A
A
Pa
fay
0.6} A
0.5 2 1 X 1 1 1 t 1
0 20 40 60 80

(b ) Polyethylene pellet (Yamamoto, 1974)

Fig. 3 Velocity ratios
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g?‘Q A Figure 3 (b) shows that e and f of a polyethy-

lene pellet and plastic plate are

e=0.875, f=04 2n

In general, there have been very few reports
on measurements of ¢ and f for conveyed ma-
terials. Therefore, the values of e and f given by
Eq. (21) are used in this work.

5. Equations of motion

5. 1 Coordinate system and initial condition

For practical pneumatic lines, particles are
usually supplied downward from a hoppertoa
pipeline. Thus, the coordinate system shown in
Fig. 4 is chosen in the present paper. In this
system, x is the axial distance along the pipe, y,
the horizontal axis normal to x, and z, the ver-
tical axis in which the upward direction is
taken positive.

Initial conditions of each particle were
specified as follows. Although both actual fall-
ing velocities and positions are considered to be
random, it is sufficient to take only the falling
position as a random variable for the simula-
tion. The initial position of a particle is given
by r, and 6 as shown in Fig 4 (b).

X =ry Sin 6 (22)
y=ryg cos (23)
z=V(D/2)* —r& cos?6 (24)

Values of r, and 6 are given by the random
numbers distributed uniformly within allow-
able ranges. The initial velocity of the particle
z = (dz/dt) depends on the method of feeding.
Fortunately, some empirical formulas are avail-

LD

(a) Bird's-eye view

LN

\GEYS

able for such falling velocities when the parti-
cles are discharged from the hopper®.

5. 2 Fluid-dynamic forces and equations of
motion

The equation of particle motion is written by

My =F, +F, +F, 25)
where x is the radius vector expressed as x/ +
yj + zk. The values of F,, F, and F; are
forces due to drag, lift and gravity, respectively.
Viscous dissipation due to rotation of the parti-
cle must be also taken into account. The as-
sumptions used in the calculation of particle
trajectories are as follows.

(1) Existing results obtained in a uniform and
stationary flow field are applied to the
fluid-dynamic forces acting on the particle.

(2) The velocity distribution of the air obeys
the 1/7 power law, and it is not affected by
the presence of particles. Also, particle
motion is not influenced by air turbulence.

(3) Collision between particles is neglected.

The magnitude of the drag force is expressed
as

ol = Co A0 U (26)

where C, is the drag coefficient, 4, cross sec-
tional area of the particle, o, fluid density and
U is the relative velocity defined by

U=V(u — x)? +y? +32 27)

In the above equation, u is the time averaged
local velocity of air. The coefficient C;, can be
given as a function of the Reynolds number
Ud/v, formulas of which have been proposed

(b)) Horizontal plane

D

(c) Vertical plane

Fig. 4 Coordinate system
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by many workers.

Next, let us consider the lift force due to the
particle rotation. Collision of a particle against
the wall causes the particle to rotate at a con-
siderably high rate of rotation, for instance,
10° ~ 10* rad/sec in the case of a coarse pat-
ticle, which was confirmed in an experiment by
Matsumoto, et al.?. Therefore calculated tra-
jectories are different whether the particle
rotation is taken into account or not. When a
particle rotates with translational velocity U as
shown in Fig. 5, the magnitude of the lift force
is expressed as

IFl=¢4 (;_)p uU* (28)
where C; is the lift coefficient given as a func-
tion of the velocity ratio o,

o=aw /U 29)

The following equations are assumed for the
relation between C, and o,

{0.50 (6 <1.0)
L= (30)
0.5 (o0>1.0

by referring to the results of Maccol'®. The
vector U of the relative velocity as well as w
has three components of x, y and z directions,
but taking all the components is so compli-
cated that the following approximation is used.
For the relative velocity, only one component

U= — xX)i (3D

is considered. The vector of angular velocity w
is given as

w=w,j+w,k (32)

This suggests that the lift force is assumed to
be applied only in the (y, z) plane.

As a result of the above approximation, the
magnitude of the lift and velocity ratio ¢ can

F.
_—
U—x ——-——v‘\ Fy
w
R

Fig. 5 Lift due to particle rotation
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LN
be written as
[Pl =Cma® o (u = 32 (33)
_lwyjtw kla (34)

(u—x)

The direction of the lift force agrees with that
of U x w, and therefore the vector of lift is
given by

F,=|F e j+|F,le k (35)
where
e=e,jte k (36)
e, = (u —X)w, (37)
lu —xI\/w; + ol
e, = (U —x) w, (38)

Y 2 2
U —xVw?l+w

By substituting Eq. (33) into Eq. (35), each
component of lift becomes

F =0

F,=C, kM@u—x)* 39
F,=C,kMu—Xx)*

where
k=3p/(40,d) (40)
€, =Cre, @n
CLz = CL ez

The gravity force Fg is given by
Fo =—gMk 42)

Finally, one obtains the equations of motion
in the following form.

x| |kCyUu—x) 0 0
ViEI—kCy Uy +1kCp,(u—X)+ 0
7] |—kCy Uz kC,,u—x) |—g
(43)

5. 3 Pressure drop

If the purpose of the present simulation
were to obtain only the particle trajectories, it
would not be of value from the viewpoint of
industry, because what design workers really
want to know is the pressure drop rather than
the particle trajectories. The pressure drop can
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Fig. 6 Pressure drop in the region dx

be calculated by the momentum theorem as
described below.

Consider the region dx shown in Fig. 6,
where dx is the distance that particles travel
during the time period dt¢, i.e.

dx =xdt (44)

The total pressure drop which occurs in the
region dx is assumed to be the sum of the pres-
sure drop due to air, dp,, and the additional
one, dp;.-

dp =dp, +dp; (45)

We can use some empirical equations such as
Blasius’ or Plandtl’s formula to estimate the
pressure drop dp,. The pressure drop dpq is
caused by the drag force exerted by fluid on
particles. Hence, the equation of momentum
balance in the region dx becomes

dp,S=—F, N (46)

where S is the cross sectional area of the pipe
and N is the number of particles contained in
the region dx. Definition of the mass flow ratio
of particle to air gives

MN

- 47
™= Sudr 47

Substituting the expression of the drag force
and Eq. (47) into Eq. (46), one obtains

dp;

det
Trajectories and pressure distributions are ob-
tained by integrating Egs. (43) and (48) simul-
taneously. In order to make the averaged dp;

= —kpuCp Ulu— X)m (48)

KONA No.3 (1985)

A
Ve.

converge to a certain value, calculations must
be made for many particles with different ini-
tial conditions.

5. 4 Change in particle rotation due to viscous
dissipation

First, the authors explain the reason to con-
sider the viscous dissipation for particle rota-
tion. As was mentioned before, particles con-
veyed in the pipe rotate at high angular veloci-
ties. Obviously, the increase in the angular
velocity is limited to a certain level in actual
pneumatic conveying; however when a factor
which suppresses the rotation is not consider-
ed in the simulation, the angular velocity con-
tinuously increases along the flow owing to
repeated collision against the wall. This tend-
ency is marked particularly when the particle-
wall collision takes place in the lower half of
the pipe section. As shown in Section 3, the
longitudinal velocity after the collision is in-
fluenced by the rotation before the collision.
In the simulation where a factor of the dissipa-
tion is ignored, the longitudinal velocity in-
creases with increasing rotation so that the
relative velocity between the air and particle
decreases. As a result, calculated pressure drops
become smaller than measurements at a point
far from the feeder.

In order to avoid the above contradiction,
viscous dissipation is estimated by using the
result obtained by Dennis et al.'V,

I =-T

= ;—pa &5 w? (645R-% +32.1R-1)
(49)

where 7 is the torque exserted on the rotating
particle and R is the Reynolds number defined
by a%w/v. When the dissipation is taken into
consideration, the angular velocity settles
asymptotically to a certain value as shown later.

5. 5 Abnormal bouncing of particle against
the wall

What are necessary for the simulation are
almost explained in the foregoing section ex-
cept for one thing that is “‘abnormal bouncing™.
If a spherical particle repeats bouncing motion
according to the relationship shown in Table 2,
the height of the particle rebounded from the
wall gradually decreases and it can not rebound
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{a) With abnormal bouncing

(b)) Without abnormal bouncing

Fig. 7 Bouncing motion in the pipe

at last even at a high velocity of air, as shown
in Fig. 7(b). For a practical pneumatic con-
veying, however, one finds that particles repeat
bouncing motion steadily as shown in Fig. 7(a).
At least for large particles, the Magnus force,
air turbulence and lift force due to velocity
shear can not be the causes which prevent the
particles from settling on the bottom wall. The
reason why the particles continue the bouncing
motion in a long horizontal pipe is that the
normal component of the velocity of the parti-
cle rebounded from the wall does not diminish.
Such bouncing motion is defined as abnormal
bouncing in this paper.

There have been several models describing
the abnormal bouncing proposed, for example,
the pipe wall has a slight roughness'? or parti-
cle shape deviates from that of a sphere. In the
present work, the authors propose newly a
virtual wall model. This model states that when
the incidence angle becomes smaller than a
certain value, the wall is replaced by a virtual
one with the angle o against the true wall, as
shown in Fig. 8. The velocity after collision
with this virtual wall must be determined by
the impulsive equations, the results of which
are shown in Table 2. In this model, the energy
conservation principle holds. Although the
particle gains more energy in the normal direc-
tion, it loses much more energy in the longi-
tudinal direction due to the collision against
the inclined wall.

The relation between the angle o and inci-
dence angle 6 is assumed as

a=—5(0 —p), (6<p)
«=0 , (6>8)

(50)

This model was qualitatively justified by the
experiment of the particle bouncing on a rotat-

46

Fig. 8 Virtual wall model of abnormal bouncing

ing disc!¥. It is further assumed that the virtual
wall makes an angle against the tangential plane
of the pipe wall. The angle v, which is called
“yaw angle” in this paper, varies in the range

(51)

and the value of vy is given by random numbers.
The reason why the yaw angle is needed is that
without a randomness due to the yaw angle
particles tend to concentrate on the same verti-
cal line in a long pipe and so particle distribu-
tion becomes unrealistic.

The next step is to determine the parameters
8,6 and v, . These parameters were determined
in a purely empirical way at the present stage
of analysis. What the authors aim at in the pre-
sent simulation is to explain satisfactorily all
the quantities such as translational particle
velocity, angular velocity, particle distribution
and pressure drop. Good agreements between
simulation and experiment can be obtained by
choosing proper values of 8, 6 and v,. How-
ever, it is almost impossible to adjust the para-
meters to every possible condition of convey-
ing. Hence the values of parameters were deter-
mined empirically by comparing simulated re-
sults with test data. The same parameter were
applied to other cases under different condi-
tions. The experiment to determine the para-
meters was made under the following con-
ditions:

Pipe diameter D = 42 mm

Bulk air velocity u =7 ~ 20 m/s

Particle diameterd = 1.1 mm

Particle density o, =923kg/m?3(polyethylene)

Mass flow ratiom < 10

_70S7£70

The values given by Eq. (21) were used for the
coefficients of restitution and kinetic friction.
The parameters determined finally are

5=
8 =2.3/F ~91/F} +1238/F? (52)
v =10°

where F, is defined as F, =%/ VgD .
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6. 1 Particle trajectory

Particle trajectories calculated for polyethy-
lene pellets with 1.1 mm and 50 um (o, =923
kg/m?) are presented in Fig. 9. It is seen in
Fig. 9 that a particle constantly repeats bounc-
ing on the wall and that a free path increases
with increasing air velocity. On the other hand,
the particle with 50 um does not show the
bouncing motion or if any, it bounces with
very short steps. At a high air velocity it does
not touch the wall within the distance shown
in Fig. 9. This means that abnormal bouncing
is not enough to make a small particle suspend-
ed in the horizontal flow. Diffusion due to air
turbulence must be taken into account in order
to avoid such contradiction. The minimum size
of particle with the density of the order 10°
kg/m* to which the present simulation is appli-
cable is about 0.5 mm.

6. 2 Particle distribution and angular velocity

Figure 10 presents particle distributions at
various longitudinal sections. The Magnus lift
force is taken into account in Fig. 10 (b), while
it is not in Fig. 10(a). The results of Fig. 10 (b)
are more realistic than those of Fig. 10 (a).
However, one should notice that the Magnus
force is not only the factor to give a good
agreement with experimental distributions, be-
cause the calculated distribution is easily
changed by the parameter 8, § and v, . What is
meant in Fig. 10 is that the Magnus force clear-
ly affects the particle distribution even for
large particle although it is not enough to make
the particles being suspended.

To show the state of distribution quantita-
tively, the pipe section is divided into 24 sub-
sections as shown in Fig. 11, and the height of
the distribution center is defined by

24
4=i_%ﬁ%
D 24
i=17!
where f; is the number of particles contained
in the ith divided section and z,; is the height
of gravity center of the ith sub-section meas-
ured from the bottom line y’. Variations of
Z, along the pipeline are shown in Fig. 12 in
which plotted points represent the results of

(53)
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the simulation and three curves represent
measurements. It is found that agreements be-
tween the simulations and experiments are
satisfactory, although there are some differ-
ences observed if one compares the resuits in
detail.

Figure 13 indicates that the angular velocity
settles at an asymptotic value owing to viscous
dissipation of particie rotation.

6. 3 Pressure drop

As mentioned before, the authors place a
priority of this work on predicting the pressure
drop, because the pressure drop has been al-
ways investigated as a central subject for
pneumatic conveying. Many workers have been
seeking a similarity law of the pressure drop
like that of the single phase flow. Generally,
the situation in the two-phase flows is so com-
plicated that it is hard to establish the similar-
ity law to the same preciseness as the single
phase flow. However it has been found'® that
the following coefficient A, plotted against the
Froude number F,* = c¢//gD provides a com-
paratively good similarity in the pressure drop
data of coarse particles.

dp, _ A

dx D

(pgs (54)
where pgs is the dispersed density of the par-
ticles. Hence the results of pressure drops are
shown in the form of A; vs F,* in this paper.

The values of A, are indicated in Fig. 14
where plotted points represent the simulated
result and the dashed curves show the range of
corresponding measurements. It is seen that
agreement between them is fairly good.

All the foregoing results are limited to the
condition that the particle diameter is 1.1 mm
and the pipe diameter is 52 or 42 mm. The
results predicted by the simulation are present-
ed in the following section, where the effects
of various factors such as particle and pipe dia-
meters and particle density are shown. The
following results are mainly described about
the coefficient of the additional pressure drop
As-

6. 4 Effects of particle and pipe diameters

Figure 15 shows the relation between A; and
F* calculated for various particle sizes. The
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dashed curves given for comparison are the
same ones that are shown in Fig. 14. The re-
sults of the simulation are within the range be-
tween the curves. As the particle size becomes
larger, the calculated results tend to deviate
from the range of the curves.

The effects of the pipe diameter are shown
in Fig. 16, under the condition that pipe dia-
meters are considerably different. Although
the difference of the diameters of the two pipes
with 27 and 200 mm is about one figure, the
simulation indicates that there is little in-
fluence of the pipe diameter on the relation of
A, and F*. As mentioned before, the pressure
drop data plotted in the form of A, and F*
showed a comparatively good similarity. The
present results support such an experimental
fact to some extent.
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6. 5 Effects of particle density and Kkinetic
friction
Results of the cases of p; = 500 kg/m*® and
2500 kg/m> are compared to see the effects of
particle density. Figure 17 shows the variation
of particle to air velocity ratios. The particle
and pipe diameters used are 1.1 and 52 mm,
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respectively. As is expected, velocities of heavy
particles are much smaller than those of light
particles.

The relation of A; and F,* is shown in Fig.
18. Most of the calculated points are included
in the region between the dashed curves. This
result also means again that A, vs. F,* plot
produces a good similarity. If the coefficient of
pressure drop defined by

’

dps _ . As

== Yhpu?
dx

(54)
are plotted against the Froude number F, =u/
VgD, as has been done previously!® the re-
sults do not show a similar relation. The coef-
ficient A, of heavy particles becomes larger
than that of light particles for the same value
of F,.

Figure 19 shows the effects of friction coef-
ficient f on the relation of A, and F*. It is
found that the higher value of f (for instance
f =0.5) gives slightly higher values of A, for the
same F*.
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7. Conclusion

Trajectories and pressure drop coefficient in
pneumatic conveying for large spherical parti-
cles could be predicted successfully by the pre-
sent simulation.

Nomenclature
a : particle radius [m]
A : projected cross sectional area of
a particle [m?]
¢ : mean particle velocity [m/s]
Cp : drag coefficient (-]
C, : lift coefficient [-]
d : particle diameter [m]
D : pipe diameter [m]
e : coefficient of restitution -1
f ¢ coefficient of kinetic friction [~
F* : Froude number, c/\/gD [—]
F, : Froude number, u//gD [-]
g : gravitational constant [m/s?]
I : moment of inertia about the axis of
diameter, Md*/10 [kg m?]
J : impulse vector, (Jx, Jy, Jz) [kg-m/s]
k : constant, 30/(40,d) [1/m]
m . particle to air mass flow ratio [-]
M : particle mass, 7d>p,/6 [ke]
dp : pressure drop [Pa]
dp, : pressure drop due to air [Pa]
dp, : pressure drop due to particles [Pa]
u : local mean velocity of air fm/s]
u : bulk air velocity fm/s]
V : vector of translation velocity,
(Vx, Yy, Vz) [m/s]
x, y, z : coordinates shown in Fig. 4 [m}
X Y,Z : coordinates shown in Fig. 1 [m]
Z,  height of distribution center defined
by Eq. (53) (-]
a : angle between a virtual and true walls  [o]
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@0
Qoﬂ* “@*‘
O$?‘ N B : angle below which abnormal bouncing
is taken into consideration []
Y : yaw angle fe]
8 : parameter of the abnormal bouncing
model (-1
As @ coefficient of additional pressure drop [—]
p : density of air [kg/m3]
ps - density of particle [kg/m3]
Pgs - dispersed density of particles [kg/m3]
w : vector of angular velocity,
(wy, Wy, wWy) [rad/s]
Suffix
(0) : value before collision

~~ © value at the end of compression period (be-
ginning of recovery period)

n : normal component
(r) : value in the period after the period (s)
(s) : value in the period during which a particle

sides
¢t : tangential component
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Simulation of Moving Granular-Bed Type Heat ExchangerT
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Mechanical Engineering Research Laboratory
Kobe Steel, Ltd.*
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Chemical Industry Research Laboratory
Kobe Steel, Ltd.*

Takayoshi Asami
Engineering Division
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Abstract

A simulation of the moving granular-bed type heat exchanger, in which heat is
transferred from the hot gas through granular materials and heat pipes to the cold gas,
has been performed. A numerical simulation model was made by dividing each part o f
the heat exchanger into small elements, and heat balance was calculated using the
finite difference method. The heat transfer coefficients and effective thermal con-
ductivities of the granular bed in each part of the heat exchanger were estimated from
a general theory, while the heat transfer coefficient between the granular bed and
heat pipes was determined from the experiment.

The steady characteristics of the heat exchanger from the calculations were com-
pared with the data obtained from the experiment. The calculation results coincided
well with the experimental results. The method of modeling and simulation was con-
firmed to be accurately applicable to the estimation of the performance of the heat

exchanger using granules as heat transferring media and heat pipes.

1. Introduction

Various types of heat exchangers consisting
of heat pipes combined with a fluidized bed or
a packed bed have been proposed. Since 1976,
our company has been engaged in research and
development on “A Moving Granular-Bed Type
Heat Exchanger”, which consists of corrosion-
resisting heat pipes combined with a moving
granular-bed type dust collector, as one of the
research contracts on a large-scale project en-
titled ““Research and Development of Technical

* 1-chome, Wakinohama-cho, Chuo-ku, Kobe, 651
TEL. 078 (251) 1551

+ This report was originally printed in J. Soc. Powder Tech.,
Japan, 20, 185-193 (1983) in Japanese, before being trans-
lated into English with the permission of the editorial com-
mittee of the Soc. Powder Tech., Japan.
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Systems for Utilization of Waste Heat” spon-
sored by the Agency of Industrial Science and
Technology of the Ministry of International
Trade and Industry. In the moving granular-bed
type heat exchanger, heat is transferred through
the heat pipes with a moving bed as a heat
carrier. In the present research, we performed
a simulation, solving the fundamental equa-
tions obtained through modeling a moving
granular-bed type heat exchanger by the finite
difference method in order to evaluate the
thermal efficiency of the heat exchanger.
Furthermore, a comparison of the calculation
results with the experimental ones showed that
the constants used fof the simulation, such as
heat transfer coefficients, are appropriate in
addition to the propriety of the proposed
model.

KONA No.3(1985)
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Fig. 1 Principale of moving granular-bed type heat
exchanger

2. Operational principle of moving granular-
bed type heat exchanger

The moving granular bed is, as shown in
Fig. 1, so designed that the heat is exchanged
between the hot and the cold gases through
particles as a heat carrier. Namely at first, in
the heat-recovering section, heat is transferred
from the hot gas to the particles when it flows
through the granular bed. The particles, having
received heat from the hot gas, move down-
ward due to gravitational force toward a con-
stant discharger. In the heat-exchanging section
containing the heat pipes, heat is transferred
from the particles to the cold gas through heat
pipes and is recovered for further utilization.

3. Modeling

3. 1 Fundamental equations

In order to simplify the complicated heat
transferring phenomena in the moving granular-
bed type heat exchanger, the following assump-
tions are made regarding the simulation model
shown in Fig. 2.

(a) The particles move downward in the tower
at a constant velocity in the z-direction.

(b) The hot gas flows through the granular bed
cross-currently to the movement of the parti-
cles and diffusion of the hot gas in the z-direc-
tion is negligible.

(c) In the heat-recovering section, temperature
distribution in the granular bed is two-dimen-
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x L . -
Infinitesimal Silica sands
elements of
' silica sand
)
T VY O ’_+1m granular bed \\\‘ 12
Tm|i+m 1+-2 X 3
14+m| 7| i+2m ?
1 =2
— 1
bl j T T
T |
i i~ i | } -—1'-—:——&—+-- 2 49
[ - s s 5 |8
| oo L idm| e | - + g | ¢
L | Hot gas Pet= -t =1 ] g
[ B A i Sy [r=——r (o cl g
! 1 ! Frmdmale ol —de L2l €
1 1 H f 1 | [} T eo| =
| I I £%y 7
17 « 3
[Tk k| 4k { } { "
| L]
Lot —2z | —a |t eS|
Detail of 2-dimensional part Itkt2
Infinitesimal
elements 1;1
of cold gas {} ]
T Heat pipe it
> elements :
3
T
2 5
¥ 3 58
: ;. 8%
) p—1 : D
r—1 0—1 <%
T L 0o P2c
1 P+ [
r+ o+1 £<
i e — 2 HE £
Tup — 1 =z
i § 9
Te — s pa 2
ne— 1 Tr — 1
Ne s

L+

Fig. 2 A Model for simulation of the heat exchanger

Cold gas

sional, i.e. in the directions of particle move-
ment and hot gas flow. In some parts of the
upper and lower parts of the heat-recovering
section, however, it can be regarded as one-
dimensional, neglecting the variation in the x-
direction.

(d) In the heat-exchanging section of the heat
pipes, the temperature of the granular bed in
the x-direction is regarded to be uniform.
(e) The temperature inside the particles is uni-
form™.
(f) The heat pipes in the same row have the
same temperature.

The heat resistance of these heat pipes them-

* The particles used in the present research (Silica Sands
having a mean diameter of 1.75 mm, thermal conductivity
of 1.16 W/m°C, specific heat of 0.921 kJ/kg°C, density of
2620 kg/m?) has a Biot number of 0.0035, when it is set
in a fluid flow under the assumption of spherical particles
having uniform temperature and a heat transfer coefficient
of 0.465 W/m?°C having the same order of that between
the hot gas and the granular bed. In this way, the tempera-
ture distribution within the particles can be regarded as
uniform, since the temperature difference between the sur-
face and the center of the particles is always less than 1%
of that between the particle center and the fluid?).
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g?‘ A selves is negligibly small compared with that be-
\(»O tween the heat pipes and the particles as well as

that between the heat pipes and the cold gasﬁ.
(g) Conductive heat transfer of the hot gas in
the z- and x- directions is negligible.

With the above-mentioned assumptions, heat
balances produce the following equations.
Regarding the hot gas in the heat-recovering
section,

aT,
PrUpCh ; taghys (Ty —Ty)

+aywUpyw (T —T,) =0 (1)

Regarding the granular bed in the heat-recover-
ing section,

02 T 02 T,

% 4 ST—5

92?2 ax?

— Qsw Usw(Th - Ta) =0

oT
ksII — Psesuse =+ q
zZ

(2)

Though g, in Eq. (2) is equivalent to the second
term of Eq. (1), they are written in different
ways because of independent numerical calcu-
lations of 7 and T}, as described later. For the
granular bed in the heat-exchanging section in-
cluding heat pipes,

02T, 0T,
ks 2 Ps€sUsCs —— —asphspp (Ts— Typ)
0z z
_aswUsw(Ts—Ta)zo (3)
For the heat pipe elements,
aspp Vshsup (Ts — Typ)
—acppVeheup(Tup —T.)=0 4

For the cold gas in the heat-exchanging section

including heat pipes,

T,
922

— 8w U (T, —T,)=0

k. + pooCo —— t cpphenp (Tp—T0)

()

# The temperature difference at both ends of the heat pipes
of the experimental apparatus for the simulation can be
estimated to be 1.5°C from the transferred heat of about
174.5 W per each heat pipe and the total thermal resistance
of about 10~2°C/W. The difference in temperature at the
both ends of the heat pipes with small thermal resistance
can be neglected, since the temperature difference between
the heat pipes and the granular bed as well as that between
the heat pipes and the cold gas are in the range of 10 to
15°C.
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The boundary conditions are set to be as
follows:

At the inlet of particles: T = Ty;, T 0 (6)
z

At the inlet of the hot gas: T, = T}; (7)

At the inlet of the cold gas: T, =T; 8)

3. 2 Estimation of heat transfer coefficient

The following equations were applied to esti-
mate heat transfer coefficients for the simula-
tion.

(a) Heat transfer coefficient between the hot
gas and the granular bed

In order to estimate this, the following equa-
tion for the heat transfer coefficient between
the particles and the fluid flowing through the
fixed-bed was used?:

hyd

—2 =2.0+1.8P*R}? (P,R,, > 10%) (9)
h

Additionally, the measured values shown in
Kunii’s “Thermal Unit Operation (I)”’ were ex-
pressed by the following equation:

h’;;dp = 10{1:33108(Py Rep) 167} (P,Rep<10%)
(10)
where
ppuod
Rep = Mp i

(b) Effective thermal
granular bed

conductivity of the

For the calculation of effective thermal con-
ductivity of the fixed bed with fluid flow, the
term caused by conduction in the solid phase
kyg and the ones in the fluid phase k,,., ki,
which denote effective thermal conductivity in
the parallel and vertical direction to the flow
respectively, were considered separately apply-
ing the following equation:

ksll — ksI

%, &, (11

The effective thermal conductivity of the
fixed bed without fluid flow k,; was calculated
by the following equation®:

kst _ h,,,d
T e(1+pene

£)
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Fig. 3 Variation of the heat transfer coefficient
between silica sands and heat pipes with the
moving rate of silica sand granular bed

1 —¢

I n (12)

o (
A k
L ey .
¢+kh(s )

The heat transfer by conduction of the hot
gas to be determined with &, kj,; ,

khx =ChphDh (13)
khz = kh (aB)Pr Rep + ekh (14)

was neglected according to the assumption(g).

(c) Heat transfer coefficient between the
granular bed and the heat pipes

This coefficient was obtained from the ex-
periments described in the Appendix, the
results of which, shown in Fig. 3, were used for
the simulation.

(d) Heat transfer coefficient between the heat
pipes and the cold gas

The heat transfer coefficient in the case
where fluid flows vertically to the pipes with
fins was calculated by the following equation?).

heteDe _ ¢ 951 (DeCmax 7 512D,y

)
k, Me D,
S, —D, —02 £ D 04
X (—————+1 e
( % ) (S2~Dr)
ArDr+ArVAf/(2nf)
b= A, +A (15)
r f
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4. Numerical analysis method

The fundamental equations concerning the
heat transfer in a moving granular-bed have
been solved differently in a large number of
reports since the research by Amundson?.
Lately, as a result of the remarkable spread of
computers, numerical analysis has come to be
a principal method and has made the consider-
ation of complicated shapes and detailed
boundary conditions possible. As the heat ex-
changer concerned in our present work has
heat-recovering and heat-exchanging parts
which have different mechanisms of heat trans-
fer, we have developed original procedures and
methods for numerical calculation based on the
finite difference method corresponding to
each mechanism.

4. 1 Division into infinitesimal elements and
difference equations®

As mentioned above for modeling, there are
two types of sections where the heat trans-
ferring mechanisms should be handled in one-
or two-dimensions. Therefore, they were di-
vided into the infinitesimal elements as shown
in Fig. 2. The thermal difference equations are
obtained as follows for individually numbered
elements.

For the two-dimensional element i,

AT | _ TG+m)—T(i—m)

( oz )i 20z
(aT)= TG+H-TGE-1
ox i 2Ax
(<')2T)= TG+m)-2T@+T3GE—m)
az? i (Az)?
( aZT) _TE+)=2T@OH+T0E-1)
ox? i (Ax)? (16)

For the one-dimensional element o,

( aT) _ T(o+t1)-T(~-1)
9Z o 20z

( a2T) _T(+1)-2T(0)+T(0-1)
9z% o (Az)? 17)

When it comes to the elements on the bound-
ary, forward and backward difference equa-
tions are applied.
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4. 2 Difference equations for the two-dimen-
sional heat-recovering section

(a) Determination of hot gas temperature

Near the inlet of the particles and the hot
gas into the heat-recovering section, the tem-
perature gradient of the hot gas in the x-
direction is extremely steep. Therefore, the
hot gas temperature was obtained by solving
Eq. (1), for each infinitesimal element of the
granular bed independent of the temperature
of the granular bed. Namely, regarding 7, to be
constant in each element of the granular bed
assigned in Fig. 2, Eq. (1) was modified to the
following equation by dividing the elements
into smaller subelements as shown in Fig. 4.

1
PpupCy
+ apw Upy (T (n)— Ta)}Axl (18)

Ax' and AT, (n) denote a length of subdivision
in the x-direction within the infinitesimal ele-
ment of granular bed and the temperature
change of the hot gas in the n-th subdivision.
The amount of heat transferred from the hot
gas to the infinitesimal element of the granular
bed per unit volume is calculated by numerical
integration of the following equation:

ATh,(n) ==

{ashhs (Th (}’l)— Ts)

nh
qSAx=—n§p,,uhch ATy (n) (19)

(b) Determination of granular-bed temperature

Substituting the difference equation (16) for
Eq. (2), the following difference equations are
obtained for each infinitesimal element.

Es,iTs(i_m)+As,iTs(i— 1)+Bs,iTs(i)

+Cs,i7;(i+1)+Fs,iTs(i+m)=Gs,i (20)
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where Es;, A By Csin Fsi Gy are the coef-
ficients or the constants consisting of the
operational variables like velocity and of the
characteristic properties such as heat transfer
coefficient, specific heat and so on. The heat-
balance equations concerning the infinitesimal
elements of the granular bed which do not
come into contact with the hot gas become dif-
ference equations of fundamentally the same
from as Eq. (18), since the term of g, drops in
Eq. (1).

4. 3 Difference equations in the heat-exchang-
ing section of heat pipes

(a) Determination of granular-bed temperature

Substituting the difference equation (17) for
Eq. (3), difference equations for each infini-
tesimal element are obtained as below.

For the element o,

Ao s Ty(0 = 1)+ B, ,Ty(0)+C; o Ty(0+1)=G,
@1

The heat-balance equation for the infinitesi-
mal element of the granular bed which does not
exchange heat with heat pipes comes to be the
difference equation having basically the same
form as Eq. (21) with the term a,yphgp(Ts—
Typ) being removed in Eq. (3).

At the junction part of one- and two-dimen-
sional sections, the average temperature of the
two-dimensional infinitesimal elements, which,
for example, are in contact with element /-1, is
used as the temperature of the infinitesimal
element which is in contact with element /-1 in
the z-direction.

A 1 T =2)+Bg; 1 T,(I—-1)+C5
x| T+ T, A+ 1)+ +Ts(1+m—1)}/m
=Gyt (22)

A similar procedure is undertaken for the
element [ +k + 1.

(b) Determination of heat pipe temperature

The reformation of Eq. (4) gives the follow-
ing equation for the element p.

1
asezp Viliseip +acrp Ve Bonp
x(aspp Vihsup T5(0) Y acup Vehepp Te(r))  (23)

Typ(p) =

KONA No.3(1985)

-~y
XY



A‘} )

V,.l

O
< BO
&
@Q o‘\Q
& 6\@\@‘
QO
Og?* N Asi Boa Cou Dan Ti(1) Ga
& Aus Bas Cas T(2) Gos
As,a BS.3 CSJ Ts(s) GSVS
E.. Ai Ber Car Das : :
Esiov Asioy Boioy Csun Fsin
Eoir Asis Bois Couns Fois Ta(i—1) Goic
t di . | Es.i As.i BsAt Cs.:; Fs.l Ts(i) - Gs.i
p\grc:- imensiona Eois Asior Bsior Coier Foin Ts(i+1) Gsin
Eoionnr Asirin Botirnn Couonor Forenn
ES,!*k AS.!?'C Bs‘ltk CS,[*)C -D.S,lAk FS.!UE
As,n«s»l Bs.nsfl csns—l Ts‘(n's—1) Gs.nsﬂ
~ \ Agns BSJLs CSv’ns DSJL? k Ts("s) Gs,ns
(a) For the granular-bed elements

Aci Bei Cey Den TC(1) Gea

Am B.c.z Cc,z TC(Z) Gc.z

Acnes Bererr Conen Te(ne-s) Geneos

Ac,nc Bc,nc CC.nc Dc.m Tc(nc) Gc,nc

(b) For the cold gas elements

Fig. S Equation systems for the temperature of
infinitesimal elements

Using the above equation, the temperature
of the heat pipe element can be obtained from
temperatures of infinitesimal elements of the
granular bed containing the heat pipe element
and those of the cold gas.

(¢) Determination of cold gas temperature

Substituting difference equation (17) for Eq.
(5), difference equations for each infinitesimal
element are obtained as below.

For the element r,
Ac,rTc(r_ 1)+Bc,rTc(r)+Cc,rTc(r+1)=Gc,r
(24)

The equation of heat balance regarding in-
finitesimal elements of the cold gas which do
not exchange heat with the heat pipes is equiva-
lent to Eq. (5) with the term a.yphcpp (Thyp —
T.) being removed, and comes to have basically
the same form as Eq. (24).

Using the above-mentioned difference equa-
tions, the temperatures of each part of the
moving granular-bed type heat exchanger can
be obtained for various operational conditions
by repetition of the calculation.

The procedure for the calculation is as follows.
First, the hot gas temperature and the amount
of heat exchanged between the hot gas and the
granular bed are obtained from Egs. (18) and
(19) with the assumed temperatures of the
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granular bed. Then the temperature of the
granular bed is calculated from the equation
system for the temperature of all the infinitesi-
mal elements of the granular bed consisting of
Egs. (20), (21), etc. with the amount of ex-
changed heat (ref. to Fig. 5(a)). On the other
hand, the cold gas temperature is calculated
from the equation system for the temperature
of all the infinitesimal elements of the cold
gas consisting of Eq. (24) etc. (ref. to Fig. 5(b)).
Furthermore, making use of the temperatures
of the granular bed and the cold gas obtained
in this way, the heat pipe temperature is ob-
tainable from Eq. (23). The calculation is to be
continued until the temperatures of each part
converge. The whole calculation flow for the
simulation is shown in Fig. 6.

5. Experimental apparatus

For the research and development of the
moving granular-bed type heat exchanger, an
experimental apparatus as shown in Fig. 7 was
constructed. The hot gas treated with this type
of heat exchanger usually contains a large
amount of dust, the collection of which by the
particles is one of the advantages of this type
in addition to the recovery of the sensible heat
of the gas. In the present work, however, the
dust-free gas was used for an experiment con-
centrating on investigation of the thermal char-
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Determination of the hot gas
temperature T, and the heat-
exchanging rate between the hot
gas and the granular bed gs from
Egs.(18) and (19)

[]

Determination of the granular-bed
temperature T, from equation
systems including Eqgs.(20) and
(21), etc.

[]
Determination of the cold gas
temperature T. from equation
systems including Eq.(24). etc.

L]
Determination of the heat pipe
temperature Ty from Eq.(23)

Convergence of all values
of Tn, Ts. Tc and Tys.

Yes
{ Print-out of results /

Fig. 6 Flow chart of calculation procedures

acteristics. In this experimental apparatus,
silica sands having an average diameter of 1.75
mm and the air were used as the particles and
the hot and the cold gas respectively. The heat
pipes were made of clad pipes with inner and
outer surfaces of copper and steel respectively
operated with water as a heat carrier. The heat-
recovering section of the experimental appara-
tus measured 1340mm by 500mm by 200mm
deep. The heat-exchanging section contained 6
units of heat pipes, one unit of which consisted
of 14 pipes (in the arrangement of 4, 3, 4, 3 in
a row) of 254 mm in outer diameter and 900
mm in length resulting in a total of 84 pipes.
The maximal flow rates of the hot and the cold
gas were 300 Nm?/h, and 400 Nm? /h respec-
tively. The moving rate of the granular bed was
in the range from 150 to 350 kg/h.

The measurement of temperature was conduct-
ed with C-4 thermocouples at the following
points:
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J Heat-recovering section

Heat-exchanging section containing heat pipes
) Rotary feeder

Three-way valve

Electrical heater

; Blower for the hot gas

. Flow control valve

Blower for the cold gas

Silo

Bucket elevator

CRCARACICRCACE A

p
N

£ =4

=

Fig. 7 Overall view of the experimental apparatus of
a moving granular-bed type heat exchanger

For the hot gas

inlet 3 points
outlet 5 points
For the cold gas
inlet 1 point
in the middle 2 points
outlet 1 point
For silica sands
in the heat-recovering section 10 points
in the heat-exchanging section
containing heat pipes 14 points
For steam inside the heat pipes 21 points

The mass flow rate of the hot gas was kept con-
stant automatically with a data processor in-
dependent of frequent variation of the tem-
perature through the measurement of the static
pressure and the temperature at the measuring
points as well as the pressure difference of the
orifice flow meter. Additionally, the hot gas
temperature at the inlet was made adjustable

KONA No.3(1985)



Inlet temperature of
silica sand granular bed 30°¢

Hot gas
e

Inlet temperature of the hot gas [C] 250
Moving rate of silica sands [kg/h] 150

Hot gas Hot gas
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]
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Fig. 8 Temperature distribution of silica sand granular
bed within the heat-recovering section

Experimental data of

granular-bed temperature @
heat pipe temperature @&
Silica cold gas temperature e}

sands €
£ 0

L Cold gas—

Hot gas

—® inlet temperature 250°C
{
p Moving rate of
' silica sands 250kg/h
Cold L N s ; R ;
gas 0 50 100 150 200 250 300 350

Temperature [°C]

Fig. 9 Temperature distribution of the heat-exchanging
section containing heat pipes

arbitrarily in the range from ambient tempera-
ture to 400°C by means of the control of the
current to an electrical heater combined with
a three-way valve. The flow rate of the cold gas
was adjusted manually corresponding to the
indication of an orifice flow meter.
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6. Comparison of the calculation results with
the experimental ones

The simulation was conducted according to
the conditions of the experimental apparatus.
It could give the temperature distribution of
each part of the apparatus in a steady state
under arbitrary operational conditions. For
example, Fig. 8 shows the temperature distri-
bution of silica sands in the heat-recovering
section with a variation of their moving rate,
keeping the inlet temperature and the flow
rate of the hot gas constant. This figure gives
information about the characteristics of the
temperature rise of the silica sands in relation
to their moving rate.

Figure 9 shows an example of the calculated
temperature distribution of the silica sand bed,
the heat pipes and the cold gas in the heat-
exchanging section containing the heat pipes
together with plots of experimental results.
The results obtained from calculation coin-
cided well with the experimental ones quantita-
tively as well as qualitatively, which confirms
the high accuracy of the calculation.

As an example to demonstrate the perform-
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heat exchanger with the moving rate of silica

sands
ance of the moving granular-bed type heat ex-
changer, theoretically obtained variations of
the hot gas outlet temperature, the mean outlet
temperature of the silica sand” bed from the
heat-recovering section and the outlet tempera-
ture of the cold gas with the moving rate of the
silica sand bed are shown together with some
experimental results in Fig. 10, with the other
conditions constant. From this figure, it is seen
that the results obtained from both calculation
and experiments coincide well quantitatively as
well as qualitatively. It is also possible to detect
the optima! moving rate of the silica sands
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$?~Q W Table | Comparison of the calculation results with the experimental ones
) Item CASE 1 CASE 2 CASE 3
Hot gas inlet temperature ‘o) 250 350 250
Hot gas flow rate (Nm? /h) 200 200 200
L. Silica sand inlet temperature (°C) 30 30 30
Conditions | .
Silica sand moving rate (kg/h) 250 250 350
Cold gas inlet temperature (°C) 20 20 20
Cold gas flow rate (Nm>/h) 200 200 200
Calculated!Experimental‘Calculated Experimental ' Calculated | Experimental
Hot gas outlet temperature (°C) 76.8 80.7 99.1 95.2 48.3 57.2
Granular-bed temperature at the 227.7 228.4 319.2 319.6 195.2 187.1
outlei of heat-recovering section (" C)
Results Granular-bed outlet temperature (°C) 56.9 55.3 78.4 69.7 79.1 73.1
Top heat pipe temperature (°C) 176.6 182.3 249.8 255.0 169.3 173.1
Bottom heat pipe temperature (°C) 35.0 39.2 43.7 46.4 452 47.5
Cold gas outlet temperature ‘o) 1589 166.5 226.7 232.2 158.9 164 .4
Hot gas temperature at the miet 250°C which gives the highest outlet temperature of
Hot gas temperature at the outlet the cold gas. For a quantitative comparison
350 Cranular-bed temperature at the outlet _____ of the calculation results with the experimental
of heat-recovering section .
Cold gas outlet temperature  ——mmmm o ones, the values of each of the properties are
300k Experimental results shown in Table 1 in three cases of different
operational conditions for the experimental
apparatus. From the table it is affirmed that
o 250f —. the theoretical and experimental results coin-
= o — . . . o
o 0\ . cide well, allowing a difference of 8°C at most
3 .
© 200}f ‘\ in each case. Furthermore, both results showed
[] . . .
g a consistency of similar degree under other
© sok eI operational conditions.
-
"’ .
7. Conclusion
1001 A simulation for the investigation of the
thermal characteristics of the moving granular-
50 F () bed type of heat exchanger in the steady state
was conducted solving difference equations
o , . \ using the numerical analysis method. In the
0 100 200 300 simulation model, the calculation was perform-
Siica sand moving rate [kg/h] ed two-dimensionally in the heat-rccovering
Fig.10 Variation of temperatures at some parts of the section in contact with the hot gas and some

adjacent parts of the granular bed where the
temperature varied in the z- and x- directions,
while the other parts were handled in one
dimension.

The heat transfer coefficients between the
hot gas and the granular bed and between the
granular bed and the heat pipes were obtained
from the general theoretical equations for
packed beds with experimental data and from
our experiments respectively. Furthermore, for
the heat transfer coefficient between the heat
pipes and the cold gas, we used an experimental
equation which has been used to evaluate the
heat transfer coefficient between pipes with
fins and the fluid which flows vertically to
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2) Heat-exchanging section between
particles and heat pipes
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9, Cooler

10 Opening for thermal measurement
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Fig. 11 Overall view of experiment apparatus of
moving granular-bed type heat exchanging
elements

rows of pipes.

The results from the simulation showed good
agreement with those from the experiments,
which confirmed that the thermal character-
istics of the moving granular-bed type heat ex-
changer can be obtained with high accuracy by
means of the method of the present research.

Appendix

Measurement of heat transfer coefficient be-
tween the granular bed and the heat pipes

An experimental apparatus of heat-exchang-
ing elements of a moving granular bed shown in
Fig. 11 was constructed for the purpose of
measurement of the heat transfer coefficient be-
tween the granular bed and the heat pipes. This
apparatus consisted of a heat-accumulating
section at the top, the heat-exchanging section
of heat pipes in the middle and the discharging
device of particles of the moving bed at the
bottom. The particles having a uniform tem-
perature after being heated in an electrical oven
for a long time were fed in the heat accumu-
lator and were discharged from the bottom
with a belt conveyor at a constant rate, so that
they moved through the heat-exchanging sec-
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tion at a constant speed. The heat transfer
coefficient between the granular bed and the
heat pipes was obtained by measuring the tem-
perature difference and the heat transferred
between the granular bed and the outer surface
of the heat pipes. Silica sands having a mean
diameter of 1.75 mm were used as the particles.
The experiments were conducted at three ther-
mal settings of 350°C, 300°C and 260°C in the
speed range of the moving granular bed in the
heat-exchanging section from 0.5 to 5.0
cm/min. The results shown in Fig. 3 were made
use of for the simulation.

Nomenclature

A, : surface area per unit length of

a heat pipe without fins [m?/m]
Ay surface area of fins per unit length

of a heat pipe [m?/m]
acHp - effective heat transferring area of

heat pipes with fins per unit

volume on the side of cold gas ~ [m?/m?]
acw - contact area of wall with cold gas

per its unit volume [m?/m?]
anw . contact area of wall with hot gas

per its unit volume [m?/m?]

as : contact area of particles with hot gas

per unit volume of granular bed  [m?*/m?]
. effective heat transferring area of

heat pipes with fins per unit volume

on the side of granular bed [m?/m3]
a4, @ contact area of granular bed with wall

asHp

per unit volume [m?*/m?]
¢, : specific heat of cold gas [I/kg°C]
¢, @ specific heat of hot gas [I/xg°C]
¢s - specific heat of particles [I/kg°C]

D, : mixing diffusivity of hot gas [m?/s]

D, : inner diameter of fins [m]

d, : particle diameter [m]
Goax © Maximum mass velocity of fluid

between heat pipes [kg/m?s]

hepgp o heat transfer coefficient between

cold gas and heat pipes with fins  [W/m?°C]

hys  heat transfer coefficient between

hot gas and granular bed [W/m?°C]

h,, © radiant heat transfer coefficient in

granular bed [W/m2°C]
heyp  heat transfer coefficient between
granular bed and heat pipes [W/m?°C]

h* : conductive heat transfer coefficient

between particles [W/m?°C]

ksp : effective thermal conductivity of
granular bed with stationary gas  [W/m°C]

ke : effective thermal conductivity of
61
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granular bed with gas flow [W/m°C]

: thermal conductivity of cold gas [W/m°C]
. thermal conductivity of hot gas

in x-direction [W/m°C]

: thermal conductivity of hot gas

in z-direction [W/m°C]

. number of fins per unit length of

a heat pipe -]

. heat transferred from hot gas per unit

volume of granular bed per unit time [W/m?]

. pitch in arrangement of heat pipes {m]
: atmospheric temperature [°c]
: cold gas temperature [°c]
: cold gas temperature at the inlet [°c]
. heat pipe temperature [°c]
: hot gas temperature [°c]
; © hot gas temperature at the inlet [°cl

: granular-bed temperature [°c]
: granular-bed temperature at the inlet [°C]
: overall heat transfer coefficient

between the atmosphere and

cold gas in the duct [W/m2°C]
: overall heat transfer coefficient

between the atmosphere and

hot gas in the duct [W/m?°C]
: overall heat transfer coefficient

between granular bed and

the atmosphere [W/m?°C]
. cold gas velocity [m/s]
. superficial velocity of hot gas in

granular bed [m/s]
: moving velocity of granular bed [m/s]
: volume of infinitesimal element

of granular bed [m?]
. volume of infinitesimal element of

cold gas [m3]

LN
A EY 4
Ax : length of infinitesimal element of
granular bed in x-direction [m]
Ay : length of infinitesimal element of
granular bed in y-direction [m]
Az : length of infinitesimal element of
granular bed in z-direction [m]

o« : aconstant, equal to 0.179 at the

closest packing [-]
B : ratio of mean distance between

centers of two adjacent particles

to particle diameter [-]
v : ratio of mean thickness of granular

bed to particle diameter [-]

€ : void fraction -1

€ 1 —e€ (-]

U, : hot gas viscosity [Ns/m?]

p, @ cold gas density [kg/m?]

P, © hot gas density [kg/m?]

Py : particle density [kg/m?®]
¢ . ratio of effective thickness of fluid

film in granular bed to particle size [~]

7 I time [s]
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Experimental Examination on the Shear Process of Powder Bed

1. Introduction

It is well known that a powder bed is shear-
ed in one of the following three ways?:
1)Powder bed reaches the steady flow state

after yielding with expansion.
2)Powder bed reaches the steady flow state at

the start of yielding without volume change.
3)Powder bed reaches the steady flow state
after yielding with contraction.

To experimentally examine the above yield-
ing phenomena, the accurate measurement of
expansion and contraction of the powder bed
is essential. Although cell-type direct shear
testers are widely used for the shear test, it is
difficult to uniformly load the shear stress on
these testers and the accurate measurement of
volume change in the powder bed is impossible
because of the effect of the cell wall especially
for fine powders with high void fraction. There-
fore, the results measured by a single tester for
the whole yield locus over the range of expan-
sion and contraction on yielding of the powder
bed have been scarcely obtained.

In this experiment, a direct shear tester with
parallel plates is used. This tester has been
made by modifying the testers originally design-
ed by Hiestand?>® or Budny®. It is suitable for
the accurate measurement of expansion and
contraction in the shear process because the
powder bed is not restricted by the cell wall.
The data obtained by the tester are discussed
on Roscoe condition diagram. Moreover, the
bed consolidated by pre-shearing on the basis
of Jenike’s method® and the bed consoli-
dated uniaxially without pre-shearing are tested
to examine the effect of the pre-shearing on
the powder vield locus.

* 2167 Shosya, Himeji, Hyogo, 671-22
TEL. 0792 (66) 1661
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Toshio Oshima and Mitsuaki Hirota
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2. Experimental apparatus and procedures®:”

The outline of the direct shear tester with
parallel plates is shown in Fig. 1. In the present
shear test, calcium carbonate (mass median dia-
meter D, = 3.5 um) and silica powder (D, =5.5
um) were used as test materials after drying at
120°C for 48 hours and removing the agglom-
erate with a 32 mesh sieve. These materials were
consolidated in two ways: the uniaxial consoli-
dation for the examination of the shear process
with expansion or contraction of powder beds
and the shear consolidation for comparison
with the shear test due to Jenike’s method.

For the uniaxial consolidation test, a sample
powder bed of 1 mm thickness was packed on
a fixed plate D, and then gently twisted by a
movable plate @ mounted on the bed. After
pre-consolidation under the normal stress op
for five minutes, the bed was sheared under the
normal stress ¢ by weight placed on the mova-
ble plate. The shear test was conducted under
the tensile force by motor under the con-
dition that the normal stress was less than the
stress due to the movable plate or was negative
(including the tensile strength). It became pos-
sible by using this tester to conduct not only
the shear test under slight stress but also the
tensile strength test which produced the same
failure plane as the shear plane.

For the shear consolidation, on the other
hand, the same procedure as Jenike’s method
was adopted. The powder bed under the normal
stress o, on the movable plate was sheared until
the steady state where the stress and the
volume were constant was achieved. Then this
powder bed was sheared under the normal
stress ¢ less than o,. Furthermore, Jenike’s
tester was also used for comparison with these
results.

In both tests, the displacement in the direc-
tion of the normal stress was measured within
an error of about 0.5 um by a noncontacting
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2 displacement meter (& plugged into the fixed
plate.

3. Shear process and yield locus®

Figure 2 shows Roscoe condition diagram
which represents yielding characteristics of the
powder bed. Consider the shear process of the
powder bed with a void fraction € =¢,. At the
normal stress o = g, the shear stress 7 increases
from the point C to the point E until the
powder bed becomes the steady flow state at
the point E When o = ¢, (0, < 03), 7 increases
from the point H to the point P at which point
the yielding starts with expansion, and then
7 decreases gradually along PpZ with increasing

(D Fixed plate 8) Spring . . X

2 Movable plate @ Pulley the void fraction from ¢, to ¢, until the
@ Powder 19 Pulley powder bed becomes the steady flow state at
@ Load cel % Motor the point Z. When o = 0, (0. > 0,), 7 increases
(5 Load cell 12 Motor . . . .
& Displacoment meter 19 Recorder from the point F to the point Qat which point

(7> Vibro-absorbing mount

Fig. 1 Schematic diagram of apparatus A

f.

B

Ay

fi

Fig. 2 Condition-diagram of Roscoe £
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the yielding starts with contraction, and then 7
increases gradually along QqK with decreasing
the void fraction from ¢, to ¢, until the powder
bed becomes the steady flow state at the point
K. As a result, the yield locus (Y.L.) which
gives the correlation of r and ¢ at the yield
point of the powder bed is displayed by a line
A’R’'SQ’ which is projected as a line APEQ on
o — r plane. This line represents the yield locus
for the powder bed with the void fraction e,
characterized by pre-consolidation stress be-
cause 7 and o are obtained at the start point of
yielding.

The yield locus obtained from 7 and o at the
steady flow state becomes a line OZ’SK’ which
is projected as a line e; ZEKe, on o0 — 7 plane.
This yield locus is the critical state line (C.S.L.)
proposed by Schwedes? . The void fraction e
decreases as o increases; that is, the specified
values of 7 and o exist for a certain value of e.
If the yield locus is obtained from 7 and o at
some shear displacement instead of at the start
point of yielding, this locus becomes a line
a'p’Sq’ which is projected as a line apEq on
o — 7 plane. In this line, the void fractions at
the points p, E, q are expressed as e, €, €5,
respectively. It is also shown in Fig. 2 that the
yield locus approaches a C.S.L. with increasing
the vyield criterion which is defined by the
volume change in the powder bed, since the
void fraction increases with progress of shear-
ing. Therefore, the shear stress at the start point
of the yielding should be accurately measured
to obtain the yield locus of the powder bed
prepared under a given consolidation stress.

4. Results and discussion

4. 1 Measurement of yield locus by the shear
tester with parallel plates”-®

Figure 3 shows the relation between the dis-
placement of the powder bed in the direction
of the normal stress, An (the sign is positive
when expansion takes place), and the shear
stress, 7, in the shear process of calcium car-
bonate pre-consolidated at 4.9 kPa. For the
low normal stress in shearing (o, ~ 0,), the
powder bed expanded and the shear stress de-
creased clearly with progress of yielding. In
this case, the shear stress at the start of yield-
ing could easily be obtained with high repro-
ducibility. For the high normal stress in shear-
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Fig. 3 Shear process diagram

ing (o0, ~ 010), the shear stress at the start of
yielding was difficult to determine because the
powder bed contracted gradually with increas-
ing the shear stress. Therefore, the criterion of
yielding of the powder bed based on the dis-
placement in the direction of the normal stress
An was adopted in this work because the de-
finition of the yield of the powder bed should
be clarified to obtain the accurate yield locus.
Figure 4 shows the effect of the yield crite-
rion An on the powder yield locus. It is found
from this figure that the yield locus approach-
ed to the critical state line with increasing
the yield criterion An from 2 um to 20 um
and this tendency would agree with the de-
scription in the previous section. The suitable
value of the yield criterion An obtained in this
experiment might be considered 2 ym that was
about a half of the diameter of the sample
powder because the consolidation yield locus
showed reasonable shape. This implies that the
value of An would be dependent on a particle
size of the sample powder. Hence, the accurate
measurement of the value of An up to the same

T T 1 T /' 1
3 Powder : Silica e 4
dn ,/’
e 2um 05.\;‘1
o . 4
o A 2 10pm ’
Y3 7’
—2F B . 20um i 1
L ’
@ o»=4.8kPa £ -——-—l§.\.
g e =0.639 e A [\ s A
w o
51k VL aand e, ¢ |
5 i e
v
/,//' N
W4 )
2” :
Ie} 1 1 1 I Al
0 1 2 3 4 5

Normal stress o [kPa]

Fig. 4 Effect of yield criterion on Y.L.
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Fig. 6 Family of yield loci of silica rearranged using
the reduced stress

size as that of a particle is required to obtain
a satisfactory yield locus.

Figure 5 shows the yield locus and the criti-
cal state line of calcium carbonate which was
pre-consolidated at o, = 4.9 kPa. As a conse-
quence of using the yielding criterion based on
the displacement in the direction of the normal
stress An, the consolidation yield locus could
be obtained experimentally. Therefore, the
whole range of the powder yield locus includ-
ing the tensile strength and the cohesion could
be expressed as a single smooth curve, although
there had been almost no powder yield locus
given by a single tester over the whole range.

Recently, Williams et al.” reported the re-
duced yield locus based on the yield locus ob-
tained from the shear test and the tensile
strength test. In their method, the normal
stress corresponding to the end point of the
yield locus in the range accompanied by expan-
sion of the powder bed must be determined;
however, the decision of this point is very
troublesome. In this paper, the pre-consolida-
tion stress o, is used instead of the normal
stress at the end point; the reduced yield locus
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Fig. 7 Family of yield loci of CaCOj3 rearranged using
the reduced stress

is obtained by assuming that the similarity can
be held independently of ¢, for any yield
locus. Figures 6 and 7 show that the relation
between the reduced yield loci given by the
dimensionless stress 7/(0, — o0, ) instead of 7
and (0 —0,)/(s, —0,) instead of ¢. Although
silica powder shown in Fig. 6 or calcium car-
bonate shown in Fig. 7 had its individual shear
characteristics, each reduced yield loci of these
two materials could be expressed as a nearly
single curve, independently of o, . Therefore,
if the reduced yield locus of the powder bed
pre-consolidated at an arbitrary normal stress
o, is known, a yield locus pre-consolidated at
a normal stress other than ¢, can be estimated
by only a measured value of the tensile strength
O,

4. 2 Effect of the consolidation method of
the powder bed®

In order to find how the yield locus was af-
fected by the consolidation method of the
powder bed, the shear test was performed con-
cerning the two kinds of powder beds prepared
by different methods: the powder bed pre-
sheared on the basis of Jenike’s method (shear-
consolidated bed) and the powder bed consoli-
dated uniaxially (uniaxially consolidated bed).
The effect of the consolidation methods on the
yield locus was examined for the both powder
beds.

Experimental results of the shear-consoli-
dated bed obtained by Jenike’s tester were
compared with those by the parallel plate-type
tester. Figure 8 shows the critical state line and
the yield loci after presheared at the normal
stress of 4.9 kPa for silica powder. The yield
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loci obtained by both the testers agreed well
and C.S.L. agreed perfectly. This is probably
because the shear plane would reach the steady
flow as stated previously and a certain particle
arrangement resulted from the normal stress
would be formed during pre-shearing.

Figure 9 shows the experimental results of
the uniaxially consolidated bed compared with
those of the shear-consolidated bed (o, = 4.9
kPa). The yield locus of the bed uniaxially con-
solidated at the normal stress 0, = 4.9 kPa was
lower than that of the bed shear-consolidated
at the shear-consolidation stress ¢, = 4.9 kPa.
The uniaxially consolidated bed was consoli-
dated only with the normal stress o, , while
the shear-consolidated bed was consolidated
with both the normal stress and the shear stress.
Since the maximum principal stress obtained
was 8.35 kPa as indicated in Fig. 8, the yield
locus of the uniaxially consolidated bed pre-
consolidated at o, = 8.35 kPa was compared
with that of the shear-consolidated bed pre-
sheared at o, = 4.9 kPa; the former was found
to be still lower than the latter. So, further pre-
consolidation stress for the uniaxially consoli-
dated bed was applied by the method of trial
and error and it was found that a yield locus
of the uniaxially consolidated bed pre-consoli-
dated at o, = 24.5 kPa was nearly equal to that

Table 1

5 T T T T
Silica
key a(kPa) e{—)
A 4.9 0.639 L
41 uniaxially -
o 8.35 0.627 ——
consolidation
[ 245 0.601
E — 4.9 0.587 pre-shearing
> —
1)
]
o
u —
]
(0]
£
172
0 i 1 1 1
0 1 2 3 4 5

Normal stress o [kPa]

Fig. 9 Effect of consolidation method on Y.L. of silica

of the shear-consolidated bed pre-sheared at
6, = 4.9 kPa. That stress ¢, was five times as
large as the pre-sheared stress ¢, and was three
times as large as the maximum principal stress
of the shear-consolidated bed. Thus, it became
clear that the normal stress required for pre-
consolidation of the uniaxially consolidated
bed would be much larger than the preshear
stress to obtain the same yield locus for the
uniaxially consolidated bed and the shear-
consolidated bed.

Average void fractions of the consolidated
bed by Jenike’s tester and of the uniaxially
consolidated bed by a parallel plate-type shear
tester are shown in Table 1. The void fractions
of the shear-consolidated bed were much small-
er than that of the uniaxially consolidated bed
at the same consolidation stress, and they were
close to that of the uniaxially consolidated bed
pre-consolidated at o, .

5. Conclusion

From the results of shear test using a parallel

Effect of consolidation method on void fraction

pre-shearing
(by Jenike’s tester)

uniaxially consolidation
(by parallel plates)

o, [kPa] el-] o, [kPa] el[-] o, [kPa] el-]
silica 4.9 0.587 0.639 24.5 0.601
CaCOj 4.9 0.725 0.784 32.5 0.735
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examined. By using a Jenike’s shear tester as
well as this tester, the effect of the consolida-
tion method on the yield locus was also ex-
amined. The following results could be obtain-
ed by examining the experimental data.

o LN
°
QP ® ey o
006 oS
&
QO
$?~ W plate-type shear tester, the relation between estimated by only a measured value of the
O the shear characteristics and the yield locus was tensile strength o, .

4) The vyield locus of the powder bed pre-

sheared on the basis of Jenike’s method was
higher than that of the powder bed pre-
consolidated uniaxially at the same normal
stress. This implies that the uniaxially con-

1) The yield locus in the low normal stress solidated powder bed would require larger
range where the powder bed expanded with pre-consolidation stress than the maximum
yielding could be determined reproducibly principal stress of the presheared powder
by a parallel plate-type shear tester. On the bed to obtain the same extent of yield locus.
other hand, the yield locus in the high
normal stress range where the powder bed Nomenclature
contracted with yielding varied with the An : displacement in the direction of the
yield criterion. Therefore, it was considered normal stress [um]
to be essential to establish the clear yield e : void fraction of powder bed []
criterion for determining an accurate yield o : normal Stréss mn shear process [kPa]
locus. The yield criterion was defined by the % - Eéz':;?sgigaggg stress of uniaxially [kPa]
displacement in the direction of the normal 0, : normal stress at the steady shear state of
stress, and the suitable value of the displace- shear-consolidated bed [kPa]
ment obtained in this experiment was about o, : tensile strength of powder bed [kPa]
a half of the median diameter of the sample 7 : shear stress in shear process [kPa]
powders.

2) With increasing the yield criterion, the yield References
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Review

Behavior of Submicron Particles Suspending in a Fluid

1. Introduction

Submicron particles or ultrafine particles
have been paid increasing attention in various
fields, and attention seems to be shifted to
smaller and smaller particles with the times.
In fact, detection, characterization and control
of particles of 0.1 um or smaller in size have
become important in clean rooms for semi-
conductor production processes, in fine ce-
ramics industries, in combustion processes,
and in atmospheric or indoor environmental
problems, and so on.

Some topics on submicron particles suspend-
ing in a gaseous or liquid medium will be brief-
ly introduced in this paper. In the former
section of this paper, typical size-dependent
properties of a particle are looked through, and
topics on coagulation and deposition which
may play an important roll in a particle dis-
persed system in industrial processes are intro-
duced in the following sections.

2. Size-dependent properties of submicron
particles

Typical size-dependent properties of parti-
cles suspending in air and in water are shown in
Fig. 1 together with the corresponding equa-
tions. The solid lines in the figure are those in
air, while the dashed lines in water and the one-
point dashed line are in low-pressure air. The
curves appearing in the figure are briefly ex-
plained in the following.

Terminal settling velocity in the gravity
field, u,, decreases both in air and in water
with the decrease in particle size, as is express-
ed by Eq. (1). The distortion in the small size
range of the solid line of u, is caused by the
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slip coefficient C, which is size-dependent as
shown in Eq. (2). The slip coefficient C,. in-
creases with the decrease in size of particles
suspending in a gaseous medium, but it is al-
ways unity for particles suspending in a liquid
medium. It increases with the decrease of gas
pressure p as shown in Eq. (3), an example of
which is shown in Fig. 1 (C,).

When a particle is small, Brownian motion
which is caused by random variations in the
incessant bombardment of molecules against
the particle occurs. The average absolute value
of Brownian displacement in one second, /, is
shown in Fig. 1, which is obtained as ¢t = 1 sec
in Eq. (4). The intersections of the curves of /
and u, lie in around 0.5 um in airand 1 pm in
water. If one may observe the settling velocity
of such a small particle in a short time, it will
be a resultant velocity caused by both gravita-
tional settling and Brownian motion. D in
Eq. (4) is the particle diffusion coefficient
which is given by Eq. (5). The larger values of
Dindicate that more vigorous Brownian motion
and more rapid particle transfer in a particle
concentration gradient occur. As is seen in
Fig. 1, the particle diffusion coefficient in
water is much smaller than that in air.

7g in Fig. 1 is called relaxation time and is
given by Eq. (6). It has a unit of time and it
characterizes the time required for a particle
to relax its velocity to a new condition of
forces. When a particle is projected into a sta-
tionary fluid with a velocity u,, it will travel
a finite distance before it stops. Such a distance
is called stop-distance and is given by u,7,. So
T, can be a measure of inertial motion of a
particle in a fluid.

B, in Fig. 1 is the electrical mobility which
expresses the velocity of a charged particle in
an electric field of unit strength. The steady
particle velocity in an electric field E is given
by EB,. Since B, depends upon the number
of elementary charge which a particle carries,
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Settling velocity, U, [cm-s™'] Diffusion coefficient, D [cm®'s ']
Relaxation time, t¢ [s]. Electrical mobility, B, [em*-V -5 ']

Average absolute value of Brownian displacement in 1sec. =+ 4D/r.[cm]

Thermophoretic velocity, U,, [cm*s ']
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e = elementary charge, M = molecular weight,
n,= number of elementary charges that the
particle carries, p4 and p. = vapor pressure

on droplet and on flat surface,R= gas
constant, T = temperature, ¥ = Boftzmann
constant, A = mean free path, x4 = viscosity
0.0 and pp = density of fluid.droplet and
particle, o = surface tension, t = sec

Fig. 1 Size-dependent properties of a particle suspending in
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air and in water.
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n,, as seen in Eq. (7), n, should be made clear
to determine B,. n, is predictable with aerosol
particles in most cases, where particles are
charged by diffusion of ions”. An example
where particles are charged in a large number
of bipolar ions by diffusion is shown in Fig. 2.
In a liquid, on the other hand, it is difficult to
predict n, in general because of the complex
interaction between a particle and surronding
ions. Figure 3 shows the particle trajectories in
air in a vertical parallel plate electrodes. The
zigzag movement in the figure is caused by
Brownian motion and the trajectories in the
vertical direction indicate that the particles are
electrically neutral, say, uncharged.

pa/p_ in Fig. 1 is the ratio of the vapor
pressure on a droplet surface to that on a flat
surface of the same liquid. Vapor pressure on
a droplet surface increases with the decrease
of droplet diameter. This phenomenon is called
Kelvin effect and is given by Eq. (8). If the
supersaturation of water vapor S surrounding
a single isolated water droplet is larger than
py/p_, the droplet grows by condensation of
surrounding water vapor. If S < p,/p_, that s,
the surrounding supersaturation lies in below
the curve p,/p_ in Fig. 1, the water droplet
disappears by evaporation. Thus the curve
py/p. in Fig. 1 indicates the critical relation-
ship between droplet diameter and the sur-
rounding vapor pressure that the droplet can
be stable. In the liquid phase, however, it is not
clear that Eq. (8) can be applicable.

When a temperature gradient is established
in a gas, the aerosol particles in that gas are

KONA No.3(1985)

Negative
electrode

Positive
electrode

'

Gravity

Fig. 3 Trajectories of particles in a DC electric field
(particles were charged by bipolar ions)

driven from high to low temperature regions.
This effect is called thermophoresis. The curve
Uy, in Fig. 1 is an example (NaCl particle in air)
of thermophoretic velocity at a unit tempera-
ture gradient, that is, 1°C/cm. If the tempera-
ture gradient is 10°C/cm, u,, becomes ten
times higher than that shown in the figure.

The curve denoted as pulse height illustrates
a typical photomultiplier response of scattered
light from a particle. The intensity of scattered
light is proportional to six power of the parti-
cle diameter when particle size is smaller than
the wave length of incident light. The curve
demonstrates the steep decrease in intensity of
scattered light from a particle.

3. Coagulation

Figure 4 illustrates the change in the number
concentration of cigarette smoke particles with
time by Brownian and turbulent coagulation.
Initial particles (at £ = O sec) have about 0.9 um
in geometric mean diameter, 1.4 in geometric
standard deviation and 107 particles per cubic
centimeter in concentration. Figure 4-(a) shows
the number change due to Brownian coagula-
tion in a closed chamber (vertical cylinder:
19 cm in diam. and 20 cm in height). Figures
4-(b) and (c) show the number change due to
turbulent coagulation in the chamber with
buffle plates stirred by six flat-bladed turbine
(diameter is 9 cm)?. The intensity of turbu-
lence of Fig. 4-(c) is higher (average energy dis-
sipation rate e, = 4 x 107 cm?/s®) than that
of Fig. 4-(b) (e, = 7 x 10% cm?/s%). It is seen
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Fig. 4 Number change due to Brownijan and turbulent
coagulation of cigarette smoke particles.
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that number change with time is significantly
enhanced by turbulence.

Change in particle number concentration »
with time ¢ for monodisperse particles is ex-
pressed as follows,

dn

addd 2
’T, Kn

)
where K is coagulation rate constant. The
values of K for Brownian and turbulent coagu-
lation in a gaseous and a liquid-phase is shown
in Fig. 5. The time to reach half of the initial
particle number concentration are illustrated
in Table 1. The value of K for turbulent coagu-
lation, on the other hand, is proportional to
d3+/e, : this means that turbulent coagulation
plays an important roll when particle size be-
comes large, which is illustrated in Fig. § for
monodisperse particles and the given intensities
of turbulence.

Coagulation in a liquid, mainly in water, is
somewhat different from that in a gas because
particles are highly charged in water in most
cases. When particles are charged in the same
polarity in water, the electrostatic repulsion
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Table 1 Time to reach half of the initial particle
concentration at 20°C due to Brownian
coagulation (d, = 0.1 um and p, = 1g/

cm® are assumed for aerosol particles)

Particle number Time reach to n = n,/2

concentration, n,

[particle/cm?® ] in air in water
10 14.3 us 1.86 ms
102 1.43 ms 186 ms
101 143 ms 18.6s
108 1435 31 min
10° 23.8 min 51 hr

between two particles, which is shown as the
energy barrier in Fig. 6-(b), prevents coagula-
tion. The energy barrier as high as 20k T (k:
Boltzmann constant, T: absolute temperature)
is enough to prevent coagulation, which can
be easily attained by adding appropriate dis-
persion agents in water. Submicron particles in
a gaseous medium, on the other hand, can not
be highly charged since ion concentration in
a gaseous medium is generally low compared
with that in water, and then electrical repulsion
may hardly be expected, which is shown in
Fig. 6-(a). This means that submicron particles
in a gas can not be held stable in a state of high
concentration, which is one of the disadvan-
tages of industrial particle production processes
in a gaseous medium.

4. Deposition

Deposition of submicron particles suspend-
ing in a fluid onto surfaces exposed to that
fluid is caused by particle diffusion, inertial
motion and additional external forces such as
gravitational, thermophoretic and electrostatic
forces. Particle deposition caused by diffusion
and electrostatic force becomes important in
a submicron size range, whereas deposition by
inertial and gravitational forces is less important
in that range, which is obvious in Fig. 1 (see D,
B., 74 and u,).

Decrease in particle number concentration
of an aerosol flowing through a horizontal pipe
in a laminar state, for an example, is shown in
Fig. 7, where R is the pipe radius, u,,, the
mean velocity of the flowing aerosol, x the
tube length, and n, and 7 are, respectively, the
particle number concentration at the pipe inlet
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Fig. 7 Decrease in number concentration of an aerosotl

flowing through a horizontal pipe in a laminar
state

and the pipe outlet. The curve of ¢ = 0 in the
figure indicates the number decrease due to
Brownian diffusion alone, and the other curves
indicate those accompanied by gravitational
sedimentation.

Another example which may be important
for particle production processes in gaseous
media is shown in Fig. 8. The plots are the
experimental results obtained in a closed,
cylindrical vessel similar to the former section.
The abscissa g in the figure is deposition rate
constant which is a measure of particle deposi-

tion rate, and is defined as follows,
n/n, =e*t (10)

where n, and n in this case are the number

74

tion due to gravitational settling is predominant
in the larger size range. The plots in the figure
are obtained by the present author and his co-
workers®, and the lines are those calculated
from the theory proposed by Crump and
Seinfeld?.

If there exists a temperature gradient in the
vicinity of a wall which has lower temperature
than a fluid, thermophoresis shown in Fig. 1
enhances particle deposition on the wall.

Particle deposition is also enhanced if parti-
cles are charged in opposite polarity to a wall.
If aerosol particles are charged in bipolarity,
a wall charged in either polarity can enhance
deposition of particles charged in opposite
polarity to that wall.

The deposition mechanism of particles
suspending in a liquid is essentially the same
as that in a gas if the electrical repulsion

KONA No.3(1985)
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shown in Fig. 6-(b) is not strong. However,
particle deposition in a liquid medium is
thought to be less important than in a gaseous
medium, because, in a liquid medium, electric
double layer repulsion is not neglected in most
cases, particle diffusion coefficient, gravitation-
al settling velocity and inertial effect are small,
and because re-entrainment of particles once
caught at walls takes place rather easily com
pared with that in a gaseous medium.

5 Conclusion

Size-dependent behavior, mainly dynamic
behavior, of submicron particles suspending in
a fluid has been summarized. And then the
topics on coagulation and particle deposition
on walls have been outlined. Another interest-

KONA No.3 (1985)

ing topics on submicron particles from an in-
dustrial point of view will be gas- or liquid-to-
particle conversion, that is, particle production
process, but unfortunately it is too complicated
and has not well been understood for the time
being.
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Tableting and Granulation of Pharmaceutical Materials

1. Introduction

Granulating processes of pharmaceutical ma-
terials can be broadly classified into dry and
wet processes. In the dry process, materials are
densified and compressed in a confined space
by application of external force, while in the
wet process, they are agglomerated by coagula-
tive force between particles. The performance
of the former is significantly affected by the
stress distribution in the compacts and that of
the latter by the packing structure of solid and
liquid, that is, the ratio of liquid to solid sup-
plied and their distributions.

The author has been developing a tableting
machine which can effectively reduce capping
in actual production and a powder coating
granulator which can provide comparatively
uniform distribution of solid and liquid. By
using these equipments, capping phenomena
and solid-liquid packing structure have been
investigated and analyzed. This paper describes
the essentials of these results.

2. Stress distribution in tablets and capping
phenomena

2. 1 Analysis of primary factors influencing
capping

Capping phenomena have been studied by
Train?, Long?, Shotton?, and other workers
for many years. However, few of their fruits
can be applied to practical production of a
tablet which is performed by rotary tableting
machine within such a short period of time as
0.02 to 0.1 seconds. The author has investi-
gated the primary factors influencing capping
which are listed in Table 1. A part of the re-
sults will be described below.

* 21, Shichiku, Nishimomonomoto-cho, Kita-ku, Kyoto, 603
TEL. 075 (491) 0502

Recejved April 17, 1985
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(a) Iterative compression

Compressive strength and capping generation
of tablets were determined by two different
compressing methods. Two tableting machines
(A and B) were used which showed different
characteristics in tableting. One comprises the
iterative compressing formation which was
carried out by A-equipment first and then by
B-equipment, while the other comprises the
converse procedure. The results obtained in
this test are listed in Table 2. It can be esti-
mated that capping would not take place in a
compressing stage but in an ejecting one since
the same operating conditions were employed
in both stages. The difference in tableting per-
formance between these two equipments might
possibly result from the slight difference in
mechanism of the ejecting stage.

(b) Ejection under pressure

The author has devised a specific rotary
tableting machine with pressurized ejection
mechanism, which is schematically illustrated
in Fig. 1. This machine allows tablets to be dis-
charged out of a die in keeping application of
compression pressure from 1 to 10 MPa with
upper and lower punches after the main com-
pression. The compressing force during ejection
can be adjusted by sliding wedge-type pressure
adjuster and by moving guide rail of the lower
punch up and down.

Figure 2 shows a drilling load measuring ap-
paratus which consists of a load cell (O, a
sample holder @), elevating equipment 3, a
drill bit @, and a recorder (®). Typical drilling
load distributions of the tablets obtained by
the machine shown in Fig. 1 are illustrated
in Fig. 3 where the result of the pressurized
gjection is compared with that of the non-
pressurized ejection. It is found that crack
occurred at 2 mm depth from the surface.

Summarizing the results obtained from these
findings:

1) The primary factors influencing capping of

KONA No.3 (1985)

R"{



N LN
.\0\6
o “E
O ¥
> o
&
QQ@\“@\*'
O$?~ Table 1 Factors related to capping in compressed tablets
Crack of compact
Physical Capping fact Binding force
process apping factor of powder |included | Residual
air stress
D i O O
Pre-compression—{: egree of compression
Pre-compressing period O O
Compression — Maximum compressing force O O
stage — Compressing period O
. —— Increasing rate of compressing
Main . force ©
compression ] ]
— Decreasing rate of compressing o
force
L Stress distribution in compact O
— Displacement and displacing 0
Ejection Ejection of speed of upper and lower punch
stage compact - Friction between compact and o
die wall
Direction of Table 2 Compressive strength and capping percentage

lower punch rotation
Radial direction of
lower punch rotation

Top side of
lower punch
during compression
Specially designed
compressing roller

'Top side of lower ) )
punch during ejectionGuide rail of
under pressure

lower punch
for ejection
under pressure

Wedge-type pressure
adjuster

1st 2nd Compressive| Capping
compression|compression| strength |percentage

A B 83N 100%
B A 50.8 N 0%

the compacts produced by a rotary tableting
machine are involved in the ejection stage.

2) The reduction of capping can be effectively
achieved by the method in which the tablets
are discharged out of a die under the remain-
ing compression of 1 to 10 MPa with an
upper and lower punch.

2. 2 Stress analysis in capping generation
(a) Compressive stress during compression

Generation of capping may be considered to

|
7
Motor
®
@ |
!
[
®
Strain =7 | @' =
gauge Motords — 41 L

Fig. 2 Drilling load measuring apparatus

o

End mill

Plane mill

Plane end mill

P9 97
P

Drilt bits
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Compressive stress of the upper punch p{MPa]

Fig. 5 Compressive stress of the upper and die wall
during compression and decompression stages

be due to the stress condition during decom-
pression. The author measured the compressive
stresses in the die shown in Fig. 4 at the upper
punch and the die wall during compression and
decompression periods. As shown in Fig. 5, the
stress g, at the die wall still exists after com-
plete release of the pressure applied by the
upper and lower punch.

Figure 6 shows the effect of the curvature
radius of a concave tablet on the residual stress
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Fig. 6 Residual, compressive stress of die wall
(Using concave punch)

at the die wall. As can be seen from Fig. 6, the
residual stress at the die wall increased as the
ratio h/hy increased, that is, the radius of
curvature decreased. It has been empirically
known that capping increases as the curvature
radius decreases. In view of these facts, it may
be considered that capping is closely related
to the residual stress at a die wall.

(b) Residual stress at die wall g, and extent of
capping

If the compressive stress at a die wall is dif-
ferent from the compressive stress of an upper
punch, a shear stress is generated in the body
of the tablet. The maximum shear stress in the
tablet may be given by

(Compressive load ap- ) — (Stress at)
_ plied by upper punch die wall

Tmax 2
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pP./, (Caffeine)

gr/2 (Ethoxybenzamide)
P./, {Ethoxybenzamide)
854 6.6R
200mg

D max=2t/cm’

O Caffeine
® Ethoxybenzamide

20

q+/2 .
(Caffein

0 50 100
Compressive stress of the upper punch
during deconpression p [ MP,|

Maximum shear stress in compact -Tmax (kg/cm?]

Fig. 7 Maximum shear stress in compact during
decompression

The value of 7, during decompression was
examined for two materials: caffein and
ethoxybenzamide, which are regarded capping-
poor and capping-rich, respectively. The results
are shown in Fig. 7. 7 becomes q,/2 when
the compressive force of the upper punch is
completely released.

On the other hand, Fig. 8 shows the com-
pressive stress-compressive strain curves of the
cylindrical tablets of caffein and ethoxybenz-
amide, which have been prepared by tableting
each | gram of the powders by a circular die
of 1 cm? cross sectional area and a flat punch.
From the curve in Fig. 8, the maximum com-
pressive strength of the tablets can be deter-
mined as P, and then the maximum shear
stresses in the tablets at fracture as P,/2. By
comparing the value of P,/2 with those of
q,/2, the maximum shear stresses in the tablets
under complete decompression give the rela-
tions:

@ - for ethoxybenzamide
P,

r <1 for caffein

Py

These findings have proven well that the cap-
ing tendency of ethoxybenzamide is high and
that of caffein low.

(c) Capping tendency and ¢,/P,

Consider the ratio of the compressive strength
of the tablet obtained by ejection under no
pressure, [, to the one under a pressure, Hy , as
the specific strength, H/H,. The relationship
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Fig. 9 q,/P, and capping

between H/H, and q,/P, for several materials
are shown in Fig. 9. It is found that the specific
strength varied largely at ¢,/P, = 1. This im-
plies that the degree of capping can be esti-
mated by the value of q,/P,. It is emphasized,
therefore, that a practical design for a tablet
requires a suitable selection of powder pre-
scription and tablet shape.

3. Powder coating granulation and packing
structure of solid-liquid system

3. 1 Necessary condition for powder coating
granulation

The conditions required for powder coating
granulation are considered to be:

1) Mixing and dispersion of solids and liquids

2) Optimization of moisture content

3) Consolidation by tumbling

The first is how uniformly coating liquids
and powders can be dispersed in the bulk of
solids; the second is the ratio of liquid to solid
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Table 3 Processes, equipment, and operating conditions required for powder coating granulation

Required item Required process

Equipment

Operating
condition

Feed of small liquid droplets

Mixing and dispersion
of liquid

Shear mixing

shearing

Circulating flow formation
Mixing and dispersion { Shear mixing { as above

of powder Circulating flow formation

Large shearing force

Uniform shearing

Large mixing speed

—without stagnation zone

—without local excessive

Spraying equipment

Coating granulator

Coating granulator

Liquid pressure
Liquid/air flow rate

Position of nozzle

Quantity fed
Rotating speed

Feeder position for
liquid and powder

Optimization of
moisture content
particle surface

Programmed feeding of powder and liquid

Program control for moisture content of

Powder and liquid
feeding system

Program control
system for moisture
content of particle
surface

Control program

Control program

Tumbling compaction

Moderate tumbling compaction

Coating granulator

Quantity fed
Rotating speed

in the bulk of solids; the third is an importance
of tumbling for suitable consolidation. The re-
quired equipments and conditions are listed in
Table 3.

3. 2 Development of coating granulator
(a) Coating granulator

A configuration of the granulator which has
been developed after trial and error is schemati-
cally illustrated in Fig. 10. This configuration
was found to provide an excellent performance
on smooth convective mixing without any local
stagnation in the granulator, which was called
CF equipment by the author. Typical mixing
characteristics are shown in Fig. 11, which
indicates that the mixing was finished within
20 to 30 seconds.

(b) Spraying of coating liquids

The ratio of air to liquid flow rates is of
great importance for spray coating liquids with
concentric two-fluid nozzle system. It is be-
cause as the droplet diameter is larger, the
generation rate of particle coagulation becomes
larger. As can be seen from the relationship
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Air inlet
— e

Variation coefficient of marker contents [%]

Fig.

Rotating disc

Fixed wall

Fig. 10 Centrifugal fluidization-type coating
equipment (CF equipment)
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o Moisture content

of granules

T T T TITT T T T
Size of granules  470~750x

#120%(Dry base)

(4 @]

Feed granules

15kg | 50kg 1

Ascorbic

acid

0.Bkg | 1.66kg

)
7 10

Sampling
Ratating speed 84RPM
Flow rate of
air through
clearance

8gr/point |

4m/sec

20 30 5070100

Mixing time [sec]

11 Mixing characteristics of CF-1000 equipment
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Fig. 12 Operating condition for spray vs. formation
percentage of coagulated particles

between the air-to-liquid ratio and the genera-
tion rate of coagulated particles shown in Fig
12, the decrease in droplet size requires an in-
crease in air-to-liquid ratio.

(¢) Control system of moisture content on
particle surface

To keep the mixture at its optimum wet
condition, the granulator is required to be
equipped with the specific control system
which consists of measuring moisture content
of particle surface and determining the feed
rate of spraying liquid or powder. It is well
known that powder bed becomes an electri-
cal conductor to some extent if spraying liquid
is an aqueous solution. Hence the electrical
conductivity of the powder bed was used as
a measure of moisture content of the particle
surface. The system established is schematically
indicated in Fig. 13.

3. 3 Powder coating granulation

Experimental data with the granulation
established by the author and operated under
the automatically controlled conditions are
listed Table 4.

3. 4 Optimum ratio of solid to liquid

Another experiment using this granulator
was also conducted to determine the optimum
ratio of liquid to solid for practical operations.

KONA No.3 (1985)

Powder
feeder

ﬁ equipment

Temperature
sensor spray
nozzle

air

. Program controller of electrical resistance
. Electrical resistance adjuster

: Program controller of powder flow rate
FC : Powder flow rate adjuster

TR : Recorder of powder bed temperature

Fig. 13 Control system for powder coating granulation

The liquid used was a saturated syrup solution
and the result is listed in Table 5.

3. 5 Occupation ratio of liquid among parti-
cles and optimum ratio of solid to liquid

The specific volume of wet compact ye; was
determined by gradually compressing the par-
ticulate material which had been preliminarily
mulled in a 100 cm? container with liquid at
a given liquid-to-solid ratio of 1.5 kg/cm?. Its
porosity eq; is calculated by the following form:

L+5 -
Yo1 — —
_ S+ Lo
€01 —
Yo1

where L : Feed of syrup [cm?]
S : Feed of powder (g]
p, : True density of powder [g/cm?]
p, : Density of syrup [g/cm3 ]

The ratio of a void filled with water among
particles of a wet material in consideration of
the solubility, ¥, is expressed as

L(+r-1)
¥ = Pp
(S+Les)gor cor +L(1 A o)
L+
pP
S_ AL
= 1 )
(S+Lpg)vor€os L(l +)\E)
S—AL S_\L
81

fﬁ!ﬁ

V,.l

|

]

|

|

I

|

|

t

t

l l
] I
* Y > Binding liquid



o AN
..CN
\ v
cge@‘\ @ \ \er
N
O
RS
68\ \(\O(\
Qow* “@*'
$?~ N Table 4 Experimental data of size growth for reproducibility
\[\O Nucleus
F . Particle ;
No eed of | Sprayed amount Spra_yeq ampur_lt Good-quality | Average distribution || Average Particle
" | nucleus of powder of binding liquid | percentage | diameter h g distribution
g diameter o
(g] lg] [em®] (%] [um] [um] [um] (um]
1 2250 1960 865 98.75 760 60 562 60
2 2250 1960 865 98.15 770 50
3 2250 1960 855 98.58 760 50
4 2250 1960 870 99.52 750 50
5 2250 1960 865 99.19 760 60
Ave. 865 98.84 760 54
g 4.5 0.48 3 2

Table S Optimum ratio of liquid to solid of several powders

Powder Ascorbic | Nicotinic | Fine crystallized
Powder sugar Cornstarch acid acid cellulose
Optimum ratio of 9.9
liquid to solid 0.17 0.52 0.16 0.18 .

As seen from Eq. (2), the occupation ratio ¥
can be calculated from the specific volume o,
and the e,; obtained from Eq. (1). Plots of the
occupation ratio against the ratio L{1 + /o, )/
($ — ML) are shown in Fig. 14, in which the
optimum granulating condition is expressed as
the symbol &.

It is obvious from this figure that the opti-
mum condition would be involved within 55 to
65% of ¥. The author could verify this tend-
ency irrespective of the kind of liquid or
powder materials. This suggests that powder
coating granulation could be optimized in
actual operation for most cases if the occupa-
tion ratio ¥ is kept within 55 to 65%.
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The Symposium on Powder Technology
The Party of Powder Technology (Japan) fine Particles™.
held the 18th symposium at Kousei-Nenkin Many participants (about 230) listened
Kaikan in Osaka on August 8th, 1984, This eagerly to the lectures for over 8 hours. The
symposium was given with the theme “Produc- detail of the lectures are listed below;

tion and Characteristics Measurement of Ultra-

Photos: The 18th symposium on powder technology in 1984.
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Academic publication concerning powder technology in Japan (printed in 1984)
Journal of the Society of Powder Technology, Japan Vol.21 (1984)
Title Author(s) Page
e Measurement of Particle Orientation Distribution by K. Kanatani 3-10
a Stereological Method
e Effect of Powder Properties in the Fractional Recovery T. Suh, T. Shibata, J. Tsubaki 11-17
Curves in a Fine Particle Size Air Classifier and G. Jimbo
o Prevention of the Scattering of Storaged Granular T. Kano, F. Takeuchi, 18—-24
Materials in the Wind K. Jinno and A. Fujiwara
e The Effect of Agglomeration on the Flowability M. Hirota, Y. Iwamoto, 69-74
of Powder T. Kobayashi and T. Oshima
e The Influence of pH and the Concentration of Dispersants H. Hirosue, M. Tanii, 74—-80
on the Coagulation and Dispersion of Fine Particlesin Water N. Yamada and E. Abe
¢ Relationships between the Efficiency of Crushing and H. Endoh, H. Takahashi, 80-86
the Handling Condition of Several Wood Crushers K. Yamaguchi and K. Endoh
e An Estimation of the Wall Friction in Vertical Air-Solid Y. Morikawa and T. Tanaka 87-94
Two-Phase Flow
e The Improvement of An Annular Shear Tester and A. Gotoh, M. Kawamura 131-136
It’s Performance K. Matsushima and
H. Tsunakawa
o Expansion and Contraction Behavior of a Power Bed M. Hirota, T. Kobayashi 137-142
in a Shear Process O. Sano and T. Oshima
¢ Study of Numerical Schemes for Stereological Estimation K. Kanatani and O. Ishikawa 143-152
of Particle Size Distribution
e The Effect of Particle Size Measurement on Classification  Z. Tanaka, S. Kaseno 153-157
Efficiency Assessment and T. Takahashi
¢ Particle Flow-Pattern in a Storage Vessel of a Table Feeder Z. Han, H. Masuda 199205
and T. Kadowaki
* Study on Granulation by the Fluidized Bed Granulating Y. Sagawa and T. Sakamoto 206-211
Method (1)
-- Preliminary Investigation on Explaining the Defects
of Conventional Method and Their Improvement —
¢ Study on Granulation by the Fluidized Bed Granulating Y. Sagawa and T. Sakamoto 212-217
Method (2)
— Investigation of the Granulating Conditions to Promote
Compactness, Smoothness and the Growth of Granules —
o Electrification of Metal Powder Particles Flowing out T. Sakai 259-265
through Inclined Pipes under Frictional Conditions
¢ A new Estimation Method of the Powder Yield Locus of  K.Makino, M. Yamada 266-275
the Deposited Dust Layer in Electrostatic Precipitators M. Kawahara and K. Kuramitsu
and in Bag Filters
o The Pore Structure of Silica Gels Surface-treated with H. Utsugi, A.Endoh, N. Suzuki 275-281
Organosilyl Chlorides T. Yabiki and T. Ono
¢ Effect of Mulling State on Granule Yield and Properties K. Terashita, T. Kimura 327-333
of Granules and K. Miyanami
e A Study on Granulation by the Fluidized Bed Granulating Y. Sagawa and T. Sakamoto 393-398
Method (3)
— The Comparison of the Granulating Mechanism and
Granule Properties of the Conventional Method with
those of the New Method —
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¢ On the Principle of Similarity in the Mechanics of T. Nagao 398--405
Granular Materials
— 1st Report: Theoretical Foundation—
e On the Principle of Similarity in the Mechanics of T. Takeuchi, T. Nagao, 406—418
Granular Materials Y. Hatamura and N. Nakajima
— 2nd Report: Its Confirmation by an Experiment of
a Small and a Medium Scale Model of Silo
o The Effect of the Reynolds Number on the Permeability ~ T. Issiki and T. Yaginuma 463469
Coefficient of a Porous Media
¢ Impact Test of a Single Particle Using a Drop Weight Type Y. Kuwahara, F. Saito 469-475
Apparatus, Part Il and S. Yashima
— The Fragment Size Distribution of the Fractured
Product and Fatigue Fracture Under Impact Loading—
o Production of Fine Powders by an Agitating Mill S. Morohashi, N. Ooi 476—482
and S. Yashima
e The Spray Drying of Slurries of Fine Particles and N. Yamada and H. Hirosue 482--489
the Strength of Spray-dried Particles
e Mathematical Simulation of Controlled Release from K. Tojo 490—495
Matrix-type Drug Delivery Systems
o Electrical Conductance of a Small Regular Packing System Y. Yoshimura and T. Yoshida 541545
of Conducting and Insulating Particles
e Dynamic Characteristics of Grinding Mills T. Tanaka 553-558
o The Optimum Conditions of Oscillating Air Applied to J. Hidaka, N. Nakamura 558-564
Sieve Fine Powders and S. Miwa
e Mechanics of Grinding Media in Vibration Mill C. Boyi 615—-620
e Analysis of Vibration Mill C. Boyi 620—626
o Development of a Fineness Measuring Air Classifier (II) Y. Yamada, M. Yasuguchi, 627632
H. Murakami, Y. Sato
H. Tomiyasu, Y. Ohta
and K. linoya
o Effects of Measurement Conditions on Particle Sizing M. Nakayama, T. Araki 691-696
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the Method of Centrifugal Sedimentation
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Title Author(s) Page
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and Y. Akimoto
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K. Kawaguchi, T. Hirose
and Y. Akimoto

Powdertec Japan ’84

The 5th Powdertec Japan, the biennial
powder and bulk solids exposition, was held in
Tokyo on October 15 to 19 in 1984. The inter-
national trading center (Harumi, Tokyo) housed
the event where 159 exhibitors and about
70,000 visitors including many foreigners
came together in a marketplace of tools and
know-how. At this show, many new and note-
worthy products were displaced: unit operation
for powder processing; bulk solids handling;
analyzing apparatus and controlling system;
powder coating; and other related equipments.

The Powder Technology Congress '84 was
also held at Hotel Urashima located near the
exhibition center in the same term for discuss-
ing several major categories. These covered
some of the areas concerning powder technol-
ogy now being vigorously researched and de-
veloped such as new powder materials, new
technology for powder metallurgy, clean room,
plant control, precise filtration and ultra-pure
water production, and size control for powder
products.

Photos: Powdertec Japan '84
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New Products News

Fluid energy mill

A new-type fluid energy mill (MICRON JET)
was recently developed by Hosokawa Micron
Corp. (Osaka, Japan). This equipment utilizes
the supersonic energy of jet stream of air or
other gases to produce fine or super-fine solid
particles. It efficiently incorporates both the
pulverizing chamber where impacts of particles
against the rotating ring and high-speed mutual
collisions of particles take place and the classi-
fying chamber where accurate classification of
the ground products can be achieved with
Hosokawa Micron Separator. The features are:
easy control of product fineness; very narrow
particle size range; effective size reduction;
space and energy savings.

Fine metal powder generator

Very fine particulate metal products with
a diameter of 100 nm or so can be generated
by ARC PLASMA PROCESSOR, which was
recently developed by Hosokawa Micron Corp.
(Osaka, Japan). The powder is produced so
that it can be recovered under non-oxidized
conditions. The principle of this unit is based
upon the idea that was originally found by the
staff of National Research Institute for Metal
in the Science and Technology Agency (JP-PAT
No.1146170); it utilizes the plasma reaction
through which the metal is melted by arc dis-
charge in the atmosphere of Ar and H,. The
features are: continuous feeding of raw material
and continuous recovery of products; dislodg-
ing of particles on the filter by pulse jet of Ar;
easy control of particle surface condition.
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HOSOKAWA

LEADER OF POWDER PROCESSING TECHNOLOGY
From a Single Unit to Complete Treatment System

Hosokawa has specialized in powder processing tech- its capability of the system engineering that will satisfy a
nology for over 65 years. Today, Hosokawa makes a wide variety of industrial needs. Whenever you have a
complete line of advanced equipment for fine-grinding, problem, planning, or project relating to powders, first
classifying, drying, mixing, dust collection, measurement consult with Hosokawa.

and so on. Yet, Hosokawa’s most distinguished feature is

HOSOKAWA MICRON CORPORATION

Hosokawa Products are available from:

In Europe (Continent) In the U.K. In the U.S.A. Other Areas

Hosokawa-Nauta Europa B.V. Hosokawa-Nauta (UK) Ltd. Vibra Screw Incorporated Hosokawa International Inc. )
2003 RT Haarlem, Holland, Hughenden Road, High Wycombe 755 Union Boulevard, No.10, 2-chome, Minami-kyutaro Machi,
P.O. Box 773, Nijverheidsweg25 Buckinghamshire, England. Totowa, N.J. 07511 Higashi-ku, Osaka 541, Japan
Telephone: (023) 31 9073 Telephone: (0494) 443866 Telephone: (201) 256-7410 Telephone: (06) 261-5141

Telex: 41167 Telex: 837208 Telex: 685-3382 Telex: J63837

Facsimile: 23 318380 Facsimile: 494 443868 Facsimile: (06) 266-9314
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